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Abstract

Concentrations of RNAs and proteins provide important determinants of cell fate. Robust gene circuit design requires an understanding of how
the combined actions of individual genetic components influence both messenger RNA (mMRNA) and protein levels. Here, we simultaneously
measure mRNA and protein levels in single cells using hybridization chain reaction Flow-FISH (HCR Flow-FISH) for a set of commonly used
synthetic promoters. We find that promoters generate differences in both the mRNA abundance and the effective translation rate of these
transcripts. Stronger promoters not only transcribe more RNA but also show higher effective translation rates. While the strength of the promoter
is largely preserved upon genome integration with identical elements, the choice of polyadenylation signal and coding sequence can generate
large differences in the profiles of the mRNAs and proteins. We used long-read direct RNA sequencing to define the transcription start and splice
sites of common synthetic promoters and independently vary the defined promoter and 5" UTR sequences in HCR Flow-FISH. Together, our high-
resolution profiling of transgenic mRNAs and proteins offers insight into the impact of common synthetic genetic components on transcriptional
and translational mechanisms. By developing a novel framework for quantifying expression profiles of transgenes, we have established a system

for building more robust transgenic systems.
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Introduction

Intracellular levels of key proteins and RNAs govern gene
regulatory programs and cell states. Similarly, levels of RNA
and protein components can set the activity of gene cir-
cuits and influence the robustness and performance of the
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circuits. Eukaryotic gene expression requires multiple co-
and post-transcriptional processing steps of messenger RNA
(mRNA) transcripts, including splicing, 3" end cleavage and
polyadenylation, and nuclear export [1, 2]. The degree of post-
transcriptional or post-translational processing influences the

Received: December 3, 2024. Revised: April 24, 2025. Editorial Decision: May 7, 2025. Accepted: May 30, 2025

© The Author(s) 2025. Published by Oxford University Press on behalf of Nucleic Acids Research.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License
(https://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the
original work is properly cited. For commercial re-use, please contact reprints@oup.com for reprints and translation rights for reprints. All other
permissions can be obtained through our RightsLink service via the Permissions link on the article page on our site—for further information please contact

journals.permissions@oup.com.

GZ0z aunr Gz uo 3senb Aq 967991 8/8ZSeMD/| L/£G/2l011e/1eu/woo dnodlwspede//:sdiy woly papeojumoq


https://doi.org/10.1093/nar/gkaf528
https://orcid.org/0000-0001-7402-576X
https://orcid.org/0000-0002-5033-2068
https://orcid.org/0000-0001-7544-0340
https://orcid.org/0000-0002-3138-2393
https://orcid.org/0000-0002-9712-4581
https://orcid.org/0000-0002-7255-0218
https://orcid.org/0009-0001-7128-8342
https://orcid.org/0000-0003-1587-6593
https://orcid.org/0000-0002-8936-055X
https://orcid.org/0000-0002-7995-9948
https://orcid.org/0000-0001-7416-3193

2 Peterman et al.

correlation between mRNA and protein levels [3]. This multi-
scale process generates endogenous mRNA and protein levels
that are much less correlated in eukaryotes than in prokary-
otes [4]. While the number of studies profiling the expression
of endogenous RNA transcripts is rapidly growing [35, 6], there
is still limited understanding of the abundance and composi-
tion of mRNA expressed from synthetic transgenic systems.
Developing a predictive understanding of the levels of mRNA
isoforms and their rates of processing may improve the design
of gene circuits in diverse cell types—including primary cells
and induced pluripotent stem cells (iPSCs) [7-11].

Forward design of gene circuits requires composable and
well-characterized genetic elements. Given the distribution of
gene expression profiles from transgenes, models that accu-
rately predict the performance of dynamic circuits require pa-
rameters that capture the ensemble features such as the mean
and variance of mRNA and protein molecules. Accurate es-
timation of the average level of protein expression can in-
form selection of genetic elements for predictive design [12].
Tracking distributions of both transgenic mRNAs and pro-
teins over time can augment the design of systems that am-
plify or attenuate noise and reveal the underlying network
structures of biological systems [13-15]. However, synthetic
parts are often characterized by the mean level of expression
for a single mRNA or protein species. The complex nature of
gene regulation in mammalian cells calls for high-resolution,
systematic characterization of genetic parts across transcrip-
tional and translational processes. Defining the combined ef-
fects of genetic elements, such as promoters, polyadenylation
signals (PASs), and untranslated regions (UTRs), on gene ex-
pression profiles and transcript isoforms will offer insight into
sources of variability. For instance, are mRNA isoforms uni-
form within a single construct? Or do transgenes generate a
variety of isoforms that may have unique processing rates?
Understanding both mRNA levels and compositions will sup-
port improved design of transgenic systems in mammalian
cells.

As multi-modal circuits rely on levels of both RNAs and
proteins, predictable circuit design requires high-resolution
characterization of both molecules and their distributions
across populations. Previous characterizations of genetic parts
relied on easily assayable metrics of expression, such as pro-
tein fluorescence or enzymatic activity, which cannot capture
species involved in post-transcriptional regulation such as mi-
croRNAs, alternative splicing isoforms, and ribozymes [2-4,
12, 16-18] (Fig. 1A). Forward design of RNA-based con-
trol systems requires quantification of RNA levels in single
cells [19]. Bulk methods such as reverse transcription quan-
titative polymerase chain reaction (RT-qPCR) obscure vari-
ance across single cells [20]. While transcriptional imaging
systems and single-molecule fluorescence in situ hybridiza-
tion enable high-resolution quantification of transcript pro-
files in single cells, these methods suffer from being very
low throughput [21-24]. Alternatively, flow cytometry-based
RNA fluorescence in situ hybridization (Flow-FISH) offers
a method to measure levels of specific RNAs in single cells.
Specifically, hybridization chain reaction Flow-FISH (HCR
Flow-FISH) reduces background fluorescence, enabling high-
throughput, sensitive RNA readouts that can be coupled
with simultaneous protein quantification in a single cell [235,
26]. Thus, HCR Flow-FISH allows us to measure single-cell
mRNA distributions while integrating existing protein ex-
pression analysis pipelines for a more comprehensive char-

acterization of existing and novel genetic elements. HCR
Flow-FISH paired with methods to analyze full-length iso-
forms would enable an understanding of how genetic ele-
ments influence variability in transcriptional and translational
processes.

In this work, we use HCR Flow-FISH to simultaneously
quantify levels of transgenic mRNAs and proteins in single
cells. With these data, we can quantify the impact of indi-
vidual genetic elements on different gene regulatory steps.
Specifically, we characterize a panel of commonly used con-
stitutive promoter sequences in HEK293T cells and bench-
mark expression levels against three inducible promoter sys-
tems (Tet-On, COMET [27], and synZiFTR [28]). We find that
promoter sequences impact both the abundance of mRNA
transcripts and the effective translation rate of these tran-
scripts. Moreover, the combination of promoter, coding, and
3’ UTR sequences alter the effective translation rate, suggest-
ing a role for UTRs in transgene regulation. To examine RNA
isoforms—including their UTRs—at high resolution, we use
long-read sequencing to profile full-length transcripts from
transgenes. We find that mature transgenic transcripts are
highly uniform, rarely impacted by local sequence context,
and exert minimal burden on endogenous gene expression.
Together, our work to establish high-resolution profiling of
expression distributions and isoforms of transgenic mRNAs
offers a novel framework for systematically comparing native
and synthetic gene regulation and building more robust trans-
genic systems.

Materials and methods
Cloning

Expression plasmids were generated using a multi-level
Golden Gate cloning scheme. First, individual genetic part
fragments were amplified or digested from commercial DNA
sources. Fach fragment was inserted into a corresponding
part positioning vector (pPV) backbone via Gibson Assem-
bly using Hifi DNA Assembly Master Mix (NEB, M5520).
On each pPV, the region of interest is flanked by Bsal re-
striction sites detailed in Supplementary Table S3. A full list
of pPVs used in this work and their DNA sources are re-
ported in Supplementary Table S4. Full transcriptional units
were assembled in a Bsal (NEB, R3733L) Golden Gate reac-
tion to yield the kanamycin-resistant plasmids (pShips) used
in transfection experiments. In a second round of PaqCI
(NEB, R0745L) Golden Gate reactions, full transcriptional
units were inserted into backbones for genomic integration
(pHarbors) Bxb1 recombinase, PiggyBac transposase, and
lentivirus.

To clone the homology-directed repair (HDR) donor tem-
plate for targeting Rogi2 with a Bxb1 landing pad (LP), 5’ and
3’ Rogi2 homology arms were PCR amplified from HEK293T
genomic DNA. To facilitate PCR genotyping of CRISPR-
edited clones, the lengths of the homology arms were selected
based on the co-design of randomly generated 5’ and 3’ bar-
code sequences and genotyping primers with primer pairs that
(i) flank the HDR junction of the donor DNA and the Rogi2
locus and (ii) were not predicted by PrimerBLAST to produce
off-target amplicons of similar size. The resulting barcodes
were encoded on the primers used to amplify the Rogi2 5’ and
3" homology arms. These were assembled with pHarbor back-
bone fragments PCR amplified with primers that encoded the
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Figure 1. HCR Flow-FISH enables high-throughput quantification of mMRNA and protein levels in single cells via flow cytometry. (A) In a simple model of
gene expression, MRNA and protein levels (um and pp) are governed by four main parameters: transcription rate («m), MRNA degradation rate (§i),
translation rate («;), and protein degradation rate (§,). HCR Flow-FISH data allows for calculation of an effective translation rate, ap, ot =
App/Apmoxag /8, and coefficient of variation (CV). (B) RNA-binding probes specific to the mRNA species of interest are first added to fixed and
permeabilized cells. Fluorescently labeled hairpins complementary to the probes are then added to amplify the FISH signal. (C) Sample HCR FISH
imaging for HEK293T cells transfected with an EF1o-mRuby2-bGH plasmid and labeled with Alexa Fluor™ 647 HCR amplifiers. Scale bar represents 50
um. (D) Sample HCR Flow-FISH for HEK293T cells transfected with an EF1o-mRuby2-bGH plasmid and labeled with Alexa Fluor™ 514 HCR amplifiers.
Data for one representative biological replicate are binned by transfection marker level into 20 equal-quantile groups. Points represent geometric

mean of protein and mMRNA expression (mean fluorescence intensity, MFI) for cells in each bin, and shaded regions represent the 95% confidence
interval. Effective translation rate is calculated as the slope of a line fitted to the binned data (R? = 0.999). Normalized expression is calculated as the
fold change of fluorescence intensity relative to a nontransfected sample. (E) Measurement of HCR Flow-FISH signal for HEK293T cells transfected with
varying dosages of mRuby2 modRNA at 4 h post-transfection. Error bars represent the standard deviation across three biological replicates, and the
shaded region represents the bootstrapped 95% confidence interval of the linear regression (P =7 x 10~°). Gray dashed line indicates the mean mRNA
MFI for the highest expressing construct (CAG-mRuby2-bGH) in HEK293T transfection. Normalized fluorescence is calculated as the fold change of
fluorescence intensity relative to a nontransfected sample. (F) Measurement of mRuby2 mRNA level via HCR Flow-FISH (y-axis) and RT-gPCR (x-axis) for
PiggyBac-integrated HEK293T cells with varying levels of mRuby2 expression. Error bars represent the standard deviation between technical replicates,
and the shaded region represents the bootstrapped 95% confidence interval of the linear regression (P = 2 x 1072). Each point represents an individual
biological replicate. All HCR Flow-FISH data are in arbitrary units from a flow cytometer.

