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INTRODUCTION: Native gene networks require coordination of 
multiple transcriptional units to robustly pattern cell fate. 
Although precise control of gene expression is crucial for this 
process, the coupling between closely colocalized genes, including 
both native regulatory circuits and size-limited, synthetic gene 
circuits, is not fully understood. We aimed to uncover how 
transcription of a single gene affects expression of adjacent genes 
through the over- and undertwisting of DNA caused by RNA 
polymerase motion. This twisting of DNA is known as DNA 
supercoiling and arises from the directionality of transcription. 
Supercoiling impacts transcription of adjacent genes by altering 
RNA polymerase binding, forming a feedback loop. Supercoiling 
has been studied in silico, in vitro, and genome wide, but pertur-
bative, locus-specific supercoiling measurements in living cells are 
more difficult, limiting mechanistic dissection of this phenomenon 
and its impact on gene expression.

RATIONALE: We measured the impact of supercoiling on gene 
expression by building and integrating synthetic two-gene 
reporter circuits in mammalian cell lines. These synthetic circuits 
allowed us to probe how gene syntax, the relative order and 
orientation of genes, determines supercoiling-mediated feedback 
while holding gene identity, circuit copy number, genomic 
location, and other parameters constant. By inducing expression 
of one of the genes with a small molecule, we directly varied 
transcription-generated supercoiling. We measured single-cell 
protein and mRNA levels using flow cytometry, allowing us to 
calculate both the mean and variability of each reporter gene 
across a population of cells. Using circuits integrated at a fixed 
safe harbor locus, we quantified the local epigenetic state using 

CUT&Tag assays, the positive supercoiling density using GapRUN, 
and the chromatin folding behavior using Region Capture 
Micro-C. These measurements provided a high-resolution view of 
chromatin behavior at the circuit locus and the response to 
induction of the inducible gene.

RESULTS: We found that gene syntax shapes expression profiles 
in a syntax- and induction-dependent manner. Pairs of genes 
with divergent syntax show amplified, correlated expression, 
whereas pairs with tandem syntax have reduced expression from 
the downstream gene. These syntax-dependent behaviors 
generalize well across both integration method and cell type. 
Expression patterns also co-occur with changes in chromatin 
state. Both direct measurements of positive DNA twist and 
indirect correlates of chromatin structure suggest that supercoil-
ing contributes to these syntax-dependent behaviors. Applying 
our observations to engineer synthetic circuits, we improved 
antibody production yield, tuned stoichiometric expression 
ratios, and optimized the function of all-in-one inducible circuits 
by changing only gene syntax.

CONCLUSION: Supercoiling-mediated feedback couples genes 
spaced within a few kilobases. This phenomenon may  
contribute to the coordination of native transcriptional  
programs. Applying the design rules suggested by our work can 
enhance the predictability, performance, and functional range of 
engineered gene circuits. 
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Supercoiling-mediated feedback and 
gene syntax couple the expression of 
adjacent genes. Supercoiling couples  
the motion of elongating RNA polymer-
ases to the transcriptional initiation rate 
of adjacent genes. Influenced by this 
supercoiling-mediated feedback, the 
different gene syntaxes show distinct 
patterns of expression and chromatin 
states. Using supercoiling-informed 
design rules, engineered gene circuits  
can be optimized for robustness and 
performance. 3D, three dimensional.
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Gene syntax—the order and arrangement of genes and their 
regulatory elements—shapes the dynamic coordination of both 
natural and synthetic gene circuits. Transcription at one locus 
perturbs the transcription of adjacent genes, but the molecular 
basis of this effect remains poorly understood. In this work,  
we show that supercoiling-mediated feedback arises from 
transcription and regulates expression of adjacent genes in a 
syntax-specific manner. Using a suite of assays, we measured 
syntax- and induction-dependent formation of chromatin 
structures in human induced pluripotent stem cells. Applying 
syntax as a design parameter, we built and improved compact 
gene circuits, tuning the expression mean, noise, and 
stoichiometry across delivery methods and cell types. Integrating 
supercoiling mediated feedback into models of gene regulation 
will expand our understanding of native and synthetic systems.

Native gene circuits coordinate transcriptional programs that orches-
trate complex cellular processes across space and time. Circuits that 
require precise transcriptional regulation in development, such as Hox 
genes (1, 2) and segmentation clocks (3), colocalize multiple transcrip-
tional units within tens of kilobases. By harnessing local chemical and 
physical forces, the organization of these neighboring genes may sup-
port their coordinated expression (4–6). Gene syntax specifies the rela-
tive order and orientation of adjacent genes. Pairs of genes can adopt 
a tandem, divergent, or convergent syntax, which are predicted to 
generate distinct profiles of gene coupling and dynamics (Fig. 1A) (7). 
These predicted profiles differ in both mean expression and levels of 
transcriptional noise. In native genomes, syntaxes are not equally rep-
resented across gene pairs (Fig. 1B and fig. S1). For example, in the 
human genome, closely spaced gene pairs more commonly adopt a 
divergent syntax. Potentially, gene syntax may couple expression of 
adjacent genes and tune transcriptional noise.

Gene syntax affects expression of colocalized genes through bio-
physical forces such as DNA supercoiling (7, 8). DNA supercoiling, or 
the over- and undertwisting of double-stranded DNA, both influences 
and is generated by transcription in a directional manner. Mecha
nistically, transcribing RNA polymerases induce waves of supercoiling 
by melting the double-helical DNA polymer to read the underlying 
base pairs. According to the twin domain model, polymerases generate 
negative supercoiling upstream and positive supercoiling downstream 

(9, 10). This supercoiling can take the form of twist, where supercoiling 
changes the average rotation per base pair, or writhe, where supercoil-
ing forms large-scale intertwined loops. In turn, supercoiling impacts 
gene expression by influencing transcriptional bursting (11–13), poly-
merase stalling (14, 15), topoisomerase activity (16–21), and chromatin 
folding (22–25). In particular, supercoiling may alter RNA polymerase 
binding; negative supercoiling reduces the binding energy and facili-
tates polymerase loading, whereas positive supercoiling increases the 
energy barrier and reduces binding rates (26).

As supercoiling diffuses along the DNA polymer, the directionality 
of transcription sets the energy landscape for subsequent polymerase 
binding events (Fig. 1A). Thus, models of supercoiling predict that 
transcription-induced changes in chromatin structure feed back into 
changes in transcriptional activity at adjacent genes (27–30), a phe-
nomenon we define as supercoiling-mediated feedback (7). Because 
polymerase directionality governs supercoiling generation, gene syntax 
defines supercoiling-mediated feedback, setting syntax-specific profiles 
of gene expression (7). Patterns of supercoiling around actively tran-
scribed genes have been observed and averaged genome wide in bac-
teria (31, 32), eukaryotes (11, 22, 24, 31, 33), and human cells (17, 22, 25). 
However, the impact of transcription-induced supercoiling on fine-
scale chromatin structure and syntax-specific patterns of expression 
remain uncharacterized in human cells.

DNA supercoiling is often studied through broad perturbations, 
including the loss or inhibition of topoisomerases and polymerases 
(11, 17, 25, 33, 34), which induce large changes in cellular physiology 
and limit observations to acute treatments and short timescales. Al
ternatively, synthetic two-gene systems offer a well-controlled test bed to 
independently vary gene syntax while keeping gene identity, circuit copy 
number, genomic location, and other parameters constant. Mod
ulating the transcriptional activity of a single transgene within this 
genetically uniform background offers the precise control required to 
examine the predictions of supercoiling-mediated feedback using chro-
matin structure techniques.

Beyond advancing our understanding of native gene regulation, 
defining syntax-specific expression profiles may enhance design of 
synthetic gene circuits. Synthetic circuits offer programmable control 
of therapeutic cargoes, genome editors, and cell fate (35–43). However, 
predictable forward design of gene circuits remains challenging, re-
quiring iterative “design-build-test” loops to achieve desired functions. 
Synthetic circuits on the length scale of ∼10 kb are regularly integrated 
into the genome and thus are subject to biophysical forces, including 
DNA supercoiling, that may rapidly couple expression of their com-
ponents (7, 8). Harnessing syntax as an explicit design parameter may 
improve the predictability and performance of genome-integrated 
synthetic circuits (7).

In this work, we used synthetic two-gene circuits as a model system 
to examine how transcription of a single gene is coupled to the ex-
pression and chromatin structure of adjacent genes in human cells. 
Leveraging the control and orthogonality of inducible systems, we 
demonstrate that transcription-induced coupling generates syntax-
specific profiles of expression across a range of human cell types and 
integration methods. To investigate the corresponding changes in 
chromatin, we used a suite of genomics techniques to characterize the 
structural and biochemical properties of the region surrounding the 
locus of circuit integration in human induced pluripotent stem cells 
(hiPSCs). Induction of transcription perturbs chromatin structure both 
at the circuit and hundreds of kilobases away, substantially altering 
the insulation, RNA polymerase II binding profile, and histone marks 
across the locus. Applying these principles of supercoiling-mediated 
feedback, we designed compact synthetic gene circuits for efficient 
delivery, tunable expression levels and noise, and robust induction 
across a variety of cells. These techniques allowed us to optimize pro-
duction of a therapeutic antibody without substitution of genetic 
parts. Overall, we demonstrate how supercoiling-mediated feedback 
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influences expression of adjacent genes, providing insights into native 
gene regulation and informing the design of synthetic systems.

Upstream dominance defines expression profiles of 
constitutive tandem transgenes
In native genes, upstream transcription can reduce expression of 
downstream genes (44–46). Models of supercoiling-mediated feedback 
predict that positive supercoiling generated by transcription at the 
upstream gene reduces the rate of transcription and thus expression 
at the downstream locus, resulting in upstream dominance (Fig. 1A) 
(7). To examine upstream dominance in a synthetic system, we con-
structed two-gene systems in tandem. Each gene was paired with a 
promoter and a polyadenylation signal (PAS) to form a transcriptional 
unit. The modularity of these synthetic systems allowed us to inde-
pendently switch gene positions and regulatory elements.

To measure expression, we integrated these tandem two-gene sys-
tems into hiPSCs through PiggyBac transposase. We switched the posi-
tions of the tandem genes to isolate the effect of position on expression 
level. We quantified expression of the fluorescent reporter genes by 
flow cytometry, providing single-cell resolution needed to measure 
expression distributions. We found that gene position strongly influ-
ences the expression of the reporter. Even when pairing a strong pro-
moter with a weak promoter, we saw clear upstream dominance with a 
large, 24-fold shift in expression based on position (Fig. 1C). Potentially, 

genetically encoded sequences, such as binding sites 
for the CCCTC binding factor (CTCF) (47, 48) and 
the cHS4 insulator (49), that restrict chromatin-
mediated interactions may reduce upstream dom-
inance. To examine this hypothesis, we inserted 
tandem-oriented CTCF binding sites, native motifs 
previously identified to reduce enhancer-promoter 
interactions (48, 50). These sequences have been 
used to flank integrated synthetic circuits to mini-
mize impact of the integration site on circuit expres-
sion. Flanking the upstream gene, the downstream 
gene, or the entire two-gene construct with these 
sites did not eliminate upstream dominance (fig. S2A). 
Further, placing CTCF sites in several orientations 
between the two genes did not reduce upstream domi-
nance relative to an inert spacer (fig. S2B). Instead, 
addition of these sites generally reduced expression 
of one or both genes.

The identity of regulatory elements, such as pro-
moters and PASs, may influence coupling between 
genes (51, 52). In testing a panel of common constitu-
tive promoters, we consistently observed upstream 
dominance in PiggyBac-integrated human embry-
onic kidney (HEK) 293T cells (fig. S3, A and B), len-
tivirally integrated HEK293T cells (fig. S3C), and 
PiggyBac-integrated hiPSCs (fig. S4). In exchang-
ing the PAS, we found that the choice of PAS has a 
minimal effect on the shape of expression distribu-
tions, mildly tuning the levels of gene expression 
(fig. S5). Thus, trends in syntax-specific expression 
are robust across a range of genetic parts for the 
tandem syntax.

