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Abstract

Expression of recombinant genes in HEK293 cells is frequently utilized for produc-

tion of recombinant proteins and viral vectors. These systems frequently employ the

cytomegalovirus (CMV) promoter to drive recombinant gene transcription. However,

the mechanistic basis of CMV-mediated transcriptional activation in HEK293 cells is

unknown and consequently there are no strategies to engineer CMV for controlled

expression of recombinant genes. Extensive bioinformatic analyses of transcription

factor regulatory elements (TFREs) within the human CMV sequence and transcrip-

tion factor mRNAs within the HEK293 transcriptome revealed 80 possible regulatory

interactions. Through in vitro functional testing using reporter constructs harboring

discrete TFREs orCMVdeletion variantswe identified key TFRE components and clus-

ters of TFREs (cis-regulatorymodules) within the CMV sequence. Our data reveal that

CMVactivity inHEK293 cells is a function of the promoters various constituent TFREs

including AhR:ARNT, CREB, E4F, Sp1, ZBED1, JunB, c-Rel, and NF-κB. We also identi-

fied critical Sp1-dependent upstream activator elements near the transcriptional start

site that were required for efficient transcription and YY1 and RBP-Jκ binding sites

that mediate transrepression. Our study shows for the first time that novel, compact

CMV-derived promoters can be engineered that exhibit up to 50% higher transcrip-

tional efficiency (activity per unitDNA sequence) or 14% increase in total activity com-

pared to the wild-type counterpart.
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1 INTRODUCTION

The human embryonic kidney 293 (HEK293) cell line is the most com-

monly utilized human cell line for manufacturing of therapeutic pro-

teins and viral vectors. The cell line serves as a fitting expression host

for proteins with particular requirement for human post-translational

modifications,[1] and possesses integrated E1 genes required for

adeno-associated virus (AAV) production.[2] Moreover, facile cell cul-

ture and transfection enable transient gene expression (TGE) meth-

ods to be effectively employed for rapid production of potential drug

candidates and expression of toxic viral genes.[3,4] Accordingly, vari-

ous cell and process development have been carried out to improve

TGE in HEK293 cells. Examples include optimization of transfec-

tion methods,[5] and co-expression of the genes encoding cell cycle-

regulators p18 and p21[6] or knock-out of the pro-apoptotic genes Bax

and Bak.[7] Further efforts to boost TGE levels are exemplified via pro-

cess engineering strategies by implementing mild hypothermia[8,9] as

well as the addition of chemical inducers such as valproic acid[6,10]

and sodium butyrate.[11] Despite these improvements, at the core of

HEK293-based production systems, recombinant gene transcription is

most often directed by the human cytomegalovirus immediate early

(hCMV-IE) promoter,[6,8–10,12,13] although there is little mechanistic

understanding of how CMV transcriptional activity can be controlled

and enhanced. Engineering fundamental synthetic processes in mam-

malian cell factories such as HEK293 therefore remains a highly desir-

able objective.

hCMV-IE promoter (henceforth referred to as the CMV promoter)

is a highly complex element comprising binding sites (transcription fac-

tor regulatory elements [TFREs]) for numerous ubiquitously expressed

transcription factors (TFs).[14] This is not surprising considering that

the promoter has evolved to function in a broad cell tropism.[15,16]

However, promoter activity in any given host is regulated by a system-

specific combination of interactions between the promoter’s con-

stituent TFREs and the cells repertoire of endogenous TFs.[17] There-

fore, transcriptional activity of the CMV promoter is highly context-

specific and cell type-dependent expression has been observed both

in vivo[18,19] and in vitro[20,21]. With respect to the latter, we have

for example, demonstrated that CMV-driven TGE in Chinese ham-

ster ovary (CHO) cells was largely a function of transactivation medi-

ated through just two discrete TFREs (NF-κB and CREB).[22] Further,

the CMV promoter comprises binding sites of several transcriptional

repressors such as YY1 — conferring on cytomegalovirus the ability

to establish latent infection.[16,22–24] Accordingly, it is likely that the

CMV promoter is fundamentally sub-optimal for use in unnatural, spe-

cific processes such as recombinant gene expression in HEK293 cells.

Despite this, no previous studies have examined the specific CMV pro-

moter interactions within the HEK293 transcriptional landscape that

drive recombinant gene transcription, and the lack of this mechanis-

tic information currently renders optimization of CMV-driven TGE in

HEK293 cells intractable.

In this study, we identify the regulators of CMV-mediated TGE

in HEK293 cells through mechanistic dissection of the CMV pro-

moter. We performed an extensive bioinformatic analysis on the pro-

moter’s TFRE composition, coupled with a detailed in vitro compara-

tive analysis of the relative influence of CMV component parts on gene

expression to identify functional elements (TFRE sequences and cis-

regulatory modules [CRMs]) that critically control promoter activity in

HEK293 cells. We demonstrate, for the first time, that the wild-type

CMV promoter can be re-engineered specifically for HEK293 cells to

derive highly compact and transcriptionally efficient novel promoters

with increased transcriptional activity.

