
Article
High-throughput functiona
l characterization of
combinations of transcriptional activators and
repressors
Graphical abstract
Highlights
d We screen 8,400 effector domain pairs for transcriptional

activation and repression

d We find synergy between weak activators and antagonism

between strong activators

d We find that repressors tend to dominate activators when co-

recruited

d We build a TF that changes from activator to repressor upon

adding a small molecule
Mukund et al., 2023, Cell Systems 14, 1–18
September 20, 2023 ª 2023 Elsevier Inc.
https://doi.org/10.1016/j.cels.2023.07.001
Authors

Adi X. Mukund, Josh Tycko,

Sage J. Allen, ..., Kaitlyn Spees,

Michael C. Bassik, Lacramioara Bintu

Correspondence
lbintu@stanford.edu

In brief

Mukund et al. measure transcriptional

activation and repression for thousands

of transcriptional effector domain pairs

using a high-throughput reporter assay in

human cells. This study helps outline the

basic principles of how effector domains

can be combined to build novel synthetic

biology tools for precise and flexible gene

regulation.
ll

mailto:lbintu@stanford.�edu
https://doi.org/10.1016/j.cels.2023.07.001


Please cite this article in press as: Mukund et al., High-throughput functional characterization of combinations of transcriptional activators and repres-
sors, Cell Systems (2023), https://doi.org/10.1016/j.cels.2023.07.001
ll
Article

High-throughput functional characterization
of combinations of transcriptional activators
and repressors
Adi X. Mukund,1 Josh Tycko,2 Sage J. Allen,3 Stephanie A. Robinson,4 Cecelia Andrews,5 Joydeb Sinha,6

Connor H. Ludwig,3 Kaitlyn Spees,2 Michael C. Bassik,2 and Lacramioara Bintu3,7,*
1Biophysics Program, Stanford University, Stanford, CA 94305, USA
2Department of Genetics, Stanford University, Stanford, CA 94305, USA
3Department of Bioengineering, Stanford University, Stanford, CA 94305, USA
4Department of Chemistry, Stanford University, Stanford, CA 94305, USA
5Department of Developmental Biology, Stanford University, Stanford, CA 94305, USA
6Department of Chemical and Systems Biology, Stanford University, Stanford, CA 94305, USA
7Lead contact
*Correspondence: lbintu@stanford.edu

https://doi.org/10.1016/j.cels.2023.07.001
SUMMARY
Despite growing knowledge of the functions of individual human transcriptional effector domains, much less
is understood about howmultiple effector domainswithin the same protein combine to regulate gene expres-
sion. Here, we measure transcriptional activity for 8,400 effector domain combinations by recruiting them to
reporter genes in human cells. In our assay, weak andmoderate activation domains synergize to drive strong
gene expression, whereas combining strong activators often results in weaker activation. In contrast, repres-
sors combine linearly and produce full gene silencing, and repressor domains often overpower activation do-
mains. We use this information to build a synthetic transcription factor whose function can be tuned between
repression and activation independent of recruitment to target genes by using a small-molecule drug. Alto-
gether, we outline the basic principles of how effector domains combine to regulate gene expression and
demonstrate their value in building precise and flexible synthetic biology tools. A record of this paper’s trans-
parent peer review process is included in the supplemental information.
INTRODUCTION

Transcription factors (TFs) and chromatin regulators (CRs) contain

short effector domains that can act as repressors or activators

when recruited at a target gene.1–5 Site-specific recruitment as-

says of effector domains and full-length TFs at reporter genes

have long been used to understand their effects on gene expres-

sion and develop better tools for gene regulation.6–15

Although recruitment assays have historically focused on re-

cruiting only one transcriptional effector per cell, combinatorial

function is a key property of both chromatin-mediated gene

regulation16 and transcription factor-mediated gene regula-

tion.17–19 TFs frequently contain multiple effector domains with

potentially opposing functions, with studies reporting up to

40% of TFs having at least two distinct effector domains.2,20

For example, the chromatin regulator MGA was recently shown

to feature two repressive domains with different rates of

silencing and amounts of memory,21 whereas an earlier study

showed that the transcription factor NIZP1 features an activating

KRABdomain that is dominated by a repressive C2HRdomain.22

Combinations of effector domains have a long history in the

context of synthetic biology, where the well-known transcrip-

tional activators, VP6423 and VPR,24 were built via combining
multiple known activation domains. Similarly, repressor combi-

nations featuring the KRAB domain of ZNF10 and DNA methyl-

transferases have been shown to produce a robust combination

of rapid gene silencing and long-term epigenetic memory.9,25

A systematic understanding of how combinations of transcrip-

tional effector domains function in human cells would expand the

range of compact tools available for epigenetic perturbations

and therapy.26,27 Additionally, composing effector domains

can serve as a useful strategy to design synthetic TFs capable

of implementing gene regulatory functions not achievable by

fusing individual effectors to DNA-binding domains. These TFs

could be used for many applications, including more efficient re-

programming of cell lineage specification or high-throughput

screening of the noncoding genome.28,29

In order to systematically test combinations of effector do-

mains, we need high-throughput methods: even testing all

possible combinations resulting from pairing 100 effector do-

mains requires 10,000measurements. Recently, pooled screens

have been developed for the high-throughput characterization of

individual TFs and effector domains in yeast,30,31 drosophila,32

and human cells.20,21,33,34 Arrayed high-throughput measure-

ments of combinations of CRs in concert with VP16 have

been performed in yeast to test 223 combinations,7,14 and
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low-throughput measurements have been performed in human

cells.35 However, we are not aware of any systematic high-

throughput studies to date in mammalian cells that measure

how effector domains act in combination to regulate gene

expression. As such, it remains unclear whether pairs of activator

domains synergize when combined, whether pairs of repressor

domains do the same, and how activator and repressor domains

affect each other when recruited simultaneously. Here, we

modify a recently developed pooled high-throughput method21

to test thousands of combinations of previously characterized

protein domains that can activate and repress gene expression

in human cells to start addressing these questions.

RESULTS

Developing a workflow for combinatorial screening of
transcriptional effector domains
We began by selecting a panel of effector domains and controls

from our previous screen of single domains21: 44 repressors, 30
Figure 1. Combinatorial screening of transcriptional effector domains

(A) Construction of the combinatorial library. A library consisting of approximate

(Pos. 1 and 2), connected by a 16-amino acid XTEN linker featuring a varying DNA

(STAR Methods). This library consisted of domains that were previously identifie

effect on transcription (Ctrls).

(B) Schematic of synthetic reporter system. rTetR-fused domain pairs are recruit

(exposing an IgG epitope) and anmCitrine fluorophore. The reporter gene’s promo

and minCMV for activation (bottom, yellow arrow).

(C) Magnetic separation. Cells are bound with magnetic beads that recognize the r

DNA encoding for domains expressed in cells from each population are then seq

(D) Computation of screenmeasurements. Domain pairs are assigned a screen sc

ON population and OFF is the relative proportion of a domain in the OFF popula

median score of all pairs featuring that domain and a negative control domain. Ord

differently when positioned upstream or downstream of the negative control dom

(E) Correlation between two replicates for the activation screen measurements

domains colored based on whether they are composed of two negative control do

for a combination being labeled as activating, two standard deviations away from

(F) Correlation between two replicates for the repression screen measurements fo

colored based on whether they are composed of two negative control domains

combination being labeled as repressing, two standard deviations away from th

(G) Correlation between activation log2(ON:OFF) scores (x axis) and the fraction

promoter (y axis) during individual low-throughput measurements of each pair’s fu

form y = 1/(1 + (x/k)^n). Vertical dashed line corresponds to the activation thresh

(H) Correlation between repression log2(ON:OFF) scores (x axis) and the fraction

promoter (y axis) during individual low-throughput measurements of each pairs’s f

form y =1 - 1/(1 + (x/k)^n). Vertical dashed line corresponds to the repression th

(I) Variation in control-paired measurements. The log2(ON:OFF) scores for activat

pairs in any orientation (gray), CRTC2-negative control domain pairs in any orient

and ZNF10 KRAB-negative control domain pairs in any orientation (blue). Solid lin

extent of each line corresponds to the min to max range of activation/repress

defined above.

(J) Number of control-including concatenations that exceed the threshold for act

domain acts as a repressor (blue) or activator (yellow) when recruited alone. Hori

called as an activator or repressor.

(K) Median control-paired activation (x axis) and repression (y axis) scores for ind

functional effectors green, and non-hits gray.

(L) Correlation between activation scores from the current domain combination

present in this screen that were measured for activation in a prior screen are show

the log2(ON:OFF) score from the prior screen shown on the y axis. The type of effe

color of each point. Dashed line indicates the threshold for activation in the prior

(M) Correlation between repression scores from the current domain combination

present in this screen that were measured for repression in a prior screen are show

the log2(ON:OFF) score from the prior screen shown on the y axis. The type of effe

color of each point. Dashed line indicates the threshold for repression in the prio
activators, and 20 control domains (Figure 1A; STAR Methods;

Table S1). These effectors were chosen to span a wide range

of individual activation and repression strengths when recruited

at the same reporter gene (Figure S1A). The control domains

were chosen to be either random sequences or fragments of

the DMD protein that were shown to have no effect on gene

expression when recruited to a reporter individually.21 To avoid

problems with protein stability, we chose only domains that

were well-expressed on their own (i.e., above the detection

threshold), asmeasured by FLAG staining.21We generated com-

binations of these individual domains using a 2-step cloning

strategy to build a pool of domain-linker-domain concatenations

that were then cloned into a lentiviral backbone vector as fusions

to the reverse TetR (rTetR)-inducible DNA-binding domain (Fig-

ure 1A; Figure S1B; STAR Methods). We delivered this pool

into K562 reporter cells using lentivirus with a low multiplicity

of infection (MOI = 0.24), such that most cells expressed a

single library element. We measured the ability of each pair in

this library to activate or repress a reporter gene using a
ly 100 effector domains was cloned into a lentiviral backbone in two positions

but constant amino acid sequence, and fused to the DNA-binding domain rTetR

d as repressive domains (RDs), activator domains (ADs), and controls with no

ed to TetO sites upstream of a synthetic reporter expressing a surface marker

ter can be varied, with pEF being used to measure repression (top, blue arrow)

eporter surfacemarker and are used to separate ON and OFF populations. The

uenced via next-generation sequencing.

