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Supplementary Note 1: Model description of four key topologies utilized to predict gene
dosage compensation.

We used deterministic simulations to predict the gene dosage compensation abilities of the five circuit topologies:
(1) unregulated (i.e., open-loop constitutive expression) topology, (2) TetR-based negative feedback topology, (3)
miRNA-based incoherent feedforward topology, and (4) Equalizer circuit which is a hybrid of negative feedback
and incoherent feedforward topologies. (5) Equalizer circuit that separately expresses the circuit components using
multiple promoters. Parts of the models were adapted from Nevozhay et al. [1] and Bleris et al. [2]. All reactions are
listed below and follow mass action kinetics unless otherwise stated; the reactions that do not follow the mass action
kinetics are underlined. The kinetics of these reactions are described by Equations 5-6 at the end of this note.
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Topology 2: Negative feedback (NF) topology implemented with TetR
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Topology 3: Incoherent feedforward (IFF) topology implemented with a miRNA
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Topology 4: Equalizer topology
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Topology 5: Equalizer circuit implemented with multiple promoters (Multi-promoter Equalizer-L)
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Reactions:

genel— mRNA1 + genel
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The parameters for mass action kinetics are listed in Supplementary Table 1. The transcription reaction of topolo-
gies 2, 4, and 5 (as seen in Supplementary Note 1) did not follow mass action kinetics, but instead followed the
reactions listed below:

rate_of_reaction = k_transcription_max x CN x F([TetR]) (1)
4
F([TetR]) = ( Kso + leakage)/(1 + leakage) . (@)

K2 + [TetR]*

As shown in Equation 2, we used a similar mathematical formulation as Siciliano et al. [3] to describe leakiness
of the Tet system. Note that the leakage parameter cannot be directly calculated by the fold change between
mean expression with and without induction, as cells with different plasmid copy number will have different TetR
concentrations without induction, and the assumption that [TetR| is much larger than the half-saturation constant

4
K50 may not always hold (so ﬁ may not be zero when there is no induction for cells with low plasmid copy
50

number). See Supplementary Note 3 for the estimation of the leakage parameter.



Supplementary Note 2: Mathematical modeling of a transcriptional negative feedback
circuit

We built a mathematical model of an negative feedback (NF) circuit based on repression by a transcription factor
called the Tetracycline Repressor (TetR). The two primary states of this circuit are illustrated in the figure below.
TetR can bind to its cognate operator sites (tetO), thereby inhibiting transcription of its own gene and that of the
gene of interest. The two genes are separated by a ribosome-skipping sequence (P2A) that enables multi-cistronic
gene expression in eukaryotic systems [4]. In the presence of saturating amounts of the doxycycline inducer (dox),
TetR is unable to bind to (tetO2) and gene expression can proceed.

Without Inducer

| ’rerol -rerol [ ttR [ P2A| Geneofinterest
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/tet0\ /“et0\ [INNNCRINNN] P2A | Geneofinterest. |

Negative feedback circuit with tetracycline repressor

To model this negative feedback circuit, we modified an existing TetR-based NF model [1] by adding plasmid copy
number (CN) as an additional parameter. We used the following set of differential equations based on mass action
kinetics:

d“jl?” =a-CN.-F([TetR]) — d - [P], -
dﬂZtR] =a-CN x F([TetR]) — b - [TetR] - [Dox] — d - [TetR] , @
d[?l?x} = ¢ - [DOX]exi — b - [TetR] - [Dox] — f - [Dox], &)

where CN is the plasmid copy number, [ ]” notation denotes intracellular concentration, and [ ]ex” indicates extra-
cellular concentration. Dox is the inducer molecule (i.e. doxycycline). a is the production rate per plasmid. F([TetR])
is the inhibition function with intracellular TetR concentration as the independent variable. This inhibition function is
shown at the end of Supplementary Note 1. b is the association rate of TetR and Dox, and d is the protein decay
rate, c is the diffusion constant of Dox, and f is the inducer decay rate. The decay terms d - [TetR] and f - [Dox] are
small compared with the association term b - [TetR] - [Dox] [1]. If d - [TetR] and f - [Dox] are approximated as zero,
the steady-state concentration of POI, [POl|s, can be written as:

PO, = ¢ 1PHex ®)

This shows that at steady-state, the concentration of POI is independent of the copy number, CN. If the approxima-
tion above does not hold, [POl]ss becomes modestly dependent on plasmid copy number, as shown in the main text
(Fig. 2d, Ideal Negative Feedback curve).



Supplementary Note 3: Estimating the distribution of plasmid copy numbers in trans-
fected cells

Plasmid copy number distribution in transiently transfected cells was an important parameter used in our model to
predict the cell-to-cell variability in gene expression caused by the variability in plasmid copy number. While most
of the other parameter values used in our model were determined based on the prior work (see Supplementary
Table 1 and 2), plasmid copy number distribution is specific to experimental conditions such as transfecting cell
type, transfection reagent, amount of transfecting plasmid. Therefore, we estimated this parameter based on our
experimental results. The plasmid copy number distribution was estimated using the EGFP expression distribution
of HEK293 cells expressing EGFP from the transfected unregulated promoter plasmid and the NF circuit plasmid
(see Methods for details). For the unregulated promoter plasmids, we observed that expression levels were approx-
imately linearly proportional to the plasmid copy number (Fig. 3g). Therefore, the expression level distribution that
can be empirically determined could be a proxy for the plasmid copy number distribution. Of note, here, we defined
plasmid copy number as "active” plasmid copy number that was actively transcribed. In agreement with previous
studies [5], we observed the EGFP expression of cells transfected with the unregulated plasmid roughly followed
the gamma distribution whose cumulative distribution function (CDF), F'(z), followed:

1 x

F(z) = m’Y(ka 5) ) (7)

where z is the effective plasmid copy number, & is the shape parameter, 6 is the scale parameter, I'(k) is the gamma
function evaluated at k, and v(k, %) is the lower incomplete gamma function. Depicted below is the CDF histogram
of EGFP fluorescence of transfected cells that were analyzed by flow cytometry. The red line in the figure below
is the fitted CDF curve of a gamma distribution, which has a shape parameter k of 0.57 and a scale parameter 0
of 1.7x10°%. Therefore, because the EGFP expression distribution fitted a gamma distribution, we could conclude
that the underlying plasmid copy number should also have a gamma distribution, assuming the EGFP expression
random variable is the plasmid copy number random variable scaled by some positive constant factor.
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Fitting the shape parameter & of the plasmid copy number distribution

After establishing that the plasmid copy number distribution fits a gamma distribution, we first set out to determine
the shape parameter k of the plasmid copy number distribution. To this end, we used the flow-cytometry-acquired
single-cell EGFP expression distributions of HEK293 cells transfected with the unregulated CMV plasmid.

