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Abstract

Background
Human Immunode�ciency Virus type 1 (HIV-1) is a lentivirus that causes a persistent viral infection and
results in the demise of immune regulatory cells. Clearance of HIV-1 infection by the immune system is
ine�cient, and integration of proviral DNA into the genome of host cells provides a means for evasion
and long-term persistence. A therapeutic compound that speci�cally targets and sustainably activates a
latent HIV provirus could be transformative and is an overarching goal for the “shock-and-kill” approach
to a functional cure for HIV.

Results
Substantial progress has been made towards the development of recombinant proteins that can target
speci�c genomic loci for gene activation, repression or inactivation by directed mutations. However, most
of these modalities are too large, or too complex, for e�cient therapeutic application. We describe here
the development and testing of a novel recombinant zinc �nger protein transactivator, ZFPb-362-VPR,
which speci�cally and potently enhances proviral HIV transcription both in established latency models
and across different viral clades. Additionally, ZFP-362-VPR activated HIV reporter gene expression in a
well-established primary human CD4+ T-cell latency model and was speci�c in targeting the HIV LTR as
determined from off-target transcriptome analyses.

Conclusions:
This study provides clear proof of concept for the application of a novel, and therapeutically relevant,
protein transactivator to purge cellular reservoirs of HIV-1.

Introduction
Human Immunode�ciency Virus type 1 (HIV-1) establishes a latent long-term infection that remains
hidden from the immune system. Clearance of latent HIV-1 DNA from infected host cells was suggested
to take over 73 years [1]. Activation and purging of provirus from macrophages, monocytes, and T-cells,
with ~ 1 infected cell per million cells, has been an ongoing experimental struggle, the goal being to �nd
latency reversing agents (LRAs) that can be used along with antiretroviral therapy (ART). This “shock-and-
kill” approach aims to eliminate the reservoir by inducing HIV-1 activation resulting in death of the
infected cell [2]. Several LRAs are known to activate latent provirus in patients [3], but LRAs are broad
effectors of cellular processes and, therefore, inherent off-target effects are expected. The ideal LRA
should also activate genetically distinct clades of HIV-1. A method that could speci�cally activate latent
virus in quiescent CD4+ T-cells [4] and in macrophages in those patients on ART, and across multiple
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clades of virus, could prove useful to purge cellular viral reservoirs, expose infected cells to T-cell killing,
and potentially lead to a functional cure.

We and others have reported the potent and broad activation of latent HIV-1 using defective CRISPR
fused to transcriptional activating domains [5–7]. Using this system, the most effective locus in the HIV-1
LTR for modulating transcription was shown to be the LTR-362 site [5–7], as a single guide RNA directed
to this site (sgF2-362) with a defective CRISPR activator (dCas9-VPR), potently activates latent HIV [7].
Notably, the LTR-362 site contains a NF-kB sequence doublet that is unique to HIV-1 and not found in the
human genome [8]. This site is susceptible to non-coding RNA directed transcriptional control [9, 10], and
represents an HIV-speci�c site for targeted control of proviral transcriptional activation. While dCas9-VPR
can be targeted to the LTR-362 site and potently activate HIV at levels greater than available LRAs,
including suberoylanilide hydroxamic acid (SAHA), tumor necrosis factor-α (TNFα), or prostratin [7], there
are limitations, such as the requirement of a guide RNA administered with the dCas9-VPR protein. An
alternative approach requiring a single smaller protein delivered systemically could prove useful in the
activation of latent HIV. One such approach is outlined here and encompasses generating Zinc Finger
Protein (ZFP) conjugates targeted to the promoter of HIV. ZFPs are small, versatile and modular, and can
target virtually any gene of interest. Unlike CRISPR/Cas9, ZFPs require only a single component, which is
much smaller compared with Cas9 (~ 0.6 kb versus ~ 4 kb), making them more compatible with delivery
vectors that have size limitations.

Over the last decade much progress has been made towards the development of a bona �de therapeutic
protein based on Zinc Finger (ZF) technology. ZF nucleases (ZFN) have been developed to induce indels
at speci�c genomic loci, such as CCR5 [11], to generate HIV-resistant CD34+ hematopoietic stem cells
(HSCs) in bone-marrow transplants, and is currently being developed as a therapeutic strategy [12].
Importantly, ZFPs can be bioinformatically identi�ed and tailored to target distinct sites using well-
established algorithms [13].

ZFPs can be fused to other proteins, such as repressive epigenetic regulatory proteins that direct gene
silencing at the targeted locus, to provide locus-speci�c functionality [14–16]. ZFNs have been used to
targeted HIV’s LTR [17], activate the LTR and latent virus transcription [18, 19], excise provirus [20], and
repress HIV transcription [21]. However, no ZFP has been developed to target and activate all clades of
HIV and latent virus. We describe here a new ZFP that can potently activate all clades of HIV with minimal
off-targeting. This new ZFP may prove useful in “shock-and-kill” strategies to activate latent virus in the
presence of ART or facilitating HIV targeted chimeric antigen T cell killing of those cells infected with
virus.

Results

ZFP-362-VPR speci�cally binds and transcriptionally
activates the LTR of HIV
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Recently, we and others demonstrated that a defective CRISPR conjugated to the VP64 or VPR activation
domains (dCas-VP64 and dCas-VPR, respectively) was capable of activating latent HIV-1 provirus [5–7,
22–24]. This work demonstrated that these constructs are the most potent activators found to date for
HIV, exhibiting far greater activation of HIV than any LRAs currently employed to activate provirus, and
that one locus appeared to be the most susceptible target site for CRISPR-directed modulation of HIV
transcription. This locus, the LTR-362 site [5–7], contains an NF-kB doublet that is unique to HIV and not
found elsewhere in the human genome [8], and is one of the most effective sites for small antisense RNA
directed transcriptional modulation of HIV-1 [9, 10]. Because the LTR-362 site is the “Achilles heel” of HIV-
1 transcription, we used ZF Tools Ver 3.0 to generate and screen three unique ZFP conjugates targeted to
this site (Fig. 1A). The new ZFPs is fused to a Tat domain used previously in a ZFP targeting UBE3A as a
potential therapy for Angelman Syndrome [14] and the VPR domain used previously with defective
CRISPR to HIV[7]. One of these three ZFPs, ZFP-362b (referred to as ZFP-362), was found to potently
activate HIV expression, at levels comparable to dCas-VP64 + sgF2-362 (Figs. 1B-C). Notably, this targeted
activation was lost in pMo∆362 cells, which lack the ZFP-362 target site (Fig. 1D). Next, we tested the
breadth of ZFP-362 transcriptional activation. The ability of ZFP-362 to activate Clades A-G of HIV-1 was
assessed in co-transfected HEK293 cells (Fig. 1E). ZFP-362 demonstrated the most potent activation of
subtypes A, B, D and F, and less robust activation in subtypes C, E and G. A noteworthy observation is that
the target site is conserved in subtypes A, B, D and F, while subtypes E and G contain point mutations and
deletions in the LTR-362 site (Figure S1A). Subtype C contains a triple NF-kB site and the ZFP-362 binding
locus aligns better between the second and third NF-kB motifs with a single mismatch deletion (Figure
S1B). Overall, these data support the notion that ZFP-362-VPR is speci�cally active on the HIV LTR for a
wide range of HIV subtypes.