Rogi2 protospacer and protospacer adjacent motif (PAM) se- Cell culture
quences. Fragments were designed such that each homology  HEK293T

arm is ﬂank_ed by the RogiZ protospacer and PAM sequence HEK293T cells (ATCC, CRL-3216) were cultured using Dul-
needed for in trans paired mclgng (ITPN) edmgg [29]- The  peceo’s Modified Eagle’s Medium (DMEM, Genesee Scientific,
PCR fragments were assembled into a pHarbor using an Esp31 25-501) plus 10% fetal bovine serum (FBS, Genesee Scien-

(NEB, R0734L) Golden Gate reaction. tific, 25-514H) and incubated at 37°C with 5% CO2. Cells
The LP architecture inserted at Rogi2 was based on the - passaged at 80%-90% confluence, in which spent me-
STRAIGHT-IN platform [30, 31] with modifications. The LP dia was aspirated, and cells were washed with PBS (Sigma-

consists of two transcriptional units Supplementary Fig. S14. 4.4, P4417-100TAB) and then subsequently dissociated
The 5 unit consists of an EF1a-BsdR-bGH cassette, which 21705 co, Trypsin-EDTA (Genesee Scientific, 25-510) di-
confers blasticidin resistance and is used for selecting cells that | .4 ;1 phosphate-buffered saline (PBS). After’ 4 min, cells
underwent HDR. The 3" unit consists of a Bxb1 attB siteand . spun down at 400 rcf for 5 min, resuspended in r;edia,
a PproR—bGH cassette 'laclkmg a promoter and start codon, o1 rancferred to a new flask. Media was replaced with fresh
which is used for enriching cells which underwent Bxbl-  pyient 4 10% FBS every 2-3 days.

mediated integration of attP donor plasmids at the LP. Each

transcriptional unit was assembled in a Bsal Golden Gate re-

action to generate pShips, which were subsequently assembled

into the Rogi2-targeting pHarbor in a PaqCI Golden Gate re- CHO-K1

action, yielding the final ITPN donor plasmid used to create CHO-K1 cells (ATCC, CCL-61) were cultured using
the HEK293T Rogi2 LP cell line. DMEM/F12 (Corning, 10-090-CV) plus 10% FBS and
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incubated at 37°C with 5% CO2. CHO-K1 cells were
passaged identically to HEK293T cells.

iPS11

iPS11 cells (Alstem, iPS11) were cultured using mTeSR™ Plus
(STEMCELL Technologies, 100-1130) on Geltrex™-coated
(Thermo Fisher Scientific, A1413302) plates and incubated at
37°C with 5% CO2. Cells were passaged in clumps using Re-
LeSR™ (STEMCELL Technologies, 100-0484) according to
the manufacturer’s instructions.

Transfection
HEK293T

In preparation for experiments, HEK293T cells were counted
using a hemocytometer, seeded with 0.1% gelatin coat-
ing (Sigma—Aldrich, G1890-100G) at a density of 150 000
cells per 12-well, and transfected 24 h later. For imag-
ing experiments, cells were seeded in Geltrex-coated glass-
bottom 96-well plates. Transfection was performed using lin-
ear polyethylenimine (PEIL Fisher Scientific, 4389603). Trans-
fection mixes were prepared using a ratio of 4 ug PEI to 1
ng DNA. First, a master mix of PEI and KnockOut™ DMEM
(Thermo Fisher Scientific, 10-829-018) was prepared and in-
cubated for a minimum of 10 min. This master mix was then
added to DNA mixes containing 450 ng of output plasmid
and 450 ng of transfection marker plasmid per 12-well. These
condition mixes were further incubated for 10-15 min and
then added on top of the growth media in the plate.

For experiments with constitutive promoters, media was re-
placed with fresh DMEM + 10% FBS after 24 h. At 2 days
post transfection, HEK293T cells were dissociated by adding
0.25% Trypsin-EDTA (diluted in PBS) for 4 min, followed by
quenching with an equal volume of DMEM + 10% FBS. Af-
ter centrifuging at 500 rcf for 5 min, cells were resuspended
in PBS and transferred to a v-bottom plate for flow cytometry
or subsequent HCR Flow-FISH.

For experiments with inducible promoters, 24 h after trans-
fection media was replaced with fresh DMEM + 10% FBS
containing the corresponding small molecule inducer or sol-
vent control. Inducer stocks were prepared as follows: doxycy-
cline (dox; Sigma—Aldrich, D3447) in water at 1 mg/m, gra-
zoprevir (GZV; MedChem Express, HY-15298) in dimethyl
sulfoxide (DMSO) at 1 mM, and rapamycin (Rap; Millipore
Sigma, 553210) in DMSO at 200 uM. Grazoprevir and ra-
pamycin stocks were stored at —80°C until use, then kept
at 4°C for up to 2 weeks. Doxycycline stocks were stored at
—20°C until use, then kept at 4°C. Small molecule stocks were
diluted in DMEM + 10% FBS to the following concentrations
for experiments: 1 pg/ml doxycycline, 1 uM grazoprevir, and
0.1 uM rapamycin. Two days after small molecule addition
(3 days post-transfection), HEK293T cells were dissociated by
adding 0.25% Trypsin-EDTA (diluted in PBS) for 4 min, fol-
lowed by quenching with an equal volume of DMEM + 10%
FBS. After centrifuging at 500 rcf for 5 min, cells were resus-
pended in PBS and transferred to a v-bottom plate for flow
cytometry or subsequent HCR Flow-FISH.

CHO-K1

Similar to HEK293T cells, CHO-K1 cells were seeded 24 h
prior to transfection with 0.1% gelatin coating at a density of
150 000 cells per 12-well. Using PEI, 450 ng of output plasmid
and 450 ng of transfection marker plasmid were delivered to

each 12-well. Media was replaced with fresh DMEM/F12 +
10% FBS after 24 h. At 2 days post transfection, CHO-K1
cells were dissociated, resuspended in PBS, and transferred to
a v-bottom plate for subsequent HCR Flow-FISH.

iPS11

For transfection experiments, iPS11 cells were dissociated us-
ing Gentle Cell Dissociation Reagent (STEMCELL Technolo-
gies, 100-1077) according to manufacturer’s instructions and
counted using a hemocytometer. Cells were plated 3 days prior
to transfection in mTeSR™ Plus with 10 uM ROCK inhibitor
(Millipore Sigma, Y0503-5MG) and 100 U/ml penicillin-
streptomycin (Gibco, 15140122) at ~10% confluency per
12-well. After 24 h, ROCK inhibitor was removed. On the
day of transfection, transfection mixes were prepared with
FUGENE® HD (FuGENE, HD-1000) using a ratio of 3 ul
reagent to 1 ug DNA, and the media was changed to Opti-
MEM™ (Thermo Fisher Scientific, 31985062). Four hun-
dred nanograms of output plasmid and 400 ng of transfec-
tion marker plasmid were delivered to each 12-well. Fresh
mTeSR™ Plus with penicillin-streptomycin was added 4 h af-
ter transfection, and the media was changed 24 h after trans-
fection. At 2 days post transfection, cells were dissociated us-
ing Gentle Cell Dissociation Reagent, resuspended in PBS, and
transferred to a v-bottom plate for subsequent HCR Flow-
FISH.

modRNA synthesis and titration curve experiments

The modRNA used in this study was synthesized from the
plasmid templates indicated in Supplementary Table S6. The
linear template for in vitro transcription (IVT) was gener-
ated via PCR using Q5 DNA Polymerase (New England
Biolabs, M0491) with the primer sequences reported in
Supplementary Table S6. The PCR product was isolated on a
1% agarose gel, excised, and purified using the Monarch PCR
and DNA Cleanup Kit (New England Biolabs, T1030). Two
hundred nanograms of purified product served as template
in a 20 pl IVT reaction using the HiScribe T7 High Yield
RNA Synthesis Kit (New England Biolabs, E2040), fully sub-
stituting UTP with N1-methylpseudouridine-5'-triphosphate
(TriLink Biotechnologies, N-1081) and co-transcriptionally
capping with CleanCap Reagent AG (TriLink Biotechnolo-
gies, N-7114). IVT reactions were incubated at 37°C for 4 h,
at which point reactions were diluted to 50 ul, treated with 2
pl DNase I (New England Biolabs, M0303), and incubated at
37°C for 30 min to degrade the IVT PCR template DNA. Syn-
thesized modRNA was column purified and eluted with 60 ul
water using the 50 pg Monarch RNA Cleanup Kit (New Eng-
land Biolabs, T2040). A small sample was nanodropped and
ran on a native denaturing gel to determine modRNA con-
centration and verify full-length product. The modRNA was
dispensed in single-use aliquots and stored at —80°C.

