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Abstract

Inducible transcription systems play a crucial role in a wide array of synthetic biology circuits.
However, the majority of inducible promoters are constructed from a limited set of tried-and-true
promoter parts, which are susceptible to common shortcomings such as high basal expression
levels (i.e., leakiness). To expand the toolbox for regulated mammalian gene expression and
facilitate the construction of mammalian genetic circuits with precise functionality, we
quantitatively characterized a panel of eight core promoters, including sequences with mammalian,
viral, and synthetic origins. We demonstrate that this selection of core promoters can provide a
wide range of basal gene expression levels and achieve a gradient of fold-inductions spanning two
orders of magnitude. Furthermore, commonly used parts such as minimal CMV and minimal
SV40 promoters were shown to achieve robust gene expression upon induction, but also suffer
from high levels of leakiness. In contrast, a synthetic promoter, YB_TATA, was shown to combine
low basal expression with high transcription rate in the induced state to achieve significantly
higher fold-induction ratios compared to all other promoters tested. These behaviors remain
consistent when the promoters are coupled to different genetic outputs and different response
elements, as well as across different host-cell types and DNA copy numbers. We apply this
quantitative understanding of core promoter properties to the successful engineering of human T
cells that respond to antigen stimulation via chimeric antigen receptor signaling specifically under
hypoxic environments. Results presented in this study can facilitate the design and calibration of
future mammalian synthetic biology systems capable of precisely programmed functionality.
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INTRODUCTION

Transcriptional regulatory elements form the foundation of a vast array of synthetic biology
systems, ranging from oscillatorsl: 2 to memory circuits3-8 to biocomputers.9-11 Inducible
promoters are typically constructed by linking core promoters to specific enhancers or
transcription-factor binding sites (also known as response elements or RES). In this
architecture, the RE dictates input-signal specificity and varies with each ligand of interest,
whereas the same core promoter can be reused across multiple inducible promoters. As a
result, most engineering efforts on transcriptional regulation have focused on the
identification and optimization of transcription factors and their associated REs. In
particular, research activities in the past decade have enabled the construction of synthetic
transcription activators and repressors from zinc-finger (ZF) proteins,12: 13 transcription
activator-like effectors (TALESs),14-16 and clustered regular interspaced short palindromic
repeats (CRISPR)/CRISPR-associated protein 9 (Cas9),17-21 facilitating the development of
novel inducible promoters with completely researcher-specified transcription factors and
corresponding REs. Furthermore, the systematic translation of prokaryotic transcription
factors and REs to mammalian cells has been demonstrated in recent studies,?? setting the
stage for a rapid expansion of the toolbox for synthetic mammalian transcriptional
regulation.

In contrast to the large and growing variety of transcription factors and corresponding REs
for mammalian synthetic biology, relatively few options exist in the choice of core
promoters23. The majority of mammalian inducible promoters reported thus far are
constructed from a small selection of core promoters, most prominently the minimal
cytomegalovirus (minCMV) promoter.8: 24-27 Although these tried-and-true promoters have
enabled the demonstration of diverse functional outputs, they do not necessarily exhibit
optimal regulatory behavior. Furthermore, efforts to compare the performance of different
core promoters is complicated by the fact that different studies employ different genetic
outputs that vary widely in protein half-life and quantification methods (e.g., fluorescence
vs. enzymatic output). These differences can result in drastically different fold-induction
measurements even when actual transcription rates are comparable, thus preventing
meaningful comparisons across different studies.

As synthetic biology moves toward the development of complex mammalian systems whose
robustness is critically dependent on the precise expression level and ligand-responsiveness
of inducible transcriptional elements, a quantitative understanding of core promoter
properties is needed to facilitate system design and reduce the need for trial and error. Here,
we report on the quantitative evaluation of a panel of eight core promoters for mammalian
gene expression, including promoters with viral, mammalian, and completely synthetic
origins. We demonstrate that the panel of promoters provides a wide range of gene
expression levels in the absence of induction and exhibits a gradient of fold-inductions
spanning two orders of magnitude. We identify specific core promoters with distinct
properties upon induction—i.e., high absolute expression level vs. high fold-change—that
may be selectively incorporated into genetic circuits to enable precise functionalities.
Finally, we demonstrate the utility of having a quantitative understanding of promoter
properties by engineering chimeric antigen receptor (CAR)-expressing T cells that become
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responsive to antigen stimulation specifically in hypoxic environments, which are
characteristic of solid tumors.28 29 Conventional CAR-T cells constitutively express the
CAR, resulting in frequent occurrences of on-target, off-tumor toxicity.30-33 The ability to
stringently regulate CAR expression and thus restrict antigen recognition and T-cell
activation to the tumor microenvironment could significantly increase the safety profile of T-
cell immunotherapy for cancer.

The consistency of our study results across different input signals, genetic outputs, and host-
cell types indicates that the core promoter properties elucidated here can guide the design of
future biological circuits and facilitate the customization of each system for specific
applications of interest.

