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ABSTRACT

Multicellular organisms rely on the coordinated actions of diverse organs to sustain
life. Each organ comprises cells that communicate with each other to execute
physiological functions, and each cell encodes gene regulatory networks that shape
its gene expression programs. The intrinsic complexity of biological systems,
including features such as redundancy that endow them with robustness, also makes
them difficult to study using reductionist approaches alone.

To elucidate quantitative design principles underlying multicellular organization, I
adopted a bottom-up approach and built synthetic circuits at multiple scales. In the
first project, I engineered a single-gene incoherent feedforward circuit that leverages
multispecific microRNA targeting to achieve dosage-invariant and tunable protein
expression across wide ranges of gene copy numbers. In the second project, I
constructed a multicellular reaction–diffusion circuit that integrates juxtacrine and
paracrine signaling to generate self-organized, periodic Turing patterns.

Together, these studies introduce new tools for engineering regulatory behaviors,
reveal general principles that govern biological organization across scales, and pave
the way for potential translational applications.
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C h a p t e r 1

INTRODUCTION

1.1 The beauty of the bottom-up approach
As early as 1961, Monod and Jacob pioneered the concept of the gene circuit
through their operon model, and further envisioned whether regulatory mechanisms
identified in bacteria could be extended to the tissues of higher organisms [1].
Rather than focusing on individual molecular components contributing to E. coli
physiology, they proposed that “their known elements could be connected into a
wide variety of ‘circuits’, endowed with any desired degree of stability” [2]. This
vision captures the central idea of the bottom-up approach: by assembling minimal,
well-defined elements into synthetic circuits, one can directly test how abstract
regulatory motifs give rise to molecular, cellular, and even multicellular behaviors.

Over the past decades, synthetic biology has increasingly embraced this bottom-up
strategy to uncover quantitative design principles of biological systems. In the early
2000s, the construction of the first synthetic oscillator and bistable toggle switch in
bacteria demonstrated that it is regulatory circuitry—rather than the specific molec-
ular identity of its components—that underlies desired dynamical functions [3, 4].
Since then, the rapid development of molecular and cellular engineering tools has
enabled bottom-up approaches across multiple biological scales. At the molecular
level, transcription has been revealed as a dynamic process whose frequency, am-
plitude, and duration can be precisely tuned to encode functional outcomes [5, 6].
At the cellular and multicellular levels, signaling pathways have been reframed as
a shared “language” that supports promiscuous and combinatorial interactions [7,
8, 9]. At the organismal level, it has become clear that circuit architecture, rather
than molecular identity, can dominate patterning outcomes—for example, GFP can
functionally replace the morphogen Dpp in fly wing patterning when embedded in
the appropriate regulatory circuitry [10].

Compared to traditional top-down approaches, the bottom-up approach offers several
distinct advantages.

First, it enables more direct and quantitative mappings between inputs and outputs.
Natural gene regulatory networks are intrinsically intertwined and highly redun-
dant [11], such that perturbation of one or even multiple genes can be masked
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by endogenous compensatory mechanisms. In contrast, bottom-up designs often
operate in relatively isolated contexts using components that are orthogonal to
endogenous networks, allowing clean measurements and predictable quantitative
behaviors defined by circuit topology.

Second, the bottom-up approach circumvents evolutionary constraints by leverag-
ing rationally engineered components. As François Jacob famously noted, natural
selection acts as a tinkerer, assembling workable solutions rather than designing op-
timally from first principles [12]. Bottom-up strategies complement this process by
enabling modular and systematic interrogation of evolution-selected traits. For in-
stance, advances in large-scale genome assembly have made it possible to study how
the colinearity of mammalian Hox gene clusters is regulated during development
through controlled perturbations of circuit organization [13].

Third, bottom-up approaches allow the exploration of novel functions through
rewiring of naturally evolved pathways. By converting an endogenous toggle switch
into a sustained oscillator, yeast cells exhibit extended lifespan due to delayed com-
mitment to aging, illustrating how new dynamical regimes can lead to emergent
phenotypes [14].

Finally, bottom-up designs are inherently extensible, enabling both scalability to-
ward increased functional complexity and portability across biological contexts. For
example, synthetic multistable systems can be expanded to additional stable states
simply by introducing new transcription factors, without re-engineering the existing
circuit architecture [15]. Such designs provide a conceptual framework for gener-
ating diverse cell types or lineages relevant to developmental processes. Similarly,
the promiscuous signaling framework—originally developed to explain combinato-
rial BMP signaling—has since been generalized to other systems, including GPCR
signaling [16] and multicomponent surface condensates [17].

Taken together, the bottom-up approach provides a uniquely powerful and elegant
framework for probing fundamental biological principles by transforming abstract
regulatory hypotheses into experimentally testable systems.

1.2 Single-gene regulatory circuits
Despite the overall robustness of gene expression landscapes, the expression level
of a single gene can be functionally critical in specific biological contexts. Hu-
man genetics provides abundant evidence for sensitivity to transcription factor
dosage [18]. For instance, modest changes in SOX9 protein levels within facial



3

progenitor cells are sufficient to alter chondrogenesis and ultimately drive craniofa-
cial shape variation [19]. Similarly, in multiple neurological disorders—including
Smith–Magenis syndrome [20], Rett syndrome [21], and MECP2 duplication syn-
drome [22, 23]—haploinsufficiency or triplosensitivity of a single gene is sufficient
to cause severe and often lethal phenotypes. Together, these observations highlight
the importance of quantitatively understanding regulatory mechanisms that govern
single-gene expression.

From an engineering perspective, single-gene systems also offer a uniquely tractable
platform for bottom-up investigation. A single gene reporter provides a clear, quan-
titative readout that enables precise mapping between regulatory inputs and expres-
sion outputs. Over the past decade, a diverse set of engineered molecular tools has
been developed using single-gene reporter frameworks to interrogate gene regula-
tion at multiple layers, from transcriptional control to chromatin state. For example,
programmable zinc finger–based transcriptional regulators enabled systematic ex-
ploration of transcriptional logic in a minimal setting [24]. Building on similar
single-gene platforms, subsequent studies revealed how transcription factors combi-
natorially regulate gene expression through cooperative assembly and higher-order
interactions [25]. Likewise, single-gene reporters have been instrumental in quan-
titatively characterizing the dynamics and functional consequences of epigenetic
regulators [26, 27].

Taken together, single-gene regulatory circuits represent a minimal yet powerful
abstraction for studying how quantitative control of gene expression gives rise to
biological function. Continued expansion of single-gene toolkits is therefore poised
to enable broad biological discovery while providing a rigorous foundation for the
design of more complex regulatory systems.

1.3 Multicellular circuits and synthetic developmental biology
Cells communicate with one another to transmit information and coordinate complex
physiological functions. As a result, multicellular circuits are ubiquitous across de-
velopmental stages and evolutionary lineages. Reconstructing multicellular circuits
in a synthetic context offers a powerful route to explore alternative developmental
outcomes, thereby deepening our understanding of developmental processes and
providing new conceptual and practical foundations for disease modeling, regener-
ative medicine, and biopharmaceutical applications [28, 29].

A defining feature of living systems is their capacity for self-organization: starting
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from a single cell, organisms reliably assemble into structured, functional bodies
through genetically encoded rules. Synthetic multicellular circuits seek to encode
a minimal set of instructions sufficient for collective systems to recapitulate desired
developmental architectures. Central questions naturally arise from this endeavor.
What regulatory mechanisms govern the emergence of specific spatial organizations,
and is there a minimal circuitry capable of generating a given architecture? How
robust and flexible are these architectures—do they adapt to external perturbations
by transitioning into alternative structures, or do they resist change to preserve form?
How do multicellular architectures evolve in space and time, and to what extent can
bottom-up method-established structure in vitro recapitulate the dynamics of in vivo
development?

Over the past decade, synthetic developmental biologists have developed diverse
bottom-up strategies to interrogate multicellular circuits. One approach involves
reusing, rewiring, or reconstituting endogenous morphogen systems in simplified
synthetic settings. For example, Matsuda et al. demonstrated how lateral inhibition
through the Notch–Delta system drives cell differentiation in CHO cells lacking en-
dogenous Notch and Delta expressions [30]. Sekine et al. subsequently constructed
Nodal–Lefty–regulated Turing patterns in HEK293 cells devoid of endogenous sig-
naling components [31]. Similarly, Li et al. reconstituted Sonic Hedgehog signaling
gradients in NIH 3T3 cells, which transduce Hedgehog signals without undergoing
differentiation and do not naturally express Hedgehog ligands [32].

A complementary strategy engineers fully synthetic components to wire multicel-
lular regulatory motifs. Notably, Toda et al. constructed layered and self-sorted
multicellular structures using synthetic Notch receptor–controlled interactions [33].
More recently, the development of programmable synthetic adhesion molecules has
enabled systematic investigation of cell–cell interactions and spatial organization in
self-organizing assemblies [34, 35].

Beyond purely molecular circuits, multicellular self-organization can also be shaped
by integrating mechanical constraints [36, 37], chemical and molecular signaling
cues [38, 39], and known gene regulatory networks [40]. Rather than constructing
fully synthetic systems, these approaches leverage engineered environments—such
as geometric confinement or controlled signaling landscapes—to create ex vivo
architectures that reveal the operating principles of developmental self-organization.

Looking forward, the integration of synthetic genetic circuits, engineered signaling
pathways, and physical constraints is expected to enable increasingly faithful re-
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constructions of developmental processes. Such hybrid strategies promise not only
deeper mechanistic insight into self-organization, but also next-generation tissue
engineering approaches that more closely align with physiological regimes.

1.4 Content of this thesis
This thesis presents two synthetic regulatory circuits that operate at distinct bio-
logical length scales, illustrating how bottom-up design principles can be applied
from single genes to multicellular systems. In Chapter 2, I describe a single-gene
regulatory circuit that achieves dosage compensation, demonstrating how precise
quantitative control of gene expression can be encoded within a minimal regulatory
architecture. In Chapter 3, I present a multicellular circuit that generates reac-
tion–diffusion patterns, showing how local regulatory interactions can give rise to
emergent spatial organization at the tissue scale.

Together, these two systems exemplify a unified bottom-up framework for probing
regulatory principles across scales, from molecular-level control to multicellular
self-organization.
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C h a p t e r 2

SINGLE-GENE CIRCUIT: MIRNA MODULES FOR PRECISE,
TUNABLE CONTROL OF GENE EXPRESSION

2.1 Summary
Accurate control of transgene expression is important for research and therapy but
challenging to achieve in most settings. miRNA-based regulatory circuits can be in-
corporated within transgenes for improved control. However, the design principles,
performance limits, and applications of these circuits in research and biotechnol-
ogy have not been systematically determined. Here, combining modeling and
experiments, we introduce miRNA-based circuit modules, termed DIMMERs, that
establish precise, tunable control of transgene expression across diverse cell types to
facilitate imaging, editing, and gene therapy. The circuits use multivalent miRNA
regulatory interactions to achieve nearly uniform, tunable, protein expression over
two orders of magnitude variation in gene dosage. They function across diverse cell
types, and can be multiplexed for independent regulation of multiple genes. DIM-
MERs reduce off-target CRISPR base editing, improve single-molecule imaging,
and allow live tracking of AAV-delivered transgene expression in mouse cortical
neurons. DIMMERs thus enable accurate regulation for research and biotechnology
applications.

2.2 Introduction
Biomedical research and biotechnology heavily rely on transgene expression in liv-
ing cells. The ability to accurately establish transgene expression at desired levels
is critically needed in many contexts. For example, in gene therapy, overexpression
of therapeutic transgenes can be toxic [1]. Similarly, in gene editing and imaging
applications, overexpression can reduce specificity or increase background, respec-
tively. However, popular expression systems, including DNA transfection and AAV
vectors, as well as integrating systems such as lentivirus [2] or piggyBac trans-
posons [3], typically generate a broad range of expression levels, due to variability
in the number of gene copies taken up, integrated, and expressed by each cell, as
well as gene expression noise [4, 5]. Selecting individual stable clones can reduce
variability but is time-consuming and impossible for gene therapy. What is needed
is a simple gene regulation system that could compensate for unavoidable variation
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in delivery and expression (Figure 2.1A). The ideal system should have several key
features: First, it should be genetically compact for compatibility with most delivery
vectors. Second, it should allow predictive tuning of the expression setpoint. Third,
it should permit construction of multiple independent (orthogonal) regulation sys-
tems for simultaneous control of multiple genes. Finally, it should operate across
multiple cell types (portability) (Figure 2.1B). The incoherent feed-forward loop
(IFFL) circuit motif provides an ideal foundation for these capabilities [6]. A circuit
in which a target gene and its negative regulator are both encoded in the same DNA
construct represents an IFFL-like configuration in which gene dosage, considered as
an input, modulates expression of both the target and its negative regulator. When
these effects effectively cancel out, target expression can asymptotically approach a
constant expression level independent of gene dosage (Figure 2.1C).

Previous studies have introduced synthetic circuits based on this principle. Bleris
et al. showed that an IFFL based on microRNA (miRNA hereafter) as the nega-
tive regulator could achieve dosage compensation [7]. Strovas et al. introduced
a similar design incorporating a natural miRNA and multiple repeats of its bind-
ing site within the target gene, and examined its expression dynamics over several
days [8], achieving dosage compensation over a ∼ 20-fold range at the cost of po-
tential crosstalk with endogenous genes. Yang et al later introduced an “equalizer”
architecture that combined transcriptional negative feedback through the TetR pro-
tein with feed-forward miRNA regulation [9]. This generated an extended regime of
strong dosage compensation but required expression of a bacterial protein. Trade-
offs between circuit complexity and efficiency are worth exploring further. Finally,
while this work was under review, Love et al demonstrated other configurations of
miRNA-based IFFL circuits for dosage compensation [10]. Nevertheless, funda-
mental questions have remained unclear: What sequence and circuit design princi-
ples optimize dosage compensation? Can these systems allow expression tuning,
multiplexing of independent regulatory systems in the same cell, and portability
across cell types and delivery modalities? And can they provide durable control in
vivo for gene therapy applications? To address these goals, we combined mathemat-
ical modeling, synthetic design, and quantitative circuit analysis to create a set of
miRNA-based dosage compensation systems termed DIMMERs (Dosage Invariant
miRNA-Mediated Expression Regulators). These circuits take advantage of multi-
valent miRNA regulation through the natural TNRC6 scaffold system [11]. They
allow systematic tuning of expression levels by modulating the number of miRNA
cassettes, numbers of target binding sites, and miRNA-target site complementarity.
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Further, they can be used to orthogonally regulate multiple genes in the same cell,
and operate similarly across different cell types. A toolkit of ten mutually orthogo-
nal ready-to-use expression systems can be incorporated into diverse systems. They
facilitate biological imaging, improve CRISPR base editing, and function in vivo
to allow AAV gene therapy applications. DIMMERs should thus allow routine
research and biotechnology applications to operate with greater precision, control,
and predictability.

2.3 Results
2.3.1 A minimal model shows that dosage compensation requires linear sen-

sitivity to miRNA
To guide the design of DIMMERs, we first developed a minimal model of a miRNA-
based IFFL circuit. This model makes several assumptions: (1) Primary miRNA
(pri-miRNA) and target mRNA are each transcribed constitutively at a fixed ratio
of rates, and in direct proportion to gene dosage. (2) There is a constant total rate,
per gene copy, of RISC complex production, reflecting the combined process of pri-
miRNA transcription, post-transcriptional processing, and binding to Argonaute
proteins [12]. (3) RISC and its target mRNA bind reversibly to form a RISC-mRNA
complex. Finally, (4) formation of this complex leads to degradation of the bound
mRNA.

In certain regimes, this model exhibits dosage-invariant expression profiles, in which
target protein expression levels increase linearly and then asymptotically approach
a dosage-independent limiting expression level (Figure 2.1D). Several parameters
modulate the limiting expression level while preserving asymptotic dosage compen-
sation. These include the binding and unbinding rates of mRNA to miRNA, and the
catalytic rate of mRNA degradation. Accessing the dosage compensation regime
requires that mRNA levels be linearly sensitive to RISC concentration. Below, a
more detailed model in which the total amounts of free and bound mRNA were con-
sidered, revealed that miRNA-dependent catalytic degradation rates must exceed a
minimal value for the total mRNA to show dosage invariance (Data S1). Together,
these results suggest conditions in which miRNA-based IFFL circuits could produce
gene dosage-invariant expression.
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Figure 2.1: miRNA incoherent feedforward circuits enable dosage-invariant
gene expression
(A) An ideal gene expression system generates uniform protein expression (right)
levels despite variable gene dosage delivered (left).
(B) An ideal system would enable tunable ( 1 ), orthogonal ( 2 ) control of the target
and operate in multiple cell contexts ( 3 ). ( 2 ) shows that two genes can be regulated
by two orthogonal circuit designs with tunable expressions. Ellipses, the majority
of protein expression profiles. Dashed lines, mean expressions.
(C) The architecture of the incoherent feedforward loop (IFFL), top panel. Simpli-
fied miRNA-based IFFL circuit configuration, bottom panel.
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Figure 2.1: (continued)
(D) The minimal model shows that miRNA-mediated regulation enables dosage
compensation compared to the unregulated control. Upper panel, miRNA-mediated
regulation reactions. See also Data S2.
(E) The circuit configuration of the miRNA-mediated IFFL.
(F) A single, fully complementary miR-L site (1×21nt) shows strong repression com-
pared to the unregulated but does not achieve dosage compensation. The mRuby
control shows the bleed-through signal from mRuby3 in the EGFP channel. Cells
are gated and binned by mRuby3 intensities. Each dot corresponds to the geometric
mean fluorescence intensity of mRuby3 bin breaks and median fluorescence inten-
sity of EGFP in the bin. Shaded regions, geometric standard deviation.
(G) Reducing the complementarity (pairing length starting from the seed region) of
the single-site target weakens the repression but does not achieve dosage compen-
sation.
(H) Multimerizing the 17nt site restores the repression and achieves dosage com-
pensation at four repeats.
(I) A zoom-in of the 4×17nt in (H). p.d.f, probability distribution function of mRuby3
fluorescence intensity. The gray and light gray rectangles indicate the dosage range
where the fluorescence intensity of EGFP does not change or change by 4-fold,
respectively. The dashed lines with slope=0 or slope=1 indicate the linear dosage
dependence at low dosage or dosage independence at high dosage, respectively.
(F)-(H), the x-axis and the y-axis show the dosage indicator expression and the
target expression, respectively, both in arbitrary units (a.u.).

2.3.2 Multimerization of weak target sites provides dosage compensation
Based on these results, we designed an initial set of regulatory circuits. Briefly, a
synthetic miRNA and a target mRNA were placed in opposite orientations relative
to a central divergent promoter [7] (Figure 2.1E). In one orientation, a previously
characterized synthetic miRNA (miR-L, based on a Renilla luciferase sequence [13])
was co-expressed with the fluorescent protein mRuby3, serving as a dosage indica-
tor. The miRNA expression cassette included the miR-E backbone for pri-miRNA
expression [13] and was incorporated within a synthetic intron [14]. In the opposite
orientation, we inserted a constitutively expressed EGFP target gene, with a single
fully complementary 21-nt miRNA target site in the 3’-UTR. This format allowed
analysis of multiple miRNA and target site configurations, and independent modu-
lation of miRNA and target gene expression levels. We also systematically analyzed
a broad variety of other architectures (Data S2).

To quantitatively measure the behavior of the circuit, we transfected U2OS cells
with each circuit construct and analyzed expression by flow cytometry 48h later.
We then plotted target EGFP expression versus gene dosage, indicated by mRuby3
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fluorescence (Figure 2.1F). Compared to an unregulated control with no miRNA
target site, the circuit strongly reduced target EGFP expression by 1–2 orders of
magnitude. However, it failed to achieve dosage compensation (Figure 2.1F). We
also analyzed similar circuits in which the complementary region was systematically
reduced in single nucleotide increments from 21nt to 17nt. Constructs with 19 or
20nt sites retained repression but failed to produce dosage compensation, while
shorter sequences lost repression altogether (Figure 2.1G). Thus, single target sites
with varying levels of complementarity did not provide dosage compensation.

Native miRNAs are known to use much shorter complementary regions, including
central mismatches (bulges) [12], and multivalent interactions mediated by TNRC6
scaffold proteins [11, 15]. Therefore, we next considered designs with reduced
complementarity and multimerized target binding sites. Tandem repeats of two to
four copies of the 17nt target site, which was inactive in a single copy, progressively
increased regulation (Figure 2.1H). More importantly, they successfully reduced
dosage sensitivity, particularly at higher expression levels (Figure 2.1H, I). Thus,
4 tandem 17nt sites yielded only a ∼4-fold change in expression over a ∼200-fold
range of dosages (Figure 2.1I). We also tested tandem repeats of two to four copies
of the 18nt and 19nt target binding sites. Interestingly, the 18nt target site showed
dosage compensation behavior at 3 copies, while the 19nt target site exhibited
dosage compensation with only 2 copies (Figure S2.1A, B). “Bulged” target sites
that provided no regulation individually nevertheless exhibited strong regulation and
limited dosage compensation when multimerized (Figure S2.1C, D). These results
indicate that multiple tandem copies of individually weak target sites can achieve
dosage compensation over broad dosage regimes, at varying setpoints.