As a property of the gamma distribution, the shape parameter k£ remains constant if the random variable is scaled

by some positive constant. Thus we can use any unregulated plasmid to estimate the shape parameter k of the
plasmid copy number distribution. Single-cell unregulated CMV plasmid data (depicted in the first figure) were used
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to estimate the shape parameter & of the plasmid copy number distribution to be 0.57 (see MATLAB script in the
Equalizer GitHub repository: SuppNote3_CopyNumberDistShapeParameterEstimate.m)

Further validation confirmed that expression levels scale linearly with plasmid copy numbers. This was accom-
plished by fitting the shape parameter k using the single-cell unregulated PGK plasmid data. Due to the lower
expression of EGFP from the PGK promoter than CMV promoter, this promoter was chosen to demonstrate that
absolute expression levels would not impact fitting of k. Using the same shape fitting technique as was done for the
unregulated CMV circuit, the unregulated PGK circuit had a similar fit with an estimated & value of 0.56. These data
further support the assumption that expression levels scale linearly with plasmid copy number and suggests only
minimal non-linearity.
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Fitting the scale parameter ¢ of the plasmid copy number distribution and the leakage of the NF circuit

Having determined the shape parameter k, we can now use the experimentally determined mean expression of
the NF circuit at different doxycycline concentrations to estimate the scale parameter 6 of the plasmid copy number
distribution and the leakage parameter. In contrast to determining k, the distribution of single-cell expression from
unregulated circuits does not constrain 6. The additional constraints imposed by the mean expression of the NF
circuit at different doxycycline concentrations allowed for estimation of 6 and leakage at the same time, since the
plasmid copy number distribution and the leakage parameter both affect the expression induction curve of the NF
circuit. We scanned across different leakage and scale parameter # combinations to minimize the mean squared
error (MSE) of the simulated mean expression of the NF circuit at 8 different inducer concentrations (0, 1, 5, 10,
50, 100, 500, 1000 ng/mL) compared with experimental data. All experimental data were normalized to the lowest
expression level so that the simulated expression vs. inducer curve demonstrated a similar trend to what is experi-
mentally observed. As shown in the plot below, where the z-axis shows the negative MSE, there is a sharp gradient
along the leakage axis. The smallest deviation between the simulated and experimental data (i.e., MSE closest to
zero) is achieved at the leakage value of 0.25.
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See: SuppNote3_CopyNumberDistScaleParameter_Leakage_Estimate.m.

Given the small gradient along the scale parameter 6 axis, we did a finer scan of the scale parameter with leak-
age fixed at 0.25 and with a larger range of 6 from 60 to 200. This is equivalent to taking a slice along leakage = 0.25
and looking at MSE versus 6, as indicated by the pink bounding box in the figure above. The MSE is closest to zero
between a scale parameter 6 of 100 to 120. 6 of 120 is used for the simulations in this work. See Supplementary
Note 5 for how sensitive the simulation results are to the choice of 0.

MSE vs 6 (leakage=0.25)
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See: SuppNote3_CopyNumberDistScaleParameter_1dScan.m.

Using the defined shape and scale parameters, the plasmid copy number distribution can be used to predict the
cell-to-cell variability caused by plasmid copy number variability for any given circuit model.
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Supplementary Note 4: Estimating miRNA affinity

miRNA is an integral part of several of the circuits used in this study, thus to properly model and predict protein of
interest cell-to-cell variation for these circuits, miRNA affinity was estimated. miRNA affinity to its target depends on
the specific sequences of the miRNA and target, the number of target sites on the transcript, and location of target
sites on the transcript [6]. From the modeling standpoint, miRNA affinity can be described by the ratio of the dissoci-
ation rate constant and the association rate constant. Previous studies found that miRNA affinities are modulated by
the dissociation rate constant [7,8]. Thus, we fixed the association rate constant (kf_RISC_complex_formation in the
model) and used the change in dissociation rate constant (kf_RISC_complex_deformation in the model) to model the
change in miRNA affinity to its target. MATLAB’s fminsearch function was used to fit the values of dissociation rate
constant by minimizing the mean squared difference between the simulated and experimental ratio of the mean ex-
pression of 10 thousand cells expressing the Equalizer circuit and the NF circuit at 6 different inducer concentrations
(0,1, 5,10, 50, 100 ng/mL). Equalizer and the NF circuits were included in this analysis so that direct comparisons
between a circuit with and without miRNA, respectively, can be done. The plasmid copy number distribution was
estimated from the distribution obtained from Supplementary Note 3. To test the simulation accuracy, different initial
guesses of the dissociation rate constant of miRNA to its target were used and converged to the same estimated
dissociation rate constant of 0.303 second™’. See: SuppNote4_microRNAaffinity_Estimate.m.