RESULTS AND DISCUSSION

Panel of Core Promoters Enables Wide Range of Constitutive Mammalian Gene
Expression

Optimized genetic circuits and metabolic pathways frequently require precisely calibrated
gene expression levels, whether constitutive or regulated by ligand input. In prokaryotic
systems, graded gene expression can be achieved through varying the strength of the
ribosome-binding site (RBS).34 35 Although RBS tuning does not apply to eukaryotic cells,
promoters with varying transcription rates can provide an analogously useful toolbox when
calibrating synthetic mammalian systems3®. Core promoters are minimal structures that
enable the formation of the initiation complex, and they typically drive basal levels of
transcription independently of any associated REs. We characterized a panel of eight core
promoters, including minCMV,2” CMV53 (minCMV with the addition of an upstream GC
box),3” minSV40 (minimal simian virus 40 promoter),38 miniTK (the =33 to +32 region of
the Herpes simplex thymidine kinase promoter),3® MLP (the —38 to +6 region of the
adenovirus major late promoter),4? pJB42CAT5 (a minimal promoter derived from the
human junB gene),*! YB_TATA (a synthetic minimal promoter developed by Benenson and
colleagues),*2 and the TATA box alone?? (Table S1, Supporting Information). The
constitutive CMV promoter was also included as reference. These promoters were chosen
either for their widespread use in synthetic biology circuits and commercial vectors (e.g.,
minCMV, minSV40, miniTK, and MLP), or because they had been reported to show robust,
inducible activity in human cells (e.g., pJB42CAT5 and YB_TATA). Each promoter was
cloned upstream of either Gaussia luciferase (Gluc) or superfolder green fluorescent protein
(sfGFP) in the absence of any RE. A constitutive CMV promoter driving dsRed-Express was
encoded on the same plasmids as the Gluc or sfGFP expression cassette to enable
identification of transfected cells in transient-transfection experiments (Figure 1a and
Supplementary Text 1, Supporting Information).

DsRed expression patterns in transfected human embryonic kidney (HEK) 293T cells
confirmed that transfection efficiency was highly consistent across the constructs tested
(Figure S1, Supporting Information). Gluc activity and sfGFP fluorescence measurements
indicated that the panel of promoters spanned two to three orders of magnitude in basal
gene-expression output, and the relative expression level across promoters remains largely
consistent regardless of the type of reporter used (Figure 1b,c). Furthermore, differences in
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expression levels were independent of variations in the distance between the promoter and
the start codon that resulted from the cloning process (Figure S2, Supporting Information).
These results indicate that the choice of core promoters can be used to tune mammalian
expression cassettes across a wide range of gene expression levels.

Notably, the most commonly used core promoter—minCMV—is also the leakiest promoter,
expressing both Gluc and sfGFP at >15% of the level produced by the strong, constitutive
CMV promoter (Figure 1b,c). We investigated whether the observed promoter leakiness was
a result of strong gene expression by rare outliers or representative of the overall population.
Flow cytometry data are well suited for this comparison, as median fluorescence intensity
(MFI) provides a measure of gene expression level within each cell, while population gating
(Figure S3, Supporting Information) reveals the proportion of cells that exceeds the binary
threshold for detectable gene-expression output. Among dsRed+ (i.e., transfected) cells, %
sfGFP+ results showed a smooth gradation across the nine promoters tested, with the
majority of the core promoters showing significant leakiness (Figure 1d and Figure S4,
Supporting Information). In particular, minCMV was nearly on par with the constitutive
CMV promoter in this regard, with 81% of all transfected cells expressing SfGFP from the
core promoter in the absence of any RE or induction. In contrast, sSfGFP fluorescence
intensity among both dsRed+ gated cells (Figure 1¢) and dsRed+/sfGFP+ gated cells (Figure
1e) showed a significant gap between the constitutive CMV promoter and the series of core
promoters. These results indicate that core promoters such as minCMV and minSV40 drive
low-to-moderate levels of gene expression in a large fraction of the population, thus basal
expression from these core promoters can serve as a reliable means for tuning constitutive
gene expression. Furthermore, these results reveal the limitations of oft-used promoters such
as minCMV in applications that require a tightly “off” state in regulated gene expression.

Choice of Core Promoter Significantly Affects Inducibility

Although our results indicate that core promoters can provide a range of constitutive
expression levels, the primary utility of core promoters is in the context of inducible
transcription systems. The inducibility of a regulated promoter—i.e., the change in gene
expression in the presence vs. absence of input signal—is most frequently attributed to the
interaction between transcription factors and their corresponding REs. As a result, the most
common approach to adjusting promoter inducibility is to vary the sequence, copy number,
and/or spacing between RE repeats coupled to a fixed core promoter. However, we
hypothesized that the core promoter also plays an essential role in regulated transcription
initiation, and set out to quantify the relative inducibility of the panel of core promoters,
each coupled to four copies of the same hypoxia-responsive element (HRE) recognized by
hypoxia inducible factor (HIF)-1a (Figure 2a and Supplementary Text 2, Supporting
Information).

