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Adeno-associated virus (AAV) is a powerful gene therapy vector that has been used in several FDA-approved therapies
as well as in multiple clinical trials. This vector has high therapeutic versatility with the ability to deliver genetic
payloads to a variety of human tissue types, yet there is currently a lack of transgene expression control once the virus is
administered. There are also times when transgene expression is too low for the desired therapeutic outcome, necessi-
tating high viral dose administration resulting in possible immunological complications. Herein, we validate a chemically
controllable AAV transgene expression technology in vitro that utilizes bifunctional molecules known as chemical
epigenetic modifiers (CEMs). These compounds employ endogenous epigenetic machinery to specifically enhance
transgene expression of episomal DNA. A recombinant AAV (rAAV) was designed to both deliver the reporter transgene
as well as deliver a synthetic zinc finger (ZFs) protein fused to FK506 binding protein (FKBP). These synthetic ZFs
target a DNA-binding array sequence upstream of the promoter expressing the AAV transgene to specifically enhance
AAV transgene expression in the presence of a CEM. The transcriptional activating compound CEM87 functions by
recruiting the epigenetic transcription activator bromodomain-containing protein 4 (BRD4), increasing AAV transgene
activity up to fivefold in a dose-dependent manner in HEK293T cells. The highest levels of transgene product activity are
seen 24 h following CEM87 treatment. Additionally, the CEM87-mediated enhancement of different transgene products
with either Luciferase or green fluorescent protein (GFP) was observed in multiple cell lines and enhancement of
transgene expression was capsid serotype independent. The impact of CEM87 activity can be disrupted through drug
removal or chemical recruitment site competition with FK506, thus demonstrating the reversibility of the impact of
CEM87 on transgene expression. Collectively, this chemically controllable rAAV transgene technology provides tem-
poral gene expression control that could increase the safety and efficiency of AAV-based research and therapies.
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INTRODUCTION
ADENO-ASSOCIATED VIRUS (AAV) is a small single-stranded

DNA parvovirus that is considered defective for autono-

mous replication and is considered nonpathogenic.1 In the

1980s, it was demonstrated that the AAV coding sequences

could be replaced with transgenic DNA and packaged into

the protein capsid, termed recombinant AAV (rAAV).2,3

Since then, rAAV has been developed as a promising epi-

somal gene delivery vector highlighted by the FDA’s ap-

proval of a handful of rAAV drugs to date for ocular,

neurological, and hematological disorders with more than

100 ongoing rAAV clinical trials for diverse diseases.4–6
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While rAAV is a popular choice for gene therapies be-

cause of its broad spectrum of tissue tropism and its lack of

pathogenicity, an issue facing rAAV therapies is insufficient

rAAV transgene expression upon delivery to induce the

desired therapeutic effect.2 Additionally, there is currently

no clinically applicable technology available that controls

transgene expression postinfection partially due to the size

constraints of the rAAV vectors. The chromatinization of the

AAV genome in vitro and in vivo provides a route to control

AAV transgene expression with host epigenetic machin-

ery.7,8 Here, we introduce a chemically controlled method to

regulate rAAV gene expression in vitro through the utili-

zation of endogenous transcriptional machinery.

We have previously shown that endogenous epigenetic

machinery can be harnessed to control both exogeneous and

endogenous gene expression in vitro by using bifunctional

molecules known as chemical epigenetic modifiers (CEMs)

along with DNA-binding proteins.9–11 CEM compounds are

made of a FK506 molecule with a polyethylene glycol (PEG)

linker connecting a compound that can recruit endogenous

epigenetic machinery, when coupled with a protein targeting

system we can regulate the gene of interest.

CEM87 is the lead-activating compound composed of

FK506 linked with a PEG linker to iBET762, which is

known to bind bromodomain-containing proteins (BRD)

BRD2, BRD3, and BRD4.12 Through chromatin immu-

noprecipitation (ChIP) experiments, we have previously

determined that CEM87 recruits BRD4 to targeted gene

loci.10 BRD4 is an epigenetic protein whose presence on

gene loci is associated with chromatin decompaction and

subsequent gene expression through acetylation of his-

tones and recruitment of other transcription factors.13

Utilizing CEM87 to recruit BRD4 to gene loci allows for

targeted enhancement of gene expression.

