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SUMMARY
Multi-input logic gene circuits can enable sophisticated control of cell function, yet large-scale synthetic cir-
cuitry in mammalian cells has relied on post-transcriptional regulation or recombinase-triggered state tran-
sitions. Large-scale transcriptional logic, on the other hand, has been challenging to implement. Inspired by a
naturally found regulatory strategy of using multiple alternative promoters, followed by alternative splicing,
we developed a scalable and compact platform for transcriptional OR logic using inputs to those promoters.
The platform is extended to implement disjunctive normal form (DNF) computations capable of implementing
arbitrary logic rules. Specifically, AND logic is implemented at individual promoters using synergistic tran-
scriptional inputs, and NOT logic via microRNA inputs targeting unique exon sequences driven by those pro-
moters. Together, these regulatory programs result in DNF-like logic control of output gene expression. The
approach offers flexibility for building complex logic programs in mammalian cells.
INTRODUCTION

Research in biomolecular computing and synthetic biology (Ba-

shor et al., 2019; Benenson, 2012; Elowitz and Leibler, 2000;

Gardner et al., 2000; Ham et al., 2008; Xie and Fussenegger,

2018; You et al., 2004) has enabled, over the past two decades,

a variety of gene circuit architectures capable of implementing

complex logic in mammalian cells. An OR logic program gener-

ates high output when at least one of the inputs to the program is

active, and it is key to addressing heterogeneous cell popula-

tions. OR logic between transcriptional inputs has often been

trivially implemented with two distinct genetic constructs, each

receiving its own set of inputs (Buchler et al., 2003). Experimen-

tally, this often results in multi-valued logic with twice the output

obtained when both constructs are active compared with a sin-

gle active construct (Kramer et al., 2004; Rinaudo et al., 2007).

Additionally, a large, redundant genetic footprint (Lapique and

Benenson, 2018) makes it impractical for translation to clinically

relevant viral vectors. Previously described post-transcriptional

OR logic, with microRNA (miRNA) inputs, functions not as a sin-

gle gate but as a superposition of NOR and NOT gates (Moham-

madi et al., 2017). RNA interference was also shown to support

logic operations between transcription factors but at the

expense of high circuit complexity (Leisner et al., 2010).

Although initially thought of as straightforward (Buchler et al.,

2003), implementing transcriptional OR gates at a single pro-

moter level is challenging because secondary interactions be-

tween different transcriptional inputs or synergy is the rule, rather

than the exception (Angelici et al., 2016; Donahue et al., 2020; Lin
C
This is an open access article under the CC BY-N
et al., 1990; Lohmueller et al., 2012). A similar observation was

made in prokaryotes (Cox et al., 2007), and eventually, a robust

prokaryotic OR gate was designed via ‘‘dual promoters’’ driving

the expression of the same coding sequence from distinct RNA

polymerase binding sites (Tamsir et al., 2011). However, this

approach, although conceivable in principle in eukaryotic cells,

has not been explored there to our knowledge. Interestingly,

higher eukaryotes are often faced with their own requirements

to implement OR logic when the same gene is to be expressed

in a number of different cell lineages or under distinct sets of

inducible conditions. This is often implemented via multiple alter-

native promoters regulating alternatively spliced first exons of a

gene. Usually, only one of those promoters actively transcribes

the gene at any given time, generating otherwise identical tran-

scripts with different first exons, which can be either protein cod-

ing, e.g., in ABL1 or CIITA (Nickerson et al., 2001), generating

protein isoforms, or non-coding, resulting in the exact same pro-

tein, e.g., the FURIN gene (Ayoubi and Van De Ven, 1996).

We take a class II transactivator (CIITA) gene, a transcriptional

master regulator of major histocompatibility complex (MHC)

class II genes in vertebrate cells, as an inspiration for the devel-

opment of synthetic OR logic in mammalian cells. Human CIITA

gene has four promoters, whereas its mouse homolog Ciita has

three (Muhlethaler-Mottet et al., 1997). We ask whether the un-

derlying genetic architecture could form the basis for an OR

gate, and construct and intensively fine-tune a polychromatic re-

porter system that generates a different fluorescent protein for

every activated promoter. Once the system is established, we

convert it to a bona fide OR gate that responds with the same
ell Reports 33, 108437, December 1, 2020 ª 2020 The Authors. 1
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Figure 1. Schematics and Initial Characterization of Multiple Alternative Promoter-Based Logic Circuitry

(A) General layout of the multi-input programs enabled by the alternative promoter regulation. Alternative promoters P1, P2, and P3 enable transcription of the

respective alternative exons Ia, Ib, and Ic, with a shared exon II. Each alternative exon is followed by a 50-splice signal (50 ss1, 50 ss2, or 50 ss3). A branchpoint

sequence (BP) and 30-splice signal (30 ss), precede exon II. Intronic sequence is represented by green wavy line. Transcriptional (TP1, TP2, and TP3) and post-

transcriptional (PTP1, PTP2, and PTP3) regulatory programs are represented by boxes that convert inputs to transcriptional and/or translational activity. ‘‘True’’

(legend continued on next page)

2 Cell Reports 33, 108437, December 1, 2020

Article
ll

OPEN ACCESS



Article
ll

OPEN ACCESS
output to all input combinations. Furthermore, we demonstrate

that this architecture can support disjunctive normal form

(DNF)-like logic, whereby every promoter and first exon are regu-

lated by a complex set of transcriptional and post-transcriptional

inputs to implement, respectively, AND and NOT logic opera-

tions. Together, our results point to a scalable and compact

approach to gene-regulatory logic in mammalian cells.

RESULTS

Polychromatic Reporter System to Visualize and Fine-
Tune Multiple Alternative Promoter Architectures
An alternative-promoter-based multi-input OR circuit comprises

a number of individually controlled promoter sequences, each

with its own regulatory program, a Pol-II-binding site, and a tran-

scriptional start site; every promoter transcribes an mRNA

comprising a first exon unique to this promoter, followed by a

50-splice signal, intronic sequence, downstream promoter re-

gions, and alternative first exons, etc., until it reaches the shared

second exon and transcription termination site. The transcrip-

tional program of a promoter determines the expression level

of the mRNA isoform. In addition, each mRNA isoform can also

be controlled by its own post-transcriptional program directed

toward an isoform-specific first-exon sequence.

Individual transcripts from a given promoter will only be gener-

ated at high levels if the transcriptional program at this promoter

induces transcription, and the post-transcriptional program at

the first exon is consistent with high transcript concentration;

in other words, if the outputs of both programs are ‘‘On,’’

comprising AND logic at a single transcript level (Figure 1A).

Additional expression fine-tuning may be implemented at the

translation stage, via modulating ribosomal binding sites of tran-

scripts, etc. The OR logic relationship between regulatory pro-

grams of different transcripts can be hypothesized but not a pri-

ori assumed. The presence of alternatively spliced mRNA

variants might, in principle, also lead to mutual exclusion or

mutual inhibition between transcripts, as implied by the word

‘‘alternative.’’ Mutual exclusion would imply ‘‘exclusive OR’’

(XOR), rather than OR, logic (Culler et al., 2010; Mathur et al.,

2019).

Interestingly, although several eukaryotic genes are regulated

by alternative promoters (Ayoubi and Van De Ven, 1996), to our

knowledge, this design principle has neither been assessed
output corresponds to high transcriptional activity or high transcript concentra

rectangles indicating exons and lines indicating introns. All transcripts result in the

also shown.

(B) The schematics of three-promoter polychromatic reporter. Various genetic com

50-splice signals (50 ss1, 50 ss2, or 50 ss3) and 30-splice signal (30 ss) are shown. Das

The output proteins translated from the spliced transcripts are shown. PIT, pristin

ET, erythromycin-dependent transactivator; ETR, erythromycin-repressible prom

promoter; CMV, human cytomegalovirus promoter; SBFP2, strongly enhanced b

(C) Schematic and characterization of the initial three-promoter cassette (pKB01)

50-splice sites used at each position with their compound score. The bar cha

normalized units for different input combinations, indicated below.

(D) Schematics and characterization of a modified cassette pJD31 showing qu

notation are identical to (C). mCerulean is used in this cassette instead of CFP.

Each bar in (C) and (D) represents means ± SD of biological triplicates. Cassette

respectively.
with respect to its regulatory logic nor was it used as an inspira-

tion for designing synthetic gene circuits. To address those

points, we created a genetic scaffold modeled after the afore-

mentioned mouse Ciita gene. We used GFP-derived fluorescent

proteins (SBFP2, CFP/mCerulean, and mCitrine), all slight varia-

tions of each other and identical at their C-terminal (29 amino

acids). The C-terminal sequence formed the second (shared)

exon (Figure S1A), whereas the 210 N-terminal amino acid

sequences of each protein form the unique first exons. The

alternative first exons were driven by inducible promoters,

pristinamycin I-responsive promoter (PIR), erythromycin-re-

sponsiveresponsive promoter (ETR), and tetracycline-responsi-

veresponsive promoter element (TRE), regulated, respectively,

by pristinamycin I-dependent transactivator 2 (PIT2) (Fusseneg-

ger et al., 2000), erythromycin-dependent transactivator (ET)

(Weber et al., 2002), and tetracycline-dependent transactivator

(tTA) (Böger and Gruss, 1999). The architecture of the mouse

Ciita locus was followed, where possible, according to the ‘‘mini-

gene’’ approach (Gaildrat et al., 2010): the 50-untranslated region

(UTR) of the alternative first exons was identical to the 50-UTR of

the alternative Ciita exons. Further, the intronic sequences

following the alternative first exons were identical to anywhere

between 250 and 450 base pairs of the corresponding genomic

sequence; and the 30-region, shared to all introns, was likewise

identical to the 200 base pairs of genomic sequence upstream

of the second (shared) exon of Ciita (Figure S1B). For transcrip-

tion termination, the rabbit b-globin polyadenylation signal (Gil

and Proudfoot, 1987) was used in the 30-UTR, instead of the

�2,000-nt-long 30-UTR of the Ciita gene, for practical reasons

and to avoid cryptic effects that might result from multiple poly-

adenylation sites.