2 MATERIALS AND METHODS

2.1 HEK and CHO cell cultures

Suspension-adapted HEK293 cells were provided by REGENXBIO

and cultured in Dynamis medium (Thermo Fisher Scientific) sup-

plemented with L-glutamine (Thermo Fisher Scientific). Expi293F

cells (Thermo Fisher Scientific) were cultured in Expi293 Expression

medium (Thermo Fisher Scientific). CHO-S cells (Thermo Fisher Sci-

entific) were cultured in CD CHO medium (Thermo Fisher Scientific)

supplemented with 8mML-glutamine. Cells weremaintained in Erlen-

meyer flasks (Corning) at 37◦C, 140 rpm under 5%CO2, 85% humidity

and were sub-cultured every 3 to 4 days by seeding at 3 × 105 viable

cells per mL. Cell viability and viable cell density were measured using

a Vi-CELL XR (Beckman Coulter).

2.2 Vector construction

pmaxGFP vector (Lonza) was utilized as a backbone. The CMV pro-

moter and chimeric intron of pmaxGFPwere deleted by digestion with

BsrGI and KpnI, and replaced with a short DNA fragment contain-

ing EcoRI and HindIII cloning sites. A full-length hCMV-IE promoter

(‒550 to+48 relative to the TSS) was synthesized (Eurofins Genomics)

and inserted directly upstream of the green fluorescent protein (GFP)

open reading frame (ORF) of the promoter less vector backbone. A

minimal CMV core promoter (‒36 to +48 relative to the TSS) was

also synthesized and inserted directly upstream of the GFP ORF. To

create TFRE reporter plasmids, synthetic oligonucleotides containing

7 × repeat copies of the TFRE sequences in Table S1 were synthe-

sized, PCR amplified (Q5 high-fidelity 2 ×master mix; NEB), and puri-

fied (QIAquick PCR Purification kit; Qiagen). The PCR products were

then digested, gel extracted (QIAquick Gel Extraction kit; Qiagen) and

inserted into the cloning sites upstream of the CMV core promoter.

Discrete regions of the CMV promoter sequence were PCR ampli-

fied and inserted upstream of the CMV core promoter. Mutated pro-

moter constructs were synthesized and inserted upstream of the CMV

core promoter. The CBh promoter was excised from pSpCas9(BB)-2A-

GFP plasmid (Addgene) by digestion with KpnI and AgeI and inserted

directly upstreamof theGFPORF.Clonally derivedplasmidswerepuri-

fied using aQIAGENPlasmidPlus kit (Qiagen). The sequenceof all plas-

mid constructs was confirmed by restriction enzyme analysis andDNA

sequencing (Eurofins Genomics).
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2.3 PEI-mediated transient transfection

One day before transfection, cells were sub-cultured in an Erlenmeyer

flask, grown to 1 × 106 cells per mL and aliquots of 10 mL were added

to each TubeSpin bioreactor tube (TPP). 8 µg of DNA and 24 µL of

PEI MAX (1 mg mL-1; Polysciences) were each pre-diluted in 150 µL

of NaCl (150 mM; Polyplus-transfection), combined and incubated at

room temperature for 4 min before being added into culture. Trans-

fected cells were cultured for 48 h at 37◦C, 230 rpm under 5% CO2,

85% humidity.

2.4 Measurement of recombinant GFP expression

in vitro

GFP expression was quantified using a SpectraMax iD5 microplate

reader (Molecular Devices) 48 h post-transfection. Prior to fluores-

cence read (excitation: 485nm, emission: 535nm), culturemediumwas

removed by centrifugation at 200 × g for 5 min. 1.5 × 106 viable cells

were resuspended in 750 µL Dulbecco’s phosphate-buffered saline

(DPBS; Sigma) and then transferred to a 96-well microplate at 3 × 105

cells (150 µL) per well. To measure transfection efficiency, cells were

analyzed using Attune Acoustic Focusing Cytometer (Thermo Fisher

Scientific). Background fluorescence/absorbance was determined in

cells transfected with a promoterless vector.

2.5 In silico analysis of transcription factor

regulatory elements

Genomatix Gene Regulation software (MatInspector Release 8.4 and

MatBase Version 11.2; Precigen Bioinformatics Germany) was used

to analyze the CMV promoter to find putative human TFREs. To cap-

ture all possible binding sites of different TF subtypes within the pro-

moter, analysis was performed using the Individual Matrix function

(rather than Matrix Families), with the Core Similarity set to 0.80 and

the Matrix Similarity set to ‘Optimized’. Cognate TF of each TFRE

matrix (totaling 116; Table S2) was obtained from previously published

studies as listed in MatBase. Selective mutation of a specific TFRE

was performed by mutating at least of one the four highly conserved

nucleotides (core sequence) defined in MatBase. Mutated sequence

was subjected to the same analysis using the software to ensure that

the specific TF binding site was removed, and that neither any overlap-

ping TFREwas perturbed nor new TFREwas introduced.