ore equal to log2(ON:OFF) where ON is the relative proportion of a domain in the

tion. The median control-paired score for a given domain is computed as the

er specificity was determined by measuring if the domain function significantly

ain.

for all domain pairs after 2 days of recruitment at the minCMV promoter, with

mains (gray) or at least one effector domain (blue). Dashed line is the threshold

the mean of the negative control-control combinations.

r all domain pairs after 5 days of recruitment at the pEF promoter, with domains

(gray) or at least one effector domain (blue). Dashed line is the threshold for a

e mean of the negative control-control combinations.

of cells activated after 2 days of doxycycline recruitment to the weak minCMV

nction via flow cytometry. The sigmoid curve represents the best-fit line of the

old for effector domain combinations as defined above.

of cells repressed after 5 days of doxycycline recruitment to the strong pEF

unction via flow cytometry. The sigmoid curve represents the best-fit line of the

reshold for effector domain combinations as defined above.

ion (x axis) and repression (y axis) is shown for negative control-control domain

ation (yellow), FOXO3-negative control domain pairs in any orientation (green),

es represent the median activation/repression values for each domain, and the

ion scores. Dashed lines represent activation and repression thresholds as

ivation (x axis) and repression (y axis) for all domains, colored by whether that

zontal and vertical dashed lines indicate thresholds needed for a domain to be

ividual effector domains. Activators are colored yellow, repressors blue, dual-

screen and prior nuclear Pfam single-domain activation screen.21 Domains

n, with the median control-paired score in this screen shown on the x axis and

ctor (activator, repressor, dual, negative control, or non-hit) is indicated by the

screen.

screen and prior nuclear Pfam single-domain repression screen.21 Domains

n, with the median control-paired score in this screen shown on the x axis and

ctor (activator, repressor, dual, negative control, or non-hit) is indicated by the

r screen.
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high-throughput pooled method we recently developed: HT-re-

cruit.21 Briefly, by adding doxycycline (dox), we recruited the

rTetR-concatenated fusions to either a minimal promoter to

measure activation or to a highly expressed constitutive pro-

moter to measure repression (Figure 1B). We separated cells

into populations with high (ON) and low (OFF) reporter gene ex-

pressions usingmagnetic separation (STARMethods; Figure 1C;

Figure S1C) and computed the relative enrichment of individual

effector combinations in each population (Figure 1D). We recov-

ered the largemajority of concatenations that were present in our

combinatorial library with sufficient sequencing depth (Fig-

ure S1D) and found a good correlation across replicates

for both our activation (Figure 1E; Pearson R = 0.803 and

p < 2.2 3 10�16) and repression (Figure 1F; Pearson ⍴ = 0.795

and p < 2.2 3 10�16) screens. To identify effector combinations

for which we could reliably measure activity, we used the distri-

bution of negative control-only combinations: we considered a

pair to be activating and/or repressing if it had a score of at least

2 standard deviations away from the mean of the negative con-

trol combinations.

To validate these high-throughput measurements and our

detection threshold, we measured activation for 61 domain con-

catenations and repression for 38 domain concatenations by re-

cruiting them individually to our synthetic reporters and

measuring gene expression via flow cytometry. We measured

the fraction of cells activated at theweakminCMVpromoter after

2 days of recruitment and found strong correlations between our

screen measurements and the fraction of cells activated (Fig-

ure 1G; R2 = 0.88 and p = 7.4 3 10�50). We found a similarly

strong correlation between repressive screen scores and the

fraction of cells silenced after 5 days of recruitment to the strong

pEF promoter (Figure 1H; R2 = 0.81 and p = 5.8 3 10�15). We

concluded that our screen accurately measured these concate-

nations’ ability to either activate or repress gene expression.

We began our analysis of the screen data by examining the

behavior of effector domains in our library in combination with

the negative control domains.We identified 4 of 20 negative con-

trol domains that significantly affected either activation or

repression scores across all effector domains and filtered them

from downstream analyses (Figures S1E–S1F). We then sought

to determine if the order of the domains within concatenations

altered their effect on gene expression. Although prior literature

has demonstrated that the ordering of effector domains in syn-

thetic TFs can significantly affect the function of fusions,24,25

we found that few of the domains in our library changed effect

size significantly when switched from the first to the second po-

sition across all of their fusions with negative controls (Fig-

ure S1G). We excluded concatenations featuring any domain in

the orientation that ablated its function from downstream anal-

ysis (Figure S1H).

To check to what extent effectors maintained their function

when fused to a control sequence, we examined the distribution

of scores for each effector domain when paired with all negative

controls (Figure 1I; Figures S2A–S2B). Although for some do-

mains, all scores clustered together in one quadrant (e.g., the

strong KRAB repressor domain from ZNF10; Figure 1I, blue),

we found that other domains dropped under the detection

threshold when paired with certain negative controls (e.g.,

weak CRTC2 activation domain; Figure 1I, yellow). Some do-
4 Cell Systems 14, 1–18, September 20, 2023
mains, such as the FOXO3 activation domain, have been previ-

ously reported to act as dual effectors that both activate a min-

imal reporter and repress a constitutive one when recruited

individually.36 We indeed found that most FOXO3-control fu-

sions acted as dual activator-repressors, although a minority of

fusions only acted as activators (Figure 1I, green). In order to

classify each domain, we calculated the number of effector-con-

trol pairs that met our hit threshold for activation and repression

(Figure 1J). We used these data, along with the magnitude of

activation and repression scores for each effector when paired

with negative controls, to label effectors as activators, repres-

sors, dual-functional effectors (both activators and repressors),

or non-hits (Figure 1K; STAR Methods). We labeled a domain

as an activator if it exhibited at least minimal activation averaged

over all negative controls or if it demonstrated significant activa-

tion with some negative controls. We did the same for repression

and labeled a domain as dual-functional if it was both an acti-

vator and a repressor. The labeling of an effector domain as an

activator, repressor, or dual is thus a summary label accounting

for its behaviors when paired with any of a number of negative

control domains; its median activation or repression score

when paired with negative controls serves as a quantitative

shorthand for this varied profile of behaviors. We found that

the median activation or repression score of each effector

domain when paired with negative control domains correlated

well with prior screen measurements of activation (Figure 1L;

PearsonR =0.81 and p < 2.23 10�16) and repression (Figure 1M;

Pearson R = 0.85 and p < 2.23 10�16). Convinced that we could

appropriately characterize how individual effectors behave when

paired with negative controls, we proceeded to analyze the

behavior of effector domain combinations with each other.

Weak activator domain pairs synergistically drive gene
expression from weak promoters
The high-throughput measurements for transcriptional activa-

tion identified a large number of activator-activator pairs whose

activation scores exceeded the sum of each individual activa-

tor’s scores when paired with negative controls (Figure 2A,

left). In total, these measurements encompassed 63 activator-

activator pairs, 72 activator-dual pairs, and 81 dual-dual pairs.

We proceeded to validate individual examples of activator pairs

to verify that the scores in the screen correlate well with individ-

ual flow cytometry measurements (Figure 1G; Figures S3A–S3B)

and that synergy could be replicated in low-throughput (Fig-

ure 2B, top). Notable examples of synergy included the pair of

ANM2’s SH3 domain and KIBRA’s WW-1 domain, as well as

ANM2’s SH3 domain and NOTC2’s LNR-2 domain. Although

the full role of the ANM2 SH3 domain is not yet clear,37 it is

known to regulate PRMT1 activity in a methylation-dependent

fashion,38 is required for the function of the actin nucleator

CobI,39 and modulates alternative splicing of BCL-X.40

KIBRA’s WW-1 domain binds PPxY motifs in other proteins41

and is essential for KIBRA-mediated regulation of Hippo

signaling via interactions with LATS1/2,42 whereas NOTC2’s

second Lin-12/Notch repeat (LNR) domain sits within its negative

regulatory region43 and is cleaved off during ligand binding.44 It is

important to note that this synergy is relative to domains paired

with negative controls, not relative to individual activation do-

mains on their own. When comparing the estimated fraction of



Figure 2. Activators work synergistically when paired together
(A) Evidence for activator-activator synergy in the high-throughput screen after 2 days of recruitment at the minCMV minimal promoter. For negative control-

control (dark gray), activator-activator (yellow), activator-dual (orange), and dual-dual (red) domain pairs, the sum of their individual control-paired scores (x axis)

is plotted against the average score of the combination (y axis). Individual examples of pairs highlighted in subsequent panels are labeled and indicated by lines.

(B) Example low-throughput validations of activator-negative control and activator-activator pairs at theminCMV promoter. No-doxycycline recruitment is shown

in light gray, whereas the probability density of fluorescence after 2 days of dox recruitment is shown in yellow. Vertical dashed lines indicate the threshold for

calling cells ON or OFF, with the fraction of cells ON in the dox population labeled within each histogram.

(C) Top: estimated fraction of cells activated at day 2 for every activator-activator (yellow), activator-dual (orange), and dual-dual (red) combination (y axis) versus

the sum of the component domains’ individual estimated fraction of cells activated based on control-paired scores (x axis). Bottom: density plot of degree of

(legend continued on next page)
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cells in combination with the sum of each domain’s individual es-

timates from our prior screen,21 we find fewer synergistic do-

mains (Figure S3C) because fusing random controls to effector

domains systematically reduces their ability to activate target

genes (Figure S3D), even after excluding negative control do-

mains that reduce effector domain function across all activators

and repressors (STARMethods). Further experiments with larger

panels of activation and random control domains could help

clarify whether this interference is caused by the hindrance of

multivalent interactions and phase separation,45 destabilization

or induced degradation of the activator domain,46 or some other

mechanism.