Upon activation of different promoters by their cognate trans-

activators, the cassette is expected to express SBFP2 upon PIR

induction by PIT2, CFP/mCerulean upon ETR induction by ET,

and mCitrine upon TRE induction by tTA (Figure 1B). Simulta-

neous induction by more than one transactivator should result

in co-expression of different fluorescent proteins, as expected

from the OR-like behavior. An in-frame stop codon was present

in every intron to ensure lack of fluorescent protein expression

upon mis-splicing. Eight different input combinations corre-

sponding to all possible subsets of the three transactivators

were tested to evaluate circuit response. A number of control ex-

periments were performed to confirm the requirement for fully
tion post-transcription. Alternative transcripts/isoforms are shown, with thick

same output protein. The logic formula corresponding to the general scheme is

ponents are labeled. Rectangles with jagged ends represent exons. Position of

hed lines indicate alternative splicing. Wavy lines represent spliced transcripts.

amycinI-dependent transactivator 2; PIR, pristinamycinI-repressible promoter;

oter; tTA, tetracycline-dependent transactivator; TRE, tetracycline-repressible

lue fluorescent protein; CFP, cyan fluorescent protein.

based on mouse Ciita genetic sequences. On top, the schematic highlights the

rt shows the expression of SBFP2, CFP, and mCitrine outputs in promoter-

alitative agreement with OR logic. The genetic cassette schematic and chart

features/modules and their DNA sequences are in Figure S4A and Table S1,
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functional splicing for fluorescent output expression. First, each

fluorescent output was properly expressed when cloned individ-

ually with an intervening intron whose 50- and 30-splicing se-

quences were identical to a three-promoter construct, whereas

no fluorescence was observed in constructs lacking the 30-
splicing signal and the second exon (Figure S2A). Second, no

activator-dependent induction of any fluorescent reporter was

observed when a second exon was mutated in a three-promoter

cassette (Figure S2B). Hence, correct splicing is necessary and

sufficient to observe output fluorescence for all three proteins,

consistent with the fact that GFP can tolerate truncation of

only up to 15 amino acids at the C terminus without disrupting

fluorescence (Li et al., 1997). To disentangle the effects of

splicing from the intrinsic differences between promoter strength

and translation-affecting features, such as ribosome-binding

site, we measured the expression levels of intron-less fluores-

cent proteins from these promoters and used those values for

normalization purposes (Figure S2C). The reported ‘‘promoter-

normalized’’ units, whereby the expression of a fluorescent

output is normalized by the expression of the output from the

same promoter in the absence of splicing, highlights differences

in expression that are mainly due to the presence of multiple pro-

moters and alternative splicing (see Method Details).

Our performance criteria for the polychromatic circuit were as

follows: (1) upon single-input promoter activation, the fluorescent

protein output expression levels obtained should be close to the

expression generated with promoter-reporter cassettes in the

absence of splicing (the latter corresponding to one promoter-

normalized unit) while eliciting minimal concurrent activation of

other fluorescent outputs; and (2) avoiding additive expression

upon multiple promoter activation. In addition, we strove to ensure

strong absolute expression of all outputs. We hypothesized that

several design elements could affect the performance: (1) the

strength of the competing 50-splice site sequences in the course

of alternative splicing; (2) the 30-splice site, polypyrimidine tract,

and 30-UTR sequences; (3) the intron sequence, in particular the

presence of splicing enhancer/silencer sequences; (4) the pro-

moter type and sequence and distance between promoters

because adjacent promoters may both enhance and inhibit

each other via long-range interactions that are not related to

splicing; and (5) the exonic sequence affecting transcript stability

and translational initiation efficiency and thus influencing absolute

output expression. Note that the polychromatic reporter system is

not a bona fide OR gate because it generates multiple outputs. It

serves mainly as a model system to investigate design variables to

be implemented in the next step of building bona fide OR logic cir-

cuit with a single output protein. The above criteria and their mod-

ulation methods notwithstanding, the actual desired performance

specification may vary depending on the application, and a re-

porter system will behave differently from an application-relevant

cassette. Because specific applications of OR gates will likely

address heterogenous cell populations, the desired output

expression in different cell types may not necessarily be identical.

The results that follow show a number of trends that can be used

as guidelines to achieve desired performance goals.

Our initial three-promoter cassette is only able to express mCi-

trine after TRE induction in HEK293 cells (Figure 1C, pKB01). In-

duction of PIR or ETR fails to generate significant levels of SBFP2
4 Cell Reports 33, 108437, December 1, 2020
and CFP, although the induction of PIR alongside TRE reduces

the expression of mCitrine by 3-fold, suggesting that the different

transcriptional frames interfere with each other. It is surprising

that neither SBFP2 nor CFP are expressed despite following

Ciita gene architecture, possibly because (1) the intronic se-

quences in the native Ciita are much longer, and (2) cell-type

specific trans factors that aid in proper splicing of the Ciita

gene in hematopoietic lineages are absent in HEK293 cells. We

hypothesized that the 50-splice site downstream of mCitrine

was too strong, preventing the engagement of the upstream

splice sites. The strength of 50-splice sites was estimated using

MaxEnt scan tool (Yeo and Burge, 2004) with various supported

models to generate a compound score (Table 1); a higher score

corresponds to a stronger site. By weakening the 50-splice site of

the third intron downstream of the mCitrine first exon to varying

degrees, we observe correct splicing of the PIT-driven transcript

resulting in SBFP2 expression (Figures S2D, pKW17 and pJD23,

and S3, pJD232 and pJD233). Transcriptional interference is still

observed here. However, CFP expression remains very low. We

replaced CFP with brighter mCerulean (Rizzo and Piston, 2005),

introduced a Kozak sequence (Kozak, 1986) in the first exon of

mCerulean, and strengthened the 50-splice site of the intron

downstream of this exon. These modifications resulted in cas-

settes that generate significant expression of every output and

are qualitatively consistent with the expectation but at quantita-

tively non-uniform levels (Figures 1D, pJD31, and S2E, pJD30).

Interestingly, in pKB01 the 50-splice sites of the first and the third

intron (ss8 and ss4 in Table 1, corresponding to SBFP2 and mCi-

trine outputs) have similar splicing ‘‘capacity,’’ and yet, SBFP2

fails to splice at all, presumably because of the longer distance

to the 30-splice site, agreeing with earlier observations that the

proximal 50-splice site is chosen among two alternative 50-splice

sites of similar strength (Eperon et al., 1993). In our case, despite

transcription from the PIR promoter, the third (mCitrine) 50-splice

site is engaged, resulting in mRNA that can translate neither

SBFP2 nor mCitrine (see Figure 2D below). In pJD31, the 50-splice

signal of the third intron (ss3 in Table 1) is weakened by around

1.5-fold, which allows SBFP2 to splice at a comparable level to

mCitrine and reduces mCitrine expression by 3-fold, consistent

with the observation that a distant 50-site can be chosen when

the proximal site is weak (Eperon et al., 1993). The reduction in

mCitrine expression, when PIR promoter is activated alongside

TRE, occurs regardless of the expression of the SBFP2 protein;

therefore, it is not due to translational burden (Ceroni et al.,

2018). Neither is it likely to be splicing related, but rather, it is likely

a manifestation of transcriptional interference from an upstream

promoter toward a downstream promoter (Eszterhas et al.,

2002). In fact, such inhibitory interference is advantageous in the

context of an OR gate because it prevents additive output expres-

sion upon simultaneous multi-input activation. We also note that

increasing the strength of the acceptor splice site did not signifi-

cantly change the expression levels (Figure S3, pJD42).

Evaluation of Multiple Splice Site Configurations
We further mapped the design space by varying the sequences

of different modules (Figure S4A; Table S1). Our initial challenge

was to increase the expression of SBFP2 that went down once

the mCerulean exon was furnished with a stronger splice site



Table 1. Scoring of 50-Splice Sites Using MaxEntScan Tool

Codea 50-Splice Site Sequence Maximum Entropy

Maximum

Decomposition Model Markov Model Weight Matrix Compound Score

ss6 AAGGTAAGT 11 15.48 12.19 12.71 12.8

ss4 AAGGTAAGC 10.22 16.08 10.62 11.48 12.1

ss7 AAGGTAAGA 10.57 15.58 10.55 11.36 12.0

ss9 AAGGTAAGAATCTGC 10.57 15.58 10.55 11.36 12.0

ss8 AAGGTAGGT 10.29 13.98 10.17 10.33 11.2

ss18 GAGGTAAGC 9.85 13.88 10.2 10.64 11.1

ss10 AAGGTATGT 9.79 13.48 10.03 9.76 10.8

ss15 AAGGTAGGC 10.08 14.18 8.6 9.11 10.5

ss11 AAGGTGGGT 8.23 13.78 7.98 8.95 9.7

ss17 AAGGTAATG 8.99 12.98 7.42 7.87 9.3

ss19 GCGGTAGGC 7.2 10.58 7.7 5.93 7.9

ss12 AAGGTTTGT 7.81 11.58 6.11 4.81 7.6

ss3 AAGGTAGAC 7.07 10.88 5.3 5.66 7.2

ss2 AAAGTAATG 1.16 6.88 3.74 4.7 4.1

ss5 AAGGTGATC 4.41 9.28 5.14 6.20 6.3

ss20 AAGGTGCCC 5.96 8.38 4.71 3.28 5.6

ss1 AAGGTCTCC 0.87 5.28 1.42 0.18 1.9

A 50-splice site sequence comprises nine bases (three exonic bases, followed by six intronic bases). See Yeo and Burge (2004).
aRefer to Figure S4 for its usage in different cassettes.
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(e.g., compare pJD23 to pJD31 in Figure S3). We sought to