For modRNA titration experiments, HEK293T cells were
seeded on 12-well plates with 150 000 cells per well 3 days be-
fore modRNA transfection. Two days before modRNA trans-
fection, plasmid control conditions were transfected as de-
scribed above. One day before modRNA transfection, media
was replaced with fresh DMEM + 10% FBS. The following
day, each modRNA mixture was transfected in triplicate using
1.6 ul Lipofectamine MessengerMAX (Thermo Fisher Scien-
tific, LMRNA) according to manufacturer’s instructions. Each
well was transfected with varying amounts of mRuby2 or
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tagBFP modRNA. To normalize transfection efficiency across
conditions, each condition was adjusted to a total modRNA
amount of 800 ng with a similar length modRNA that has no
predicted affinity with the FISH probes. For experiments in
Supplementary Fig. S13B, 400 ng of mRuby2-encoding mod-
RNA was used along with 400 ng of a marker B-globin-
tagBFP modRNA. Four hours (Fig. 1E) or 12 h (Fig. 6 and
Supplementary Fig. S9 and S13B) after modRNA transfection,
cells were dissociated for HCR Flow-FISH by adding 0.25%
Trypsin-EDTA (diluted in PBS) for 4 min, followed by quench-
ing with an equal volume of DMEM + 10% FBS.

Site-specific integration
Generation of the HEK293T Rogi2 Bxb1 LP cell line

We generated a Bxb1 attP LP cell line for facile site-specific
integration of genetic cargoes in HEK293T cells. We chose
the Rogi2 locus for integration as it is far from other genes
and regulatory elements [32]. To perform the genomic inte-
gration, we leveraged ITPN [29]. This CRISPR-based strategy
flanks the Rogi2 homology arms on the donor DNA plasmid
with the cognate Rogi2 protospacer sequence targeted on the
genome, 5’ - CATCAGACTTGATAGCACTGAGG- 3’ (PAM under-
lined). Subsequent in situ nicking of the Rogi2 locus and the
donor DNA plasmid by a high-fidelity Cas9 nickase variant fa-
cilitates precise installation of donor DNA at the target locus
while minimizing random integration events associated with
double-strand breaks generated by wild-type (WT) Cas9.

To implement ITPN, we adopted a staggered delivery ap-
proach similar to CRISPR for long-fragment integration via
pseudovirus [33], where the donor DNA is delivered first,
followed by delivery of CRISPR components 24 h later
(Supplementary Fig. S14A). One day before transfection,
150 000 HEK293Ts were plated on a single 12-well. Cells
were then transfected with 1000 ng of donor DNA plasmid
using PEL The next day, cells were transfected with 300 ng
of nCas9(1.1) modRNA (synthesized in-house with the HiS-
cribe T7 High Yield RNA Synthesis Kit, New England Biolabs,
E2040) and 100 ng of Rogi2 single guide RNA (sgRNA, syn-
thesized with the EnGen sgRNA synthesis kit, New England
Biolabs, E3322) using 0.8 ul of Lipofectamine Messenger-
Max.

Two days after RNA delivery, cells were passaged onto a
single six-well. The following day, cells were treated with 10
ug/ml blasticidin (Tocris, 5502) for 4 days to enrich cells
that genomically integrated the donor DNA. Single cells from
the polyclonal population were sorted into individual wells
of a 96-well plate using the Sony MA-900 flow sorter. Two
weeks post-sort, confluent monoclonal lines were passaged to
24-well plates, with half of the cells harvested for genotyp-
ing PCR. Harvested cells were pelleted and resuspended in 50
ul Cell Lysis Buffer (10x) (Cell Signaling Technology, 9803S)
and 0.5 ul of Proteinase K (New England Biolabs, P8107S).
Cells were lysed by incubating the suspension for 45 min at
85°C.

As amplifying the Rogi2 locus proved challenging, we de-
veloped an efficient PCR screening method to detect for the de-
sired insertion at Rogi2. This consisted of designing the donor
DNA with short barcode sequences located between the attP
LP and the Rogi2 homology arms (Supplementary Fig. S14B).
These barcode sequences were co-designed with the genotyp-
ing primers using PrimerDesign (NCBI) to minimize poten-
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tial off-target amplicons. To enhance PCR sensitivity, we used
nested PCR [34]. For the first, outer PCR, 1 ul of the cell lysate
was used as template in a 20 ul PCR using Apex Taq RED
Master Mix, 2x (Genesee Scientific, 42-138) with a 30 s ex-
tension time and a “touchdown” annealing temperature [35].
This consisted of setting the annealing temperature of the first
PCR cycle at 72°C, with each subsequent PCR cycle decreas-
ing the annealing temperature by 1°C until reaching a final
annealing temperature of 57°C, followed by an additional 12
cycles at this annealing temperature. One microliter of the first
PCR was used as template for a second, inner PCR, follow-
ing the same PCR conditions. PCR products obtained from
the second PCR reaction were resolved on a 2% agarose gel
(Supplementary Fig. S14C).

After identifying monoclones that passed the genotyping
PCR screen, each candidate was phenotypically screened for
the ability to effectively integrate and express genetic cargoes
encoded on Bxb1 attB donor plasmids via Bxb1-mediated re-
combination. Clone #14 emerged as the best candidate from
this screen, hereafter referred to as Rogi2 LP, and was subse-
quently used in this study.

Bxb1-mediated integration of cargoes in the HEK293T Rogi2
LP cell line

The procedure outlined here functions analogous to the
STRAIGHT-IN iPSC LP platform (Supplementary Fig. $14D)
[30, 31]. The Rogi2 LP line contains a puromycin resis-
tance gene missing a promoter and start codon. Upon Bxb1-
mediated recombination between the attB site on the donor
plasmid (Supplementary Fig. S14E) and attP site in the LP,
an EFla promoter and start codon is placed in-frame of
the resistance gene, conferring recombined cells resistance to
puromycin (Supplementary Fig. S14F). A total of 18 different
donor plasmids were cloned encoding mRuby2 driven by six
different promoters and three different PAS sequences. To in-
tegrate the donor plasmids, Rogi2 LP was plated on 24-well
plate at a seeding density of 75 000 cells per well 1 day be-
fore transfection. Cells were then co-transfected with 300 ng
of donor attB plasmid and 200 ng of CAG-Bxb1 (gift from the
Wong Lab at Boston University) using PEI. Once confluent (2—-
3 days post-transfection), cells were passaged onto a six-well,
with puromycin (1 pg/ml, Invivogen, ant-pr-1) administered
the following day. Once confluent (5-6 days post puromycin
selection), cells were passaged at a split ratio of 1:10 to dilute
out residual donor plasmid, at which point cells were ready
for use in downstream analyses.

PiggyBac integration

Six different genetic cargoes were randomly integrated into
HEK293T cells, encoding expression of mRuby2-2A-PuroR-
bGH driven by CAG, EFla, CMV, UbC, EFS, or hPGK.
For PiggyBac transposase-mediated integration, 100,000
HEK293T cells per well were seeded in a 24-well plate coated
with 0.1% gelatin. Each well was transfected as described
above with 225 ng of donor plasmid and 225 ng of Piggy-
Bac transposase plasmid (gift from the Elowitz Lab). At 1 day
post-transfection, media was replaced with fresh DMEM +
10% FBS. At 2 days post-transfection, cells in each 24-well
were passaged to a six-well. One day after passaging, media
was replaced with fresh DMEM + 10% FBS with 1 pg/ml
puromycin for selection of integrated cells. Selection media
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was replaced daily for 5 total days of selection. After selec-
tion, cells were returned to DMEM + 10% FBS for outgrowth
on six-well plates.

After the outgrown cells reached ~80% confluence, cells
were trypsinized (0.25% Trypsin-EDTA diluted in PBS at a 3
PBS : 2 trypsin ratio) and resuspended in DMEM + 10% FBS
supplemented with 100 U/ml penicillin-streptomycin.

Separately, “half and half” conditioned media was made by
removing media from a confluent flask of HEK293T cells, fil-
tering it through a 0.22 um filter, and mixing it 1:1 with fresh
media. The resulting conditioned media was supplemented
with 100 U/ml penicillin-streptomycin.

Cells were sorted on a Sony MA-900 flow sorter using the
gates shown in Supplementary Fig. S135. Briefly, live single cells
were identified using forward scatter and side scatter gates,
and the mRuby2-positive cells were gated using a roughly rect-
angular mRuby2-FSC gate. Cells were recovered onto gelatin-
coated, pre-warmed plates containing the conditioned media.
After a media change and outgrowth in media not containing
penicillin-streptomycin, cells were confirmed myco-negative
(Lonza MycoAlert).

Lentiviral integration
Lentivirus production

Lenti-X HEK293T cells (Takara Bio, 632180) grown in
DMEM + 10% FBS were seeded at 10° cells per well of a
six-well plate. The following day (day 1), 1 ug of the third-
generation lentiviral expression plasmid, 1 pg of the packag-
ing plasmid (psPAX2, Addgene #12260), and 2 pg of the en-
velope plasmid (pMD2.G/VSVG, Addgene #12259) per well
were co-transfected using PEI as described above. After 6 h,
the media was aspirated and replaced with 1.25 ml of DMEM
+10% FBS + 25 mM HEPES (Sigma-Aldrich, H3375). On the
following day (day 2), the media was collected, stored at 4°C,
and replaced with HEPES-buffered DMEM + 10% FBS. On
day 3, the media was again collected. The collected media was
filtered through a 0.45 um PES filter.

To the filtered virus-containing media, Lenti-X Concentra-
tor (Takara Bio, 631232) was added in a 3 parts media : 1 part
concentrator volume ratio, mixed gently, and left overnight at
4°C. On day 4, the media was centrifuged at 1500 rcf at 4°C
for 45 min. The supernatant was aspirated, and the resulting
pellet was resuspended to a total volume of 200 ul in HEPES-
buffered DMEM + 10% FBS. Virus was used immediately or
stored at —80°C.

Lentivirus titration

Regularly passaged HEK293T cells were seeded at a concen-
tration of 15 000 cells per well of a 96-well plate in DMEM +
10% FBS on the day of the transduction. Cells were combined
with § pg/ml polybrene (hexadimethrine bromide, Sigma—
Aldrich, H9268-5G) and a two-fold serial dilution of the pro-
duced virus (highest concentration: 5.0 ul concentrated virus
per well). The resulting cell, polybrene, and virus mixture was
plated onto 96-well plates coated with 0.1% gelatin.

Three days later, the resulting cells were dissociated using
0.25% Trypsin-EDTA diluted in PBS at a 3 PBS : 2 trypsin
ratio, and data was collected using an Attune NxT flow cy-
tometer. Single, live cells were selected using forward scatter
and side scatter gates. Transduced cells were identified using
an mRuby2 gate that excluded untransduced cells.