Having now defined the parameters for miRNA affinity and plasmid copy number distribution, the fully specified
models for Equalizer and the IFF circuit can be used to predict cell-to-cell variability of cells expressing the circuits.
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Supplementary Note 5: Predicting cell-to-cell variability

Our modeling can predict the cell-to-cell variability originating from plasmid copy number variability (extrinsic noise).
However, the experimentally observed cell-to-cell variability is caused by intrinsic noises and extrinsic noise. To
compare our prediction with experimental data, we made the following assumptions: (1) plasmid copy number vari-
ability is the major source of extrinsic noise, and extrinsic noise from other sources is negligible in comparison; (2)
intrinsic noise is constant across Equalizer, IFF circuit, NF circuit, and unregulated CMV circuit. Based on the sec-
ond assumption, the intrinsic noise can then be approximated as the experimentally observed cell-to-cell variability
of the CMV cell line, which integrated the unregulated CMV circuit to the genome and thus, the noise should be
mostly intrinsic noise since it has minimal DNA copy number variability. To predict the total noise (coefficient of
variation), we utilized the relationship that the square of total noise equals the sum of squares of extrinsic noise and
intrinsic noise [9], i.e., CVZ..; = CVZ insic + CViirinsic-

Given the relatively large range of the scale parameter (6) to produce a low MSE (6 = 100 to 120, Supplemen-
tary Note 3) and the effect 8 has on estimated miRNA affinity, we tested how different 6 values would affect the
predicted cell-to-cell variability. Shown below is the predicted cell-to-cell variability by simulating 10 thousand cells
expressing the Equalizer-L and NF circuits versus the experimentally observed cell-to-cell variability induced with
different concentrations of doxycycline (also shown in Fig. 3d). Comparing the simulated to the experimental values
demonstrates that the simulations could predict the relative shapes for each circuit. Additionally, the predicted CV
is largely unaffected by the change of 6 from 120 to 100, as seen by only small changes in the simulated curves
between the two different 6 values. These data suggest that using a 6 of 120 and a miRNA dissociation rate con-
stant of 0.303 second™ in our simulations produces accurate predictions and thus, we used these values in all other
modeling done in this work unless otherwise specified.
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Supplementary Note 6: Comparing intrinsic noise between Equalizer-L and multi-promoter
Equalizer-L

To evaluate the impact of having multiple promoters on the intrinsic noise of expression from Equalizer, we performed
stochastic simulations to compute the intrinsic noise across different transcriptional bursting parameter space. To
model transcriptional bursting, we added an off-state to the gene of interest to the deterministic models, which is a
standard assumption in the field that has been supported by in vivo observation [10]. To minimize redundancy, here
we only show the additional reactions on top of the reactions listed in Supplementary Note 1:

n  gene_on
gene_off  off

The switching between on-state and off-state follows mass action kinetics parameters k_on and k_off (as shown in
Supplementary Table 1).

Here we focus on the comparison between Equalizer and the multi-promoter version of Equalizer (Supplementary
Fig. 15a), which has the same regulatory elements as the Equalizer circuit but expresses each regulatory element
from separate promoters as opposed to a single promoter in the Equalizer circuit:

Stochastic simulation setup

We performed stochastic simulations using Stochkit2 [11], stand-alone stochastic simulation software that allows
defining custom propensity functions. For each topology, a first simulation is run for 108 seconds to reach a steady-
state. Then, auto-correlation is computed for the Equalizer circuit (topology 4) to determine the time 7 required for the
system to “forget” its initial state at time 0 as shown below. 7 of 5x 10° seconds was chosen since auto-correlation
is well within the approximate upper and lower auto-correlation confidence bounds shown as blue horizontal lines.
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Simulation time (second)

Then, using the end states of the first 108-second simulation for each topology as the initial states, 1000 simulations
of length = were run. The mean and standard deviation of the POI molecule numbers of the 1000 simulations are
used to calculate the simulated cell-to-cell variability. The initial condition for all topologies assumes 10 copies of
the gene in the off-state, the inducer at a steady-state determined by the influx rate and the degradation rate shown
in Supplementary Table 1 with an extracellular inducer of 0.5 ng/mL, and RISC molecule count is set to the value
mentioned above (1.7e5 molecules/cell); the initial molecule count for the rest of the species is zero.

In the first set of stochastic simulations, we used the kinetic parameters listed in Supplementary Table 1 for the
Equalizer circuit (Topology 4 in Supplementary Note 1). We modified the kinetic parameters for the multiple pro-
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moter Equalizer circuit (Topology 5 in Supplementary Note 1) so that the steady-state mMRNA amount and steady-
state POl amount remains the same as the Equalizer circuit. The following table shows the modified parameters to
achieve the same steady-state amount of mMRNA and POI:

Stochastic simulation set 1: original parameters

Parameter Equalizer Multiple promoter Equalizer
k_transcription (1/second) 4.67e-2 3.70e-2 (same for all three genes)
k_translation (1/second) 3.33e-4 3.33e-4 (same for all three genes)
k_on (1/second) 3.10e-4 3.10e-4 (same for all three genes)
k_off (1/second) 4.18e-4 4.18e-4 (same for all three genes)

The second set of stochastic simulations test how each topology reacts to amplified translation bursting, for which the
steady-state mRNA amount in each topology is reduced 50 fold compared with set 1 while maintaining steady-state
POI and TetR amount with the following modified parameters:

Stochastic simulation set 2: amplified translational bursting

Parameter Equalizer Multiple promoter Equalizer
k_transcription (1/second) 5.10e-4 4.40e-4 (same for all three genes)
k_translation (1/second) 1.66e-2 1.66e-2 (same for all three genes)
k_on (1/second) 3.10e-4 3.10e-4 (same for all three genes)
k_off (1/second) 4.18e-4 4.18e-4 (same for all three genes)

The third set of stochastic simulations test how each topology reacts to amplified transcriptional bursting, for which
the transcription bursting parameters k_on and k_off are decreased by 10 fold compared with set 1:

Stochastic simulation set 3: amplified transcriptional bursting

Parameter Equalizer Multiple promoter Equalizer
k_transcription (1/second) 4.67e-2 3.70e-2 (same for all three genes)
k_translation (1/second) 3.33e-4 3.33e-4 (same for all three genes)
k_on (1/second) 3.10e-5 3.10e-5 (same for all three genes)
k_off (1/second) 4.18e-5 4.18e-5 (same for all three genes)

Stochastic simulations results are shown in Supplementary Fig. 15.
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Supplementary Note 7: Comparing the coefficient of variation and the Fano factor as
measures for quantifying cell-to-cell variability in our experiments.