Transcription of an adjacent gene induces 
syntax-specific coupling
Expression patterns of constitutively expressed tan-
dem gene pairs suggest that syntax influences ex-
pression. However, these constitutive systems do not 
support dynamic control of transcription of a single 
adjacent gene, making it difficult to parse the 
transcription-driven mechanism of supercoiling-

mediated feedback. To allow controlled induction of a single adjacent 
gene, we generated monoclonal HEK293T cell lines containing a doxy-
cycline (dox)–inducible two-gene system in different syntaxes (Fig. 2). 
To build these lines, we placed a constitutive reporter gene under the 
control of a strong constitutive promoter (EF1α) and an adjacent inducible 
gene under the control of a dox-inducible promoter, TRE (Fig. 2A). 
Using PiggyBac, we delivered the dox-inducible two-gene systems en-
coded in tandem, convergent, and divergent syntaxes, which were 
predicted to show different transcription-induced couplings (7). The 
constitutively expressed dox-responsive activator, rtTA, was integrated 
from a separate PiggyBac donor. We sorted single cells to establish 
monoclonal lines of each syntax.

Upon dox addition, all syntaxes showed strong induction of the 
TRE-driven inducible gene (fig. S6, A and B). To quantify changes in 
expression of the constitutive reporter upon induction of the adjacent 
gene, we normalized reporter expression to the uninduced condition 
for each line. In the tandem syntax, induction of the upstream gene 
reduced expression of the downstream reporter gene (Fig. 2B and 
fig. S6, C and D). Conversely, induction of the divergent syntax strongly 
up-regulates expression from the constitutive reporter, matching pre-
dictions of amplification in divergent syntax (7). The convergent syntax 
shows a near-invariant profile of reporter expression. For the tandem 
and divergent syntaxes, induction of the adjacent gene results in a uni-
modal shift in the geometric mean (Fig. 2C). Unimodal shifts indicate 

A

B C

Fig. 1. Supercoiling-mediated feedback couples expression of adjacent genes. (A) Gene pairs can be 
arranged in divergent, convergent, or tandem syntax, which specifies the biophysical coupling (purple 
arrows) between genes through supercoiling-mediated feedback. DNA supercoiling modifies the energy 
required for polymerases to bind and locally melt DNA, leading to increased or decreased polymerase 
initiation. Transcribing polymerases generate negative supercoiling upstream and positive supercoiling 
downstream, which can diffuse to nearby genes. This supercoiling takes the form of twist, where supercoiling 
changes the average rotation per base pair, or writhe, where supercoiling forms large-scale twisted loops. 
These two forms freely interconvert. Together, transcription affects and is affected by supercoiling,  
forming a biophysical feedback loop that depends on the direction of transcription and thus on gene  
syntax. (B) Using Ensembl annotations for the human genome, gene extents were identified using the 
maximum extent of all annotated exons, then the gene syntax and intergene spacing were determined for 
each pair of adjacent genes. Gene pairs were split into equal-quantile bins based on intergene spacing, and 
the fraction of gene pairs with each syntax was computed for each bin. (C) Owing to accumulation of positive 
supercoiling at the downstream promoter, expression from an upstream gene is predicted to decrease 
expression of a downstream gene. Two-gene constructs expressing fluorescent proteins were integrated 
using PiggyBac in hiPSCs, where the adjacent gene is expressed from a weak PGK promoter and the reporter 
gene is expressed from a strong EF1α promoter. (Left) For a representative biological replicate, the 
distribution of reporter expression is shown as a function of position in the circuit. Geometric means are 
shown as black vertical lines, and the fold change between the two circuits is annotated. (Right) Distribu-
tions of reporter and adjacent gene expression for representative replicates of the same tandem circuits. The 
gray diagonal represents equal adjacent and reporter signal; the two circuits are approximately symmetric to 
each other across this line.
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a general mechanism of regulation, such as changes in the transcrip-
tion rate, that is not restricted to a subpopulation of cells.

As a transcription-based process, supercoiling-mediated feedback 
should manifest in the distributions of mRNAs. To measure the mRNA 
distributions, we used single-cell hybridization chain reaction RNA 
fluorescence in situ hybridization (HCR RNA-FISH) (52, 53) to quantify 
the transcriptional profiles of both the constitutive reporter gene and 
the dox-inducible gene (Fig. 2D and figs. S6, E and F, and S7). As ex-
pected, mRNA profiles generally match the syntax-specific profiles of 
proteins (Fig. 2C). For the convergent syntax, the inducible gene ex-
hibits bimodal mRNA expression (figs. S6E and S7), matching model-
ing predictions of bimodality that may be obscured by stable protein 
reporters (7). Bimodality in mRNA expression for the constitutive re-
porter may not be visible due to the overall low expression of this 
gene in convergent syntax. Overall, the mRNA profiles align with the 
models of supercoiling-mediated feedback that predict that syntax 
influences transgene expression by altering rates of transcription.

DNA supercoiling-mediated coupling is predicted to be rapid and 
reversible. To test the reversibility of syntax-specific coupling, we se-
quentially induced and removed dox for 3-day periods over 13 days. 
We observed repeatable induction- and syntax-specific coupling of 
the inducible and reporter genes. Over 13 days, we observed minimal 
hysteresis, indicating that the trends in coupling are reversible and 
are not due to permanent changes in the chromatin state (Fig. 2E).

Transcription induces syntax-specific structures in the 
neighborhood of synthetic circuits
Transcription and transcription-induced supercoiling drive genome 
folding (54). Just as we used synthetic inducible circuits to probe how 
gene syntax affects gene expression (Fig. 2), these circuits provide a 
facile mechanism to regulate transcriptional activity and measure 
transcription-induced chromatin structures (Fig. 3A).

Measuring both one-dimensional (1D) and 3D chromatin profiles re-
quires site-specific, homozygous integration of the synthetic circuit for 
downstream next-generation sequencing (NGS) assays. Site-specific in-
tegration allows circuits to be measured at a fixed location, and homo-
zygous integration ensures reads can be accurately interpreted without 
allelic heterogeneity. Using the STRAIGHT-IN Dual allele platform 
(55), we integrated dox-inducible circuits placed in all four possible 
two-gene syntaxes into both alleles of a genomic safe harbor region 
located in intron 2 of the citrate lyase beta-like (CLYBL) gene (56) in 
hiPSCs, generating homozygous cell lines (fig. S8A). These circuits 
include the activator within the constitutively expressed gene. We con-
firmed that all four syntaxes showed reversible, syntax-specific profiles of 
expression, including divergent-mediated amplification and tandem-
mediated upstream dominance, similar to those observed in the dox-
inducible two-gene systems integrated into HEK293T cells (Fig. 3B 
and fig. S8B). Examining the single-cell mRNA distributions (fig. S8, C, 
D, and E), we found that most transcript levels matched the observed 

A

B

E

C D

Fig. 2. Transcription induces syntax-specific coupling of expression of adjacent genes. (A) Two-gene systems consisting of a dox-inducible gene (∼700 bp, TRE promoter) and a 
constitutively expressed gene (∼700 bp, EF1α promoter) spaced ∼300 bp apart were integrated into HEK293T cells using PiggyBac. The resulting cell lines were flow-sorted to single cells 
and expanded as monoclonal populations. (B) The geometric mean reporter expression, normalized to the uninduced condition, is shown as a function of dox concentration for the three 
different syntaxes. Geometric mean and associated 99% confidence interval are shown for three separately passaged and maintained replicates of the monoclonal cell lines. (C and D) Full 
reporter protein (C) and mRNA (D) distributions are shown in the uninduced case and the second-highest dox induction state. Geometric means are shown as black vertical lines, and 
the fold changes upon induction are annotated. (E) Dox was sequentially introduced and removed to measure the turn-on and -off dynamics of the integrated systems. The systems respond 
reversibly to the presence of dox. Geometric mean and associated 99% confidence interval are shown for four separately passaged and maintained replicates of the monoclonal cell lines.
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protein level trends. However, the induced downstream tandem syntax 
showed high levels of RNA and low protein expression for the consti-
tutive gene, potentially indicating a large fraction of unproductive 
transcripts (fig. S8E). To control for locus-specific effects, we inte-
grated these constructs into another common safe harbor locus, 
AAVS1. AAVS1 is also located within the intron of a transcriptionally 
active native gene (fig. S9, A and B). Like at the CLYBL locus, we ob-
served syntax-specific profiles of expression at AAVS1, including both 
divergent-mediated amplification of the constitutive gene and poor 
expression from the downstream inducible gene in the upstream tan-
dem syntax (fig. S9C). We attribute the approximately twofold drop in 
inducible gene expression at the AAVS1 locus to interference from 
upstream native expression.

To understand how transcriptional activity and syntax affect the 
chromatin structure of our two gene circuits, we used Region Capture 
Micro-C (RCMC) (57) to measure the contact probability between ge-
nomic locations within a targeted region of interest (Fig. 3A). Notably, 
the CLYBL safe harbor integration site is located at the boundary of 
two topologically associating domains (TADs) (Fig. 3A). By computing 
the fold change in contact probability, we found that induction in-
creases intra-TAD contacts and reduces inter-TAD contacts in the di-
vergent and convergent syntaxes (Fig. 3C and fig. S10). Induction does 
not alter these contacts in the tandem syntaxes. Using a common 
sliding-window insulation score (58, 59) that becomes more negative 
at strong TAD boundaries, the overall change in contact probability in 
the divergent and convergent syntaxes occurred alongside a substantial 

A B

C

D

E

Fig. 3. Transcription induces syntax-specific chromatin structures across synthetic gene circuits and the surrounding locus. (A) Inducing transcription of an adjacent 
gene alters chromatin folding at the integration location and the surrounding region. 3D chromatin structure can be measured through RCMC, which uses proximity ligation and 
downstream sequencing to quantify contact probability. We performed RCMC on uninduced and induced conditions for all four syntaxes of two-gene circuits. The circuits were 
homozygously integrated into a landing pad at the CLYBL locus in hiPSCs (fig. S8A). A representative contact map for the divergent uninduced and induced conditions is shown. 
Gray ticks indicate the integration location. (B) (Left) Bulk RNA-seq tracks are shown for the induced condition of the cell lines in (A). (Right) Joint distributions of protein 
expression for the constitutive and inducible genes are shown for the same conditions. Histograms for constitutive expression are also shown (top). Gray lines indicate 
expression thresholds set by the nonintegrated, parental population. (C) RCMC data was binned at 5-kb resolution and iteratively balanced within the capture region. For each 
syntax, the fold change in contact probability upon induction was computed. We observed that in the divergent and convergent syntaxes, inter-TAD contacts decreased, whereas 
intra-TAD contacts increased. (D) Using a sliding-window insulation score (window size, 6 kb), the local insulation around the integration site was computed. Stronger insulation 
gives a more negative insulation score. The divergent and convergent syntaxes showed weaker and stronger local insulation, respectively. The tandem syntaxes only showed 
small changes in local insulation. Unind., uninduced; ind., induced. (E) The antidiagonal score, calculated as the sum of antidiagonal contact probabilities out to a distance of 
5 kb, is shown across the entire capture region. A high antidiagonal score may indicate the presence of plectonemes, structures that form when DNA supercoiling twist converts 
to writhe. Strong antidiagonal scores are present at the integration locus upon induction for all four gene syntaxes. No chromatin outside of the integration region shows a 
comparable induction-dependent antidiagonal score.
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weakening and strengthening, respectively, of the local TAD boundary 
(Fig. 3D). No substantial change in this boundary was observed in the 
tandem syntaxes. This change in the local insulation may be caused 
by perturbation of a loop domain present at the integration site. Visible 
as a “corner dot,” the loop domain moves upon induction of the diver-
gent and convergent syntaxes (fig. S11). In the divergent case, the 
loop domain splits to form a dual-loop domain. Putatively, this double 
loop may be an averaged interaction between two stochastic loop do-
mains influenced by polymerases traveling upstream from the diver-
gent promoter.