HEK293T transduction

Regularly passaged HEK293T cells were seeded on the day of
viral transduction in suspension at 150 000 cells per 12-well.
Each 12-well was transduced with concentrated lentivirus
produced from six-well plate and titered to have a multiplic-
ity of infection (MOI) of 2. Fresh DMEM + 10% FBS was in-
cluded to reach a final volume of 2 ml per 12-well, and 5 pg/ml
polybrene was added to increase transduction efficiency. Three
days later, the resulting cells were dissociated and labeled for
HCR Flow-FISH.

HCR RNA-FISH

In all HCR RNA-FISH experiments here, we use Molecular In-
struments probe sets for mRuby and tagBFP compatible with
B2 amplifiers conjugated to Alexa Fluor™ 514, Alexa Fluor™
647 (imaging only), or Alexa Fluor™ 488 (Supplementary
Figs S4 and S7 only). The FISH protocol as well as hybridiza-
tion and wash buffer compositions were based on those re-
ported by Choi et al. and modified to improve cell recovery for
flow cytometry [25]. Amplification buffer composition was
based on that reported by Jia et al [36]. Compositions of the
hybridization buffer, wash buffer, 5X SSCT buffer, and ampli-
fication buffer are reported in Supplementary Table S7.

FISH imaging

Cells grown on Geltrex-coated glass-bottom plates were fixed
by incubating with 4% paraformaldehyde (PFA) solution
(EMD Millipore, 818715) for 1 h at 4°C. After washing the
cells three times with cold PBS, the cells were permeabilized
using 0.5% Tween-20 (Sigma—Aldrich, P2287) overnight at
4°C. Next, cells were washed twice with 2 x saline-sodium cit-
rate (SSC) and then incubated with hybridization buffer for 30
min at 37°C. Probe set stock solution was diluted to 16 nM
in hybridization buffer. Cells were incubated in this probe so-
lution overnight at 37°C.

Following hybridization, cells were incubated with wash
buffer for 5 min at 37°C, and this was repeated for a total
of four washes. Then, cells were incubated with 5x SSCT for
5 min at room temperature, and this was repeated for a total
of two washes. After these washes, cells were incubated in am-
plification buffer for 30 min at room temperature. Amplifier
solution was prepared by combining separately snap-cooled
hairpins h1 and h2 at a concentration of 60 nM in amplifica-
tion buffer. Cells were incubated with this amplifier solution
for 45 min at room temperature.

Following amplification, cells were incubated with 5x
SSCT for 5 min at room temperature, and this was repeated
for a total of five washes. Finally, wells were filled with PBS
for imaging using a Nikon Ti2-E fluorescence microscope.

HCR Flow-FISH

After suspension in PBS, cells were transferred to 96-well v-
bottom plate for HCR Flow-FISH. After each resuspension,
spins were performed at 500 rcf for 5 min with default set-
tings, unless otherwise noted. Cells were first fixed through
incubation in 4% PFA for 15 min at room temperature. After
spinning, cells were then permeabilized using 0.5% Tween-20
for 15 min at room temperature. Next, cells were spun and
resuspended in hybridization buffer for 30 min at 37°C. Dur-
ing this incubation, probe set stock solution was diluted in hy-
bridization buffer to a concentration of 14 nM for transfected
cells or 28 nM for integrated cell lines. Cells were spun and
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resuspended in this probe solution for incubation overnight
at 37°C. Due to the viscosity of the hybridization buffer, these
spins were performed with reduced deceleration speed to min-
imize cell loss.

Following hybridization, cells were spun and resuspended
in wash buffer for 15 min at 37°C. Then, cells were spun and
resuspended in 5x SSCT for 5 min at room temperature. Af-
ter these washes, cells were spun and resuspended in amplifi-
cation buffer for 30 min at room temperature. Amplifier solu-
tion was prepared by combining separately snap-cooled hair-
pins h1 and h2 at a concentration of 130 nM in amplification
buffer. Cells were spun and then incubated with this amplifier
solution overnight at room temperature.

Following amplification, cells were spun and resuspended in
5x SSCT for one 30 min incubation and one 5 min incubation
at room temperature. Finally, cells were spun and resuspended
in PBS for flow cytometry.

Flow cytometry

All flow cytometry data were collected using an Attune NxT
flow cytometer with channel mappings and voltages reported
in Supplementary Table S8. Data from HCR Flow-FISH ex-
periments were compensated using the matrix reported in
Supplementary Table S9. To account for differences in back-
ground across experiments, normalized fluorescence is used
where indicated and is calculated as the fold change of fluo-
rescence intensity relative to a WT or non-transfected sam-
ple labeled at the same time. Single cells were selected us-
ing forward scatter and side scatter gates. Transfected cells
were gated based on expression of a co-transfected marker.
For lentiviral transduction, the top 85% of cells were gated
based on mRuby2 expression, assuming a poisson distribu-
tion of integration events corresponding to an MOI of 2.

RT-gPCR

For concurrent RT-gPCR and HCR Flow-FISH analysis,
PiggyBac-integrated cell lines were plated in biological tripli-
cate at a density of 300 000 cells per well in six-well plates. Af-
ter 3 days of growth, cells were dissociated by adding 0.25%
Trypsin-EDTA (diluted in PBS) for 4 min, followed by quench-
ing with an equal volume of DMEM + 10% FBS. Each sample
of dissociated cells was split in half, with equal amounts going
to HCR Flow-FISH processing or RNA isolation.

RNA was isolated using the Monarch Total RNA Miniprep
Kit (New England Biolabs, T2010) with an additional Dnase I
(New England Biolabs, M0570) treatment step. RNA samples
were eluted into 50 ul of nuclease-free water. Complementary
DNA (cDNA) was synthesized from 6 pl of eluted RNA using
the ProtoScript First Strand ¢cDNA Synthesis Kit (New Eng-
land Biolabs, E6300) with oligo-dT primers. cDNA samples
were stored at —20°C until qPCR.

qPCR was performed at the MIT BioMicro Center on a
Roche LightCycler 480 with four technical replicates per con-
dition. Reaction mixes were assembled using 2.5 pl KAPA
SYBR FAST qPCR Master Mix (2x) Universal (Kapa Biosys-
tems, KK4600), 0.5 ul 2 uM forward and reverse primers, 0.5
ul cDNA product, and 1.5 ul nuclease-free water. The primer
sequences used for each gene are reported in Supplementary
Table S10. Using the “High Sensitivity” analysis mode, C, val-
ues were called. Pooling over technical replicates by taking the
mean, AC; values were calculated relative to the GADPH lev-
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els for each sample and used to calculate relative expression
levels.

Total transcription quantification
Total RNA yield

PiggyBac-integrated cell line and WT HEK293T cells were
cultured for 3 days and counted via hemocytometer to iso-
late samples of 500K cells each. RNA was isolated using the
Monarch Total RNA Miniprep Kit with an additional Dnase
I treatment step. RNA samples were eluted into 50 uL of
nuclease-free water, and concentrations were measured via
Nanodrop.

5-ethynyluridine labeling

Cells were counted using a hemocytometer, seeded with 0.1%
gelatin coating (Sigma—-Aldrich, G1890-100G) at a density
of 150 000 cells per 12-well, and grown in culture for
3 days. Thirty minutes prior to dissociation, cells were fed me-
dia containing 1 mM 5-ethynyluridine (EU) (Sigma-Aldrich,
909475). Cells were first fixed through incubation in 4%
PFA for 15 min at room temperature. After spinning, cells
were then permeabilized using 0.5% Tween-20 for 15 min at
room temperature. Next, cells were incubated for 30 min on
a rotator at room temperature in a label mixture containing
0.05 mM copper sulfate (Fisher Scientific, AC197730010),
0.25 mM THPTA (Vector Laboratories, CCT-1010-100), 8
uM Pacific Blue azide (Click Chemistry Tools, 1413-1), and
20 mg/ml ascorbic acid (Sigma—Aldrich, A4544) in PBS. Cells
were washed twice with 0.1% Tween-20 in PBS and analyzed
via flow cytometry.

Long-read sequencing

RNA from polyclonal PiggyBac-integrated cell lines and WT
HEK293T cell lines was isolated using the Monarch Total
RNA Miniprep Kit with an additional Dnase I treatment step.
RNA samples were eluted into 50 pl of nuclease-free water.

Direct RNA sequencing was performed on an Oxford
Nanopore GridlON device using the Direct Sequencing Kit
(SQK-RNAO004, date accessed 15 May 2024), MinION RNA
flow cell (FLO-MINOORA), and data pre-processing was per-
formed with MinKNOW (v24.06.10). Libraries were con-
structed individually with the following modifications to op-
timize fragment yield and quantity: (i) ~1.2 ug of total RNA
was used in 8 ul total volumes; and (ii) all binding and elution
steps were doubled, with a minimum bead binding time of 5
min. Basecalling was performed on-device using the “super-
accurate basecalling” model in Dorado version 7.4.12. The
resulting .fastq files were aligned using minimap2 version 2.26
(flags: -ax splice -uf -k14) to custom human reference genomes
combining GRCh38 v108 with the plasmid sequence for each
construct.

Unique reads mapping to the construct sequences were iso-
lated using bedtools. Major isoform start sites were manually
identified from the reads looking at a density distribution of
read starts. For any analyses quantifying the start or end po-
sitions of the reads, reads were filtered to remove any reads
whose 5’ end was >25 nt away from major isoform start sites
to avoid any artifacts introduced by 5’ truncation prevalent
in long-read RNA sequencing data. Major transcription start
sites (TSSs) and intron locations for each promoter sequence
are reported in Supplementary Table S1.

GZ0z aunr Gz uo 3senb Aq 967991 8/8ZSeMD/| L/£G/2l011e/1eu/woo dnodlwspede//:sdiy woly papeojumoq


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf528#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf528#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf528#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf528#supplementary-data

8 Peterman et al.

Differential expression of endogenous genes was analyzed
by comparing data from each cell line to data from WT
HEK293T cells. For each gene, the fold change in the read
counts per million relative to the WT baseline was calculated,
and any fold change with an absolute value >1.5 was consid-
ered different from the baseline. Differentially expressed genes
common to all six cell lines are listed in Supplementary Table
S2. Gene Ontology analysis (GO Ontology database [37], re-
leased 6 February 2025) was carried out on this set of genes us-
ing a PANTHER overexpression test (released 7 August 2024,
Binomial test with Bonferroni correction).