Chemical-induced proximity (CIP) is a chemical bi-

ology strategy that uses chemical ligands to bring different

proteins physically closer, thus allowing temporal control

of a diverse set of biological processes including the reg-

ulation of transcription by recruitment of chromatin reg-

ulators to gene promoters.14 Recent advances have

coupled chromatin regulators, including those tethered

through CIP technology, with DNA-targeting system such

as nuclease-deficient CRISPR Cas Protein 9 (dCas9) to

epigenetically control target genes.15–19 Building on this

work, our lab previously combined CEM compounds

along with dCas9, F506 binding protein (FKBP), and

small guide RNAs (sgRNAs) to target-specific DNA se-

quences to regulate gene expression.

While the utilization of dCas9, FKBP, sgRNA, and

CEM compounds (dCas9-CEM) was able to significantly

regulate gene expression, there are benefits to utilizing

other DNA-binding proteins rather than dCas9. The cur-

rent dCas9-CEM technology requires multiple vector de-

livery with lentivirus because of the large plasmid payload

requiring separate plasmids for dCas9 and sgRNAs. An

alternative to dCas9 that requires less payload space are

zinc finger (ZFs) proteins. ZFs are small eukaryotic pro-

teins that exhibit DNA-binding specificity and are present

in many endogenous human transcription factors.20 ZF

engineering allows multiple zinc fingers to be linked to-

gether in an array that targets larger DNA sequences.21

Engineered zinc finger arrays have previously been linked

to nucleases to enable gene editing and to effector proteins

to enable transcriptional regulation.22–27

This inspired the design of a ZF array linked to FKBP to

allow for ZF array mediated control of gene expression with

CEMs (ZF-CEM). Creation of a rAAV episome that is con-

trollable with ZF-CEM technology requires the use of a ZF

array that has a binding preference for a synthetic DNA-

binding array rather than endogenous DNA. Zinc finger

homeodomain 1 (ZFHD1) was chosen because it has previ-

ously been verified and used within the literature as a ZF array

linked to effector domains to regulate gene expression.28,29

Herein we describe the use of ZF-CEM technology to

regulate the expression of AAV transgenes in vitro. The

collective results highlight that rAAV transgene expression

is not maximal in tested contexts and demonstrate that the

AAV ZF-CEM system can specifically enhance episomal

transgene production. These data shed insight into targeted

epigenetic regulation of transduced rAAV genomes and

warrant further testing in disease contexts toward future

strategies for enhanced and potentially safer gene therapies.

MATERIALS AND METHODS
Plasmid design

+ZF-FKBP and -ZF-FKBP plasmids with AAV2 and

eight compatible ITRs were adapted from Hirsch et al.30

Renilla luciferase plasmid in a lentiviral backbone plasmid

was adapted from Hathaway et al.29 and Toyama et al.31

All plasmid sequences were verified with sanger se-

quencing. Single-stranded AAV plasmids had their in-

verted terminal repeats verified through restriction enzyme

digestion (Supplementary Fig. S1) using XmaI (R0180L;

New England Biolabs). Additional plasmid design infor-

mation can be found in the Supplementary Data.

Cell culture
HEK293, HEK293T, and HEK293T Lenti-X (Clon-

tech) cells were cultured with high glucose Dulbecco’s

Modified Eagle’s Medium (DMEM) (10-013-CV; Corn-

ing). The media was supplemented with 0.1% 55 mM of 2-

mercaptoethanol, 0.9% 100 · non-essential amino acids

solution (11140-050; Gibco), 0.9% 10 mM N-2-hydroxy-

ethylpiperazine-N-2-ethane sulfonic acid (25-060-CI;

Corning), 1% penicillin-streptomycin (15140-122; Gib-

co), and 10% FBS (S11550; Atlantic Biologicals).

HCT116 cells and U2OS cells were cultured in McCoy’s

5A (10-050-CV; Corning), 1% penicillin-streptomycin

(15140-122; Gibco), and 10% FBS (S11550; Atlantic
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Biologicals). Every 3–5 days the cells were passaged.

Cells were maintained at 20–90% confluency in an incu-

bator at 37�C and 5% CO2.