To more clearly determine the targeting of ZFP-362-VPR, a chromatin immunoprecipitation assay (ChIP)
[25] was performed on both LTR targeted dCas9-VPR + sgF2-362 and ZFP-362-VPR treated pMo-HEK cells,
a HEK293 cell line that has been transduced with lentivirus that has an LTR-driven GFP. Both the dCas9-
VPR and ZFP-362-VPR were found to localize speci�cally to the LTR (Fig. 1F) and ZFP-362 enrichment
was lost when targeting a pMo vector lacking the 362 site (Figure S2). To verify the presence of the ZFP-
362-VPR, protein expression was con�rmed by western blot (Fig. 3S). Collectively, these data suggest that
the ZFP-362-VPR fusion construct can target HIV-1 at the LTR-362 site and potently activate viral
transcription.

We have previously demonstrated that a dCas9-VPR and dCas9 + sgF2-362 can activate a variety of
latent HIV models, whereas variable activation was observed with other LRAs [7]. We similarly tested the
ZFP-362-VPR vector on well-established reporter cell lines for HIV latency and observed activation of J-
Lat cell lines “6.3”, “10.6” and “15.4”, with similar potency to that of the dCas9 + sgF2-362 (Fig. 2).
Furthermore, the ZFP-362 reliably activated the LTR, with fold changes comparable to the most
commonly used LRAs (Fig. 3). These data demonstrate that ZFP-362-VPR can consistently and potently
activate HIV in different models of HIV latency, and that this activation is independent of activating NF-κB
signaling pathways.
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ZFP-VPR-362 activates HIV in a primary CD4+ T cell model
of latency
It was determined if the ZFP-362-VPR can activate HIV in a primary HIV latency model. CD4+ T-cells were
either uninfected cells or HIV latently infected in vitro infected 17 days prior with a pNL4.3-Δenv-nluc
replication incompetent vector expressing nano-luciferase pseudotyped with VSVG, and the latent
population was separated from productively infected cells. The ZFP-362-VPR vector was transfected into
the latently infected CD4+ and 72 hours later, the level of luciferase activity was measured as a read-out
of LTR activation. There was a signi�cant increase in luciferase levels with the ZFP-362-VPR compared to
a GFP or ZFP control (Fig. 4). Likewise, known activators of the LTR, PMA or anti-CD3/CD28 stimulation,
resulted in high levels of LTR activation as measured by luciferase activity. Although high-levels of
activity were observed in one donor, the levels of activity with the ZFP-362-VPR in two other donors was
less pronounced (Figure S4) and may re�ect differences in transfection e�ciency. Nonetheless, these
data demonstrate that the ZFP-362-VPR can activate the HIV LTR in primary CD4+ T-cells.

Assessment of ZFP-VPR-362 off-target effects
A major concern of using LRAs is the broad off-target cellular effects that can result in cellular toxicityor
oncogenic mutations. As the ZFP-362 targets the same site as the sgF2-362, we compared the effects of
ZFP-362-VPR on endogenous RNA expression. The ZFP-362-VPR, dCas9 + sgF2-362 or pcDNA3.1 was
transfected into pMo cells and gene expression was assessed by bulk RNA sequencing analysis.
Principal component analysis showed tight clustering of the sample groups, indicating experimental
treatment is the major source of variation (Figure S5A). Expression plots show that ZFP-362-VPR and
dCas9 + sgF2-362 potently activate the on-target GFP reporter, and CRISPR components were only
detected in dCas9-VPR + sgF2-362 cells (Figure S5B-C). There were 191 differentially expressed genes
observed in the dCas9-VPR-sgF2-362 (Table 1) and 219 observed in the ZFP-362-VPR treated samples
(Table 2) compared to the control pcDNA3.1 vector (|log2FC| ≥ 2, FDR = 0.05). Importantly, the ZFN-B-VPR
had a comparable gene expression pro�le to the dCas9-VPR + sgF2-362 (Fig. 5A): 358 differentially
expressed genes were common to both treatments, 12 genes unique to the dCas9-VPR + sgF2-362-treated
samples, and 40 genes unique to the ZFP-362-VPR-treated samples (Fig. 5B, Tables 3 & 4). We looked for
enriched GO terms and KEGG pathways associated with differentially expressed genes in ZFP-362-VPR
treated samples with respect to controls and enrichment of terms associated with neurotransmitter
transport and pathways speci�c for cardiomyocytes was observed (Fig. 5C). Similarly, enrichment for
these GO terms and KEGG pathways was observed for dCas9-VPR + sgF2-362-treated samples,
suggesting similar target pro�les (Fig. 5D). Importantly, none of the differentially expressed genes or
pathways is a known oncogene or is associated with cell proliferation.

Discussion
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ZFPs are versatile and modular. Several ZFPs have been developed to target and repress HIV, including
one designed against the SP1 site in the LTR [26] while others have developed ZFPs targeted to three
regions in the LTR and found that they were potent stable repressors of viral expression [27]. However,
none of these previous studies developed a ZFP to the highly conserved NF-κB site in the LTR. Moreover,
these �rst generation ZFPs, while functional, lacked several modi�cations that enhance nuclear function
and tra�cking. One recent and exciting example utilized a ZFP conjugated to a KRAB silencing domain
and a Tat domain for targeting the brain and directed to the promoter of an antisense long non-coding
RNA (lncRNA) involved in regulating genes active in Angelman Syndrome [14]. In that study it was
conclusively shown that brain-directed targeting of a ZFP is feasible in vivo and contingent on a Tat
localization peptide conjugated with the ZFP [14]. We capitalized on these recent developments and
developed ZFP-362-VPR to contain the same Tat domain used previously in the ZFP targeting in
Angelman Syndrome [14]. The use of this Tat domain may allow for the ZFP-362 to function as a soluble
protein as well as to enhance nuclear targeting and retention of the ZFP-362 activator, though such a
notion was not experimentally assessed in this study.