achieve that by increasing the strength of the SBFP2 50-splice

site, weakening the 50-splice site of mCerulean (Figures 2A and

S3, pJD35-37, pJD40, and pJD53-55), adding a canonical Kozak

sequence in front of the SBFP2 exon and modifying its 50-UTR

(Figure 2A, pJD47-49), including an intron-splicing enhancer

(Wang et al., 2012), close to the SBFP2 donor splice site (Fig-

ure S3, pJD52). In this small library, cassettes pJD47–49 and

pJD53 fulfill performance criteria better than others (see Fig-

ure 2B for visualization of pJD48 performance). The increase in

SBFP2 by weakening of the mCerulean donor splice site was

only observed with very strong disparity between the sites, as

in pJD55, which, however, led to weak mCerulean expression.

Additional manipulations did not result in substantial improve-

ment in performance. For example, using an identical intron and

50-splice signal downstream of mCerulean and SBFP2 first

exons (Figure S3, pJD154) did not affect SBFP2 and increased

both mCitrine and mCerulean. A systematic increase of the 50-
splice signal strength downstream of mCitrine exon resulted in

a decrease of both SBFP2 and mCerulean, consistent with the

observation made with pKB01 (Figure S3, pJD115, pJD125,

pJD127, and pJD128). Lastly, embedding a splicing enhancer

(Miyaso et al., 2003) in the intron downstream of SBFP2 exon

did not result in rescue of its expression (Figure S3, pJD125).

Among thevariousexploredparameters, theabsolutestrengthof

the50-splicingsignaldownstreamof themCitrineexonhasthemost

effect on the output levels. A trend is observed whereby decreasing

the strength of this site results in increase of expression from both

the first and the second promoters and a decrease in expression

from the third promoter (Figure 2C). Because this is a key param-

eter, we checked to what extent this weakening can be sustained

while fulfilling the performance goals. We reduced the strength of
donor splice site downstream of mCitrine exon in pJD48 from 7.2

to 6.3 and 1.9. The reduction to 6.3 resulted in SBFP2 levels close

to 1 (Figure S3, pJD235), with only a slight reduction in mCitrine.

However, weakening to 1.9 (Figure S3, pJD237) drastically reduces

mCitrineexpression.Thus,weakening to thatextent isnot favorable

and is not compatible with theperformancegoals. To furtherunder-

stand the different interacting processes, we performed deep

sequencing of the transcriptome from pKB01 and the optimized

pJD49 and assessed the presence of unspliced exon-intron junc-

tions as well as properly spliced junctions. To briefly summarize

our conclusions (Figure 2D), deep-sequencing data confirm that

PITorET activation in pKB01 results in transcription fromthose pro-

moters but fails to lead to the anticipated splicing. Instead, the third

intron is spliced, resulting in a properly formed mCitrine coding

sequence, which, nevertheless, fails to translate because of its

long distance from the mRNA cap and the presence of in-frame

stop codon in the upstream sequencesequence. The weakening

of the third exon’s 50-splice site in pJD49 results in less-efficient

processing of the third intron, as expected, and is accompanied

by the increase in the correctsplicing of the first and second introns.

We note that, even in pJD49, failed splicing comprises a substantial

portion of the transcriptome, but it is unclear whether some of the

nuclear pre-mRNA is carried over to the sample despite our efforts

to isolate cytoplasmic mRNA. Furthermore, data in Figure 2D

should only be interpreted in relative terms because the absolute

mapping frequency is highly sequence dependent and cannot be

used to make any claims about absolute abundance.

Implementing OR Logic Using Alternative Promoter
Architecture
Toward constructing OR logic gates, we first reduced the system

to two promoters. The initial two-color cassette was obtained
Cell Reports 33, 108437, December 1, 2020 5



Figure 2. Exploration of the Genetic Landscape of the Three-Promoter Polychromatic Reporter System

(A) Schematics and characterizations of the output response in a number of representative cassettes. Features that differ from pKB01 are indicated, including 50-
splice signals and their compound scores (Table 1) (see Figure S4A and Table S1 for details). The notations in the charts are identical to those in Figure 1C. Each

bar represents means ± SD of biological triplicates of output expression in promoter-normalized units.

(B) Micrographs illustrate the expression of three fluorescent outputs from pJD48 in HEK293 cells and induced with the indicated combinations of transactivators.

SBFP2, mCerulean, mCitrine, and transfection control mCherry are represented respectively by blue, cyan, yellow, and red pseudocolors. All micrographs are at

103 magnification. SBFP2, 500 ms exposure, look-up table (LUT) range of 0–32,000; mCerulean, 500 ms, LUT range of 0–27,000; mCitrine, 200 ms, LUT range of

0–14,000; mCherry, 200 ms, LUT range of 0–32,000. Scale bars, 100 mm.

(C) Correlation between promoter-normalized units of SBFP2 (left), CFP/mCerulean (middle), and mCitrine (right) outputs with the compound score of 50-splice

signal at the third position for polychromatic cassettes. Outputs from single-input activation are used. Linearly fitted trendlines are in orange.

(D)mRNA-seqdataanalysis (n=1)showing the relativeabundanceof reads (normalized) thatmaptoexon-intron junctionsandtopost-splicingexon-exon junctions,shown

for the constructs pKB01 and pJD49 under single-input conditions. Black arrows indicate major changes in junction frequency. x axis, junction type.ExNN-In, an unspliced

sequence spanning an exon (Figure S1B, NN = Ia, Ib, or Ic) and an adjacent intronic sequence; In-ExNN, an unspliced sequence spanning an intron and an adjacent exon;

ExNN-ExII, a properly spliced junction between a first and the second exons; YFP, mCitrine; CFP, mCerulean; BFP, SBFP2. See Method Details for data analysis workflow.

Note that the frequency values should only be interpreted relative to each other because they do not reflect an absolute isoform/junction abundance.
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from pJD49 (Figure 2A) by removing the TRE promoter and its

downstream exon, as well as part of the intron associated with

it (Figure 3A). The proximal 50-splice site is stronger than the

distal site is, and there is a 2-fold decrease in the expression

from the first promoter in comparison to pJD49 (Figure 3B; Table

S2). Additionally, SBFP2 expression decreases by another 1.6-

fold when the ET promoter is activated together with PIT. Inter-

estingly, weak expression of mCerulean is observed upon PIR

activation, something that does not happen in the three-pro-

moter progenitor cassette. To reduce cassette size and make

it suitable for viral vector packaging, 220 bp were removed

from the first intron upstream of the ETR promoter, and about

500 bp were removed from the second intron, given that introns

as short as �65 bases are still efficiently spliced (Piovesan et al.,

2015; Sasaki-Haraguchi et al., 2012). The short introns still

possess in-frame stop codons in case mis-spliced or unspliced

transcripts are formed. Furthermore, in a bid to increase SBFP2

expression, instead of weakening the proximal splice site, we

introduced an intron splicing enhancer sequence (Wang et al.,

2012) downstream of the distal 50-splice site. These modifica-

tions resulted in an �4-fold increase in SBFP2 expression, with

the leakiness of mCerulean expression increasing around 1.6-

fold (Figure 3C; Table S2) and an overall more balanced expres-

sion of two outputs. Intriguingly, in this context the activation of

the PIR promoter results in increased expression from the ETR

promoter compared with the ETR alone, contrary to the previ-

ously observed negative influence. We speculate that this has

to do with transcriptional synergy between the two promoters

(Angelici et al., 2016) from reduced distance between promoters,

rather than with splicing-related effects.

Next, weadapted the architecture toa bonafide ORgate, gener-

ating the same functional output from both promoters. We opted

for alternative coding first exons, split by introns in the middle of

a codon, thereby requiring proper splicing for in-frame translation.

One could potentially use non-coding exons instead as alternative

50-UTRs, but that might lead to protein translation from the second

exon, even when the splicing fails. Going back to the genomic tem-

plate of the Ciita gene, we used the coding sequence from its alter-

native first exons. The second exon included the remaining bases

of a split codon, followed by a glycine-serine (GS) linker, and an

mCitrine coding sequence. Although this two-input OR gate is

based on pJD145 (Figure 3C), the structure of the exons changes

substantially, with the second (shared) exon becoming much

longer and the alternative first exons becoming much shorter,

altering the distances between the splicing signals as well as be-

tween the promoters. The schematics of the relationship between

the two cassettes are shown in Figure S5A.
Figure 3. Development of the Two-Promoter Cassette

(A) Schematics of the two-promoter, two-color reporter. Notations are as in Figu

(B) Two-promoter cassette, pJD139. Top left, cassette schematics with 50-splice

left, bar charts of output expression for different input combinations indicated

mCherry, 200 ms exposure, LUT range of 0–16,000; SBFP2, 500 ms, LUT range

(C) Two-input construct pJD145 with short introns. Top left, cassette schemati

Bottom left, output expression for different input combinations in promoter-norma

of 0–30,000; SBFP2 and mCerulean are as in (B).