2.6 Analysis of HEK293 transcription factor

expression

HEK293 cells were seeded at 1 × 106 viable cells per mL and cultured

as described above. From day 3, cells were fed daily (1% v/v) with feed

medium containing 130 g L-1 glucose, 29.23 g L-1 L-glutamine, 25 g

L-1 arginine and 20 g L-1 serine. Total RNA was extracted from dupli-

cate cultures during exponential (∼5× 106 cells permL) and stationary

phases (∼1.6 × 107 cells per mL) of growth. For each sample, 3 × 106

viable cells were collected by centrifugation at 200 × g for 5 min. Cell

pellets were immediately resuspended in 300 µL of RNAprotect Cell

Reagent and stored at –80◦C. RNA-seq libraries were prepared and

sequenced by GENEWIZ using an Illumina NovaSeq (Illumina). Galaxy

(usegalaxy.org) and R software were used to analyze the RNA-seq data

using Salmon alignment tool and human GRCh38 GTF and FASTA files

from www.ensembl.org. A curated database of ∼1600 human TFs was

obtained from Lambert et al.[26] (see Table S3).

2.7 Statistical analysis

Microsoft Excel 2016 (Microsoft) was used to analyze the difference

between the means (GFP expression) of two promoter constructs. For

samples comprising only HEK293 cells, analysis was performed using

Student’s t-test with p-value < 0.05 was considered significant. For

samples comprising HEK293 and Expi293F cells, analysis was per-

formed using Two-Factor ANOVAwith Replicationwith p-value< 0.05

was considered significant.

3 RESULTS

3.1 In silico and in vitro identification of

regulators of CMV promoter transcriptional activity

In order to identify potential regulatory elements in CMV capable

of recombinant gene transactivation in HEK293 cells, we performed

bioinformatic survey of (i) putative TFREs (binding sites) in the pro-

moter, and (ii) the TF repertoire of HEK293 cells based on RNA-seq

datasets. With regard to the latter, although gene expression analy-

sis does not permit precise quantification of active TF levels, it pro-

vides useful information on general TF expression profile where genes

with more than two transcripts per million (TPM) can be considered

active.[27] Using the Genomatix search tool, 108 discrete TFREs from

74 TF families were identified in the CMV promoter at copy numbers

ranging from one to six. However, the gene expression analysis indi-

cated that 22% (24/108) of the TFREs’ cognate TFswere not expressed

in HEK293 cells (exponential phase log2 TPM < 1; Figure 1A). Fur-

ther, as wewanted to identify key regulatory elements, we focused our

search on TFs that exhibit gene expression activities in both exponen-

tial and stationary phases of culture (i.e., “context-specific” expression

can extend beyond cell-type), thus eliminating an additional four TFs

that were not expressed in the latter phase of culture — yielding 80

potential TFREs. We note that two TFREs may have identical or over-

lapping sequences within the CMV promoter (e.g., NF-κB and NFAT5).

Table S2 lists the identified TFREs and their cognate TFs.

To minimize the TFRE pool for functional testing, we filtered out

TFREs with substantially overlapping binding sites and selected two

TFREs from each TF family — yielding a subset of 25 TFREs. Figure 1B

shows the map of select TFREs in the CMV promoter. To measure the
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F IGURE 1 In silico identification of potential transcriptional

regulators of CMV promoter activity. CMV promoter (–550 to+48

relative to the transcription start site; TSS) was surveyed for the

presence of putative transcription factor regulatory elements (TFREs)

using Genomatix software. One hundred and eight discrete TFREs

identified in CMV promoter were subsequently analyzed for the

presence of their cognate transcription factors (TFs) in HEK293 cells.

(A) RNA-seq analysis of HEK293 cell transcriptome determined the

relative gene expression level of TFs. Points represent the expression

level (transcripts per million; TPM) of each TF sampled at exponential

and stationary phases of culture. Genes withmore than two

transcripts per million (log2 TPM> 1) was considered as actively

transcribed genes. (B) CMV promoter sequence with 25 selected

TFREs for in vitro analysis. The TSS is indicatedwith an arrow

relative ability of TFREs to activate transcription of recombinant genes

in HEK293 cells, we created a set of GFP reporter constructs that con-

tained seven repeat copies of a specific TFRE in series, upstream of

a minimal CMV core promoter (–36 to +48 relative to the TSS, con-

taining a TATA box and an Inr motif) as previously described.[25,28]

