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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
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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.



12

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 EF1U, 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.