2.3.3 TNRC6 and Ago2 play key roles in regulation of multimerized 17nt
targets

Why do multimerized weak sites produce better dosage compensation than stronger
individual target sites? We reasoned that the TNRC6 scaffold protein could facil-
itate inhibition of multimerized weak target sites. To test whether regulation of
multimeric weak sites requires TNRC6, we expressed T6B, a previously identi-
fied TNRC6B protein fragment that competitively inhibits TNRC6 activity (Figure
2.2A) [16]. T6B abolished regulation by a co-transfected 4×17nt DIMMER (Figure
2.2B), but had little effect on the single fully complementary 21nt construct (Figure
2.2C). As expected, negative controls using a T6B variant lacking the Ago2-binding
domain failed to abolish regulation (Figure S2.1E). Interestingly, overexpression
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of wild-type Ago2 exhibited similar effects as ectopic T6B expression, nearly elim-
inating regulation in the 4×17nt case (Figure 2.2D), without affecting the 1×21nt
configuration (Figure 2.2E), possibly due to sequestration of TNRC6. Thus, TNRC6
activity is required for regulation of the multimeric 4×17nt target, but not the single
fully complementary site.

Although Ago2 predominantly directs repression through a slicing-independent
mechanism, slicing occurs in at least a dozen complementary targets [17], and is
required for maturation of two erythroid miRNAs that undergo non-canonical bio-
genesis [18]. To understand whether slicing activity is required for dosage compen-
sation, we ectopically expressed a dominant negative Ago2 mutant (D669A) lacking
slicing activity. This perturbation reduced regulation of both fully complementary
and multimerized partially complementary targets (Figure 2.2F, G), suggesting that
Ago2 slicer activity is required for repression of both targets. Further, to test for
a role in cleavage of passenger strands, we incorporated a mismatch at 10-11nt in
the original miRNA design (Figure 2.2H) in order to eliminate the requirement
for Ago2 cleavage in miRNA maturation [18]. Inclusion of the mismatch slightly
enhanced regulation of both the 4×17nt and 1×21nt (Figure S2.1K, L), possibly by
elevating the efficiency of miRNA biogenesis. Although passenger strand removal
is not required in this case, dominant negative Ago2 expression nevertheless largely
eliminated regulation of both targets, consistent with a role for Ago2-dependent
slicing in target repression (Figure 2.2I-J). By contrast, wild-type Ago2 overex-
pression had a partial impact on the 4×17nt target but no impact on the 1×21nt
target (Figure 2.2I-J). We also analyzed other target sequences. The 4×18nt and
4×19nt targets responded similarly to T6B and Ago2DN, with Ago2DN showing a
slightly stronger de-repression effect. By contrast, wild-type Ago2 had weaker or no
suppressive effect on these stronger target sites (Figure 2.2K-L), possibly because
their longer complementary regions were less sensitive to indirect sequestration of
TNRC6. Taken together, these results suggest that TNRC6 is required for repres-
sion of multimerized partially complementary targets but not fully complementary
targets, and that Ago2-dependent slicing is required for repression of partially and
fully complementary targets.

Taken together, these results suggest a potential explanation for why dosage com-
pensation requires multimerized weak binding sites and TNRC6 (Figure 2.2M).
Briefly, fully complementary binding sites are known to produce much more ef-
ficient slicing than partially complementary sites [19]. The fully complementary
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21nt target could therefore produce dosage compensation at dosages and setpoints
comparable to or lower than detection limits in the flow cytometry experiments. At
the same time, the higher affinity of fully complementary binding sites would shift
the “tail” of elevated expression due to bound-but-not-yet-degraded complexes to
lower dosages. These combined effects could together explain the shape of the sin-
gle 21nt fully complementary construct (Figure 2.1F). By contrast, constructs with
multimerized weak binding sites (e.g. 4×17nt) would engage at higher gene dosages
due to the lower intrinsic RNA affinity. This would lead to elevated setpoints and
shift the “tail” of non-compensated expression to correspondingly higher dosages
(Figure 2.1I, Data S1). Efficient mRNA degradation could be achieved by enhanc-
ing the intrinsically weaker Ago2-dependent slicing activity through stabilization of
Ago2-mRNA complexes by TNRC6 and through TNRC6-dependent deadenylation,
as described previously.
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Figure 2.2: TNRC6 and Ago2 play key roles in regulation of multimerized weak
targets
(A) T6B peptide competitively inhibits TNRC6-dependent regulation (schematic).
(B, C) T6B expression suppresses miR-L-mediated regulation of 4×17nt construct
(B) but not 1×21nt (C) construct.
(D, E) Ectopic wild type Ago2 (Ago2WT) suppresses inhibition of 4×17nt (D) but
not 1×21nt (E) construct.
(F, G) Dominant negative Ago2 (Ago2DN) suppresses regulation of both 4×17nt (F)
and 1×21nt (G) constructs.
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Figure 2.2: (continued)
(H) Design of synthetic miR-L cassettes without (top) or with (bottom) central mis-
matches in the passenger strand.
(I, J) Ectopic Ago2WT or Ago2DN modulate miR-Lmut-mediated regulation of
4×17nt (I) and 1×21nt (J) constructs.
(K, L) The effect of T6B/Ago2WT/Ago2DN overexpression in the miR-Lmut-mediated
regulation for 4×18nt (K) and 4×19nt (L) constructs.
(M) TNRC6 and Ago2 play important roles in dosage compensation (schematic).
In (B)-(C), (D)-(G), and (I)-(L), in unperturbed groups, cells were co-transfected
with filler plasmids to match the total transfection amount.
See also Figure S2.1.

2.3.4 Dosage-invariant expression levels can be tuned
Having demonstrated dosage invariant circuit designs and gained insight into their
design from the model, we next sought to identify experimentally tunable parameters
that modulate expression level setpoints (Figure 2.1E). We first examined varying
the length of target complementarity from 8 to 21nt, while maintaining 4 tandem
repeats (Figure 2.3A, Data S2). Repression was modest at 8nt, diminished with
increased complementarity in the central region, and then strengthened again as
more complementarity was added after the central region (Figure 2.3A, left panel).
These results are consistent with previous observations that miRNA inhibition does
not increase monotonically with complementarity [20, 21, 22]. For the miR-L
target site, repression was most sensitive at 16-20 nucleotides of complementarity
(Figure 2.3A). Three designs—4×17, 4×18, and 4×19— achieved dosage invariant
expression, but did so at distinct setpoints spanning more than an order of magnitude
in saturating expression level (Figure 2.3B). These results indicate that site length
can tune setpoint.

We next varied the number of copies of the miRNA expression cassettes in the
synthetic intron, effectively modulating the stoichiometric ratio of miRNA to mRNA
(Figure 2.3C). Compared to a single copy, two or three copies of the miRNA reduced
expression by 2-fold and 3-fold, respectively, while preserving dosage compensation,
providing a means of fine-tuning expression control.

We also compared different promoters to vary transcription of the miRNA and target
cassettes. For the miRNA the weaker PGK promoter allowed ∼3.5-fold more target
gene expression at a given dosage level compared to the stronger EF1𝛼, but never-
theless preserved dosage compensation (Figure 2.3D). Finally, we incorporated a
tetracycline-responsive system (Figure 2.3E). This allowed setpoint tuning over ∼2
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orders of magnitude while preserving dosage compensation (Figure 2.3E, Data S2).
Taken together, these results demonstrate that dosage invariance can be preserved
while allowing multiple mechanisms of coarse (site length, target transcription rate)
and fine (miRNA promoter and copy number) setpoint tuning.

Figure 2.3: Dosage-invariant expression levels can be tuned
(A) 4×miR-L target expression levels exhibit non-monotonic complementarity de-
pendence. Expression (y-axis) represents median EGFP fluorescence intensity in
cells with mRuby3 fluorescence intensity > 5×104, see also the shaded region in the
right panel). Data represents 3 biological replicates. Right panel, dosage response
curves of selected constructs (dashed boxes in the left panel).
(B) Complementarity of 4×17-19nt monotonically regulates setpoint (black hori-
zontal line).
(C) Number of miR-L cassettes fine-tunes setpoint (black horizontal line).
(D) miR-L promoter strength regulates setpoint (black horizontal line). Bars indi-
cate mRuby3 median fluorescence intensities of transfected cells. Data represents 3
biological replicates. In C and D, the target is 4×17nt.
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Figure 2.3: (continued)
(E) Tet system allows tunable dosage compensation. Left panel, design of the
inducible DIMMER. A CMV promoter harboring two downstream TetO sites drives
4-epi-Tc inducible expression in the TRex cell line. Right panel, the inducible 4×19nt
DIMMER dosage response curve. Drug concentrations from purple to yellow were
0, 10, 33.3, 100, 333.3 ng/mL. Gray curve, mRuby-only transfection control.
See also Data S2.

2.3.5 Orthogonal dosage compensation circuits allow independent control of
target genes

Engineered genetic systems increasingly require multiple genes and transcripts,
provoking a need for multiple independent DIMMER systems based on orthogonal
synthetic miRNA-target site pairs, which we term synmiRs. To design synmiRs,
we started by generating five random miRNA sequences, labeled synmiR1-5. Each
sequence contained A at position 1 in the miRNA, a cognate U at the 3’ end of a
single target site and 25% GC content, similar to the structure of miR-L. We used
an “open loop” system to analyze their behavior, allowing independent control of
miRNA expression and measurement of its effect on a target miRNA reporter gene
(Figure 2.4A). For a single fully complementary miR-L site, inhibition increased
with miRNA dosage (Figure 2.4B), consistent with the earlier closed loop results
(Figure 2.1F). synmiRs 1,4, and 5 repressed by at least an order of magnitude relative
to a control lacking the miRNA (Figure 2.4D, Data S2). By contrast, synmiRs 2
and 3 achieved weaker repression, possibly due to subsequences containing two or
more A/T pairs in the extensive region, which could destabilize the miRNA [23, 24]
(Figure S2.2A). Consistent with this hypothesis, an A to G substitution at position
20 in synmiR-2 or at position 19 in synmiR-3 restored miRNA inhibition of target
gene expression (Figure 2.4D, Data S2).

Based on these results, we formulated an empirical algorithm for synmiR design.
Briefly, we generate random 21nt candidate miRNA sequences in which the mature
miRNA (1) includes a 5’-U, based on known requirements for miRNA loading [12,
25], and, (2) includes 5–8 G or C nucleotides, with 1–4 of them in the seed region, and
1–2 in the extensive region (Figure 2.4C). We synthesized five candidate sequences
(synmiRs 6-10) based on this simple algorithm and analyzed their open loop behavior
(Figure 2.4D, Figure S2.2B). All five sequences generated strong repression as
single sites, comparable to that of miR-L. Altogether, these results produced ten
miRNA sequences capable of strong repression in their fully complementary form
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(Figure 2.4D, Data S2). Pairing each of these ten miRNAs with all ten of the target
sequences in the open loop system revealed strong orthogonality in regulation, as
desired (Figure 2.4E, Figure S2.2C).

Using these synmiR sequences, we developed a set of ten orthogonal dosage com-
pensation circuits, using the framework in Figure 2.1E. Each of these sequences
could produce dosage compensation in some configurations and dosage regimes.
For example, with synmiR-4 and synmiR-5, the 4×17nt configuration produced a
strong inhibition profile more similar to the fully complementary target (Figure
S2.2D). We reasoned that this could reflect higher GC content in the seed and sup-
plementary regions of these two miRNAs compared to miR-L, allowing shorter 8
or 9 nt target sites, present in 4-8 repeats, to produce dosage compensating designs
(Figure 2.4F). In a similar way, we identified dosage compensation regimes for the
other sequences (Figure 2.4F). Eventually, we identified nine DIMMER circuits
exhibiting different levels of dosage compensation, of which five showed at least a
30-fold dosage-invariant range (Figure 2.4F, Data S2). Further, expression levels
in these circuits were sensitive to the number and complementarity of target sites,
allowing setpoint tuning (Figure S2.3A). These designs relied TNRC6 for dosage
compensation (Figure S2.3B). The exception was synmiR-2 8×8nt, which main-
tained strong repression even under the T6B perturbation (Figure S2.3B). Taken
together, these results provide a toolkit of dosage compensating systems and, more
generally, suggest that it should be relatively feasible to engineer many additional
dosage compensating systems with varying expression setpoints.

With multiple dosage compensation systems, it should be possible to independently
specify the expression of multiple target genes in the same cells (Figure 2.1B, panel
2). To test this possibility, we constructed a second set of dosage compensation ex-
pression systems using distinct fluorescent reporters (Figure 2.4G). We transfected
cells with pairs of systems that had different regulatory setpoints, and analyzed the
resulting expression profiles of the two regulated target genes (Figure 2.4H, Figure
S2.2E). Altogether, we analyzed four pairs of systems. Each produced a distinct
two-dimensional expression distribution based on the setpoints for the two reporters
(Figure 2.4H). By contrast, the unregulated group showed higher setpoints, and
broader distributions of both reporters. The dosage indicators also exhibited the
same distributions among all groups. Interestingly, the circuits allowed precise con-
trol of the stoichiometry of the regulated proteins (Figure S2.2E). The engineered
dosage compensation systems thus make it possible to specify two-dimensional ex-
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pression distributions, and suggest that control of higher dimensional distributions
of more genes should also be accessible.

Figure 2.4: Orthogonal dosage compensation circuits allow independent con-
trol of target genes
(A) Open loop system allows simultaneous readout of miRNA expression (mTag-
BFP2) and its effect on target gene expression (EGFP), at different target gene
dosages (mRuby3).
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Figure 2.4: (continued)
(B) Open loop circuits reveal quantitative miRNA input-output relationship. Cells
were co-transfected with the 1×21nt target, either with the miR-L construct shown
in (A), or mTagBFP2 as a control. Relative expression, median ratio of EGFP flu-
orescence intensity to mRuby3 fluorescence intensity in each mTagBFP2 bin. Dots
and shaded regions are as described in Figure 2.1F.
(C) synmiRs use a simple empirical design algorithm.
(D) All synmiRs can regulate cognate single 21nt targets.
(E) Ten synmiRs function orthogonally. Cells were co-transfected with each com-
bination of target and miRNA for open loop analysis. Relative expression levels
were quantified as described in (B) and normalized by maximal expression of each
construct across synmiRs.
(F) synmiRs can generate dosage compensated regulation.
(G) Two DIMMER constructs can be analyzed in the same cells using distinct fluo-
rescent proteins (schematic).
(H) The double DIMMER system allows independent regulation of two genes in
four distinct expression configurations. Cells were poly-transfected with the double
DIMMER reporter system shown in (G). Data were gated by mRuby3 and mTag-
BFP2 intensities. Solid contour lines indicate regions containing 80% of cells.
Profile plots show the distributions of the corresponding fluorescent proteins.
See also Figure S2.2-S2.3, and Data S2.

2.3.6 Dosage compensation systems are portable and minimally perturbative
An ideal dosage compensation system would be portable, able to operate simi-
larly across different cell types, function in both transient transfection and genomic
integration, and minimally perturb the host cell. To examine these features, we
transiently transfected several circuit variants, including the 4×17nt miR-L sys-
tem (Figure 2.1H), in four mammalian cell lines: U2OS [26], CHO-K1 [27],
HEK293 [28], and N2A [29]. In each cell line, we observed strong and qualita-
tively similar dosage compensation (Figure 2.5A). Cell lines varied in the threshold
dosage at which expression saturated (Figure 2.5A, gray vertical line), and in the
saturating expression level (Figure 2.5A, gray horizontal line), as measured in arbi-
trary fluorescence units. However, the ratio of these values was conserved (Figure
2.5B). We obtained similar results for other circuits as well, including synmiR-4,
with 8 repeats of a 9nt target site, as well as both synmiR-L and synmiR-5, each
with 8 repeats of an 8nt target site (Figure S2.4A). Again, the ratio of the saturating
expression level to the threshold dosage was similar, for each construct, across cell
lines (Figure S2.4B). This suggests a model in which the miRNA circuit functions
equivalently in different cell types, but protein expression strengths vary, possibly
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due to differences in translational capacity or basal protein degradation rates [30,
31, 32, 33]. Together, these results indicate that the dosage compensation circuits
can function across different cell contexts.

Stable cell lines are important in research as well as applications like cell therapy.
To find out whether dosage compensation circuits could also function in a stable
integration context, we used PiggyBac transposition together with the iON system
that allows expression only from constructs that have successfully integrated in
the genome and undergone site-specific recombination [34]. We then selected
mono-clones, and analyzed reporter expression by flow cytometry (Figure 2.5C).
Integration copy numbers varied among clones by over two orders of magnitude,
as indicated by mRuby3 fluorescence intensity (Figure 2.5D left panel, x-axis).
Nevertheless, the cargo EGFP expression remained nearly constant (Figure 2.5D
left panel, y-axis). By contrast, the unregulated mono-clones exhibited an apparent
correlation between the integrated copy numbers and the EGFP expression (Figure
2.5D right panel). Thus, dosage compensation circuits function in stable integration
settings.

The expression of synthetic miRNAs could in principle perturb endogenous gene
expression. To identify such effects, we performed bulk RNA sequencing on cells
transfected with miR-L and each of the 9 orthogonal synmiRs, and compared them
to a negative control transfection of a BFP expression vector. Only a few genes were
significantly up- or down-regulated by the miRNA (Figure 2.5E). These were en-
riched for heat shock proteins such as HSPA6. Critically, the gene sets up-regulated
by different miRNAs exhibited strong overlap (Figure 2.5F, Data S2). Thus, for the
synmiRs described here, off-target regulation appears to only reflect non-specific
effects of miRNA expression, rather than sequence-specific perturbations.
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Figure 2.5: Dosage compensation systems are portable and minimally pertur-
bative
(A) DIMMERs function in multiple cell lines. Gray vertical lines, minimal dosage
for the compensation regime (threshold); horizontal lines, setpoint level.
(B) The threshold and the setpoint level co-vary across cell lines. Black solid line,
data linear fit in the logarithm space (STAR Methods).
(C) iON transposition genomically integrates DIMMER circuits.
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Figure 2.5: (continued)
(D) DIMMER circuits enable uniform protein expression (y-axis) across a range
of stable integrations (x-axis). Each color shows the 4×17nt DIMMER (left panel)
compared with the unregulated construct (right panel) in PiggyBac-integrated mon-
oclonal U2OS cells. Profile histograms show mRuby3 and EGFP distributions of
each mono-clone.
(E) DIMMER circuits show limited perturbation to the endogenous transcriptome.
Bulk RNAseq volcano plots show cells transfected with either synmiR-3 (orange
and red dots) or synmiR-L (light blue and dark blue dots), compared to mTagBFP2-
only transfected cells. Vertical dashed lines, |log2(fold change) | = 2. Horizontal
red dashed line, adjusted p-value = 0.05. The Venn diagram shows differentially
expressed genes between synmiR-3 and synmiR-L.
(F) Global mRNA expression levels in normalized transcripts per million (TPM) of
miR-L expressing cells are plotted against those of synmiR-3 expressing cells. Solid
line, equal expression in both samples. Dashed lines, 10-fold expression differences.
See also Figure S2.4 and Data S2.

2.3.7 Dosage compensation enhances biological imaging
Single-molecule imaging approaches such as DNA-PAINT (Point Accumulation
for Imaging in Nanoscale Topography) often rely on ectopic expression of tagged
proteins [35], which can dramatically exceed endogenous expression, distorting
subcellular localization patterns. DIMMER circuits could potentially address this
issue by limiting ectopic protein expression.

To test this, we transfected a DIMMER-regulated and unregulated EGFR-mEGFP
membrane marker fusion protein expression-constructs into CHO-K1 cells, which
lack endogenous EGFR expression [36] (Figure 2.6A). The DIMMER circuits
successfully reduced expression, as measured by receptor density relative to an
unregulated control, by at least 10-fold, as estimated from flow cytometry and
confocal imaging (Figure S2.5A-C). To quantify this reduction more directly, we
imaged transfected cells 48h post-transfection using the DNA-PAINT method, based
on DNA-conjugated anti-GFP nanobodies targeting the intracellular mEGFP tag of
the EGFR (Figure 2.6B-D). Circuit-regulated receptor mean densities were 1̃5-47
times lower than unregulated receptors (Figure 2.6E, Figure S2.5D). Further, ex-
pression distributions were narrower for the regulated plasmids compared to the
unregulated ones (Figure 2.6E). Critically, DIMMER reduced expression more ho-
mogeneously than possible by simply reducing the concentration of unregulated
plasmids in transfections (Figure 2.6F, Figure S2.5D). DIMMER-regulated ex-
pression with the 4×17nt circuit achieved EGFR expression levels comparable to



27

but lower than those of wild-type U2OS cells. Thus, DIMMER circuits allow
homogeneous reduction in ectopic expression to endogenous levels.