We note that the transcriptional output from a single TF binding site

is often insufficient to drive detectable levels of recombinant gene

expression. Optimized PEI-mediated transient transfection of plasmid

DNA into suspension HEK293 cells yielded a transfection efficiency of

∼ 94% with a cell viability of ∼ 90% at 48 h post-transfection (mea-

sured using a vector harboring a CMV promoter). Additionally, pre-

liminary experiments confirmed that GFP fluorescence intensity in

HEK293 cell host is directly proportional to GFP mRNA levels post-

transfection (Figure S1).[29] Measurement of GFP expression after

transient transfection of HEK293 cells with each TFRE reporter plas-

mid is shown in Figure 2A. This analysis revealed eight TFREs with sig-

nificantly increased expression (> 10-fold, p< 0.01) over basal expres-

sion from the minimal core promoter, that is, AhR:ARNT, CREB/ATF1,

CREB/E4F, Sp1, ZBED1, JunB, c-Rel, and NF-κB. We note that in some

instances, TFRE sequences with competing (overlapping) binding sites

may be resolved by utilizing their consensus sequence (e.g., CREB and

E4F; Figure 2A). Other TFRE reporter constructs displayed no obvi-

ous increase in GFP above core control level, suggesting alternative

mechanisms of TF-mediated transcriptional activation or suboptimal

TF binding sequences. To elucidate the latter, we tested the consen-

sus sequence of MYBL1, Oct and E2F (selected based on a posteri-

ori knowledge). This analysis revealed that the consensus sequences

exhibited between 10 and 53-fold increase in expression over the core

promoter (Figure 2A), indicating that the TFREs were essentially able

to mediate activation of recombinant gene transcription in HEK293

cells using available TF activity.

In order to both confirm and further demonstrate the distinc-

tive transcriptional landscape of HEK293 cells that influence CMV-

mediated TGE, we tested theNF-κB andCREB sequences in CHO cells,

as well as NF-κB p65 subunit sequence that is not present in the CMV

promoter (Table S1). This analysis (Figure 2B) indicated that NF-κB and

CREB were highly active in CHO cells (133% and 62% of CMV activ-

ity respectively), in line with our previous study that identified these

two elements as key positive regulators of CHO cell-specific CMV pro-

moter activity.[22]WhileNF-κB p65 subunit was five timesmore active

than NF-κB in HEK293 cells, the activity was only one-fifth of that

observed in CHO cells (we note that relative TFRE activities were not

proportional to cognate TF expression levels). We therefore deduced

that HEK293 cell-specific regulation of CMV promoter activity, in con-

trast to CHO, was a function of cooperative interactions amongst a

broader range of TFREs.

3.2 CMV promoter-mediated gene expression in

HEK cells is regulated by proximal elements

In its natural context the CMV promoter can be divided into two mod-

ular components, the proximal and distal enhancers (Figure 3A).[14]

Furthermore, TFREs often occur together in clusters as cis-regulatory

modules (CRMs) where some elements may require interactions with

adjacent or nearby TFRE partners in order to drive transcription.[30]

To identify DNA sequence regions that are required for regulating

gene expression in HEK293 cells, we inserted seven ∼150-bp CRMs

upstream of the CMV core in GFP reporter vectors (CRMs 1–7;

Figure 3A). Figure 3B shows transient GFP reporter production from

each CRM. CRMs from within the proximal enhancer sequence were

generally more active than those from the distal, with CRM 1 alone

yielding 67% of CMV’s transcriptional activity. Analysis of the TFRE

composition indicated that all positive regulators identified in the
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F IGURE 2 Identification of active transcription factor regulatory elements (TFREs). (A) TFRE sequence derived from the CMV promoter

(black bars) or its consensus sequence (gray bars) was cloned in series (7× copies) upstream of aminimal CMV core promoter in GFP-reporter

vectors. HEK293 cells were transfected with each homotypic TFRE-reporter using polyethylenimine (PEI) and cultured in tube-spin bioreactors at

37◦C. GFP expression was quantified 48 h post-transfection. (B) NF-κB p65 consensus sequence was cloned in series (7× copies) upstream of a

minimal CMV core promoter in GFP-reporter vectors and transfected into HEK293 and CHO-S cells alongside NF-κB and CREB/E4F constructs

fromA. Cells were cultured in tube-spin bioreactors at 37◦C andGFP expression was quantified 48 h post-transfection. Data are expressed as a

percentage with respect to the GFP expression of a vector containing the CMV promoter. Data shown are themean value± SD of two

independent experiments each performed in duplicate

F IGURE 3 Relative transcriptional activity exhibited by CMV promoter structural elements. (A) The CMV promoter contains the proximal and

distal enhancers and clusters of TFREs (cis-regulatorymodules; CRMs). Each element was cloned upstream of aminimal CMV core promoter in