We found that the strongest activators at minCMV, which were

generally dual-functional effectors that also repressed gene

expression at pEF, resulted in lower activation scores atminCMV

when paired together than when either activator was paired with

negative controls (Figure 2A, upper right quadrant). To verify that

the antagonism of dual-dual effector pairs was real and not sim-

ply a result of promoter saturation, we individually tested the

MYBA-ZN473 pair and found that, indeed, the combination did

not activate as many cells as either domain when paired with

negative control (Figure 2B, bottom). We wished to determine

if this antagonism could be explained by an overall reduction in

cell health resulting in reduced rates of cell proliferation. We

measured the division rate of cells expressing MYBA-ZN473

along with a number of other effector pairs over the course of

5 days (the timescale of our experiments) and found no signifi-

cant differences in cell proliferation across all tested concatena-

tions (Figures S4A and S4B). Since we did note a gradual

silencing of the MYBA-ZN473-T2A-mcherry transgene over a

period of weeks (Figure S4C, although less pronounced at the

time point when we performed our activation measurements),

we made sure only to examine effector-expressing cells in our

analyses by gating for mCherry expression (STAR Methods;

Figure S4C). Last, to test whether reduced expression of the

effector pair could explain antagonism, we measured the

expression of a number of domains via western blot (Fig-

ures S4D–S4G). We found that the average expression of the

two domains as measured in prior screens21 correlated reason-

ably well with the expression of the pairs we measured via west-

ern blot (Figure S4H) and found little correlation between the

average expression of the two domains and the activity of the

combination (Figure S4I). For example, cells express MYBA

much lower than ZN473 despite both effectors activating nearly

all cells21 (Figure S4J), suggesting that reduced expression of the

pair alone does not explain the antagonism between these dual-

dual effector pairs. Although we cannot rule out additional pleio-

tropic effects causing the dual-dual antagonism we observed,

our results do not seem explicable solely by underexpression
synergy (x axis) for activator-activator (yellow), activator-dual (orange), and dual-

combination’s estimated day 2 fraction off and the sum of the individual domain

(D) Sigmoidal shape of activator behavior in the high-throughput screen. For STAT

(x axis) is plotted against the score of the combination of the domain and that pa

(E) For all activator domains, the control-paired activation strength of the activato

fit to screen data (y axis). Line shown is the line of best fit.

(F) For all activator domains, the control-paired activation strength of the activator

screen data (y axis). Line shown is the line of best fit. (G) Correlation between the

activated cells (y axis) for each combination measured individually.
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of dual-dual concatenations or changes in the rate of cell

division.

Using the previously computed functions connecting screen

scores with individual flow cytometry measurements of gene

activation (Figure 1G), we compared the estimated fraction of

cells activated for each combination of activators with the sum

of each activator’s control-paired estimated fraction activated.

We found that activator-activator pairs tended to synergize, acti-

vator-dual pairs were additive, and dual-dual pairs acted antag-

onistically with low activation scores (Figures 2A and 2C, top).

We computed an estimated quantity of synergy for each combi-

nation by taking the difference between that combination’s esti-

mated fraction and the sum of its individual domains’ fractions.

Doing so, we found that activator-activator pairs tended to

feature more synergy than activator-dual pairs, which in turn

tended to feature more synergy than dual-dual pairs (Figure 2C,

bottom).

For each activator or dual-functional domain, we then tracked

the activity of all combinations containing that domain (including

combinations with repressors and controls) and examined how

the strength of the combination varied with the strength of the

partner’s activation score. We fit these data using a sigmoidal

Hill function (Figure 2D; Figure S3E). We found that the strength

of the partner domain at the half-maximal point of the Hill func-

tion decreased as the activation domain’s strength increased,

meaning that strong activators could reach half-maximal activa-

tionwith less help from their partner domain thanweak activators

(Figure 2E). We also found that the Hill coefficient of these func-

tions went up as the activation domain’s strength increased,

indicating that the increase from minimal to substantial gene

activation happened more rapidly in stronger activation domains

as the strength of their partners increased (Figure 2F).

Across all individual validations, we found a strong correlation

between the fraction of cells activated and the mean fluores-

cence intensity (MFI) of activated cells for our effector domain

pairs (Figure 2G). This correlation and the fluorescent distribu-

tions of reporter expression (Figures 2B and S3A) are consistent

with activation domains modulating transcriptional bursting ki-

netics at the minCMV promoter: either increasing burst fre-

quency or burst magnitude.47–51 Since the degradation rates of

our reporter mRNA and protein are slow, taking multiple days

to dilute out,10,21 reporter molecules in our cells persist long after

the cessation of a transcriptional burst. As such, it would be diffi-

cult to determine whether reporter protein molecules were made

all at once in one big burst or bit by bit (in many small bursts) over

a longer period of time. Thus, in this regime of slow degradation

rates, increasing either the duration of a transcriptional burst

(burst size) or the frequency of such bursts (burst frequency)

would lead to both a higher fraction of cells measured to be on
dual (red) combination pairs. Synergy is defined as the difference between the

s’ day 2 fractions off.

2 (left) and FOXO3 (right), the control-paired score of its partner in any given pair

rtner (y axis) for all concatenations featuring the given domain.

r (x axis) is plotted against the half-maximal point of the corresponding sigmoid

(x axis) is plotted against the Hill coefficient of the corresponding sigmoid fit to

fraction of activated cells (x axis) and the mean fluorescence intensity (MFI) of



ll
Article

Please cite this article in press as: Mukund et al., High-throughput functional characterization of combinations of transcriptional activators and repres-
sors, Cell Systems (2023), https://doi.org/10.1016/j.cels.2023.07.001
and a greater MFI of those on cells.52 Our findings are consistent

with recent work showing that changes in burst kinetics can

combine to produce transcriptional synergy.53

Repressor domain combinations generate robust
promoter silencing
Our measurements of transcriptional repression included 1,408

repressor-repressor pairs, 342 repressor-dual pairs, and 81

dual-dual pairs (Figure 3A). To determine how individual types

of repressors behave in combinations with other domains on

the screen, we plotted the strength of every combination

featuring a particular repressor versus the strength of its partner

(repressor, activator, dual, or control) in that combination. We

found that the trendline for repressors was linear, with a lower

slope for stronger repressors (Figure 3B; Figures S5A and

S5B). For each repressor domain, we determined the slope

and y-intercept of its corresponding trendline and found that

stronger repressors featured both a flatter slope closer to 0 (Fig-

ure S5C; Pearson R = 0.89 and p < 2.2 3 10�16) and a lower

y-intercept (Figure S5D; Pearson R = 0.93 and p < 2.2 3

10�16). These results suggest that weak repressors are tunable

in that the strength of a pair featuring a weak repressor can

vary over a wide range depending on the strength of the partner;

however, pairs featuring a strong repressor will generally only act

as strong repressors.

This analysis suggests that points that are above the diagonal

and under �3 come from the saturation of repression at our re-

porter; these effector pairs are predicted to silence all cells ac-

cording to our validation curve (Figure 1H). Indeed, when we

tested a number of domain pairs in low throughput, we found

that recruitment of pairs of strong repressors that each fully

repressed the reporter when paired with controls (e.g., ZNF10

and CBX1) also leads to full repression (Figure 3C, top row; Fig-

ure S5E). In contrast, when we tested pairs of moderately strong

repressors, we found that the strength of the pair was closer to

the average of the two domains, rather than full silencing (Fig-

ure 3C, bottom two rows, Figures S5E and S5F).

Using the best-fit curve for low-throughput validations map-

ping the repression log2(ON:OFF) scores to the fraction of cells

silenced at day 5 (Figure 1H), we estimated the fraction of cells

silenced at day 5 for each repressor or dual effector in our screen

based on its median control-paired repression log2(ON:OFF)

score. We found that the strength of effector-control pairs that

could repress spanned a wide range, and we categorized each

repressor domain as weak, moderate, or strong based on its

estimated fraction silenced (Figure 3D). We compared the esti-

mated fraction of cells silenced at day 5 for each repressor-

repressor combination versus the sum of its individual domains’

respective fractions and found that although concatenations

with at least one strong repressor were expected to and did

silence virtually all cells after 5 days, combinations with only

moderate and/or weak repressors generally featured a wider

range of silent fractions that reached total silencing much

less frequently (Figure 3E). In marked contrast to our data

about activator-activator pairs, we found that although only

9%of repressor-repressor pairs were consistent with synergistic

repression, approximately 90% were estimated to be similar to

the average or sum of their individual domains (Figures S5G

and S5H).
When examining the fluorescence distributions of our reporter

throughout silencing in individual validations, we found that most

domain combinations silenced either all or none of the cells by

day 5 (e.g., Figure 3F; rTetR-only and ZNF10-CBX1), as ex-

pected from previous experiments with a small number of

CRs.10 However, a minority of combinations either silenced

slowly, resulting in a fraction of cells remaining active after

5 days, (Figure 3F; SMCA4-U2AF4) or reduced gene expression

without fully silencing the gene (Figure 3F; DPY30-HXA13). For

DPY30-HXA13, the reporter MFI stabilized to a new intermediate

level during days 2–5 of recruitment, indicating a new steady

state (Figure 3F). This partial silencing is not likely due to the

lack of expression of these effector combinations: their average

expression scores based on previous measurements are high

(Figure S4I), and the transgene encoding for these combinations

has a high percentage of mCherry positive cells that we gated on

(Figure S4C).

We wanted to see if these results are consistent with prior

models of stochastic gene silencing by extending a mathemat-

ical model of gene expression we have used before to under-

stand chromatin regulation.52We did so by incorporating param-

eters for background silenced cells at the beginning of the time

course, basal gene expression from the pEF promoter, lag time

prior to silencing, the rate of protein decay upon. silencer recruit-

ment, and the rates of gene silencing and reactivation (Fig-

ure S6A; STAR Methods). After fitting this model to our experi-

mental data, we found that it could accurately represent the

dynamics of gene silencing for both strong silencers such as

ZNF10-CBX1 (Figure S6B) and weaker silencers such as

SMCA2-U2AF4 that only silenced the reporter in a fraction of

cells (Figure S6C). For these domains, we found a good correla-

tion between the rates of silencing predicted by this model and

both the screen data (Figure S6D; R2 = 0.81 and p = 5.8 3

10�12) and the fraction of cells silenced at day 5 (Figure S6E;

R2 = 0.80 and p = 1.22 3 10�11). Silencing rates predicted by

the model suggested that the rate of silencing of a combination

may be linear in the sum of the silencing rates of the individual

domains (Figure S6F), although the correlation between screen

data and silencing rates was not strong enough for a more defin-

itive conclusion.

However, we found that our model of all-or-none gene

silencing could not capture the dynamics of silencers that

reduced but did not fully ablate gene expression by day 5,

such as DPY30-HXA13 (Figures S6G–S6I), which featured a

domain from DPY30 that worked as an activator on its own in

prior screens and a repressor homeodomain from HXA13.21

For these silencers, whoseMFI stabilized to an intermediate level

after 2–3 days of recruitment (Figures S6H and S6I), their effect

on gene expression is better explained by a decrease in the pro-

duction rate in the active state, rather than transitioning to a fully

silent state. Altogether, these results suggest that although

strong silencers in combinations tend to rapidly and fully silence

gene expression, weaker repressors can producemore complex

patterns of gene silencing.