CRISPR imaging methods enable analysis of specific genomic loci in cell nuclei, but
can be limited by high background fluorescence due to basal expression of dCas9
fluorescent protein fusions [37, 38]. DIMMER circuits also improved dCas9-EGFP
imaging of telomeres. We transfected dCas9-EGFP with or without DIMMER
circuits, along with a gRNA targeting repetitive telomeric sequences [38, 39, 40]
(Figure 2.6G). The circuits reduced dCas9-EGFP expression, and its dosage sen-
sitivity (Figure S2.6A). Critically, in the unregulated system, dCas9-EGFP formed
bright aggregations in the nucleolus, but seldom labeled the telomeres, consis-
tent with previous observations [41] (Figure 2.6H left panel). By contrast, the
4×17nt circuit restricted most fluorescence to puncta (dots), consistent with telom-
eric labeling [38, 39, 40], and reduced labeling of the nucleolus (Figure 2.6H
middle panel). Further, the stronger 4×19nt circuit removed nearly all labeling in
the nucleolus, while maintaining apparent telomere labeling (Figure 2.6H right
panel). DIMMER circuits also substantially improved signal-to-background ratio
as well as contrast for individual dots (Figure S2.6B). Taken together, these results
demonstrate that dosage compensation circuits can improve imaging of proteins and
subcellular structures.
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Figure 2.6: Dosage compensation circuits enhance biological imaging
(A) EGFR fusions to mEGFP were expressed with (lower panel) or without (upper)
regulation.
(B) EGFR (adapted from PDB 7SYE) is linked to an mEGFP labeled with a DNA-
conjugated anti-GFP nanobody (PDB 6LR7).
(C) Diffraction-limited and DNA-PAINT imaging of CHO-K1 cells expressing
EGFR-mEGFP. Right panel, zoom-in of the boxed area.
(D) Representative single-molecule images of EGFR-mEGFP. Images show (L-R)
unregulated or regulated with DIMMER variants.
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Figure 2.6: (continued)
(E) DIMMER circuits homogeneously reduce expression levels to near-background
levels. The empirical cumulative distribution function (ECDF) of the receptor
density shows CHO-K1 cells transfected with EGFR-mEGFP with or without the
DIMMER module (blue curves), and the endogenous EGFR density in U2OS cells
(green curve), along with mock-transfected CHO-K1 cells, measured by DNA-
PAINT. Receptor densities: unregulated: 79.0 ± 42.4 µm-2, 4×17nt: 5.1 ± 1.7 µm-2,
4×18nt: 2.8 ± 1.0 µm-2, 4×19nt: 1.7 ± 0.5 µm-2, mock transfection: 0.9 ± 0.2 µm-2,
U2OS: 9.8 ± 1.5 µm-2 (mean ± 95% confidence interval).
(F) Reducing unregulated plasmid concentration does not provide a low and homo-
geneous receptor density, measured by DNA-PAINT. Receptor densities: 0 ng: 2.5
± 0.4 µm-2, 125 ng: 36.0 ± 25.0 µm-2, 250 ng: 115.7 ± 74.4 µm-2, 500 ng: 104.1 ±
64.5 µm-2(mean ± 95% confidence interval).
See also Figure S2.5.
(G) dCas9 can be used to image telomeres (schematic). Telomere-targeting gRNA
is driven by a U6 promoter and expressed from the dCas9-EGFP vector.
(H) DIMMER circuits enable telomere imaging by suppressing background. Top
row: representative images of dCas9–EGFP telomere labeling in the unregulated
construct and in two DIMMER designs (4×17nt and 4×19nt). Color bars, measured
EGFP intensities; scale bars, 20 µm. Bottom row: line-scan profiles of relative sig-
nal intensity for individual puncta. In the unregulated condition, high background
obscures isolated dots.
See also Figure S2.6.

2.3.8 DIMMER reduces off-target RNA base editing and transcriptome stress
The adenine base editor ABEMax is a powerful gene-editing tool. However, it can
induce undesired transcriptome-wide off-target A-to-I editing in HEK293 cells [42]
and cause detrimental transcriptional responses [43], raising concerns for gene
therapy applications. Engineering of the TadA and/or TadA* domain has partly
reduced these issues [44, 45]. However, the rate of off-target RNA editing increases
with the deaminase level [46]. We therefore asked whether DIMMER regulation
could further reduce off-target RNA editing while preserving high levels of on-target
DNA editing without additional protein engineering.

We investigated the impact of ABEMax regulation on both on-target DNA, and
off-target RNA editing. To evaluate the on-target editing rate, we designed a guide
RNA targeting the widely used “site 3” in HEK293 [45, 47]. We then co-transfected
HEK293 cells with the guide RNA construct along with the ABEMax base editor,
either unregulated or regulated with the DIMMER circuit module (Figure 2.7A). We
initially chose the 4×18nt miR-L design since it provides an intermediate expression
level setpoint. We harvested the cells 72h post-transfection, and extracted genomic
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DNA and RNA for further measurements.

The regulated ABEMax base editor performed on-target editing at a similar, if
modestly decreased, rate compared to the unregulated control (Figure 2.7B). To
measure the off-target RNA editing rate, we selected three transcripts (CTNNB1,
RSL1D1, IP90) known to exhibit high off-target editing due to similarity with native
TadA tRNA substrates [44, 47]. The DIMMER circuit successfully decreased the
mean A-to-I editing rate by 4 to 8.4-fold across the three transcripts (Figure 2.7C).
It also reduced the number of detectable A-to-I conversions within the transcript
(using a cutoff of 0.1% based on the sequencing results) (Figure 2.7D). At specific
adenosines that are highly edited by the unregulated ABEMax, the circuit exhibited
dramatically lower (around 10-fold) editing rates (Figure 2.7E, Data S2). We did
not detect off-target genomic DNA editing on the predicted potential endogenous off-
target sites with or without DIMMER. These results show that DIMMER regulation
can improve the ratio of on- to off-target edits.

The DIMMER circuit also reduced perturbations to the transcriptome. We per-
formed bulk RNA sequencing on cells treated with ABEMax with or without
DIMMER regulation. DIMMER reduced transcriptome changes compared with
unregulated ABEMax expression (Figure 2.7F, Data S2). More specifically, un-
regulated ABEMax exhibited 2̃-fold more differentially regulated genes (adjusted
p<0.05) compared to the regulated construct. Gene ontology annotation showed that
heat shock proteins, DNA damage, and repair-associated proteins were perturbed
in both unregulated and regulated ABEMax groups. However, the unregulated
ABEMax group produced 89 differentially expressed genes in the ‘nucleoplasm and
nucleus’ category, suggesting a more pervasive impact (Figure 2.7F, Data S2, Ta-
ble S2). Together, these results indicate that DIMMER can improve the specificity
of base editors by limiting their expression.
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Figure 2.7: DIMMERs reduce ABEMax off-target RNA base editing and tran-
scriptome stress, and operate in live mouse brains
(A) The ABEMax base editor was expressed with or without the miR-L-based
DIMMER. The gRNA targeting HEK293 site 3 was expressed on a separate plas-
mid driven by the U6 promoter.
(B) DIMMER modestly reduces on-target A-to-G DNA editing efficiency, measured
by the percentage of the A6 and A8 edited at HEK293 site 3.
(C-E) DIMMER strongly reduces off-target RNA editing. y-axis shows average
off-target A-to-I RNA editing percentage (C) and the total number of sequenced
adenosines in RNA with A-to-I conversion rate above 0.1% (D) for RSL1D1,
CTNNB1, and IP90 across their transcripts, and off-target A-to-I RNA editing
percentage of four specific A sites in the RSL1D1 transcript (E) (cf. Data S2).
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Figure 2.7: (continued)
In (B-E), each dot is a biological replicate. Error bars, standard deviation.
(F) DIMMER reduces off-target transcriptome perturbation. Volcano plots show
bulk RNAseq of cells containing regulated (4×18nt) and unregulated ABEMax
compared to mock transfection. Black dashed lines, |log2(fold change) | = 0.5. Red
dashed line, adjusted p-value = 0.05. Data represents three biological replicates.
(G) AAV-delivered constructs enable DIMMER-regulated protein expression in the
mouse brain. Upper panel: the H2B-mRuby3 construct (dosage indicator) and the
H2B-EGFP construct (target, either unregulated or regulated) driven by the same
promoter were co-delivered to live mouse brains. Lower panel: two-photon mi-
croscopy experiments quantifying circuit dynamics in live mice brains. See details
in STAR Methods.
(H) In vivo brain expression of the CaMKII𝛼 promoter cohort measured by mi-
croscope. Data were pooled, binned and plotted based on mRuby3 fluorescence
intensities on logarithmic (left) or linear (right) scales. See also Figure S2.7.

2.3.9 DIMMER circuits can operate in live mouse brains
Monogenic diseases of the central nervous system could potentially be cured by
gene replacement therapies [48, 49] using recently developed adeno-associated
virus (AAV) capsids that deliver genes across the blood-brain barrier [50, 51, 52].
However, many therapeutic genes are toxic or deleterious when overexpressed and
expression must be maintained over long periods. These considerations underscore
the need for controlled, durable cell-type specific in vivo expression of transgenes.

To test whether DIMMER circuits could function in vivo in mouse brain, we de-
signed a set of 6 AAV vectors that express H2B-EGFP with or without the broadly
dosage compensating 4×19nt DIMMER circuit (Figure 2.7G upper panel, Figure
S2.7A), For in vivo expression, we compared three promoter systems with dis-
tinct cell-type specificities: the CaMKII𝛼 promoter (CaMKII𝛼 hereafter), which
drives expression in excitatory projection neurons, particularly in the cortex and
hippocampus [53, 54]; a hybrid CMV enhancer–MeCP2 promoter (MeP hereafter),
which enables broad neuronal expression throughout the brain [55]; and a mini-
mal 𝛽-globin promoter driven by the mDLX2 enhancer (mDLX2 hereafter), which
selectively targets GABAergic interneurons in the forebrain, including the motor
cortex [56]. As controls, we also delivered a corresponding set of unregulated
constructs lacking the DIMMER circuit. All constructs were codelivered with the
mRuby3 construct for internal normalization. We injected each pair of constructs
into one cohort of mice, and analyzed expression of both fluorescent reporters over
time by two-photon head-fixed imaging at single-cell resolution through a previously



33

described cranial implant [57] over the left motor cortex (Figure 2.7G lower panel,
STAR Methods). This approach allowed us to monitor the fluorescent dynamics of
EGFP and mRuby3 expression in individual cortical cells over timescales of 56-84
days.

To better understand the relationship between promoter strength, expression dy-
namics, and regulatory compensation, we analyzed circuit performance over time
(Figure S2.7B-E). For all three promoters, fluorescence gradually accumulated
over multiple weeks. Notably, the mDLX2 promoter, which is relatively weak and
interneuron-specific, showed no evidence of dosage compensation across all time-
points (Figure S2.7D). Similarly, the MeP promoter, which drives moderate, pan-
neuronal expression, shifted the distribution downward in regulated conditions but
did not reach expression levels sufficient to trigger compensation, even at later time
points (Figure S7E). In contrast, the strong CaMKII𝛼 promoter exhibited dosage
compensation at later stages (28–56 days). By 28 days, expression from the regulated
CaMKII𝛼 construct plateaued and diverged from the unregulated condition, con-
sistent with engagement of post-transcriptional attenuation by the DIMMER circuit
(Figure 2.7H, S2.7B). These findings suggest that dosage compensation can occur
in the brain for some construct designs, that promoter strength and time-dependent
expression dynamics are critical for entering the dosage compensation regime, and
that weaker promoters may be unable to reach high enough expression levels to
activate compensatory repression with this DIMMER variant (Figure S2.7F). In
the future, increasing the number of miRNA copies or miRNA target sites could
enable stronger dosage compensation with weaker promoters.

2.4 Discussion
Ectopic gene expression is a cornerstone of modern biology, and gene and cell
therapy but precise control has remained elusive in most applications. The miRNA
circuits described here achieve precise, sequence-tunable gene dosage-invariant
control of protein expression (Figure 2.2 and 2.3), orthogonal control of multiple
target genes (Figure 2.4), and portability across cell types and modes of delivery
(Figure 2.5). We therefore anticipate that they could become standard systems for
controlled gene expression in diverse areas of biomedical science and biotechnology,
including imaging (Figure 2.6), CRISPR-based gene editing (Figure 2.7), and AAV-
based gene therapy (Figure 2.7, Figure S2.7).

The process of engineering these circuits revealed unexpected design principles.
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Strong miRNA regulation, as obtained with the 1×21nt circuit, was not sufficient
for dosage invariance within targeted expression levels (Figure 2.1F). Rather, si-
multaneously reducing complementarity and multimerizing target sites to engage
multivalent TNRC6-dependent regulation was essential. In other regulatory sys-
tems, multispecific recognition is associated with ultrasensitivity. Here, however, it
allowed linearly sensitive repression of mRNA required for dosage invariance but
shifted responses to higher dosages. It will be interesting to learn whether natural
miRNA regulatory systems use multispecific binding in similar ways [58, 59]. We
also observed that separation of miRNA and target gene into divergently transcribed
genes can be useful in allowing strong, independent control of miRNA expression
relative to target mRNA (Figure 2.3B-E) but is not required for precise expression,
facilitating applications like gene therapy where vector capacity can be limiting
(Data S2).

The system may be extended or improved in different ways. First, better miRNA
sequence-function models could potentially allow predictive design of setpoints.
Second, current expression distributions exhibit significant variability, or noise
(Figure 2.3E). This could reflect transcriptional bursting of the target or the miRNA,
and could also be exacerbated by potential differences in the time delays for miRNA
production and processing compared to RNA splicing and nuclear export. Going
forward, understanding these and other contributions to overall variability could
help to reveal fundamental limits of expression precision in the cell [4, 5, 60, 61].
Finally, the ability to combine DIMMER regulation with inducible promoters or
natural enhancers for cell-type specificity could make these systems even more
useful.

The circuits introduced here will be useful in diverse settings. They reduced back-
ground in imaging applications (Figure 2.6). They also reduced off-target RNA
editing by CRISPR base editors, while maintaining on-target editing, suggesting
they may be useful for gene editing applications (Figure 2.7). Analysis of stronger
circuits with even lower expression setpoints could help to achieve even lower
off-target edit rates. A major application category is gene therapy (Figure 2.7G-
H, Figure S2.7). Many monogenic diseases that are gene therapy targets exhibit
toxicity at high levels of the therapeutic gene, making it critical to suppress over-
expression [62, 63, 64, 65, 66]. In the future, DIMMER circuits could also ensure
fixed expression levels for receptors or other components in cell therapies [67], and
therefore allow expression of transcription factors and other components at physio-
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logical expression levels for regenerative medicine and other applications [68, 69].
Thus, we anticipate these systems becoming useful components in a wide range of
engineered research and therapeutic contexts.

2.4.1 Limitations of the study
The DIMMER circuits have limitations. First, we do not yet have a predictive model
of how an arbitrary miRNA sequence will behave quantitatively in a dosage compen-
sation circuit. Varying miRNA regulation strength by modulating complementarity
was straightforward with miR-L, but more complex for other synmiRs, suggesting
that additional factors besides base pairing are likely important for fully predicting
the activity of a miRNA on its target. Second, some aspects of the relevant molec-
ular mechanisms remain unclear, including the role of catalytic slicer-dependent
regulation [70, 71].
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2.5 Supplemental Information
2.5.1 Supplemental Figures

Figure S2.1: The dosage response curves of the miR-L and miR-Lmut -based
targets and their dependencies of the TNRC6. Related to Figure 2.1 and Figure
2.2.
(A-B) The performance of the miR-L-mediated 1-4×18nt constructs (A) and 1-
4×19nt constructs (B), measured by flow cytometry.
(C-D) The performance of the bulged target constructs either in the single copy (C)
or in the multiple copy (D) configurations. The bulge designs were shown as the
insets in the center of the plots. The bulge region starts from the 9th nucleotide on
the target, and the lengths of which range from 1 nt to 5 nt.
(E-F) We performed flow cytometry on the cells transfected with the miR-L 4×17nt
construct (E) or miR-L 1×21nt construct (F) described in Figure 2.2B-C along with
the fluorescent protein-only negative control, the T6B peptide, or the catalytically
dead T6B peptide (denoted as T6BMut), respectively. The design of the catalytically
dead T6B peptide was consistent with the previous literature [16].
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Figure S2.1: (continued)
(G-J) We performed flow cytometry on the cells co-transfected with the labeled
constructs and the T6B peptide or the control described in Figure 2.2B-C to iden-
tify the TNRC6 dependence of different constructs. T6B restored the multiple-site
targets to the similar level of the corresponding single-site targets.
(K-N) We performed flow cytometry on the cells transfected with the constructs
regulated by the miR-Lmut, and compared them with the corresponding constructs
regulated by the original miR-L. The inclusion of the central mismatch in the miRNA
slightly enhanced the regulation.
(O-P) We performed flow cytometry to measure the TNRC6 dependence of the
1×21nt (O) and the 4×17nt (P) constructs, respectively. Similar TNRC6 depen-
dence was observed for these miR-Lmut-regulated constructs compared to that of the
original miR-L-regulated constructs shown in Figure 2.2B-C.
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Figure S2.2: The initial synmiR-2, 3, and 6 performances, the biological repli-
cates of the orthogonality test, the 4×17nt designs of synmiR-4 and synmiR-5,
and the measurements of the fluorescent protein expression of the dual-reporter
system. Related to Figure 2.4.
(A-B) We performed flow cytometry on the cells co-transfected with the circuit
shown in Figure 2.4A using the initial sequence of synmiR-2 (A, left panel),
synmiR-3 (A, right panel), synmiR-6 (B), and their corresponding targets with a
single, fully complementary target site, respectively. The BFP only control does not
have the 3’UTR miRNA. Relative expression levels were quantified as described in
Figure 2.4B. Initial designs of synmiR-2 and synmiR-3 didn’t function. synmiR-6
functioned but showed a sequence similarity to the endogenous miRNA hsa-mir-
5697 (STAR Methods).
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Figure S2.2: (continued)
(C) The other two biological replicates of the experiment described by Figure 2.4E.
(D) The dosage response curves of 4×17nt designs of synmiR-4 and synmiR-5,
measured by flow cytometry.
(E) The biological replicate of the experiment described in Figure 2.4H, along
with the unregulated control group (grey). The unregulated group contains the dual
reporter system, both without the regulation element. Other experimental settings
are the same as described in Figure 2.4H.
Upper panel, the distributions of the ratio of both unregulated pro-
teins ([mRuby]/[mTagBFP2]) against the ratio of both regulated proteins
([EGFP]/[iRFP]).
The bottom left panel shows the regulated proteins’ distributions of each group. The
bottom right panel shows the dosage indicators’ distributions of each group.
The dosage indicators exhibit the same distribution among different groups, by
contrast, different combinations of DIMMERs allow a clear separation of the pop-
ulations by the regulated proteins. Additionally, DIMMERs tightly control the
stoichiometry of the regulated proteins.
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Figure S2.3: Figure S3. A gallery of all the DIMMER designs based on differ-
ent miRNAs and targets (A) and the dependence of TNRC6-based regulation
(B).Related to Figure 2.4.
Experimental settings are the same as described in Figure 2.2B. Almost all circuits
used here relied on the TNRC6 to implement the inhibition, except synmiR-2 8×8nt,
which might already be strong enough to achieve strong regulation.
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Figure S2.4: IFFL works across different cell lines. Related to Figure 2.5.
(A) The performance of different DIMMERs among various cell lines. The starting
dosage of the dosage compensation behavior and the setpoint expression were indi-
cated by the gray vertical lines and the horizontal lines, respectively.
(B) The threshold and the setpoint level co-vary across cell lines. The black solid
line indicates a linear fit in the logarithm space (STAR Methods). See also Figure
2.5B.
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Figure S2.5: DIMMER circuit improves the DNA-PAINT experiment. Related
to Figure 2.6.
(A) We performed flow cytometry on cells that were transfected with the EGFR-
mEGFP with or without the DIMMER module. Cells were gated and binned by
mRuby3 intensities. The expression of EGFR-mEGFP was plotted.
(B-C) Representative confocal microscopy images of the U2OS cells transfected
with or without the DIMMER circuits (B) with different contrasts (C, indicated by
the side color bars). The images were taken using the 60× magnification objective.
Numbers on the color bars indicate the fluorescence intensities measured by imageJ.
Scale bar, 20 µm. DIMMERs allow a more uniform expression at a lower setpoint.
(D) The statistical test of the DNA-PAINT experiment described in Figure 2.6E (i)
and Figure 2.6F (ii). The pipeline of the statistical test is described in the STAR
Methods section.
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Figure S2.6: DIMMER circuit improves the CRISPR-based imaging. Related
to Figure 2.6.
(A) We performed flow cytometry on the cells co-transfected with the dCas9-EGFP
and the guide RNA plasmid, with or without the DIMMER circuit regulating the
dCas9-EGFP. The plot shows the distributions of the EGFP fluorescence signal.
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Figure S2.6: (continued)
(B) The boxplot shows the quantification of the signal-to-noise ratio (SNR) of the
dots in the cells transfected with the dCas9-EGFP with or without the DIMMER
module. Each scatter represents one dot inside a cell.
(C) The confocal microscopy images of one live U2OS cell expressing the dCas9-
EGFP regulated by the 4×17nt circuit (left) and the same cell labeled by the DNA-
FISH (right) probes targeting the telomeres post-fixation. The yellow arrowheads
indicate the locations of the corresponding telomeres in the live cell and the fixed
cell. Scale bar, 20 µm. Images were taken using the 60× objective. Detailed exper-
imental procedures are described in STAR Methods.
(D) The confocal microscopy image of one live U2OS cell expressing the dCas9-
EGFP driven by the minimal CMV promoter. Numbers on the color bars indicate
the fluorescence intensities measured by imageJ. Scale bar, 20 µm.
(E) The confocal microscopy images of live HEK293T cells expressing the dCas9-
EGFP either driven by the constitutive promoter and regulated by the 4×19nt DIM-
MER circuit (left) or driven by the minimal CMV promoter (right). Numbers on
the color bars indicate the fluorescence intensities measured by imageJ. Scale bar,
20 µm.
(F) We performed flow cytometry on the U2OS cells expressing the dCas9-EGFP
either driven by the constitutive promoter and regulated by the 4×19nt DIMMER
circuit or driven by the minimal CMV promoter. The plot shows the distributions
of the EGFP fluorescence signal.
(G) We performed flow cytometry on the HEK293T cells expressing the dCas9-
EGFP either driven by the constitutive promoter and regulated by the 4×17nt and
4×19nt DIMMER circuits or driven by the minimal CMV promoter. The minimal
CMV promoter generates a broader EGFP distribution.
(H) We performed flow cytometry on the HEK293T cells expressing the dCas9-
EGFP either driven by the constitutive promoter and regulated by the 4×19nt DIM-
MER circuit or driven by the minimal CMV promoter with different transfection
doses. The lowest transfection amount condition (12.5 ng) still cannot generate a
distribution matching that of the 4×19nt DIMMER circuit.
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Figure S2.7: DIMMER circuits operate in live mouse brains. Related to Figure
2.7.
(A) We performed flow cytometry on the U2OS cells that were co-transfected with
the circuits described in Figure 2.7G, upper panel.
(B) We quantified the expressions of H2B-mRuby3 and H2B-EGFP driven by the
CaMKII𝛼 promoter which labels the excitatory neurons over time. Each dot repre-
sents the protein expressions of one single cell. Expressions of the unregulated and
the regulated groups both accumulated with time, and gradually showed separation
from each other. The time shown on the top of each plot indicates the time post
injection. The image analysis procedure is described in detail in STAR Methods.
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Figure S2.7: (continued)
(C) We plotted the relative expression (the median single-cell EGFP/mRuby3 value)
of each mouse at each single time point in the CaMKII𝛼 promoter cohort. The orange
curve and the red curve show the EGFP/mRuby dynamics of two mice in the unreg-
ulated group, and the light blue and the dark blue curves show the EGFP/mRuby
dynamics of two mice in the 4×19nt DIMMER-regulated group. The shaded region
was calculated as described in Figure 2.1F.
(D)(E) We used the mDLX2 promoter to drive the GABAergic interneuronal ex-
pression (D), and used the MeP promoter to drive pan-neuronal expression (E) in
the mouse brains. The left and the middle panels show the quantification of the
pooled cells under each experimental condition, as described in Figure 2.7H, with
the corresponding tissue-specific promoter, respectively. The right panels show the
relative expression of each mouse at each single time point, as described in (C),
with the corresponding tissue-specific promoter, respectively.
(F) We pooled all the data of different cohorts together and plotted the EGFP in-
tensities against mRuby3 intensities in the linear scale. The dots were calculated by
the binned mRuby3 intensities.