As hypothesized, a significant difference in inducibility and total expression was observed
across the panel of core promoters. Regardless of the type of genetic output (Gluc or sfGFP),
the minCMYV promoter had the largest increase in absolute gene expression when induced,
but its fold-change was relatively small due to its high basal expression level (Figure 2b,c).
In contrast, the synthetic YB_TATA promoter consistently yielded the highest fold-
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induction, owing to a combination of low basal expression and strong increase in absolute
expression level upon induction. It should be noted that low basal expression was necessary
but not sufficient for high fold-induction (Figure 2d,e). The difference in fold-induction
across the promoter panel spanned two orders of magnitude in both reporter systems,
indicating that the choice of core promoter has a profound effect on inducibility and can
provide an effective means of calibrating inducible transcription systems.

Relative Promoter Inducibility Is Maintained Across Different Host-Cell Types and
Associated Response Elements

The observation that both minCMV and minSV40 have relatively low fold-induction is
notable given the widespread use of these particular promoter sequences in synthetic
inducible promoters. We thus investigated whether this observation was specific to the
particular host cell or input signal used in our test system. Results indicate that the relative
inducibility among the core promoters is consistent across different host cells and across
different REs to which the core promoters are coupled (Figures 3 and 4).

Plasmids encoding the panel of core promoters driving Gluc expression were transiently
transfected into HEK 293T, MCF7 breast carcinoma, and Jurkat T-cell lines and quantified
for enzymatic output. These human cell lines were chosen to span a range of properties,
including adherent vs. non-adherent, epithelial vs. lymphoid, and fetal vs. carcinogenic cell
origins. Gene expression level and fold-induction from a given promoter varied across cell
lines (Figure 3), which was expected given the three cell lines’ differing capacities for
plasmid replication, transgene expression, and cellular response to hypoxia. However, for
each host-cell type, the relative expression level and fold-induction across the panel of
promoters remained remarkably consistent (note similar curve contours across host-cell
types in Figure 3). Specifically, minCMV consistently yielded the highest absolute
expression level upon induction (Figure 3a), while YB_TATA always achieved the largest
fold-induction among all the promoters tested (Figure 3b), regardless of host-cell identity.
These results indicate that the relative inducibility among the core promoters is an intrinsic
property that holds true across a wide variety of host-cell environments.

We next investigated whether changing the RE to which the core promoter is coupled would
alter the inducibility of the resulting transcription unit. JRE-IL6 is an IL-6-responsive
transcription-factor—binding site found in the human junB gene.*! We constructed IL-6—
inducible Gluc reporters by coupling JRE-IL6 to the panel of core promoters
(Supplementary Text 3, Supporting Information), and quantified luciferase activity in
transiently transfected HEK 293T cells (Figure 4 and Figure S5, Supporting Information).
Consistent with observations made in the hypoxia-responsive system, minCMYV resulted in
high absolute gene expression levels upon induction (Figure 4a), but YB_TATA remained
superior in fold-induction (Figure 4b). A prominent difference between the hypoxia- and
IL-6-responsive systems was the absolute expression level achieved by pJB42CAT5, which
exceeded that of any other promoter tested upon IL-6 induction (Figure 4a and Figure S5a,
Supporting Information). pJB42CATS5 was derived from the promoter naturally coupled to
the JRE-IL6 response element in the junB gene.*! Therefore, the robust IL-6—induced gene
expression from pJB42CAT5 may reflect evolutionary optimization of the natural junB
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expression cassette. However, even pJB42CAT5 did not match YB_TATA in fold-induction.
For all promoters, absolute gene expression and fold-induction plateaued at 20 ng/ml IL-6,
indicating that the relatively modest induction ratio observed for promoters such as
minCMYV was not a result of insufficient ligand input (Figure 4b and Figure S5b, Supporting
Information). These results confirm that properties such as robust gene expression for
minCMV and large fold-induction for YB_TATA are independent of the specific input signal
and response element coupled to the promoter.

Given minCMV’s robust gene expression upon induction, its limited fold-induction is
largely a result of high basal expression. Since basal expression could be tuned by adjusting
gene copy numbers, we examined whether changing the plasmid input during transient
transfection or stably integrating the gene expression cassette would significantly affect the
inducibility of the core promoters. HEK 293T cells transiently transfected with a range of
plasmid input concentrations showed higher fold-inductions at lower plasmid input levels
(Figure 5a). A potential explanation for this inverse relationship between fold-induction and
plasmid input is that at lower copy numbers, there are fewer promoters to compete for the
pool of transcription factor molecules, thus each promoter is more likely to be productively
induced. Nevertheless, the relative inducibility across different promoters remained
consistent, and minCMYV showed only slight improvements in fold-induction at low plasmid
input levels, indicating that the intrinsic properties of each core promoter is the dominant
determining factor on inducibility.

We next evaluated whether stably integrated expression cassettes would exhibit significantly
altered behaviors compared to ectopic plasmids. HEK 293T cells were stably integrated with
hypoxia-inducible sSfGFP expression cassettes via lentiviral transduction, and transduced
cells were subjected to the same culturing conditions as the transiently transfected cells
shown in Figure 2. Although stably integrated cells showed smaller fold-inductions
compared to transiently transfected samples, stably integrated minCMV still yielded robust
gene expression while YB_TATA consistently achieved the largest fold-induction (Figure
5b,c). Therefore, we conclude that the observed behaviors are maintained across genomic
and ectopic gene expression contexts.