In (B) and (C), 103 magnification is used. Scale bars, 100 mm. Cassette details a

triplicates.
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The resulting OR-gate construct was evaluated in two

configurations, transient transfection and stable integration

via a lentiviral transduction (Figure 4A). To construct the

latter, the construct was embedded in an inverse orientation

in relation to lentiviral transfer plasmid so as not to interfere

with the viral mRNA transcription process (Poling et al.,

2017). Analysis of the stable integrants showed that the

original construct was intact (Figure S5B) post-integration.

The inducer plasmids were transfected in the stable setup

as well. The flow cytometry data and the fluorescent micro-

graphs reveal that the two-input OR circuit is qualitatively

similar in transient and stable versions (Figure 4A), consis-

tent with OR logic behavior. For the stably integrated circuit,

the mean expression values remain consistent across

different input conditions as seen in the histogram of the

mCitrine-positive population. The variation in the percentage

of positive cells in the stable setup can be attributed to the

usage of unsorted cells and differences in the promoter

strength. Note that the normalization for promoter strength

cannot be performed in this case because there is a single

output protein. Another two-input construct, using PIT and

tTA inputs, was engineered and characterized, generating

qualitatively similar data (Figures S5C–S5E). Overall, two

constructs using different promoter combinations have

been shown to behave in a similar fashion, indicating the

feasibility of this approach to implement OR logic in tran-

sient and stable settings.

Lastly, we scaled the system up to three inputs (Figure 4B).

Overall, the data are also consistent with the OR logic despite

some variability. In both transient and stable settings, the

peak mCitrine values under multi-input conditions do not

exceed the peak values with the single-input condition,

comprising a non-additive OR-like response. Remarkably,

mean output levels in cells bearing the stably integrated

cassette are very consistent, varying within only �2-fold

range. In summary, this dataset further supports the multi-

promoter architecture as the basis for OR logic, both on plas-

mids and lentiviral vectors. Because the normalization by pro-

moter strength is no longer possible, the balance of promoter

strength becomes the key to obtaining more uniform outputs.

Additionally, the precise output levels also depend on the

complex interaction among alternative splicing, transcriptional

interference, and the synergy between neighboring pro-

moters, especially as the intron sizes and mutual distances

are reduced. Further work is required to disentangle these ef-

fects to create precise mechanistic models and achieve full

tunability and perfect OR-like response.
re 1B.

site sequence, with their compound score and intron length indicated. Bottom

below in promoter-normalized units. Right, visualization using micrographs.

of 0–18,000; mCerulean, 500 ms, LUT range of 0–30,000.

cs with 50-splice signals their compound score and intron lengths indicated.

lized units. Right, visualization using micrographs. mCherry, 200 ms, LUT range

re in Figure S4B and Table S1. Each bar represents means ± SD of biological
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Normal-Form Logic Circuits
In the next step, we asked whether the basic OR architecture

could be expanded to perform complex Boolean logic as envi-

sioned in Figure 1A. For the inputs to the transcriptional pro-

gram, we relied on the AND-gate approach developed earlier

by our group (Angelici et al., 2016). We coupled that approach

with the OR architecture and designed a disjunctive normal-

form-like (AND-OR) logic circuit (Figure 5A). Because both PIT

and ET inputs were shown to function as AND-gate inputs on

individual promoters under certain design constraints (Angelici

et al., 2016), we converted the single-input PIR and ETR pro-

moters from Figure 4A to two-input AND gates using SOX10

and HNF1A transcription factor (TF) inputs, respectively. For

that, we cloned SOX10 binding sites downstream of PIR, and

HNF1A/B sites downstream of ETR. The number of ET binding

sites was reduced from three to one. Accordingly, the logic

program of this circuit is (PIT AND SOX10) OR (ET AND

HNF1A) (Figure 5B). To increase the ON-to-OFF ratio, PIT2

was replaced with PIT-VP16 (Angelici et al., 2016). All possible

input combinations were provided in trans, either from constitu-

tive promoters (PIT and ET) or tTA-induced promoters (SOX10

and HNF1A), and circuit response was measured in HeLa cells

that express neither SOX10 nor HNF1A/B. In the initial

construct containing short introns, either input to the first pro-

moter (PIT or SOX10) shows synergistic activation with either

input to the second promoter (ET or HNF1A). The activation

is strongest with PIT+HNF1A combination, making it the worst

case OFF state (Figure S6A), with a synergy score (Angelici

et al., 2016) of 3.3. To counteract that problem, the distance

between the two promoters was increased by adding an in-

tronic sequence of 200 bases, reducing the synergy score to

2.4 (Figure S6B). Additionally, reducing PIT binding sites from

three to two brought the synergy to 1.6. Qualitatively, the

response of the fine-tuned circuit (Figure 5C) is consistent

with the logic truth table. However, there is variability among

the ON and the OFF outputs, with the median dynamic range

of about 22-fold and a worst case of 6.6-fold (Figure 5C). For

input combination HNF1A+ET+SOX10, the output is reduced

in comparison to ET+HNF1A for unclear reasons. The opposite

is observed when PIT is added in the presence of ET and

HNF1A. Overall, the presence of TF inputs SOX10 or HNF1A

has an effect on the output levels of the opposite promoter

branches. Further fine-tuning may be needed, in particular

with respect to intron length and individual AND promoter

composition, to balance the various effects and reach a

close-to-nominal logic performance.
Figure 4. Multi-Input OR Logic Circuits

(A) Schematics and characterization of stable and transient versions of an OR logi

transfected circuit data. Left to right, bar chart showing expression levels of mC

below the chart); micrographs illustrating the expression of mCitrine output and

tograms measured by flow cytometry. Bottom row, stably integrated circuit data. L

the left y axis and the percentage of mCitrine-positive cells on the right y axis for

mCitrine expression in single cells; and an overlay of mCitrine expression histog

16,500 for mCitrine.

(B) Schematics and characterization of a three-input OR gate. The panel arrang

experiments, mCitrine exposure time is 200 ms, LUT range is 0–65,000. For stably

In (A) and (B), all micrographs were taken at 103 magnification. Scale bars, 100 m

values for both cassettes are in Table S2.
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Lastly, we explored whether the logic control of each individual

transcript of the OR gate could be extended with NOT operations

at post-transcriptional level (Figure 6A). A possible way to do so

is via microRNA inputs and an RNA interference (RNAi) pathway.

Indeed, the unique 50-UTRs of the first and second promoter-

driven transcripts could serve as access points for transcript-

specific RNAi; it was shown that microRNAs were able to regu-

late gene expression via target sites in their 50-UTRs (Lytle

et al., 2007). To exemplify this possibility, the 50-UTR of the first

transcript was augmented with the target sites for an artificial

small interfering RNA (siRNA)-FF4 and the second with the target

sites for siRNA-FF5 (Leisner et al., 2010). The full circuit (Fig-

ure 6B) receives six inputs, corresponding to 64 possible input

combinations. Instead of testing all 64 input combinations, we

tested the most informative ones, focusing on the siRNA contri-

bution to circuit response. siRNA inputs (four combinations)

were superimposed on the transcriptional input combinations

that resulted in none, one, or both activated promoter branches

(four conditions), resulting in the total of 16 input sets. mCitrine

expression (Figure 6C) patterns agree qualitatively with the truth

table. When the promoter of one of the transcripts is activated,

but the siRNA input targets another transcript, there is no effect

on the output expression. There is clear knockdown of output

expression when the siRNA input targets the transcript gener-

ated by its designated promoter branch. The effect is strong in

the case of siRNA-FF4 (condition nine versus condition 10, a

103 difference), and less so, in the case of siRNA-FF5 (condition

five versus condition seven, a 2.5–33 difference). When both

transcripts are activated but only one of the siRNA inputs is pre-

sent, the output is strongly expressed (conditions 14 and 15), as

expected, and only when both siRNA inputs are present does the

output get repressed (condition 16). However, the lower effi-

ciency of siRNA-FF5 acts as a bottleneck that prevents it from

achieving more substantial knockdown. Nonetheless, repres-

sion via 50-UTR can be efficient, as exemplified by the strong ef-

fect of siRNA-FF4, showing a clear path to optimization.

DISCUSSION

In this study, we show how regulation of multiple promoters, com-

bined with alternative splicing, can form the basis for a powerful

approach to controlling gene expression in a manner that is close

to arbitrary. Although multiple examples of task-specific genetic

logic gates have been described, the quest toward a universal,

potentially indefinitely scalable logic in living cells has been

ongoing, with the research directions following the blueprints
c construct with two promoters. Top, construct schematics. Middle, transiently

itrine output in relative units obtained for different input combinations (shown

transfection control in single cells; and an overlay of mCitrine expression his-

eft to right, bar chart plotting the mean expression of mCitrine-positive cells on

different input combinations (shown below the chart); micrographs illustrating

rams measured by flow cytometry. Exposure time is 200 ms, LUT range is 0–

ement and visual items are similar to (A). In the transiently transfected circuit

-integrated circuit, mCitrine exposure time is 200 ms and LUT range is 0–4,500.

m. Each bar represents means ± SD of biological triplicates. mCitrine relative



Figure 5. Disjunctive NormalForm-Like (AND-OR) Logic Computation in Mammalian Cells

(A) Schematic representation of an AND-OR logic circuit implemented with four transcription factor inputs (TF-1 . TF-4).