Heterogeneity of a population not only arises between cells of different genetic backgrounds but also occurs in
populations that arise from genetically identical cells through differences in intrinsic and extrinsic noise [12—15].
There are two main measures to describe population variation, coefficient of variation (CV) [16] and Fano factor [17].
Consider a population distribution with a mean (1) and a standard deviation (o) defined as:

h= (8)
_ Zi\,:1(xz - u)?
o= Z= (©)

where N is the size of the population and z; is each value of the population.
Then CV is defined as:

and Fano factor is defined as:
F=". (11)

CV is a dimensionless quantity that is invariant to proportional scaling. When the population distribution z is scaled
with a factor «, then the mean of the scaled distribution, pscaied is:

1 N
scaled — 3] iy 12
Hscaled N;:l(m (12)
=ap, (13)

and the standard deviation of the scaled distribution oscated, iS:

N A 2
Oscaled — \/W 5 (14)
Y a2 (@ — )2
= \/1]\7 , (15)
N
— o Zi:l(ﬁ — 1) ’ (16)
=ao. (17)

The CV of the scaled distribution, CVycaleq iS:

CVcaled = Tacaled ’ (18)
Mscaled
oo
=2, (20)
I

=CV. 1)

Unlike CV, the Fano factor changes when the population distribution is scaled with a factor «:
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The experiments conducted in this work produce quantities in arbitrary units where the signal is proportional to the
molecule number with unknown proportionality. In such cases, the Fano factor has major disadvantages. Not only
would the application of the Fano factor metric have unclear units, but its exact value would scale with the changes
in the unknown proportionality coefficient as Eq. (26). As a result, the Fano factor does not stay invariant under pro-
portional scaling, unlike CV. For example, the Fano factor cannot be compared between experiments that employ
measurements of molecule count (e.g., flow cytometry, microscopy) with different devices, cameras, or amplification
gain settings as these are expected to affect the proportionality coefficient. Additionally, the Fano factor compares
the spread of probability distribution relative to a Poisson distribution with the same mean. Thus, the Fano factor
metric struggles to deal with comparisons between conditions when the mean value of each condition is very dif-
ferent (Supplementary Fig. 14i). For example, if two conditions have the same mean, but one has a greater Fano
factor value, then there is a clear difference in dispersion. However, if the conditions have different means, it is
difficult to interpret what the difference in their Fano Factor values means in terms of fold change since there is no
proportional scaling.

The proportional scaling of CV allows for comparing the variability between systems with different sized means
and units. Additionally, differences in data acquisition can be tolerated as long as the measurement values differ by
a scaling factor. CV can also be expressed in percentage (as we chose to do here) by multiplying the value given
by Eq. (10) by 100. For these reasons, CV was chosen to quantify cell-to-cell variability.
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Supplementary Figures
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Supplementary Fig. 1 | Negative feedback and type | incoherent feedforward topologies of genetic circuits.
(a) In type | incoherent feedforward circuits, a common input (e.g., plasmid) drives the expression (black arrows) of
an inhibitor (e.g., mMiRNA) and an output protein (e.g., EGFP). The inhibitor only represses (red blunted arrow) the
output protein production and does not repress its own expression. (b) In negative feedback circuits, a common
input (e.g., plasmid) drives the expression of an inhibitor (e.g., Tet repressor protein) and an output protein (e.g.,
EGFP). Unlike incoherent feedforward circuits, the inhibitor represses both its own production and that of the output
protein.
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Supplementary Fig. 2 | The gene dosage compensation profiles of NF circuits can be tuned by changing
the doxycycline concentration. Predicted gene dosage compensation at different doxycycline concentrations for
(a) an ideal NF circuit or (b) an NF circuit that is "leaky”. The leaky NF circuit has incomplete repression at
saturating concentrations of TetR. The solid lines correspond to the doxycycline concentrations that predicted the
lowest CV with the fitted plasmid copy number distribution described in Supplementary Note 3, 1ng/mL for the
ideal NF and 10ng/mL for leaky NF. The calculation of the predicted gene dosage compensation score is described
in the Methods. See Supplementary Note 1 for the model description and Supplementary Tables 1 and 2 for