YB_TATA Combines High Transcription Rate with Low Basal Expression to Achieve
Superior Inducibility

To understand the quantitative basis of the core promoters’ behaviors, we examined the
dynamics of transcription output over a period of 24 hours. The results demonstrated that
core promoters vary significantly in transcription rates upon induction, with YB_TATA
combining high transcription rate in the induced state with low leakiness in the uninduced
state to achieve uniquely high sensitivity to the cognate input signal (Figure 6).

In the absence of induction, luciferase output for each promoter increased exponentially over
time and proportionately to each other, resulting in linear, parallel curves on the log-scale
plot shown in Figure 6a. Transcription output at any given time is the product of transcripts
generated per cell multiplied by cell number, the latter of which changes over time with cell
growth. Given that Gluc has a half-life of 6 days in culture medium,** the protein output
measured at each time point reflects transcription output integrated over the production time

ACS Synth Biol. Author manuscript; available in PMC 2017 May 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ede et al.

Page 7

period, with negligible protein degradation during the 24-hour observation window. The
pattern of Gluc output observed in the absence of induction (Figure 6a) was consistent with
constant transcription rate coupled to exponential cell growth. The relative transcription rate
for each promoter can be calculated by normalizing the output of each core promoter to that
of the constitutive CMV promoter at each time point. Results indicated that minCMV and
YB_TATA each drove gene expression at a constant rate that was 19.9% + 2.6% and 1.4%

+ 0.1% of the constitutive CMV promoter’s expression rate, respectively, consistent with the
behavior observed in Figure 1b.

Under hypoxic-mimetic culturing conditions generated with the addition of
dimethyloxalylglycine (DMOG; see Materials and Methods), the constitutive CMV
promoter maintained the same exponential luciferase production profile as under normoxic
conditions (Figure 6b). In contrast, the inducible promoters started with low transcription
rates that increased gradually upon hypoxia induction, resulting in non-linear increases in
luciferase output on the log-scale plot over the first 8-10 hours (Figure 6b). Notably,
minCMV and YB_TATA demonstrated similar ramp-up time in transcription rate, and their
steady-state transcription rates under hypoxia induction were nearly identical as indicated by
similar radiance levels after 12 hours. In contrast, minSV40 had a significantly lower
maximum transcription rate than minCMV despite having a similar basal expression level
(Figure 6a,b), leading to the lowest fold-induction among the three core promoters (Figure
6c).

These results confirm that the high fold-induction observed with YB_TATA is a result of
high transcription rate in the induced state coupled to low basal expression in the uninduced
state. This combination enables YB_TATA to achieve a uniquely responsive induction
profile that suggests potential utility in applications requiring stringent gene-expression
regulation (Figures 2b,c and 6¢).

Rationally Designed Inducible Promoter Enables Antigen-Responsive T-cell Activation
Specifically in Hypoxic Environments

A quantitative understanding of different core promoters facilitates the construction of novel
biological systems. Here, we applied our findings to the engineering of smart T cells that
respond to antigen stimulation specifically under hypoxia, a condition that characterizes
solid-tumor microenvironments. Adoptive T-cell therapy—a treatment strategy in which T
cells are isolated from cancer patients, genetically modified to express tumor-targeting
receptors, expanded ex vivo, and then re-infused into the same patient— has shown
remarkable curative potential against advanced cancers.31 45-48 However, off-tumor toxicity,
which occurs when T cells kill non-tumor cells that express tumor-associated antigens, has
resulted in severe side effects, including patient deaths.32: 33 Off-tumor toxicity could
potentially be prevented by placing the expression of tumor-targeting receptors under the
control of an inducible promoter that is specifically triggered in the tumor
microenvironment, such that T cells could only respond to antigen stimulation if the antigen
were present at specific locations characterized by disease signatures. Rapid cell
proliferation in the absence of sufficient blood flow results in low local oxygen
concentration, making hypoxia a marker for a wide variety of solid tumors.28: 29 We thus
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aimed to construct a hypoxia-inducible chimeric antigen receptor (CAR) expression system
to restrict antigen-responsive T-cell activation to hypoxic environments.

CARs are synthetic T-cell receptors that redirect T-cell specificity toward researcher-
specified target antigens. It has been shown that T-cell activation triggered by antigen-
receptor binding can occur in the presence of a single antigen molecule.?%: 51 Therefore, we
hypothesized that effective restriction of T-cell activation to hypoxic environments requires a
hypoxia-inducible system with minimal basal CAR expression under normoxia. To validate
this hypothesis, we cloned a CD19-targeting CAR behind both HREx4-minCMV and
HREx4- YB_TATA inducible promoters, and included the CD19 CAR expressed from a
constitutive EF1a promoter as positive control. Each CAR construct was evaluated in
transiently transfected Jurkat cells, and both minCMV and YB_TATA resulted in hypoxia-
responsive upregulation of CD19 CAR expression on the cell surface (Figure 7a). However,
minCMV resulted in robust CAR expression even under normoxic culturing conditions, thus
limiting the fold-change in CAR expression upon hypoxia induction. When co-cultured with
CD19+ K562 target cells, Jurkat cells that constitutively expressed the CD19 CAR were
efficiently activated by antigen stimulation regardless of environmental oxygen levels, as
indicated by robust surface expression of the activation marker CD69 (Figure 7b). Jurkat
cells expressing the CD19 CAR from the HREx4-minCMYV promoter also showed antigen-
specific CD69 upregulation under both normoxia and hypoxia, indicating that high basal
CAR expression from the minCMV promoter prevented effective restriction of T-cell
activation to hypoxic environments. In contrast, the HREx4-YB_TATA promoter
successfully limited CAR expression and the resulting antigen-stimulated T-cell activation to
hypoxic environments, thus enabling selective T-cell response to antigen presentation.