Statistical analysis

Unless noted, all data points used in statistical analysis rep-
resent the mean of three biological replicates. Statistical sig-
nificance was determined using t-tests. Comparisons with
directional hypotheses based on previously observed dif-
ferences in protein expression (e.g. promoter strength, ef-
fective translation rate) were performed using one-tailed
tests. All other comparisons were performed using two-tailed
tests.

Results

HCR Flow-FISH enables simultaneous,
high-throughput quantification of mRNA and
protein levels in single cells

To simultaneously assess mRNA and protein distributions, we
used a Flow-FISH method, which allows for the concurrent
measurement of mMRNA and protein levels in single cells [38].
Hybridization chain reaction RNA-FISH (HCR Flow-FISH)
amplifies signal, improving the signal-to-noise ratio and en-
abling better mRNA detection at low expression levels [25,
26]. HCR Flow-FISH uses a two-stage amplification approach
(Fig. 1B). First, RNA-binding probes complementary to the
mRNA transcript of interest are hybridized overnight in fixed
and permeabilized cells. The following day, probe-specific, flu-
orescently labeled hairpins are added to amplify the FISH
signal. HCR leads to higher fluorescence levels while mini-
mizing background, making it well-suited for flow cytometry
quantification.

We optimized and validated an HCR Flow-FISH protocol
based on methods reported in Choi et al. [26]. We transfected
HEK293T cells with a plasmid expressing the fluorescent pro-
tein mRuby2 with the EF1a promoter and bGH PAS (EF1«-
mRuby2-bGH). We quantified expression of the mRuby2
mRNA using sequence-specific FISH probes and compatible
HCR amplifiers. Given the limited size or absence of introns
in the transgenic transcripts, we do not distinguish between
nascent and mature transcripts in this work. Through fluores-
cence imaging (Fig. 1C, Alexa Fluor™ 647) and flow cytom-
etry (Fig. 1D, Alexa Fluor™ 514), we measured both mRNA
and protein expression in the same single cells. Binning cells
based on expression of a co-transfected fluorescent marker, we
observe a linear dependence between mRNA signal and pro-
tein signal. We quantified a dimensionless effective translation
rate of the transcripts, «, .¢ by calculating the slope between
mRNA signal and protein signal via least squares regression
(Fig. 1A). This parameter is proportional to the number of
proteins translated from a single mRNA transcript and com-
bines the contributions of mRNA transport, translation initi-
ation, and protein stability. We selected the plasmid dosage to

maximize expression while minimizing the cell death possibly
caused by the transfection reagent (Supplementary Fig. S1).

To verify that HCR Flow-FISH detects quantitative changes
in mRNA level, we transfected varying dosages of mRuby2-
encoding modRNA into HEK293T cells. To minimize any dif-
ferences in transfection efficiency, we added a non-fluorescent,
“filler” modRNA to maintain a consistent total modRNA
amount across all conditions. As expected, the mean HCR
Flow-FISH signal increases linearly with modRNA dosage,
indicating that this method can detect the anticipated mean
differences in modRNA levels between populations of cells
(Fig. 1E, and Supplementary Fig. S9A and B). The protein ex-
pression at 12 h post-modRNA transfection is also linearly
related to the modRNA levels, indicating that effective transla-
tion rates are not dependent on modRNA dosage, as expected
(Supplementary Fig. S9C and D). Importantly, when trans-
fecting a plasmid with a strong constitutive promoter, CAG
(dashed line), the measured HCR Flow-FISH signal sits within
the linear detection regime and does not reach a nonlinear sat-
urating regime. Compared to genomic integration, transfec-
tion typically leads to higher transgene DNA copy numbers,
so this condition represents the maximum relevant amount
of mRNA for detection. Therefore, because HCR Flow-FISH
signal correlates linearly with modRNA dosage across the
range relevant for transgene expression, we can quantitatively
compare mRNA levels between different compositions of ge-
netic elements. Additionally, we find that the mean signal from
HCR Flow-FISH correlates positively with the signal from
RT-qPCR across five cell lines with varying mRuby2 expres-
sion (Fig. 1F). Thus, we conclude that HCR Flow-FISH and
RT-qPCR provide similar relative estimates for mean mRNA
levels, while HCR Flow-FISH offers the additional benefit of
quantifying the distribution of mRNA levels. Together, HCR
Flow-FISH enables single-cell quantification of mRNA levels
for simultaneous characterization of mRNA and protein ex-
pression distributions.

Promoter sequences affect RNA transcript
abundance and effective translation rate

With the quantitative HCR Flow-FISH protocol validated, we
characterized a commonly used set of genetic elements includ-
ing promoters. In the field of synthetic biology, genetic com-
ponents that drive transcription are determined heuristically
from native genomes and often include the combination of a
minimal promoter, a TSS, upstream regulatory elements, and
in some cases an associated 5’ UTR sequence (Fig. 2A). Since
the precise boundaries of each of these elements within a re-
gion are not always clear, we use a functional definition of
the promoter referring to this entire set of sequences until
they can be precisely defined. Choice of promoter can set the
level of protein expression. However, as promoters differ in
recruitment of transcriptional machinery, 5" UTR sequences,
and splicing within 5" UTRs, protein data alone cannot de-
fine how promoters influence transcription rates. We chose to
evaluate a set of six constitutive promoters with varying ex-
pression levels, composition, and origins: CAG, a hybrid of the
cytomegalovirus enhancer and chicken beta-actin promoter;
EF1, the human elongation factor 1-alpha promoter; CMV,
a strong promoter derived from cytomegalovirus; UbC, the
human polyubiquitin C promoter; hPGK, the human phos-
phoglycerate kinase promoter; and EFS, a derivative of the
EF1« promoter lacking the intron (Supplementary Table S1).
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Figure 2. Promoter sequences affect RNA transcript abundance and effective translation rate. (A) HEK293T cells were transfected with a plasmid

encoding mRuby?2 driven by one of six different constitutive promoters (CAG, EF1«, CMV, UbC, EFS, or hPGK) followed by a bGH PAS. (B) Normalized
expression distributions for mRNA (Alexa Fluor™ 514) and protein (mRuby2) with six constitutive promoters as measured by flow cytometry. .01 >

**P > 001, one-sided ttest. (C) Normalized protein expression as a function of normalized mRNA expression with three weak constitutive promoters.
Inset axes show the indicated low expression domain. Data for one representative biological replicate are binned by marker level into 20 equal-quantile
groups. Points represent geometric means of mMRNA and protein levels for each bin. Shaded regions represent the 95% confidence interval. (D)
Normalized protein expression as a function of normalized mRNA expression for three strong constitutive promoters for one representative biological
replicate. (E) HEK293T cells were transfected with plasmids encoding mRuby?2 driven by one of three different inducible promoters (Tet-On, COMET,
synZiFTR) and the corresponding transcription factor. (F) Normalized expression distributions for mRNA (Alexa Fluor™ 514) and protein (mRuby2) with
three inducible promoters following small molecule induction as measured by flow cytometry. Fold-change in expression upon induction is annotated for
each condition. (G) Normalized protein expression as a function of normalized mRNA expression with three inducible promoters for one representative
biological replicate. (H) Effective translation rate as calculated by the slope of a line fitted to the binned data. Inducible promoters are denoted by the gray
box. Points represent the mean of three biological replicates + the 95% confidence interval. .05 > *P > .01, one-sided ttest. Normalized expression is
calculated as the fold change of fluorescence intensity relative to a nontransfected sample. All data are in arbitrary units from a flow cytometer. TSS:

transcription start site; and PAS: polyadenylation signal.

To assess the relative expression levels of this promoter set,
we used each promoter to drive expression of mRuby2 with
a bGH PAS (Fig. 2). For each condition, we included a
co-transfected marker plasmid encoding a separate fluores-
cent protein, whose expression we used as a proxy for copy
number [39]. We observed consistent marker expression and
transfection efficiency regardless of the identity of the co-
transfected promoter (Supplementary Fig. S3). Constitutive
promoter conditions were analyzed via HCR Flow-FISH at
two days post-transfection (Fig. 2A). As expected from pre-

vious characterizations [16], our data ranks promoters by
strength—as measured by mean protein expression—from
highest to lowest: CAG, EF1a, CMV, UbC, EFS, and hPGK
(Supplementary Fig. S2).

In transfection, mRNA expression exhibits more variance
across the population than protein expression (Fig. 2B and
Supplementary Fig. S2). Bimodality observed in levels of
mRNA and not in protein may reflect the higher stability
of the proteins compared to mRNA. Despite the increased
variance, the relative ordering of promoter strength, as deter-
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mined by the mean mRNA expression level, generally matches
that of the mean protein expression level (Supplementary
Fig. S2). However, CAG achieves the highest protein expres-
sion but has only the second-highest level of mRNA, indicat-
ing post-transcriptional processing and translation rates influ-
ence protein levels. Binning the cells by expression of the trans-
fection marker, we find that higher mRNA levels are strongly
correlated with higher protein levels (Fig. 2C and D). How-
ever, the relative slopes of these curves differ, indicating dif-
ferences in effective translation rate across promoters. In ad-
dition to having higher mRNA levels, the strong promoters
(CAG, EFl1a, and CMV) exhibit more efficient translation
than the weak promoters (UbC, EFS, and hPGK) (Fig. 2H).
These differences are likely sequence-specific and could be at-
tributed to factors such as RNA nuclear export, localization,
and secondary structure.