Lenti-virus infection
HEK293 Lenti-X cells at a low passage (10–13) were

transfected with polyethlenimine (PEI; 23966-1; Poly-

sciences) containing 18 lg of EF1a-Renilla plasmid con-

taining puromycin resistance, 13.5 lg of Gag-Pol plasmid

(#12260; Addgene) and 4.5 lg of VSV-G envelope protein

plasmid (12259; Addgene). Media was changed after 16 h,

and lentivirus was harvested from cells 48 h postmedia

change. Lentivirus containing EF1a-Renilla was then ad-

ded to HEK293T cells (passage 35–45), HCT116 cells

(passage 33–34), and U2OS cells (passage 130–135).

HEK293T EF1a-Renilla and HCT116 EF1a-Renilla were

continually cultured under puromycin selection at a con-

centration of 1.5 lg/mL. U2OS EF1a-Renilla cells were

continually cultured with 2 lg/mL of puromycin.

AAV2 production
AAV2 was packaged according to methods previously

published.32 In 15 cm plates, HEK293 cells at 70% con-

fluency were transfected with PEI containing 10 lg

XR2,32 12 lg XX680,32 and 9 lg of plasmid to be pack-

aged. After 3–5 days posttransfection, cells were har-

vested, lysed through sonication, and purified through a

CsCl gradient. Titer of AAV was determined through

qPCR with Roche FastStart Universal SYBR Green

Master (Rox) (4913850001; Sigma) on the QuantStudio 6

Flex (Thermo Scientific). Further information relating to

the titering of and actual titers of all viruses in the manu-

script can be found in the Supplementary Data.

Dual luciferase assay
Cells stably expressing EF1a-Renilla were either

transfected with PEI or transduced with AAV2 in bio-

logical triplicate. For transfection experiments, cells were

transfected with a ratio of 1:3 of DNA (in lg) to PEI (in

lL) in minimal DMEM media (10-013-CV; Corning). The

media was changed 16 h later, and CEM87 was added. For

AAV2 infection experiments, cells were transduced with

AAV2 the day after cells were split. Twenty-four hours

after infection, CEM87 was added to the media. Unless

otherwise stated, 48 h post CEM87 addition to media in

both transfection and infection experiments, the dual lu-

ciferase assay was run using Dual Luciferase Reagent

Assay kit (E1980; Promega). PheraStar FS (BMG Lab-

tech) was used to analyze changes in luminescence. Firefly

luciferase luminescence was normalized to Renilla lucif-

erase luminescence. Fold change in luminescence was

determined by dividing the normalized luminescence of

the treated cell replicate by the normalized luminescence

of the 0 nM CEM87 cell replicate. Raw data for all ex-

periments available upon request.

Luciferase assay
Cells were plated in a 24-well plate in biological trip-

licate. After 16 h, HEK293 cells were transfected with a

ratio of 1:3 of DNA (in lg) to PEI (in lL) in minimal

DMEM media (10-013-CV; Corning). AAV8 +ZF-FKBP

was added 8 h later. Twenty-four hours after AAV8 in-

fection, CEM87 was added to the media. Twenty-four

hours post CEM87 addition to media, the luciferase assay

was run using Luciferase Assay Reagent (Promega).

PheraStar was used to analyze changes in luminescence.

The gain was set to 3,600 for all AAV8 infection experi-

ments. Total protein levels were determined by Bradford

Assay (23200; Thermo Scientific). The GloMax Discovery

(Promega) was used to determine the relative absorbances

from the Bradford Assay. Firefly luciferase luminescence

was normalized to Total Protein levels. Fold change

in luminescence was determined by dividing the normal-

ized luminescence of the treated cell replicate by the nor-

malized luminescence of the 0 nM CEM87 cell replicate.

Raw data for all experiments available upon request.

Flow cytometry
Cells were plated in a 48-well plate in biological trip-

licate. The next day, the cells were infected with AAV2

+ZF-FKBP_GFP. After 24 h, the cells were treated with

CEM87. Flow cytometry was performed using Attune

NxT 24 h post CEM treatment to detect for changes in

fluorescence. Live cells were gated for using FSC-Area

and SCC-Area. Single cells were gated for using SCC-

Height and SCC-Area. GFP was detected with a BL1 laser

and gated for on a histogram of BL1-Area and count. Raw

data for all experiments available upon request.

Western blot
HEK293T EF1a-Renilla cells were either transfected with

+ZF-FKBP plasmid or transduced with AAV2 +ZF-FKBP.