Inducible transcription units have played a critical role in diverse synthetic biology circuits,
and the ability to calibrate the transcriptional output and responsiveness of inducible
promoters can greatly facilitate the construction of novel biological systems. In this study,
we systematically characterized the behavior of eight core promoters coupled to different
response elements and genetic outputs, yielding quantitative data on basal expression and
fold-induction across different host-cell types and input signals.

To date, the majority of mammalian inducible transcription units have been constructed
using the minCMYV promoter. The success of the minCMV promoter may be attributed to the
large absolute increase in gene expression that can be obtained upon induction (Figure 2b,c).
Across different input signals, genetic outputs, and host-cell types, minCMV consistently
responds to induction with robust upregulation of gene expression. Such a promoter is
particularly useful in applications in which the genetic output must be present at high levels
to produce the desired signal, such as memory circuits that have a high trigger threshold and
require positive feedback to remain in the “on” state.”: 8

However, a less publicized feature of minCMV is its leakiness, with over 80% of transfected
cells expressing detectable reporter output in the absence of induction (Figure 1d). This
property limits the utility of minCMV in applications that require minimal gene expression
in the uninduced state, such as suicide gene expression or T-cell activation regulation. The

ACS Synth Biol. Author manuscript; available in PMC 2017 May 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ede et al.

Page 9

remarkably high degree of leakiness that characterizes the most commonly used core
promoters has likely constrained the type of mammalian genetic circuits achievable to date,
as it has in our own experience with engineering human T cells.

In this study, we observed that a synthetic promoter, YB_TATA, has the combined properties
of low leakiness and high transcription rate upon induction, resulting in significantly higher
fold-induction compared to the other minimal promoters characterized in this study. This
promoter, which was developed by Benenson and colleagues,*? consists of a 25-bp sequence
containing a TATA box with flanking spacers. Although the mechanistic basis of
YB_TATA’s superior inducibility remains to be elucidated, this compact promoter can be
easily incorporated into synthetic genetic circuits that require minimal gene expression in
the uninduced state. By placing CAR expression under the control of YB_TATA coupled to
hypoxia-responsive elements, we successfully engineered human Jurkat T cells to respond to
antigen stimulation only when the antigen is present in a hypoxic environment. Such a
conditional T-cell activation system could increase the specificity of adoptive T-cell therapy
against solid tumors, which are frequently characterized by hypoxic growth. It was notable
that the conditional activation of T cells could not be achieved with minCMV, whose
leakiness enabled robust antigen-stimulated T-cell activation even under normoxic
environments.

Based on the promoter properties quantified in this study, informed decisions can be made in
the selection of core promoters during the construction of future mammalian synthetic
biology circuits. Strategies such as adjusting the number, sequence, and spacing of response
elements coupled to the core promoter can be combined with the choice of core promoter to
further refine the expression level and inducibility of transcription units, thus enabling the
development of robust mammalian systems for diverse applications ranging from metabolic
engineering to cell-based therapy.

METHODS

Plasmid Generation

DsRed-Express was cloned into pcDNA3.1(+) (Invitrogen, Carlsbad, CA) via the Nhel and
Pmel sites. Core and inducible promoters driving Gluc or sfGFP followed by bGH polyA
signal were subsequently inserted upstream of CMV-DsRed via the Bglll and Nrul sites by
either digestion/ligation cloning or Gibson assembly. Gluc was obtained from pCMV Gluc 2
(New England Biolabs, Ipswich, MA) and sfGFP was obtained from pUC-msfGFP
(generous gift from Dr. Pamela Silver, Harvard Medical School). The minCMV, minSV40,
MLP, and miniTK sequences were obtained from pSHRE/GFP27 (Addgene, Cambridge,
MA), pGL3-Promoter (Promega, Madison, WI), pGL4.31 (Promega), and pGluc Mini-TK2
(New England Biolabs), respectively. The remaining promoter sequences were obtained
from the references cited in the text. All core promoter sequences are listed in Supporting
Information Table S1. A hypoxia response element (HRE) with the sequence
GACCTTGAGTACGTGCGTCTCTGCACGTATG was designed based on the consensus
sequences found by Schédel et a/>2 The JRE-IL-6 response element
(GCGCTTCCTGACAGTGACGCGAGCCG) was obtained from Ref. 41. The CD19 CAR
was constructed by Gibson assembly using DNA fragments encoding the FLAG tag
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(DYKDDDDK), CD19 scFv derived from the FMC63 monoclonal antibody,?3 an 1gG4-
derived extracellular spacer, the CD28 transmembrane domain, and the cytoplasmic domains
of 4-1BB and CD3 zeta. For stable integration, HREx4-promoter-sfGFP cassettes were
transferred to the epHIV?7 lentiviral expression vector> by digestion-ligation cloning, and
truncated epidermal growth factor (EGFRt) expressed by a constitutive EF1la promoter was
included on the same vector to enable identification of transduced cells. All DNA fragments
were either chemically synthesized 18 or PCR-amplified from existing plasmids. All DNA
syntheses were performed by Integrated DNA Technologies (Coralville, IA). Plasmids were
sequence-verified by Retrogen (San Diego, CA). Annotated sequences for three
representative plasmids—YB_TATA-sfGFP, HREx4- YB_TATA-sfGFP, and JREIL6x4-
YB_TATA-sfGFP—are provided in Supplementary Texts 1 through 3, respectively.