2.5.2 Data S1: Mathematical modeling of the miRNA-based gene dosage
compensation circuits, related to Figure 2.1.

I. Modeling miRNA-based gene dosage compensation circuits

Here we develop a simplified mathematical model of miRNA-based incoherent feed-
forward loop (IFFL) circuits, and use it to explore how various parameters control
the scaling of target gene expression with gene dosage. The focus in this section is
to understand how general properties of the circuit influence its ability to perform
dosage compensation. We also include a second Supplementary modeling section
that focuses on the role of specific molecular mechanisms.

In this model, we focused on three sets of dynamic processes: RISC production and
removal, mRNA production and removal, and RISC-mRNA complex formation.

1. RISC production and removal. We assume miRNA is expressed, processed,
and loaded into Argonaute (Ago) proteins to form an active (mature) RNA-Induced
Silencing Complex (RISC) [72]. We denote the concentration of mature RISC
(containing the miRNA) as 𝑟. We assume RISC is produced at a total rate of
𝐷𝛽r, where 𝐷 denotes gene copy number (gene dosage) and 𝛽r denotes the rate of
production RISC production per gene copy. This expression implicitly assumes that
miRNA expression levels do not saturate available miRNA processing machinery,
Ago, or other components. We also assume that the RISC complex is removed at
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total rate 𝛾r𝑟, where 𝛾r denotes a combined rate constant for dilution, degradation,
and other removal processes.

2. mRNA production and removal. We assume mRNA, denoted𝑚, is produced at
a rate proportional to gene copy number, 𝐷𝛽m, where 𝛽m is the mRNA production
rate per gene copy. mRNA can also be removed at a rate 𝛾m𝑚 due to dilution and
degradation. We note that even though mRNA and miRNA are produced from the
same engineered locus, the production rate constants 𝛽m and 𝛽r can differ, since
the miRNA and mRNA are produced from distinct promoters, and/or are processed
through different downstream pathways.

3. RISC-mRNA complex formation and dissociation. We assume that the RISC
and target mRNA associate to form a complex, whose concentration is denoted𝐶, at
a rate 𝑘on𝑟𝑚, following mass action kinetics with rate constant, 𝑘on. Once formed,
this complex can dissociate at rate 𝑘off𝐶, undergo catalytic mRNA degradation, at
rate 𝑘c𝐶.

These chemical reactions can be summarized as follows, using𝐺 to denote the gene,
present at copy number (dosage) 𝐷:

𝐺
𝐷𝛽r−−−→ 𝐺 + 𝑟

𝑟
𝛾r−→ ∅

𝐺
𝐷𝛽m−−−→ 𝐺 + 𝑚

𝑚
𝛾m−−→ ∅

𝑟 + 𝑚 𝑘on−−→ 𝐶

𝐶
𝑘off−−→ 𝑟 + 𝑚

𝐶
𝑘𝑐−−→ 𝑟
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Figure S2.8: Reactions in the minimal model, including mRNA and miRNA
production and removal, as well as RISC complex formation and catalytic mRNA
degradation. Parameters on arrows denote reaction rates.

With these definitions and assumptions, we can write down a set of ordinary differ-
ential equations for the three variables, 𝑟, 𝑚, and 𝐶.

𝑑𝑟

𝑑𝑡
= 𝛽r𝐷 − 𝛾r𝑟 − 𝑘on𝑟𝑚 + (𝑘c + 𝑘off)𝐶

𝑑𝑚

𝑑𝑡
= 𝛽m𝐷 − 𝛾m𝑚 − 𝑘on𝑟𝑚 + 𝑘off𝐶

𝑑𝐶

𝑑𝑡
= 𝑘on𝑟𝑚 − (𝑘c + 𝑘off)𝐶

These equations resemble previous modeling of regulation by small RNAs [73, 74],
except for the explicit incorporation of gene dosage in the control of both mRNA
and miRNA.

To gain insight into the possible behaviors of this system, we first non-dimensionalize
it. We define a dimensionless time, 𝑡̃ = 𝛾r𝑡, by rescaling time in units of the RISC
lifetime. We also define a dimensionless RISC concentration, 𝑟̃ = 𝑟/(𝛽r/𝛾r).
This effectively rescales 𝑟 in units of the unregulated steady-state expression level
produced by a single copy of the gene. We similarly define a dimensionless mRNA
concentration, 𝑚 = 𝑚/(𝛽m/𝛾m), normalizing 𝑚 by its single copy steady state
expression level. Finally, we define a dimensionless concentration of the RISC-
miRNA-mRNA complex, 𝐶 = 𝐶/(𝛽m/𝛾m).
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In addition, we define a set of convenient dimensionless parameter ratios:

𝛾 =
𝛾m
𝛾r

𝛽 =
𝛽m
𝛽r

𝑘̃on =
𝑘on𝛽r
𝛾m𝛾r

𝑘̃off =
𝑘off
𝛾m

𝑘̃c =
𝑘c
𝛾m

𝐾 =
𝑘̃c + 𝑘̃off

𝑘̃on

In the non-dimensionalized system, the differential equations can be written as,

𝑑𝑟̃

𝑑𝑡̃
= 𝐷 − 𝑟̃ − 𝑘̃on𝛽𝑚𝑟̃ + ( 𝑘̃c + 𝑘̃off)𝛽𝐶

𝛾−1 𝑑𝑚

𝑑𝑡̃
= 𝐷 − 𝑚 − 𝑘̃on𝑚𝑟̃ + 𝑘̃off𝐶

𝛾−1 𝑑𝐶

𝑑𝑡̃
= 𝑘̃on(𝑚𝑟̃ − 𝐾𝐶)

By definition, at steady state, the time derivatives all equal zero. Denoting steady
values with a subscript 𝑠, we then have:

𝐷 − 𝑟̃s − 𝑘̃on𝛽𝑚s𝑟̃s + ( 𝑘̃c + 𝑘̃off)𝛽𝐶s = 0

𝐷 − 𝑚s − 𝑘̃on𝑚s𝑟̃s + 𝑘̃off𝐶s = 0

𝑚s𝑟̃s − 𝐾𝐶s = 0

Solving the equations above, we obtain an equation for steady-state mRNA concen-
tration:

𝑚s =
𝐷

1 + 𝑘̃c
𝐾
𝐷

Henceforth, we will omit the tildes for notational convenience, and switch to the
non-dimensionalized variables and parameters.

In the limit of large dosage, 𝑘c
𝐾
𝐷 ≫ 1. As a result, 𝑚s approaches a limiting

value, 𝑚s → 𝐾
𝑘c

independent of gene dosage. This is the regime that the constructs
developed here are targeting.
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Figure 2.1D plots this expression, and Figure S2.9A and B plot the expression in
different paramters, i.e. 𝑘off , and 𝑘c.

Finally, to estimate biological parameter values, we assume that the miRNA and
mRNA are produced at similar rates, using estimated parameter values derived from
[75] with tunable ranges, as listed in the following table:

Non-dimensional parameter Dimensionless values
𝛽 1
𝛾 0.8
𝑘on 200000
𝑘off 10, 100, 1000, 10000
𝑘c 400, 40, 4, 0.4, 0.004, 0.0004

Table 2.1: Dimensionless parameters for the minimal model.

This simple model suggests that steady state mRNA concentration can—under some
regimes—achieve dosage independence.
I.1 Incorporating ultrasensitivity
Multiple mechanisms can give rise to ultrasensitivity in miRNA regulation, which
is not present in the model so far. To allow for ultrasensitivity, we considered a more
general, phenomenological model in which target mRNA inhibition by miRNA
follows a Hill function of the RISC concentration, with Hill coefficient 𝑛. This
treatment omits intermediate steps, i.e., the RISC-mRNA complex formation and
dissociation. With this assumption, we can write down a different set of ordinary
differential equations for the two variables, 𝑟, and 𝑚.

𝑑𝑟

𝑑𝑡
= 𝛽r𝐷 − 𝛾r𝑟

𝑑𝑚

𝑑𝑡
=

𝛽m𝐷

1 + ( 𝑟
𝜅
)𝑛 − 𝛾m𝑚

To non-dimensionalize this system, we define 𝑡̃ = 𝛾r𝑡, 𝑟̃ = 𝑟/(𝛽r/𝛾r), and 𝑚 =

𝑚/(𝛽m/𝛾m). Additionally, we define 𝐾 =
𝛽r
𝛾r𝜅

for convenience. The steady state
expression of mRNA concentration can then be written as:

𝑚s =
𝐷

1 + (𝐾𝐷)𝑛

Figure S2.9C plots this expression when 𝐾 = 1 and 𝑛 = 0.5, 1, 2. Critically, only
when 𝑛 = 1, does 𝑚s approach a limiting value independent of 𝐷. If 𝑛 < 1, 𝑚s
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shows a sublinear increase with 𝐷. If 𝑛 > 1, 𝑚s shows a biphasic dependence on 𝐷
(Figure S2.9C).

This analysis suggests that it is important to maintain a Hill coefficient of 𝑛 ∼ 1 for
optimal dosage compensation.

I.2 Incorporating complex degradation and the bounded mRNA Thus far, we
ignored possible degradation of mRNA and miRNA within the complex, and did not
explicitly account for total mRNA, denoted 𝑚tot, which includes both free mRNA
and mRNA engaged in RISCs. Here, we incorporate these additional reactions and
analyze their effects on the dosage response behavior. Specifically, we added two
additional reactions:

𝐶
𝛾𝑟−→ 𝑚

𝐶
𝛾𝑚−−→ 𝑟

We now write down the modified ordinary differential equations:

𝑑𝑟

𝑑𝑡
= 𝛽r𝐷 − 𝛾r𝑟 − 𝑘on𝑟𝑚 + (𝑘c + 𝑘off + 𝛾m)𝐶

𝑑𝑚

𝑑𝑡
= 𝛽m𝐷 − 𝛾m𝑚 − 𝑘on𝑟𝑚 + (𝑘off + 𝛾r)𝐶

𝑑𝐶

𝑑𝑡
= 𝑘on𝑟𝑚 − (𝑘c + 𝑘off + 𝛾m + 𝛾r)𝐶

We then perform non-dimensionalization, as above. The only dimensionless pa-
rameter that has been changed is 𝐾 , which now is 𝐾 =

𝑘̃c+𝑘̃off+1+𝛾−1

𝑘̃on
, leading to the

following dimensionless differential equations:

𝑑𝑟̃

𝑑𝑡̃
= 𝐷 − 𝑟̃ − 𝑘̃on𝛽𝑚𝑟̃ + ( 𝑘̃c + 𝑘̃off + 1)𝛽𝐶

𝛾−1 𝑑𝑚

𝑑𝑡̃
= 𝐷 − 𝑚 − 𝑘̃on𝑚𝑟̃ + ( 𝑘̃off + 𝛾−1)𝐶

𝛾−1 𝑑𝐶

𝑑𝑡̃
= 𝑘̃on(𝑚𝑟̃ − 𝐾𝐶)
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From this, we can compute steady state concentrations:

𝐶s =
𝑚s𝑟s
𝐾

𝑚s =
𝐷

1 + (1+𝑘c)𝑟s
𝐾

𝑟s =
𝐷 (𝑘c + 1) − 𝛽𝐷𝛾−1 − 𝐾 +

√︃
(𝐷 (𝑘c + 1) − 𝛽𝐷𝛾−1 − 𝐾)2 + 4𝐷𝐾 (𝑘c + 1)

2(𝑘c + 1)

Considering the parameter regime where 𝑘c + 1 ≫ 𝛽𝛾−1, the 𝛽𝐷𝛾−1 term is neg-
ligible. Therefore, we get 𝑟s ≈ 𝐷. Henceforth, we drop the tildes for notational
convenience, as in the previous sections. We write down the expression for 𝑚tot:

𝑚tot = 𝑚s + 𝐶s = 𝑚s(1 + 𝑟s
𝐾
) = 𝐷 (𝐾 + 𝑟s)

𝐾 + (𝑘c + 1)𝑟s
≈ 𝐷 (𝐾 + 𝐷)
𝐾 + (𝑘c + 1)𝐷

We now discuss the behavior of 𝑚tot at different dosages:

1. When 𝐷 ≪ 𝐾
𝑘c+1 < 𝐾: 𝑚tot → 𝐷. In this case, the total mRNA scales linearly

with the dosage, similar to the small dosage regime in the minimal model.

2. When 𝐾
𝑘c+1 < 𝐷 ≪ 𝐾: 𝑚tot ≈ 𝐷

1+ (𝑘c+1)𝐷
𝐾

→ 𝐾
𝑘c+1 . In this case, 𝑚tot shows dosage

compensation.

3. When 𝐷 ≫ 𝐾: 𝑚tot → 𝐷
𝑘c+1 . In this case, the total mRNA is again approximately

proportional to dosage, but has a lower setpoint compared with the unregulated
condition due to repression. Figure S2.9D depicts this behavior.



53

Figure S2.9: The minimal model of the miRNA-mediated IFFL. A, modeling the
steady-state, dimensionless mRNA concentration under different 𝑘off while main-
taining 𝑘on = 2×105, 𝑘c = 0.4. B, modeling the steady-state, dimensionless mRNA
concentration under different 𝑘c while maintaining 𝑘on = 2 × 105, 𝑘off = 10. C,
modeling the steady-state, dimensionless mRNA concentration under different Hill
coefficient n while maintaining 𝐾 = 1. D, modeling the steady-state, dimensionless
total mRNA amount (including the free mRNA and the bounded complex) under
different 𝑘c while maintaining 𝑘on = 2 × 105, 𝑘off = 10 by considering the complex
degradation caused by natural degradation of either mRNA or miRNA, and the
translational contribution of the bounded complex.

II. Conclusions from simple modeling of miRNA-based gene dosage
compensation circuits

Based on the results above, we obtain the following main design guidelines for
miRNA-based dosage compensation circuits:

1. miRNA-based circuits incorporating miRNA-mRNA complex formation and
catalytic mRNA degradation should be able to achieve dosage compensation.

2. However, a critical requirement for dosage compensation is non-ultrasensitive
regulation of mRNA by miRNA, i.e. a Hill coefficient 𝑛 ∼ 1.

3. Degradation of mRNA and miRNA within the RISC can affect dosage compen-
sation. However, these reactions still allow dosage compensation within a limited
regime provided that 𝑘𝑐 is sufficiently high (Figure S2.9D). The cutoff for this be-
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havior occurs when dosage levels increase enough to make 𝑟𝑠 becomes comparable
to 𝐾 , leading to a "tail" in the expression versus dosage plot.

2.5.3 Data S2: Iterative engineering, auxiliary analyses of variance, alter-
native visualizations of the main figure datasets, and other technical
controls, related to Figure 2.2, 2.3, 2.4, 2.5, 2.7.
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Figure S2.10: The iterative engineering process of different circuit architec-
tures, related to Figure 2.2.
Left panel, various circuit configurations; right panel, corresponding circuit quanti-
tative behaviors measured by flow cytometry.
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Figure S2.10: (continued)
In the first generation of the circuit, a co-transcribed miRNA design was used.
Placing the intronic synthetic miRNA in the 3’-UTR or in the middle of the transcript
both lead to the strong repression effects that might be caused by the destabilization
of the transcript that is independent of the miRNA inhibition. Placing the intronic
synthetic miRNA in the 5’-UTR of the transcript does not produce enough miRNA.
In the second generation of the circuit, the intronic synthetic miRNA sequence was
placed in the separate transcript (which is mRuby3). No matter where the miRNA
sequence is inserted, the dosage compensation behavior is maintained. However,
when the miRNA sequence is placed into the 3’-UTR, the amount of the mature
miRNA seems to be the greatest, since the circuit has the lowest setpoint.
In the third generation of the circuit, the intronic synthetic miRNA sequence was
placed in the same transcript as the regulated EGFP. The key difference between
the third generation design and the first generation design is that the splicing signal
sequence is optimized (indicated by the black triangles). The dosage compensation
behavior is achieved, and the utilization of a stronger promoter changes the setpoint.