GFP reporter plasmids while the CBh promoter (793 bp) was inserted directly upstream of the GFP open reading frame. (B) Reporter plasmids

were transfected into HEK293 cells using PEI and cultured in tube-spin bioreactors at 37◦C. GFP expression was quantified 48 h

post-transfection. Data are expressed as a percentage with respect to the GFP expression of a vector containing the CMV promoter. Data shown

are themean value± SD of two independent experiments each performed in duplicate

functional screen (Figure 2A) occurred in CRM 1, with one copy each

of AhR:ARNT, CREB/ATF1, CREB/EF4, ZBED1, JunB, c-Rel, and NF-κB

and two copies of Sp1.Moreover,multiple copies of CREB/E4F and Sp1

were present in CRMs 6 and 7, yielding 32% to 42% of CMV’s activity.

Conversely, CRMs from the middle of the CMV promoter (i.e., CRMs

4 and 5) did not display observable activity (≤ 7% of CMV). This was

not unexpected considering that the constituent TFREs of these CRMs

weremostly inactive in the functional screen.
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Assembly of CRMs and comparison of their relative activity pro-

vided further analysis of individual CRM functions (Figure 3B). Com-

bining CRM 1 and CRM 7 (67% and 42% of CMV activity respectively)

yielded a promoter with only 90% CMV activity (CRM 1+7), suggest-

ing a partially redundant function of the distal enhancer and/or spa-

tial effects. On the other hand, adding inactive CRM 4 (7% CMV) onto

CRM1 significantly enhanced the transcriptional activity to 86%CMV

(CRM1+4;p=0.005). This data implies a synergistic interactionof spe-

cific TFREswithin the proximal enhancer. To expound this observation,

we constructed an extended CRM 1 reporter vector (CRM 1+2) incor-

porating the NFATc1, NF1 and LEF1 binding sites. Even though these

TFRE sequenceswere not active on their own (Figure 2A) the extended

promoter displayed a 15% increase in activity (p = 0.007; Figure 3B),

possibly via NFATc1–c-Rel interaction (–117 and –57 relative to the

TSS respectively).[31] Critically, the data in Figure 3B reveal thatCRM2

exhibited64% loweractivity thanCRM1despite a significant sequence

overlap (Figure 3A), suggesting that either additional TFREs within the

5’ region of CRM 2 functioned to negatively regulate transcription, or

essential regulators of CMV-mediated TGE in HEK293 were located

in the 3’ region of CRM 1. With regard to the former, the apparent

increase in GFP activity of CRM 1+2 compared to CRM 1 (see above)

discounted the possibility of a specific transrepression effect ofCRM2.

To substantiate the latter, we constructed a reporter vector utilizing a

CMV enhancer/chicken β-actin hybrid (CBh) promoter (Figure 3A).[32]

The promoter, comprising a practically complete CMV enhancer apart

from CRM 1, exhibited only 41% of CMV’s activity. Combining all

observations made above, we inferred that (i) TFREs within the prox-

imal enhancer functioned synergistically to drive transcription, and (ii)

critical regulators of CMV promoter activity in HEK293 were located

in the 3’ region of the proximal enhancer sequence (i.e., approximately

–90 to –42 relative to the TSS).

3.3 Sp1 binding sites near the TATA-box are

essential for efficient CMV promoter-mediated gene

expression in HEK293 cells

In order to specifically determine the key regulators of CMV-mediated

gene expression in HEK293 cells we created CMV promoter variants

with specific TFREs within –107 to –45 relative to the TSS ‘‘knocked-

out’’. Proximal CMV (–300 to +48 relative to the TSS, ∼ 84% CMV

activity) rather than full-length CMV promoter was utilized for maxi-

mal impact of a single TFRE knock-out (i.e., minimal potential “noise”

by other elements). Selective mutation was performed on the core

sequence of a specific TFRE in order to disrupt the binding site with-

out perturbing overlapping or introducing new TFREs (Figure 4A). Fur-

ther, given the complexity of CMV promoter, we hypothesized that dif-

ferent HEK293 hosts (in different medium formulations) may poten-

tially vary in their TF repertoires that could significantly influence

CMV promoter regulation. In order to evaluate this, we determined

the activity of the synthetic proximal CMV constructs in our standard

HEK293 cell line as well as the commercially available Expi293F cell

line, cultured in Dynamis medium and Expi293 Expression medium

respectively. Measurement of GFP production after transient trans-

fection of HEK293 and Expi293F cells with the knocked-out proximal

CMV promoters is shown in Figure 4B.We observed that relative pro-

moter activities were very similar in both cell lines, invalidating our

hypothesis.