Cell-Line Maintenance

HEK 293T, MCF7, and Jurkat Clone E-6 cells were obtained from ATCC (Manassas, VA).
K562 cells were a generous gift from Dr. Michael C. Jensen (Seattle Children’s Research
Institute). All cells were grown in either high-glucose DMEM (MCF7 and HEK 293T;
HyClone, Logan, UT) or RPMI (Jurkat and K562; Lonza, Walkersville, MA) supplemented
with 10% heat inactivated FBS (HI-FBS; Life Technologies, Grand Island, NY,) at 37°C,
100% humidity and 5% CO2. Anaerobic conditions were achieved by placing culture plates
in an air-sealed container together with anaerobic atmosphere generation bags (Sigma-
Aldrich, St. Louis, MO) in the 37°C incubator. Hypoxic conditions were achieved by placing
culture plates in a sealed hypoxic chamber connected to a gas cylinder containing 1%
oxygen, 5% CO,, 94% N,. Air inlet and outlet valves were controlled by an electric twin
timer programmed to flush the system with 1% oxygen mixture for 2 min every hour at a
flow rate sufficient for complete air replacement in the chamber. A water tray was included
in both anaerobic and hypoxic chambers to provide humidification.

Cell Transfection

MCF7 cells seeded at 5 x 103 cells/well in 96-well plates were transfected with 10 ng DNA
and 13.5 nmol linear polyethylenimine (PEI, 25kDa; Polysciences, Warrington, PA) per
well. Unless otherwise stated, HEK 293T cells seeded at 8 x 103 or 5 x 10% cells/well in 96-
or 24-well plates, respectively, were transfected with 10 ng DNA/1 x 103 cells and 0.06
nmol PEI/ng DNA. For the experiment with varying DNA input, HEK 293T cells were
seeded at 2.5 x 104 cells/well in 48-well plates, and transfected with 31.25, 125, 187.5, or
250 ng of plasmids encoding hypoxia-inducible promoter driving the expression of sfGFP.
The pcDNA3.1(+) plasmid (Invitrogen) was added to each transfection sample to bring the
total plasmid input to 250 ng per well, and 0.06 nmol PEl/ng DNA was used. Jurkat cells
were transfected using the Amaxa Cell Line Nucleofector Kit V (Lonza), with 5 pg of
plasmid DNA and 5 x 106 cells per nucleofection following the manufacturer’s protocols.

Lentivirus Production and Cell Transduction

HEK 293T cells seeded in T25 cell-culture flasks at 1.5 x 108 cells in 10 mI DMEM + 10%
HI-FBS media were transfected using linear PEI. Six hours post-transfection, cells were
washed with 10 ml of 1X-phosphate buffered saline without magnesium and calcium (PBS)
(Lonza) and supplemented with fresh media containing 60 mM sodium butyrate (Sigma-
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Aldrich). Viral supernatant was collected 48 hours after media change, and cell debris was
removed from the supernatant by centrifugation at 10,000 rpm for 10 min at 4°C, followed
by filtration through a 0.45 pM membrane (Corning, Durham, NC). Untransfected HEK
293T cells were incubated in duplicate in a 12-well plate with 1.5 ml of viral supernatant for
48 hours, then washed with PBS and cultured in a T25 cell-culture flask in fresh DMEM

+ 10% HI-FBS for 7 days prior to being used for gene expression experiments.

Gaussia Luciferase Assay

Cells were transiently transfected and incubated at 37°C for 24 hours. For hypoxia-induction
studies, transfected cells were incubated for 5 hours under standard conditions followed by a
24-hour incubation in anaerobic or hypoxic chambers as indicated. For each construct, three
separate wells were transfected in parallel for HEK 293T and MCF7 cells. In case of Jurkat
cells, three wells were seeded in parallel originating from the same nucleofected culture.
Luciferase activity was determined from diluted samples using the BioLux® Gaussia
Luciferase Kit (New England Biolabs) in combination with a Modulus single-tube
luminometer (Turner Biosystems, Sunnyvale, CA) or Synergy H1 hybrid plate reader
(BioTek, Winooski, VT) with a 5-sec integration time. Background luminescence measured
from the supernatant of mock-transfected cells was subtracted from the raw luminescence
values. Fold-induction was calculated by dividing the background-subtracted luminescence
values of each induced sample by the average value of the three corresponding uninduced
samples.