High-throughput profiling of activator-repressor
combinations
To identify principles underlying the behavior of activator-

repressor combinations, we looked at all pairs featuring an
Cell Systems 14, 1–18, September 20, 2023 7



Figure 3. Repressors combine to drive gene silencing

(A) Repressor-repressor pair behavior in the high-throughput screen after 5 days of recruitment at the pEF promoter. For negative control-negative control (dark

gray), repressor-repressor (light blue), repressor-dual (dark blue), and dual-dual (purple) domain pairs, the sum of their individual control-paired scores (x axis) is

plotted against the average score of the combination (y axis). Lower ON:OFF scores denote more repression. Horizontal and vertical lines denote the repression

threshold as defined in Figure 1F, whereas the diagonal dotted line corresponds to the line y = x.

(B) Linear shape of repressor behavior in the high-throughput screen. For a given domain (BIN1, top; HES2, middle; and ZNF10, bottom), the control-paired score

of its partner in any given pair (x axis) is plotted against the score of the combination of the domain and that partner (y axis) for all concatenations featuring the

given domain. Red lines indicate linear fits to the data.

(C) Fluorescent distributions of the citrine reporter gene from low-throughput flow cytometrymeasurements of repressor function of various domain combinations

after 5 days of recruitment at the pEF promoter, with Rand372 denoting a negative control domain. Blue, 1,000 ng/mL doxycycline; gray, no dox. Vertical dashed

lines indicate the threshold for calling cells ON or OFF, with the fraction of cells OFF in the dox population labeled within each histogram.

(D) Estimated fraction of cells silenced at day 5 (x axis) for repressors (blue) and dual-functional domains (purple) when paired with negative controls. Repressors

were partitioned into three categories: weak (left), moderate (middle), and strong (right).

(E) For all repressor-repressor combinations, the sumof the two repressors’ individual estimated control-paired fraction silenced at day 5 (x axis) is plotted against

the estimated fraction of cells silenced at day 5 by the combination (y axis). Colors represent the composition of the repressor pairs in terms of strong, moderate,

and weak repressors.

(F) Individual plots of transcriptional repression. Probability density (y axis) plots of mCitrine-A levels (x axis) presented for four different pairs of domains (rows) as

measured by flow cytometry over 5 days of doxycycline recruitment (columns).
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activator domain in combination with a repressor domain and

determined if that pair functioned as an activator-only pair,

repressor-only pair, dual-functional pair, or non-hit pair (Fig-

ure 4A; Figure S7A). We found that almost all pairs featuring

moderate to strong repressors tended to behave exclusively as

repressors, reducing gene expression at the strong pEF pro-

moter while failing to drive transcription at the weak minCMV

promoter (blue right region, Figure 4A). Domains that were

dual-functional when paired with negative controls (e.g.,

MYBA, FOXO3, and SERTAD2) tended to be dual-functional in

combinations with either weak repressors or other dual effectors

(green region, Figure 4A), although they were dominated by

strong repressors (e.g., ZNF10).

Formost domains, their activator-repressor and repressor-acti-

vator orientations had similar strengths for both activation (Fig-

ure S7B; Pearson R = 0.80 and p < 2.2 3 10�16) and repression

(Figure S7C; Pearson R = 0.79 and p < 2.2 3 10�16), indicating

that these results were not the result of position-specific effects

of the protein domains. Activator-repressor combinations with

stronger activatorswere significantlymore likely to be able to acti-

vate the minimal promoter than combinations with weaker activa-

tors (Figure 4B; Pearson R = 0.79 and p = 1.63 10�4). For repres-

sors, this relationship was significantly less pronounced: weak

repressors were only slightly less effective than strong repressors

when paired with activator domains (Figure 4C; Pearson R =

�0.52 and p = 1.6 3 10�4). Testing pairs in low throughput vali-

dated that the combination of the weak repressive SH3 domain

fromBIN1 and FOXO3’s TAD could both activate gene expression

at the weak minCMV promoter (Figure 4D) and repress gene

expressionwhen recruited to the strong pEF promoter (Figure 4E).

As expected, adding the weak repressor domain from BIN1

decreased activation and increased repression compared with

FOXO3 alone (Figures S2 and S3A).

Although in general, we found that strong repressors overpow-

ered virtually any non-repressor effector domain they were

paired with, we did find a few examples of activators that could
Figure 4. Activator-repressor combinations

(A) Representation of activator-repressor behavior measured by the high-throughp

arrayed along the x axis separated into three categories based on their effect w

middle, and repressors on the right) with the stronger repressors within each categ

Boxes just above each repressor domain indicate the control-paired activation/re

arrayed along the y axis, separated into three categories based on their effect w

dual-functional domains on the top) with the stronger activators in each category,

right of each activator domain indicate the control-paired activation/repression

corresponding activator and repressor, and are colored based onwhether the com

and an activator (green), or neither (gray).

(B) Correlation between the control-paired activation score for a set of activato

activator domain that were called as an activator pair hit (y axis). Red line repres

(C) Correlation between the control-paired repression score for a set of repress

activator domain that were called as a repressor pair hit (y axis). Red line repres

(D) Low-throughput measurement of the activation strength of the pair of BIN1’s

gray line represents the no-doxycycline condition, and the yellow 2 days doxycyc

cell as ON or OFF.

(E) Fraction of cells with pEF promoter silenced by the fusion between BIN1’s SH

silenced was normalized to the no-dox condition (STAR Methods).

(F) Distribution of repression log2(ON:OFF) scores (y axis) versus activation log2(ON

dual-functional domain.

(G) Distribution of repression log2(ON:OFF) scores (y axis) versus activation log2(

one activator domain.

(H) Distribution of repression log2(ON:OFF) scores (y axis) versus activation log2(O

dual-functional domain.
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prevent dual-functional domains from repressing strong pro-

moters (Figure 4A). These activators include the activator

KRAB from ZN597, a variant KRAB domain that functions as

an activator; the SH3 domain from ANM2 previously described

in this work; and the activating SH3 domain from BTK. Although

BTK’s SH3 domain is known to regulate BTK kinase activity upon

autophosphorylation54 and BTK can translocate to the nu-

cleus,55 we are unaware of a previously described role for the

SH3 domain in regulating gene expression of BTK targets.

We found a number of non-hit domains that could not alter

gene expression when paired with negative controls but did

affect the function of other effector domains (gray labels, Fig-

ure 4A; Figure S7A). For example, we found that the aforemen-

tioned domain from DPY30, a core subunit of the SET1/MLL

methyltransferase complex that interacts with ASH2L to estab-

lish H3K4me3,56 could ablate repressor function when paired

with not only dual-functional domains but evenweak tomoderate

strength repressors. Additionally, the N-terminal domain of

DPF1, which links the NF-kB RelA/p52 heterodimer with SWI/

SNF complex subunits to drive transcription,57 could prevent

repressor function from strong repressors, such as HERC2’s

Cyt-b5 domain. We also found non-hit domains that prevented

activation when paired with other effectors, including the tile

from the N-terminal-disordered region of DNMT3B thought to

be part of a broader region mediating interactions with the meth-

yltransferases DNMT1 and DNMT3A.58 The C2HR domain from

the zinc finger ZNF496, which has been shown to overpower

the variant activator KRABpresent on the same transcription fac-

tor,22 could similarly prevent all activators and all but the stron-

gest dual-functional domains fromdriving gene expression. Alto-

gether, these effectors did not themselves activate or repress

transcription when paired with negative controls but did modu-

late the activity of partner effectors on the same molecule in a

manner consistent with the function of their native proteins.

We wondered how the distribution of effector combinations

along both repression and activation log2(ON:OFF) scores varied
ut screen. Domains that were identified as repressorswhen recruited alone are

hen paired with controls (non-hits on the left, dual-functional domains in the

ory, as measured by their control-paired repression log2(ON:OFF), on the right.

pression score for each effector. Domains that were identified as activators are

hen paired with controls (non-hits on the bottom, activators in the middle, and

as measured by control-paired activation scores, on the top. Boxes just to the

score for each effector. Boxes in the interior represent combinations of the

bination acts as a repressor only (blue), activator only (yellow), both a repressor

rs (x axis) and the number of pairs including any repressor domain and that

ents the line of best fit.

ors (x axis) and the number of pairs including any activator domain and that

ents the line of best fit.

SH3 domain and FOXO3’s TAD when recruited at the minCMV for 2 days. The

line recruitment. The vertical dashed line indicates the threshold for labeling a

3 domain and FOXO3’s TAD over 5 days of recruitment. The fraction of cells

:OFF) scores (x axis) for combinations featuring one repressor domain and one

ON:OFF) scores (x axis) for combinations featuring one repressor domain and

N:OFF) scores (x axis) for combinations featuring one activator domain and one
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between repressor-dual, activator-dual, and repressor-activator

combinations. We found that although most repressor-dual

combinations functioned as pure repressors, some dual-func-

tional domains could combine with repressors to produce overall

dual-functional combinations (Figure 4F, bottom right quadrant).

In contrast, combining activators with repressors produced a

larger number of effector pairs that did not activate theweak pro-

moter and relatively fewer dual-functional combinations (Fig-

ure 4G). Pairing pure activators with dual-functional domains

produced combinations that mostly acted as dual activator-re-

pressors, with a smaller fraction of combinations acting as

pure activators without maintaining the repressor effect of the

dual-functional domain (Figure 4H).