To assess generality of trends, we characterized profiles of
expression across different cell types and integration meth-
ods. First, we quantified profiles of expression for transfec-
tion in Chinese hamster ovary (CHO-K1) and iPS11 cells.
Both cell types maintain the same relative promoter strengths,
with the exception of CMYV, which did not express above
background in iPS11 cells (Supplementary Fig. S4). Similar
to HEK293T cells, we observed higher effective translation
rates for stronger promoters in CHO-K1 cells and iPS11
cells; however, the relative differences vary across cell types
(Supplementary Fig. S4). Inmunogenicity associated with vi-
ral sequences in CAG and CMV may suppress gene expres-
sion in iPSCs [40]. We next explored how integration into
the genome affects profiles of expression. Understanding how
transfection profiles translate to integration can accelerate the
design-build-test-learn loop, which remains slower due to the
time scales of generating cell lines. We quantified expression
from each promoter in HEK293T cells after random integra-
tion via PiggyBac transposase and lentivirus as well as site-
specific integration at a LP at Rogi2 [32] (see “Materials and
methods” section). We find that across integration methods,
relative promoter strengths are comparable to those in trans-
fection (Supplementary Fig. SSA-C). However, we observe a
smaller range in mRNA expression between weak and strong
promoters for PiggyBac-mediated and lentiviral integration
(Supplementary Fig. S5D). We hypothesize that this is due
to differences in copy numbers between the constructs. In
the case of PiggyBac-mediated integration, selection pressure
from the co-expressed puromycin-resistance gene may bias the
selection of cells integrated with weaker promoters. To sur-
vive selection, weaker promoters may need to be integrated
at higher copy numbers than are needed for stronger promot-
ers, which would diminish the differences between weak and
strong promoters. Similarly, lentivirus titering relies on dis-
tinguishing infected cells based on fluorescence, and a larger
number of integrations for weaker promoters may be required
for this fluorescence to be detectable. While, these effects may
be mitigated by selecting or titering using a separate adja-
cent gene, adjacent genes can alter expression through bio-
physical coupling [41-43]. Overall, we find that relative pro-
moter strengths remain consistent across cellular and integra-
tion contexts, while absolute expression levels may vary.

For many applications that require temporal control
over expression, inducible promoters offer the advantage of
small-molecule regulation of transcription. We characterized
three promoters activated by small molecule-inducible tran-
scriptional activators: doxycycline-inducible rtTA (Tet-On,

CMYV minimal promoter), rapamycin-inducible zinc-finger ac-
tivator (COMET [27], YB TATA minimal promoter), and
grazoprevir-inducible zinc-finger activator (synZiFTR [28],
YB TATA minimal promoter). To facilitate comparison, each
inducible promoter drives expression of mRuby2 with a bGH
PAS. The cognate transcriptional activators for each synthetic
promoter are expressed separately via the EFS promoter. We
added small-molecule inducers at 1 day post-transfection and
measured expression profiles via HCR Flow-FISH 2 days later
(Fig. 2E). Under these conditions, all three promoters dis-
play comparable levels of leaky expression in the absence of
the inducer, similar to levels of expression from the weak-
est constitutive promoter, hPGK (Fig. 2F). Interestingly, the
induced Tet-On promoter has a similar expression level and
effective translation rate to the constitutive CMV promoter.
Both of these promoters contain the minimal CMV promoter,
suggesting that this sequence drives both transcriptional and
post-transcriptional kinetics. Upon induction, the Tet-On and
synZiFTR promoters show modest increases in mRNA ex-
pression; however, the Tet-On promoter leads to a much
higher level of protein expression (Fig. 2F). This larger in-
crease in protein level relative to mRNA level for the Tet-
On promoter appears as a higher slope (Fig. 2G) and effec-
tive translation rate (Fig. 2H) compared to the other inducible
promoters. Altogether, our data suggest that these promoter
sequences impact protein expression not just through differ-
ences in mRNA transcript levels but also through the effective
translation rates of those transcripts, potentially via mRNA
processing and transport kinetics.

Choice of PAS impacts effective translation rate of
mRNA transcripts

Given that 3’ UTR sequences can significantly impact RNA
stability, protein translation, and lentivirus production effi-
ciency, we sought to quantify the effects of PAS choice on
expression kinetics [44-47]. We paired each constitutive pro-
moter with three commonly used 3’ UTR sequences—bGH,
derived from the bovine growth hormone gene; SV40, derived
from the SV40 virus; and WPRE, derived from the woodchuck
hepatitis virus (Fig. 3A)—and transfected these transgenes
into HEK293T cells. The bGH and SV40 PASs generate simi-
lar levels of protein (Fig. 3C) and mRNA (Fig. 3B). However,
the WPRE sequence, which is not a mammalian PAS but en-
ables the most efficient lentivirus production (Supplementary
Fig. SSE), causes a reduction in protein levels for strong
promoters (CAG and EF1«, Fig. 3C) despite having similar
mRNA expression (Fig. 3B).

Analyzing the data binned by marker expression, we find
that the WPRE sequence results in the lowest slope of protein
expression with respect to mRNA expression for all promot-
ers, regardless of promoter strength (Fig. 3D). This represents
a lower effective translation rate for WPRE transcripts com-
pared to bGH transcripts (Supplementary Fig. S6A). These re-
sults generalize to CHO-K1 cells and iPS11, where the WPRE
sequence results in lower protein expression and lower effec-
tive translation for strong promoters (Supplementary Fig. S7).
For strong promoters such as CAG and EF1«, which repre-
sent the maximum transcriptional output in these transfec-
tion experiments, the decrease in effective translation rate re-
sults in a decrease in protein levels. For weak promoters such
as EFS and hPGK, the decrease in effective translation rate
may be balanced by an increase in mRNA levels, resulting in
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Figure 3. Choice of PAS impacts effective translation rate of mRNA transcripts. (A) HEK293T cells were transfected with a plasmid encoding mRuby?2
driven by one of six different constitutive promoters along with one of three different 3" UTR sequences. (B, C) Normalized geometric mean of mRNA
(Fig. 3B, Alexa Fluor™ 514) and protein (Fig. 3C) fluorescence for varying promoter and PAS or 3" UTR sequence in transfection of HEK293T cells. .05 >
*P > .01, .01 = **P> .001, two-sided ttest. (D) Normalized protein expression as a function of normalized mRNA expression for each promoter and
3'UTR pair. Data for one representative biological replicate are binned by marker level into 20 equal-quantile groups. Points represent geometric means
of protein and mRNA expression for cells in each bin, and shaded regions represent 95% confidence intervals. (E) Schematic of HCR RNA-FISH imaging
of transfected HEK293T cells. Transcripts with a bGH PAS are distributed homogeneously throughout the cytoplasm and are efficiently translated.
Transcripts with a WPRE sequence localize in foci and produce less protein. (F) HCR FISH imaging for HEK293T cells transfected and labeled with Alexa
Fluor™ 647 HCR amplifiers. Scale bar represents 25 um. All images captured at identical settings. (G) The genes shown in Fig. 3A were integrated
site-specifically at a Rogi2 LP in HEK293T cells using Bxb1-mediated recombination. (H, I) Normalized geometric mean of mRNA (Fig. 3H) and protein
(Fig. 3I) fluorescence for varying promoter and PAS integrated at the Rogi2 locus in HEK293T cells. .01 > **P > .001, .001 > ***P > 0001, two-sided
t-test. Normalized expression is calculated as the fold change of fluorescence intensity relative to a nontransfected sample. Points represent means of
three biological replicates, and error bars represent the 95% confidence interval. All data are in arbitrary units from a flow cytometer.
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relatively stable protein levels. With HCR FISH imaging, we
observe that transcripts encoding WPRE are heterogeneously
distributed across the cytoplasm and form foci, whereas bGH
transcripts are distributed uniformly throughout the cyto-
plasm (Fig. 3E and F). The presence of these foci may indicate
aberrant localization of WPRE transcripts, which may limit
their accessibility to ribosomes and effective translation rate.

To examine how choice of 3’ UTR sequences affects ex-
pression profiles of integrated transgenes, we site-specifically
integrated these cassettes into HEK293T cells at the Rogi2 LP
(Fig. 3G). In contrast to the transfection results, we found that,
at Rogi2, the WPRE sequence significantly increases protein
levels for the CMV and EFS promoters despite minimal effects
at the mRNA level (Fig. 3H and I). Additionally, we observe
no differences in the transcript localization with the WPRE
sequence, indicating that the previously observed foci arise at
higher levels of expression and potentially are specific to the
copy number of the transgene (Supplementary Fig. S8). How-
ever, the HCR Flow-FISH signal approaches the limit of de-
tection, even for the strongest promoters. Therefore, we may
not be able to resolve differences between mRNA levels at
this low copy number using HCR Flow-FISH. Nevertheless,
PAS choice significantly impacts the levels of protein expres-
sion from this promoter set at low copy number. Together,
these findings demonstrate that PAS and 3’ UTR sequences
tune mRNA and protein expression with different effects in
transfection and integration.

Gene coding sequence impacts effective translation
rate but not mRNA levels

The identity of the transgene affects mRNA and protein lev-
els via its specific sequence, which influences transcript sta-
bility, translation kinetics, and protein stability. In particular,
coding sequences may impact transcription elongation and/or
the secondary structure of the mRNA transcript, which affects
translation [48]. To investigate how the identity of the tar-
get gene affects expression profiles, we exchanged mRuby2
for tagBFP. While the mRuby2 and tagBFP transgenes are of
similar length (711 and 702 bp, respectively), tagBFP has a
modestly higher GC-content (56 % versus 49% for mRuby2),
which may result in differential transcription elongation [49],
mRNA nuclear export [50], stability [51], and translation ef-
ficiency [52]. Using our constitutive promoter panel to ex-
press tagBFP with a bGH PAS, we characterized the profiles
of mRNA and protein expression in transfection of HEK293T
cells (Fig. 4A and B, and Supplementary Fig. S10). While the
slopes of the weak promoters show similar effective transla-
tion rates for tagBFP and mRuby2 (Figs 2C and 4B), tagBFP
transcripts exhibit a different ordering of slopes for the set of
strong promoters (Figs 2D and 4C).

To understand the differences between mRuby2 and tag-
BFP expression, we directly compared their RNA distribu-
tions (Fig. 4A and E). Since both transcripts are labeled us-
ing the same HCR Flow-FISH amplifiers, we can quanti-
tatively compare mRNA profiles generated by HCR Flow-
FISH (Supplementary Fig. S9). Strikingly, each constitutive
promoter generates similar mean RNA levels regardless of
the transgene expressed (Fig. 4E). Similar to mRuby2, tagBFP
RNA levels show more variance than tagBFP protein levels
(Supplementary Fig. S10). Thus, we find substitution of tag-
BFP for mRuby2 does not substantially affect the profiles of
mRNA.