T-cell Activation and Immunostaining

Jurkat human T cells were transiently transfected and incubated under standard conditions
for 5 hours at 37°C, followed by co-culturing in the hypoxic chamber with either parental or
CD19+ K562 target cells at an effector-to-target ratio of 2:1. Cells were co-incubated for 24
hours at 37°C, then harvested and surface-stained with fluorophore-conjugated antibodies
targeting CD69 (FN50; BiolLegend, San Diego, CA). CAR expression was quantified by
surface staining with a mouse anti-FLAG antibody (M2, Sigma-Aldrich) followed by a
secondary, AlexaFluor 647-conjugated anti-mouse 1gG antibody (Life Technologies).
Stained samples were analyzed by flow cytometry as described below.

Flow Cytometry

Cells were harvested 24 hours post transfection (for basal expression studies) or post
induction (for inducible expression studies), washed, and resuspended in DPBS (Lonza)
supplemented with 2% heat-inactivated FBS (Gibco, Waltham, MA). Samples were
analyzed using a MACSQuant® YVB flow cytometer equipped with 405-, 488-, and 561-
nm lasers (Miltenyi Biotec, San Diego, CA). Flow data were analyzed with the FlowJo Data
Analysis software (TreeStar, Ashland, OR). Cells were gated for viable, singlet, dsRed+
(transfected) population prior to quantification for sSfGFP, FLAG or CD69 expression (Figure
S3, Supporting Information).
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Induction Dynamics and Mathematical Modeling

For IL-6 dose response dynamics, transfected HEK 293T cells were incubated for 5 hours at
37°C before the indicated concentrations of recombinant IL-6 (BioLegend) were added to
the culture media. After overnight incubation at 37°C, luciferase activity was measured as
described above. For each promoter, fold-induction was calculated by dividing the radiance
value of each induced sample by the average radiance of three mock-induced samples,
which received PBS instead of IL-6. For induction time-course experiments, transfected
HEK 293T cells were incubated overnight at 37°C before inducing hypoxia response by
adding 2 MM DMOG (prepared as 250 mM stock solution in dimethyl sulfoxide (DMSO);
Caiman Chemical, Ann Arbor, MI). DMOG increases HIF levels by inhibiting prolyl and
asparaginyl hydroxylase, thus generating a hypoxia-mimetic environment that can be
sampled at multiple time points without disrupting the hypoxic nature of the cell culture.®®
An equal volume of DMSO (Sigma-Aldrich) was added to the negative-control wells. From
each well, 10 pl of supernatant were collected at the indicated time points, with the 0-hour
time point collected immediately before induction. Luciferase activity was quantified as
described above. Fold-induction was calculated by dividing the radiance value of each
induced sample by the average radiance of the three mock-induced samples obtained at the

corresponding time point. The resulting plots for f ()= a(everage fold chanse) were fitted to a Hill

A(time)
equation with four parameters using the global curve fit function of Sigma Plot (Systat
Software Inc., San Jose, CA): y(z)= 2"ty where = Vmax — Vo, N is the Hill co-efficient,
and b is the value of x when {(x) = 0.5 * V.« Fold change was normalized to the
uninduced state at the 0-hour time point—i.e., }{0) was defined as 1.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Panel of core promoters enables a wide range of mammalian gene expression in the
uninduced state. (a) Schematic of expression cassette for core promoter evaluation. “PolyA”
indicates the bovine growth hormone (BGH) polyadenylation signal. (b—e) HEK 293T cells
were transiently transfected with plasmids encoding various core promoters driving the
expression of (b) Gluc or (c—) sfGFP. Each plasmid also encodes for dsRed-Express
expressed from a constitutive CMV promoter. (b) Gluc enzymatic activity in culture
supernatant reacted with coelenterazine substrate. (c) sSfGFP median fluorescence intensity
(MFI) among transfected (dsRed+ gated) cells. (d) Percentage of transfected cells that are
SfGFP+. (e) SFGFP MFI among dsRed+ and sfGFP+ gated cells. Values shown are the means
of triplicates with error bars indicating + 1 standard deviation (s.d.).
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Figure 2.

Core promoter choice is a major determinant of promoter inducibility. (a) Four copies of the
hypoxia-responsive element (HRE) were combined with each of eight different core
promoters to drive the expression of Gluc or sSfGFP. The same plasmid also contains a
constitutive CMV promoter that produces dsRed-Express as a transfection marker.
Transiently transfected HEK 293T cells were cultured under normoxic or anaerobic
conditions. (b) Gluc activity and fold-induction (anaerobic-to-normoxic ratio) in culture
supernatant. (c) sfGFP fluorescence intensity and fold-induction among dsRed+ gated HEK
293T cells. (d—e) Fold-induction in (d) Gluc activity and (e) sfGFP fluorescence intensity vs.
basal expression. Numbers in (d) and (e) correspond to the following core promoters (from 1
to 8): minCMYV, minSV40, CMV53, pJB42CAT5, MLP, YB_TATA, miniTK, and TATA.
Values shown are the means of triplicates with error bars indicating + 1 s.d.
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Figure 3.