Circuit configuration miRNA production Transcript
stability

1st generation, 1 normal-to-low miRNA production unstable
1st generation, 2 low miRNA production stable
1st generation, 3 almost no miRNA production unstable
2nd generation, 1 normal miRNA production stable
2nd generation, 2 lower miRNA production compared

to 2nd generation, 1

stable

2nd generation, 3 lower miRNA production compared
to 2nd generation, 1

stable

3rd generation, 1 normal miRNA production stable
3rd generation, 1 ,
stronger promoter

normal miRNA production stable

Table 2.2: Summary of performances of different circuit configurations in Data
S2-1.
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Figure S2.11: The dosage response curves of multiple miR-L 4×n circuits.
Related to Figure 2.3.
(A) The curves in Figure 2.3A right panels with the geometric variances plotted.
(B) We performed flow cytometry on the cells transfected with the miR-L regulating
4×n circuits described in Figure 2.3A. Gray rectangle indicates the gated region of
the Figure 2.3A left panel.
(C) The curves in (B) with the geometric variances were plotted separately to avoid
being cluttered together.
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Figure S2.12: The dosage response curves of the inducible DIMMER circuits
in TRex cells. Related to Figure 2.3.
(A) The left panel shows the contour plot of the 4×19nt construct described in Figure
2.3E. The concentration of 4-epi was 333.3 ng/mL. Cells falling into the shaded
grey region were selected to plot the EGFP distribution in the right panel. Cells
in Figure 2.3E falling into the same mRuby3 range were also selected to plot the
EGFP distribution at the 4-epi concentration of 100 and 33.3 ng/mL. The bimodal
distribution of EGFP indicates the bursty nature of the Tet-On promoter used here,
and explains the seemingly ultrasensitive behavior observed in Figure 2.3E when
the dosage is low.
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Figure S2.12: (continued)
(B-C) We performed flow cytometry on the TRex cell line which was transfected
with the 4×17nt (B) or 4×18nt (C) DIMMER construct described in Figure 2.3E.
The concentrations of the 4-epi-Tetracycline, from purple to yellow, were 0, 10, 33.3,
100, 333.3 ng/mL. The gray curve denotes the mRuby-only transfection control.
(D) The curves in Figure 2.3E and Data S2-3 B-C with the geometric variances
plotted separately to avoid being cluttered together.

Figure S2.13: The geometric variance of the dosage response curves in Figure
2.4D (A) and Figure 2.4F (B) to avoid curve cluttering. Related to Figure 2.4.
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Figure S2.14: Plots of the normalized transcripts per million (TPM) of the syn-
thetic miRNA expressing cells versus the mean TPM. Related to Figure 2.5. The
mean TPM was calculated by averaging all the TPM of all the synmiR-expressing
cell samples. Solid line indicates where the TPM of the sample is equal to the
mean. Dashed lines indicate 10 fold expression differences between the mean and
the synmiR-expressing cells.
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miRNA Differentially expressed genes
synmiR-1 HSPA6, PCSK5, HSPA1A, HSPA1B, KRT17, LOXL4, BAG3,

SSC4D, FADS2, GNB2, TUBA1A, TNNC1, CLPTM1L, FOXD1,
CCN2

synmiR-2 HSPA6, PCSK5, HSPA1A, HSPA1B, RPL17
synmiR-3 HSPA6, PCSK5, HSPA1A, HSPA1B, SPARC
synmiR-4 HSPA6, PCSK5, HSPA1A, HSPA1B, CLPTM1L, POLR2L
synmiR-5 HSPA6, PCSK5, HSPA1A, HSPA1B, CLPTM1L, SSC4D, RPL17,

TNNC1
synmiR-7 HSPA6, PCSK5, HSPA1A, HSPA1B, BAG3, GNB2, AP2S1,

CLPTM1L, RHOC, HDLBP
synmiR-8 HSPA6, PCSK5, HSPA1A, HSPA1B, RPL17, LOXL4, FADS2,

KRT17, RPS2, SSC4D, SPARC, DDX5, TNNC1
synmiR-9 HSPA6, LOXL4, FADS2, KRT17, PCSK5, RPL17, HSPA1B, SSC4D,

DKK3, LOXL1, TPM1, TUBA1A, BCAM, SPARC, MAGED1,
SEMA6B, TNNC1, AP2S1, RPS2, RPS19

synmiR-10 HSPA6, LOXL4, FADS2, KRT17, PCSK5, GNAS, RPL17, SSC4D,
DKK3, BCAM, MAGED1, DDX5, SPARC, TUBA1A, YWHAZ,
TNNC1, AP2S1, ACTG1, MRFAP1, RPS2, VIM

miR-L HSPA6, GNAS, HSPA1B, RPL17, VIM

Table 2.3: Gene annotation for the significantly differentially expressed genes
suggested by bulk RNAseq in Data S2-5. Shared differentially expressed genes
were color-coded.
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Figure S2.15: DIMMER circuits reduce the off-target RNA editing of the
ABEMax base editor. Related to Figure 2.7. The off-target A-to-I RNA editing
percentage of the four specific A sites in the CTNNB1 (A) and the IP90 (B) transcript.
Each dot is a biological replicate. Error bars show the standard deviation.
(C) Gene ontology annotation of significantly affected genes identified by bulk RNA
sequencing (as in Figure 2.7F and STAR Methods). Upper panel, the number
of significantly affected genes in the unregulated ABEMax and 4×18nt circuit-
regulated ABEMax groups. Lower panel, gene ontology annotation of significantly
upregulated/downregulated genes in the unregulated ABEMax group (left) and the
4×18nt circuit-regulated ABEMax group (right). Color bar denotes enrichment
score.

2.6 STAR Methods
2.6.1 RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and
will be fulfilled by the lead contact, Michael B. Elowitz (melowitz@caltech.edu).
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Materials availability

Plasmids generated in this study are being submitted to Addgene. All unique/stable
reagents generated in this study are available from the lead contact with a completed
Materials Transfer Agreement.

Data and code availability

- The original and processed data of this study has been deposited at Caltech-
DATA (data.caltech.edu) and is publicly available at the time of publication. (DOI:
10.22002/thgnh-6aj57).
- The original code to process data and mathematically model the circuits has been
deposited at CaltechDATA (data.caltech.edu, DOI: 10.22002/thgnh-6aj57)
- Any additional information required to reanalyze the data reported in this paper is
available from thelead contact upon request.

2.6.2 EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
Cell culture

U2OS cells (ATCC Cat# HTB-96), T-Rex cells (ThermoFisher Cat# R71007), CHO
cells (ATCC Cat# CCL-61), HEK293 cells (ATCC Cat# CRL-1573), and N2A cells
(ATCC Cat# CCL-131) were cultured at 37 °C in a humidity-controlled chamber
with 5% CO2. The growth media consisted of DMEM (Dulbecco’s Modified
Eagle Medium, Thermo Fisher #11960-069) supplemented with 10% FBS, 1 U/ml
penicillin, 1 µg/ml streptomycin, 1 mM sodium pyruvate, 1×NEAA (Thermo Fisher
#11140-050), 1 mM L-glutamine, and 0.1 mg/mL Normocin (InvivoGen #ant-nr).

Animals

All animals used in this study were approved by the Institutional Animal Care
and Use Committee (IACUC) at the California Institute of Technology. Wildtype
C57BL female mice (1.5-4 months of age) were ordered from Jackson Laboratories
(Bar Harbor, ME, USA) and were used for surgeries, viral injection, and head-fixed
imaging. All mice were singly-housed post-operation and for the remainder of the
data acquisition in a room with a reverse light cycle (12h – 12h). For all imaging
sessions, mice were imaged during the dark phase of their light cycle.
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2.6.3 METHOD DETAILS
Plasmid construction

Constructs used in this study are listed in Key Resource Table. Some constructs were
generated using standard cloning procedures. The inserts were generated using PCR
or gBlock synthesis (IDT) and were ligated either by T4 ligase (NEB #M0202M)
or In-Fusion (Takara #102518) assembly with backbones that are linearized using
restriction digestion. E.coli competent cells (NEB Cat# C3040H and NEB Cat#
C3019H) were utilized to amplify the plasmids. The rest of the constructs were
designed by the authors and synthesized by GenScript. Selected constructs will be
deposited at Addgene and the maps are available.

miRNA alignment to the database

Each synthetic miRNA sequence (mature miRNA, 22 nt) is aligned to the known
miRNA sequence database [76, 77, 78, 79, 80, 81, 82, 83] (https://mirbase.org/) to
identify if there are any similarities existing between the synthetic sequences and
the natural sequences.

Transient transfection

Cells were seeded at a density of 50,000 cells in each well of a 24 well plate (or at
a density of 10,000 cells in each well of a 96 well plate), either standard for flow
cytometry or glass-bottom for imaging experiments, and cultured under standard
conditions overnight. The following day, the cells were transiently transfected using
Fugene HD (Promega #E2311), according to the manufacturer’s protocol.

Flow cytometry

Cells were incubated 2 days after transient transfection, and the culture media
was replaced 24 hours post-transfection. Cells were trypsinized with 75 µL of
0.25% trypsin for 5 minutes at 37 °C. After digestion, cells were resuspended with
125 µL of HBSS containing 2.5 mg/ml BSA and 1 mM EDTA. Cells were then
filtered through a 40 µm cell strainer and analyzed using a CytoFLEX S instrument
(Beckman Coulter).
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Cell sorting

To prepare the mono-clones that expressed the genomic-integrated DIMMER circuit,
cells were harvested and resuspended in sorting buffer (BD FACS Pre-Sort Buffer)
supplemented with 1 U/ml DNase I by the cell sorter (Sony MA900) as mono-clones.
Cells were sorted into 96 well plates in the normal U2OS culture media. Cells were
expanded in the 24 well plate before flow cytometry measurement.

Bulk RNA sequencing to identify the off-target effects of the synthetic miRNA
on the transcriptome

- Sample preparation and sequencing
To verify the off-target effect of all the synmiRs, U2OS cells were plated on 6-well
plates with 300,000 cells per well. Cells were transfected the following day with
1,000 ng of either the control plasmid or the BFP-miRNA plasmid using Fugene
HD (Promega #E2311) according to the manufacturer’s instructions. Media was
replaced with 2 mL of fresh media 24 hours post-transfection. Cells were harvested
48 hours post-transfection by digestion with 0.25% Trypsin-EDTA, centrifugation
at 300g for 5 minutes, and removal of the supernatant by aspiration. The cell’s pellet
was stored in -80 °C prior to the purification.

RNA was extracted using the RNeasy kit (Qiagen #74106) according to the manufac-
turer’s instructions. RNA was treated with Turbo DNase (Thermo Fisher #AM2238)
and purified using the RNeasy kit RNA cleanup protocol. mRNA sequencing li-
braries were prepared by Novogene.

DNA-PAINT

- Buffers
The following buffers were used:

• NH4Cl solution: NH4Cl (Roth, no. K298.1) was dissolved in ddH2O for a 2
M stock solution, filtered with 0.2 µm filter.

• Blocking buffer: 1×PBS, 1 mM EDTA (Thermo Fisher, no. AM9260G),
0.02% Tween-20 (Life Science, no. P7949), 0.05% NaN3 (Serva, no. 30175.01),
2% BSA (Sigma-Aldrich, no. A9647-100G), 0.05 mg/ml sheared salmon
sperm DNA (Life Technologies, no. 15632011), filtered with 0.2 µm filter.



66

• Imaging buffer: 1×PBS, 1 mM EDTA, 0.02% Tween-20, 500 mM NaCl
(Thermo Fisher, no. AM9760G), supplemented with PCA, PCD, trolox,
filtered with 0.2 µm filter.

- PCA, PCD and Trolox

• Trolox (100×) was prepared by dissolving 100 mg (±)-6-hydroxy-2,5,7,8-
tetra-methylchromane-2-carboxylic acid (trolox; Sigma-Aldrich, 238813-5G)
in 430 µL of 100% methanol (Sigma-Aldrich, 32213-2.5L), 345 µL of 1 M
NaOH (VWR, 31627.290) and 3.2 mL of water.

• PCD (40×) was made by mixing 154 mg of 3,4-dihydroxybenzoic acid (PCA;
Sigma-Aldrich, 37580-25G-F) in 10 mL of water and NaOH and adjusting the
pH to 9.0. PCD (100×) was prepared by adding 9.3 mg of protocatechuate 3,4-
dioxygenase pseudomonas (PCD; Sigma-Aldrich, P8279) to 13.3 mL of buffer
containing 100 mM Tris-HCl pH 8.0 (Thermo Fisher Scientific, AM9855G),
50 mM KCl (Thermo Fisher Scientific, AM9640G), 1 mM EDTA, and 50%
glycerol (Sigma-Aldrich, 65516-500ml)).

- Cloning
An mEGFP gBlock (obtained from IDT) was inserted into a pcDNA3.1(+) backbone
(Thermo Fisher, no.V79020) via Gibson assembly. Two codon-optimized fragments
of human EGFR (obtained from IDT) were fused to the mEGFP-pcDNA3.1(+)
backbone via Gibson assembly. The plasmid concentration was measured with the
NanoDrop One (Thermo Fisher Scientific).

- Cell culture
CHO-K1 cells (ATCC: CCL-61) were cultured in Ham’s F-12K (Kaighn’s) medium
(Gibco, no. 21127022) supplemented with 10% FBS (Gibco, no. 11573397).
U2OS-CRISPR-Nup96-mEGFP cells (a gift from the Ries and Ellenberg laborato-
ries) were cultured in McCoy’s 5A medium (Gibco, no. 16600082) supplemented
with 10% FBS. All cells were cultured at 37 °C and 5% CO2 and split every 2-3
days via trypsinization using trypsin-EDTA (Gibco, no. 25300096).

- Nanobody-DNA conjugation
First, the anti-GFP nanobody (clone 1H1, Nanotag Biotechnologies, N0305) and
anti-rabbit IgG nanobody (Nanotag Biotechnologies, N2405) were conjugated to
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a DBCO-PEG4-Maleimide linker (Jena Bioscience, no. CLK-A108P). After re-
moving the unreacted linker with Amicon centrifugal filters (10,000 MWCO), the
DBCO-nanobody was conjugated via DBCO-azide click chemistry to the dock-
ing strand (Metabion, see sequence in Table S2.4). A detailed description of the
conjugation can be found in the former work [84].

- Fixation of cells
The cells were fixed with 37 °C pre-warmed methanol-free 4% PFA (Thermo Fisher,
no. 043368.9M) in 1×PBS for 15 min. Then, the cells were washed 3 times
with 1×PBS and then permeabilized with 0.125% TritonX-100 (Sigma-Aldrich, no.
93443) in 1×PBS for 2 min. After washing 3 times with 1×PBS, the cells were
blocked with the blocking buffer either overnight or for at least 3h at 4 °C.

- Sample preparation of U2OS cells
10,000 cm-2 U2OS cells were seeded on an ibidi eight-well high glass-bottom cham-
bers (no. 80807). On the next day, the cells were fixed as stated in the fixation
protocol and blocked for 3h at 4 °C. After washing 3 times with 1×PBS, the primary
EGFR antibody (Cell Signaling, clone D38B1, no. 4267) with a dilution of 1:200
in blocking buffer was incubated overnight at 4 °C. The next day, the sample was
washed 3 times with 1×PBS and 25 nM of R2 anti-rabbit NB in the blocking buffer
was incubated at RT for 1h. After washing 3 times with 1×PBS, the sample was
post-fixed with 4% PFA in 1×PBS for 5 min at RT. The cells were then quenched
with 200 mM NH4Cl (Roth, no. K298.1) for 5 min and washed 3 times with 1×PBS.
90nm gold-nanoparticles (Absource, no. G-90-100) in 1:1 in 1×PBS were incubated
for 5 min at RT. After washing 3 times with 1×PBS, the cells were washed once
with the imaging buffer.

- Sample preparation for plasmid dosage measurement
5,000 cm-2 CHO-K1 cells were seeded on an ibidi eight-well high glass-bottom
chambers (no. 80807) one day before transfection. The cells were transfected
with EGFR-mEGFP plasmids with a Thermo Fisher Lipofectamine 3,000 reagent
(no. L3000008) with the lower Lipofectamine concentration as indicated by the
manufacturer and different plasmid concentrations (0 ng, 125 ng, 250 ng and 500
ng of plasmid per well). After 48h of transfection, the cells were fixed as indicated
in the fixation protocol and blocked with blocking buffer for 3h at 4 °C. The cells
were then post-fixed with 4% PFA and 0.2% glutaraldehyde (Serva, no. 23115.01)
in 1×PBS for 10 min. After quenching the sample with 200 mM NH4Cl for 5 min
and washing 3 times with 1×PBS. 90 nm gold-nanoparticles in 1:1 in 1×PBS were
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incubated for 5 min at RT. After washing 3 times with 1×PBS, the cells were washed
once with the imaging buffer.

- Sample preparation of DIMMER plasmids
5,000 cm-2 CHO-K1 cells were seeded on an ibidi eight-well high glass-bottom
chambers (no. 80807) one day before transfection. The cells were transfected
with EGFR-mEGFP plasmids with a Thermo Fisher Lipofectamine 3,000 reagent
(no. L3000008) with the lower Lipofectamine concentration as indicated by the
manufacturer and 250 ng plasmid per well (200 µL solution per well and 25 µL
transfection solution). After 48h of transfection, the cells were fixed as indicated in
the fixation protocol and blocked with the blocking buffer for 3h at room temperature
(RT). 25 nM R3 anti-GFP nanobodies were incubated in the blocking buffer for 1h at
RT. After washing 3 times with 1×PBS, the nanobodies were post-fixed with 4% PFA
and 0.2% glutaraldehyde in 1×PBS for 10 min. The cells were then quenched with
200 mM NH4Cl for 5 min and washed 3 times with 1×PBS. 90nm gold-nanoparticles
(Absource, no. G-90-100) in 1:1 in 1×PBS were incubated for 5 min at RT. After
washing 3 times with 1×PBS, the cells were washed once with the imaging buffer
and imaged in the imaging buffer.

- DNA-PAINT imaging
The samples were imaged in the imaging buffer with the corresponding imager
strand (obtained from Metabion, see table below for imager strand sequences) for
40k frames with 100ms exposure time per frame and a readout rate of 200 MHz.

Sequence
name

Docking strand sequence (5′ to 3′) Imager strand se-
quence (5′ to 3′)

R2 ACCACCACCACCACCACCA TGGTGGT-Cy3B
R3 CTCTCTCTCTCTCTCTCTC GAGAGAG-Cy3B

Table 2.4: DNA sequence of docking strands and imager strands.

- Microscope setup
The samples were measured on inverted total internal reflection fluorescence (TIRF)
microscopes (Nikon Instruments, Eclipse Ti2) which are equipped with an oil-
immersion objective (Nikon Instruments, Apo SR TIRF ×100/numerical aperture
1.49, oil) and a perfect focusing system. The mRuby3 signal was bleached by the
560 nm laser (MPB Communications, 1 W) by using Highly inclined and laminated
optical sheet (HILO) illumination. Afterwards, the TIRF mode was established.
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The Cy3B-conjugated imagers were excited with the 560 nm laser. The laser
beam was cleaned with a filter (Chroma Technology, no. ZET561/10) and coupled
into the microscope with a beam splitter (Chroma Technology, no. ZT561rdc).
The fluorescent signal was filtered with an emission filter (Chroma Technology,
nos. ET600/50m and ET575lp) and projected onto a sCMOS camera (Hamamatsu
Fusion BT) without further magnification. The camera’s central 1152×1152 pixels
(576×576 pixels after binning) were used as the region of interest, with a resulting
effective pixel size of 130nm. The raw microscopy data was acquired via µManager
(Version 2.0.1).

Base editor experiment

- Transfection and Sample collection
HEK293 cells were seeded at the density of 150k/well in the 24-well plate one day
before the transfection. For each well, 750 ng ABEMax base editor plasmid and 250
ng sgRNA plasmid were co-transfected using Fugene HD (Promega #E2311), ac-
cording to the manufacturer’s protocol. Cells were harvested 72 h post-transfection.

- Amplicon sequencing
To quantify the on-target base editor editing rate, cells were sorted based on the
constitutively-expressing mRuby on the base editor plasmid and EGFP on the sgRNA
plasmid. Genomic DNA was extracted using Qiagen DNeasy kit (cat. nos. 69504)
according to the manufacturer’s protocol. The genomic DNA amplicons were
amplified using the primer in the reference [47], with the adaptor sequence on each
end. Amplicons were size-verified by DNA electrophoresis, purified by the Qiagen
gel purification kit, and sequencing was performed by Genewiz Amplicon-EZ (150-
500bp) service.

To quantify the off-target base editor editing rate on the genome, genomic DNA
was extracted, and amplicons were obtained using the potential genomic DNA off-
target loci-targeted primers reported previously [47]. To quantify the off-target
editing on the RNA level, the total RNA was extracted from the cell using the Zymo
Direct-zol RNA miniprep kit, according to the manufacturer’s protocol. cDNA
samples were prepared using the Maxima H Minus First Strand cDNA Synthesis
Kit (Thermo Fisher Scientific). Amplicons were obtained using the potential RNA
off-target-loci-targeted primers reported previously [47]. The amplicons were then
size-verified by DNA electrophoresis, purified with the Qiagen gel purification kit,
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barcoded with the Illumina Miseq 16S Metagenomic sequencing index primers,
and further purified with the magnetic NGS beads (Omega Bio-Tek). Library was
quantified and normalized with the Qubit fluorometer. Library was then denatured
and sequenced with Element AVITI System Sequencing Instrument using AVITI
2×150 Sequencing Kit Cloudbreak (Catalog # 860-00013).