other parameters used in the simulations.
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Supplementary Fig. 3 | A TetR-based negative feedback circuit shows incomplete repression when
uninduced. (a) Schematic of an EGFP expression cassette with negative feedback (NF) control. (b-¢) Uninduced
NF circuits produce substantial fluorescence. (b) Representative images of HEK293A cells transfected with
plasmids encoding the NF circuit without inducer (left) and under saturating amounts of inducer (1000 ng/mL
doxycycline, right). Images are shown with the same lookup table. Scale bars, 50 um. (¢) The mean circuit output
levels of the uninduced NF is 17 4+ 1.1 % of the circuit output levels obtained under fully induced NF. The mean
output levels were relative to that of the fully induced NF circuit. Error bars indicate SEM. The black circles
represent n = 3 independent transfections.
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Supplementary Fig. 4 | Simulating the gene dosage compensation profiles of Equalizer and IFF circuits
using different model parameters. (a) The gene dosage compensation profile of the Equalizer can be tuned by
changing the doxycycline induction level. The curves for doxycycline concentrations of 5, 10, and 50 ng/mL show
substantial overlap. The mathematical definition of predicted gene dosage compensation is described in Methods.
(b-e) The Equalizer circuit is predicted to display improved gene dosage compensation compared with its
incoherent feedforward (IFF) subcircuit over a wide range of RISC concentrations and miRNA-target binding
affinities. (b & ¢) Predicted dosage compensation as a function of plasmid copy number for (b) the IFF subcircuit
and (c) the Equalizer. For both panels, RISC abundance was varied 9-fold (from 0.2 to 1.8-fold). The solid lines
corresponds to 1.7e+05 RISC complexes/cell. The simulated doxycycline concentration was 1 ng/mL. (d & e)
Predicted dosage compensation as a function of plasmid copy number for (d) the IFF subcircuit and (e) the
Equalizer. For both panels, the miRNA affinity was tuned in the model by changing the miRNA dissociation rate
constant while keeping the miRNA association rate constant unchanged. For this in silico proof of concept, before
any parameter fitting, the miRNA dissociation rate was first set to 0.3 second™ (solid line) and was varied 9-fold
(from 0.2 to 1.8-fold, dashed lines). The simulated doxycycline concentration was 1 ng/mL. See Supplementary
Note 1 for model description and Supplementary Tables 1 and 2 for other parameters used in the simulations.
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Supplementary Fig. 5 | Schematics of Equalizer and unregulated expression plasmids. (a-e) Schematics of
Equalizer plasmids. bGlob intron is the rabbit 3-globin intron |l. WPRE is the woodchuck hepatitis virus
post-transcriptional regulatory element. bGlob intron and WPRE were placed at the 5" and 3° UTRs, respectively, to
increase the overall gene expression levels. (f-j) Schematics of unregulated expression plasmids. For the CMV and
PGK unregulated promoters, we made additional variants with tetO2, bGlob intron, and WPRE for closer similarity
to the Equalizer circuits. These elements did not impact cell-to-cell variability (Supplementary Fig. 21). For
simplicity, those variants are also referred to as CMV and PGK, as appropriate. Supplementary Table 4 lists the
experiments in which each plasmid was used. (k) Schematic of unregulated mCherry expression plasmid. The
CMV-mCherry plasmid was co-transfected with the circuit plasmids that do not have the onboard mCherry
cassette. This plasmid was used to quantify plasmid uptake and distinguish transfected cells from the
non-transfected cells. See Supplementary Table 4 for the complete list of plasmids and their usage in this study.
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Supplementary Fig. 6 | Cell-to-cell variability in circuit output level is similar when quantified by flow
cytometry or microscopy. HEK293 cells were transfected with Plasmid 1 (Equalizer-L episome) or Plasmid 2
(Unregulated CMV episome). Cells transfected with the Equalizer-L episome were induced with 1 ng/mL
doxycycline. Two days after transfection, cells were analyzed with either flow cytometry or microscopy.
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Supplementary Fig. 7 | Mean gene-dosage reporter and mean circuit output levels of Equalizer-L and
unregulated promoter circuits at different transfection plasmid doses. (a & b) Data is from the same
experiments as Fig. 3e-g. HEK293 cells were transfected with plasmids encoding Equalizer-L, unregulated CMV,
or unregulated PGK circuits (see Supplementary Fig. 5d, g &i) and analyzed using flow cytometry. Each plasmid
also expressed mCherry RFP from the constitutive EF1a promoter. Gene-dosage reporter levels of individual cells
were quantified as red fluorescence. (a) Mean gene-dosage reporter levels at different doses of transfected
plasmids. At each dose, the mean gene-dosage reporter levels of the three circuits were similar. Mean values +
SEM are shown. n = 6 independent transfections. (b) Mean circuit output levels at different doses of transfected
plasmids. Mean values + SEM are shown. n = 6 independent transfections per circuit.
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Supplementary Fig. 8 | Equalizer-L buffers circuit output changes resulting from different doses of
transfected plasmid. (a & b) Data is from the same experiments as Fig. 3e-g. HEK293 cells were transfected
with plasmids encoding Equalizer-L, unregulated CMV, or unregulated PGK circuits (Supplementary Fig. 5d, g &i)
and analyzed using flow cytometry. Each plasmid also expressed mCherry RFP from the constitutive EF1«
promoter. Gene-dosage reporter levels of individual cells were quantified as red fluorescence. (a) Representative
histograms of gene-dosage reporter levels. At each plasmid dose, the gene-dosage reporter distributions of the
three circuits were similar. (b) For each circuit, single-cell flow cytometry data used to generate Fig. 3e was pooled
and divided into bins with an equal number of data points per bin. For each bin, we computed the mean
fluorescence and normalized each mean value to that of the first bin. This approach was used for both axes. The
top panel shows the entire range of gene-dosage reporter levels. The bottom panel shows a narrower range of
gene-dosage reporter levels. n = 3 independent transfections. Error bars indicate SEM.
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Supplementary Fig. 9 | Schematics of Equalizer-L and the standalone NF and IFF circuits (a) Equalizer-L (b)
the negative feedback (NF) circuit (c) the incoherent feedforward (IFF) circuit. bGlob intron is the rabbit 3-globin
intron Il. WPRE is the woodchuck hepatitis virus post-transcriptional regulatory element. bGlob intron and WPRE
were placed at the 5’ and 3’ UTRs, respectively, to increase the overall gene expression levels.
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Supplementary Fig. 10 | Equalizer-L produces a narrower circuit output distribution than the standalone NF
or IFF circuits in transfected cells. Representative contour plots of flow cytometry data used in Fig. 4b & ¢ are
shown. The inducer was used at the concentration providing the lowest cell-to-cell output variability: 0.5 ng/mL for
the Equalizer-L and 10 ng/mL for the NF circuit. The plasmid expressing mCherry (i.e., an RFP) from the
constitutive promoter CMV (Supplementary Figure 5l) was co-transfected with the circuit plasmids. Gene-dosage
reporter levels were estimated as red fluorescence. Histograms of gene-dosage reporter (top edge) and circuit
output (right edge) are shown. The dots indicate data points that were outside the lowest contour lines (i.e., 10%