Beyond changes in TAD strength, we looked for other induction-
dependent signals in the contact probability dataset. Specifically, both 
overwound and underwound supercoiled DNA can buckle, forming 
“figure eight” structures called plectonemes as DNA twist converts to 
writhe. Plectonemes facilitate the loading of chromatin loop extruders 
(60) and should appear as small-scale regions of high contact probability 
perpendicular to the diagonal, similar in shape to that of the large-scale 
“jets” generated by cohesion loop extrusion (61). Quantifying these struc-
tures using an antidiagonal score that sums contact probabilities along 
the antidiagonal over 5 kb, we observed strong, induction-dependent 
plectonemic signals at the integrated locus in all four syntaxes (Fig. 3E). 
Indeed, this signal correlates with the appearance of red antidiagonal 
stripes in the contact matrix (fig. S12 and movie S1). The magnitude 
of these induction-dependent, putatively plectonemic signals was not 
seen elsewhere in the capture region (fig. S13), strongly suggesting that 
transcription reshapes chromatin folding around our synthetic circuit.

Transcription drives syntax-specific profiles of supercoiling 
and changes in chromatin state
Supercoiling-mediated changes in gene expression coincide with changes 
in chromatin structure. In bacteria and in yeast, these 3D chromatin 
structures correlate with supercoiling density (34, 62). Supercoiling-
dependent structures should be accompanied by changes in both 
local supercoiling density and in epigenetic profiles demarcating active 
transcription. Our measurement of the antidiagonal score (Fig. 3E) 
is a suggestive but indirect measurement of supercoiling, as other 
structures, such as chromatin jets, also appear as antidiagonal con-
tacts. Thus, we used GapRUN to measure positive supercoiling density 
(17, 34), bulk RNA sequencing (RNA-seq) to measure productive tran-
scripts, and CUT&Tag to measure the concentration of both actively 
elongating RNA polymerases and of various transcription-linked histone 
marks (Fig. 4).

Specifically, to complement our putative measurement of plecto-
nemes (positive and negative writhe) through RCMC, we measured 
the amount of positive supercoiling twist. GapRUN uses the bacterial 
protein GapR to identify regions of positive supercoiling twist through 
an micrococcal nuclease (MNase)–based NGS readout (17, 34). Because 
supercoiling freely interconverts between twist and writhe in the regime 
where plectonemes form, the presence of both antidiagonal RCMC 
contacts and GapR signal indicates overall positive supercoiling. We 
generally observed the formation of positive supercoils at the 3′ ends 
of active genes. In particular, positive supercoiling accumulates in the 
intergenic regions of tandem syntaxes (Fig. 4 and fig. S14), putatively 
the cause of upstream dominance. Measuring the polyadenylated tran-
scripts through RNA-seq, we observed readthrough transcripts for the 
inducible gene, where the transcript extends past the polyadenylation 
signal and, for the downstream tandem and convergent syntaxes, into the 
intron of the constitutive gene (fig. S15). In the convergent syntax, these 
putative readthrough polymerases may be responsible for the small 
increase in GapR signal at the start of the constitutive gene, eliminating 
the predicted accumulation of positive supercoiling in the intergenic 
region. For the downstream tandem syntax, we observed unproductive 
constitutive transcripts, as measured by both RNA-seq (fig. S15) and 
RNA FISH (fig. S8E), that did not contribute to constitutive protein 
expression (Fig. 3B). This readthrough effect, although not observed 

in our randomly integrated constructs (Fig. 2), may explain some of the 
upstream dominance.

To quantify the transcriptional state of the locus, we measured the 
concentration of actively elongating RNA polymerase II (serine 2 phos-
phorylation) of two active histone marks H3K27ac and H3K4me3 (his-
tone H3 lysine 27 acetylation and histone H3 lysine 4 trimethylation) 
and the heterochromatin mark H3K27me3 (histone H3 lysine 27 tri-
methylation). As a control, these transcription-linked signals were pres-
ent at low levels in the distal, unedited AAVS1 locus (fig. S16), but 
appeared at other highly transcribed loci (fig. S17). At our synthetically 
integrated locus, we detected elongating RNA polymerase II and ac-
tive histone marks at actively transcribed genes (Fig. 4). Specifically, 
we observed that the actively transcribed genes have high H3K27ac signal 
in the promoter region; have H3K4me3 distributions that span se-
quences included in properly polyadenylated transcripts, as measured 
with RNA-seq; and show polymerases elongating both at the 5′ end and 
putatively after cleavage. Induction strongly increased signs of activity 
across the locus for the divergent and downstream tandem syntaxes. 
The upstream tandem and convergent syntaxes showed only minimal 
changes in these marks of active transcription upon induction (fig. S14), 
consistent with their poor expression of the circuit (Fig. 3B). Across syn-
taxes, we observed small changes in the heterochromatin mark H3K27me3, 
indicating that epigenetic silencing does not explain the low expres-
sion in the upstream tandem and convergent syntaxes.

Our direct and indirect supercoiling measurements complement 
each other (Figs. 3E and 4 and fig. S18). Although limited by the coarse 
500-bp resolution of the antidiagonal score, the indirect RCMC-based 
measurement of positive and negative supercoiling overlaps with our 
GapR measurement of positive supercoiling in regions where this state 
is expected (fig. S18). In these regions, the observed positive supercoil-
ing co-occurs with induction-dependent changes in the transcriptional 
state of the edited locus. The combination of these measurements 
suggests that the supercoiling mechanism drives syntax-specific pro-
files of expression.

Syntax-based tuning optimizes circuit expression and biologic 
production without part substitution
Synthetic circuits and other transgenic systems, such as biologic pro-
ducer lines, are often optimized through selection of transcription fac-
tors, promoters, stoichiometric ratios, copy number, and integration locus 
(63–65). However, as each element may affect the dynamics of gene expres-
sion, forward design through simple exchange of parts remains iterative. 
Given that syntax modulates expression to a similar degree as genetic 
element selection (52), we proposed using syntax to tune the relative 
levels of expression without changing the sequences of these elements or 
their relative copy number. To test this syntax-based tuning scheme, we 
explored optimization of two common biotechnological tools: a mono-
clonal antibody producer line and an inducible lentivirus system.

Low-cost production of antibodies, especially for those against infec-
tious and tropical diseases (66), can improve worldwide access to these 
antibody drugs. Increasing antibody titers offers a simple way to re-
duce the cost of production and enhance affordable access. To dem-
onstrate the promise of syntax-based optimization, we integrated 
two-gene constructs encoding the heavy and light chains of an anti–
yellow fever monoclonal antibody into a landing pad HEK293T cell 
line. Previous reports (65, 67–69) suggest that excess light chain trans-
lation can increase titers. Thus, based on the principle of upstream 
dominance, we would expect that by setting a high ratio of light chain 
to heavy chain, the downstream tandem syntax would outperform the 
upstream tandem syntax. In measuring total human immunoglobulin 
G (IgG) titer through both a sandwich enzyme-linked immunosorbent 
assay (ELISA) (Fig. 5A) and a bead agglutination assay (fig. S19), we 
found a nearly fourfold difference in antibody titer as a function of 
syntax, with the downstream tandem and divergent syntaxes providing 
the highest titers, as expected.
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Lentiviruses offer efficient delivery of transgenes to diverse primary 
cells for therapeutic applications such as ex vivo engineering of CAR-T 
therapies and ex vivo immune cell reprogramming (70). Gene circuits 
and inducible systems offer safe, clinically guided control and the 
ability to target specific cell states (35). However, ensuring robust co-
expression of multiple genes in these systems remains challenging. To 
explore syntax-based tuning of expression from an inducible lentivirus, 
we tested all four possible two-gene syntaxes transduced into HEK293T 
cells. Only the divergent and downstream tandem syntaxes displayed an 
appreciable double-positive population at maximum induction (Fig. 5B 
and fig. S20). Expression of the constitutive gene in the upstream 
tandem and convergent syntaxes strongly inhibited induction across 
all inducer concentrations (Fig. 5C and fig. S21). In the two syntaxes 
with strong induction, syntax sets the stoichiometric ratio between 
the two genes (Fig. 5D). Weak coupling between the two genes in the 
tandem syntax allows a wide range of stoichiometries upon induction, 
varying stoichiometry sevenfold (Fig. 5D). Conversely, the strong 
positive coupling between genes in the divergent syntax maintains a 
narrower ratio of expression. Tuning the ratio of expression between 
elements can substantially shift the behavior of gene circuits, poten-
tially supporting or impeding desired functions (71, 72). Together, our 

results demonstrate that syntax can tune expression levels in diverse 
synthetic circuits without requiring part substitution.

Syntax augments performance of compact gene circuits across 
cell types
Compact gene circuits support efficient delivery of therapeutic car-
goes through size-restricted vectors, such as lentiviruses and adeno-
associated viruses. However, the close proximity of multiple genes in 
these vectors introduces the potential for physical coupling between 
transcriptional units. To harness supercoiling-mediated feedback for 
improved circuit performance, we focused on optimizing a compact, 
lentivirally delivered “all-in-one” inducible circuit.

Unlike the inducible circuits in Figs. 2 and 5, all-in-one designs 
include the dox-responsive activator on the same construct, result-
ing in both biophysical and biochemical coupling (Fig. 6A). In the 
divergent syntax, positive supercoiling-mediated feedback should gen-
erate high, correlated expression. For both tandem syntaxes, nega-
tive feedback should reduce the degree of correlation between genes. 
Despite negative feedback, we expect that the downstream tandem 
syntax will support induction, provided that activator levels remain 
sufficient (55).

Downstream tandemDivergent

Pol II (ser2)

Anti-diagonal
score

H3K27ac

Readthrough 
polymerases

Active histone marks Upstream active 
histone marks

Positive supercoils 
in 3’ gene bodies Increased loading rate

Post-cleavage
polymerases

Readthrough 
polymerases

Intergenic supercoils 
inhibit downstream 

initiation

H3K4me3

H3K27me3

GapR

RNA-seq

Uninduced
Induced

Fig. 4. Local chromatin state shows transcription-linked supercoiling generation. 1D genomics tracks are shown for the divergent and downstream tandem two-gene 
syntaxes, integrated homozygously into the CLYBL locus in hiPSCs as described in Fig. 3. Tracks are shown for the integration region and the surrounding 5 kb to the left and 
right. Vertical lines show the start and end of the synthetic circuit, the middle of the intergenic region, and the start of the constitutive gene exon. The GapR track was measured 
with GapRUN, a CUT&RUN-derived technique, and is shown as reads per million. The antidiagonal score track was computed as a 1D track from the 2D RCMC data and is a nondi-
mensional quantity that is directly proportional to contact probability. The RNA-seq track was spike-in normalized and is shown as reads per million. The polymerase (Pol) II 
(ser2), H3K27ac, H3K4me3, and H3K27me3 tracks were measured with CUT&Tag, spike-in normalized, and shown as reads per million. All tracks are shown for the uninduced 
(gray line) and induced (colored fills and lines) conditions. Active histone marks, polymerase motion (including polymerases reading past the polyadenylation signal), and 
supercoiling combined to form a dynamic feedback loop that gave rise to the observed patterns of divergent amplification and tandem upstream dominance. Using the bacterial 
protein GapR, which binds to positive supercoiling (writhe), strong positive supercoiling was observed downstream of active transcription. Notably, positive supercoiling 
accumulated at either end of the divergent construct and in the intergenic region of the downstream tandem construct. These regions of positive supercoiling co-occurred with 
strong antidiagonal scores (RCMC) and in regions of active RNA polymerase II elongation (CUT&Tag). Further comparing the positive supercoiling signal with three histone 
marks quantified by CUT&Tag, we observed that positive supercoiling accumulated downstream of active transcription start sites and co-occurred with active transcriptional 
histone marks. Upon induction, the level of the repressive mark H3K27ac decreased across the integration region.
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Transducing hiPSCs, we observed robust induction from the diver-
gent and downstream tandem syntaxes (Fig. 6, B and C). These trends 
were mirrored for transduction in HEK293T cells and mouse embry-
onic fibroblasts (fig. S22). Expression of the synthetic activator in the 
downstream tandem syntax was more than an order of magnitude 
lower than in the divergent syntax. However, for all syntaxes, expression 
of the activator increased relative to the uninduced case (Fig. 6D). This 
increase may reflect a local increase in transcriptional resources that 
affects circuits with the activator in cis but not those in trans (i.e., with 
a separately integrated activator, as in Figs. 2 and 5) (55).