- Bulk RNA sequencing
To analyze the transcriptome-wide perturbation of the base editor, total RNA was
extracted from the cells with the Zymo Direct-zol RNA miniprep kit (lot # R2050).
50 ng of extracted mRNA from each sample were used as inputs for downstream
NGS library preparation.

mRNA-seq libraries were prepared in 96-well format with a modified 3’Pool-seq
protocol [85]. In brief, reverse transcription reaction were prepared by mixing input
RNA with 1 µl Indexed RT Primer (10 µM), 1 µl 10 mM dNTP Mix (New England
Biolabs Cat# N0447S),1 µl diluted ERCC Spike-In Mix 1 (0.004 µL stock ERCC per
µg RNA, Thermo Fisher Cat# 4456740), 3.6 µl of 5×RT buffer (Thermo Fisher Cat#
EP0752), 0.5 µl of RNAse inhibitor (Thermo Fisher Cat# EO0381), 1 µl Maxima
RT H minus (Thermo Fisher Cat# EP0752), 2.5 µl 10 uM Template Switching Oligo
into a 18 µl reaction. Reverse transcription was carried out in a thermocycler with
a program described in 3’Pool-seq protocol.

Samples from each row of 96-well plate were pooled (column pooling) by mixing
an equal volume of each Reverse Transcription reaction into a new well at a total
volume of 20 µl. Residual primers were then degraded with the addition of 1 µl
Exonuclease I (New England Biolabs) and incubated at 37 °C for 45 min followed
by denaturation at 92 °C for 15 min. Subsequent cDNA amplification, tagmentation,
and row pooling was performed following 3’Pool-seq protocol.

Finally, 20 µl of pooled NGS library were subject to Gel-based size selection using
E-Gel EX Agarose Gel (Thermo Fisher Cat# G401001) to enrich for fragments with
size range between 200-1000 bp and eluted in 15 µl.

Eluted pooled NGS libraries were examined in an Agilent TapeStation 4200 (Agilent
Technologies) to determine average fragment sizes. Library concentration was
quantified in a Qubit 3.0 Fluorometer (Life Technologies). NGS library molarity was
then calculated using 660 g/mol per base-pair as a molecular weight. NGS libraries
were diluted to 2 nM, denatured in 0.2 N NaOH, and loaded onto Element AVITI
sequencer following Element Biosciences Cloudbreak Sequencing user guide.
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DNA-FISH

To cross-validate the success of DIMMER-regulating dCas9 labeling the telomeres,
Nikon 2 Multipoint acquisition was used to record the absolute coordinates of the
fields of view. After the live cell imaging, the plate was removed from the scope and
DNA-FISH was performed. Dye-conjugated probes designed to bind to the distal
telomeric regions of the chromosome were used following the previously reported
protocol [86, 87]. The plate was then loaded on the scope, and the recorded
coordinates were retrieved. The exactly same fields of view were matched by eye
around the recorded coordinates.

DIMMER circuit dynamical quantitation in mice cranial window

- AAV Viral Production
All constructs were cloned using the cloning strategy described above. The viral
titers of the viruses used in this study were given in the table below. CAP-B22 and
CAP-B10 are AAV capsids developed in the previous study [51]. The unit of the
viral titers is viral genome copies per mL.

Group Cargo Viral
Titers

CaMKII𝛼_unregulated CAP-B10.CaMKII𝛼.H2B.EGFP.sv40pA
CAP-B10.CaMKII𝛼.H2B.mRuby3.sv40pA

1.06 × 1014

2.12 × 1014

CaMKII𝛼_regulated CAP-B10.CaMKII𝛼.H2B.EGFP(4×19nt
regulated).sv40pA
CAP-B10.CaMKII𝛼.H2B.mRuby3.sv40pA

8.11 × 1013

2.12 × 1014

MeP_unregulated CAP-B22.CMVenhancer.MEP229.H2B.EGFP.sv40pA

CAP-B22.CMVenhancer.MEP229.H2B.mRuby3.sv40pA

1.22 × 1014

4.04 × 1013

1.94 × 1014

MeP_regulated CAP-B22.CMVenhancer.MEP229.H2B.EGFP(4×19nt
regulated).sv40pA
CAP-B22.CMVenhancer.MEP229.H2B.mRuby3.sv40pA

4.14 × 1014

9.86 × 1013

1.94 × 1014

mDLX2_unregulated CAP-B10.mDLX2enhancer.H2B.EGFP.sv40pA
CAP-B10.mDLX2enhancer.H2B.mRuby3.sv40pA

1.53 × 1014

1.64 × 1014

mDLX2_regulated CAP-B10.mDLX2enhancer.H2B.EGFP(4×19nt
regulated).sv40pA
CAP-B10.mDLX2enhancer.H2B.mRuby3.sv40pA

7.79 × 1013

4.98 × 1013

1.64 × 1014

Table 2.5: The viral titers used in the mice cranial window study. The unit of the
viral titers is viral genome copies per mL.

- Cranial Window Surgeries
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Mice were deeply anesthetized under 1-2% isoflurane and given subcutaneous injec-
tions of ketofen (5 mg/kg), buprenorphine (3.25 mg/kg), dexamethasone (2 mg/kg)
and saline for analgesia and hydration. A subcutaneous injection of a few drops of
bupivacaine was given under the incision site for local analgesia. An incision was
performed over the skull and a piece of skin near the left motor cortex was removed
to make room for the implant. A circular craniotomy of approximately 3-mm in
diameter was drilled over the left motor cortex and centered 1.6-mm anterior and
1.6-mm lateral from bregma. Saline was flushed periodically throughout the drilling
over the bone to hydrate and prevent heating. After extraction of the cranial bone, a
gelatin sponge soaked in saline was applied over the exposed dura to remove debris
and stop any residual bleeding. A small drop of Kwik-sil silicone elastomer was
applied over the dura and a 3-mm diameter glass coverslip (#1.5) was implanted
over the craniotomy and sealed with dental cement. A custom-made titanium head-
bar was fixed using cement over the window to allow for later head-fixation during
2-photon imaging. Following surgery, mice were allowed to recover for at least
4-days before beginning habituation to a rotary platter setup.

- AAV Vectors and Administration in Mice
AAV packaging, purification, and delivery were performed as described in the ear-
lier study [88]. Following surgical implants of cranial windows and recovery, mice
were anesthetized under 1-2% isoflurane. Intravenous administration of AAVs was
performed by injection into the retro-orbital sinus of mice. All vectors were each de-
livered at a total of 5×1012 viral genomes (VG) in a volume of 50 µL per mouse from
2-4 months of age. A total of three cohorts were designed to test for the performance
of the DIMMER circuits with different gene-regulatory elements: CMV-enhancer
paired with a minimal MeCP2 promoter (CMV enhancer-MEP229), an mDLX2
enhancer paired with a minimal beta-globin promoter (mDLX2-minBglobin), and a
CaMKII𝛼 promoter. Each cohort had two groups: One group co-expressing an un-
regulated H2B-EGFP transgene and an unregulated H2B-mRuby3 transgene, and a
regulated group co-expressing a 4×19nt DIMMER regulated H2B-EGFP transgene
and an unregulated H2B-mRuby3 transgene. These transgenes were co-delivered
separately in their own AAV-capsids. The mRuby3 signal was later used as an
internal reference for the EGFP signal for each mouse.

- Two-Photon Head-Fixed Imaging and Acquisition
Mice were habituated to the handler’s hand for 3 days. Following this, they were
head-fixed onto a rotary platter for an additional 3 days to further habituate to the
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imaging setup. After habituation, mice were imaged over a variable number of days
and weeks to capture the progression of EGFP and mRuby3 expression. We used
a custom home built 2-photon microscope equipped with a galvo-galvo scanner for
imaging. Each imaging session involved acquiring two high-resolution Z-stacks per
mouse using a 20×/1.0 NA objective (Zeiss W Plan-Apochromat, Cat. No. 421452-
9700-000) with water immersion. Each of these Z-stacks consisted of 10 Z-steps,
ranging from 200-250 µm to 300-350 µm below the dura, with each Z-step separated
by 10 µm intervals, for a final 100 µm thick Z-stack. Each Z-step was acquired at
a scan rate of 1 Hz with a resolution of 256 by 256 pixels and a pixel dwell time
of 13 µs for a total of 180 seconds, over an area of 400 µm × 400 µm. Z-steps in
each Z-stack were later processed as mean-intensity projected TIF files to generate a
single Z-step image. Each Z-stack was first acquired at 940 nm wavelength (EGFP),
followed by 1100 nm (mRuby3). The average laser power beneath the objective was
maintained across imaging sessions at 36-37 mW for the 940 nm wavelength and
46-47 mW for the 1100 nm wavelength.

2.6.4 QUANTIFICATION AND STATISTICAL ANALYSIS
Flow cytometry data analysis

We used the FlowJo V10 and self-built python code to analyze the flow data. The
regression curves and the confidence intervals in Figure 2.5B and Figure S2.4 were
computed using the statsmodels.regression.linear_model.OLS package in logarithm
spaces. The statistical details of each experiment are described in the results and
figure legends.

In-vitro image analysis

The transiently transfected U2OS/HEK293 cells were imaged using a Nikon confocal
microscope at 60× magnification, such that each image was spaced by 0.5 microns
in the z-direction. For HEK293 cells, 1 slice in the z-direction was taken given the
relatively smaller volume compared to U2OS. Images were processed by the Fiji
software [89].

To analyze the relative signal intensity in the dCas9 imaging experiment, maximum
intensity projection of 11 slices of the z-stacks were applied. To determine the
signal intensity of the dots, freehand lines were drawn to select the dot regions.
To determine the signal intensity in the background, 5̃ micron-long straight lines
centering the dots were drawn. The signal intensities were generated by the Fiji ROI
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mean intensity function. The relative signal intensity is calculated by normalizing
the background intensity to be 1.

To analyze the signal to noise ratio (SNR), freehand lines were drawn to select
the dot regions and the nucleus regions. The noise intensity was calculated by the
intensity in the nucleus excluding the dots area. The SNR was calculated dividing
the mean intensities of each dot by the noise.

Bulk RNA sequencing data analysis to identify the off-target effect of the
synthetic miRNAs

- Preprocessing of sequencing data
Reads from the RNA sequencing were aligned to a custom reference genome using
kallisto (0.48.0) [90]. This reference consisted of the human genome GRCh38 cDNA
(https://github.com/pachterlab/kallisto-transcriptome-indices/releases) and mTagBFP2
coding sequences. Weakly expressed genes were filtered out if they exhibited fewer
than 3 samples expressing at least 10 transcripts per million (TPM), or if the maxi-
mum TPM among all samples was less than 105. Then, filtered counts were input
to DEseq to eliminate the impact of size factors. As the BFP-only cells were used as
a reference to evaluate the off-target effect of the miRNAs, genes that showed fluc-
tuating expressions among the three biological replicates of BFP-only cells should
be removed from analysis. To achieve this, we computed log(1 + x) where x de-
notes the normalized TPM among the three biological replicates of BFP-only cells.
The Fano factors [91, 92] of these logarithmic expressions were determined and
ranked. Transcripts that ranked as the largest 2.5% in logarithmic Fano factors were
eliminated from further analysis. Finally, we computed log(1 + x), where x denotes
the normalized TPM among all the samples. A difference function was defined
to compute the absolute value of the log(1 + x) difference between each sample
and the untransfected sample. The medians of the difference function of the BFP-
only groups and the experimental groups were calculated and used for comparison.
The difference between those two difference functions were ranked and similarly,
transcripts that ranked as the largest 3% were removed from further analysis.

The Fano factor is defined as:
Fano factor = variance(log(1+x))

mean(log(1+x))
The equation of the difference function is defined as:
Δ(BFP, untransfected) = |log(1 + xBFP) − log(1 + xuntransfected) |
Δ(experimental, untransfected) = |log(1 + xexperimental) − log(1 + xuntransfected) |
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Δranked = median(Δ(BFP, untransfected))−median(Δ(experimental, untransfected))

- Differential gene expression analysis

To characterize the perturbations that synthetic miRNA brought to the endoge-
nous transcriptome, differential expression analysis was performed using DESeq2
(1.40.1) [93] in R (4.3.1) comparing transcript counts in miRNA transfected cells
and BFP-only cells.

DNA-PAINT data analysis

Obtained fluorescent data was reconstructed with Picasso software [35]. The data
was first drift-corrected with redundant cross-correlation, after that with picked gold
particles as fiducials.

In order to determine the receptor density, a homogeneous area of the cells was picked
and the DNA-PAINT data was clustered with the SMLMS clustering algorithm of
Picasso [35, 94].

The identified cluster centers were used to calculate the measured receptor density
per µm2 (number of cluster centers per area). Given that the labeling efficiency (LE)
of the binders to their targets was less than 100%, a correction factor was applied to
account for incomplete labeling. The EGFR density was calculated by multiplying
the measured receptor density with the LE of the respective binders. The LE values
of the binders were determined as previously described in the former work [95].
Specifically, the LE of the anti-GFP nanobody was determined to be 37%, while the
LE of the EGFR antibody was 71%.

To test the statistical significance of the determined receptor densities, we performed
the Mood’s median test. Mood’s median test is a non-parametric statistical test which
tests whether the median of two groups are statistically different. Our statistical tests
were performed with a custom python script using functions from the scipy.stats
module [96].

Base editor experiment data analysis

- Amplicon sequencing data analysis

The on-target and off-target editing rates were analyzed using the online tool
CRISPResso2 [97].

- Bulk RNA sequencing data analysis
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Weakly expressed genes were filtered out if they exhibited fewer than 3 samples
expressing at least 10 transcripts per million (TPM). Differential expression analysis
was performed using DESeq2 (1.40.1) [93] in R (4.3.1). Identified significantly
differentially expressed genes were eliminated from further analysis if they were
identified among the unregulated, regulated, and untransfected groups with the
same trend, which indicates that these genes tend to be expressed as more similar
profiles among the base editor-transfected groups and the WT group, thus very likely
to be the artifact of the filler-plasmid expression. GO annotation was performed
using the DAVID web server (https://davidbioinformatics.nih.gov/).

Two photon microscopy data analysis

Two-photon Z-stacks were acquired separately for EGFP and mRuby3 channels and
processed independently. Raw data files were segmented into individual z-step
movies based on predefined frame intervals using a custom MATLAB script, with
each segment saved as a multi-page TIFF file [98]. Motion correction was applied to
each TIFF using rigid registration, and motion-corrected data were used to generate
mean- and maximum-intensity projection images for each z-step. Following motion
correction, mean-intensity projection images were flatfield corrected using MAT-
LAB’s imflatfield function with a specified radius of 20 pixels to remove uneven
illumination artifacts. Corrected images were saved in a dedicated output directory
for subsequent analysis. To ensure spatial correspondence between channels, each
flatfield-corrected mRuby3 image was aligned to its corresponding EGFP image us-
ing normalized cross-correlation, correcting for lateral drift and maximizing overlap
between channels.

Cell segmentation was performed on the mRuby3 channel using the Cellpose [99]
deep learning-based segmentation algorithm (model type = "cyto", diameter = 9.0
pixels), generating individual cell masks for each z-step image. These masks were
saved in both TIFF and NumPy formats and served as a consistent reference for
fluorescence quantification across channels. For each z-step, the corresponding
mRuby3-derived cell mask was applied to the EGFP image to extract the total EGFP
fluorescence per cell by summing the pixel intensities within each ROI. Separately, a
dedicated script was used to quantify total mRuby3 fluorescence per cell by applying
the same cell mask to the original mRuby3 image for that z-step. Results were saved
as per-z-step .csv files, with all individual pixel values archived in cumulative text
files for downstream statistical analysis and visualization.
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To evaluate single-cell expression and dynamics across time, total EGFP and
mRuby3 fluorescence values per cell were aggregated across multiple mice and
imaging timepoints. For the CaMKII𝛼 and CMVe-MeCP2 cohorts, z-steps 1, 5, and
10 were selected from each 10-step Z-stack to reduce the likelihood of overcounting
the same cells across adjacent planes. For the mDLX2-min𝛽globin cohort, only
z-step 5 was selected.

2.7 Online Supplemental Materials
Supplemental materials below are available online as separate files at:

Key Resource Table

Table S1, List of miRNA and targets used in this study, related to Figure 2.1-2.7

Table S2, Gene Ontology annotations for significantly regulated genes in ABEMax
unregulated vs. mock and ABEMax regulated vs. mock, related to Figure 2.7
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C h a p t e r 3

MULTICELLULAR CIRCUIT: SYNTHETIC
REACTION-DIFFUSION PATTERNING IN MAMMALIAN

CELLS

3.1 Summary
During multicellular development, cells form spatially periodic patterns to generate
repetitive structures such as digits, vertebrae, and teeth. Turing mechanisms based
on short-range self-activation and long-range inhibition have long provided a frame-
work for understanding such processes. However, natural systems involve many
interacting signals, making it unclear what minimal circuit architectures can suffice.
Here, to address this question, we designed, built, and analyzed modular synthetic
reaction-diffusion circuits for self-organized spatial patterning. We compared two
circuits composed of both natural (BMP4, Activin) and synthetic (SNIPR) signaling
systems with varying diffusion rates, and showed they allow spontaneous patterning
on different length scales in mammalian cells. These circuits both implemented clas-
sic “local activation with long-range inhibition” regulation and dynamically adapted
their active domains for regular patterns. Further, the resulting patterns are tunable
via circuit parameters and can adapt to different boundary conditions, consistent
with model predictions. Our results demonstrate that simple engineered circuits can
recapitulate classical reaction-diffusion (RD) behavior in a cellular context, offering
a platform for designing programmable, self-organizing multicellular systems.

3.2 Introduction
Periodic patterns occur throughout biology. They underlie functional structures such
as teeth [1], limbs [2] fingerprints [3], and hair [4], and they also enable striking
coat patterns such as stripes and spots [5].

In 1952, Alan Turing proposed that periodic biological patterns could arise from
local interactions between two diffusible molecules, a short-range activator and
a long-range inhibitor, forming what is now known as a reaction-diffusion (RD)
system. This framework has since been used to explain natural periodic structures.
For instance, Kondo and Asal modeled stripe formation and bifurcation in the
marine angelfish Pomacanthus using classic RD equations [6]. Similarly, Glover et
al. identified a candidate RD mechanism involving BMP and WNT signaling in the
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formation of human fingerprints [3].

Despite their generality, RD mechanisms have been difficult to isolate and test
directly in vivo. Native patterning circuits often involve many components and
are deeply intertwined with developmental programs such as tissue growth and
differentiation, making systematic perturbation and analysis challenging. Moreover,
not all periodic patterns rely on Turing-like mechanisms, for example, stripes in early
Drosophila development are driven by transcriptional cascades [7], and zebrafish
pigmentation patterns arise from pigment cell migration [8].

A synthetic RD system could address these limitations by providing independence
from developmental programs and a tunable platform for studying self-organization.
By constructing and analyzing minimal pattern-forming circuits from defined com-
ponents, we aim to understand the essential features that govern RD driven spatial
patterning, including the types of patterns they can generate and the scales over
which they operate.

Beyond developmental biology, a synthetic RD system could guide regenerative
medicine and its goal of tissue construction and organization [9]. Currently,
these efforts focus either on endogenous patterning processes, such as those in
organoids [10], or on exogenous, brute-force approaches like 3D printing [11]. Prior
efforts have begun to explore synthetic RD circuits in multicellular contexts. For
example, Karig et al. achieved patterning in E. coli biofilms [12] using two quorum-
sensing molecules, while Sekine et al. reconstituted the natural Nodal/Lefty system
in mammalian cells [13]. However, these efforts either relied on endogenous molec-
ular competition or were limited in modularity, reducing their utility for engineering
diverse or tunable systems.

By providing a scalable alternative for guiding tissue organization, a generalizable,
bottom-up strategy for spatial patterning would be immediately useful as well as
offering unforeseen benefits. To this end, we designed synthetic RD circuits that
generate self-organized spatial patterns in mammalian cells using engineered, or-
thogonal signaling pathways. In our framework, two signaling molecules, either
BMP4 and Activin, or BMP4 and the juxtacrine synthetic Notch receptor (SNIPR),
diffuse among cells, while intracellular circuits implement the "local activation and
long-range inhibition" principle. Notably, BMP4 serves as either an activator or
inhibitor depending on circuit context, demonstrating the flexibility of the design.