Systematic characterization of domains that influence
KRAB-mediated repression
Our screen data so far indicated that virtually any concatenation

including the ZNF10 KRAB domain functioned as a strong

repressor (�180 KRAB-containing pairs). We were interested in

investigating this KRAB domain in more detail, as it is widely

used in the well-known CRISPRi system,59 has been harnessed

in conjunction with DNA methyltransferases to produce more

durable epigenetic silencing,9,25 and has been deeply character-

ized.21 We decided to test whether this pattern of KRAB domi-

nance held when using a larger panel of partner domains and

generated a lentiviral library encoding a set of concatenations

fusing ZNF10 KRAB with a library comprising �5,000 80-amino

acid proteins sequences consisting of Pfam-annotated domains

from nuclearly localized proteins and a set of negative controls.21

We transduced this library into K562 cells expressing a reporter

gene driven by the strong pEF promoter (Figure 5A) and recruited

the concatenations to the reporter gene for 5 days by adding

doxycycline. We used a lower doxycycline concentration than

that used in our previous screens (100 ng/mL vs. 1,000 ng/mL)

to slow down KRAB silencing (Figure S8A) and thus allow for a

wider dynamic range for measuring both the decrease and in-

crease of function. Wemeasured the enrichment of domain pairs

in the ON versus OFF populations (Figure S8B) on day 2 of

recruitment to determine the speed of silencing; we opted not

to take a sequencingmeasurement on day 5 at the end of recruit-

ment, as the population was virtually entirely silent (Figure 5B).

On day 2, the majority of pairs featuring well-expressed do-

mains (as measured by FLAG staining before21) scored similarly

to concatenations of KRAB with a negative control domain

(Figure 5C), consistent with the flow cytometry results showing

that the majority of the cells were silenced (Figure 5B). This

matched our expectations from the prior screens, where concat-

enations featuring KRAB silenced similarly to KRAB on its own or

with negative control domains. In this case, the negative controls

consisted of a large set of random sequences and DMD frag-

ments21 and contained both well-expressed and poorly ex-

pressed proteins.We found that a number of domainswere lowly

expressed on their own ablated KRAB function when paired with

it (Figures 5C and 5D). The FLAG(ON:OFF) scores for these low-

expressed domains were low enough that we would not expect

them to be visible via awestern blot.21We hypothesize that these

poorly expressed domains when fused to KRAB reduce their

expression levels to a point where it impairs KRAB’s repressive

function. For example, we verified that the poorly expressed
DHX16 OB_NTP and BAZ1A DDT domains inhibited KRAB func-

tion at 100 ng/mL dox (Figure 5E, top). Increasing the dox con-

centration to 1,000 ng/mL dox permitted some silencing for

KRAB-DHX16 and full silencing for KRAB-BAZ1A (Figure 5E,

bottom), consistent with the loss of function of these KRAB fu-

sions coming from decreased protein abundance.

We also observed a loss of KRAB function when fused to

certain well-expressed domains from proteins that are part of

the basic transcriptional machinery, namely the 2nd WD40

domain from TAF5L and the fork domain of RPB2. Consistent

with the high-throughput measurements, individual validations

at 100 ng/mL dox show a complete loss of KRAB silencing for

the fusions with these domains (Figure 5E, top row). The anno-

tated RBP2 domain is smaller than the 80 aa sequence we

used in our screen, and the 64 aa trimmed version had a lower

capability of opposing KRAB, allowing for more silencing

(Figure S8E). Some amount of silencing was also restored at

saturating dox concentrations for both KRAB-TAF5L and

KRAB-RBP2 (Figure 5E, bottom row), showing that KRAB can

still dominate if enough of it is recruited at the locus. These re-

sults were corroborated by an overall increase in the rate of

gene silencing when KRAB concatenations were recruited at

1,000 ng/mL dox compared with recruitment at 100 ng/mL dox

(Figure S8F; p = 0.0239 via paired t test).

In the high-throughput measurements, we also identified a

small number of domains that increased KRAB silencing (Fig-

ure 5C, bottom left). We validated that the library tile containing

the homeodomain from GSX2 increases KRAB silencing at day

2when recruited at 100 and 1,000 ng/mLdoxycycline (Figure 5E),

consistent with its behavior as a repressor when recruited on its

own in our previous Pfam screen.21 Interestingly, the trimmed

version that contains only the annotated homeodomain does

not enhance KRAB silencing (Figure S8C). In contrast, the

NHR2 domain from MTG8R—on its own, a slightly weaker

repressor than GSX2’s homeodomain in our prior screens—

could not modify KRAB-mediated silencing at both 100 ng/mL

and 1,000 ng/mL dox (Figure 5E).

Composing effector domains to generate
multifunctional synthetic transcription factors
We wanted to take advantage of the fact that the KRAB

repressor is dominant over activators to build a more versatile

transcription factor that can switch between repressor and acti-

vator based on the addition or removal of a second drug. We en-

gineered a version of our rTetR-FOXO3-ZNF10 KRAB concate-

nation plasmid where the two effector domains were separated

by a StaPL domain, which cleaves itself in the absence of asu-

naprevir (ASV)60 (Figure 6A). Thus, in the absence of ASV, the

KRAB domain would be cleaved, leaving behind the dual-func-

tional rTetR-FOXO3, whereas upon addition of the ASV inhibitor,

the KRABdomainwould act as a dominant repressor (Figure 6B).

We first verified that the construct worked as expected when

driving gene activation at the minCMV promoter (Figure 6C)

and gene repression at the pEF promoter (Figure 6D; Figure S9A)

at maximum recruitment with a saturating dose of dox (1,000 ng/

mL). At minCMV, the rTetR-FOXO3-StaPL-KRAB drove strong

gene activation in the absence of ASV (Figure 6C, bottom right

green) to a similar level as rTetR-FOXO3 only (Figure 6C, top

right). At the same promoter, addition of ASV reduced activation
Cell Systems 14, 1–18, September 20, 2023 11



Figure 5. KRAB repression when used in combination with other protein domains

(A) Schematic of KRAB-Pfam screen. A library of�5,000 Pfam-annotated nuclear-localized domains21 was cloned into a backbone downstreamof an rTetRDNA-

binding domain fused to the ZNF10 KRAB repressor and recruited at the constitutive pEF promoter.

(B) Flow cytometry measurements of mCitrine fluorescence (x axis) at 0, 2, and 5 days after 100 ng/mL dox-mediated recruitment at the pEF promoter. Data

shown consists of two replicates.

(C) Correlation between replicate 1 (x axis) and replicate 2 (y axis) of screen log2(ON:OFF) scores after 2 days of dox recruitment for KRAB-domain pairs where

domain pairs were previously annotated as well-expressed (green), poorly expressed (yellow), or negative controls (gray).

(D) Correlation between screen log2(ON:OFF) scores (x axis) and prior FLAG-stain measurements of KRAB partner domain expression (y axis) for high-expressed

domains (green) and low-expressed domains (yellow). Domains that were individually validated via flow cytometry are shown in red.

(E) Probability density curves of mCitrine fluorescence for select domains that were individually validated in combination with KRAB (blue) using flow cytometry.

Data shown are after 2 days of recruitment at 100 ng/mL dox (top row) or 1,000 ng/mL dox (bottom row) at the pEF promoter. No-dox controls are shown in gray,

whereas recruitment of KRAB alone is shown in purple.

ll
Article

Please cite this article in press as: Mukund et al., High-throughput functional characterization of combinations of transcriptional activators and repres-
sors, Cell Systems (2023), https://doi.org/10.1016/j.cels.2023.07.001
by rTetR-FOXO3-StaPL-KRAB to a minimum (Figure 6C, bottom

right blue), comparable with rTetR-KRAB recruitment and

consistent with KRAB dominating over FOXO3. At pEF, the

rTetR-FOXO3-StaPL-KRAB repressed virtually all cells upon

ASV addition (Figure 6D, bottom right blue), the same as

rTetR-KRAB alone. Without ASV, this fusion still repressed

50% of the cells (Figure 6D, bottom right green), consistent

with rTetR-FOXO3 alone being able to silence pEF in about

�54%–57% of cells (Figure 6D, top right). The negative controls

rTetR alone and rTetR-StaPL did not change gene expression at

either promoter (Figures 6C and 6D). Altogether, the construct

behaved as expected: adding ASV changed its behavior from

FOXO3-like to KRAB-like.

The ability to toggle the FOXO3-StaPL-KRAB TF from acti-

vator to repressor and then back to activator again allowed us

to test whether the activator behaves differently at a promoter
12 Cell Systems 14, 1–18, September 20, 2023
before and after KRAB-induced repression. In order to do this,

we added dox to cells containing this fusion for a period of

20 days to induce recruitment, and within this interval, we varied

ASV to toggle between FOXO3 (�ASV) and KRAB dominant

(+ASV) (Figures 6E and 6F). At the minCMV reporter, we saw

rapid gene activation upon the addition of doxycycline that

was lost when ASV was added and KRAB was recruited to the

promoter (Figure 6E). Removal of ASV, leading to the recruitment

of FOXO3 alone at this KRAB-silenced minCMV promoter pro-

duced much slower gene activation than at the unsilenced

minCMV promoter (Figure 6E; days 7–20 vs. 0-2). The slow reac-

tivation upon ASV washout suggests that although FOXO3 may

be able to drive gene expression from a minimal promoter at a

permissive locus, it is less efficient at reactivating that

promoter after it is silenced with potentially methylated and/or

compacted chromatin. At the pEF promoter (Figure 6F), we



Figure 6. A synthetic TF that can switch from strong repressor to strong activator

(A) Schematic of synthetic transcription factor system. An ASV-inducible StaPL (purple) is fused in between FOXO3’s TAD (green) and ZNF10’s KRAB (blue)

domains. In the absence of ASV, the StaPL and KRAB are cleaved off, resulting in only FOXO3’s TAD being recruited to the reporter. Adding ASV stabilizes the

StaPL domain, resulting in recruitment of FOXO3’s TAD fused to ZNF10’s KRAB domain.

(legend continued on next page)
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observed a slow reduction in gene expression without ASV dur-

ing days 0–2, consistent with the dual FOXO3 acting as a weak

repressor at pEF. The percentage of cells silenced rapidly

increased upon the addition of ASV and recruitment of KRAB

culminating in complete silencing by day 7. After the removal

of ASV, we saw slow but measurable reactivation that increased

dramatically upon doxycycline removal (Figure 6F; days 7–20 vs.

20–27), suggesting that although FOXO3 can behave as an acti-

vator and drive gene expression at minCMV, its repressive ca-

pacity may inhibit proper reactivation of the pEF promoter.