While the levels of mRNA are comparable between coding
sequences for each promoter, protein levels differ substantially
across the stronger promoters (Supplementary Fig. S10B). The
strongest promoters (EF1o and CAG) display lower levels of
tagBFP protein relative to CMV. Lower expression of tagBFP
protein cannot be explained by potential differences in pro-
tein half-life because a reduction in protein half-life would re-
sult in lower protein expression across all promoters. Rather,
these data suggest that the promoters affect the translation
of tagBFP transcripts (Fig. 4D). Curiously, unlike mRuby2,
we observe that tagBFP exhibits a lower effective translation
rate for strong promoters than for weak promoters (Fig. 4F).
The consistency in mRNA levels between mRuby2 and tagBFP
suggests that these transgenes are transcribed at similar rates
despite displaying different trends at the protein level. Rather,
we suggest that the sequences of these coding regions may im-
pact RNA processing, transcript localization, RNA stability,
or translation that manifest as differences in protein levels.
Further characterization of 5" UTR architectures may allow
for the identification of factors impacting translation [53].

Examining transcript isoforms highlights
promoter-specific patterns of gene regulation

The UTRs of transcripts can have sequence-specific effects
on mRNA transport, translation, and stability [54]. Addition-
ally, introns within the 5" UTRs associated with synthetic pro-
moters, such as CAG, EFl«, and UbC, may affect transcrip-
tion and mRNA processing kinetics via “intron-mediated en-
hancement” [55]. We sought to define these effects by pre-
cisely mapping TSSs and transcription end sites (TESs), as
well as splice site positions, using long-read direct RNA se-
quencing (Fig. 5A). We sequenced transcripts from six cell
lines randomly integrated with transgenes containing differ-
ent constitutive promoters, which we previously analyzed
with HCR Flow-FISH and RT-qPCR (Figs 1F and 5B, and
Supplementary Fig. S5A). We find that transcript isoforms are
highly uniform. For the set of constitutive promoters, only
a small fraction of transcripts deviate from expected tran-
script start and end positions (Fig. SC and Supplementary
Fig. S11A).

Despite the possibility of substantial differences in local se-
quence, gene, or chromatin context due to random integration
into the genome, we observe very little evidence for transcrip-
tional read-through from an upstream promoter or for tran-
scriptional differences caused by local effects. Additionally,
transcript counts from sequencing agree with previous mea-
sures of mRuby2 mRNA levels via HCR Flow-FISH (Fig. 5D).
Remarkably, even for synthetic promoters encoding introns,
very few reads exhibit unexpected splicing patterns, where
aberrant splicing results in the use of a cryptic splice site in the
mRuby2 coding sequence (Fig. SE). An even smaller fraction
of reads display readthrough past the expected TES. However
since direct RNA sequencing only captures polyadenylated
molecules, we lack the ability to estimate any readthrough
transcripts that are not polyadenylated(Fig. SF). Moreover, we
cannot rule out readthrough from adjacent endogenous genes
without knowing the genomic sequences of regions flanking
the integration sites.

The distribution of 5" UTR lengths differs across the set of
constitutive promoters (Fig. 5G). We defined the 5’ UTR as
the distance between the observed TSS and the mRuby?2 start
codon. Specifically, CAG, UbC, and hPGK have the longest
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Figure 4. Gene coding sequence impacts effective translation rate but not mRNA levels. (A) HEK293T cells were transfected with a plasmid encoding
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normalized mRNA expression with three weak constitutive promoters. Inset axes show the indicated low expression domain. Data for one
representative biological replicate are binned by marker level into 20 equal-quantile groups. Points represent geometric means of mRNA and protein
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expression for three strong constitutive promoters for one representative biolo

) Normalized protein expression as a function of normalized mRNA
gical replicate. (D) For genes with similar mRNA levels, differences in

protein levels can indicate sequence-specific effects on the effective translation rate of RNA transcripts. (E) Normalized expression distributions for
mRuby2 and tagBFP mRNA (Alexa Fluor™ 514) with six constitutive promoters as measured by flow cytometry. .05 > *P, two-sided t-test. (F) Effective
translation rate as calculated by the slope of a line fitted to the binned data. .05 > *P, .01 > **P > .001, one-sided t-test. Normalized expression is
calculated as the fold change of fluorescence intensity relative to a nontransfected sample. Points represent means of three biological replicates, and

error bars represent the 95% confidence interval. All data are in arbitrary units

5" UTRs at ~50-100 nucleotides, while the 5 UTRs of EF1c,
CMYV, and EFS are ~20-30 nucleotides. Of the promoters
tested, UbC and hPGK had the lowest number of mRuby2
reads (Fig. 5D). Potentially, the longer 5’ UTRs associated with
these promoters may reduce transcript stability as has been
observed natively [56].

Finally, we evaluated the relative impact of each promoter
on endogenous gene expression by comparing to gene expres-
sion in the WT HEK293T cell line (Fig. SH). Overall, expres-
sion of endogenous genes is highly correlated across cell lines.
A small fraction of the annotated genes are differentially ex-
pressed, indicating that transgenes exert minimal impact on
native genes (Fig. 51, ] and Supplementary Fig. S11B). We iden-
tified 89 differentially expressed transcripts common to all of
the integrated cell lines (Supplementary Table S2), and many
of these genes are associated with translation and protein sta-
bility (Supplementary Fig. S11C). It is possible that these dif-
ferences are induced solely by the presence of the transgene
or arise from the selection and sorting performed during cell
line production. In addition to the minimal changes in rela-
tive gene expression levels, we observed minimal differences
in total transcription as measured by S-ethynyluridine (EU)
labeling and total RNA yield (Supplementary Fig. S12). Over-
all, these results indicate that these promoters exert minimal
burden across a range of expression levels in HEK293T cells.

from a flow cytometer.

The impact of canonical promoter sequence
dominates the effective translation rate across a set
of 5 UTR sequences

Prior to analyzing transcript isoforms via long-read sequenc-
ing, the TSSs for the selected, functionally defined promoters
were unknown, which prevented us from combinatorially in-
terrogating the effects of the canonical promoters and their
associated 5" UTRs. Additionally, we did not know if trans-
genic mRNAs were diverse in isoforms or could be represented
by a single dominant isoform. With the data from long-read
isoform mapping of transcripts, we defined the TSS and dom-
inant transcript isoforms for each synthetic promoter. With
this sequence information, we could examine the processes
impacting the effective translation rate with greater resolution
(Fig. 6A). Specifically, we considered (1) the relative impacts of
canonical promoter and 5’ UTR sequences on mRNA process-
ing and transport and (2) the impact of the selected 5’ UTRs on
translation. To study the relative impacts of the canonical pro-
moter and 5" UTR sequences on mRNA processing and trans-
port, we separated the sequences for hPGK, EFS, and CMV
into a canonical promoter upstream of the TSS and a 5" UTR
downstream of the TSS. We then cloned versions of the plas-
mids expressing identical mRNA transcripts (same 5’ UTRs)
from different promoters (Fig. 6B). We excluded the promot-
ers with introns to eliminate the potential impact of splicing.
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Figure 5. Examining transcript isoforms highlights promoterspecific patterns of gene regulation. (A) Example transcripts depicting a synthetic promoter
sequence containing an intron and enhancer. Each line represents a separate sequencing read. The TSS and TES are the locations where the majority of
reads begin and stop, respectively. Reads are separated by splicing status, where canonical splicing refers to reads with the annotated intron in the
promoter region and cryptic splicing refers to reads using a cryptic intron in the coding region. Readthrough transcripts extend past the annotated TES.
(B) Genetic cargoes were integrated randomly into HEK293T cells using PiggyBac transposase. Cells were sorted to yield polyclonal, mRuby2+ cell
lines. RNA was isolated from each cell line and subjected to long-read sequencing. (C) RNA transcript maps for the six constitutive promoters tested. All
samples were downsampled to display 144 reads for consistency, aside from hPGK, for which there are only 77 total reads. All reads are shown in
Supplementary Fig. S11A. (D) HCR Flow-FISH MFI (left axis, points) and mRuby2 sequencing counts per million (right axis, bars) for the six cell lines. MFI
is displayed in arbitrary units as the mean of three biological replicates + the 95% confidence interval. ns: P > .05, two-sided t-test. Fraction of reads
exhibiting cryptic splicing (E) or readthrough (F) error bars represent the standard deviation assuming counts follow a binomial distribution. (G)
Distribution of 5" UTR lengths across reads. (H) Endogenous genes are considered “differentially expressed” between the cell lines if the absolute value
of the fold change is >1.5. These genes are indicated in purple. mRuby2 expression is indicated in red. (I) Endogenous gene expression levels for the cell
line integrated with the EF1 & (y-axis) promoter and the WT HEK293T cell line (x-axis). Data for the rest of the promoters are shown in

Supplementary Fig. S11B. Lists of common differentially expressed genes are reported in Supplementary Table S2. (J) Fraction of annotated
endogenous genes considered differentially expressed in each cell line.
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Figure 6. The impact of canonical promoter sequence dominates the effective translation rate across a set of 5" UTR sequences. (A) The effective
translation rate as determined by HCR Flow-FISH encompasses mRNA processing and transport as well as translation itself. This parameter can be
impacted both by the canonical promoter sequence and the promoter’s associated 5" UTR. Using TSS locations determined by long-read sequencing,
these genetic parts can be varied independently to investigate their relative impacts on effective translation rate. (B) HEK293T cells were transfected
with plasmids expressing transcripts from varying canonical promoters with different 5" UTRs. If canonical promoter sequences impact effective
translation of identical transcripts, then transcriptional regulation can impact translation beyond just the sequence of the 5" UTR. (C) Normalized
geometric mean of MRNA fluorescence for mRuby?2 plasmid transfection with varying 5 UTR and promoter sequence. (D) Effective translation rate as
calculated by the slope of a line fitted to data binned by fluorescence of a co-transfected marker plasmid. (E) HEK293T cells were transfected with equal
amounts of modRNA encoding the 5" UTRs of various constitutive promoters to investigate the impact of 5 UTR sequence on translation. (F) Normalized
geometric mean of modRNA fluorescence for mRuby2 modRNA transfection with varying 5" UTR sequence. (G) Effective translation rate as calculated
by the slope of a line fitted to data binned by fluorescence of a co-transfected marker modRNA. Normalized expression is calculated as the fold change
of fluorescence intensity relative to a non-transfected sample. Points represent means of three biological replicates, and error bars represent the 95%
confidence interval. All data are in arbitrary units from a flow cytometer. *.05 > *P > .01, .01 > **P > .001, .001 > ***P > .0001, two-sided t-test with

Bonferroni correction.