line)
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Supplementary Fig. 11 | Equalizer-L is predicted to show superior dosage compensation compared with
IFF and NF circuits. Equalizer-L and NF circuit were simulated with doxycycline concentrations that were
predicted to give the best gene dosage compensation (1 ng/mL for Equalizer-L and 10 ng/mL for NF; see Fig. 4b).
The predicted gene dosage compensation is defined in Methods. See Supplementary Note 1 for the model
description and Supplementary Tables 1 and 2 for other parameters used in the simulations.
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Supplementary Fig. 12 | Equalizer-L shifts the saturation of RISC to higher plasmid copy humbers. The
solid lines show the predicted output protein levels. Dashed lines show the abundance of free RNA-induced
silencing complex (RISC). Because of the shift in RISC saturation, Equalizers can more effectively buffer gene
dosage at higher plasmid copy numbers. See Supplementary Note 1 for model description and Supplementary
Tables 1 and 2 for other parameters used in the simulations.
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Supplementary Fig. 13 | Determination of the optimal inducer concentrations for the Equalizer-L variant
and an alternative NF-IFF hybrid circuit (HYB) to achieve the lowest cell-to-cell output variability. Cell-to-cell
output variability (/eft) and mean circuit output levels (right) of HEK293T cells harboring (a) Equalizer-L or (b) HYB
and cultured with different inducer concentrations. For the schematics of the gene circuits, see Fig. 5a & b. This
experiment is similar to that of Fig. 3a-b but uses the Equalizer-L circuit variant with mScarlet-I (i.e., an RFP) as a
reporter of circuit output and mCitrine (i.e., YFP) as a marker of gene dosage. Mean values + SEM are shown. The
mean expression values are relative to that of uninduced Equalizer-L. n = 6 independent transfections per circuit.
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Supplementary Fig. 14 | Equalizer-L has superior gene dosage compensation than HYB, an alternative
circuit that combines NF and IFF regulations. (a) Representative gene-dosage reporter histograms at the
different plasmid doses.(b) HYB-transfected cells (left) produce a bimodal and wide circuit output distribution while
Equalizer-L-transfected cells (right) produce a narrow unimodal distribution. Representative contour plots of flow
cytometry data. The plasmid dose was 50 ng. Histograms of gene-dosage reporter (top edge) and circuit output
(right edge) are shown. The non-transfected cell population is included as a reference to show baseline
fluorescence levels. The dots indicate data points outside the lowest contour lines (i.e., 10% line). (¢) For each
circuit, all single-cell flow cytometry data used to generate Fig. 5e-h was divided into 20 bins and analyzed using
the binning method described in the methods. The top panels show the entire range of gene-dosage reporter
values. The bottom panels show a narrower range of gene-dosage reporter (inside red dashed boxes). n =3
independent transfections. (d-f) Data reanalysis after excluding transfected cells (mCitrine™ cells) with no
detectable circuit output levels (see panel b). (d) Reanalysis of panel c. (e) Reanalysis of Fig. 5h. (f) Reanalysis of
Fig. 5f. (g) Cell-to-cell variability in circuit output levels of the original HYB and OLP plasmids in two different cell
types. These cell types and plasmids were used in the original study that reported the two circuits [18]. The two
plasmids have DsRed-Express rather than mScarlet-| as circuit output reporter. p > 0.99 for HEK239T and p =
0.08 for CHO-K1 (Sidak’s multiple comparison test). n = 7 independent transfections for HEK293T and n = 3
independent transfections for CHO-K1. 50 ng of circuit plasmid was used per transfection reaction. (h) The Fano
factor of circuit output levels. ***, p < 0.001; ****, p < 0.0001 (Dunnett’s T3 multiple comparison test). n =6
independent transfections. 50 ng circuit plasmid was used per transfection reaction. This panel was created to
reproduce data from a previous study [18]. (i) The Fano factor of circuit output levels of circuit plasmids used in Fig.
3c (50 ng transfection dose). n = 6 independent transfections. *, p < 0.05 (Dunnett’s T3 multiple comparison test)
(j) When plotting unnormalized circuit output values on a graph with a linear y-axis, flat curves may be due to gene
dosage compensation, low circuit output, or both. Data from Fig. 5 (right) and Fig. 3 (leff) are shown for a
side-by-side comparison. The unregulated PGK promoter, which has weak expression but does not compensate
for gene dosage, produces a flat curve similar to that of Equalizer-L (right). For all panels, error bars indicate SEM.
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Supplementary Fig. 15 | The multi-promoter variant of the Equalizer-L showed impaired dosage
compensation versus the original Equalizer-L. (a) Simplified schematics of the original Equalizer-L (fop) and a
multiple promoter implementation (bottom). More detailed schematics are shown in Supplementary Fig. 5d-e. (b)
The multi-promoter Equalizer-L produces greater cell-to-cell variability in circuit output levels at most inducer
concentrations compared than single-promoter Equalizer-L. Mean values + SEM are shown. n =6
transfections/condition. p = 0.038 (two-sided t-test comparing the areas under the curve). (¢) Deterministic
simulations predicted that the two Equalizer-L variants would produce similar cell-to-cell variability across the
tested range of inducer concentrations. (d) The multi-promoter Equalizer-L is predicted to produce ~ 2-fold greater
intrinsic noise than the original Equalizer-L. Three different sets of translational and transcriptional parameters
produce similar results. This greater intrinsic noise may explain why the multi-promoter Equalizer-L produced
higher cell-to-cell variability experimentally (panel b) but not in deterministic simulations that do not account for