While ZFPs, transcription activator-like effector nucleases (TALEN), and several CRISPR and defective
CRISPR enzyme systems containing various conjugates have been shown to target HIV for applications
ranging from silencing [28], to excision [24, 29–33], to activation [5, 7], the problem of achieving target
speci�city while maintaining activity across the various HIV-1 clades has remained enigmatic. We report
here a ZFP activator that speci�cally activates HIV transcription by targeting the LTR-362 site. The ZFP
activator affects a limited subset of genes that appear transcriptionally activated in an off-target manner.
Notably, ZFP-362 is capable of broadly activating all clades of HIV to varying levels of expression. To
date, LRAs that function speci�cally and broadly activate viral transcription across all clades have not
been reported.

The ZFP-362-VPR has a very similar pattern of differential gene expression compared to dCas9-VPR + 
sgF2-362 suggesting a comparable off-target pro�le for these vectors, and previously found that
differentially expressed genes with the dCas9-VPR + sgF2-362 were signi�cantly lower in number and
magnitude compared with TNF-α [7] suggesting these vectors have a better on-target pro�le than LRAs
with broad-acting cellular pathways. Nevertheless, ZFP-362-VPR affected genes enriched in pathways
relevant to cardiomyocyte signaling and contraction (Fig. 5). These data suggest that even though the
NF-κB doublet is not present in the human genome, the dCas9-VPR + sgF2-362 and ZFP-362-VPR may
interact with some NF-κB binding sites leading to off-target effects. Clearly not all NF-κB sites are bound
and activated as known NF-κB pathways, such as cytokine signaling or proliferation [34] were not
identi�ed by enrichment analysis, and 362 site-targeting in our previous work showed no effect on cell
cycle progression and viability [7]. However, we cannot rule out non-speci�c ZF binding and activation;
further work is required to determine the range of motifs bound by ZFP-362-VPR, enabling us to better
identify the potential physiological effects of ZFP-362-VPR-mediated dysregulation.

Dysregulation of NF-κB activation can result in cardiac remodeling, hypertrophy, and contribute to heart
failure [35], and it remains to be determined if ZFP-362-VPR is able activate downstream NF-κB target
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sites involved in these processes. Although we did not assess ZFP-362-VPR in vivo, our data suggest that
restricting delivery of ZFP-VPR-362 to cardiac tissue may be required, or that this approach should be
used transiently to activate latent virus for a de�ned therapeutic window. Using delivery vectors that do
not accumulate in cardiac tissue could be helpful in avoiding off-target effects. Alternatively, inclusion of
tissue-speci�c miRNA target sites in the transgene has been used to prevent undesirable expression in
speci�c tissues [36], and incorporating cardiac-speci�c miRNA target sites into ZFP-362-VPR may restrict
expression in this organ [37].

ZFPs are endogenous regulators of gene transcription that can regulate transposable elements and viral
elements [38], including human ZNF10, which inhibits HIV LTR function [39]. Interestingly, endogenous
ZNF10 was found to block SP1/NF-kB interaction in the HIV LTR and inhibit viral transcription. It is
notable that the cell has evolved a ZFP regulator to this same region that ZFP-362 is directed against,
suggesting that over time perhaps HIV will be silenced by the action of endogenous KRAB containing
ZFPs [40].

The ZFP-362 activator of HIV described here may prove useful in the development of a functional cure for
HIV infection. For instance, the ZFP-362 activator could be used in a “shock-and-kill” strategy to activate
latent virus while maintaining ART, leading to the death of the latently infected cells [2]. Alternatively, ZFP-
362 could be used to induce sustained expression of HIV to allow for or enhance chimeric antigen T cell
(CAR) targeting of infected cells. Notably, the lack of HIV antigen has proven problematic for developing
robust anti-HIV CARs [41, 42]. However, for either of these approaches to prove viable, the issue of delivery
remains to be solved. Indeed, while ZFPs, TALENs and CRISPR based gene therapies are all proving
exceptionally valuable in modulating HIV expression and may in the next decade emerge as a bona �de
means of eliminating HIV infection, a means of delivery to infected target cells remains enigmatic
(reviewed in [43, 44]). ZFPs or TALENs could be delivered using lipid nanoparticles [45] or cellular
exosomes [46]. Such an approach would be amendable to CAR T cell and “shock-and-kill” based
strategies, however, more work in developing these systems and determining the ability to deliver ZFP-362
remains to be carried out as do many of the technical challenges inherent in cell delivery.

Conclusion
This work describes a novel, potent, and target-speci�c activator for HIV for use in “shock-and-kill”
strategies and represents a simple, compact modality that could be used in conjunction with ART, or
targeted immune therapies, to eliminate latent HIV from infected patients.

Materials And Methods
Vectors: The H1sgRNA (Control), dCas9-VPR and sgf2-362 have been previously described [7]. The amino
acids sequence of ZFP-362 and ZFP-VEGF that bind their respective target sites were identi�ed using the
ZF Tools Ver 3.0 [47] and fused to VPR activation domain and cloned into pcDNA3.1 mammalian
expression vector by Genscript. The ZFP-362 was ordered as a gBLOCK (IDT, IA, USA) and was clone into
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a dCas9-VPR vector (addgene #63798) to replace the dCas9 in this vector using NEBuilder® HiFi DNA
assembly Master mix (NEB, MA, USA). The LTR-driven luciferase from different subtypes were obtained
from the NIH AIDS Reagent Program (Cat. No. 4787, 4788, 4789, 4790, 4791, 4792, 4793, NIH AIDS
Reagent Program, Division of AIDS, NIAID, NIH: pBlue3'LTR-luc-A from Dr. Reink Jeeninga and Dr. Ben
Berkhout [48, 49].