After 24 h, the cells were treated with CEM87. Forty-eight

hours post CEM87 treatment, total protein was taken from

cells transfected or transduced with +ZF-FKBP plasmids and

quantified using the Bradford Assay (23200; Thermo Sci-

entific). The GloMax Discovery (Promega) was used to de-

termine the relative absorbances from the Bradford Assay.

Fifteen micrograms per lane of protein were ran on 4–20%

Mini Protean TGX Gels (4561096; BioRad) then transferred

to PVDF membrane. Membranes were imaged by infrared

fluorescence (Li-Cor Biosciences). Antibodies for FKBP12

(ab2918; ABCAM) and glyceraldehyde 3-phosphate dehy-

drogenase (GAPDH) (ab8245; ABCAM) were used.

Microscope images
Images were taken with Olympus IX83 Microscope

after CEM87 treatment of HEK293T cells that had been

transduced with either AAV2 +ZF-FKBP or AAV2 +ZF-

FKBP_GFP. Images were taken at a magnification of either

10 · or 40 · .
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Cell titer glo assay
HEK293T cells were plated in a 96-well plate in bio-

logical triplicate. Some cells were then infected with

AAV2 +ZF-FKBP and treated with various concentrations

of CEM87, while other cells were just treated with various

concentrations of CEM87. After 24 h, Promega’s Cell Titer

Glo Assay (G7570) was used to determine cell viability.

Raw data for all experiments available upon request.

Statistical analysis
Figures were made and statistically analyzed using

GraphPad Prism v.9 (GraphPad Software). Statistical sig-

nificance was when the p-value compared to 0 nM CEM87

was determined to be £0.05. Additional information is

available in the Supplementary Data.

RESULTS
Establishing ZF-based CEM technology in a
tissue culture model system

To determine if CEM87 could be used in conjunction

with ZFHD1 fused to FKBP (ZF-FKBP) to control trans-

gene expression, HEK293T cells that stably express EF1a
upstream of Renilla luciferase (EF1a-Renilla) as a lumi-

nescence control were transfected with AAV plasmids

(Fig. 1A). Renilla luciferase was used as an internal lu-

ciferase normalization control. The luminescence from the

firefly luciferase expressed from the AAV plasmid trans-

gene can be normalized to the luminescence of the stable

Renilla luciferase in the cells.33 One of the plasmids

contains 12 repeats of a ZFHD1 DNA-binding domain

upstream of a JET promoter upstream of a ZF-FKBP with

a T2A peptide sequence followed by a firefly luciferase

gene (+ZF-FKBP).34 This portion of the cassette, which is

required for CEM87-mediated control of transgene ex-

pression, takes up 1,306 bp of vector space. The control

plasmid contains a JET promoter upstream of the firefly

luciferase gene (-ZF-FKBP). CEM87 was added to the

cells 16 h post-transfection. After 48 h, the relative lumi-

nescence of the cells was determined (Fig. 1B; Supple-

mentary Fig. S2).

There was a statistically significant 14-fold increase in

relative luminescence when 200 nM of CEM87 was added

to the cells transfected with +ZF-FKBP plasmids. The

cells that were transfected with -ZF-FKBP plasmid did

not have a statistically significant change in luminescence

when CEM87 was added. These results indicate that ZF-

FKBP can be used with CEM87 to increase expression of a

gene in a plasmid.

Western blotting was performed on HEK293T EF1a-

Renilla cells that were transfected with +ZF-FKBP plas-

mid and treated with CEM87. An increase in ZF-FKBP

fusion protein is observed in cells transfected with +ZF-

FKBP plasmid and treated with 200 nM CEM87 compared

to transfected cells treated with 0 nM CEM87 (Fig. 1C;

Figure 1. ZF-CEM technology design and transgene induction following transfection. (A) AAV +ZF-FKBP and AAV -ZF-FKBP plasmid cassettes. (B) HEK293T
cells were transfected with the plasmids depicted in A. Cells were treated with CEM87 and after 48 h, the change in luciferase luminescence was determined.
At 200 nM, CEM87 was able to significantly increase luciferase transgene expression when cells were transfected with plasmids containing +ZF-FKBP. (C)

Western blot of HEK293T cells transfected with +ZF-FKBP plasmid and then treated with CEM87. Western blot is detecting ZF-FKBP fusion protein with anti-
FKBP primary antibody. p Value parameters: ****p £ 0.0001. AAV, adeno-associated virus; FKBP, FK506 binding protein; ITR, inverted terminal repeat; ZF-FKBP,
ZFHD1 fused to FKBP.
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Supplementary Fig. S3). The observed increase in ZF-

FKBP fusion protein in cells transfected with +ZF-FKBP

plasmid supports that CEM87 treatment increases both

ZF-FKBP levels and luciferase protein levels.