Since none of these 5" UTRs contain introns, differences in
effective translation rate between constructs may indicate dif-
ferences in nuclear export and mRNA processing such as 5’
capping. We found that the choice of canonical promoter se-
quence has a larger impact on mRNA expression (Fig. 6C),
protein expression (Supplementary Fig. S13A), and effective
translation rate (Fig. 6D) than changing the 5" UTR sequence.
Nevertheless, the hPGK 5 UTR does lead to higher effective
translation rates than the EFS and CMV 5 UTRs, possibly
due to more efficient nuclear export mediated by higher GC
content (68% for hPGK versus 60% and 62% for EFS and
CMV, respectively) [57]. Thus, synthetic promoter choice im-
pacts mRNA kinetics downstream of transcription. Promoters

retain a dominant impact on effective translation rate even
when combined with 5" UTR sequences beyond those canon-
ically associated with each promoter. Our results suggest that
effective translation rate can be tuned by selection of the pro-
moter sequence across a range of 5" UTRs.

To probe the effects of the 5 UTR sequences on trans-
lation only, we synthesized modRNA encoding the mature,
spliced transcript sequences corresponding to the hPGK, EFS,
UbC, CMV, and EFl1« promoters (Fig. 6E). If these 5" UTRs
only weakly impact loading and translation, we would ob-
serve small variation in protein expression (Model 1). Alterna-
tively, if the 5" UTR significantly influences ribosome loading
and translation kinetics, we would expect to observe a large
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range of protein expression across 5’ UTR variants (Model 2).
When co-transfected with a marker modRNA, we found that
these 5 UTR sequences did not significantly impact RNA lev-
els (Fig. 6F), protein expression (Supplementary Fig. S13B),
or effective translation rate (Fig. 6G). Therefore, we conclude
that this set of 5" UTR sequences weakly influences the rate
of ribosome loading and translation kinetics of the transgene.
Instead, the differences in effective translation rate observed
with plasmid transfection reflect differences in mRNA pro-
cessing and transport.

Discussion

Properly tuning transgene expression levels is essential to syn-
thetic circuit design. Selecting a promoter—commonly, either
a strong native promoter, a viral-derived promoter, or a syn-
thetic promoter that recruits transcriptional activator proteins
[27, 28, 58]—is often the method of choice to change the rate
of transcription. However, promoter choice can be a blunt
tool, as mRNA processing, mRNA transport, translational ini-
tiation, and protein stability can all contribute to levels of
transgene expression. In this work, we simultaneously mea-
sured mRNA and protein levels in order to assess impacts on
both transcription and translation at steady state (Fig. 1).
Indeed, we find that strong promoters both transcribe more
mRNA and have higher effective translation rates (Fig. 2).
To explore how other experimentally-accessible, genomically-
encoded variables affect expression, we investigated how the
PAS in the 3’ UTR (Fig. 3), coding sequence identity (Fig. 4),
and 5’ UTR identity (Figs 5 and 6) jointly determine transgene
levels.

In prokaryotes, steady-state mRNA transcript levels
strongly correlate with translation initiation rate, though
RNA secondary structures such as hairpins, G-quadruplexes,
and i-motifs in the 5 and 3’ UTRs all affect translation [59].
In eukaryotes, the transcriptional landscape is more compli-
cated, with processes such as splicing, polymerase termina-
tion, polyadenylation, and transcription degradation driven
from relatively opaque sequences with no discernible sec-
ondary structure. In fact, the sequence of the 5 UTR encoded
by a functionally defined synthetic promoter may impact both
the translation rate and mRNA stability of the transgenic tran-
scripts in human cells [54, 60, 61]. Nevertheless, within the set
of promoters analyzed here, we observe that the choice of the
canonical promoter has a larger impact on the effective trans-
lation rate of a transcript than the 5’ UTR sequence of the
transcript (Fig. 6), pointing to the role of promoters in direct-
ing mRNA maturation and transport [57, 62].

Within our panel of promoters, splicing within the 5 UTR
increases effective translation rates, consistent with previous
observations of splicing-mediated enhancement of gene ex-
pression [2, 40, 55, 63-65]. Specifically, the effective trans-
lation rate of EF1a is six times higher than that of EFS, which
has the EF1w intron removed (Fig. 2). As confirmed by long-
read sequencing, the post-spliced 5" UTRs of transcripts ex-
pressed from these promoters differ by only 10 nucleotides.
This expression difference may result from the recruitment of
splicing factors that aid in not only splicing but also nuclear
export of the mRNA transcripts, as has been observed with
native genes [55, 63].

A growing number of synthetic circuit designs place syn-
thetic target sites for post-transcriptional control in the 5’
or 3’ UTR or utilize synthetic introns to encode for circuit

components [8, 11, 66]. Understanding how the transcript
isoform influences transcript processing and translation will
inform design of robust circuits. Here, we find that mature
RNA isoforms are highly uniform (Fig. 5). Remarkably, only
a small fraction of mature transcripts have non-canonical TSS
or TES usage, splicing patterns, or readthrough, suggesting
that it is reasonable to conceptually model each gene as its
dominant isoform, instead of having to rely on a more com-
plicated population model that accounts for isoform diver-
sity. Rather, variability in transcription and translation rates
may explain the variation in RNA and protein levels within
a design. Since direct RNA sequencing quantifies only mature
transcripts—those that are polyadenylated—we cannot assess
the extent of immature, unprocessed transcripts that are pro-
duced. However, given the inherent instability of transcripts
lacking a polyA tail, these transcripts are likely quickly de-
graded and would not contribute substantially to steady-state
mRNA or protein levels.

As PAS putatively affects mRNA stability, we investi-
gated three commonly used 3" UTR sequences used in syn-
thetic biology; two viral-derived sequences (WPRE, SV40)
and one native sequence (bGH). All three are commonly
used and are often arbitrarily paired to reduce the proba-
bility of plasmid recombination. While the SV40 and bGH
PASs behave similarly,(Fig. 3B and D), we find that WPRE,
a virally-derived sequence that is necessary for lentiviral pro-
duction (Supplementary Fig. S5), localizes mRNA transcripts
to puncta in the cytoplasm and decreases the effective transla-
tion rate (Fig. 3). Potentially, these puncta may represent spe-
cific subcellular structures such as stress granules or P bodies
[67, 68]. For gene circuits that act at the post-transcriptional
level (such as a microRNA-based iFFL [11] or an antisense
integral controller [9]), the localization of mRNA transcripts
may limit performance by altering the local concentrations of
circuit components. Further study of mRNA localization can
better inform selection of 3' UTR elements to maximize circuit
response and minimize variability. Nevertheless, we observed
that these PAS effects may depend on copy number or integra-
tion context (Fig. 3).

When comparing the expression profiles of promoters be-
tween transfection and integration systems, we identified cases
where the transfection profile offers reasonable predictabil-
ity of expression within the integrated context. While com-
plex coupling can occur on multi-gene plasmids [41], single-
gene plasmids are free from coupling to adjacent genes and
may offer a rapid prototyping platform for transcriptional
units. Particularly with the same pairings of promoter and
PAS, we found that transfection experiments could predict the
relative expression profiles for integrated transgenes, albeit
with different absolute levels of expression (Supplementary
Fig. SS). Interestingly, we found that weak promoters—
particularly EFS—exhibit higher mRNA and protein expres-
sion in PiggyBac integration than predicted by transfection
(Supplementary Fig. S5A). The selection pressure applied dur-
ing cell line creation may cause the expression from weaker
promoters to skew higher due to the co-transcriptional ex-
pression of an antibiotic resistance gene. Taking into account
the time-intensive workflow for cell line generation and the
limitations of HCR Flow-FISH detection at low mRNA copy
copy number, characterization in transfection offers a way
to quickly assess mRNA distributions with higher resolution
than in low-copy number cell lines. Therefore, transfection
characterization results have predictive power as long as pro-
moter, gene, and PAS sequences remain the same (Fig. 4 and
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Supplementary Fig. S5). This predictability is important for
the development of gene circuits that function reliably in en-
gineered cell lines.

Our study also allowed us to consider how transgene ex-
pression interacts with endogenous gene expression in engi-
neered cell lines. First, we observed very consistent transcrip-
tion start and end site usage across transgenes randomly inte-
grated in the genome (Fig. 5C), demonstrating that the local
sequence context does not heavily impact transgene expres-
sion through readthrough from upstream promoters and/or
genes. Second, we find that there is very little variability in en-
dogenous gene expression across cells with integrated trans-
genes driven by different promoters of different strengths, sug-
gesting that transgene expression does not cause competition
for cellular resources (Fig. 5, Supplementary Fig. S11C, and
Supplementary Table S2). Together, our two findings suggest
that transgenes are often self-contained gene regulatory units
that exert minimal impact on native gene regulatory mecha-
nisms and networks. Further investigation of the durability of
transgene expression over time and characterization of effects
on endogenous genes in more cell types could aid in identi-
fying genetic elements with reliable performance in different
contexts.

With the increasing number of studies using library screen-
ing to identify genetic elements [12, 53, 69], HCR Flow-FISH
might be adapted to screen larger libraries of genetic sequences
for desired profiles of RNA expression. However, while we
have demonstrated the value of high-resolution profiling with
HCR Flow-FISH and direct RNA sequencing via long-reads
for a handful of transgenes, scaling these methods to hundreds
or thousands of designs remains unfeasible. In its current em-
bodiment, HCR Flow-FISH characterization only requires ba-
sic biochemistry and access to a flow cytometer. However,
the handling time over a three-day workflow limits through-
put to ~100 transgene variants. Integration of HCR Flow-
FISH with a microfluidic platform with automated wash steps
would greatly increase capacity and could reduce variability
in mRNA labeling, supporting broader adoption into charac-
terization workflows [38].

Through single-cell profiling of RNA and protein expres-
sion as well as analysis of RNA isoforms, we identify de-
terminants of transgene expression levels in engineered cells
and interactions of these transgenes with endogenous gene
expression. We find that promoter choice for transgene ex-
pression influences both RNA transcript abundance and ef-
fective translation rate. The effective translation rate is fur-
ther affected by the transgene coding sequence and 3’ UTR
sequence. Differences in effective translation rates from con-
structs may be larger across cell types and show cell-type spe-
cific profiles of expression, potentially explaining the heuristic
choice. Our framework of profiling RNA and protein levels si-
multaneously in single cells can be expanded to additional cell
types and genetic elements to identify new sequences as well as
tune expression for diverse functions. Increasing knowledge of
how genetic elements contribute to profiles of expression will
support predictive design of programmable gene circuits with
controlled functions in diverse cell types.
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