These circuits drive the emergence of periodic spatial patterns that are stable yet
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reconfigurable. The resulting domains adapt to boundary conditions, shift dynam-
ically under certain parameter regimes, and exhibit length scales corresponding to
the diffusion properties of circuit components. Furthermore, pattern features are
tunable via circuit parameters, enabling direct control over spatial dynamics. These
results establish a modular and versatile platform for engineering synthetic pattern-
ing systems and open new opportunities for studying and applying RD principles in
developmental and tissue-engineering contexts.
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3.3 Results
3.3.1 A framework for modular design of synthetic reaction-diffusion circuits

Figure 3.1: Modules for intercellular signal transduction (“diffusion”) and
intracellular signal integration (“reaction”) enable spontaneous spatial pat-
terning.
(A) Classic Turing patterning systems comprise two morphogens: a slower diffusing
activator, denoted A, and a more rapidly diffusing repressor, R.
(B) In a kernel-based reaction-diffusion model, these circuits can spontaneously
pattern in 1 (lower) and 2 (upper) dimensions.
(C) Turing circuits require diffusion of secretable ligands that can activate cognate
responses in other cells (left) and “reaction” modules that implement feedback reg-
ulation in which morphogen signals are integrated to control morphogen production
or secretion (middle).
(D) Three signaling species with diverse signaling distances are built in two circuits.
Circuit 1 uses BMP as the short-range signal and Activin as the long-range signal.
Circuit 2 uses SNIPR as the short-range signal and BMP as the long-range signal.
(E) One implementation of reaction kinetics, explored here, involves the activation
of both morphogens by the activation morphogens (BMP4 or EGFRvIII, respec-
tively), and the activation of a negative regulator of morphogen production, by the
repression morphogens (Activin or BMP4, respectively).
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The classical Turing mechanism consists of two components: a slower diffusing
species that promotes the production of both components, and a faster diffusing
species that inhibits their production (Figure 3.1A). These two components diffuse
spatially with different rates and interact with one another to generate patterns, based
on local activation with long-range inhibition (LALI) [14].

Simulations of such RD circuits, in the absence of diffusion, exhibit a stable, spatially
homogenous steady state (Figure 3.1B, left). However, this state becomes unstable
when diffusion is included, allowing fluctuations to trigger spatial patterning. In this
regime, the most rapidly growing spatial mode sets the dominant spatial wavelength
of the pattern (Figure 3.1B, right). Notably, the resulting patterns are characterized
by an “in-phase” relationship between the activator and inhibitor, which peak at
the same positions but differ in spatial spread—the inhibitor being more broadly
distributed. In this way, by simply tuning the relative length scales of activation
and inhibition, a wide range of stable patterns with distinct wavelengths and domain
sizes can be realized from the same underlying circuit.

We sought to propose a modular design for such a reaction-diffusion circuit (Figure
3.1C). The cells should be able to send and receive two orthogonal signals. Two
signal inputs integrate intracellularly and secrete both of them as output.

Many potential molecular systems could implement this type of circuit. Here,
we designed two minimal circuits that could be constructed synthetically from
three well-characterized, modular pathways, and access a range of patterns across
different length scales by varying parameters. In the first circuit, we used BMP4
and Activin—members of the TGF-𝛽 superfamily—as morphogens (Figure 3.1D,
middle and right). These two ligands exhibit distinct diffusive mobilities, and largely
orthogonal signaling (Figure 3.2A, B). In the second circuit, we used SNIPR, a
synthetic Notch-inspired juxtacrine signaling system (Figure 3.1D, left), as the
activating signal and the same BMP components as the repressor.

In both circuits, the shorter range signal, either BMP4 or SNIPR, acts as the local
activator, stimulating its own expression as well as that of the long range inhibitory
signal, Activin or BMP4, respectively. The long range inhibitor, in turn, suppresses
the activator’s production, either by inducing Smad6 expression to inhibit BMP
signaling, or by expressing a microRNA targeting EGRRvIII mRNA to repress
SNIPR ligand production (Figure 3.1E).

Overall, this modular framework represents a new and generalizable strategy for
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constructing synthetic RD circuits in mammalian cells.

3.3.2 Synthetic signaling systems exhibit diverse diffusion length scales

Figure 3.2: Three signaling systems provide a hierarchy of spatial signaling
ranges.
(A) The diffusive range can be analyzed using a spatially patterned co-culture sender-
receiver system for i) EGFRvIII/SNIPR, ii) BMP4, and iii) Activin A. Sender cell
lines (upper row) produce ligands from constitutive (EGFRvIII) or inducible (ABA
for BMP4, doxycycline for Activin) promoters. Corresponding receiver cell lines
(lower row) ectopically express receptors for the SNIPR pathway or use endogenous
receptors for BMP and Activin signaling. They also incorporate ectopic fluorescent
protein reporters for each signaling system.
(B) The three systems show different diffusive ranges.
(C) Quantitation of diffusive ranges for each system.
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Figure 3.2: (continued)
(D) SNIPR and BMP4 signals are orthogonal. Dual receiver cells containing SNIPR
and BMP4 reporter were co-cultured with EGFR sender cells, BMP4 sender cells,
and dual sender cells which can send both signals, respectively. Heatmaps indicate
the signals of each reporter under labeled experimental conditions.

The three signaling systems exhibit similarities and differences in their signaling
mechanisms. BMP4 (Figure 3.2A, ii) signals through receptors such as BMPR1A/B
and ACTR2/2B, leading to the phosphorylation of Smad1/5/8 effector proteins.
Phosphorylated Smad1/5/8 proteins, in turn, co-complex with Smad4 to activate
downstream genes containing the BMP response element (BRE) [15, 16, 17]. Ac-
tivin (Figure 3.2A, iii) similarly interacts with a pair of type I receptor ACVR1B
and type II receptor ACTR2/2B and phosphorylates a distinct set of Smad proteins,
Smad2/3. As with Smad1/5/8, phosphorylated Smad2/3 complexes with Smad4,
translocates to the nucleus, binds to Activin response elements (ARE), and activates
adjacent genes [18, 19, 20, 21]. By contrast, the third system—SNIPR (Figure
3.2A, i)—is a fully synthetic juxtacrine signaling system inspired by the Notch
receptor that mediates signaling between adjacent cells (Figure 3.2A, left) [22].
Here, signaling cells expressing EGFRvIII on their surface signal to cognate SNIPR
receptors whose extracellular domain contains an antibody recognizing EGFRvIII
and whose intracellular domain contains the transcriptional activator Gal4-VP64.
Upon activation, released Gal4-VP64 translocates to the nucleus, where it binds to
and activates UAS promoters.

To directly compare the signaling properties of the three systems, we constructed
‘sender’ and ‘receiver’ cell lines for each pathway. We selected AD293 and U2OS
cells as platforms because they are equipped with signaling pathway components
for natural signal response and can form a firm 2D layer in the culture plate (Figure
3.2A). To create BMP and Activin senders we integrated ABA-induced BMP4 and
doxycycline-induced Activin genes, respectively. We also constructed a third sender
cell line that constitutively expresses EGFRvIII, which acts as an engineered ligand
for the cognate SNIPR.

To monitor signaling, we constructed a set of three cognate receiver cell lines, each
expressing a fluorescent protein reporter under the control of one pathway. The
BMP and Activin receiver lines expressed mCherry or mCitrine under the control of
BMP or Activin response elements, respectively (Figure 3.2A). Similarly, in U2OS
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cells, we built SNIPR receiver cells that activate YFP in response to stimulation by
EGFRvIII expressing cells.

Using these cell lines, we quantified spatio-temporal signal transmission among
cells. We co-cultured each sender-receiver pair using an iBiDi insert in conjunction
with sequential plating to create a sharp sender-receiver interface (Figure 3.2A,
left), while recording time-lapse movies. In this quasi-1D geometry, the signal
perception of the receivers, as revealed by their reporter genes, exhibited temporally
increasing spatial signaling gradients (Figure 3.2B, left).

Analysis of the resulting signal gradients revealed distinct diffusive properties for
BMP4 and Activin, with effective diffusion coefficients of 3.7 µm2/s and 16.3
µm2/s, respectively (Figure 3.2C). These data are consistent with previous works
showing that Activin diffuses faster than BMP4 [23, 24]. By contrast, the EGFRvIII-
presenting cells could only activate the SNIPR reporter on directly adjacent cells
via juxtacrine signaling. Thus, the three signaling systems exhibited widely varying
lengthscales, as anticipated.

To evaluate the independence (orthogonality) of these signaling channels, we en-
gineered AD293 cells with two distinct fluorescent protein reporters, controlled by
the BRE or ARE response elements. We titrated and quantified the responses to
recombinant BMP4 and Activin ligands. Despite minor inhibition of Activin in the
high concentration regime—consistent with previous observations [25, 26]—BMP4
and Activin are generally orthogonal to each other [27]. Additionally, in U2OS cell
lines, the EGFR senders efficiently activated the SNIPR reporter but did not interfere
with BMP4 signaling, and vice versa (Figure 3.2D).

3.3.3 SNIPR enables tunable, cell density-dependent self-activation
To experimentally identify the parameter regimes that allow pattern formation, it
is desirable for each signaling component to be independently tunable. Unlike dif-
fusible morphogens such as BMP4 and Activin whose effective concentrations can
be readily modulated by adding recombinant ligands or small-molecule inhibitors,
SNIPR is a membrane-tethered receptor that signals through direct cell–cell con-
tact. This property precludes simple concentration tuning and motivates alternative
strategies to modulate SNIPR activity.

We first explored whether SNIPR signaling could be tuned by varying the ratio of
sender to receiver cells. Altering this ratio changes the probability of productive
cell–cell contacts, thereby enabling control over both the fraction of activated re-
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ceiver cells and their average activation level (Figure 3.3A). In addition, we hypoth-
esized that the effective removal rate of SNIPR could modulate signaling strength.
To test this, we fused a Shield-1–stabilizable degron derived from FKBP12 [28]
to the C-terminus of SNIPR. Consistent with this hypothesis, we observed drug
concentration–dependent activation: increasing Shield-1 levels led to both a larger
fraction of activated cells and stronger activation signals (Figure 3.3B).

Previous studies have shown that the Notch signaling system can propagate signals
spatially and temporally through mutual activation, both in the native Notch–Delta
context [29] and in synthetic Notch-based systems [30]. In these implementations,
however, signal propagation is initiated by a constitutive source of sender cells.
Whether an initially homogeneous population can spontaneously activate itself re-
mains unresolved. To address this question, we engineered a monoclonal cell line
that constitutively expresses SNIPR, with the SNIPR intracellular domain driving
expression of its own ligand, EGFRvIII (Figure 3.3C, left). We reasoned that such a
positive-feedback circuit could enable an initially “OFF” population to self-activate
over time (Figure 3.3C, right).

Indeed, this monoclonal population exhibited pronounced density-dependent self-
activation (Figure 3.3D): higher initial seeding densities resulted in a larger fraction
of activated cells. Notably, the circuit displayed a form of hysteresis, in which cells
tended to remain in their original state. Populations seeded at low density remained
largely inactive even after reaching confluence by the end of the experiment, whereas
populations seeded at high density robustly activated and maintained the ON state.
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Figure 3.3: SNIPR enables tunable, cell density-dependent self-activation.
(A) Sender-to-receiver ratios tune SNIPR activation. Left, probability density func-
tion of the SNIPR reporters’ fluorescence intensities. Right, median fluorescence
intensities of the SNIPR reporter in the receiver line. Data represents three biolog-
ical replicates. Error bars, geometric standard deviation. Sender cells were gated
out by another fluorescence protein indicator.
(B) Small molecule drug stabilizes SNIPR and leads to a dose-dependent activation.
Left, schematics of the drug-titratable, degron-tethered SNIPR. Middle, probability
density function of the SNIPR reporters’ fluorescence intensities. Right, median
fluorescence intensities of the SNIPR reporter in the receiver line. Data represents
three biological replicates. Error bars, geometric standard deviation. Sender cells
were gated out by another fluorescence protein indicator. The drug is AquaShield-1,
and the unit of drug concentration is µM.
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Figure 3.3: (continued)
(C) Design of the self-activatable SNIPR circuit. Red edges on the right represent
EGFR expression on the membrane. Green color gradients show different activation
levels of the SNIPR reporter.
(D) SNIPR circuit enables initial seeding density-dependent activation. Contour
plots show the EGFR (x-axis) and the reporter (y-axis) expressions. Contours
beyond 25% are plotted.

3.3.4 Synthetic reaction-diffusion circuits enable diverse configurations.
Creating the Turing circuits requires (1) choosing two morphogens with different
diffusion coefficients, (2) allowing the more slowly diffusing species to activate ex-
pression of both morphogens, and (3) allowing the more rapidly diffusing species to
activate a repressor of the activator (Figure 3.1E). For the BMP4/Activin circuit, we
engineered the slower diffusing BMP4 to activate expression of both morphogens,
and the faster diffusing Activin to activate expression of Smad6, which is an in-
hibitory Smad that down-regulates BMP4, but not activin, signaling (Figure 3.4A).
To create the SNIPR/BMP4 circuit, we took a similar approach, with BMP4 now
playing the role of the faster diffusing species, repressing the SNIPR ligand by induc-
ing a synthetic miRNA [31], which targets a specific engineered binding sequence
in the EGFRvIII ligand gene to downregulate ligand production (Figure 3.4B). This
miRNA-based strategy is generalizable and could be used to wire reaction diffusion
kinetics among diverse signaling pathways.

To track circuit dynamics, we designed a post-translationally regulated reporter that
allows modulation of reporter half-life with the drug trimethoprim. The fluores-
cent reporter gene was integrated within the same transcript as its corresponding
patterning component, using an internal ribosome entry sites (IRES) sequence for
independent expression. Additionally, we fused the H2B protein to an N-terminal
trimethoprim (TMP)-inducible DHFR protein degron. Without TMP, the reporter
is rapidly degraded, but with TMP it is stabilized and can accumulate over time
(Figure 3.4A, B). This design ensures cells only accumulate a detectable level of
fluorescent signal when TMP is added and prevents accumulation of fluorescent pro-
tein prior to the experiment. For the first circuit, we used mCherry and mTurquoise
to label the production of short and long-range signals, respectively, while mCitrine
was used to track the third intracellular inhibitory component.

The first circuit must satisfy two conditions for patterning: First, BMP4 signal-
ing should be able to access high enough levels to sustain high BMP4 production.
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Second, Activin-induced Smad6 production should be able to block BMP4 self-
activation. To satisfy these conditions, we selected stable clones of wild-type
AD293 cells harboring the self-activated BMP4 and Activin-induced Smad6 ex-
pression constructs (Figure 3.4C). Stable cell lines with these integrations strongly
activated BMP4 without requiring recombinant ligand, indicating that BMP4 can
self-activate. Addition of recombinant Activin was nevertheless able to inhibit
BMP4 self-activation in a dose-dependent manner (Figure 3.4C). These “open
loop” results demonstrate the required features of self-activation and inhibition by
BMP4 and Activin, respectively.

Similar tests with the SNIPR system prove the positive-regulating circuit with SNIPR
and its ligand EGFRvIII can also activate the cells in the culture condition. BMP4 in-
duces transcription of miRNA, which specifically represses the mRNA for EGFRvIII
ligand production. To quantify the EGFRvIII expression level titrated by BMP4, we
used siRNA to target the BMP4 transcript in the full circuit monoclonal line, and
applied recombinant BMP4 into the culture media. With no or low concentrations
of recombinant BMP4, the circuit maintains high EGFR expression; when BMP4
keeps increasing, the amount of miRNA expression is elevated, and gradually turns
off the EGFR expression (Figure 3.4D).
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Figure 3.4: Synthetic reaction-diffusion circuits enable diverse configurations.
(A) The BMP4/Activin circuit design includes BMP4 for short-range signaling, Ac-
tivin for long-range signaling, and Smad6 as the intracellular inhibitive component.
(B) The SNIPR/BMP4 circuit design includes EGFRvIII/SNIPR for short-range
signaling, BMP4 for long-range signaling, and microRNA as the intracellular in-
hibitive component.
(C) Evaluation with an open-loop circuit monoclonal validates the circuit design.
The BMP4 self-regulation module can maintain cells at the activation state. Activin-
induced Smad6 can further repress the BMP self-activation. Data represents three
biological replicates.
(D) Evaluation with a full circuit monoclonal validates the circuit design. EGFR ex-
pression is measured by EGFR antibody staining. The SNIPR-EGFR self-activation
module can maintain cells at the activation state with siRNA targeting the BMP4
transcript. Escalation of recombinant BMP4 concentration in the media induces
miRNA expression and gradually tunes down EGFR expression. Data represents
three biological replicates.
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3.3.5 Synthetic circuits produce spatial patterns in cell culture

Figure 3.5: Both synthetic circuits generate spatial patterns.
(A) Workflow for constructing SNIPR-EGFR patterning cell lines. A PiggyBac-
based transfection of the indicated plasmids generates heterogeneous integrations.
Fluorescence-activated cell sorting (FACS) isolates clones whose expression ranges
are conducive to pattern formation (yellow region).
(B) Under patterning conditions, the monoclonal cells in both circuits develop non-
periodic spatial patterns. Left, the BMP-Activin circuit exhibits localized regions
of high BMP signaling (red areas) separated by regions of low BMP signaling, so as
the Activin signaling (green areas). Right, the SNIPR-BMP circuit displays regions
of high SNIPR signaling (red areas) separated by regions of low SNIPR signaling,
so as the BMP signaling (green areas). Scale bar, 500 µm.
(C) Autocorrelation analysis of both circuits (left: BMP-Activin; right: SNIPR-
BMP) confirms the spatial regularity of the final pattern, with a characteristic
domain spacing emerging as the pattern stabilizes.
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The open-loop circuits revealed that self-activation and long range inhibition were
both functional. We therefore proceeded to build the full circuit and identify clones
in the parameter regime required for effective patterning. To do so, we used a “shot-
gun” strategy, inserting circuit genes randomly using the piggyBac transposon and
identifying monoclones that were capable of patterning (Figure 3.5A, Methods).

With clones in hand, we performed pattern formation assays. Briefly, before pattern-
ing, we individually cultured each monoclonal line to avoid pre-patterning prior to
the experiment. More specifically, for the first circuit, we added the BMP inhibitor
Noggin to maintain cells in the “off” state, while for the second circuit, we main-
tained the SNIPR-FKBDD culture into the Shield-1-free media. Then we replated
these cells and allowed them to settle with Noggin protection. After cells attached
to the plate surface, we proceeded to the pattern formation assay. These proce-
dures ensure that all cells begin patterning with identical genotype, no morphogen
production, and in a confluent state, with limited cell divisions during patterning.

After washing away Noggin, we initiated the experiment in a pattern-formation
medium containing TMP (for fluorescent protein stabilization), Palbociclib (to in-
hibit cell division), and specific concentrations of small-molecule drugs to tune
circuit parameters. As shown in Figure 3.5B, our BMP-Activin circuit produces a
typical pattern: after 60 hours, cells that were initially homogeneous exhibit spa-
tially heterogeneous activation in both the mCherry (BRE promoter) and mCitrine
(ARE promoter) channels. Our SNIPR-BMP circuit also produces a typical pattern
with a smaller lengthscale compared to BMP-Activin circuit, in both the mCherry
(UAS promoter) and mCitrine (BRE promoter) channels.

Finally, we computed the autocorrelation of the patterns, which measures how each
image correlates with itself as a function of shift (Figure 3.5C). After radially aver-
aging to remove directional biases, both circuits’ autocorrelation curves converged
to a stable shape, corresponding to an average cluster size of about 400 µm for
the BMP-Activin circuit, and about 180 µm for the SNIPR-BMP circuit, which is
consistent with the classic Turing model that the wavelengths increase with diffusion
coefficients [32]. Notably, a sharper trough at short distances in the early mCherry
autocorrelation disappeared at later stages, reflecting competition and spacing ad-
justments among active domains.

Together, these analyses confirm that the synthetic reaction-diffusion circuit can
drive pattern formation through local activation with long-range inhibition.



100

3.4 Discussion
Self organized spatial patterning is a fundamental feature of multicellular develop-
ment. However, isolating and testing the minimal principles sufficient for generating
such patterns has been challenging. Here, we engineered and analyzed synthetic re-
action diffusion (RD) circuits in mammalian cells that produce stable, self organized
spatial patterns using defined molecular components. The core design principle is
modularity: discrete units that can be independently designed, implemented, and
recombined to perform distinct functions.