Relative inducibility of core promoters is consistent across host cell types, with minCMV
providing high absolute expression and YB_TATA achieving large fold-change in the
induced state. The plasmid constructs shown in Figure 2a encoding Gluc were transiently
transfected into HEK 293T, MCF7, and Jurkat cells. Cells were cultured under normoxic or
anaerobic conditions. (a) Gluc activity in the supernatant of cells cultured in anaerobic
chamber. (b) Fold-induction (anaerobic-to-normoxic ratio) in Gluc activity. Values shown
are the means of triplicates with error bars indicating = 1 s.d.
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The induction-response profile of core promoters remains consistent when input signal is
changed from hypoxia to IL-6. The JRE-IL6 transcription-factor-binding site was coupled to
minCMYV, YB_TATA, or pJB42CAT5 and used to express Gluc in transiently transfected
HEK 293T cells. The constitutive CMV promoter was included as a reference sample. (a)
Gluc activity in supernatant of cells cultured with various concentrations of IL-6. (b) Fold-
induction of Gluc activity (normalized to no—IL-6 sample) in cells cultured at various IL-6
concentrations. Values shown are the means of triplicates with error bars indicating £ 1 s.d.
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Figure5.

Relative promoter inducibility is maintained across plasmid copy numbers and upon
genomic integration. (a) HEK 293T cells were transiently transfected with various
concentrations of the sfGFP-expressing plasmids shown in Figure 2a. Fold-induction was
calculated based on median sfGFP intensity among dsRed+ gated cells. (b—c) HEK 293T
cells were lentivirally transduced with constructs encoding sfGFP expressed from various
hypoxia-inducible promoters. Transduced cells were identified by the expression of EGFRY,
which was expressed from a constitutive EF1a promoter encoded in the same lentiviral
vector. (b) Median sfGFP intensity of EGFRt+ gated cells was quantified by flow cytometry.
(c) Fold-induction was calculated from the data shown in (b). The large error bar for fold-
induction of YB_TATA resulted from the fact that this core promoter had very low basal
expression (i.e., small denominator in the fold-induction calculation; see Figure 5b). Slight
variations in basal gene expression resulted in a large standard deviation in fold-induction
after error propagation. Values shown are the means of triplicates with error bars indicating
+1s.d.
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Figure 6.
The synthetic promoter YB_TATA achieves superior fold-induction through combination of

low basal expression and high transcription rate in the induced state. HEK 293T cells were
transiently transfected with plasmids encoding Gluc expressed from various core promoters
coupled to HREx4. Gluc activity in culture supernatant was measured over a 24-hour period.
(a=b) Increase in Gluc activity over time under (a) normoxic or (b) hypoxic growth
conditions. Radiance values at the 0-hour time point were subtracted from radiance values of
subsequent time points to indicate increase in Gluc activity during the induction period.
Dotted lines shown in (a) represent regressions fitted for exponential growth. (c) Fold-
induction in Gluc activity over time. Experimental data were fitted to the Hill equation;
fitted regressions as well as actual data for CMV, minCMV, minSV40, and YB_TATA are
shown. All data points shown are the means of triplicates with error bars indicating + 1 s.d.
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Figure7.

Proper selection of core promoters enables restriction of antigen-stimulated T-cell activation
specifically to hypoxic environments. Jurkat cells were transiently transfected with plasmids
encoding a FLAG-tagged CD19 CAR expressed from a constitutive EF1a promoter or
hypoxia-inducible promoters featuring either minCMV or YB_TATA as the core promoter.
(a) CAR surface expression levels in transfected cells as detected by anti-FLAG antibody
staining. Values shown are the means of triplicates with error bars indicating + 1 s.d.
Numbers in the plot indicate fold-induction for minCMV and YB_TATA samples. (b) Jurkat
cells were cultured under normoxia for 5 hours post transfection, and then co-incubated with
either parental (CD19-) or CD19+ K562 target cells for an additional 24 hours under either
normoxic or hypoxic conditions. Expression of the T-cell activation marker CD69 was
determined by surface antibody staining. Transfected cells were gated by dsRed+ expression
prior to quantification of FLAG or CD69 staining. Data shown in (b) are representative of
three independent experiments.

ACS Synth Biol. Author manuscript; available in PMC 2017 May 20.



	Abstract
	INTRODUCTION
	RESULTS AND DISCUSSION
	Panel of Core Promoters Enables Wide Range of Constitutive Mammalian Gene Expression
	Choice of Core Promoter Significantly Affects Inducibility
	Relative Promoter Inducibility Is Maintained Across Different Host-Cell Types and Associated Response Elements
	YB_TATA Combines High Transcription Rate with Low Basal Expression to Achieve Superior Inducibility
	Rationally Designed Inducible Promoter Enables Antigen-Responsive T-cell Activation Specifically in Hypoxic Environments
	Conclusion

	METHODS
	Plasmid Generation
	Cell-Line Maintenance
	Cell Transfection
	Lentivirus Production and Cell Transduction
	Gaussia Luciferase Assay
	T-cell Activation and Immunostaining
	Flow Cytometry
	Induction Dynamics and Mathematical Modeling

	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7