(B) A gene circuit implementing the concept in (A) and executing logic computation (PIT AND SOX10) OR (ET AND HFN1A) to control mCitrine output. Construct

details are in Figure S4D and Table S1. All the inputs are supplied in trans. Bi-directional TRE promoter controls SOX10 and HNF1A, whereas the CMV promoter

drives PIT and ET.

(C) AND-OR circuit performance. Top left, circuit schematic highlighting intron length and PIT binding sites. Bottom left, bar chart shows mCitrine expression

levels in relative units, with each bar representing means ± SD of biological triplicates, for all input combinations numbered 1 to 16. Input presence is designated

by the plus (+) sign and absence by the minus (�) sign; predicted outcome according to the logic formula is indicated by green (On) or red (Off) color bars.

Micrographs on the top right show the expression of mCitrine output and transfection control for selected input conditions. mCitrine and transfection control

mCerulean are represented, respectively, by yellow and cyan pseudocolors. All micrographs were taken at 103 magnification. mCitrine, 200 ms exposure, LUT

range of 1–5,500; mCerulean, 500 ms exposure, LUT range of 0–21,000. Scale bars, 100 mm. Bottom right, histogram of mCitrine expression levels for all input

combinations highlighting worst-case and median On:Off ratios. x axis, mCitrine relative units; y axis, number of input conditions/cases.
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suggested by basic observations in logic-circuit engineering: on

one hand, use of normal form-like circuits, including disjunctive

and conjunctive normal forms (Green et al., 2017; Rinaudo et al.,

2007; Schreiber et al., 2016; Weinberg et al., 2017; Xie et al.,
2011), and on the other, the use of universal logic gates, such as

NOR and NAND and their composition, into cascades (Gao

et al., 2018; Nielsen et al., 2016; Tamsir et al., 2011). Both ap-

proacheshave their prosand cons, the formerbeing the avoidance
Cell Reports 33, 108437, December 1, 2020 11



Figure 6. Disjunctive NormalForm (DNF)-like (AND-OR-NOT) Logic Computation in Mammalian Cells

(A) Schematic representation of DNF logic circuit with TF (TF-1 . TF-4), and miRNA inputs.

(B) Genetic circuit implementing logic computation (PIT AND SOX10 AND NOT(siRNA-FF4)) OR (ET AND HNF1A AND NOT(siRNA-FF5)) to control mCitrine

output. Gray semi-ovals represent the AND gate implemented at the promoter level, and the blunt arrow represents repression by the siRNA. All the inputs are

supplied in trans. Construct details are in Figure S4E and Table S1, respectively.

(C) DNF circuit performance. Left, the bar chart shows mCitrine expression levels in relative units for the indicated input combinations (numbered 1 to 16). The

input presence and predicted outcome notation is identical to Figure 5C. Each bar represents means ± SD of a biological triplicate. Right, micrographs illustrate

the expression of mCitrine and transfection control for selected input conditions (numbered 5 to 16). mCitrine and transfection control mCerulean are repre-

sented, respectively, by yellow and cyan pseudocolors. All micrographs were taken at 103 magnification. mCitrine, 500 ms exposure, LUT range of 0–5,000;

mCerulean, 500 ms, LUT range of 0–4,650. Scale bars, 100 mm.
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of cascades traded for the need to scale circuits laterally, the latter

having the advantage of composability and a relatively reproduc-

ible assembly process once the building blocks are optimized

(Misirli et al., 2019). Interestingly, the universal-gate approaches

have been shown so far predominantly in prokaryotes, whereas

the normal form-like systems have been developed in mammalian

cells.Despite the work thathas beendone, the quest for a universal

logic in cells is far from over, with the gap between the state of the

art and the desired functionality particularly acute when it comes to

multiple transcriptional inputs, which carry perhaps the most infor-

mation about cell state and, therefore, have the most promise as

inputs to application-relevant gene circuits.
12 Cell Reports 33, 108437, December 1, 2020
The current study fills that gap by showing a scalable approach

to complex multi-input regulatory programs in mammalian cells

that rely predominantly on transcriptional inputs. The data in this

study present a few design guidelines toward multi-promoter OR

gates and their extension with AND and NOT logic, although

more work is required to fully map the design space. Indeed, the

design process is complicated by the fact that three distinct mech-

anisms dictate quantitative circuit performance: (1) alternative

splicing per se, influenced by the choice of the alternative 50-splice

site sequence and the length of the introns; (2) the transcriptional

interference between different promoters, whereby upstream pro-

moter activation inhibits the expression from an activated
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downstream promoter via the mechanism of transcriptional run-

through; and (3) long-range transcriptional synergy between

transcriptional inputs to the different promoters, resulting in the in-

crease of expression from a downstream promoter upon TF bind-

ing to an upstream promoter. In addition, the NOT logic requires

efficient knockdown of gene expression via 50-UTR target sites,

which is less robust than the binding to 30-UTRs (Gam et al.,

2018). Moreover, the above mechanisms are not mutually inde-

pendent; for example, the length of the introns would affect

splicing but also the degree of synergy and so on. Accordingly,

full mapping of the key genetic determinants into the logic perfor-

mance of such complex constructs would require big data acqui-

sition and analysis via machine learning (Rosenberg et al., 2015),

yet it is within reach of the currently available technologies.

Ultimately, our approach serves as the basis to implement

logic control of the form (TF1(1) and TF2(1) and . not (miRNA-

a(1)) and NOT(miRNA-b(1)) .) OR (TF1(2) and TF2(2) and . not

(miRNA-a(2)) and NOT(miRNA-b(2)) .) and being able to encode

it in viral vectors, thus making them compatible with gene ther-

apy (as shown in Figure 3), something that would have been

impossible with multiple genes implementing the gate because

of the very large DNA footprint. Thus, our study points to a pos-

sibility to fully unleash the power of cell classification for specific-

cell-state targeting in therapeutic applications.
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pBH265 (junk DNA) (Haefliger et al., 2016) N/A

pJD13 (50LTR-UbC-GFP-WPRE-30LTR) (Lois et al., 2002) Addgene Plasmid#14883

pJD14 (CMV-Gag/Pol) (Dull et al., 1998) Addgene Plasmid#12251

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

pJD15 (CMV-VSV-G) (Dull et al., 1998) Addgene Plasmid#12259

pJD16 (REV-Rev) (Dull et al., 1998) Addgene Plasmid#12253

pRA16 (Ef1a-mCitrine) R. Altamura, J.D., Y.B., unpublished data N/A

pEM003 (mCherry-TREbidirectional-HNF1A) (Angelici et al., 2016) N/A

pBA417 (mCherry-TREbidirectional-SOX10) (Angelici et al., 2016) N/A

pBA481 (mCherry-TREbidirectional-PIT.VP16) (Angelici et al., 2016) N/A

pJD69 (CMV-mScarlet) (Bindels et al., 2017) Addgene Plasmid#85042

Additional Plasmids, see Table S5 This paper N/A

Software and Algorithms

Snapgene 4.3.11 Snapgene RRID:SCR_015052

Fiji https://imagej.net/ RRID:SCR_002285

Flowjo 10.6.1 BD Biosciences RRID:SCR_008520

MATLAB_R2018a MathWorks RRID:SCR_001622

ImageLab 6.0.1 Bio-Rad RRID:SCR_014210

Prism 8 GraphPad Prism RRID:SCR_002798

Other

BD LSR Fortessa II Analyzer BD Biosciences RRID:SCR_002159

Niko Eclipse Ti Microscope Nikon N/A
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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, Yaakov

Benenson (kobi.benenson@bsse.ethz.ch).

Materials Availability
Plasmids generated in this study can be made available upon request to the Lead Contact with a completed Materials Transfer

Agreement.

Data and Code Availability
The accession number for the mRNA-seq data reported in this paper is: ENA: PRJEB41085 (https://www.ebi.ac.uk/ena/browser/

home).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

The experiments were performed in three different cell lines: HEK293 (Invitrogen, Cat#11631-017), HEK293T (ATCC, Cat#CRL-11268),

and HeLa (ATCC, Cat#CCL-2, Lot#58930571). All cell lines, including stably transduced HEK293 cells, were cultured at 37�C, 5% CO2,

in 0.2m (TPP, Cat#99500) filtered DMEM (ThermoFisher, Cat#41966029) supplemented with 10% FBS (ThermoFisher, Cat#10270-106)

and 1% Penicillin/Streptomycin solution (Corning, Cat#30-002CI). Splitting was performed every 3-4 days using 0.25% Trypsin-EDTA

(ThermoFisher, Cat#25200-072). Mycoplasma tests were performed once every 4 weeks. For mycoplasma detection, protocol from

PCR Mycoplasma test kit (Promokine, Cat#PK-CA91-1024) was used with primers specific for contaminating mycoplasmas (Uphoff

and Drexler, 2011). The thermocycler program used for detection was as follows: 1 cycle of 7 minutes at 95�C, 3 minutes at 72�C

and 2 minutes at 65�C; 32 cycles of 4 s at 95�C, 8 s at 50�C and 45 s at 68�C. Primers: PR1843, PR1844, PR1845, PR1846,

PR1847 and PR1848 were used for detection reaction. For positive control, an extra set of primers (PR0673 and PR0674) apart from

the ones mentioned above were used. Cell cultures were propagated for at most two months before being replaced by fresh cell stock.