Supercoiling-mediated feedback is predicted to couple the probabili-
ties of transcriptional bursting (7). Even for stable protein reporters, 
changes in correlated bursting may be visible in the variance of coexpres-
sion. Variance between two genes across a population of cells can be de
composed into two components: intrinsic noise, which quantifies the 
variability within individual single cells, and extrinsic noise, which reflects 
differences between cells, such as cell size (73, 74). Conceptually, this 
decomposition of the variance is related to the “width” of the distribu-
tion along the main diagonal (extrinsic) and off-diagonal (intrinsic) when 
relating expression of the two genes. Dividing the intrinsic noise by 

the extrinsic noise gives a noise ratio 
that represents the relative contribu-
tion of intrinsic noise. Computing this 
metric, we observed that the diver-
gent syntax consistently generates the 
lowest noise ratio (Fig. 6E); this gen-
eralizes across integration method, 
cell type, and circuit type (all-in-one and 
trans-located activator). With the ex-
ception of the trans-located activator 
circuit, these results generalize when 
the noise metric is computed both in 
logarithmic space (Fig. 6E), where noise 
is unaffected by shifts in mean expres-
sion, and in linear space (fig. S23), where 
noise is affected by shifts in mean ex-
pression. These observations align with 
our previous modeling predictions, 
where transcriptional cobursting in 
the divergent syntax dramatically re-
duced intrinsic noise relative to extrin-
sic noise (fig. S24A) (7). In all cases, we 
observed that syntax affects both the 
intrinsic and extrinsic noise (fig. S24, 
B to F). Lastly, placing the synthetic 
activator in trans to the main circuit 
increased the noise ratio relative to 
that of the all-in-one circuits (Fig. 6E). 
However, the trans circuits had lower 
extrinsic noise (fig. S24D), suggesting 
that placing the synthetic activator dis-
tal to the two-gene circuit dramatically 
increases the intrinsic noise.

Insulator sequences are used in 
synthetic circuits to reduce coupling be-
tween integrated transgenes (75–77), 
potentially mitigating the effects of 
supercoiling-mediated feedback. To 
test this hypothesis, we added cHS4 
insulator sequences to the inter-
genic region in the all-in-one circuit. 
For all syntaxes, addition of the cHS4 
core or full insulator sequence did 
not substantially change expression 
levels or noise profiles (Fig. 6F and 

fig. S25). Similarly, noninsulator spacer sequences ranging from 
300 bp to 1.8 kb did not change the observed syntax-dependent trends 
(fig. S26).

In contrast to intergene spacer length, both gene length and 
average transcription rate are expected to influence the amount of 
generated supercoiling according to prior modeling. Longer genes 
generally generate more supercoiling for the same transcription rate 
(7). Integrating two-gene circuits into hiPSCs at the CLYBL locus with 
differing inducible gene lengths (fig. S27), we observed that protein 
expression of the inducible gene decreases monotonically with length. 
However, some of this reduction in expression may be due to inefficient 
2A peptide skipping, poor expression of long intronless genes (78), or 
changes in mRNA stability. Thus, even though the expression of the 
constitutive gene remains largely the same as a function of inducible 
gene length, which could suggest that the enhanced supercoiling from 
longer genes compensates for the reduction in expression, future work 
is needed to control these other variables. Together, these data indicate 
that syntax offers a powerful design parameter for coupling and tuning 
profiles of expression that can be harnessed to dampen or amplify 
noise (79, 80).
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Fig. 5. Syntax-based tuning optimizes circuit expression and biologic production without part substitution. (A) The light 
and heavy chains of an anti–yellow fever monoclonal antibody (mAb) are expressed from two-gene constructs (dual CMV 
promoters) integrated at a landing pad at the Rogi2 locus in HEK293T cells. Antibody titer, as measured through sandwich ELISA, 
differs across syntaxes. Points depict three biological replicates. Statistics are from two-sided Student’s t tests. *P < 0.05;  
***P < 0.001. (B) Two-gene circuits, consisting of a constitutive gene (EF1α promoter) and an inducible gene (TRE promoter), 
were lentivirally transduced into HEK293T cells with a second vector expressing the activator rtTA (EF1α-short promoter). Joint 
distributions in the absence (uninduced, gray) or presence (induced, colored) of 1 μg/mL dox are shown. Percentages refer to  
the proportion of cells expressing (top) or not expressing (bottom) the inducible gene, as indicated by manual thresholds (black 
lines). (C) The geometric mean of the inducible gene (gray) is shown as a function of dox concentration. Light gray shading 
represents the 95% confidence interval across four biological replicates. (D) The stoichiometric ratio between inducible and 
constitutive gene expression is shown as a function of dox concentration. Strong coupling of expression reduces the change in 
this ratio. Colored shading represents the 95% confidence interval across four biological replicates.
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Discussion
Transcription forms a dynamic feedback loop mediated by gene syntax 
and DNA supercoiling. In this work, syntax couples adjacent genes 
across diverse promoters, polyadenylation sequences, cell types, inte-
gration loci, and integration methods. Syntax-specific expression profiles 

persist with intergenic spacers up to 1.8 kb and even in the presence 
of putative insulator sequences such cHS4 and CTCF-binding motifs 
(47–49), suggesting that these features do not serve as barriers to 
supercoiling-induced coupling. As supercoils have been observed to 
spread over 2 kb (81) but are predicted to affect expression up to 10 kb 

A

B C

D

FE

Fig. 6. Syntax augments performance of compact gene circuits across cell types. (A) A dox-inducible circuit relies on expression of a synthetic activator (rtTA) to 
activate the TRE promoter; an “all-in-one” circuit places both the activator (coexpressed with a fluorescent protein from the EF1α-short promoter) and the inducible gene 
of interest in the same cassette. The performance of the system is determined by the interplay between the biochemical coupling (black arrows) and the supercoiling-
dependent biophysical coupling (purple arrows). (B) Representative microscopy images show the expression of the constitutive activator (left) and the inducible gene 
(right) for the circuit in (A) transduced into hiPSCs and induced with 300 ng/mL dox. Scale bar, 50 μm. (C) Joint distributions of activator and inducible gene expression 
are shown for each syntax when induced (colored) or uninduced (gray). Black lines depict expression thresholds set by the untransduced population. Percentages refer to 
the proportion of double-positive cells in the induced condition. (D) (Left) Expression distributions for the constitutive activator and inducible gene in the uninduced 
(dashed) and induced (solid) conditions. Vertical gray lines represent the expression thresholds from the untransduced population. (Right) Geometric mean expression of 
the constitutive activator and inducible gene are shown for uninduced (gray) and induced (colored) populations. Fold change is annotated for the divergent (Div.) syntax 
relative to the downstream tandem (D. Tan.) syntax when induced. U. Tan., upstream tandem. (E) Joint distributions can be decomposed into intrinsic (off-diagonal) 
and extrinsic (on-diagonal) noise. Noise is related to the variance in the log-transformed distributions of the two genes (see materials and methods). Ratios were 
computed for the trans-inducible or all-in-one circuits in HEK293T cells or hiPSCs integrated through transduction or a landing pad. (F) The cHS4 core (300 bp) or full 
(1300 bp) insulator sequence was placed in the intergenic region of the all-in-one circuit. The no insulator condition (none, 300 bp) is the same as the circuit in (D). 
Geometric mean expression levels of each gene are shown for hiPSCs lentivirally transduced with these circuits and induced with 300 ng/mL dox (circles) or uninduced 
(diamonds). Points represent the mean ± standard error for three biological replicates transduced with separate batches of lentivirus. Statistics are from two-sided 
Student’s t tests. Not significant (n.s.), P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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away (7), future work with longer spacers is needed to resolve the limits 
of supercoiling-mediated coupling.

Our findings with synthetic circuits align with previous observa-
tions. Upstream dominance affects transgenes (82, 83), and synthetic 
circuits increasingly use divergent syntax for delivery to primary cells 
(35, 36, 84–86). In the native context, tandem arrays of Hox genes (87) and 
adjacent interactions of noncoding (44, 88–90) and coding (3, 44, 89) 
genes tune cell fate in a syntax-specific manner. As native systems and 
therapeutic circuits require robust performance, choice of syntax may 
reflect the selection of functional circuits supported by supercoiling-
mediated feedback.

Supercoiling-mediated feedback offers an extremely rapid mecha-
nism of transcriptional coupling (7, 11). Our work provides evidence that 
this phenomenon induces reversible, syntax-specific profiles of expression 
of adjacent genes, tuning both the mean and variance. Dynamic cir-
cuits that require coordinated expression of multiple genes, such as 
pulse generators, toggle switches, and oscillators, may benefit from the 
fast-timescale feedback of supercoiling. Supercoiling-mediated 
feedback may be especially useful to buffer noise in RNA-based con-
trol systems, supporting perfect adaptation and dosage control 
(36, 85, 91). As noise and small changes in expression can direct cell 
fate (44, 79, 92, 93), syntax-based tuning offers a simple method to 
explore the stability of cell fate by perturbing native networks. Further, 
as an orthogonal design principle, syntax-based tuning can optimize 
circuit activity even when parts are constrained (55), complementing 
library-based approaches for circuit design (64, 94, 95).

Our findings are consistent with both biophysical predictions of DNA-
supercoiling-mediated feedback (7) and in vitro studies (26, 96–98), 
which used GapR to measure positive supercoiling (17, 34) or small-
molecule intercalators, such as psoralen, to measure negative super-
coiling (22, 81, 99–101). Our work links strong antidiagonal scores 
measured with RCMC, an indirect measurement of negative or positive 
supercoiling, with the presence of positive supercoiling measured di-
rectly with GapR. The colocalization of these signals and the presence 
of active transcription in this region suggest the formation of plecto-
nemes, though definitive observation of these structures in cells would 
be challenging. As we do not directly measure negative supercoiling, 
we can only infer that behaviors such as amplified divergent expression 
result from negatively supercoiled intergenic regions. Lastly, it is pos-
sible that changes in GapR signal upon induction coincide with 
changes in chromatin accessibility that alter GapR binding. However, 
the changes in GapR signal we observe are focal, suggesting differences 
in specific binding rather than broad differences in accessibility.

Although supercoiling-mediated feedback offers a compelling mech-
anism for the observed coupling of adjacent genes, there remain limits  to 
and alternative explanations for this model. For example, collisions of 
RNA polymerases undergoing transcriptional readthrough may reduce 
expression in the convergent and tandem syntaxes (102). If a sufficient 
fraction of RNA polymerases read past the polyadenylation signal, as 
observed in our site-specific hiPSC lines, then supercoiling may be 
displaced beyond the end of the expected polymerase termination site. 
Additionally, we observed nonmonotonic changes in reporter expres-
sion with increasing adjacent gene length, a variable predicted to 
chiefly increase the amount of generated supercoiling. However, as 
circuit sequences can affect RNA processing (52), it remains challenging 
to develop an experimental system where gene length can be changed 
without modifying other parameters. The local transcriptional neighbor-
hood also affects transcript isoforms and processing (103), potentially 
explaining the observed differences in expression for the downstream 
tandem syntax between hiPSCs and HEK293T cells. Beyond RNA pro-
cessing, studies in other organisms suggest that perturbations to levels 
of topoisomerases, enzymes that curate DNA supercoiling, nonmono-
tonically affect transcription rates (104, 105). As yet, the field lacks a 
definitive model for topoisomerase recruitment and its differential 
targeting of positive and negative supercoiling in human cells. We 

expect future work will uncover how cell type–and species-dependent 
features of gene regulation affect the degree of biophysical coupling.

Despite the clean, abstract way that synthetic circuits are often 
drawn, integration into the genome wraps synthetic circuitry in layers 
of native regulation. Biochemical interactions and biophysical forces 
combine to shape our genomes. By harnessing both layers of control, 
leveraging supercoiling-mediated feedback can enhance the predict-
ability, performance, and functional range of engineered gene circuits.