In order to characterize the range of behaviors achievable with

this inducible synthetic TF, we varied the dosing of both ASV and

doxycycline while recruiting the rTetR-FOXO3-StaPL-KRAB

construct at both promoters. At 100 ng/mL dox increasing doses

of ASV led to decreased gene activation at the minCMV pro-

moter (Figure 6G, left; Figure S9B), consistent with the expecta-

tion that increasing doses of ASV led to an increase in the spe-

cies containing KRAB relative to FOXO3 only. We also found

that increasing the dose of dox at 0 ASV led to increasing gene

activation at the minCMV promoter, consistent with a model in

which the absence of ASV leads to virtually minimal KRAB

recruitment (Figure 6G, right; Figure S9B). Low to moderate

doses of ASV, 0.01 and 0.1uM, produced intermediate profiles

between FOXO3 and KRAB (Figures S9B and S9C). Altogether,

these results suggest a model where increasing the dose of

ASV titrates between FOXO3-like and KRAB-like behavior,

whereas increasing the dose of dox increases the degree of

gene activation and/or repression.

We wished to understand what new profiles of gene expres-

sion the combined FOXO3-StaPL-KRAB transcription factor

could generate that neither FOXO3 nor KRAB could produce

on their own. For each experiment performed with the transcrip-

tion factor, we plotted for each time point the fraction of cells

actively expressing the pEF reporter versus the fraction express-

ing theminCMV promoter (Figure 6I). We found a large number of

states that the synthetic inducible TF could access at intermedi-

ate ASV doses (Figure 6I, purple) that could not be achieved at

0uM ASV (FOXO3-like behavior) or 1uM ASV (KRAB-like

behavior). These states were principally composed of situations

where both minCMV and pEF were expressed in only a fraction

of cells; FOXO3-like behavior mainly produced high levels of

cells with minCMV on (Figure 6I, green), whereas KRAB-like
(B) Expected dynamics of gene expression at the minCMV promoter (top row) or p

dox and ASV (right).

(C) Histograms of transcriptional activation after 2 days of recruitment (with 1000

promoter in the presence (blue) or absence (green) of 1mM ASV, with the no dox

(D) Histograms of transcriptional repression after 5 days of recruitment (with 100

promoter in the presence (blue) or absence (green) of 1mM ASV, with theno dox

(E) Transcriptional activation after ASV washout. K562 cells expressing the minC

1000 ng/ml doxycycline during days 0–20 (green line) and 1mM ASV during day

doxycycline.

(F) Transcriptional repression after ASV washout. K562 cells expressing the pEF-

ng/ml doxycycline during days 0–20 (green line) and 1mMASVduring days 2–7 (pur

(G) Histograms of transcriptional activation after 2 days of recruitment to the syn

varying doses of ASV (purple, left) or 0 uM ASV and varying doses of dox (green

(H) (left) Fraction of cells activated after 2 days of recruitment to the synthetic repo

for different doses of doxycycline (light vs. dark green). (right) Fraction of cells si

(I) Scatter of minCMV-reporter fraction on (x axis) versus pEF-reporter fraction o

constitutes 1 time point, and the color of each point indicates the ASV dose.
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behavior did not permit minCMV expression at all (Figure 6I,

blue). In conclusion, we found that composing FOXO3 and

KRAB in this manner and varying the dose of ASV produced

distinct profiles of gene expression not achievable with either

effector domain individually.

DISCUSSION

Despite considerable efforts to parse the combinatorial logic of

TF binding and gene regulation,19,61–63 our understanding of

how multiple distinct functional transcriptional effector domains

work together within a single TF remains limited. Improved char-

acterization of the combined function of effector domains is

important for understanding the function of natural TFs featuring

multiple effector domains,2 building complex synthetic biology

tools to manipulate gene expression,64 and building cell thera-

pies to detect and treat diseases.26,65–68 Here, we present the re-

sults of screening thousands of effector domain combinations,

another step toward uncovering the basic principles of combina-

torial gene regulation.

We found a number of negative control domains, including

control domains composed of randomly chosen amino acids

(‘‘randomers’’), that could tune the level of activation and repres-

sion by other effector domains. Although we have previously re-

ported that random amino acid sequences could occasionally

activate or repress target genes,21 to the best of our knowledge,

this marks the first report of randomers that do not alter gene

expression on their own but still modulate the effect of partner

domains, for example, by reducing domains that weakly activate

transcription on their own to non-hits. Understanding the mech-

anism behind this phenomenon requires a more systematic

interrogation of the sequence13,30,69 and structural70,71 motifs,

as well as compositional biases,20,34 present within these do-

mains and other randomers that behave similarly.

We found that weak activators can synergize to drive robust

gene expression even when the individual activators being

paired were not particularly strong. This is in agreement with pre-

vious results showing that multiple activation domains can act

synergistically in yeast when recruited at a synthetic reporter7,14

and in human cells when recruited at reporters or endogenous

genes using dCas9.24,72 At the other extreme, we found that

some of the strongest activators, which in our system acted as
EF promoter (bottom row) without dox (left), with dox and no ASV (middle), and

ng/ml dox) of indicated fusions to the synthetic reporter driven by the minCMV

control shown in gray.

0 ng/ml dox) of indicated fusions to the synthetic reporter driven by the pEF

control shown in gray.

MV-driven reporter and the FOXO3-StaPL-KRAB construct were treated with

s 2–7 (purple line). Cells were washed 13 with PBS when removing ASV and

driven reporter and the FOXO3-StaPL-KRAB construct were treated with 1000

ple line). Cells were washed 13with PBSwhen removing ASV and doxycycline.

thetic reporter driven by the minCMV promoter with either 100 ng/mL dox and

, right).

rter driven by theminCMV promoter (y axis) for different ASV doses (x axis), and

lenced after 5 days of recruitment to the pEF promoter.

n (y axis) measured across all FOXO3-StaPL-KRAB experiments. Each point
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dual-functional domains that could also repress a constitutive

promoter, were often antagonistic: when paired with each other,

they produced less gene activation from a minimal promoter

than when recruited on their own. Antagonism between tran-

scriptional activators has been reported in other contexts: TFs

have been shown to interfere with each other’s ability to activate

genes via direct interactions with each other73 or squelching

mechanisms involving the sequestration of coactivator pro-

teins.74 Although our findings suggest a more general negative

feedback mechanism triggered by high levels of activators at a

promoter, more thorough confirmation of this phenomenon is

still needed. For example, synergy between strong activator do-

mains has been seen with dCas9-VPR.24 However, since in

those cases, the synthetic TF is recruited at a single site, there

are fewer activator copies acting on the promoter compared

with our system. Certain TFs, such as CRX, have been reported

to be able to switch from activation to repression with an in-

crease in the number of binding sites.75 Moreover, further exper-

iments with a larger panel of strong activator-strong activator

pairs would help clarify how many strong activators are dual-

functional domains, whether non-dual strong activator pairs

act antagonistically as dual-dual pairs appear to do, andwhether

this phenomenon depends on the number of binding sites.

Our activation data showed a tight coupling between the frac-

tion of actively transcribing cells and the degree of transcription

in those cells, consistent with control of transcriptional bursting

dynamics.52,76 Recently, certain TFs were shown to increase

only burst size or only burst frequency, depending on their mo-

lecular mechanism of action.77 Although our long-lived protein

reporter does not allow us to differentiate between changes in

burst size or frequency for our combinations, it would be inter-

esting to repeat these high-throughput measurements coupled

with RNA FISH or a destabilized reporter that allows the extrac-

tion of burst parameters.

We found that repressors generally overpowered activators,

although select activator domains could weaken the repressor

function of dual-functional or weakly repressive domains. We

confirmed this result more thoroughly via an in-depth screen

measuring KRAB function when paired with a panel of 5,000 do-

mains from nuclearly localized proteins and found that KRAB

maintained its repressive function when paired with most do-

mains except ones that had decreased expression and a few do-

mains from general TAFs and RNA polymerase. We used these

insights to build a synthetic transcription factor whose function

could be switched from a dual-functional FOXO3-like profile

(that activates a minimal promoter and weakly represses a

constitutive one) to a repressive KRAB-like profile via the addi-

tion of the small molecule drug ASV. We used this switchable

TF to show that both the activation and repression functions of

the FOXO3 effector domain changed when the target promoter

was first silenced by KRAB. Although activation from a minimal

promoter was impaired by prior silencing as expected, recruit-

ment of FOXO3 increased KRAB-mediated epigenetic memory

and reduced reporter gene reactivation at the pEF promoter.

Importantly, since ASV tuned the behavior of this synthetic TF in-

dependent of dox-mediated recruitment, we could generate

gene expression profiles that were not accessible with either in-

dividual effector domain alone. Looking forward, this synthetic

switchable TF can be used to split a cell population into well-
defined percentages that express the desired combination of

two target genes, e.g., 50% of the cells expressing gene 1 and

50% expressing gene 2. Such flexibility could allow for more so-

phisticated and complex gene circuits and the engineering of

‘‘higher-order’’ cell behaviors and programs.78

When we started this study, we had a limited number of vali-

dated activation and repressive domains to test in combination.