Our data (Figure 4B) also show that removal of NF-κB and ZBED1

binding sites, either individually or simultaneously, did not reduce GFP

expression. This result is in line with the above finding (Figure 2A)

that NF-κB had a very minimal activity in HEK293 cells but was not

fully anticipated for the relatively active ZBED1. Utilizing the TFRE

identification tool at a lower stringency, the in silico analysis iden-

tified a weak ZBED1 binding site at the mutated sequence (matrix

similarity 0.734, optimal matrix threshold 0.76) suggesting that the

ZBED1 mutation did not fully knock-out the TFRE. Removal of Sp1,

CREB/ATF1, andSp4binding sites individually reducedpromoter activ-

ity to ∼ 62%, ∼ 74%, and ∼ 44% (p < 0.008) of that deriving from

wild-type proximal CMV, respectively. Additionally, removal of the Sp1

site with CREB/ATF1 or Sp4 (mutations 3+4 and 3+6) led to further

decrease in promoter activities. Critically, when the two Sp1 siteswere

simultaneously removed (mutations 3+5)GFPexpressionwas reduced

to the lowest level, that is, ∼ 25% compared to the wild-type proximal

CMV.No further reduction inpromoter activitywasobservedwhen the

Sp4 was mutated in conjunction with the two Sp1 sites — indicative of

the Sp1’s vital regulatory function. However, considering the relatively

weak activity of the Sp1 homotypic promoter in Figure 2A, our data do

not support the conclusion that Sp1 blocks (or any other TFRE) could

support high transcriptional activity alone.We therefore deduced that

the two Sp1 sites act as an upstream activator element[33] for CMV

promoter-mediated transcription in HEK293 cells.

3.4 Knock-out of repressor elements results in

increased gene expression in CMV promoter variants

The above in silico analysis of regulation of CMV promoter activity by

sequence elements (Figure 1) also identified two TFRE components

that have previously been shown to negatively regulate transcription

from themurineCMV-IE promoter in cytomegalovirus-infectedmouse

kidneys, YY1, and RBP-Jκ,[23] as well as Gfi1 where its overexpres-

sion has been shown to repress hCMV-IE promoter activity in mouse

fibroblast cells.[34]Wehypothesized thatCMVpromoter couldbeopti-

mized for TGE by disrupting transrepressionmediated by these TFREs.

To evaluate the functional activity of these TFREs as regulators of

CMV-mediated TGE in HEK293 cells, we synthesized CMV(-derived)

promoters with repressor elements knocked-out and inserted them

into GFP reporter vectors (Figure 5A,B). We note that the YY1 (three

binding sites) and RBP-Jκ (one binding site) are located in the distal

enhancer while the Gfi1 (one binding site) is located in the proximal

enhancer. Additionally, previous studies suggested a fourth YY1 bind-

ing site at –343 to –353 relative to the TSS[14] which was identified as

a weak binding sequence in this study (matrix similarity 0.889, optimal

matrix threshold0.94). GFPexpression levels inHEK293andExpi293F

cells weremeasured 48 h post-transfection.
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F IGURE 4 A proximal CMV promoter devoid of two Sp1 sites near the TATA box is unable to drive transcription in HEK293 cells. (A)Wild-type

(WT) andmutated proximal CMV promoters (–300 to+48 relative to the TSS) with specific TFREs knocked-out (KO) were synthesized and cloned

into GFP reporter vectors. Selectivemutation was performed on a specific TFRE to disrupt the binding site without perturbing overlapping or

introducing new TFREs. (B) The relative activity of each proximal CMV promoter construct was determined in HEK293 and Expi293F cells.

Reporter plasmids were transfected into HEK293 cells using PEI and cultured in tube-spin bioreactors at 37◦C. GFP expression was quantified 48

h post-transfection. Data are expressed as a percentage with respect to the GFP expression of a vector containing the full-length CMV promoter.

Data shown are themean value± SD of two independent experiments each performed in duplicate

Removal of the repressor elements in full length CMV (promot-

ers 1.01 and 1.02; Figure 5C) did not result in increased GFP expres-

sion compared to the wild-type control (p > 0.603), suggesting that

the TFREs were not critical regulators affecting transcriptional activ-

ity under the conditions employed. This is possibly due to positive TF–

TFRE interactions within the proximal enhancer decreasing the influ-

ence of distal enhancer-mediated processes (see above, Figure 3A,B).

To further investigate the impact of proximal enhancer, we truncated

the 5’ region of the enhancer (promoter 2.01) which resulted in a ∼

13% decrease in transcriptional activity compared to the wild-type

CMV (see Figure S2). In this promoter construct, removal of YY1 and

RBP-Jκbinding sites increased thepromoter activity by12% (promoter

2.02; p = 0.023), indicating that the TFREs can act as negative regu-

lators of CMV promoter in HEK293 cells. No additional increase was

observed with further removal of Gfi1 (promoter 2.03) — this was not

entirely unexpected considering that Gfi1 gene was lowly expressed

(log2 TPM = 2.23) whereas YY1 and RBP-Jκ genes exhibited expres-

sion levels above the90thpercentile (log2 TPM=5.51and5.53 respec-

tively; Figure 1A).