METHOD DETAILS

DNA cassettes design and construction
DNA cassettes are divided into several modules (Figure S4). The sequences pertaining to each module are listed in Table S1. Primers

used in cloning and other procedures are listed in Table S3. Gene fragments/synthetic DNA sequences/gBlocks used in cloning are

listed in Table S4. All the plasmids and their related cloning procedure are listed in Table S5.
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Polychromatic reporter constructs
GFP-derived fluorescent proteins (SBFP2, CFP, mCerulean and mCitrine) were used to construct polychromatic reporters. These

fluorescent proteins were split into two exons (exon1 – 210 amino acids, exon2 – 29 amino acids) in such a way that the second

exon remained identical. Pristinamycin I-dependent transactivator (PIT) 2/pristinamycin I-responsive promoter (PIR) system (Fusse-

negger et al., 2000) with three binding sites, Erythromycin-dependent transactivator promoter system (Weber et al., 2002) with three

binding sites, and Tetracycline-dependent transactivator promoter system with 6 binding sites were placed in front of TATA-YB min-

imal sequence (Angelici et al., 2016) for driving expression of SBFP2, CFP/mCerulean and mCitrine fluorescent proteins respectively.

50-UTR sequences were either obtained from mouse Ciita gene (NCBI: NC000082.6) or designed to prevent formation of secondary

structures thereby allowing occupancy by different regulatory factors. Promoter and 50-UTR sequences were placed upstream of the

alternating exon sequences (SBFP2 Ex1, CFP/mCerulean Ex1 and mCitrine Ex1). Kozak sequence was inserted in front of the start

codon in some cassettes. Intron sequences varying in length (50-516bp) were obtained from mouse Ciita gene (NCBI: NC000082.6).

50 -splice site sequences were varied in different polychromatic constructs. 30 -splice site sequence used was either from mouse Ciita

gene (NCBI: NC000082.6) or the following: 50-ttttttaacttcctttattttccttacag-30. Splicing enhancer sequences (Miyaso et al., 2003;

Wang et al., 2012) was inserted within the intronic sequence downstream of SBFP2 exon 1 in pJD52 and pJD125. Rabbit globin poly-

adenylation signal placed downstream of stop codon was used for termination of transcription. The initial polychromatic cassette

pKB01 was synthesized de novo by Genewiz.

OR logic constructs
Promoters, 50-UTRs, introns and transcription termination sequence were used as described in the section above. Promoter and 50-
UTR sequences were placed upstream of the alternating exon sequences. Alternative first exon sequences (Ia, Ib, and Ic) were ob-

tained from mouse Ciita gene (NCBI: NC000082.6). The last codon of the alternating exons was split by placing the first base in the

alternating part and the two bases in the shared second exon. Other than that, the second exon consisted of a linker (Shcherbakova

et al., 2016) followed by mCitrine CDS. An intron splicing enhancer (50-gttggtggtt-30) (Wang et al., 2012) was used to facilitate splicing

of sequence between exon1 (Ia) and exon2 (linker with mCitrine) in all OR logic constructs.

Normal form-like logic constructs
Alternative synergistic promoters were used to design AND-OR logic circuit. The architecture of the constructs remained similar to

OR logic constructs with some changes in promoter architecture. Synergistic promoters were designed as described earlier (Angelici

et al., 2016). SOX10 transcription factor was placed in synergy with PIT-VP16 transactivator while HNF1A transcription factor was

placed in synergy with ET transactivator. Two or three response elements were used for PIT transactivator. One response element

was used instead of three (in OR logic constructs) for ET transactivator. The sequence and placement of response elements of each

transcription factor with respect to the transactivator is provided in Table S1. For NOT logic, 2x target site for siRNA-FF4 and 3x target

site for siRNA-FF5 were cloned into 50 -UTRs of alternative first exons (Table S1).

Recombinant DNA methods
For different kits used, manufacturer’s instructions were followed unless indicated otherwise. Standard cloning techniques were

used to generate plasmids. DNA amplification was performed using Phusion High Fidelity DNA Polymerase (NEB, Cat#M0530).

De-salted primers/oligonucleotides (Table S3) were ordered from IDT/Sigma Aldrich. De-salted gene fragments/synthetic DNA se-

quences/gBlocks (Table S4) were ordered from IDT/Twist Bioscience. Digestion fragments were purified using MinElute PCR puri-

fication kit (QIAGEN, Cat#28006) or Qiaquick PCR purification kit (QIAGEN, Cat#28106). Gel extraction and purification was per-

formed using MinElute Gel purification kit (QIAGEN, Cat#28606) or Qiaquick Gel Extraction kit (QIAGEN, Cat#28706). Restriction

digestion was performed for BstBI at 65�C, SfiI at 50�C, BtgZI at 70�C and for all other enzymes at 37�C. Ligation reaction was per-

formed using T4 DNA ligase (NEB, Cat#M0202). Mix and Go E.coli transformation kit (Zymo, Cat#T3001) was used for preparing

chemically-competent cells – Top10 (ThermoFisher, Cat#C404010) and JM109 (Zymo, Cat#T3003). In-house prepared Mach1 elec-

tro-competent cells (ThermoFisher, Cat#C862003) and chemically competent Stbl3 cells (ThermoFisher, Cat#C737303) were also

used for cloning. Screening of positive clones was either performed using restriction digestion or performing colony PCR with

Quick-Load Taq 2x Master Mix (NEB, Cat#M0271). Plasmid isolation from positive clones was performed using GenElute Plasmid

Mini-prep kit (Sigma Aldrich, Cat#PLN350-1KT). All the plasmids were verified using Sanger sequencing service provided by Micro-

synth AG (Switzerland). Transformed bacteria were cultured in Difco LB broth, Miller (BD, Cat#244610) supplemented with appro-

priate antibiotics (Ampicillin 100 mg/mL (Sigma Aldrich, Cat#A9518) and Kanamycin 50 mg/mL (Sigma Aldrich, Cat#K4000)). HiPure

Plasmid Filter Midi-prep kit (Invitrogen, Cat#K210014) was used for plasmid isolation and purification. Endotoxin Removal kit (Nor-

gen, Cat#52200) was used for removing endotoxins from purified plasmids. Gibson et al. (2009) assembly was performed at 50�C for

1 hour in 20mL final volume by mixing vector (50ng) and inserts (5 molar equivalent) in 1x Gibson assembly buffer (0.1 M Tris-HCl, pH

7.5, 0.01M MgCl2, 0.2 mM dGTP, 0.2 mM dATP, 0.2 mM dTTP, 0.2 mM dCTP, 0.01 M DTT, 5% (w/v) PEG-8000, 1 mM NAD), 0.04

units of T5 exonuclease (NEB, Cat#M0363), 0.25 units of Phusion DNA polymerase (NEB, Cat#M0530) and 40 units of Taq DNA ligase

(NEB, Cat#M0208). Negative controls for Gibson assemblies included vectors alone. Oligo cloning required phosphorylation and an-

nealing of oligonucleotides prior to ligation with the backbone fragment. Phosphorylation of oligonucleotides was performed by add-

ing together 3 mL olignucleotide (100 mM), 5 mL 10xPNK buffer, 5 mL ATP (10 mM), 1.5 mL of T4 PNK (10 U/mL) (NEB, Cat#M0201) and
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34 mL ddH2O followed by incubation at 37�C for 30 minutes. Annealing was performed by mixing 25 mL each of the phosphorylated

oligonucleotide and then incubating in a thermocycler at 95�C for 3 minutes followed by a decrease of 0.5�C every minute for the next

170 minutes. 1 mL of 1:20 diluted (with ddH2O) annealed oligonucleotides was used for ligation reaction.

Transfection
All transfections were performed using Lipofectamine 2000 transfection reagent (ThermoFisher, Cat#11668-027) according to the

suggested guidelines. Transfections were performed either in 24-well plate (Cat#142475, ThermoFisher) or 6-well plate

(Cat#140675, ThermoFisher) (for RNA-sequencing). The cells were seeded in each well 24 hours prior to transfection at a density

of 7.5*104 for HEK293, stably transduced HEK293 in 24-well plate, 3.5*105 for HEK293 in 6-well plate and 5.5*104 for HeLa in 24-

well plate in order to have around 70%–80% of confluency at the time of transfection. DMEM supplemented with 10% FBS and

1% Penicillin/Streptomycin solution was used for seeding HEK293 cells while DMEM supplemented with 10% FBS and no antibiotic

was used for seeding HeLa cells. Appropriate amounts of plasmids used for each transfection were mixed together and Opti-MEM

(ThermoFisher, Cat#31985-062) was used to make final volume of 50 mL (24-well) or 250 mL (6-well) (DNA Opti-MEM mix). Ratio of

DNA (mg) to lipofectamine 2000 (mL) used for HEK293 and HeLa cells was 1:3 and 1:2.5 respectively. Appropriate volume of lipofect-

amine 2000 was taken and Opti-MEM was used to make final volume of 50 mL (24-well) or 250 mL (6-well) (lipo Opti-MEM mix). Lip-

ofectamine 2000 Opti-MEM mix was incubated at room temperature for 5 minutes. Following incubation, the mix was added to DNA-

OptiMEM mix and incubated for 15-20 minutes before adding it dropwise to the cells. Experiments shown in Figures 1, 2, 3, 4, S2, S3,

and S5 were performed in HEK293 cells. Figures 4 and S5 also have data that was obtained from experiments on stably transduced

HEK293 cells. Experiments shown in Figures 5, 6, and S6 were performed in HeLa cells.

To obtain the output expression values for Figures 1, 2, S2, and S3, 200 ng of appropriate plasmid was transfected with 50 ng of

transfection control (pKH026, Ef1a-mCherry) and 50 ng of inducer plasmid (pMF206 CMV-PIT2 (Weber et al., 2002); pEL190 CMV-

ET1 (Prochazka et al., 2014); pBA166 CMV-tTA (Clonetech, Cat#631070)) where required. In wells without transactivator, (‘no input’

condition), 50 ng of junk DNA (pBH265 (Haefliger et al., 2016)) was used.