Recently, however, we have identified a much larger set of

effector domains from human TFs.20 Prior efforts have charac-

terized individual examples of multiple effector domains being

combined within a larger TF22,79; it would be instructive to design

a library that systematically tests combinations of domains that

come from the same TF and compare these results with recent

ORFeome screens measuring activation and repression of full-

length TFs.33 Moreover, emerging work has begun to connect

TF and effector function with measurements of their affinities

for transcriptional coactivators and corepressors.13,33,80 Interac-

tions with cofactors and hence the effect of each combination

could vary with context such as target promoter, number of bind-

ing sites, and cell type.9,12,81–84 Our work characterized effector

combinations at two promoters in one human cell line, and our

system for effector recruitment featured 9 copies of the TetO-

binding site upstream of the promoter. Therefore, some of the

synergistic or antagonistic effects that we have identified could

be a result of binding stoichiometry, interactions between

different transcription factor molecules, and the number of co-

factors recruited to the promoter. We are excited about future ef-

forts to broaden these investigations to include other DNA-bind-

ing domains beyond rTetR, other promoters, and other cell

types. Such efforts will undoubtedly aid projects aiming to build

robust tools for cell engineering that can function across multiple

contexts.85–87
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

FLAG M2 monoclonal antibody, 1:1000, mouse Sigma-Aldrich F1804; RRID: AB_262044

Histone H3 antibody, 1:2000, rabbit Abcam AB1791; RRID: AB_302613

HRP-conjugated secondary antibody, 1:2000 Cytiva NA934/931; RRID: AB_772206

Bacterial and Virus Strains

Endura Electrocompetent Cells Lucigen 60242-2

Chemicals, Peptides, and Recombinant Proteins

Doxycycline hyclate Tocris 4090

Blasticidin Gibco A1113903

Asunaprevir Sigma-Aldrich ADV465749194

Critical Commercial Assays

Dynabeads M-280 Protein G Thermo Fisher 10003D

NEBNext Ultra II NEB M0544

Deposited Data

Raw sequencing files, Co-Recruit This manuscript GEO GSE235591

Raw sequencing files, KRAB-Pfam screen This manuscript GEO GSE235699

Experimental Models: Cell Lines

Human: HEK293T Lenti-X Takara 632180

Human: K562 ATCC CCL-243

Human: K562 + pJT039 Tycko et al. 202021 N/A

Human: K562 + pDY032 Tycko et al. 202021 N/A

Oligonucleotides

Co-recruit combinatorial library Twist N/A

Pfam nuclear domain library Tycko et al. 202021 N/A

Variable Linker This manuscript TCGGGNAGCGAGACNCCNGGNACN

TCNGAGTCNGCNACNCCNGAGAGC

Recombinant DNA

pJT039 AAVS1-PuroR-9xTetO-pEF-IGKleader-

hIgG1_FC-Myc-PDGFRb-T2A-Citrine-PolyA

Tycko et al. 202021 Addgene #161927

pDY32 AAVS1-PuroR-9xTetO-minCMV-

IGKleader-hIgG1_FC-Myc-PDGFRb-T2A-

Citrine-PolyA

Tycko et al. 202021 Addgene #161928

pJT126 lenti pEF-rTetR(SE-G72P)-3XFLAG-

LibCloneSite-T2A-mCherry-BSD-WPRE

Tycko et al. 202021 Addgene #161926

pMD2.G Didier Trono Addgene #12259

pRSV-Rev Didier Trono Addgene #12253

pMDLg/pRRE Didier Trono Addgene #12251

Software and Algorithms

Custom analyses This manuscript Zenodo https://doi.org/10.5281/zenodo.7453681

Cytoflow Teague 202288 Github: https://cytoflow.github.io

Other

Miscellaneous data and resources This manuscript Zenodo https://doi.org/10.5281/zenodo.7453681
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RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Lacra-

mioara Bintu (lbintu@stanford.edu).

Materials Availability
Reporter and effector plasmids were previously published and are listed in the key resources table.

Data and code availability
All data besides high-throughput sequencing data and all code used for analysis has been deposited at Zenodo with https://doi.org/

10.5281/zenodo.7453681. High-throughput sequencing data has been deposited for the co-recruit screen in the NCBI GEO data-

base with accession number GSE235591. High-throughput sequencing data has been deposited for the KRAB screen in the

NCBI GEO database with accession number GSE235699. Any additional information required to reanalyze the data reported in

this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines and cell culture
Cell culture was performed as described in.36 Briefly, all experiments presented here were carried out in K562 cells (ATCC, CCL-243,

female). Cells were cultured in a controlled humidified incubator at 37C and 5%CO2, in RPMI 1640 (Gibco, 11-875-119) media sup-

plemented with 10% FBS (Omega Scientific, 20014T), and 1% Penicillin-Streptomycin-Glutamine (Gibco, 10378016). HEK293T-

LentiX (Takara Bio, 632180, female) cells, used to produce lentivirus, as described below, were grown in DMEM (Gibco,

10569069) media supplemented with 10% FBS (Omega Scientific, 20014T) and 1% Penicillin Streptomycin Glutamine (Gibco,

10378016). minCMV and pEF reporter cell line generation is described in.21 pEF andminCMV promoter reporter cell lines were gener-

ated by TALEN-mediated homology-directed repair to integrate donor constructs (pEF promoter: Addgene #161927, minCMV pro-

moter: Addgene #161928) into theAAVS1 locus by electroporation of K562 cells with 1000 ng of reporter donor plasmid and 500 ng of

each TALEN-L (Addgene #35431) and TALEN-R (Addgene #35432) plasmid (targeting upstream and downstream the intended DNA

cleavage site, respectively). After 7 days, the cells were treated with 1000 ng/mL puromycin antibiotic for 5 days to select for a pop-

ulation where the donor was stably integrated in the intended locus. Fluorescent reporter expression was measured by flow

cytometry.

METHOD DETAILS

Library design
Librarymemberswere chosen from theNuclear Pfam library described in.21 A total of 20 negative control domains, 10 randomers and

10 tiles of the DMD protein; 30 activator domains; and 50 repressor domains were chosen for cloning. Of the 50 repressors, 6 were

discovered to have errors introduced during design, and were discarded from downstream analysis. All domains, including those

eventually discarded, are listed in Table S1. After library assembly, DNAChisel89 was used to optimize coding sequences by removing

duplicates, 7xC homopolymers, BsmBI and BbsI restriction sites, and rare codons. Codon usage was matched to human codon

prevalence and GC content was restricted to be between 20% and 75% in any 50-nucleotide window and between 25% and

65% globally.

Co-recruit cloning
Cloning for the combinatorial screen proceeded in two stages; in the first, domain-linker-domain concatenations were assembled,

and in the second, concatenations were placed into a lentiviral backbone. Domains in the N-terminal and C-terminal position were

synthesized as 2 separate oligonucleotide pools (Twist Biosciences). Each pool was PCRamplified in a clean PCR hood to avoid DNA

contamination. Each pool was split into 6x 50 uL reactions that were PCR amplified for 21 cycles with 5 ng template, 1 uL of each

10mM primer, 1uL of Herculase II polymerase (Agilent), 1 uL of DMSO, 1 uL of 10mM dNTPs, and 10 uL of 5x Herculase buffer (Agi-

lent). Reactionmixes were thermocycled at 98C for 3m; then 21x cycles of 98C for 20s, 61C for 20s, and 72C for 30s; and, finally, 72C

for 3m. Reaction products were pooled and gel extracted by loading a 1% TAE gel, excising the 300 bp band, and purifying using a

Zymo Research gel extraction kit. Each of the 2 extraction products (N-terminal and C-terminal) were then amplified for 23x cycles

each using the same protocol in order to generate sufficient DNA for downstream reactions. To generate concatenations, 5 uL of

15 ng/uL product from each product, N-terminal and C-terminal, were mixed with 4 uL T4 buffer (NEB B0202S), 4 uL BbsI-HF

(NEB R3539L, 1 uL T4 ligase (NEB M0202M), and 1uL of an XTEN linker-encoding DNA amplicon. This linker was encoded with var-

iable nucleotides in codon wobble positions to permit variable DNA sequence in between domains and prevent lentiviral recombi-

nation without varying the amino acid sequence of the linker. To complete the GoldenGate reaction, the mix was thermocycled

for 65x cycles at 37C for 5m, then 16C for 5m, before a series of incubations at 37C for 1h, 65C for 20m, and 16C for 1h. The

reaction product was run on a 1% TAE gel and the 600bp band of domain pair concatenations was extracted with a Zymo gel
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extraction kit. The concatenation product was then PCR amplified as before, using the outer primers, for 15x cycles. Amplification

products were then split into 12x GoldenGate reactions, each consisting of 75ng (1.33 uL) Bsmbi-v2 digested pJT039 lentiviral back-

bone, 10 ng (0.64 uL) concatenation amplicon, 2 uL T4 buffer, 1 uL BsmbI-v2 Golden Gate Assembly Kit (NEB E1602L), and 15.03 uL

nuclease free H2O. Reactions were thermocycled with 65x cycles at 42C for 5m and 16C for 5m, before a final incubation at 42C for

5m and 70C for 20m. The reactions were then pooled and purified with a QIAgen MinElute column, eluting in 6 uL ddH2O. 2 uL of

eluent was then electroporated into each of 2 tubes of 50 uL Endura electrocompetent cells (Lucigen, Cat#60242-2) as per manu-

facturer’s instructions. Cells were then plated onto 4x large 10’’ x 10’’ LB plates with carbenicillin. After overnight growth colonies

were scraped into a collection bottle and plasmid pools were extracted using a plasmid maxiprep kit (Qiagen #12662). 2 smaller

plates of LB with carbenicillin were also prepared with 1:20 diluted cells to count colonies and confirm transformation efficiency.

Approximately 50 colonies were Sanger sequenced (Quintara) to estimate cloning efficiencies and the proportion of empty backbone

plasmids in the pool.

Co-recruit screen
We plated 153 106 HEK293T cells on each of 10x 15-cm tissue culture plates in 30 mL DMEM, grew them overnight, and then trans-

fected each with 8 ug of an equimolar mixture of three third-generation packaging plasmids (pMD2.G, psPAX2, pMDLg/pRRE) and 8

ug of rTetR-concatenation library vectors using 50 mL of polyethylenimine (PEI, Polysciences #23966). Packaging plasmids were

gifts from Didier Trono. Lentivirus was harvested after 48 and 72 hours of incubation and filtered through a 0.45 mm PVDF filter (Milli-

pore) to remove debris. K562 cells were infected with lentivirus via spinfection for 2 hours, with 2 replicates each spinfected sepa-

rately. After 48 hours of growth, infected cells were selectedwith 10mg/mL blasticidin (Gibco). Infection and selection efficiencywere

monitored each day with flow cytometry using a Biorad ZE5 flow cytometer. Infection coverage was approximately 600x for each

replicate, while maintenance coverage was maintained between 10,000 and 20,000x cells per library element. On day 8 post-infec-

tion, cells were treated with 1000 ng/mL doxycycline (Fisher Scientific) for 2 days for activation or 5 days for repression.

Co-recruit library prep and sequencing
Genomic DNA was extracted with the QIAgen Blood Maxi Kit following the manufacturer’s instructions with up to 1 3 108 cells per

column. Domain sequences were amplified by PCR with primers containing Illumina adapters as extensions. 27-55x 100uL PCRs

were set up on ice, with the genomic DNA available for each experiment dictating the number of reactions. 10 ug of genomic

DNA, 0.5 uL of each 100M primer, and 50uL of NEBnext Ultra 2x Master Mix (NEB) was used in each reaction. Samples were ther-

mocycled at 98C for 3m; 33 cycles of 98C for 10s, 63C for 1m, 72C for 30s; and 72C for 2m. PCR reactions were pooled and run on a

1% TAE gel, the 600bp band was excised, and DNA was purified using QIAquick gel extraction kit (Qiagen) and eluted into nonstick

tubes (Ambion). Samples were sequenced on an Illumina HiSeq (2x150bp, Admera Health).