To confirm the ability of YY1 and RBP-Jκ to mediate transrepres-

sion of recombinant gene transcription in HEK293 cells, we con-

structed CMV promoter variants with minimal proximal and distal

enhancers containing only one site each of YY1, RBP-Jκ, and Gfi1

(promoters 3.01–3.03; see CRM 1+7 above). As anticipated, removal

of the YY1 and RBP-Jκ binding sites increased the promoter activ-

ity by 11% (p = 0.031) compared to its non-mutated counterpart

while no significant change was observed with further removal of Gfi1

(we note that removal of the YY1 binding alone increased the pro-

moter activity by ∼ 7% [p = 0.053]; data not shown). Moreover, these

shorter promoter sequences displayed similar activities to promot-

ers 2.01–2.03. In this regard, we assumed that the deletion of distal

enhancer’s 3’ region effectively removed transrepression mediated by

the fourthYY1 repressormotif (excluded inour in silico surveyofCMV-

constituent TFREs). Based on the above observations, we constructed

promoter 4.01 that was devoid of repressor elements while retaining

the active regions. This engineered CMV promoter displayed a ∼ 14%

increase in expression (p=0.005; Figure S2)while being 25% smaller in

size compared to the wild-type CMV. To illustrate the enhanced capa-

bility of the promoters in driving transcription, we calculated a “tran-

scriptional efficiency” for each promoter as a function of transcrip-

tional output per promoter length. This analysis indicates that promot-

ers 3.03 and 4.01 were ∼ 50% more transcriptionally efficient com-

pared to thewild-typeCMVpromoter (Table S4).We conclude that the

CMVpromoter canbeengineered for improvedTGE inHEK293via dis-

ruptionof transrepressionmediatedbyYY1andRBP-Jκ and removal of

redundant sequences.

4 DISCUSSION

The vastmajority of current HEK293 cell TGE systems utilize the CMV

promoter for high-yield production of therapeutic proteins[6,8] and

improved lentiviral and AAV expression vectors.[13,35,36] Our compar-

ative transient expression analyses revealed that the CMV promoter
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F IGURE 5 Removal of transrepressionmediated by YY1 and RBP-Jκ and redundant sequences enhances CMV activity. (A) Selectivemutation

was performed on a specific TFRE to disrupt the binding site without perturbing overlapping or introducing new TFREs. (B)Wild-type (WT) CMV

promoters (–550 to+48 relative to the TSS) andmutated CMV variants with specific TFREs knocked-out (KO) were synthesized and cloned into

GFP reporter vectors. The locations of the repressor elements in CMV promoter are underlined. Numbers denote the corresponding TFRE

knock-out in A. A fourth putative YYI binding site excluded by the TFRE analysis in this study is shown in bracket. (C) The relative activity of each

promoter construct was determined in HEK293 and Expi293F cells. Reporter plasmids were transfected into HEK293 cells using PEI and cultured

in tube-spin bioreactors at 37◦C. GFP expression was quantified 48 h post-transfection. Data are expressed as a percentage with respect to the

GFP expression of a vector containing the wild-type CMV promoter. Data shown are themean value± SD of two independent experiments each

performed in duplicate

activity in HEK293 cells was a function of the promoter’s various con-

stituent TFREs including AhR:ARNT, CREB, E4F, Sp1, ZBED1, JunB, c-

Rel, and NF-κB. This is a very significant and useful finding, as they

form the basis of promoter engineering containing enhanced binding

sites,[37] or can be directly utilized as modular building blocks to con-

struct synthetic promoters de novo.[25,28] We further identified sev-

eral sub-optimal TF binding sequences (MYBL1, Oct, E2F) which sug-

gests an immense opportunity for maximizing CMV promoter’s tran-

scriptional output. Hundreds of TFRE motif sequence variants can be

characterized simultaneously via in vitro use of high-throughput par-

allel screening methods, allowing determination of their optimal bind-

ing affinity. The major challenge with such functional tests is the diffi-

culty in identifying TFREs underpinning the more complex regulation

governing synergistic transactivation[30,31] which would require intri-

cate screens of TFREmotif pairswith position-sensitive function.How-

ever, this limitation canbe circumventedbyusing theTFdecoy technol-

ogy developed in this laboratory[38] to inhibit specific TFRE(s) within

the CMV promoter architecture, obviating the need to characterize

spatial effects between two TFRE motif pairs. Furthermore, this work,

in effect, generated a novel library of promoter sequences (Figure 2)

to control gene expression over a wide range. These highly compact

promoters could be utilized in multigene vectors to give predictable

stoichiometries (e.g., optimization of monoclonal antibody heavy chain

to light chain ratio),[39] especially with non-overlapping sequences to

avoid homologous recombination-mediated silencing (see below).