intrinsic noise (panel c). The simulated doxycycline concentration was 0.5 ng/mL. Addition information is provided
in Supplementary Note 6.
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Supplementary Fig. 16 | Schematics of episomal Equalizer-L and unregulated plasmids used to
characterize gene dosage compensation of Equalizer-L over a two-month period. (a-c) bGlob intron is the
rabbit 3-globin intron 1l. bGlob intron was placed at the 5 UTR to increase the overall gene expression levels. Hph
gene encodes the hygromycin-B-phosphotransferase protein, which confers resistance to Hygromycin-B. EBNA-1
is the Epstein-Barr nuclear antigen-1. OriP is the origin of replication of the Epstein-Barr virus. EBNA-1 and OriP
are necessary to maintain episomal plasmids in transfected cells.
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Supplementary Fig. 17 | Determination of fluorescence thresholds between expressing and
non-expressing cells in flow cytometry experiments with episomes. The boundaries between the quadrants
(Q1-4) were set to minimize false positives using cellular fluorescence distributions from (a) untransfected (GFP~
and RFP™) cells, (b) cells stably expressing EGFP from the genome, and (c) episomes encoding an
EF1a-mCherry expression cassette. The number inside each quadrant (Q1-4) represents the number of cells in
the quadrant as a percentage of total cells.
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Supplementary Fig. 18 | Representative fluorescence images of episome-carrying cells over a two-month
period. The same cell populations analyzed by flow cytometry (Supplementary Fig. 19) were also imaged by
fluorescence microscopy. Representative images of n = 4 independent trials are shown. To help distinguish dim
cells from the background, we also show binary masks beside each fluorescent image. Magenta denotes cells, and
blue denotes background. We used two-photon microscopy to produce optical sectioning, thereby reducing
variations in brightness due to differences in cell thickness. Scale bars, 50 pm.
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Supplementary Fig. 19 | Circuit expression distributions from populations of episome-carrying cells over a
two-month period. The fluorescence of individual HEK293 cells was determined by flow cytometry. As a control,
we also grew and analyzed cells from a line containing a chromosomally-integrated CMV-EGFP expression
cassette (column 2). This line was not transfected with episomes, but passaged and analyzed on the same days as
other episome-transfected cells. Schematics of episome plasmids are shown in Supplementary Fig. 16. Each
episome plasmid expressed mCherry (i.e., an RFP) from a constitutive EF1« promoter. Gene-dosage reporter level
of individual cells was quantified as red fluorescence of the cells. Circuit output level was defined as EGFP
fluorescence. The thresholds between GFP* and GFP~ cells and between RFP* and RFP~ cells were defined
using control cell populations (Supplementary Fig. 17). Flow cytometry data are presented on biexponential axes.
The number inside each quadrant (Q1-4) represents the number of cells in the quadrant as a percentage of total
cells. The axes numbers shown in the bottom left plot apply to the rest of the plots.
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Supplementary Fig. 20 | Circuit output and gene-dosage marker levels from Day 9 to Day 60 after
transfection with episomal vectors. (a) Circuit output. (b) Gene dosage marker, defined as the red fluorescence
from the EF1a-mCherry cassette encoded on each circuit plasmid (see Supplementary Fig. 16 for plasmid
schematics). (¢) Mean gene-dosage marker values from panel b were normalized to the mean at 9 days after
transfection. (d-e) Reanalysis of (d) cell-to-cell output variability and (e) circuit output levels shown in Fig. 6a & c,
respectively. Reanalysis was conducted after including GFP* and RFP~ cells (see Supplementary Fig. 17). ns,
not significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001 (Tukey’s multiple comparison test). For all
panels, mean values + SEM are shown. n = 4 independent trials. The data shown here is from the same
experiments as illustrated in Fig. 6.
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Supplementary Fig. 21 | Addition of the tetO2 site in the promoter region, the rabbit 3-globin intron I
sequence in the 5’UTR, and WPRE sequence in the 3’ UTR has minimal effect on cell-to-cell output
variability. (a-b) Unregulated PGK plasmid or Unregulated PGK+ plasmid, a variant with additional sequences,
were transfected in HEK293 cells. The fluorescence of single cells was quantified by flow cytometry. Schematics of
PGK and PGK+ plasmids can be found in Supplementary Fig. 5h and i, respectively. (a) Cell-to-cell output
variability. p = 0.54 (two-sided unpaired t-test). (b) Circuit output levels. p = 0.043 (two-sided unpaired t-test). For
both panels, mean values + SEM are shown. Black circles represent n = 6 independent transfections.
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Supplementary Tables

Supplementary Table 1: mass action kinetic parameters

Parameter Value Unit Reference
k_transcription 4.67e-2 1/second [19]
k_dicer 1e-3 1/second [20]
k_drosha 1e-2 1/second [2]
k_Inducer_bind_TetR 1.0e-5 1/(molecule*second) [21]
k_Inducer_dissociates_TetR, 2.0e-8 1/second [21]
k_inducer_deg 3.33e-4 1/second [1]
k_influx? 0.156 molecule/second [1]
k_microRNA _bind_RISC 1.0e-5 1/(molecule*second) [20]
k_microRNA _deg 2.88e-4 1/second [19]
k_microRNA _RISC_dissociation 2.16e-5 1/second [20]
k-mRNA _deg 2.88e-4 1/second [19]
k-mRNAmicroRNA _deg 2.88e-4 1/second [19]
k_POI_deg 9.67e-5 1/second [19]
k_RISC_complex_deformation 0.303 1/second estimated
k_RISC_complex_formation 1.84e-6  1/(molecule*second) [20]
k_slicer 7.0e-3 1/second [20]
k_splicing 2.0e-3 1/second [2]
k_TetR_deg 9.67e-5 1/second [19]
k_Inducer-TetR_deg 9.67e-5 1/second [19]
k_translation 3.33e-4 1/second [19] [20]
k_on 3.10e-4 1/second [23]
k_off 4.18e-4 1/second [23]
RISC_initial 1.7e+5 molecules [24]

20.156 molecule/second corresponds to a extracellular doxycycline concentration of 1 ng/ml, assuming a nucleus volume of 690 um? [22]; this
influx rate linearly scales with extracellular doxycycline concentration

See Supplementary Note 4 for methods used for estimation of the k_RISC_complex_formation parameter.

Supplementary Table 2: non-mass action kinetic parameters

Parameter Value Unit Reference
k_transcription_.max 4.67e-2 1/second [19]
Kso 183 molecule [1]

leakage 0.25 dimensionless  estimated

See Supplementary Note 3 for methods used for estimation of the leakage parameter.

Supplementary Table 3: gamma-distributed plasmid copy humber parameters

Parameter Value Unit Reference

shape parameter £ 0.57  dimensionless  estimated

scale parameter 0 120  dimensionless  estimated

See Supplementary Note 3 for methods used for the estimation of & and 6.
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Supplementary Table 4: plasmids used in this study

Name

Description

Usage

Schematic Addgene; GenBank

Equalizer-H plasmid

CMV _tetO2_promoter-
bGlob_intron-tetR-P2A-
eGFP-MiR(FF3)_target-
mir(FF3)-WPRE-

Fig. 3a-c

169367,

Supp. Fig. 5a MW962297

Equalizer-M plasmid

CMV _tetO2 _promoter-
bGlob_intron-tetR-P2A-
eGFP-MiR(FF4)_target-
mir(FF4)-WPRE-

Fig. 3a-c

169731,

Supp. Fig. 5b MW987521

Equalizer-L plasmid

CMV _tetO2_promoter-
bGlob_intron-
MiR(FF4)_target-
tetR-P2A-eGFP-
MiR(FF4)_target-
mir(FF4)-WPRE-

Fig. 3a-c;
Fig. 4a-b;

Supp. Fig.

169732,

Supp. Fig. 5¢ MW987522

Equalizer-L plas-
mid with onboard
mCherry cassette

CMV _tetO2_promoter-
bGlob_intron-
MiR(FF4)_target-
tetR-P2A-eGFP-
MiR(FF4)_target-
mir(FF4)-WPRE- Supp. Fig
- Supp. Fig
EF1a_promoter-
mCherry-

Fig. 3d-g;

Supp. Fig.