Cell Lines: pMo-HEK and pΔ362 lentiviral vectors were generated as described in Shrivastava et al. [50].
HEK293T cells (ATCC) were transduced at a MOI of 0.1 to ensure a single integrated copy. 7 days post
transduction, GFP positive cells were FACS sorted (FACSCalibur II, Becton, Dickinson and Company, East
Rutherford, NJ at the Scripps Flow Cytometry core facility) to generate a cell line with a stably integrated
HIV LTR or with a Δ362LTR that contains mutations at the 362 site. The J-Lat cell lines were obtained
through the NIH AIDS Reagent Program, Division of AIDS, NIAID, NIH: J-Lat Full Length Clones 6.3, 10.6,
and 15.4, which are collectivity referred to as J-Lat cells, which were deposited by Dr. Eric Verdin [51]. The
LChIT reporter line, a CEM T-cell–based reporter system, comprising of the single-copy LTR integrant
driving the expression of mCherry-IRES-tat has been described previously [52].

Cell Culture

HEK293T cells (ATCC) and the derived pMo-HEK and pΔ362 reporter lines were maintained in Dulbecco's
modi�ed Eagle's medium (Thermo Fisher Scienti�c, MA, USA) supplemented with 10% fetal bovine serum
(Thermo Fisher Scienti�c, M, USA) and 50 µg/ml Pen/Strep (Thermo Fisher Scienti�c, Waltham, MA) at
37 °C and 5% CO2. J-Lat and LChIT cell lines were both maintained in RPMI 1640 (Thermo Fisher
Scienti�c, MA, USA) supplemented with 10% fetal bovine serum, 2 mmol/l l-glutamine (Thermo Fisher
Scienti�c, MA, USA), and 50 µg/ml Pen/Strep (Thermo Fisher Scienti�c, MA, USA) at 37 °C and 5% CO2.

CLADE-speci�c activation assays. HEK293 cells were transfected in triplicate using Lipofectamine 3000®
(Thermo �sher scienti�c, MA, USA) with pcDNA-ZFP-362-VPR or pcDNA-VEGF-VPR with vectors
expressing Fire�y luciferase off the LTRs from different subtypes of HIV. A vector expressing Renilla
luciferase was included as a background control (pRL-CMV, Promega, WI, USA). At 48 hrs post-
transfection, a Dual-luciferase® Reporter Assay was performed according to manufacturer instructions
and luciferase activity detected on the Glomax® Explorer system (Promega, WI, USA). The levels of Fire�y
luciferase were normalized to Renilla luciferase, and made relative to the pcDNA-VEGF-VPR control.

Activation of the HIV LTR: The protocol to assess the ability of the ZFP-362-VPR construct to activate
latent HIV-1 has been described in Saayman et al. [52]. Brie�y, pcDNA-ZFP-362-VPR, pcDNA-ZFP-VEGF-
VPR (control), or pcDNA3.1 (Mock) plasmids were transfected into the CEM LChIT cells and the J-Lat cells
using the Neon Transfection System (Thermo Fisher Scienti�c, MA, USA) at a cell density of 2 × 107

cells/ml with the following electroporation parameters: 3 pulses, 1,350 V and 10 ms. The dCas9-VPR + 
sgF2-362 vectors, which have been previously shown to potently activate HIV, were included as a
comparison [52]. The cells were cultured without antibiotics following electroporation. To determine the
activation with LRAs, J-Lat cells were treated with TNF-alpha (10 ng/ml, Gibco, Cat#PHC3015),
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CD3/CD28 beads (3:1 ratio beads:cells, Dynabeads™ Human T-Expander CD3/CD28 beads, Cat#11141D),
prostratin (3 µmol/l, Sigma Cat#P0077-1 mg), PMA (50 ng/ml, Fisher Scienti�c, Cat#BP685-1)
with/without Ionomycin (500 ng/ml, Tocris Biosciences, Cat#1704/1). A DMSO control was included with
0.5% v/v DMSO dissolved in RPMI media with 10% FBS. Seventy-two hours post-treatment, the ability of
these constructs to induce latent activation was assessed by FACS with 10000 single events collected,
and the data was analyzed using FlowJo vX3.05470 software.

NF-κB site speci�city of ZFP-362-VPR: To test the target site speci�city of the pcDNA-ZFP-362-VPR to
activate the LTR of HIV, 100,000 pMo-HEK and pΔ362 reporter cells were seeded per well in a 24 well plate
at 24 hours prior to transfection. Cells were transfected in triplicate using Lipofectamine 2000 (Thermo
Fisher Scienti�c, MA, USA) and 72 hours post transfection, total cellular RNA was isolated from cells
using the Maxwell RSC simplyRNA Cells Kit (Promega, WI, USA) according to manufacturer’s instructions.
The concentrations of the isolated DNase-treated RNA samples were standardized and then reverse
transcribed using the Mu-MLV Reverse Transcriptase (Thermo Fisher Scienti�c, MA, USA) with a n-oligo-
dT/random nonamer primer mix (IDT, IA, USA).Quantitative real-time PCR (qRT-PCR) was carried out using
Kapa Sybr Fast universal qPCR mix (Kapa Biosystems, MA, USA) on a Roche LightCycler® 96 System
(Roche Diagnostics Corporation, IN, USA) according to provided instructions. The following PCR primer
sets were used - GFP Fwd Primer: 5′-GACAACCACTACCTGAGCAC-3, GFP Rev Primer:5′-
CAGGACCATGTGATCGCG-3, RPLP0 Fwd Primer: 5′-CGCAGCCAATAGACAGGAG-3, RPLP0 Rev Primer: 5′-
GCGCGTGCCTTTTATAATGC-3 [53], and the GFP expression was analyzed using quantitative reverse
transcription PCR (qRT-PCR). pcDNA-ZFP-VEGF-VPR and pcDNA3.1 were included as negative controls.
The qPCR data was analyzed using LightCycler® software version 1.1.1320.

Activation of HIV LTR in CD4+ T-cell latency model

Naïve cells were isolated and activated by anti-IL12 (Peprotech, Cat#500-P154G), anti-IL4 (Peprotech,
Cat#500-P24), TGFbeta (Peprotech 100 − 21) and anti-CD3/CD28 beads (Invitrogen, Cat#11131D).
Activated cells were infected by pseudotyped pNL4.3-deltaEnv-nLuc-VSVG viruses. At Day 17, CD4+ cells
were isolated using Dynabeads™ CD4 positive isolation kit (Invitrogen, Cat#11331D). At Day 18, CD4+

cells were treated with 10 ng/ml PMA (Sigma, Cat#P1585) or anti-CD3CD28 beads or transfected by
plasmids (GFP, ZFP-362-VPR, or ZFP-VEGF-VPR) using by Neon electroporation (Invitrogen,
Cat#mpk1096). After 72 hrs, part of the cells was stained with �xable viability dye e�uor™ 450
(eBioscience, Cat#65-0863-14), anti-CD4 (Invitrogen, Cat#MHCD0405) and anti-P24 (BD, Cat#556027)
antibodies, and measured by �ow cytometry. The cells were counted and samples containing 2000 live
cells were lysed and measured using the Nano-Glo® Luciferase Assay System (Promega, Cat#N1120).