Materials and methods
Bioinformatic analysis of intergene spacing across organisms
Genome annotations for Saccharomyces cerevisiae, Mus musculus, 
Homo sapiens, Drosophila melanogaster, Caenorhabditis elegans, and 
Danio rerio were downloaded from Ensembl, Release 110 (July 2023). 
Annotations with the type gene, ncRNAgene, or pseudogene were se-
lected and gene pair information (intergene spacing and syntax) was 
calculated for all gene pairs and gene trios. Gene pairs were split into 
equal-quantile bins based on intergene spacing, and the fraction of 
gene pairs with each syntax (divergent, tandem, or convergent) was 
computed for each bin. The frequency of the tandem syntax was nor-
malized by dividing by two to account for the two possible syntaxes 
(downstream tandem and upstream tandem) that are otherwise com-
bined in this measurement. For fig. S1D, a null hypothesis distribution 
for gene trios was needed. Our null hypothesis is that any gene trio 
distribution (A/B/C) is solely described by the two adjacent gene pairs 
(A/B and B/C). To test this, we compared the syntax and intergene 
spacing distributions for all of the adjacent gene trios in the genome 
(A/B/C) to “synthetic” gene trios, where two gene pairs (A/B and C/D) 
with genes B and C aligned in the same direction are randomly selected 
and treated as a gene trio (A/BC/D).

Cloning of genetic constructs
All plasmids were constructed using a combination of scarless NEB 
HiFi assembly (NEB E2621X) and an in-house Golden Gate cloning 
scheme that allows for facile multi-level assembly of gene cassettes 
and multi-cassette plasmids. The fluorescent proteins used for each 
construct are listed in table S1. All construct designs and source plas-
mid identifiers for every figure panel are listed in table S2. Plasmid 
descriptions are found in tables S3 to S5. See data and materials avail-
ability for plasmid sequences.

Human iPSC transfection and PiggyBac integration
iPS11 cells (Alstem, episomal HFF-derived) were maintained in mTeSR1, 
mTeSR Plus, or eTeSR media (StemCell Technologies) supplemented 
with 0.5% penicillin/streptomycin (Gibco 15140122). Cells were grown in 
normoxia conditions (20% O2, 37◦C, 5% CO2) on tissue culture-treated 
plastic plates coated for 30-60 min with Geltrex (Gibco) or Cultrex 
(Bio-Techne). For routine passaging, hiPSCs were dissociated to small 
clusters by (i) incubating in TrypLE Express (Gibco) for 2 to 4 min at 
37°C, followed by quenching with mTeSR or eTeSR and light pipetting, 
or (ii) incubating in ReLeSR (STEMCELL Tech) according to manu-
facturer’s instructions. On thaw or passage with TrypLE, cells were 
treated with 5 μM ROCK inhibitor (ROCKi) Y-27632 (STEMCELL Tech).

For transfections, hiPSCs were collected and seeded at 75 × 103 to 
100 × 103 cells/mL in mTeSR1, mTeSR Plus, or eTeSR supplemented 
with 5 μM ROCKi Y-27632. The following day, cells were fed with fresh 
media and transfected with 80 ng (96-well plate), 480 ng (24-well 
plate), or 960 ng (12-well plate) DNA complexed at a 1:3 ratio of μg DNA: 
μL Lipofectamine Stem Reagent (ThermoFisher STEM00015). The DNA 
mixtures typically comprised 6:1:1:1 ratio (by mass) of plasmids re-
spectively encoding the PiggyBac transposon, hyperactive PiggyBac 
transposase (106), Puromycin resistance gene (pac), and constitutive 
transfection marker (mKO2). On days 1 and 2 after transfection, cells 
were fed with fresh media supplemented with 0.5 μg/mL puromycin 
(Sigma P8833) to select for transfected cells transiently expressing pac from 
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a nonintegrating plasmid, thereby enriching for cells with PiggyBac 
integrations up to 90% purity. On subsequent days, cells were fed and 
passaged normally without puromycin, and subsampled during pas-
sages for flow cytometry.

Derivation of cell lines with matrix of constitutive promoters
Freshly passaged HEK293T cells (ATCC CRL-3216) maintained in 
DMEM + 10% FBS were seeded at 160,000 cells per well onto 0.1% 
gelatin-coated 24-well plates. The following day (0 dpt), cells were 
transfected with a 4:1 mass ratio of donor plasmid to PiggyBac super-
transpoase, with a total transfected plasmid mass of 450 ng. Donor 
plasmids express two genes: mRuby2 and PuroR-T2A-mGreenLantern 
(plasmids 35-44 in table S4). At 1 day post transfection (dpt), cells were 
media changed into fresh media containing 1 μg/mL puromycin. 
Selection was maintained for two days (until 3 dpt), and surviving cells 
were passaged onto 6-well plates. After around a week of outgrowth 
(until each cell line was ∼30% confluent), 1 μg/mL puromycin was 
maintained for around two days, until no visible surviving cells in an 
untransfected control well were observed.

One day prior to sorting, single color control plasmids were trans-
fected into fresh HEK293T cells for use in compensation. A Sony 
MA900 cell sorter was used to polyclonally sort cells. The majority of 
cell lines were double-positive sorted, using gates that exclude an un-
transfected control. Cell lines containing PGK, a very low-expressing 
promoter, were sorted in a single-positive manner, where a cell was 
included if it was positive for mRuby2 or mGreenLantern. Cells were 
sorted into conditioned media, containing 50% conditioned media 
from a confluent plate of HEK293T cells (0.2-micron–filtered) and 50% 
fresh DMEM + 10% FBS, supplemented with 0.5% penicillin/strepto-
mycin (Gibco 15140122). The resulting cells were outgrown and tested 
negative for mycoplasma.

Lentivirus production
To produce all lentiviral vectors, HEK293T Lenti-X cells (Takara 
632180) were seeded at 7.0 to 7.5 million cells per 10cm dish coated 
with 0.1% gelatin. The following day (0 dpt), each plate was transfected 
with 6 μg transfer plasmid, 6 μg packaging plasmid (psPAX2, Addgene 
#12260), and 12 μg envelope plasmid (VSVG, Addgene #12259). Six 
hours later, each 10cm dish was media changed into 6.5 mL of HEPES-
buffered (25 mM HEPES at pH 7.0) DMEM + 10% FBS. The following 
day (1 dpt), this media was collected, and fresh buffered media was 
added. The following day (2 dpt), these two aliquots were combined, 
filtered through a 0.45-μm PES filter, combined with Lenti-X Con
centrator (Takara 631232) overnight, and concentrated the following 
morning (3 dpt) according to manufacturer instructions.

Transduction of tandem syntax lentivirus
Freshly passaged HEK293T cells were seeded at 15,000 cells per well 
onto 0.1% gelatin-coated 96-well plates. The following day, cells were 
media changed into media containing 5 μg/mL polybrene (hexadime-
thrine bromide, Sigma-Aldrich, H9268-5G) and a serial dilution of con-
centrated lentivirus over 3.5 orders of magnitude (highest concentration: 
5.0 μL concentrated virus per well). After two days, cells were dissoci-
ated and flowed. From the titration, representative concentrations 
were chosen with an MOI of approximately 0.5 for plotting in fig. S3C.

Generation of monoclonal HEK293T cell lines
Freshly passaged HEK293T cells were seeded at 20,000 cells per well 
onto 0.1% gelatin-coated 96-well plates. The following day, cells were 
transfected with a total of 340 ng of DNA, with a 1:1:1 mass ratio of 
PiggyBac supertransposase, rtTA and PuroR donor (CMV-rtTA-βglobin_ 
pA-CMV-PuroR-bGH, plasmid 3 in table S3), and two-gene donor. On 
1 dpt, 2 dpt, and 3 dpt, cells were media changed into fresh media 
containing 1 μg/mL puromycin. On 4 dpt, cells were passaged to 24-well 
scale and left to outgrow in media without puromycin. On 14 dpt, cells 

were passaged onto a 6-well plate. On 17 dpt, cells were passaged at 
high dilution to a new 6-well plate and maintained for the next ten days 
in media containing doxycycline (Sigma-Aldrich D3447).

One day prior to sorting, single color control plasmids were trans-
fected for compensation. A Sony MA900 cell sorter was used to 
monoclonally sort double-positive cells, using gates that exclude 
an untransfected control. Specifically, individual cells were sorted into 
wells of a fresh 96-well plate with conditioned media supplemented 
with 0.5% penicillin/streptomycin (Gibco 15140122) as described in 
the previous sections. Cells were allowed to outgrow over a period of 
two weeks. The resulting monoclonal cell lines tested negative for 
mycoplasma.

Characterization of fluorescent protein expression in monoclonal lines
Thirty-thousand cells per well of each monoclonal cell line were seeded 
onto 0.1% gelatin-coated 96-well plates. The next day, media was changed 
into DMEM + 10% FBS containing 0 to 316 ng/mL dox. Two days later, 
cells were prepared for flow cytometry.

Dox titration series and time course induction
The monoclonal cell lines as described above were seeded at low con-
fluency, 20,000 cells per well, onto 0.1% gelatin-coated 24-well plates, 
in DMEM + 10% FBS containing 316 ng/mL dox. Independent wells 
were seeded for every experimental day. On each subsequent day from 
day 1 to day 13, cells were dissociated with trypsin and flowed as de-
scribed in the Flow Cytometry section below. Cells were media changed 
into media without dox at day 4. At day 7, the remaining relatively 
confluent cells were passaged onto fresh 24-well plates, at 12,500 cells 
per well, in media containing dox. At day 10, cells were media changed 
into media without dox.

Characterization of mRNA profile in monoclonal lines
One-hundred and fifty thousand cells per well of each monoclonal line 
were seeded onto 0.1% gelatin-coated 12-well plates. The next day, fresh 
media was exchanged, with half the wells supplemented with 316 ng/mL 
dox. Two days later, cells were resuspended in PBS for HCR RNA-FISH.

We used the optimized HCR RNA-FISH protocol described in 
Peterman et al. (52) with Molecular Instruments probe sets for TagBFP 
(compatible with B1 amplifiers conjugated to Alexa Fluor 647) and 
mRuby2 (compatible with B2 amplifiers conjugated to Alexa Fluor 
514). Briefly, after suspension in PBS, cells were transferred to 96-well 
v-bottom plate for HCR Flow-FISH. After each resuspension, spins 
were performed at 500 rcf for 5 min with default settings, unless oth-
erwise noted. Cells were first fixed by incubation in 4% PFA for 15 min 
at room temperature. After spinning, cells were then permeabilized 
using 0.5% Tween-20 for 15 min at room temperature. Next, cells were 
spun and resuspended in hybridization buffer for 30 min at 37°C. 
During this incubation, probe set stock solution was diluted in hybrid-
ization buffer to a concentration of 14 nM for transfected cells or 28 nM 
for integrated cell lines. Cells were spun and resuspended in this probe 
solution for incubation overnight at 37°C. Due to the viscosity of the 
hybridization buffer, these spins were performed with reduced decel-
eration speed to minimize cell loss.

Following hybridization, cells were spun and resuspended in wash 
buffer for 15 min at 37°C. Then, cells were spun and resuspended in 
5X SSCT for 5 min at room temperature. After these washes, cells were 
spun and resuspended in amplification buffer for 30 min at room 
temperature. Amplifier solution was prepared by combining separately 
snap-cooled hairpins h1 and h2 (Molecular Instruments) at a concen-
tration of 130 nM in amplification buffer. Cells were spun and then 
incubated with this amplifier solution overnight at room temperature.

Following amplification, cells were spun and resuspended in 5X 
SSCT for one 30-min incubation and one 5-min incubation at room 
temperature. Lastly, cells were spun and resuspended in PBS for flow 
cytometry.
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Generation of hiPSC lines with circuits integrated at CLYBL or AAVS1
The STRAIGHT-IN Dual platform was used to integrate the all-in-one in-
ducible circuits at both alleles of CLYBL in the landing pad line derived 
from LUMC0099iCTRL04 (55). A single copy of the all-in-one inducible 
circuit with each syntax was separately integrated into a “GT” STRIAGHT-IN 
landing pad located within intron 2 of one allele of CLYBL. Following the 
STRAIGHT-IN Dual protocol, 600 ng of the donor plasmid (“GT” plasmids 
7-14 in table S3) were transfected along with 400 ng of Bxb1-expressing 
plasmid (Addgene #51271) into 100,000 cells of the parental landing pad 
hiPSCs using Lipofectamine Stem Reagent (ThermoFisher STEM00015). 
The selection and excision of the lines was performed using the STRAIGHT-​
IN Dual protocol (55). These heterozygous cell lines were used for the 
timecourse induction experiment in Fig. S8B.