7-8;
. 14i-j;
. 15b

169735;

5d MW987525

Supp. Fig.

Multi-promoter
Equalizer-L plas-
mid with onboard
mCherry cassette

CMV _tetO2_promoter-
bGlob_intron-
MiR(FF4)_target-
eGFP_MiR(FF4)_target-
WPRE- -
CMV _tetO2_promoter-
bGlob_intron-
MiR(FF4)_target-
tetR-MiR(FF4)_target-
WPRE- -
CMV _tetO2 _promoter-
bGlob_intron-mir(FF4)-
WPRE- -
EF1a_promoter-
mCherry-

Supp. Fig

.15b  Supp. Fig. 5e N/A; MZ099631

Equalizer-L
(mScarlet-I) plas-
mid with onboard
mCitrine cassette

CMV _tetO2_promoter-

bGlob_intron-

MiR(FF4)_target-

tetR-P2A-mScarletl-

MiR(FF4)_target- Fig. 5;

mir(FF4)-WPRE- Supp. Fig
- Supp. Fig

EF1a_promoter-

169737,

- 138, MW987526

. 14a-c,f,h

Fig. 5a

Continued on next page
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CMV _tetO2_promoter-
bGlob_intron-
MiR(FF4)_target-
tetR-P2A-eGFP-
MiR(FF4)_target-
mir(FF4)-

Equalizer-L epi - gig' g 6; Supp. Fig. 16a 169738,
qualizer-L episome EF1c_promoter- upp- 119 &, upp- F1g- MW987527
Supp. Fig. 18-20
mCherry-
HSV_TK _promoter-hph-
EBNA_promoter-EBNAT-
-OriP
CMV_tetO2_promoter- 169740:
CMV-+ plasmid bGlob_intron-eGFP- Fig. 3c Supp. Fig. 5f MW987529
WPRE-
CMV _tetO2_promoter-
CMV+ plasmid with SVG;%bE*'_””O”'eGF P~ Fig. 3d-g; , 169741;
onboard  mCherry EF1a_promoter- Supp. Fig. 7-8; Supp. Fig. 59 MW987530
cassette mCherry- Supp. Fig. 14i-j
CMV _tetO2_promoter-
bGlob_intron-eGFP-
WPRE-
EF1a_promoter- Fig. 6:
- s . 169742;
CMV episome mCherry i Supp. Fig. 6; Supp. Fig. 16b M6V3987531
HSV_TK _promoter-hph- Supp. Fig. 18-20
EBNA_promoter-EBNAT-
-OriP
CMV _tetO2_promoter-
bGlob_intron-mScarletl-
ClMVJT g (.mscag'et'g WPRE- Fig. 5; — 169743;
plasmid with onboar EF1a_promoter- Supp. Fig. 14a-c,f,h 9 MW987532
mCitrine cassette )
. PGK _promoter-eGFP- Fig. 3c; . 169744,
PGK plasmid Supp. Fig. 22 Supp. Fig. 5h MW987533
PGK _tetO2_promoter-
. . bGlob_intron-eGFP- Fig. 3e-g;
PGbK+deasm|dChW|th WPRE- Supp. Fig. 7-8; Suop. Fig. 5 169745:
on Oat; MUY EF1a_promoter- Supp. Fig. 14i-; PP- F10- MW987534
cassetie mCherry- Supp Fig. 22

Continued on next page
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PGK episome with

PGK _tetO2_promoter-
bGlob_intron-eGFP-
WPRE-
EF1a_promoter-

mCherry- Fig. 6; . 170041;
g;:s:t;‘: mCherry : Supp. Fig. 1820  SuPp- Fig. 16¢ MW962296
HSV_TK _promoter-hph-
EBNA_promoter-EBNAT-
-OriP
UBC plasmid UBC promoter-eGFF- g a0 Supp. Fig. 5i et
Fig. 3a-c;
_ CMV _promoter- Fig. 4a-c;
g’i\gv mCherry plas-  ~perry. Supp. Fig. 3: Supp. Fig. 5k MZ220611
Supp. Fig. 10;
Supp. Fig. 22
CMV _tetO2 _promoter- Fia. 4a-b:
Negative feedback bGlob intron-tetR- 83. Fi, 3 Supo. Fid. 9b 169747,
(NF) plasmid P2A-eGFP-WPRE- SUEE' Fig' 0 pp- F1g. MW987536
CMV _tetO2_promoter-
bGlob_intron-
Incoherent  feedfor- MiR(FF4) target- Fig. 4c; Su Fig. 9¢ 169748;
ward (IFF) plasmid ~ eGFP-MiR(FF4) target-  Supp. Fig. 10 Pp- Fg. MW987537
mir(FF4)-WPRE-
EF1a_promoter-
SV40_promoter-
tTA::Cerulean- Fig. 5;
HYB plasmid MiR(FF4)_targetx3- Supp. Fig. 13b; Fig. 5b MZ220609
- Supp. Fig. 14a-f,h,j
TRE_promoter-
mScarletl(mir_FF4)-
MiR(FF4)_targetx3-
EF1a_promoter-
SV40_promoter-
HYB (original) plas- tTA::Cerulean- Contact authors
o ginal) p MiR(FF4)_targetx3- Supp. Fig. 14g ref. [18] of ref. [18] for the
- sequence

TRE_promoter-
DsRed(mir_FF4)-
MiR(FF4)_targetx3-

Continued on next page
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OLP plasmid

EF1a_promoter-

SV40_promoter-
tTA::Cerulean-
MiR(FF5)_targetx3-

TRE_promoter-
mScarletl(mir_FF4)-
MiR(FF5)_targetx3-

Fig. 5;
Supp. Fig. 14a-f,h,j

Fig. 5d

MZ220610

OLP (original) plas-
mid

EF1a_promoter-

SV40_promoter-
tTA::Cerulean-
MiR(FF5)_targetx3-

TRE_promoter-
DsRed(mir-FF4)-
MiR(FF5)_targetx3-

Supp. Fig. 149

ref. [18]

Contact authors
of ref. [18] for the
sequence
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