Computing co-recruit enrichment scores
Demultiplexed sequencing reads were provided by Admera. Domain 1 and domain 2 reads were aligned separately using bowtie2,

trimming 30 base pairs from both 5’ and 3’ ends, and were then each paired read was identified as a particular library member using a

python script iterating over each read pair. The total number of reads for each library member was then summed up using another

python script. Librarymembers were required to have at least 5 ON reads or 5OFF reads aswell as 50 total reads across both ON and

OFF subpopulations to be considered for downstream analysis. For every qualifying library member, the ON or OFF read count was

then set to 5 if it was less than 5. Then, ON read counts were normalized by dividing each library member’s read count by the total

number of ON reads, and the samewas done for OFF counts. Overall enrichment scoreswere then computed by taking the log2 of the

ratio of normalized ON read counts to normalized OFF read counts.

Labeling domains as activators, repressors, and duals
We labeled a domain as an activator if the following 2 conditions held for all concatenations including that domain and a

negative control: 1) at least 19% functioned as activators (i.e. for each, activation log2(ON:OFF) > -0.0236); 2) the average activation

log2(ON:OFF) for all pairs was greater than or equal to -0.5, or the activation log2(ON:OFF) for all pairs that functioned as activators

was greater than or equal to 0.95. We labeled a domain as a repressor if the following 2 conditions held for all concatenations

including that domain and a negative control: 1) at least 19% functioned as repressors (i.e. repression log2(ON:OFF) < 0.771); 2)

the average repression log2(ON:OFF) for all pairs was less than or equal to -0.3, or the repression log2(ON:OFF) for all pairs that func-

tioned as repressors was less than or equal to 0.20. Domains that functioned as both activators and repressors were labeled as duals.

Domains that functioned as neither were labeled as non-hits.

KRAB-Nuclear Pfam screen cloning and cell culture
An initial backbone was generated by digesting pJT126 (AddGene #161926) with BsmbI, then ligating in a sequence corresponding

to the ZNF10 KRAB domain. Then, the nuclear Pfam library was cloned into the downstream GoldenGate cloning site, and used to

produce lentivirus identically as in.21 K562 cells were then spinfected in 2 separate replicates with this KRAB+nuclear Pfam library

lentivirus at an average MOI of 0.015, corresponding to an infection coverage of 85x per replicate. 72 hours post-infection 10 mg/mL

blasticidin (Gibco) was added. 48 hours after blasticidin addition, 100 ng/mL doxycycline was added and cells were maintained in

both blast + dox for 5 more days. Cells were sampled at day 2 of doxycycline recruitment for magnetic separation and downstream
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sequencing. After 5 days of recruitment, cells were spun down, washed with PBS, and resuspended in dox-free/blast-free RPMI.

5 days after doxycycline release, cells were again sampled for magnetic separation and downstream sequencing. Cells were main-

tained at a maintenance coverage of 3,000-30,000 per library element on average. Library preparation and sequencing was per-

formed identically as in to sequence the variable effector domain.21

Magnetic Separation
Cells to be separated were spun down at 300 x g for 5m andmedia was aspirated. Cells were then resuspended in PBS (Gibco), spun

down again, and PBS was aspirated in order to wash the cells. Dynabeads Protein Gwere resuspended by vortexing for 30 seconds.

50mL of blocking buffer was prepared per 2 3 108 cells by adding 1 g biotin-free BSA (Sigma Aldrich) and 200 mL of 0.5 M pH 8.0

EDTA into DPBS (GIBCO), vacuum filtering with a 0.22-mm filter (Millipore), and keeping on ice. For all screens 60 uL of beads were

used per 10 million cells. Magnetic separation was otherwise performed as in.21

Low-throughput validations
Plasmids for each validation were produced using GoldenGate cloning as described in.21 Then, 750ng plasmid and 750ng pack mix

were mixed in 200uL serum-free OptiMEM (Gibco) along with 2-8uL PEI. Meanwhile, HEK293T cells were plated in 5mL DMEM sup-

plemented with 10% FBS and 1% PSG in one well of a 6-well plate (Fisher Scientific) for each validation. The plasmid-pack mix-op-

tiMEM mixture was added to the HEK293T cells to initiate lentivirus production, and virus was harvested 48 and 72 hours post incu-

bation and filtered through a 0.45mm PDMS filter. For each validation, 2.50 3 105 K562 cells were spinfected with 1mL virus for 2

hours, and 10 mg/mL blasticidin was added after 48 hours. After 7 days of blasticidin selection, cells were spun down and resus-

pended in RPMI with doxycycline for recruitment.

MODEL OF TRANSCRIPTIONAL REPRESSION

In our model, l defines the amount of mRNA in Active (ON) cells. We used the experimental data to estimate these parameters for our

synthetic reporter. We directly fit the mean and standard deviation of fluorescence of Silent (OFF) cells from experimental data. We

assumed that a population of cells each containing m mRNA molecules produced a distribution of log10 mCitrine-A fluorescence

values centered at (m/600) + 6.5, and directly fit the standard deviation of this population from experimental data. We constrained

mRNA levels to range between 0 and 1500 molecules per cell. Thus, the probability of seeing a cell produce a log10 mCitrine-A fluo-

rescence level of c given parameters sON, mOFF, sOFF, and l is given by the equations:

Pðc j ActiveÞ =
X

mRNA levels

Pðcit j mRNAÞ$PðmRNAÞ =
X1500

n = 0

Norm6:5+ðn=600Þ;sON
ðcÞ$PoissonlðnÞ
Pðc j SilentÞ = NormmOFF ;sOFF
ðcÞ
PðcÞ = PActive$Pðc j ActiveÞ+PSilent$Pðc j SilentÞ
where PActive and PSilent are the probability that a given cell is active or silent, respectively. Parameters were fit directly to data using

scipy.optimize.curve_fit. Note that PActive + PSilent = 1 and that when t % tlag, PSilent = 0.

To measure silencing, for every day of recruitment, 2000 cells were sampled to ensure equal sampling of log10 mCitrine-A fluores-

cence intensity across recruitment timepoints. The fraction of background silenced cells was directly computed using the rTetR-only

recruitment data, with cells being labeled as Silent if their mCitrine-A fluorescence value was less than 107. Then, parameters mOFF

and sOFF were directly estimated by examining the distribution of cells with log fluorescence values less than 7. lwas determined by

estimating the mean amount of mRNA produced in ON cells at day 0, using the above mapping between mRNA counts and fluores-

cence values. ks and tlag were fit by examining the fraction of cells silenced over time; we assumed that the fraction of Active cells

decreased with rate ks after tlag time had elapsed.10,52 Finally, g was determined by fitting a 2-state Gaussian Mixture model to fluo-

rescence data for each day and fitting a line to the locations of the higher-fluorescence peak; we assumed l decays linearly after

silencing with slope g.

Flow cytometry analysis
Flow cytometry analysis was performed in Python using Cytoflow.88 For all flow experiments, live cells were gated using Cytoflow’s

DensityGateOp, keeping 90% of cells, and then thresholded for mCherry+ cells using the ThresholdGateOp. To determine the

fraction of cells that were on, we computed the fraction of cells with log10 mCitrine-A fluorescence greater than 7 as

measured on a BioRad ZE5 flow cytometer. Normalization of mCitrine levels to the no-dox condition was performed as follows:

foff ;norm = ðfoff ;dox � foff ;no doxÞOð1 � foff ;no doxÞwhere foff denotes the fraction of cells off for any given condition. Cytometry analysis

was otherwise performed identically as in.21,36
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Western Blot
Western blots were performed similarly to.20 Briefly, 20 million cells were pelleted and washed 1x with 5 mL of PBS. Pelleted cells

were resuspended in 500 uL of ice cold RIPA buffer (EMD Millipore 20-188) containing protease inhibitor cocktail (Roche

11697498001) and were put on a rotator at 4C for 30 minutes. Next, the lysates were sonicated with a COVARIS E220 ultra-sonicator

for 15 minutes (Peak power: 140-175, Duty factor: 10, Cycles/burst: 200). Lysates were spun down at 20,000 g for 5 minutes. Protein

amounts were quantified using the Qubit protein broad range assay kit (Thermo Scientific, # A50668). 30 ug were boiled at 100C for

10 minutes in reducing sample loading buffer containing DTT (Thermo Scientific # 39000) and subsequently loaded onto a gel and

transferred to a PVDF membrane. Membrane was first blocked with Pierce� StartingBlock� (TBS) Blocking Buffer (Thermo Scien-

tific, Cat. No. 37543) for 1 hour at room temperature, then probed using FLAG M2 monoclonal antibody (1:1000, mouse, Sigma-

Aldrich, F1804) and Histone H3 antibody (1:2000, rabbit, Abcam, AB1791) as primary antibodies overnight. Next, the membrane

was washed with TBS-T 3x, 5 minutes each before being blotted again with secondary HRP-conjugated antibodies (Cytiva

NA934 or NA931) at 1:2000 for one hour at room temperature. Blots were imaged on a iBright FL1500 imager. Band intensities

were quantified using the analysis routine in iBright Analysis Software (see Figure S1 for regions of interest used).

CFSE
To make the staining solution, 1 vial of lyophilized CellTrace Violet dye (Thermo Fisher, Cat. C34557) was dissolved in 500uL DMSO

and mixed into 20mL PBS (Gibco). For each sample, 1e6 cells were spun down at 300rcf for 5 min, washed 1x with PBS, and resus-

pended in 1mL staining solution. Samples were then incubated for 20m, then resuspended in RPMI for 5m to quench any dye remain-

ing in solution. Cells were spun down, resuspended in RPMI, and flowed every 24h for 5 days.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis were performed in Python and R and are provided with all code at Zenodo https://doi.org/10.5281/zenodo.

7453681. The n for each analysis is indicated in the main text or in figure legends of relevant analyses. Significance was set at

p < 0.05, or q < 0.05 when correcting for multiple comparisons. No methods were used to determine whether the data met assump-

tions of the statistical approach.

ADDITIONAL INFORMATION

Supplementary information is available for this paper. Correspondence and requests for materials should be addressed to lbintu@

stanford.edu.
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