Next, a second copy of the all-in-one inducible circuit was integrated 
into a “GA” STRAIGHT-IN landing pad at the other allele of CLYBL. For this, 
donor plasmids (“GA” plasmids 7 to 14 in table S3) were used, following the 
same protocol. These homozygously integrated lines were then used for 
the HCR RNA Flow-FISH, RNA-seq, RCMC, GapRUN, and CUT&Tag assays.

The same donor plasmids and protocol were used to integrate the 
circuits at a single allele of AAVS1, beginning with a parental hiPSC 
line containing the STRAIGHT-IN landing pad at this locus. Lastly, 
the circuits with varying gene lengths (donor plasmids 60 to 71 in 
table S4) in were integrated at a single allele of CLYBL following the 
same protocol.

These lines were maintained in StemFlex Medium (Thermo Scientific 
A3349401) with 0.5% Penicillin-Streptomycin (Gibco 15140122) on plates 
coated with 5 μg/mL Laminin-521 (STEMCELL Technologies 200-0117). 
Cells were passaged using Gentle Cell Dissociation Reagent (STEMCELL 
Technologies 100-1077) and cultured with media containing a 1:200 dilu-
tion of RevitaCell Supplement (Thermo Scientific A2644501) for 24 hours 
after plating. Media was replaced with fresh StemFlex + Pen/Strep every 
2 to 3 days, and cells were grown at 37°C with 5% CO2.

Characterization of mRNA profile in homozygous hiPSC lines
The four hiPSC lines with two-gene circuits homozygously integrated 
at CLYBL were cultured with or without 1 μg/mL dox for three days. 
Then, the cells were non-enzymatically dissociated using Gentle Cell 
Dissociation Reagent (STEMCELL Technologies 100-1077) and resus-
pended in PBS for HCR RNA-FISH. Molecular Instruments probe sets 
for mTagBFP2 (compatible with B1 amplifiers conjugated to Alexa 
Fluor 647) and mScarlet (compatible with B2 amplifiers conjugated to 
Alexa Fluor 514) were used, and the same protocol as for the mono-
clonal HEK293T lines was followed. The STRAIGHT-IN landing pad 
line without a circuit integrated was used as the parental condition to 
control for background RNA-FISH signal.

RNA-seq
The four hiPSC lines with two-gene circuits homozygously integrated 
at CLYBL were cultured with or without 1 μg/mL dox for three days. 
Then, the cells were non-enzymatically dissociated using Gentle Cell 
Dissociation Reagent (STEMCELL Technologies 100-1077), washed in 
PBS, and counted. 300,000 cells were collected per condition, and RNA 
was extracted using the Monarch Total RNA purification kit (NEB 
T2010) according to manufacturer’s instructions. For each sample, 2 μL 
of a 1:100 dilution of ERCC spike-in RNA (Mix 1, Thermo Fisher 
4456740) was added during the lysis step. RNA samples were sent to 
the MIT BioMicro Center for processing, using the NEB Ultra II Di
rectional RNA with Poly(A) selection kit followed by library prep with 
unique dual indexes.

The pooled libraries were sequenced using 2x75bp paired reads on 
a single lane of an AVITI Cloudbreak Freestyle High chip (500M reads). 
Paired-end reads were trimmed using trim-galore (version 0.6.10). 
Trimmed paired-end reads were aligned to these genomes using 
bowtie2 (version 2.5.4) using the --very-sensitive-local preset. Reads 
were deduplicated using gatk’s MarkDuplicatesSpark (version 4.6.2.0) 

and were cell-number normalized based on the number of ERCC-
mapped reads. Normalized bigwig files were generated using deeptools 
(version 3.5.6).

Region Capture Micro-C
Three capture regions of interest, each roughly 0.5 Mb, around three 
common landing pad integration sites were selected: CLYBL (chr13, 
99,422,000-100,031,000), AAVS1 (chr19, 54,810,00055,715,000), and 
Rogi2 (chr3, 22,542,000-22,964,000) (107). A custom panel of 80-mer 
probes targeting these regions and all synthetic parts inserted into these 
loci was designed and ordered from Twist Bioscience. Probes were 
selected based on a medium-stringency filter to reduce off-target pull-
down, with some key areas near native TAD boundaries included using 
a low-stringency filter.

The homozygous hiPSC lines were expanded and outgrown in 6-well 
plates, with one plate for each of the sixteen conditions (four syntaxes, 
two induction conditions, and two biological replicates). Cells were dis-
sociated with Gentle Cell Dissociation Reagent (STEMCELL Technologies 
100-1077) according to the manufacturer’s instructions and counted. 
From each of the conditions, 15M cells were collected and treated as 
described in Goel et al. (57). An additional 25M cells were collected for 
the MNase titration. Briefly, cells were washed in PBS and crosslinked 
using DSG (ThermoFisher 20593) and formaldehyde. After quenching, 
cells were washed, resuspended in PBS and counted, then resuspended 
in Micro-C buffer #1. Cell counts after resuspension per condition var-
ied between 6M and 13M cells.

A key variable in Micro-C is the ratio of MNase to cells. To identify 
ideal digestion concentrations, a titration of MNase (Worthington 
Biochem LS004798) was performed on the separated aliquot of cells. 
Increasing amounts of MNase were added and samples were purified 
and gel-separated. The optimal amount of MNase digests chromatin to 
primarily mononucleosomal fragments, with few but visible dinucleo-
somal and trinucleosomal bands, here around 6U per million cells. Using 
the optimal ratio, samples were digested with MNase, end-repaired, 
blunted, and labeled with biotinylated nucleotides. The biotin-labeled 
chromatin was then proximity ligated overnight. After enzymatic 
cleanup steps, the chromatin was then reverse crosslinked overnight. 
Dinucleosomes were selected using a gel extraction, and T1 Streptavidin 
beads (Invitrogen 65601) were used to purify labeled fragments.

In order to determine the minimum number of cycles required to 
reach the desired library concentration while minimizing polymerase 
chain reaction (PCR) duplicates, a test amplification was performed 
with a small aliquot of each sample for a range of cycle numbers. The 
resulting PCRs were run on an agarose gel and quantified by imaging 
and by Qubit. Using this quantification, each sample was amplified to 
reach a target mass of 200 ng. NEB Multiplex Oligos for Illumina 
Primer Set 1 (NEB E7335) and NEBNext® HighFidelity 2X PCR Master 
Mix (NEB M0541) were used for all PCRs, and sample barcodes were 
selected following NEB recommendations. The resulting libraries were 
purified using AmPure XP beads (Beckman Coulter A63880), quantified 
via Bioanalyzer, and quantified via qPCR using the NEBNext Library 
Quant kit for Illumina (NEB E7630).

The resulting libraries were mixed in equal-mass proportions and 
region-captured following Twist Bioscience’s Standard Hybridization 
Target Enrichment Protocol, with the modification that a test PCR was 
performed using the same reagents as above to identify an appropriate 
number of amplification cycles. The resulting region-capture libraries 
were purified and quantified via Bioanalyzer and qPCR. The pooled 
library was sequenced either via paired-end 2x75 cycle sequencing 
using Element’s AVITI Cloudbreak Freestyle High flowcell (direct 
Illumina anchor sequencing without index conversion) for the diver-
gent and downstream tandem conditions or the 2x150 cycle sequenc-
ing using a single lane of a NovaSeq X 10B flowcell for the convergent 
and upstream tandem conditions. Both methods gave about 500M 
reads per condition.
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RCMC bioinformatics
For each integrated syntax, custom human genome references were gen-
erated by editing the GRCh38 genome to contain the inserted synthetic 
construct at the CLYBL landing pad. Paired-end reads were trimmed 
using trim-galore (version 0.6.10). Trimmed paired-end reads were 
aligned to these genomes using bowtie2 (version 2.5.4) using the --very-
sensitive-local preset. Then, pairtools (version 1.1.3) was used to identify 
Hi-C pairs (with --walks-policy mask and --min-mapq 2) and dedupli-
cate them (with --max-mismatch 1). The resulting reads were con-
verted to the .mcool format using cooler (version 0.10.4). The resulting 
matrices were ICE balanced (within each capture region for the major-
ity of this work, and globally for fig. S28B) and binned at both 500- and 
2000-bp resolutions.

To evaluate the reproducibility of this method, the stratum-corrected 
correlation coefficient as implemented in Yang et al. (108) was used to 
evaluate the similarity of all samples, both within the capture region 
of interest (fig. S28A) and in distal regions (fig. S28C). Based on the 
high reproducibility observed, reads from the two biological replicates 
for each syntax and induction condition were merged for the rest 
of this work. Two distal, unmodified capture regions did not show 
induction-dependent changes (fig. S28C).

Using the balanced contact matrices, fold changes in contact prob-
ability upon induction are calculated by dividing these matrices by 
each other. The sliding-window insulation score in Fig. 3D is calculated 
using the insulation function in cooler and uses a sliding window of 
50 kb. The anti-diagonal score presented in Fig. 3E sums the contact 
probability along the anti-diagonal (i.e., perpendicular to the main 
diagonal) up to a given distance, centered at a given genomic coordi-
nate. Specifically, we use the balanced contact matrices, binned at 
500-bp resolution, and sum bins within 5 kb of the target location. For 
a given bin at location x, this means summing the probability of the 
(x − 500bp) bin contacting the (x + 500bp) bin to the probability of 
the (x − 1000bp) bin contacting the (x + 1000bp) bin.

Producing nanobody-MNase fusion protein
The following protocol is modified and scaled down from the protein 
production protocol in Koidl et al. (109) and the GapRUN protocol in 
Longo et al. (17). GapRUN relies on an MNase-nanobody fusion protein 
that is not commercially available. However, the protein can be reliably 
produced at a scale sufficient for roughly 24 reactions without needing 
a FPLC or sonicator. At a high level, protein production proceeds by 
inducing bacterial cells overnight at 18°C, lysing the cells, clarifying 
the lysate, and binding the fusion protein to glutathione spin columns. 
After successive washes, the fusion protein is cleaved off the column 
using biotin-tagged thrombin protease. The protease is removed from 
the eluate using streptavidin beads, and the resulting fusion protein 
is concentrated and buffer is exchanged using spin columns.

The following buffers were prepared. First, sample buffer is 10% 
glycerol, 2% SDS, 50 mM Tris, 20 mM EDTA, and 1% β-mercaptoethanol 
(for 10 mL, this is 2 mL of 50% glycerol, 500 μL of 1 M Tris pH 6.8, 2 mL 
10% SDS, 400 μL 0.5 M EDTA, and 100 μL of β-mercaptoethanol, with 
Milli-Q grade water added to 10 mL). The β-mercaptoethanol should 
be added shortly before use. Bromophenol blue dye can optionally be 
added to give the buffer color, which is useful when loading protein 
gels. Second, the protein purification wash buffer is 125 mM Tris, 150 mM 
NaCl at pH 8.0.

An isopropyl-β-D-thiogalactopyranoside (IPTG)–inducible protein 
production plasmid encoding GST-LaG16-MNase (Addgene 170978) 
was transformed into BL21 (DE3) competent cells. The resulting bac-
teria were streaked to single colonies, and a single colony was used to 
start a 10 mL overnight culture at 37°C in LB-Amp media. The follow-
ing day, 800 mL of LB-Amp (split into 200 mL volumes distributed 
across 4 baffled 1-liter flasks) was inoculated with 8 mL of the over-
night culture (1:100 dilution). The cells were grown to an OD600 of 0.5, 
which takes about two hours. Once the flasks reached an OD of 0.5 mL, 

a 1.5 mL “pre-induction” sample was taken, spun down, and resus-
pended in 300 μL of sample buffer, then stored at -20°C for later 
analysis. Each flask containing 200 mL of media was induced with 
200 μL of 1M IPTG (sterile-filtered with 0.2-micron filters) and the 
flasks were placed back in the shake incubator at a temperature of 
18°C overnight. The lower temperature is required to maintain solubility 
of the produced protein. The following morning, the OD600 was mea-
sured on a 5-fold diluted sample, and found to be around 6.0. A “post-
induction” 500 μL sample was also taken, spun down, and resuspended 
in 300 μL of sample buffer, and stored at -20°C for later analysis.