Characterization of CEM87 control of AAV
transgene in different cell lines

Next, we wanted to determine if ZFHD1 fused to FKBP

could be used with CEM87 to increase expression of a

transgene within an AAV episome. HEK293T EF1a-

Renilla cells were transduced with AAV2 +ZF-FKBP at a

multiplicity of infection (MOI) of 2E+4 vg/cell. After

24 h, various concentrations of CEM87 were added to the

cells, and after 48 h, the relative luminescence was deter-

mined (Fig. 2A; Supplementary Fig. S4). Cells that had

been treated with AAV2 +ZF-FKBP and CEM87 at con-

centrations between 200 and 1,000 nM had a statistically

significant fourfold to fivefold increases in relative lumi-
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Figure 2. CEM87-mediated induction of firefly luciferase transgene expression following AAV vector transduction. (A) Dose-dependent impact of CEM87
treatment on transgene expression following HEK293T cells transduction (2E+4 vg/cell). (B) The effect of CEM87 on luciferase transgene expression compared
to the impact of its individual chemical parts. (C) Transgene product activity in HEK293 cells treated with 2E+4 and 2E+5 vg/cell at CEM87 concentrations of 200
and 500 nM. (D) Fold change in luminescence in HCT116 cells infected with AAV2 +ZF-FKBP then treated with 0–1,000 nM of CEM87. (E) Fold change in
luminescence in U2-OS cells infected with AAV2 +ZF-FKBP then treated with 0–1,000 nM of CEM87. (F) Fold change in luminescence in HEK293 cells
transfected with a plasmid encoding E4orf6, infected with AAV8 +ZF-FKBP, and treated 0–500 nM of CEM87. p Value parameters: *p £ 0.05, **p £ 0.01,
***p £ 0.001, ****p £ 0.0001.
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nescence compared to cells that had been transduced with

the same virus and were treated with 0 nM of CEM87.

These results indicate that CEM87 can increase expression

of the transgene-derived luciferase activity in a dose-

dependent manner in vitro.

Microscope images were taken at the time of infection,

at the time of CEM87 addition, and 24 h after CEM87

addition. No observable toxicity and/or changes in cell

morphology were noted among the treatment groups

(Supplementary Fig. S5). To quantitatively determine if

AAV2 and CEM87 or CEM87 alone impact cell viability,

HEK293T cells were either infected and treated with

various doses of CEM87, or just treated with various doses

of CEM87. Promega’s Cell Titer Glo reagent was used to

determine the impact of these conditions on HEK293T cell

viability. Based on the data, neither AAV2 and CEM87 or

just CEM87 alone impact HEK293T cell viability at any

concentration of CEM87 (Supplementary Fig. S6).

To confirm that the impact of CEM87 on transgene

expression is due to the bifunctional design of the com-

pound rather than any one of its key moieties alone,

HEK293T EF1a-Renilla cells were treated with 200 nM of

CEM87, FK506, iBET762, or a combination of FK506 and

iBET762. A fivefold change in luciferase activity was only

seen in cells transduced with AAV2 +ZF-FKBP and

treated with CEM87 (Fig. 2B; Supplementary Fig. S7).

These results indicate that the effects on gene expression

seen with CEM87 treatment are due to the entire com-

pound rather than one of the individual parts.

All previous experiments were conducted with an MOI

of 2E+4 vg/cell. While the data do indicate CEM87 can

control luciferase activity at 200 nM with an approximate

fivefold change, we transduced HEK293T EF1a-Renilla

cells to test a range MOIs from 2E+2 to 2E+5 vg/cell to

determine what impact MOI has on CEM87 ability to

control AAV2 transgene expression. At MOIs of 2E+4 and

2E+5 vg/cell, CEM87 at 200 and 500 nM significantly

increases luciferase activity between fivefold and sixfold

(Fig. 2C; Supplementary Fig. S8). At lower MOIs of 2E+2l

and 2E+3 vg/cell, CEM87 at 200 and 500 nM can increase

luciferase activity but not in a significant manner. Based

on these results, we see a substantial fold-change in lu-

minesce at a CEM87 concentration of 200 nM and at a

MOI of 2E+4 vg/cell and use these conditions in subse-

quent work.