ChIP analysis of ZFP-362-VPR

The ZFP-362-VPR, and dCas9-VPR + sgF2-362 plasmids were transfected in triplicate into 3 million pMo-
HEK cells using calcium phosphate transfection. ChIP analysis was carried out on the transfected pMo-
HEK cells for the myc-tagged activating complexes using anti-myc antibodies (Cell Signaling Technology,
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Danvers, MA). The ChIP protocol was performed 72 hours post-transfection using previously described
protocols [10, 54, 55]. The ChIP elutes were puri�ed using the MinElute PCR puri�cation kit (Qiagen,
Hidlen, Germany) and analyzed by qPCR. Relative enrichment at the LTR was determined using LTR
speci�c primers that were described in Saayman et al.[54].

ZFP-362-VPR and dCas9-VPR + F2gRNA effects on global RNA expression

To determine the extent to which ZFP-362-VPR and dCas9-VPR + sgF2-362 disrupted RNA expression, we
compared pMo-HEK cells transfected with either construct to those transfected with a pcDNA3.1 control.
The pMo-HEK were seeded at 100000 cells per well in a 24-well plate and transfected with the ZFP-362-
VPR, and dCas9-VPR + sgF2-362 plasmids in quadruplicate using calcium phosphate transfection. Total
cellular RNA was isolated 48 hrs post-transfection from cells using the Maxwell RC simplyRNA Cells Kit
(Promega, WI, USA). Sequencing was performed by Genewiz® on an Illumina platform with paired end
150 bp reads. Sequence data are available via Gene Expression Omnibus accession number GSE150382.
Raw sequencing reads were processed with the nf-core [56] RNASeq pipeline version 1.4. Brie�y, trimmed
reads were mapped using Spliced Transcripts Alignment to a Reference (STAR) [57] to the GRCh37
reference using the ENSEMBL (release 75) annotation. Each library was subjected to extensive quality
control, including estimation of library complexity, gene body coverage, and duplication rates, among
other metrics detailed in the pipeline repository. Reads were counted across genomic features using
Subread featureCounts [58] and merged into a matrix of counts per gene for each sample. Differential
expression analysis was performed with DESeq2 [59] as implemented in the SARTools package [60]. Only
genes with at least 1 read count in 1 sample were retained for the analysis. Multiple testing was corrected
using the Benjamini-Hochberg method, where p-values are adjusted to control for false discovery. An
adjusted p-value threshold of 0.05 was used to select differentially expressed genes. Gene enrichment
analyses were performed with ClusterPro�ler [61] using the full set of genes with at least 1 count in any
sample as background and differentially expressed genes as the input list. Enriched GO terms or enriched
KEGG pathways were selected using an FDR threshold of 0.05 with the enrichGO function of
ClusterPro�ler.

Abbreviations
HIV
Human Immunode�ciency Virus
ZFP
Zinc Finger Protein
ZFN
Zinc Finger Nuclease
TALEN
Transcription activator-like effector nucleases
CRISPR/Cas
clustered regularly interspaced short palindromic repeats with CRISPR-associated proteins



Page 11/22

LTR
Long Terminal Repeat
TNF-alpha
Tumor Necrosis Factor alpha
IL
Interleukin
CAR
Chimeric Antigen Receptor
VPR
VP64-p65-Rta
ART
Antiretroviral Therapy
NF-κB
Nuclear factor kappa-light-chain-enhancer of activated B cells
SP1
Speci�city Protein 1
GO
Gene Ontology
KEGG
Kyoto Encyclopedia of Genes and Genomes
DMEM
Dulbecco's Modi�ed Eagle Medium
HEK293 cells
Human Embryonic Kidney cells
qRT-PCR
Quantitative Real-Time Reverse Transcription PCR
CD
Cluster of Differentiation
CCR5
C-C Chemokine Receptor 5
sgRNA
Small Guide RNA
LRA
Latency Reversing agents

Declarations

COMPETING INTERESTS



Page 12/22

K.V.M, M.S.W, T.A.S, and D.A.L have been issued a patent on this technology, W02019079819.

Ethics approval
Ethics approval was obtained from the University of Utah to use primary tissues in the described assays
(IRB 00067637).

Consent for publication

Not applicable.

Availability of data and materials

The data sets analyzed and materials used in this study are available from the corresponding author on
reasonable request. RNA sequence data are available via Gene Expression Omnibus (accession number
GSE150382).

FUNDING
This project was supported by NIAID RO1 AI111139-01, and NIMH R01 113407-01 to KVM. VP is funded
by grant AI 124843-02.

AUTHOR CONTRIBUTIONS
K.V.M, M.S.W, T.A.S, Y.Z, and V.P designed the experiments; T.A.S., Y.Z., D.C.L, C.S, N.A.G, performed the
experimental assays; T.A.S, D.C.L, N.A.G, Y.Z, and D.O.M performed data analysis; T.A.S, K.V.M., D.O.M,
M.S.W, Y.Z. and V.P. revised the manuscript. All authors read and approved the �nal manuscript.

ACKNOWLEDGEMENTS
Not applicable.

References
1. Murray AJ, Kwon KJ, Farber DL, Siliciano RF. The Latent Reservoir for HIV-1: How Immunologic

Memory and Clonal Expansion Contribute to HIV-1 Persistence. J Immunol. 2016;197:407–17.

2. Sadowski I, Hashemi FB. Strategies to eradicate HIV from infected patients: elimination of latent
provirus reservoirs. Cell Mol Life Sci. 2019;76:3583–600.

3. Elliott JH, Wightman F, Solomon A, Ghneim K, Ahlers J, Cameron MJ, Smith MZ, Spelman T,
McMahon J, Velayudham P, et al. Activation of HIV transcription with short-course vorinostat in HIV-



Page 13/22

infected patients on suppressive antiretroviral therapy. PLoS Pathog. 2014;10:e1004473.