Cells were pelleted at maximum speed in a fixed-angle rotor. After 
combining pellets together, the cells were resuspended in complete 
B-Per buffer (Thermo Fisher 78248) plus EDTA-free protease inhibitor 
(Thermo Fisher A32965). Specifically, every gram of cell pellet was 
resuspended in 4 mL of B-Per plus 2 μL of lysosome and DNAse I (both 
included in the B-Per kit) plus 40 μL of 100x protease inhibitor cocktail 
(1 protease tablet in 500 μL of Milli-Q grade water). After incubation 
at room temperature for 15 min, the slurry was subjected to two freeze 
thaw cycles at -80°C to further lyse the cells. The resulting lysate was 
spun at 14k x g in a fixed-angle rotor for 30 min at 4°C. A 50 μL sample 
of the clarified lysate was diluted to 300 μL in sample buffer and stored 
at -20°C for later analysis.

The resulting clarified lysate was diluted 2:1 with protein purifica-
tion wash buffer (for every 2 mL of lysate, add 1 mL of wash buffer). 
Two 0.2-mL glutathione spin columns (Thermo Fisher 16106) were 
washed with wash buffer as directed by the manufacturer instructions, 
then the diluted clarified lysate was loaded onto the columns with 
sequential spins. After loading, the columns were washed successively 
with two column-volumes (400 μL) of wash buffer until the A280 ab-
sorbance (measured with a NanoDrop) dropped to background levels, 
about 20 column-volumes needed in total. To cleave the fusion protein 
from the column, 100 units of biotin-tagged thrombin protease (Sigma-
Aldrich SAE0147-5KU) diluted to 200 μL in wash buffer was added to 
each capped spin column and incubated overnight at 4°C.

The following day, the columns were spun, collecting “elution 1.” One 
column-volume (200 μL) of wash buffer was added and the columns 
were again spun, producing “elution 2,” and so on for a third elution. 
10 μL samples of the elutions were combined with 10 μL of sample buffer 
for later analysis. The A280 absorbance of these elutions were checked, 
and the first two elutions were combined. To remove the thrombin pro-
tease, the combined elution (400 μL) was mixed in low-binding 1.7-mL 
tubes with 60 μL of T1 streptavidin beads (Thermo Fisher 65601) that 
had been washed three times with PBS (each wash consisting of mag-
netically separating the beads, removing the supernatant, and resus-
pending in 200 μL of PBS). The resulting bead slurry was rotated at 4°C 
for 30 min. The beads were magnetically removed, and the elution frac-
tion was transferred to fresh low-binding tubes. A 10 μL sample of the 
combined elution was mixed with 10 μL of sample buffer for later analysis.

Fresh 1M dithiothreitol (DTT) was prepared and used to make Buffer 
A: 20 mM K2PO4, 10% glycerol, 0.5 mM EDTA, 1 mM DTT (for 5 mL, 
this is 1 mL 0.1 M K2PO4, pH 7.0, 0.5 mL glycerol, 5 μL 0.5 M EDTA, 
and 5 μL 1 M DTT). After sterilization with a 0.22-micron filter, 100x 
protease inhibitor cocktail was spiked into the buffer.

To concentrate and buffer-exchange the protein, the elution fraction was 
added to 10 kDa MWCO protein concentrator spin columns (Thermo 
Fisher 88513) and concentrated to a volume of approximately 100 μL. 
The concentrated protein was buffer-exchanged into Buffer A by add-
ing prepared Buffer A on top and concentrating four times (e.g., if 
concentrated to 100 μL, add 100 μL, concentrate back to 100 μL, add 
100 μL, concentrate to 100 μL, and so on). Finally, the protein was 
concentrated to a volume of 75 μL, removed from the concentrator, 
and mixed with 75 μL of 100% glycerol to reach 150 μL of purified 
protein, to be stored at -20°C.

To confirm proper protein production, an acrylamide protein gel 
was cast. 10 μL aliquots of each sample saved from above were briefly 
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heated to 95°C and cooled to room temperature, and these samples 
were loaded, run on the protein gel, and stained with Coomassie to 
confirm protein purification. A single band was visible in the elu-
tion samples.

Nanobody-MNase activity titration
An MNase activity analysis was performed to estimate the activity 
of the purified fusion protein. hiPSC cells were collected following 
non-enzymatic detachment as described above, crosslinked only with 
formaldehyde, quenched, washed, and flash frozen in aliquots of 5M 
cells. Cell pellets were resuspended in Micro-C Buffer #1, split into 
1M aliquots, and then incubated with a range of either 1) commercial 
MNase or 2) the purified LaG16-MNase fusion protein. The cells were 
incubated, quenched, and reverse crosslinked, then DNA was purified 
as described in the MNase titration step in Goel et al. (57). Bench
marking the LaG16-MNase activity to the commercial MNase, we 
determined around 8 units of LaG16-MNase was required per million 
cells (in our case, about 2 μL of the purified protein sample per mil-
lion cells).

Measuring positive supercoiling with GapRUN
Lentiviral vectors containing the GapR-GFP fusion protein (EF1α-
GapR-FLAGx3-NLS-EGFP, plasmid 15 in table S3) were cloned. Plasmids 
for the constructs in Longo et al. (17) were not available on Addgene, so 
a DNA fragment (Twist Bioscience) was ordered containing a human-
codon-optimized sequence encoding GapR-3xFLAG-NLS-EGFP. The 
GapR sequence was derived from the cDNA for CCNA 03428, a.k.a. 
GapR as identified in Guo et al. (110). This fragment was cloned into 
a Golden-Gate–compatible donor plasmid via HiFi assembly, which 
was then assembled with Golden Gate assembly alongside the EF1α 
promoter and the bGH polyadenylation signal into a second-level do-
nor plasmid. This expression unit was Golden Gate assembled into a 
LentiX1 backbone. Lentivirus was produced as described above, then 
titer was computed by performing a serial dilution and transducing 
HEK293T Lenti-X cells seeded at 40k cells per well of a 96-well plate. 
These cells were flowed three days later, gated on positive GFP signal, 
and the dilution series was fit to a Poisson distribution to calculate 
the infectious units per μL.

To prepare cells for GapRUN, hiPSCs homozygously integrated with 
the two-gene circuits at CLYBL were cultured with or without 1 μg/mL 
dox for three days. On the second day of induction, cells were spin-
fected with the GapR virus. Namely, fresh media containing virus at an 
MOI of 0.8 plus 5 μg/mL polybrene (hexadimethrine bromide, Sigma-
Aldrich H9268), with or without dox, was added to the cells, and the 
plate was spun at 1,500xg at 32°C for 90 min. Conditions without virus 
and without dox were included, giving 12 conditions total (virus and 
dox, virus only, or neither for each syntax). The day after spinfection, 
cells were changed to fresh media with or without dox. The following 
day, cells were non-enzymatically dissociated using Gentle Cell Disso
ciation Reagent (STEMCELL Technologies 100-1077), washed in PBS, 
and counted.

In advance, stock solutions of 1M HEPES-NaOH at pH 7.5, 500 mM 
spermidine, 5 M NaCl, 2.5 M CaCl2, 0.5 M EDTA, and 0.5 M EGTA were 
prepared. A 100x solution of protease inhibitor cocktail (PIC, Thermo 
Fisher A32965) was prepared by dissolving one tablet in 500 μL of 20 mM 
HEPES-NaOH and 150 mM NaCl.

On the first day, 700 μL of Wash Buffer per sample was prepared: 
Wash Buffer is 20 mM HEPES-NaOH, 150 mM NaCl, and 0.5 mM 
spermidine (for 5 mL, this is 100 μL 1 M HEPES-NaOH, 150 μL 5 M 
NaCl, and 5 μL 500 mM spermidine). Digitonin (Cell Signaling Technol
ogies 16359) was warmed to room temperature, pipetted to mix, then 
heated briefly to 95°C (e.g., in PCR tubes) before being cooled on ice. 
When mentioned below, Wash Buffer + PIC (100 μL Wash Buffer plus 
1 μL PIC) or Complete Wash Buffer (100 μL Wash Buffer plus 1 μL PIC 
plus 2.5 μL digitonin) was prepared immediately before use.

10 μL Concanavalin A beads (Cell Signaling Technology 93569) per 
reaction were activated by magnetically separating the beads, remov-
ing the supernatant, and resuspending each in 100 μL of activation 
buffer (included with CST 93569). After 10 min at room temperature, the 
activation step was repeated, then the beads were separated and resus-
pended in 10 μL of activation buffer. Aliquots of 500k cells (dissociated 
and counted above) were washed twice with 100 μL of Wash Buffer + PIC, 
then resuspended in 100 μL of Wash Buffer + PIC. Each aliquot was com
bined with the 10 μL of activated ConA beads, mixed via trituration, and 
placed on a Nutator at room temperature for ten minutes.

The beads were then separated and resuspended in 50 μL of Complete 
Wash Buffer. Around 8 units (according to the MNase titration) of 
LaG16-MNase was spiked into the mixture, mixed well via trituration, 
and nutated overnight at 4°C.

The following day, 500 μL of Wash Buffer was prepared per sample. 
The beads were separated and washed twice with 200 μL of Complete 
Wash Buffer, transferring the beads to new PCR tubes after the first 
wash to reduce background signal. The beads were resuspended in 
50 μL of Complete Wash Buffer, mixed gently, and placed on ice for at 
least two minutes. 1 μL of 150 mM CaCl2 was spiked into each reaction 
while still on ice, and the samples were nutated at 4°C for two hours.

Before the 2 hours were up, 55 μL of Stop Buffer was prepared per 
sample. Stop Buffer is 340 mM NaCl, 20 mM EDTA, 10 mM EGTA, 2.5% 
digitonin, 50 μg/mL glycogen, and 100 μg/mL RNase A (for 500 μL, 
this is 17 μL 5 M NaCl, 20 μL 500 mM EDTA, 10 μL 500 mM EGTA, 
12.5 μL digitonin, 1.25 μL 20 mg/mL glycogen, and 2.5 μL 20 mg/mL 
RNase A). The glycogen and RNase A was added last, shortly before use.

Samples were removed from the Nutator and placed on ice. 50 μL 
of Stop Buffer was added to each sample, mixed well via trituration, 
and incubated on a thermocycler for 10 min at 37°C. After transferring 
the samples to new low-binding 1.7-mL tubes, DNA was extracted fol-
lowing the Monarch Spin PCR & DNA Cleanup kit instructions for 
small-fragment retention (NEB T1130). DNA was eluted in 50 μL of 1x TE.

The resulting libraries were prepared following the NEBNext Ultra II 
DNA library kit instructions (NEB E7645), not performing size selec-
tion by following step 3B instead of 3A. Test PCRs (PCRs on 1 μL sam
ples of the resulting pre-amplification library) were performed to 
determine the number of PCR cycles required to reach sequencing 
submission requirements, here around 13 cycles. The resulting librar-
ies were uniquely dual-indexed and pooled for sequencing. The pooled 
libraries were sequenced using 2x75bp paired reads on an entire AVITI 
Cloudbreak Freestyle High chip (1B reads).

Paired-end reads were trimmed using trim-galore (version 0.6.10). 
Trimmed paired-end reads were aligned to the edited genomes de-
scribed above using bowtie2 (version 2.5.4) using the --very-sensitive-
local preset. Reads were deduplicated using gatk’s MarkDuplicatesSpark 
(version 4.6.2.0). Bigwig files were generated using deeptools (ver-
sion 3.5.6).

Genomic tracks were compared to control conditions that were not 
transduced with the GapR lentivirus. Signal in these control conditions 
was significantly lower than in the experimental conditions (fig. S29).