To obtain the output expression values for the transient constructs in Figures 3, 4, and S5, 100 ng of appropriate plasmid (pJD139

or pJD145 or pJD140 or pJD80 or pJD83) was transfected with 50 ng of transfection control (pKH026, Ef1a-mCherry) and 50 ng of

inducer plasmid (pMF206 CMV-PIT2; pEL190 CMV-ET1; pBA166 CMV-tTA) where required. To obtain the output expression values

for the stable constructs in Figures 4 and S5, 50 ng of transfection control (pKH026, Ef1a-mCherry) was transfected with 50 ng of

inducer plasmid (pMF206 CMV-PIT2; pEL190 CMV-ET1; pBA166 CMV-tTA) where required. For Figures 5, 6, and S6, 100 ng of

appropriate plasmid (pJD219 or pJD198 or pJD178 or pJD204) was transfected with appropriate amount of inducer plasmid

(5.5 ng of pJD70 CMV-PIT-VP16; 50 ng of pBA417 mCherry-TREbidirectional-SOX10 (Angelici et al., 2016); 22 ng of pEL190 CM-

ET1; 50 ng of pEM003 mCherry-TREbidirectional-SOX10 (Angelici et al., 2016)) where required. Appropriate amount of junk DNA

(pBH265) was added to keep constant the amount of DNA transfected across different input conditions in the above-mentioned

experiments.

For RNA-sequencing experiment, 1000 ng of appropriate plasmid (pKB01 or pJD49) was transfected with 250 ng of transfection

control (pKH026, Ef1a-mCherry) and 250 ng of inducer plasmid (pMF206 CMV-PIT2; pEL190 CMV-ET1; pBA166 CMV-tTA) where

required. In wells without transactivator, (‘no input’ condition), 250 ng of junk DNA (pBH265) was used.

5 pmol of siRNA FF4 (Dharmacon) and 10 pmol of siRNA FF5 (Dharmacon) were added to the transfection mix where required. 5/

10pmol of miRIDIAN negative control #2 (Dharmacon, Cat#CN-002000-01-05) was added to keep the amount of siRNA constant

across different input conditions. Sequences of siRNAs are mentioned in Table S3. siRNAs were added to the DNA-OptiMEM

mix. Appropriate amounts of lipofectamine 2000 was added for siRNAs. For transfection of wells with siRNAs, pre-warmed fresh me-

dia was used to replace the existing media 12-15 hours post-transfection.

Flow cytometry
Cells were analyzed on flow cytometer 48 hours post transfection. HEK293 cells were prepared for flow cytometry by removing the

media and supplying the cells with 1:1 mix of PBS 1x, pH 7.4 (ThermoFisher, Cat#10010-015) and Accutase (ThermoFisher,

Cat#A11105-01) in a total volume of 100 mL, while HeLa cells were prepared by removing the media and supplying the cells with

100 mL of Accutase. The cells were incubated for 5-8 minutes at 37�C, 5% CO2. Cells were then re-suspended and transferred to

micro-dilution tubes (Cat#02-1412-0000, Life Systems Design) which were kept on ice. Following this, cells were analyzed using

BD LSR Fortessa II Cell Analyzer (BD Biosciences). The machine was calibrated with Sphero Rainbow Calibration Particles 8-

peak beads (Spherotech, Cat#PCP-30-5A) prior to use. The excitation lasers (Ex) and emission filters (Em) used for respective fluo-

rescent protein measurements are as follows: SBFP2 (Ex: 405 nm, Em: 445/20 nm), mCerulean/CFP (Ex:445 nm, Em: 473/10 nm),

mCitrine (Ex: 488 nm, Em: 530/11 nm, longpass filter 505 nm), and mCherry (Ex: 561 nm, Em: 610/20 nm, longpass filter 600 nm).

Photo multiplier tube (PMT) voltage for different fluorescent channels were adjusted in a way that the mean values for 8-peak beads

remained constant across different experiments. To provide a reference, measurement of polychromatic reporters and OR logic con-

structs was done at 200 mV for mCitrine, 220 mV for mCherry (transfection control), 250 mV for SBFP2 and 210 mV for CFP/mCer-

ulean. In case of DNF-like logic testing, measurements were done at 230 mV for mCitrine, 225 mV for mCerulean (transfection

control).
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Data analysis
Flow cytometry data analysis for bar charts was performed using FlowJo software (BD Biosciences). In this work, we used relative

expression units and promoter normalized units for representing fluorescence values obtained from flow cytometry. Promoter

normalized units are utilized in bar charts for polychromatic reporter cassettes. Relative expression units are utilized in bar charts

for OR logic and DNF-like logic (AND-OR, AND-OR-NOT) constructs. The gating strategy performed using FlowJo is shown in

Figure S7.

The following steps are identical for calculating both the metrics. (i) Live cells were gated based on forward scatter area versus

side-scatter area plot. (ii) Within the live cells population, single cells were gated based on forward scatter area versus forward scatter

width. (iii) To account for the cross-talk between fluorescent protein channels, a compensation matrix was defined based on the cells

transfected individually with constitutively expressed fluorescent proteins - SBFP2, mCerulean, mCitrine and mCherry. The cross-

talk from one fluorescent channel to the other was observed and manually compensated. The resultant matrix was then applied

to all samples. (iv) Within the single cells population, cells positive for a given fluorescence channel were gated based on a negative

control (non-transfected) sample such that 99.9% of cells fell outside of the selected gate. (v) For each positive cell population in a

given fluorescence channel, Flowjo was used to calculate mean value of fluorescence and the frequency of positive cells. Multiplying

these two values gives absolute intensity which is a direct measure of the fluorescent protein signal. (vi) The absolute intensity of a

given fluorescent protein (Y) when normalized by the frequency of positive cells for transfection control in that sample gives relative

expression units (rel. u.). It can be represented by the following formula:

Relative expression unitsðrel:u:Þ =
frequency of positive cells for fluorescent protein Y 3 mean of fluorescent protein Y

frequency of positive cells for transfection control

Additional steps undertaken to calculate promoter normalized units are as follows:

vii) To compare expression values of fluorescent proteins across different polychromatic reporter cassettes as well as observe the

actual effect of splicing, normalization of expression strength differences in fluorescent proteins arising from promoter strength and

other regulatory features (50 -UTRs and ribosome binding site) was performed. To this end, a set of ‘control’ constructs (pKB02,

pJD207, pJD209, pJD210, pKB03, pJD157, pJD208 and pKB04) were produced that were utilized for normalization (Figure S2C).

Fluorescent protein expression values were measured from cells transfected with these ‘control’ constructs. Further, relative expres-

sion units were obtained as mentioned above.

viii) Relative expression units for each polychromatic reporter cassette for each fluorescent protein was calculated as mentioned

above. Promoter normalization units (norm. u.) were obtained as per the following formula:

Promoter norm:u:ðPnÞ =
average of rel:u:of the polychromatic reporter cassetteðRaÞ

average of rel:u:of the ‘control construct0ðRbÞ
In the above equation, the numerator and denominator both possess standard deviation values. Hence, error propagation was per-

formed (https://www.eoas.ubc.ca/courses/eosc252/error-propagation-calculator-fj.htm) using the formula below. Let SDa and SDb

be the standard deviation values of Ra and Rb.

Standard deviation after error propagation = Pn 3
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Microscopy
Fluorescent protein expression was imaged using fluorescence microscopy at 48 hours post transfection. Images were acquired uti-

lizing Nikon Eclipse Ti microscope equipped with a mechanized stage and temperature control chamber held at 37�C. The excitation

light was generated by a Nikon IntensiLight C-HGFI mercury lamp or LED source and filtered through a set of optimized Semrock filter

cubes. The resulting images were collected by a Hammamatsu, ORCA R2 or Flash4 camera using a 10X objective. The following

optimal excitation (Ex), emission (Em) and dichroic (Dc) filter sets were used to minimize the cross-talk between different fluorescent

channels: mCitrine (Ex 500/24 nm or 513 nm LED with 20% intensity, Em 542/27 nm, Dc 520 nm), mCherry (Ex 562/40 nm, Em 624/

40 nm, Dc 593 nm), CFP/mCerulean (Ex 438/24 or 438 nm LED with 20% intensity, Em 483/32 nm, Dc 458 nm) and SBFP2 (Ex 370/

36 nm, Em 483/32 nm, Dc 458 nm). Exposure time, look-up tables (LUTs) and magnification for all experiments are indicated in the

figure legends. Image processing for figure preparation was performed using Fiji software (https://imagej.net/).

Lentivirus production and transduction
Lentivirus production protocol was adapted from Addgene (https://www.addgene.org/protocols/lentivirus-production/). HEK293T

cells were seeded at 3.8*106 cells per 60 cm2 plate (Cat#93100, TPP) and incubated at 37�C, 5% CO2 for �20 hours. DMEM sup-

plemented with 10% FBS and no antibiotic was used in culturing cells for lentivirus production. After 20 hours, the media was gently

aspirated and supplied with pre-warmed 10 mL media containing 10 mL of 25 mM chloroquine diphosphate (Sigma Aldrich,

Cat#C6628-25G). The cells were incubated for 5 hours before replacing the media with no chloroquine diphosphate. DNA-Opti-

MEM mix was prepared by mixing the following components: 15 mg of transfer plasmid (pJD163 or pJD164 or pJD165), 10 mg of
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pJD14, 2 mg of pJD15, 1 mg of pJD16 and final volume was made to 500 mL using Opti-MEM. On the side, 500 mL of PEI-Opti-MEM mix

was prepared by adding 84 mg of PEI (Polysciences, Cat#24765-1) to Opti-MEM such that the DNA(mg): PEI (mg) ratio remained 1:3.