4. Sedaghat AR, Siliciano JD, Brennan TP, Wilke CO, Siliciano RF. Limits on replenishment of the resting
CD4 + T cell reservoir for HIV in patients on HAART. PLoS Pathog. 2007;3:e122.

5. Limsirichai P, Gaj T, Schaffer DV. CRISPR-mediated Activation of Latent HIV-1 Expression. Mol Ther.
2015;3:499–507.

�. Zhang Y, Yin C, Zhang T, Li F, Yang W, Kaminski R, Fagan PR, Putatunda R, Young WB, Khalili K, Hu W.
CRISPR/gRNA-directed synergistic activation mediator (SAM) induces speci�c, persistent and robust
reactivation of the HIV-1 latent reservoirs. Sci Rep. 2015;5:16277.

7. Saayman SM, Lazar DC, Scott TA, Hart JR, Takahashi M, Burnett JC, Planelles V, Morris KV, Weinberg
MS. Potent and Targeted Activation of Latent HIV-1 Using the CRISPR/dCas9 Activator Complex. Mol
Ther. 2016;24:488–98.

�. Turner AM, Ackley AM, Matrone MA, Morris KV. Characterization of an HIV-targeted transcriptional
gene-silencing RNA in primary cells. Hum Gene Ther. 2012;23:473–83.

9. Suzuki K, Shijuuku T, Fukamachi T, Zaunders J, Guillemin G, Cooper D, Kelleher A. Prolonged
transcriptional silencing and CpG methylation induced by siRNAs targeted to the HIV-1 promoter
region. Journal of RNAi Gene Silencing. 2005;1:66–78.

10. Weinberg MS, Villeneuve LM, Ehsani A, Amarzguioui M, Aagaard L, Chen ZX, Riggs AD, Rossi JJ,
Morris KV. The antisense strand of small interfering RNAs directs histone methylation and
transcriptional gene silencing in human cells. RNA. 2006;12:256–62.

11. Peterson CW, Wang J, Norman KK, Norgaard ZK, Humbert O, Tse CK, Yan JJ, Trimble RG, Shivak DA,
Rebar EJ, et al. Long-term multilineage engraftment of autologous genome-edited hematopoietic
stem cells in nonhuman primates. Blood. 2016;127:2416–26.

12. DiGiusto DL, Cannon PM, Holmes MC, Li L, Rao A, Wang J, Lee G, Gregory PD, Kim KA, Hayward SB,
et al. Preclinical development and quali�cation of ZFN-mediated CCR5 disruption in human
hematopoietic stem/progenitor cells. Mol Ther Methods Clin Dev. 2016;3:16067.

13. Mandell JG, Barbas CF. III: Zinc Finger Tools: custom DNA-binding domains for transcription factors
and nucleases. Nucleic Acids Res. 2006;34:W516–23.

14. Bailus BJ, Pyles B, McAlister MM, O'Geen H, Lockwood SH, Adams AN, Nguyen JT, Yu A, Berman RF,
Segal DJ. Protein Delivery of an Arti�cial Transcription Factor Restores Widespread Ube3a
Expression in an Angelman Syndrome Mouse Brain. Mol Ther. 2016;24:548–55.

15. Rivenbark AG, Stolzenburg S, Beltran AS, Yuan X, Rots MG, Strahl BD, Blancafort P. Epigenetic
reprogramming of cancer cells via targeted DNA methylation. Epigenetics. 2012;7:350–60.

1�. Grimmer MR, Stolzenburg S, Ford E, Lister R, Blancafort P, Farnham PJ. Analysis of an arti�cial zinc
�nger epigenetic modulator: widespread binding but limited regulation. Nucleic Acids Res.
2014;42:10856–68.

17. Reynolds L, Ullman C, Moore M, Isalan M, West MJ, Clapham P, Klug A, Choo Y. Repression of the
HIV-1 5' LTR promoter and inhibition of HIV-1 replication by using engineered zinc-�nger transcription
factors. Proc Natl Acad Sci U S A. 2003;100:1615–20.



Page 14/22

1�. Wang P, Qu X, Wang X, Zhu X, Zeng H, Chen H, Zhu H. Speci�c reactivation of latent HIV-1 with
designer zinc-�nger transcription factors targeting the HIV-1 5'-LTR promoter. Gene Ther.
2014;21:490–5.

19. Wang X, Wang P, Fu Z, Ji H, Qu X, Zeng H, Zhu X, Deng J, Lu P, Zha S, et al. Designed transcription
activator-like effector proteins e�ciently induced the expression of latent HIV-1 in latently infected
cells. AIDS Res Hum Retroviruses. 2015;31:98–106.

20. Qu X, Wang P, Ding D, Li L, Wang H, Ma L, Zhou X, Liu S, Lin S, Wang X, et al. Zinc-�nger-nucleases
mediate speci�c and e�cient excision of HIV-1 proviral DNA from infected and latently infected
human T cells. Nucleic Acids Res. 2013;41:7771–82.

21. Deng J, Qu X, Lu P, Yang X, Zhu Y, Ji H, Wang Y, Jiang Z, Li X, Zhong Y, et al. Speci�c and Stable
Suppression of HIV Provirus Expression In Vitro by Chimeric Zinc Finger DNA Methyltransferase 1.
Mol Ther Nucleic Acids. 2017;6:233–42.

22. Bialek JK, Dunay GA, Voges M, Schafer C, Spohn M, Stucka R, Hauber J, Lange UC. Targeted HIV-1
Latency Reversal Using CRISPR/Cas9-Derived Transcriptional Activator Systems. PLoS One.
2016;11:e0158294.

23. Ji H, Jiang Z, Lu P, Ma L, Li C, Pan H, Fu Z, Qu X, Wang P, Deng J, et al. Speci�c Reactivation of Latent
HIV-1 by dCas9-SunTag-VP64-mediated Guide RNA Targeting the HIV-1 Promoter. Mol Ther.
2016;24:508–21.

24. Wang Z, Pan Q, Gendron P, Zhu W, Guo F, Cen S, Wainberg MA, Liang C. CRISPR/Cas9-Derived
Mutations Both Inhibit HIV-1 Replication and Accelerate Viral Escape. Cell Rep. 2016;15:481–9.

25. Brena C, Chipman AD, Minelli A, Akam M. Expression of trunk Hox genes in the centipede Strigamia
maritima: sense and anti-sense transcripts. Evol Dev. 2006;8:252–65.