To determine whether CEM87 can enhance AAV

transgene production in cell lines beyond HEK293T,

HCT116 EF1a-Renilla cells and U2OS EF1a-Renilla cells

were transduced with AAV2 +ZF-FKBP at an MOI of

2E+4 vg/cell. After 24 h, CEM87 was able to increase the

fold change in luminescence compared to no CEM87

treatment in a statistically significant manner at 200 nM

and higher doses in both HCT116 and U2OS cell lines. In

the HCT116 cell line, the highest fold change of approx-

imately fivefold was achieved at 500 nM of CEM87

(Fig. 2D; Supplementary Fig. S9). We hypothesize that the

slight decrease in expression at 1,000 nM is due to the

hook effect, where excess bifunctional compound blocks

each target site instead of bridging them causing nonpro-

ductive events. In the U2OS cell line, the highest fold

increase in luminescence of fivefold was seen also at

500 nM (Fig. 2E; Supplementary Fig. S10). These data

indicate CEM87 can chemically control AAV2 transgene

expression in a dose-dependent manner in different cell

lines.

AAV8 +ZF-FKBP vectors were produced, and gene

expression control was explored in vitro to determine if

ZF-CEM technology can regulate expression of trans-

genes delivered by a different AAV serotype. To enhance

AAV8 vector transduction, HEK293 cells were first

transfected with a plasmid containing the Adenovirus gene

encoding E4orf6, a protein that enhances AAV transduc-

tion in conjunction with E1B-55kD (the gene of which is

an integrant in 293 cells).35,36 AAV8 +ZF-FKBP was then

added to cells at an MOI of 2E+4 vg/cell. After 24 h,

CEM87 was added to the cells at various concentrations.

After an additional 24 h, relative luminescence was de-

termined. CEM87 was able to increase luciferase activity

at concentrations of 50 and 200 nM to threefold and

fourfold, respectively (Fig. 2F; Supplementary Fig. S11).

These results indicate that CEM87 can increase expres-

sion of transgenes delivered by both AAV2 and AAV8

serotypes.

Characterization of versatility of
CEM-mediated AAV control in different cell
lines and with an alternate AAV capsid

An analogous version of AAV2 +ZF-FKBP was made

that would deliver a GFP gene rather than a firefly lucif-

erase gene (AAV2 +ZF-FKBP_GFP) to determine if

CEM87 can control the expression of different transgenes.

HCT116, U2OS, and HEK293T cells were infected with

2E+4 vg/cell of AAV2 +ZF-FKBP_GFP. The cells were

treated with various concentrations of CEM87. After 24 h,

flow cytometry was used to determine the mean fluores-

cence of the cells.

HCT116 cells had an increase in mean fluorescence

intensity of approximately threefold when treated with

200 nM of CEM87 and approximately twofold when

treated with 500 and 1,000 nM of CEM87 (Fig. 3A; Sup-

plementary Figs. S12 and S13). In U2OS cells, the highest

increases in mean fluorescence intensity were fivefold and

sixfold when cells were treated with 500 and 1,000 nM of

CEM87, respectively (Fig. 3B; Supplementary Figs. S14

and S15). HEK293T cells had increases in mean fluores-

cence intensity of 17- and 20-fold when treated with 500

and 1,000 nM of CEM87, respectively (Fig. 3C; Supple-

mentary Fig. S16). When imaged, the increase in GFP is

apparent when cells are treated with 500 nM of CEM87

compared to cells that only received 0 nM (Fig. 3D). These
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data indicate the CEM87 can achieve dose-dependent

chemical control of expression of different AAV transgenes

in various cell lines and demonstrate that some cell lines are

more responsive than others.