Measuring polymerase occupancy and histone marks with CUT&Tag
hiPSCs homozygously integrated with the two-gene circuits at CLYBL 
were cultured with or without 1 μg/mL dox for three days. Cells were 
then non-enzymatically dissociated using Gentle Cell Dissociation Re
agent (STEMCELL Technologies 100-1077), washed in PBS, and counted. 
Four rabbit antibodies were used, targeting the following: Pol II (ser2) 
(Cell Signaling Technologies 13499S, RRID:AB_2798238), H3K27ac 
(Active Motif 39133, RRID:AB_2561016), H3K27me3 (Active Motif 91167, 
RRID:AB_2793791), and H3K4me3 (Active Motif 39915, RRID:AB_ 
2687512). Aliquots of 500k cells per condition and per antibody were pro-
cessed following manufacturer instructions for the CUT&Tag-IT Express 
kit (Active Motif 53177), with the following exceptions. First, because 
we had four antibody conditions per cell condition, “pre-aliquots” of 2M 
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cells were made with spike-in Drosophila nuclei (Active Motif 53168) 
added prior to splitting into 500k aliquots, in order to reduce spike-in 
noise across antibody conditions. Second, instead of using Q5 poly-
merase and a fixed number of cycles, we used NEBNext Ultra II Q5 
(NEB M0544) and did an initial test PCR (PCRs on 1 μL samples of the 
pre-amplification library) to determine the number of PCR cycles. 
Finally, Nextera-compatible combinatorial dual-index primers (Active 
Motif 53155) were used to index the libraries. The pooled libraries were 
sequenced using 2x75bp paired reads on an entire AVITI Cloudbreak 
Freestyle High chip (1B reads).

Paired-end reads were trimmed using trim-galore (version 0.6.10). 
Trimmed paired-end reads were aligned to these genomes using bowtie2 
(version2.5.4) using the --very-sensitive-local preset. Reads were de-
duplicated using gatk’s MarkDuplicatesSpark (version 4.6.2.0) and 
were cell-number normalized based on the number of Drosophila-
mapped reads from the spike-in nuclei. Normalized bigwig files were 
generated using deeptools (version 3.5.6).

Generation of antibody producer cell lines
To integrate two-gene antibody production cassettes, we used a Bxb1-
mediated landing pad line with attP receptor site at Rogi2 in HEK293T 
cells (52). The landing pad functions analogously to the STRAIGHT-IN 
landing pad (55). The landing pad contains a truncated puromycin 
resistance gene missing the promoter and start codon. Upon Bxb1-
mediated recombination between the attB site on the donor plasmid 
and attP site in the landing pad, an EF1α promoter and start codon is 
placed in-frame of the resistance gene, conferring recombinant cells 
resistance to puromycin.

To integrate the donor plasmids, the landing pad line was seeded 
at 100k cells per well onto 0.1% gelatin-coated 24-well plates. The fol-
lowing day, the cells were transfected using 450 ng of the two-gene 
donor plasmid and 300 ng of a CAG-Bxb1 plasmid (gift from the Wong 
Lab at Boston University). At 1 dpt, the cells were media changed. At 
2 dpt, the cells were passaged to 0.1% gelatin-coated 6-well plates. At 
3 dpt, the cells were media changed into media containing 1 μg/mL 
puromycin. Selection was maintained until an untransfected well was 
fully selected against (around 1.5 weeks). Once confluent (5–6 days of 
puromycin administration), cells were passaged at a split ratio of 1:10 
to dilute out residual donor plasmid, at which point cells were ready 
for use in downstream analyses.

Measuring antibody production yields
After outgrowth and passaging of the antibody producer lines, tripli-
cates were seeded on 6-well plates at 500k cells per well. The day after, 
cells were media changed into 2 mL of fresh DMEM + 10% FBS. After 
six days of outgrowth, 1.1 mL of supernatant was collected from every 
condition and centrifuged at 10k x g for 10 min to remove cell debris. 
The top 1.0 mL of clarified supernatant was transferred to P ierce 
35 kDa PES protein concentrator columns (Thermo Scientific 88502). 
Each sample was centrifuged to a final volume less than 75 μL. Each 
concentrated sample was diluted to 75 μL with pH 7.4 PBS.

The resulting concentrated samples were processed following manu-
facturer instructions using a Human IgG (Total) ELISA kit (Thermo 
Scientific BMS2091) and an Easy-Titer Human IgG (H+L) kit (Thermo 
Scientific 23310). Absorbance was measured on a Tecan Infinite M1000 
Pro at 450nm (ELISA) and 340nm (Easy-Titer).

Lentiviral transduction of two-gene cassettes
Lentiviruses were produced as described above. To calculate lentiviral 
titer, a two-fold serial dilution of the concentrated lentivirus was com-
bined with 5 μg/mL polybrene (hexadimethrine bromide, Sigma-Aldrich 
H9268) and 20,000 HEK293T cells per well in a 0.1% gelatin-coated 
96-well plate. The following day, cells were changed into fresh DMEM + 
10% FBS. Two days later, cells were flowed. The fraction of express-
ing cells in each dilution condition was used to compute viral titer, 

assuming a Poisson process for infection. Viral titers were then used 
to calculate the volume of concentrated virus needed to infect cells at 
the desired MOI.

On the day of transduction, 5,000 HEK293T cells in suspension were 
co-infected with virus expressing the two-gene cassettes with each syntax 
at MOI of 0.8, and 3 μL of lentivirus expressing rtTA-P2A-mGreenLantern 
at high MOI. Cells were plated into a 96-well plate with DMEM + 10% 
FBS containing 5 μg/mL polybrene (hexadimethrine bromide, Sigma-
Aldrich H9268). The following day, media was replaced with fresh DMEM + 
10% FBS. At three days post infection, cells were passaged into 6-well plates. 
Once confluent, cells were flow-sorted on the Sony MA900 cell sorter 
for double-positive cells expressing the constitutive reporter gene and 
rtTA-P2A-mGreenLantern. The polyclonal sorted lines where then re-
plated post-sorting and passaged consistently to maintain cells at 80% 
confluence or lower.

To evaluate inducibility, the post-sorted, integrated HEK293T cell 
lines were re-plated into a 96-well plate at 39k cells/well with DMEM + 
10% FBS. The day after plating, media was replaced with DMEM + 10% 
FBS containing various concentrations of doxycycline from 0–1 μg/mL. 
Cells were flowed at three days post doxycycline treatment. Biological 
replicates represent different passages of the post-sorted, integrated 
cell lines.

Lentiviral transduction of the engineered all-in-one inducible circuits
Lentiviruses were produced as described above. To calculate lentiviral 
titer, a two-fold serial dilution of the concentrated lentivirus was com-
bined with 5 μg/mL polybrene (hexadimethrine bromide, Sigma-Aldrich 
H9268) and 20,000 HEK293T cells per well in a 0.1% gelatin-coated 
96-well plate. The following day, cells were media changed into fresh 
DMEM + 10% FBS containing 1 μg/mL doxycycline. Two days later, cells 
were flowed. The fraction of expressing cells in each dilution condition 
was used to compute viral titer, assuming a Poisson process for infection. 
Viral titers for iPS11 cells and mouse embryonic fibroblasts (MEFs) were 
estimated as two-fold greater or four-fold lower, respectively, than for 
HEK293T cells. Viral titers were then used to calculate the volume of 
concentrated virus needed to infect cells at an MOI of 0.3.

To transduce HEK293T cells, 20,000 cells were combined with 5 μg/mL 
polybrene and the calculated amount of concentrated virus. The next 
day, cells were media changed into fresh DMEM + 10% FBS with or with-
out 300 ng/mL dox. Two days later, cells were flowed.

To transduce iPS11 cells, cells were dissociated with Gentle Cell Dis
sociation Reagent according to manufacturer’s instructions, then seeded 
at 15,000 cells/well in a Geltrex-coated 96-well plate with mTeSR-Plus 
and 5 μM ROCKi. The next day, the media was replaced with fresh 
mTeSR-Plus containing the calculated amount of concentrated virus and 
5 μg/mL polybrene. Plates were then spun at 1500 × g for 90 min. The 
following day, media was changed to fresh mTeSR-Plus with or without 
300 ng/mL dox. Two days later, cells were imaged and flowed.

To transduce MEFs, passage 1 primary MEFs—isolated from E12.5–E14.5 
embryos of C57BL/6 mice, as described in Wang et al. (92)—were thawed 
and allowed to recover for 1–2 days in DMEM + 10% FBS. Cells were then 
dissociated with Trypsin-EDTA and seeded at 10k cells per well in a 0.1% 
gelatin-coated 96-well plate. The following day, the media was replaced with 
fresh DMEM + 10% FBS containing the calculated amount of concen-
trated virus and 5 μg/mL polybrene. Plates were then spun at 1500 × g for 
90 min. The following day, media was changed to fresh DMEM + 10% FBS 
with or without 300 ng/mL dox. Two days later, cells were flowed. Biological 
replicates include cells from multiple independent isolations.

Flow cytometry
Hanks’ Balanced Salt Solution (HBSS) supplemented with 2% FBS 
(PiggyBac-integrated iPS11 cells) or PBS (all others) was used as Flow 
buffer. Cells were washed once with PBS, then dissociated with Trypsin-
EDTA (HEK293T, MEFs), TrypLE Express (iPS11), or Gentle Cell Disso
ciation Reagent (iPS11). After dissociation, cells were quenched with 
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Flow buffer or media, then spun down for 5 min at 300–500 × g. Cells 
were resuspended in Flow buffer and acquired on CytoFLEX LX N3-V5-
B3-Y5-R3-I0 (Beckman Coulter) or Attune NxT Flow Cytometer (Thermo 
Fisher). Data were gated for single cells on FlowJo (v10.X; BD Biosciences) 
or CytExpert (v2.6; Beckman Coulter) software, then gated events were 
exported for plotting and additional analysis.

Intrinsic and extrinsic noise analysis
For every figure except fig. S23, we first log-transform each of the gene 
expression levels before computing the intrinsic and extrinsic noise. 
This log-transform ensures that changes in the values correspond to 
fold change in protein concentration independent of fluorescent pro-
tein quantum yield and PMT values for cytometry channels. We cal-
culate the variance

of the sum and difference of the values for each gene. The intrinsic 
noise is the variance of the difference of the log-transformed expres-
sion levels. The extrinsic noise is the variance of the sum of the log-
transformed expression levels. The intrinsic and extrinsic noise 
between genes a and b is thus:

Dividing the intrinsic noise by the extrinsic noise gives the intrinsic-
to-extrinsic noise ratio. For fig. S23, we do not log-transform the data, 
and instead compute:

Copy number quantification with droplet digital PCR
The copy number of the PiggyBac-integrated fluorescent reporter 
lines (fig. S30A) and the Rogi2-integrated antibody production lines 
(fig. S30B) was evaluated using Bio-Rad’s QX200 Droplet Digital PCR  
system.

Briefly, two sets of fluorescent PCR probes were ordered, targeting 
the mRuby2 coding sequence with the FAM fluorophore and target-
ing RPP30, a native gene on chromosome 10, with the HEX fluoro-
phore. Genomic DNA was isolated from the cell lines of interest and 
diluted to an appropriate concentration for PCR. The Bio-Rad droplet 
digital PCR (ddPCR) system was used to generate nanoliter-sized 
reaction droplets, perform PCR, and read out the resulting droplet 
fluorescence. Then, the fractions of the double-positive and single-
positive populations were fit to a Poisson distribution. Because the 
RPP30 gene has a known copy number (~2.7 in HEK293T cells), the 
Poisson fits give an estimate of the mean and variance in copy num-
ber of the mRuby2 gene. As the mRuby2 gene is present once in each 
of the integrated constructs, this allows us to calculate the total 
number of integrations.

For the PiggyBac integrated lines (fig. S30A), we observe copy numbers 
between 4 and 18, with the divergent syntax having the lowest copy num
ber despite having the highest expression. For the Rogi2 antibody pro-
duction lines (fig. S30B), we expect a single integration and observe copy 
numbers between 1 and 1.4. The fractional copy numbers come from 
the relative genomic instability of the HEK293T cells. As the HEK293T 
cells divide, chromosomal rearrangements and duplications can occur, 
making the population heterogeneous. Still, the antibody production 
lines with the highest titer have the lowest copy number.
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Editor’s summary
Transcription reshapes DNA folding within living cells, driving patterns of gene expression. However, this process
remains poorly understood, which limits the effectiveness of gene circuits for therapeutic applications. Johnstone
et al. investigated how transcription generates DNA supercoiling (changes in DNA twist) and how these emergent
structures tune the expression of adjacent genes. They found that altering gene syntax, defined by the relative order
and orientation of neighboring genes, changed DNA supercoiling and affected both the level and variability of gene
expression. This work helps explain patterns of natural gene regulation and may improve the design of gene therapies.
—Di Jiang
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