2�. Kim YS, Kim JM, Jung DL, Kang JE, Lee S, Kim JS, Seol W, Shin HC, Kwon HS, Van Lint C, et al.
Arti�cial zinc �nger fusions targeting Sp1-binding sites and the trans-activator-responsive element
potently repress transcription and replication of HIV-1. J Biol Chem. 2005;280:21545–52.

27. Segal DJ, Goncalves J, Eberhardy S, Swan CH, Torbett BE, Li X, Barbas CF. 3rd: Attenuation of HIV-1
replication in primary human cells with a designed zinc �nger transcription factor. J Biol Chem.
2004;279:14509–19.

2�. Guo R, Wang H, Cui J, Wang G, Li W, Hu JF. Inhibition of HIV-1 Viral Infection by an Engineered
CRISPR Csy4 RNA Endoribonuclease. PLoS One. 2015;10:e0141335.

29. Dampier W, Nonnemacher MR, Sullivan NT, Jacobson JM, Wigdahl B. HIV Excision Utilizing
CRISPR/Cas9 Technology: Attacking the Proviral Quasispecies in Reservoirs to Achieve a Cure. MOJ
Immunol 2014, 1.

30. Ebina H, Misawa N, Kanemura Y, Koyanagi Y. Harnessing the CRISPR/Cas9 system to disrupt latent
HIV-1 provirus. Sci Rep. 2013;3:2510.

31. Kaminski R, Bella R, Yin C, Otte J, Ferrante P, Gendelman HE, Li H, Booze R, Gordon J, Hu W, Khalili K.
Excision of HIV-1 DNA by gene editing: a proof-of-concept in vivo study. Gene Ther. 2016;23:690–5.



Page 15/22

32. Wang G, Zhao N, Berkhout B, Das AT. CRISPR-Cas9 can inhibit HIV-1 replication but NHEJ repair
facilitates virus escape. Mol Ther. 2016;24:522–6.

33. Yin C, Zhang T, Qu X, Zhang Y, Putatunda R, Xiao X, Li F, Xiao W, Zhao H, Dai S, et al. In Vivo Excision
of HIV-1 Provirus by saCas9 and Multiplex Single-Guide RNAs in Animal Models. Mol Ther.
2017;25:1168–86.

34. Liu T, Zhang L, Joo D, Sun S-C. NF-κB signaling in in�ammation. Signal Transduction Targeted
Therapy. 2017;2:17023.

35. Kumar R, Yong QC, Thomas CM. Do multiple nuclear factor kappa B activation mechanisms explain
its varied effects in the heart? The Ochsner journal. 2013;13:157–65.

3�. Brown BD, Venneri MA, Zingale A, Sergi LS, Naldini L. Endogenous microRNA regulation suppresses
transgene expression in hematopoietic lineages and enables stable gene transfer. Nat Med.
2006;12:585–91.

37. Tian J, An X, Niu L. Role of microRNAs in cardiac development and disease. Experimental therapeutic
medicine. 2017;13:3–8.

3�. Yang P, Wang Y, Macfarlan TS. The Role of KRAB-ZFPs in Transposable Element Repression and
Mammalian Evolution. Trends Genet. 2017;33:871–81.

39. Nishitsuji H, Sawada L, Sugiyama R, Takaku H. ZNF10 inhibits HIV-1 LTR activity through interaction
with NF-kappaB and Sp1 binding motifs. FEBS Lett. 2015;589:2019–25.

40. Wang J, Wang J, Tian CY. Evolution of KRAB-containing zinc �nger proteins and their roles in species
evolution. Yi Chuan. 2016;38:971–8.

41. Mylvaganam G, Yanez AG, Maus M, Walker BD. Toward T Cell-Mediated Control or Elimination of HIV
Reservoirs: Lessons From Cancer Immunology. Front Immunol. 2019;10:2109.

42. Kim GB, Hege K, Riley JL. CAR Talk: How Cancer-Speci�c CAR T Cells Can Instruct How to Build CAR
T Cells to Cure HIV. Front Immunol. 2019;10:2310.

43. Liang C, Wainberg MA, Das AT, Berkhout B. CRISPR/Cas9: a double-edged sword when used to
combat HIV infection. Retrovirology. 2016;13:37.

44. Saayman S, Ali SA, Morris KV, Weinberg MS. The therapeutic application of CRISPR/Cas9
technologies for HIV. Expert Opin Biol Ther 2015:1–12.

45. Villamizar O, Shafagh AWaters, Scott T, Saayman S, Grepo N, Urak R, Davis A. Adam Jaffe, Kevin
V.Morris: Targeted Activation of Cystic Fibrosis Transmembrane Conductance Regulator. Mol Ther.
2019;27:1737–48.

4�. Kojima R, Bojar D, Rizzi G, Hamri GC, El-Baba MD, Saxena P, Auslander S, Tan KR, Fussenegger M.
Designer exosomes produced by implanted cells intracerebrally deliver therapeutic cargo for
Parkinson's disease treatment. Nat Commun. 2018;9:1305.

47. Mandell JG, Barbas CF. III: Zinc Finger Tools: custom DNA-binding domains for transcription factors
and nucleases. Nucleic Acids Res. 2006;34:W516–23.



Page 16/22

4�. Jeeninga RE, Hoogenkamp M, Armand-Ugon M, de Baar M, Verhoef K, Berkhout B. Functional
Differences between the Long Terminal Repeat Transcriptional Promoters of Human
Immunode�ciency Virus Type 1 Subtypes A through G. J Virol. 2000;74:3740–51.

49. Klaver B, Berkhout B. Comparison of 5' and 3' long terminal repeat promoter function in human
immunode�ciency virus. J Virol. 1994;68:3830–40.

50. Shrivastava S, Charlins P, Ackley A, Embree H, Dropulic B, Akkina R, Weinberg MS, Morris KV. Stable
Transcriptional Repression and Parasitism of HIV-1. Mol Ther - Nucleic Acids. 2018;12:12–8.

51. Jordan A, Bisgrove D, Verdin E. HIV reproducibly establishes a latent infection after acute infection of
T cells in vitro. EMBO J. 2003;22:1868–77.

52. Saayman SM, Lazar DC, Scott TA, Hart JR, Takahashi M, Burnett JC, Planelles V, Morris KV, Weinberg
MS. Potent and Targeted Activation of Latent HIV-1 Using the CRISPR/dCas9 Activator Complex. Mol
Ther. 2016;24:488–98.