Then, PEI-Opti-MEM mix was gently added dropwise to DNA-Opti-MEM mix and incubated at room temperature for 15-20 minutes.

The transfection mix was added dropwise to the HEK293T packaging cells and incubated for 18 hours. Then, the media was gently

aspirated and supplied with 15mL pre-warmed fresh media. The lentivirus present in the supernatant (media) was harvested at 48

hours and the cells were supplied with 15mL pre-warmed fresh media. The same was repeated at 72 hours post transfection. The

lentiviral harvests from 48 and 72 hours were pooled together. The pooled lentivirus was centrifuged at 500x g for 5 minutes and

then filtered using 0.45 mm filter (Sartorius, Cat#16555-K). The viral supernatant was loaded on Amicon Ultra-15 centrifugal filter units

(MerckMillipore, Cat#UFC910096) for concentration and buffer exchange by following manufacturer’s instructions. Lentivirus titra-

tion was performed using qPCR lentivirus complete titration kit (abm, Cat#LV900-S) by following manufacturer’s instructions. Infec-

tious units per mL (IU/mL) for the three lentiviruses are as follows: pJD163 - 1.21E+08 IU/mL, pJD164 - 1.26E+08 IU/mL and pJD165 -

1.89E+08 IU/mL. The virus was aliquoted (200 mL aliquots) and stored at �80�C.

For transduction, HEK293 cells were seeded at a density of 3*105 cells per well in a 6-well plate (Cat# NC140675, ThermoFisher).

Pre-thawed lentivirus (200 mL) was immediately added to the cells after seeding to get a MOI of 80, 84 and 126 respectively for lenti-

virus generated from constructs pJD163, pJD164 and pJD165. DMEM supplemented with 10% FBS and no antibiotic was used as

media for the cells. Cells were cultured at 37�C, 5% CO2. The cells were split when required. Media with antibiotic was used once

cells were split. The transduced, un-sorted cells were seeded at 7.5*104 cells per well for transfection and further analysis.

Transgene integrity following genomic integration was checked using PCR. First, genomic DNA was extracted from the transduced

and non-transduced cells using DNEasy Blood and Tissue kit (QIAGEN, Cat#69504) following manufacturer’s instructions. PCR was

performed on the extracted genomic DNA (200ng) samples using primers PR3163 and PR6129. The thermocycler program was as

follows: 45 s at 98�C; 30 cycles of 10 s at 98�C, 30 s at 57�C, 2 minutes at 72�C; 5 minutes at 72�C. The PCR product was loaded on

1% agarose gel for analysis. 40ng of plasmids - pJD163, pJD164, pJD165 were used as templates for positive control and genomic

DNA of non-transduced cells was used as a template for the negative control.

RNA-seq sample preparation and data analysis
Briefly, HEK293 cells were seeded in a 6-well plate at a density of 3.5*105 cells per well. After 24 hours, the cells were transfected with

3-promoter polychromatic reporter (pKB01 or pJD49) with relevant inputs (PIT, ET, tTA). DNA amounts and other related information

is in ‘Transfection’ section. Non-transfected cells were also included as a sample in the experiment. No biological replicate was made

for this experiment. After 48 hours of transfection, the media from the wells was removed and the cells were detached from the well

surface by supplying the cells with 1:1 mix of PBS 1x, pH 7.4 and Trypsin in a total volume of 500 mL. The cells were incubated for 5-

8 minutes at 37�C, 5% CO2. Trypsin was inactivated by adding 500 mL media. The cells were re-suspended and counted for each

sample. Equal number of cells (1.54*106) were taken for each sample for cytoplasmic RNA extraction process. The extraction

was performed using RNeasy Mini kit (QIAGEN, Cat#74104) as per manufacturer’s instructions. 100mL RLN buffer was prepared

for cytoplasmic RNA extraction by mixing the following components: 5mL Tris.Cl pH 8.0 (AMResco, Cat#E199-500ML), 0.81 g

NaCl (Sigma Aldrich, Cat#S3014-1KG), 3mL of 50mM MgCl2 (Sigma Aldrich, Cat#13512), 2.5mL IGEPAL CA-630 (10%). The buffer

was filtered using 0.2m filter (Sartorius, Cat# 16534-K). For 10% IGEPAL CA-630 preparation, the IGEPAL bottle (Sigma Aldrich,

Cat#I8896) was pre-warmed at 37�C. Then, 10mL of 100% IGEPAL CA-630 was mixed with 90mL ddH2O. The dissolution was per-

formed by vigorous mixing. On-column DNase digestion was also performed using RNase-free DNase set kit (QIAGEN, Cat#79254)

according to manufacturer’s instructions. Following RNA extraction, 100ng of RNA for each sample was used for library preparation.

The next-generation sequencing was performed by Microsynth AG (Switzerland). TruSeq stranded RNA library preparation method

was used with polyA enrichment step. The 75bp paired-end sequencing was performed on Illumina NextSeq platform to obtain

(10+10) million reads per sample.

De-multiplexing of reads and trimming of Illumina adaptor residuals was performed by Microsynth. In order to draw conclusions

from the RNA-seq data, and due to the fact that the sequences of the alternative transcript are extremely homologous in the exon

regions that makes standard tools for transcript calling next to impossible to implement, we developed an in-house procedure for

data analysis using MATLAB (Mathworks) scripts. Sequences of 50 nucleotides representing all possible unresolved exon-intron

junctions (6 in total) and sequences representing correct splicing junctions (3 in total) were chosen for plasmids pKB01 and

pJD49. Every sequence spanned 25 bases on either side of the junction. The fastq files were searched for reads that included these

sequences in their entirety, and the total number of reads containing a junction were determined. These numbers were normalized to

the total number of reads in each dataset to enable comparison between samples. Further, for every condition, all the counts mapped

to the junctions were normalized such that their sum equals one. While the junctions are not mutually exclusive, this facilitates the

comparison.

The following junction sequences were used for pKB01:

J1 (ExIa-Intron junction):

GAGCACCCAGAGCAAGCTGAGCAAGGTAAGCTGGCATCCCTTTGAGTCAA

J2 (Intron-ExIb junction):

ATAATGGGGGCCAGAATTTTCAGGTGGTCCCTTGCTCGCTTTCTTTGCAT
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The presence of these junctions in the transcript would imply the failure to remove the first intron.

J3 (ExIb-Intron junction):

GAGCACTCAGTCTGCACTTTCCAAGGTAATGGATGGGCTAGAGCCAATGG

J4 (Intron-ExIc junction):

ATAATGGGGGCCAGACTGCCCGCCCCAAGCTCCTAGGAGCCACGGAGCTG

The presence of these junctions in the transcript would imply the failure to remove the second intron.

J5 (ExIc-Intron junction):

GAGCTACCAGTCCAAGCTGAGCAAGGTAGGTGTCTCCAAGATCCCCTTTG

J6 (Intron-ExII junction):

TATCTGAGTGTATCTCTCCTCCCAGGATCCCAACGAGAAGAGAGATCACA

The presence of J5 would imply the failure to splice the third intron, while the presence of J6 implies the failure to remove any of the

three introns.

J7: ExIc-ExII junction:

GAGCTACCAGTCCAAGCTGAGCAAG|GATCCCAACGAGAAGAGAGATCACA

J7 indicates correct splicing of the third intron.

J8: ExIa-ExII junction:

AGCACCCAGAGCAAGCTGAGCAAG|GATCCCAACGAGAAGAGAGATCACA

J8 indicates correct splicing of the first intron.

J9: ExIb-ExII junction:

GAGCACTCAGTCTGCACTTTCCAAG|GATCCCAACGAGAAGAGAGATCACA

J9 indicates correct splicing of the second intron.

Corresponding junction sequences for pJD49 are as follows:

J1: GAGCACCCAGAGCAAGCTGAGCAAGGTAAGCTGGCATCCCTTTGAGTCAA

J2: ATAATGGGGGCCAGAATTTTCAGGTGGTCCCTTGCTCGCTTTCTTTGCAT

J3: GAGCACCCAGTCCAAGCTTTCGAAGGTAAGTATCTGCTAGAGCCAATGGT

J4: ATAATGGGGGCCAGACTGCCCGCCCCAAGCTCCTAGGAGCCACGGAGCTG

J5: GAGCTACCAGTCCAAGCTGAGCAAGGTAGACGTCTCCAAGATCCCCTTTG

J6: TATCTGAGTGTATCTCTCCTCCCAGGATCCCAACGAGAAGAGAGATCACA

J7: GAGCTACCAGTCCAAGCTGAGCAAG|GATCCCAACGAGAAGAGAGATCACA

J8: GAGCACCCAGAGCAAGCTGAGCAAG|GATCCCAACGAGAAGAGAGATCACA

J9: GAGCACCCAGTCCAAGCTTTCGAAG|GATCCCAACGAGAAGAGAGATCACA

QUANTIFICATION AND STATISTICAL ANALYSIS

Each biological replicate (n = 3) for polychromatic reporter constructs (in Figures 1, 2, 3, S2, and S3) was obtained from a separate

experiment. Experiments for Figures 4, 5, 6, S5, and S6 were at least repeated once. The number of biological replicates (n) used for

the experiment is indicated in the corresponding figure legends. The data are plotted as a mean ± SD as indicated.
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