Determining the impact of CEM87 over time
and the reversibility of CEM transcriptional
control

To better understand how quickly CEM87 begins to

increase relative luminescence and at what time the largest

increase in luminescence is observed, changes in lumi-

nescence were measured at multiple time points after

initial CEM87 treatment. HEK293T EF1a-Renilla cells

were transduced with AAV2 +ZF-FKBP at an MOI of

2E+4 vg/cell. Cells were treated with 200 nM of CEM87

24 h postinfection. Relative luminescence was measured

between 24 and 96 h post-CEM87 treatment and the fold

change in relative luminescence in the presence of 200 nM

CEM87 was determined (Fig. 4A). After 24 h, cells that

had been transduced with AAV2 +ZF-FKBP and CEM87

treatment had the highest fold change at sixfold. The fold

change begins to decrease after 48 h of chemical treatment

to fourfold, with additional small decreases in activity at

72 and 96 h (Fig. 4B; Supplementary Fig. S17).

To investigate the ability to reverse the transgene ex-

pression impacts of CEM87, CEM87 washout, or chemi-

cal competition with FK506 was tested in HEK293T

EF1a-Renilla cells after transduction with AAV2 +ZF-

FKBP. Washing away CEM87 with fresh medium or

replacement with medium containing 100 · FK506 (20 lM)

Figure 3. CEM87-mediated induction of GFP transgene expression following AAV vector transduction. (A) Mean fluorescence intensity of HCT116 cell
infected with AAV2 +ZF-FKBP_GFP then treated with 0–1,000 nM of CEM87. (B) Mean fluorescence intensity of U2-OS cells infected with AAV2 +ZF-FKBP_GFP
then treated with 0–1,000 nM of CEM87. (C) Mean fluorescence intensity of HEK293T cells infected with AAV2 +ZF-FKBP_GFP then treated with 0–1,000 nM of
CEM87. (D) Phase and fluorescent images of HEK293T cells either infected with AAV2 +ZF-FKBP_GFP or no virus and then treated with 0 or 500 nM of CEM87.
Images were taken at 40 · magnification. p Value parameters: **p £ 0.01, ***p £ 0.001, ****p £ 0.0001. GFP, green fluorescent protein; ZF, zinc finger protein.

CHEMICAL CONTROL OF RAAV 953



began 48 h after CEM87 treatment. Within 24 h, luciferase

activity in both the washout group and washout +FK506

group were reduced to similar levels as the no CEM87

treatment group (Fig. 4C; Supplementary Fig. S18). The

fold changes in luminescence were determined not to be

statistically significant. This was also the case 48 h after

media wash out and chemical competition with 20 lM

FK506. While 100 · more FK506 coupled with CEM87

washout was able to reverse the transcriptional impacts of

CEM87, less FK506 might be able to chemically compete

with CEM87. To test this, HEK293T EF1a-Renilla cells

were transduced with AAV2 +ZF-FKBP or -ZF-FKBP and

then treated with CEM87 coupled with various concentra-

tions of FK506. At 10 · more, 2 lM FK506 can compete

with CEM87 and reduce luciferase activity (Fig. 4D; Sup-

plementary Fig. S19). These results indicate that CEM87

effects on luciferase activity are reversible within 24 h when

the compound is removed from the cells and that 2 lM of

FK506 can compete with CEM87.

DISCUSSION

Here, we present a novel solution that has broad potential

utility to control gene therapy vectors postadministration

with value both in the research laboratory and potential

future clinical value. Gene therapies have tremendous po-

tential, yet the ability to control the transgene payload is

currently limited primarily to a fixed vector design and

choice of a gene promoter. Once the viral vector is ad-

ministered, there are no approved methods of controlling

the gene expression off the AAV cassette. Furthermore,

transgene expression tends to diminish over time lowering

the long-term efficacy of treatment. Currently, there are no

methods to boost expression other than redosing with AAV,

which potentially presents complications like immunoge-

nicity. Here, we present a platform capable of substantially

enhancing AAV transgene expression posttransduction in

multiple human cells. We demonstrate for the first time that

a bifunctional chemical that tethers transcriptional activa-

tors to the AAV transgene can significantly increase AAV

transgene expression after initial transduction in vitro.