53. Roberts TC, Hart JR, Kaikkonen MU, Weinberg MS, Vogt PK, Morris KV. Quanti�cation of nascent
transcription by bromouridine immunocapture nuclear run-on RT-qPCR. Nat Protoc. 2015;10:1198–
211.

54. Saayman S, Ackley A, Turner AW, Famiglietti M, Bosque A, Clemson M, Planelles V, Morris KV. An HIV-
encoded antisense long noncoding RNA epigenetically regulates viral transcription. Mol Ther.
2014;22:1164–75.

55. Saayman SM, Ackley A, Burdach J, Clemson M, Gruenert DC, Tachikawa K, Chivukula P, Weinberg
MS, Morris KV. Long Non-coding RNA BGas Regulates the Cystic Fibrosis Transmembrane
Conductance Regulator. Mol Ther. 2016;24:1351–7.

5�. Ewels PA, Peltzer A, Fillinger S, Alneberg J, Patel H, Wilm A, Garcia MU, Tommaso PD, Nahnsen S. The
nf-core framework for community-curated bioinformatics pipelines. bioRxiv 2019:610741.

57. Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, Batut P, Chaisson M, Gingeras TR.
STAR: ultrafast universal RNA-seq aligner. Bioinformatics. 2012;29:15–21.

5�. Liao Y, Smyth GK, Shi W. featureCounts: an e�cient general purpose program for assigning
sequence reads to genomic features. Bioinformatics. 2013;30:923–30.

59. Love MI, Huber W, Anders S. Moderated estimation of fold change and dispersion for RNA-seq data
with DESeq2. Genome Biol. 2014;15:550.

�0. Varet H, Brillet-Guéguen L, Coppée J-Y, Dillies M-A. SARTools: A DESeq2- and EdgeR-Based R Pipeline
for Comprehensive Differential Analysis of RNA-Seq Data. PLOS ONE. 2016;11:e0157022.

�1. Yu G, Wang L-G, Han Y, He Q-Y. clusterPro�ler: an R Package for Comparing Biological Themes
Among Gene Clusters. OMICS. 2012;16:284–7.

Figures



Page 17/22

Figure 1

ZFP-362-VPR-mediated transcriptional activation of HIV. (A) a schematic is shown depicting ZFP-362-
VPR, a zinc �nger fused to the VPR activator domain with a Tat peptide as a cell penetrating motif and
NLS peptide sequences for nuclear targeting, was developed to transcriptionally activate the NF-kB site in
the HIV-1 LTR [10]. (B) ZFP-362-VPR activates LTR expression in LChiT 3.2 bimodal latent HIV reporter
cells at levels that are comparable to dCas-VPR [52]. (C) ZFP-362-VPR activates LTR expression of GFP in
pMO-HEK cells but (D) has no effect on pMO∆362 cells containing a deletion in the LTR-362 site targeted
by the ZFP-362. (E) The ability of ZFP-362-VPR to activate various subtypes of HIV was determined by co-
transfection of ZFP with subtype variable LTR expressing luciferase clones. (F) ChIP analysis of ZFP-362-
VPR and dCas-VPR binding to the HIV LTR. The pMO-HEK cells were transfected with the dCas-VPR+sgF2-
362 or control sgRNA, or ZFP-362-VPR and ChIP assay was performed 72 hrs post-transfection to
determine binding to the LTR-362 site [8]. The experiments were performed in triplicate treated cells and
errors bars are calculated as standard deviations. (*) represents p<0.001 from a unpaired student’s t-test.
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Figure 2

Activation effects of ZFP-362-VPR on different J-Lat latent infected cell models. Three different J-Lat cell
lines (J-lat 6.3, 10.6 and 15.4) were subjected to neon transfection with dCas-VPR+sgF2-362, ZFP-VEGF-
VPR (control), or ZFP-362-VPR. The expression of GFP was determined by FACS at 72 hrs post-treatment.
The experiments were performed in triplicate treated cells and errors bars are calculated as standard
deviations. Statistical signi�cance was determined using an unpaired student’s t-test (**) P<0.005.
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Figure 3

Comparison of ZFP-362-VPR and LRAs on in vitro latency models. Three different J-Lat cell lines (J-Lat
6.3, J-Lat 10.6, and J-Lat 15.4) were subjected to either electroporation with dCas-VPR+sgF2-362 or ZFP-
362-VPR or treated with various known LRAs: TNF-alpha, CD3/CD28 beads, prostratin, PMA or
PMA+Ionomycin. DMSO and untreated (mock) cells were included as negative controls. Activation of HIV
was determined 72 hrs after treatment by FACS for the levels of GFP. Fold activation was the GFP
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percentage made relative to a control vector set at 1. The results of triplicate treated cultures are shown
with the SEM. Statistically signi�cant differences, as determined from a one-way Anova and Dunnett's
test are also shown (*) P<0.05, (**) P<0.005, and (****) p<0.0001 and were analyzed compare to the mock
or DMSO control for the vectors and LRAs, respectively.

Figure 4

ZFP-362-VPR activity in primary CD4+ T-cell latency model. CD4+ T-cells (pseudotyped viruses pNL4.3-
Env-nLuc-VSVG uninfected cells and latently infected cells) were transfected with ZFP-362-VPR and

control vectors (GFP and ZFP-control), and 72 hrs later the levels of luciferase were measured. CD4+ T-
cells were also treated with PMA (10 ng/ml) and anti-CD3/CD28 beads as positive controls. The average
of triplicate treated cells are shown with the standard deviations, and p-values were determined using a
one-way Anova and Dunnett's test. ****) p<0.0001. NS=not signi�cant.
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Figure 5

ZFP-362-VPR induced differential gene expression. pMo-HEK cells were transfected with the pcDNA3.1,
dCas9-VPR+sgF2-362 or ZFP-362-VPR expression vectors and total RNA was extract 72 hrs post-
transfection and subjected to RNA sequencing analysis. (A) Comparison of the log fold change of ZFP-
362-VPR treated samples with dCas9-VPR+sgF2-VPR mean expression. Differentially expressed genes
(|logFC > 1, FDR 0.05) are colored red; GFP expression is equally and potently activated in both
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treatments. (B) A Venn Diagram of the number of differentially expressed genes unique to ZFP-362-VPR
and dCas9-VPR+sgF2-362 treated samples. Bar plot of enriched KEGG pathways indicated by
differentially expressed genes in the (C) ZFP-362-VPR and (D) dCas9-VPR+sgF2-362 treated samples with
respect to controls.
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