Bioinformatic analysis on the CMV promoter sequence indicated

that Sp1 family is predominant in the promoter, in line with the notion

that the element is essential for prevention of de novo methylation

of CpG islands.[40] Importantly, our results show that each of the

two Spl binding sites near the TATA box contributes to full activa-

tion of the CMV promoter in HEK293 cells — resembling the previ-

ous report in which mutation of these Sp1 binding sites caused inef-

ficient CMV promoter transcription and cytomegalovirus replication

in human fibroblast cells.[41] Similar transcription activation mecha-

nism had been reported for the simian virus 40 (SV40) promoter in

which Sp1 binding to its cognate sequences upstream of the TATA box

enhanced the activity of RNA polymerase II.[42,43] Indeed, analyses of

synthetic core promoters indicated that Sp1 binding sites, when placed
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upstream of an Inr and/or TATA box, acted as an upstream activator

element for efficient transcription initiation in vitro[33] and in HEK293

cells.[44] Nevertheless, our previous studies[22,25,38] as well as data in

Figure 2B showed that CHO cells were able to drive efficient recom-

binant gene transcription in the absence of such upstream activator

elements, illustrating that engineering strategies to improve CMV pro-

moter activity have to be cell-type specific for maximum efficacy. We

further conjecture that a Spl-dependent upstream activator element is

a design prerequisite for construction of strong synthetic/hybrid pro-

moters for HEK293 cells. This is in contrast tomodulation at the trans-

lational level (e.g., engineering of 5’UTR elements) that is generally not

cell-type dependent.[45]

Another important outcome of this study is the identification of

negatively acting cellular TFs, and that a substantial proportion of the

CMV sequence may be functionally redundant for recombinant gene

expression in HEK293 cells. Specifically, our results showed that YY1

and RBP-Jκ-mediated transrepression of the CMV promoter could be

removed by designing engineered CMV constructs with inactive cog-

nate binding sites. It is worth noting previous studies have also shown

that ERF (Ets-2 Repressor Factor) was able to repress the CMV pro-

moter by binding to the 21 bp repeat motifs overlapping YY1 and

Sp1 within the distal enhancer (see Figure S3),[24] and that the ERF

gene was highly expressed in HEK293 cells (log2 TPM = 4.91; Table

S2). Therefore, we postulate that the deletion of 3’ region of the dis-

tal enhancer (promoters 3.03 and 4.01) effectively removed the YY1

as well as an ERF binding site, permitting a more defined, improved

regulation of recombinant transcriptional activity and with relatively

small promoter size. The engineered promoters may further confer

additional advantages in dynamic bioprocess conditions in respond to

changes in cellular transcriptional landscape. For example, differential

gene expression analysis on the HEK293 transcriptomic data showed

that RBP-Jκ was (slightly) upregulated from the mid-exponential to

early-stationary phase (log2 fold-change= 0.362, p-adj= 0.0012), sug-

gesting that the positive impact of RBP-Jκ knock-out would be more

pronounced in long-term, fed-batch production processes for example.

It also interesting to note that our bioinformatic analysis indicated that

the CMV promoter did not contain the binding sites of TFs associated

with the unfolded protein response (ATF4, ATF6, eIF2α, and XBP1),

suggesting thatCMVpromoter activity is not affectedby cellular stress

that may result from recombinant gene overexpression.

Lastly, the data presented in this studymayoffer benefits to systems

beyond TGE. For instance, long-term stable expression can be com-

promised by the occurrences of sequence features such as repeat ele-

ments (homologous recombination-mediated silencing)[46] and CpG

islands (methylation-mediated silencing).[47] With regard to the for-

mer, the CMV promoter contains two copies of 21 bp repeat motif

in the distal enhancer as mentioned above. Promoters 3.03 and 4.01

indirectly removed one of these repeat elements, therefore avoiding

potential genetic homologous recombination events associated with

gene deletion. With regard to the latter, it may be possible to reduce

the number of CpG dinucleotides within the CMV promoter by mutat-

ing TFREs with no/low activities, thus minimizing the formation of

methylation-mediated epigenetic silencing linked to production insta-

bility. Minimal CpG dinucleotides is also a desirable feature for gene

therapy vectors in which CpG motifs have immunostimulatory effects

(e.g., promoter 3.03 contains 20% less CpG dinucleotides compared to

the wild-type CMV promoter; Table S4).[48] Accordingly, it should now

be possible to rationally design synthetic CMV promoter variants in

order to equip HEK293 cells with new transcriptional machinery opti-

mally suited for a specific intended purpose.We anticipate that similar

approaches can be used to deconstruct and reconstruct other promot-

ers for optimal functionalities in particular cell types.
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