With the deployment of two synthetic circuits that facilitate spatial patterning in cell
cultures, we have substantiated a universal modular design for synthetic reaction-
diffusion circuits applicable to multicellular mammalian systems. Utilizing a tran-
sient reporter system that accurately captures the spatial-temporal dynamics, our
approach elucidates the intricate details of self-organization. Key findings include:
Each individual pattern exemplifies the principle of "local activation with long-range
inhibition," demonstrating dynamic adaptation in their positioning and interaction
within the system. The modulation of circuit parameters and adaptation to varying
boundary conditions affirm the tunability of these patterns, which is rigorously val-
idated through perturbation studies. Comparative analysis between the two circuits
highlights distinct spatial scales of patterning, which correlate directly with the dif-
fusion capabilities of their respective circuit components. Within specific parameter
regimes, dynamic patterns emerge consistently across both circuits, illustrating the
robustness and versatility of our synthetic designs. These insights not only validate
the effectiveness of our synthetic circuits but also pave the way for broader appli-
cations in understanding and manipulating biological systems through engineered
synthetic modules.

Our RD system design is highly extensible. In the two circuit architectures explored
here, BMP4 functions either as a slow-diffusing activator or as a fast-diffusing repres-
sor, illustrating a general principle: RD pattern formation is determined primarily by
the regulatory topology of the circuit rather than by the specific molecular identity
of the morphogen. Under this framework, the intercellular signaling components
used in our system could, in principle, be replaced by other natural or synthetic
signaling elements, provided that they exhibit sufficiently distinct diffusion prop-
erties. Likewise, the intracellular reaction modules are modular and amenable to
further engineering. Beyond transcriptional regulation, alternative regulatory lay-
ers, including dimerization-based transcriptional circuits [33] and protease-based
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post-translational circuits [34]—could be incorporated to expand the design space
and dynamic repertoire of RD behaviors.

In the broader context of synthetic tissue engineering, our patterning circuit provides
a general strategy for breaking symmetry in initially homogeneous multicellular
assemblies. By inducing spatially correlated bifurcation of cell states, the circuit
enables spatially coordinated fractional control, a key requirement for engineering
functional tissues composed of multiple cell types. For instance, coupling our
patterning module with appropriate functional differentiation programs could, in
principle, allow the generation of a prescribed number and spatial distribution of
islets of Langerhans in a synthetic pancreas. More broadly, integration of the RD
circuit with active mechanical processes—such as cell migration, force generation,
or matrix remodeling—could further extend its utility to patterning higher-order
structures, including vascular networks within synthetic organs.

Despite these capabilities, our system also has several limitations. First, in a closed
culture environment such as a petri dish, signaling molecules inevitably accumu-
late and saturate over time, which hinders long-term stabilization of the final pat-
tern. Second, the implementation of multi-component synthetic circuits imposes a
metabolic burden on cells, potentially constraining robustness and scalability. These
limitations point to clear directions for future work. In particular, integration with
microfluidic platforms could provide continuous nutrient supply and waste removal,
helping maintain metabolic homeostasis while preventing uncontrolled signal accu-
mulation. Importantly, such systems could be designed to preserve the positional
information established by morphogen gradients, thereby enabling sustained and
well-controlled pattern formation in extended culture.

Together, our work introduced a modular design approach to mammalian multicel-
lular reaction-diffusion patterning and showcased the dynamic pattern formation
capabilities of two distinct synthetic circuits. These findings not only confirm the
functionality and effectiveness of our synthetic designs but also broaden the po-
tential for utilizing engineered synthetic modules to deepen our understanding and
enhance our ability to manipulate biological systems.

3.5 Methods
3.5.1 Simulation
The simulation in this work (presented in Figure 3.1B) is based on the kernel-based
reaction-diffusion patterning simulation [35], which is a non-partial differentiation
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equation (PDE)-represented model that can generate all standard variations of stable
2D patterns.

3.5.2 Molecular cloning
Constructs used in this study were generated using standard cloning procedures. The
inserts were generated using PCR or gBlock synthesis (IDT) and were ligated either
by T4 ligase (NEB #M0202M) or In-Fusion (Takara #102518) or Gibson assembly
with backbones linearized using restriction enzyme digestion.

3.5.3 Cell culture
AD293 (Agilent #240085), a derivative of the standard HEK293 (Human Embry-
onic Kidney) cell line, was chosen for its improved cell adherence and plaque
formation characteristics in the first circuit. Cells were cultured in Dulbecco’s
Modified Eagle Medium (DMEM) supplemented with 10% Fetal Bovine Serum
(FBS), 1×Penicillin/Streptomycin/L-glutamine, 1 mM Sodium Pyruvate, and 1 mM
Non-Essential Amino Acids (NEAA). Cells were passaged every three days, with
a ratio of 1:10. For the maintenance of cells containing the BMP4 self-activation
circuit, an additional 250 ng/mL of recombinant Noggin was included in the media
to ensure the circuit remained off.

U2OS cells (ATCC #HTB-96) were chosen for its contact inhibition property and
suitability for microscopy imaging in the second circuit. Cells were cultured in
DMEM (Dulbecco’s Modified Eagle Medium, ThermoFisher #11960-069) supple-
mented with 10% FBS, 1 U/mL penicillin, 1 µg/mL streptomycin, 1 mM sodium
pyruvate, 1×NEAA (ThermoFisher #11140-050), 1 mM L-glutamine, and 0.1
mg/mL Normocin (InvivoGen #ant-nr). For the sender-receiver co-culture experi-
ment, sender cells and receiver cells were seeded at the labeled ratio, and co-cultured
for 72 hrs post-seeding.

When imaging was required, the regular DMEM was replaced with FluoroBrite™
DMEM from Gibco, and 0.1 µM TMP and 5 µM Palbociclib were added.

3.5.4 Cell line construction
Cell lines were constructed by using the PiggyBac transposase-based method. Cells
were co-transfected with the PiggyBac-backbone constructs and the transposase
construct, either using Lipofectamine LTX (ThermoFisher) for AD293 or Fugene
HD (Promega #E2311) for U2OS, according to the manufacturer’s protocol. An-
tibiotics (Hygromycin, Puromycin, and Blasticidin) were added the following day



103

post-transfection for selection according to the antibiotics markers the constructs
carried. Antibiotics-selected polyclonals were then re-plated into the experimental
media for sorting.

3.5.5 Flow cytometry
Cells were incubated 2 days or 3 days, depending on the experimental settings,
before the flow cytometry experiments. Cells were trypsinized with 50 µL of either
0.05% trypsin (for AD293 cells) or 0.25% trypsin (for U2OS cells) for 5 minutes
at 37°C. After digestion, cells were resuspended with 150 µL of HBSS containing
2.5 mg/mL BSA and 1 mM EDTA. Cells were then filtered through a 40 µm cell
strainer and analyzed using a CytoFLEX S instrument (Beckman Coulter). We used
the FlowJo V10 and self-build python code to analyze the flow data.

3.5.6 Cell sorting
To prepare the stable cell lines, cells were harvested and resuspended in the sorting
buffer (BD FACS Pre-Sort Buffer) supplemented with 1 U/mL DNAse I by the cell
sorter (Sony MA900) as mono-clones using 96-well plates, or poly-clones using the
1.5 mL eppendorf tubes. Cells were expanded in the 24 well plate and validated
phenotypes before further measurements.

3.5.7 Reconstitution of morphogen gradients
Poly-D-lysine (0.1mg/mL) was mixed with DPBS at 1:1 ratio. 1 mL of the mixture
was loaded in each well of a 6-well plate and incubated at room temperature for 1
hour. The coating solution was then removed, and the plate was rinsed three times
with 1.5 mL of ddH2O and dried, sealed, and stocked in 4C for up to two weeks for
use. An iBiDi insert (#80209) was carefully positioned and gently pressed at the
center of the well.

Senders were trypsinized, resuspended, and seeded at 80k per 100 µL media for
each iBiDi insert. After 12 to 24 hours post-seeding, the iBiDi insert was carefully
removed by a tweezer and rinsed once with 1 mL media. Receivers were then loaded
at 0.6M per 1 mL media for each well. After receivers settled down, media was
removed and the well was rinsed once with 1 mL imaging media. A mix of 1.5 mL
imaging media encompassing small-molecule inducers and 0.5 mL Matrigel were
loaded on cells. The plate was settled in the incubator for 15 min and transferred to
the EVOS incubator afterwards for time-lapse movies.

48 hrs of time-lapse movies were taken and the samples were scanned every 30
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min. For each well, 10×5 field of views (FOVs) were scanned, with phase channel
adjusting the autofocus, BFP channel locating the sender-receiver boundary, and
YFP or mCherry signal indicating the signal gradients.

3.5.8 Patterning experiment setup
100 µL 50 mg/mL D-poly-lysine solution was added to a well of a 96-well plate for
1 hr at room temperature. Afterwards, the plate was thoroughly washed with 200
µL ddH2O three times to remove any residual D-poly-lysine, and air-dried at room
temperature for 24 hrs. For the first circuit, cells were cultured in 150 µL media with
250 ng/mL Noggin for 24 hrs and rinsed with 300 µL regular media before seeding;
for the second circuit, cells were cultured in a AquaShield-1-free media for at least
24 hrs before seeding, both to prevent pre-patterning. Patterning monoclonals were
then seeded at full confluence into the prepared plates in 500 µL patterning media.
Cells were placed under an environmental chamber-equipped Olympus microscope
for time-lapse movie capture.

Time-lapse movies were taken by an inverted Olympus IX81 fluorescence micro-
scope with an ASI 2000YX automated stage, an iKon-M charge-coupled device
camera (Andor), a 20× dry objective lens (0.7 NA), and an X-Cite XLED1 light
source (Lumen Dynamics). Microscope and image acquisition were controlled by
Metamorph software (Molecular Devices). Cells were kept in a customized environ-
mental chamber with a humidified, 37°C and 5% CO2 atmosphere. For each well,
a square area at the well center was imaged. The region consists of 25 FOVs (5×5),
and each FOV is 650 µm × 650 µm, with a 50-µm overlap between two adjacent
FOVs. Movies were started 1 hour after induction and taken every 1 hour.
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C h a p t e r 4

CONCLUDING REMARKS

4.1 Living matters are dynamical systems
In this thesis, I introduced two synthetic circuits operating at distinct length scales.
In Chapter 2, I constructed a single-gene regulatory circuit that enables precise and
tunable control of gene expression. In Chapter 3, I built a multicellular circuit
capable of generating periodic spatial patterns. Although these two systems differ
markedly in scale and implementation, they are united by a common conceptual
premise: living matter can be productively viewed as a dynamical system—one that
can be analyzed, perturbed, and, to some extent, re-designed in a predictive manner.

In both cases, I adopted kinetic rather than thermodynamic models as the primary
theoretical framework. Kinetic models are appealing in their simplicity and direct-
ness: they specify explicit molecular species and reaction flows that an engineer
can, at least in principle, pursue experimentally. However, despite often being
regarded as “mechanistic,” many commonly used kinetic descriptions are in fact
phenomenological. They typically assume the existence, direction, and functional
form of reactions without explicitly encoding the energetic or statistical principles
that give rise to them.

This limitation is evident in the model of the DIMMER system described in Chapter
2. A simplified kinetic model was used to capture the effective binding and unbinding
dynamics between RISC and target mRNAs, together with catalytic repression.
While this model successfully explains system-level behavior, it does not fully
resolve a key molecular puzzle: why a perfectly complementary target exhibits
poorer dosage compensation than multimerized, partially complementary targets in
our interested dynamic ranges. We know experimentally, the latter relies on the
TNRC6-dependent, multivalent regulation, while the former one does not. Thereby,
a more complete explanation likely requires a statistical-mechanical description
of the interaction tendencies among target RNAs, RISC, and scaffold proteins.
Developing such a model would in turn demand more detailed experimental inputs,
such as single-molecule binding kinetics and slicing rates, which are becoming
increasingly feasible given advances in in vitro reconstitution and single-molecule
imaging. Nevertheless, how faithfully these measurements reflect the crowded and
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heterogeneous in vivo environment remains an open question. Bridging kinetic and
thermodynamic perspectives, therefore, represents not merely a modeling challenge,
but an ongoing dialogue between theory and experiment.

Across the two systems studied here, my emphasis on dynamics took different forms.
In the DIMMER circuit, the primary focus was on steady-state outcomes. In con-
trast, for the RD circuit, dynamical trajectories were also of interest, even though
the ultimate steady-state pattern remained a central object of study—reflecting the
fact that most living organisms exhibit stable spatial organization rather than contin-
uously fluctuating patterns. Yet dynamics are indispensable to biological form and
function. During development, organisms repeatedly generate new structures and
dismantle old ones, navigating transitions that are neither instantaneous nor strictly
irreversible.

That said, metastability may offer a more faithful description of biological cell
states than strict stability. Metastable states allow a cell to maintain its current
identity while retaining the capacity to transition into alternative states in a par-
tially autonomous and context-dependent manner. Indeed, metastability has been
conceptually invoked—primarily from a top-down perspective—to interpret diverse
biological phenomena: transient intermediate states during sensory organ precursor
fate commitment in Drosophila [1]; context-dependent identity switching during
human cell reprogramming [2]; and primed neural crest states that enable lineage
transitions across germ layer boundaries during mammalian development [3]. These
examples suggest that biological systems often exploit transiently stable configura-
tions rather than fixed attractors.

Looking forward, an important challenge—and opportunity—lies in construct-
ing cell-autonomous dynamical transition programs using bottom-up synthetic ap-
proaches. Such systems would allow metastability to be not merely inferred, but
deliberately engineered, thereby offering a powerful lens through which to study
how temporal dynamics shape cell fate decisions and enable the ordered assembly
of multicellular organisms.

Finally, perhaps the most charming advantage of viewing living matters as dynamical
systems is the unifying perspective it affords. Processes that appear superficially
unrelated may, at an abstract level, be governed by similar underlying principles.
For example, V(D)J recombination during immune cell maturation and receptor
expansion along evolutionary lineages both deploy limited genetic building blocks
to generate vast diversity through rearrangement and selection, operating at different
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timescales. Framed appropriately, such processes may be amenable to description
by the same dimensionless equations, differing only in parameter regimes. In
this sense, the dynamical-systems viewpoint does not merely explain individual
phenomena—it offers a shared theoretical language for understanding biological
complexity across scales.

4.2 Future design space: the unpossessed land
As summarized in Chapter 1, synthetic biology has generated an expanding reper-
toire of tools that have profoundly advanced both biological applications and fun-
damental understanding. Yet, despite the impressive breadth of existing engineered
systems, the design space that remains unexplored is far larger than what has al-
ready been charted. With the rapid advances of computational modeling, high-
throughput measurements, and AI-assisted design, it is likely that we will soon
gain deeper insights into the governing principles underlying biological organiza-
tion. Against this backdrop, I outline several particularly promising—and largely
unpossessed—regions of future design space.

4.2.1 Molecular-level design beyond transcription
At the molecular level, current synthetic toolkits have focused predominantly on
transcriptional and post-transcriptional regulation. Engineered transcription factors
and small RNAs have enabled programmable control over gene expression with
increasing predictability. In contrast, other layers of regulation—such as alternative
splicing, post-translational modification, and epigenetic regulation—remain com-
paratively underexplored. A major bottleneck is that these processes are themselves
incompletely understood, limiting their reliable deployment in synthetic contexts.

Alternative splicing illustrates both the scale of opportunity and the depth of chal-
lenge. More than 95% of multi-exon genes in the human genome undergo alternative
splicing, creating vast potential for rewiring protein interactomes and generating
context-dependent functionality [4]. While global factors such as transcriptional
elongation rates and splicing regulator abundance influence splicing outcomes [5,
6], alternative splicing is ultimately governed by a diverse set of mechanisms [7].
Existing programmable splicing tools largely co-opt endogenous splicing machinery
and rely on naturally derived splice sites [8], which constrains their portability and
generalizability across contexts.

A compelling future direction would be the construction of fully orthogonal splicing
systems. In such a framework, a single genomic locus could be selectively parti-
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tioned into distinct functional domains through programmable splice-site recogni-
tion, with splicing decisions directly coupled to defined cellular signals. This would
enable cellular events to be recorded or inferred through the resulting mRNA or
protein products. Moreover, by mapping specific splicing programs to controllable
extracellular inputs, one could systematically probe protein function by dynamically
generating defined isoforms—achieving functional diversification through signal
modulation rather than repeated genomic integration. Such approaches would shift
splicing from a passive source of complexity to an active design dimension.

4.2.2 Functional validation in real biological contexts
At the functional level, many synthetic regulatory elements have been validated
primarily using fluorescent reporters in cultured cell lines. Even de novo designed
proteins are often characterized only in in-vitro assays. To fulfill the premise of
“rewiring life,” these components must ultimately be shown to function robustly in
physiologically relevant settings.

One illustrative example is the widespread use of the incoherent feedforward loop
(IFFL) motif to achieve precise gene expression control, particularly in the context of
gene therapy. Although the conceptual appeal of this architecture is well established,
its translation into therapeutic settings has been slow. For instance, IFFL-based reg-
ulation of MECP2 for Rett syndrome gene therapy has been explored in several
studies, yet current results remain preliminary [9, 10]. Parallel efforts using similar
circuit logic to control Rai1 expression have so far been tested only in primary
mouse cortical neurons [11]. These cases highlight a broader gap between circuit
design and in situ functionality. Filling this gap—by demonstrating that engineered
motifs can operate reliably within the complexity of living tissues—will be essen-
tial for transforming synthetic biology from proof-of-concept demonstrations into
deployable biological engineering.

4.2.3 Evolutionary design as an engineering resource
From an evolutionary perspective, emerging experimental and computational tools
now make it possible to investigate how ancestral proteins function within defined
environments and how they navigate fitness landscapes. Such studies can illuminate
the evolutionary trajectories of proteins and, more fundamentally, probe the plasticity
of these landscapes themselves.

Beyond their explanatory value, ancient or cross-species proteins may also serve as
practical engineering substrates. Their evolutionary distance from modern cellular



112

networks can render them partially orthogonal, reducing unintended crosstalk with
endogenous pathways. For example, a population-control circuit developed in our
laboratory exploited the plant hormone auxin as a signaling molecule, precisely
because of its minimal interference with mammalian cellular processes [12]. This
strategy suggests a broader design principle: evolutionarily distant components
can be repurposed as clean signaling channels, expanding the usable design space
beyond what is accessible using native molecular parts alone.

Taken together, these molecular, functional, and evolutionary frontiers define a
vast unpossessed land for future synthetic biology—one that invites not only new
tools, but new ways of thinking about how biological systems can be constructed,
interrogated, and repurposed.

4.3 Lessons for ‘narrative engineering’
The term narrative engineering has been used in the organoid field to describe
the ambition of engineering organs not merely as static structures, but as tempo-
rally evolving systems shaped by collective, emergent behaviors of multicellular
populations. Achieving this goal requires the coordinated integration of multiple
layers: cell-autonomous genetic programs or artificially imposed spatial organiza-
tion; controlled biochemical and mechanical environments that ensure appropriate
signaling, nutrient supply, and physical constraints; and external stimuli that guide
developmental trajectories over time [13]. In this sense, narrative engineering is
fundamentally concerned with process, rather than simply outcome.

This perspective closely resonates with the discussion in Chapter 3. Implement-
ing a functional Turing-like pattern in vivo is not simply a matter of encoding a
reaction–diffusion circuit at the genetic level. It also demands an appropriate 3D
tissue context, which may be enabled by advances in 3D printing and biofabrica-
tion technologies. Sustained exchange of nutrients and waste is equally essential,
often necessitating coordinated metabolic regulation and vascularization around the
forming pattern. Yet, the controlled generation of vascular and neural networks
surrounding the organoid remains one of the central bottlenecks in the field [14].
Additional challenges arise from growth itself: tissues are dynamic and expanding
entities, raising the question of how patterned structures can be preserved, scaled,
or remodeled without losing their defining features.

Despite these challenges, synthetic multicellular circuits offer an assumptive narra-
tive framework for the organogenesis. Rather than attempting to directly reproduce
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the full complexity of natural development, synthetic circuits articulate a minimal,
internally consistent story of how specific regulatory motifs give rise to quantitative
behaviors in space and time. In doing so, they define a prototype—a generative
logic that specifies not only what structures might emerge, but how they emerge.

In this regard, synthetic multicellular circuits evoke the idea articulated in C.S.Lewis’s
The Pilgrim’s Regress, in his discussion of “the prototype and the copy.” The pro-
totype is not a simplified imitation of reality, but a conceptual original—a form that
gives coherence and meaning to its many imperfect realizations. Similarly, a syn-
thetic developmental circuit need not recapitulate every molecular detail of natural
development to be valuable. Its power lies in providing a coherent narrative that
developmental biologists can reason about, test against reality, and refine.

Looking forward, synthetic circuitry may reshape the field not by replacing classi-
cal developmental approaches, but by complementing them. By offering explicit,
mechanistically grounded narratives of multicellular organization, synthetic systems
can serve as reference frameworks against which natural development is interpreted.
In this way, narrative engineering becomes not only a technical endeavor, but an
epistemic one: a means of understanding life by learning how to tell its stories in a
form that can be built, perturbed, and ultimately understood.
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