Based on our previous work with CEM technology

coupled with CRISPR-based approaches to regulate gene

expression, we hypothesized that a we could adapt this

platform to efficiently control AAV transgenes.9–11 It is

known that rAAV DNA forms double-stranded circular

monomers or concatemers that largely persist as extra-

chromosomal species.37,38 Previous reports using histone

deacetylase inhibitors demonstrated enhanced rAAV ex-

pression suggesting that the AAV episomes persist in a

Figure 4. Kinetic effect of CEM87 on transgene expression and FK506-reversibility of the transgene expression enhancement. (A) Diagram of time course and
reversibility of CEM87 experiments in HEK293T cells. (B) Impact of CEM87 on AAV transgene activity over time after a single dose at time 0 h. (C) AAV
transgene activity following CEM87 removal and the addition of FK506. (D) Dose-dependent effect of FK506 on chemical competition with CEM87 to suppress
an CEM87-mediated increase in AAV transgene activity. p Value parameters: ***p £ 0.001, ****p £ 0.0001.
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chromatin-like state in a repressed conformation.39 Fur-

thermore, a recent study revealed that NP220 in concert

with the human silencing hub complex represses expres-

sion of rAAV genomes.40 These studies demonstrate that

rAAV genomes are epigenetically repressed to some ex-

tent and that repression can be relieved pharmacologically.

This provided some of the rationale for the hypothesis that

the CEM-mediated recruitment of BRD4 would enhance

transgene expression when ZFHD1 is used to target DNA

upstream of the promoter and transgene (Fig. 5A).

In this work, we demonstrate that ZF-CEM technology

was able to chemically control expression of different

AAV transgenes in a dose-dependent manner in three

different cell types. CEM87 was able to chemically control

expression of transgenes delivered by two different sero-

types, AAV2 and AAV8. Importantly, the increase in

transgene expression that CEM87 causes can be reversed

with chemical competition using FK506 demonstrating a

method to reduce transgene enhancement. Impacts of

CEM87 on gene and transgene expression do vary de-

pending on whether the gene is on a plasmid or a transgene

on an episome; the different fold increases seen between

transfection of plasmid data and transduced transgenes

makes this evident. The difference in fold increase be-

tween the luciferase data and GFP data also indicates that

the impact CEM87 can have on transgene expression is

specific to the transgene being delivered. HEK293T cells

transduced with +ZF-FKBP_GFP had higher fold changes

in mean fluorescence intensity. Even though this is not

directly comparable to the luciferase data seen in the

HEK293T cells, the differences in fold change could be

due to various reasons including the fact that GFP is a

smaller gene to transcribe than firefly luciferase. While the

gene expression enhancements seen in this work were

exciting, we plan to further explore the role of vector de-

sign, serotype compatibility, and application of the ap-

proach in more diverse tissues.

ZF-CEM technology provides a chemically responsive

method to control AAV transgene expression post-

transduction using chemical biology tools previously used

to explore chromatin biology. This new application of

epigenome editing tools for the gene therapy field allows

for a way to directly edit the AAV epigenome to control

transgene expression. While this technology is promising,

there are some limitations. CEM87 is reliant on BRD4

availability in the cell, so this technology may not work as

well in cell types with reduced or missing BRD4. To ad-

dress this limitation, future work will examine other CEMs

that target different epigenetic machineries to expand the

library of compounds that can be used with AAV ZF-CEM

control technology. Further investigation is also required

to determine if the in vitro abilities of this technology

translate to in vivo applications.

The first iteration of this technology provides a way for

the first time to chemically control AAV transgene ex-

pression through direct targeting of epigenetic machinery

at the start of transcription. ZF-CEM technology is ver-

satile and can be applied to different AAV serotypes as

well as cell lines if they are transducible by AAV and

express the epigenetic proteins targeted by CEMs. This

Figure 5. Zinc finger-CEM induction model. This technology utilizes ZFHD1 as the ZF-FKBP. ZF-FKBP binds to the specific DNA binding domain sequence upstream of
the promoter and gene. When treated with CEM87, the FK506 moiety binds to FKBP and the iBET762 moiety has affinity to BRD4 which is an endogenous transcriptional
activator. BRD4, bromodomain-containing protein 4; CEM, chemical epigenetic modifier; ZF-FKBP, ZF array fused to FKBP; ZFHD1, zinc finger homeodomain 1.
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approach alone has value in biomedical research as dif-

ferent levels of gene expression can be driven off a single

viral cassette when investigating gene replacement in

cells. We hope that CEM-mediated control of AAV ex-

pression may also be applied to human disease models that

could benefit from the ability to enhance AAV transgene

expression after infection to a desired gene dose range.
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