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Gene expression in mammalian cells results from coordinated protein-driven processes guided by diverse mechanisms of regu-
lation, including protein-protein interactions, protein localization, DNA modifications and chromatin rearrangement. Regulation
of gene expression is particularly important in stress-response pathways. To address the need to monitor chromosomal gene
expression generating a readily detectable signal output that recapitulates gene expression dynamics, we developed a gene
signal amplifier platform that links transcriptional and post-translational regulation of a fluorescent output to the expression of
achromosomal target gene. We generated a multiplex reporter system for monitoring markers of the unfolded protein response,
a complex signal transduction pathway that remodels gene expression in response to proteotoxic stress in the endoplasmic
reticulum. By recapitulating the transcriptional and translational control mechanisms underlying the expression of a target
gene with high sensitivity, this platform provides a technology for monitoring gene expression with superior sensitivity and

dynamic resolution.

malian cells is precisely translated through highly integrated

regulatory processes that control gene expression spatially
and temporally. Stress-response signaling pathways rely on coor-
dinated regulation of gene expression to restore cellular homeo-
stasis in response to intracellular and environmental stimuli'.
Not surprisingly, abnormal expression levels of genes mediating
stress-responses have been linked to the development of a range of
diseases, including Alzheimer’s disease’, diabetes’ and several types
of cancer*. Accurate detection of gene expression signatures associ-
ated with pathogenicity® is thus expected to inform the design of
effective treatment strategies for a variety of diseases.

Gene expression is mostly measured using tools for quantify-
ing gene transcription, including DNA microarrays® and quantita-
tive PCR with reverse transcription (RT-qPCR)’, which are ideally
suited to produce snapshots of the cell transcriptome®. These tech-
nologies, however, do not provide temporal resolution of gene
expression dynamics. Reporter gene assays based on minimal
or synthetic regulatory sequences enable facile detection of gene
expression, but often fail to recapitulate the native chromosomal
context of the target gene involving multiple layers of control and
trans-acting enhancers’, and are often plagued by signal variabil-
ity and instability. Here we report a versatile gene signal amplifier
platform technology for monitoring gene expression designed to
profile endogenous regulatory mechanisms with high sensitivity
and resolution of gene dynamics. The expression of a fluorescent
reporter was linked to that of an endogenous target through a tun-
able orthogonal gene network and post-translational control ele-
ments specially designed to amplify the signal output for accurate
detection of the transcriptional and translational regulatory mecha-
nisms that control expression of the target gene. The platform was
implemented through chromosomal integration of the main control
element using CRISPR-Cas9 (clustered, regularly interspaced, short
palindromic repeat-CRISPR-associated protein 9)"° to link the

| he complex set of instructions stored in the genome of mam-

genetic circuit to a target gene, thereby easily adapting the system to
monitor any cellular target.

We demonstrated the use of the gene signal amplifier platform
technology to quantify the unfolded protein response (UPR), a
complex series of signaling cascades activated in response to pro-
teotoxic stress in the endoplasmic reticulum (ER). The UPR mani-
fests through activation of three interconnected signaling pathways
controlling a transcriptional and translational regulatory program
aimed at relieving ER stress through ER enlargement, upregulation
of protein quality control components and inhibition of general pro-
tein translation to decrease ER protein load. These integrated signal
transduction pathways are mediated by three ER membrane proteins
that function as stress sensors: inositol-requiring kinase 1 (IRE1),
dsRNA-induced protein kinase-like ER kinase (PERK) and activating
transcription factor 6 (ATF6)'". Proteotoxic stress results in activation
of these ER sensors and upregulation of partially overlapping sets of
genes involved in protein quality control, ER-associated degradation
components and lipid biosynthesis''. After sustained ER stress, how-
ever, the UPR executes apoptosis, pointing to underlying regulatory
mechanisms that integrate information about the nature of the stress
stimuli and shape the relative activation kinetics of the three signal-
ing responses, ultimately dictating cell fate'>'. Specifically, IRE1
mediates splicing of the X-box binding protein (XBP1) messenger
RNA, increasing the levels of spliced XBP1, which controls expres-
sion of genes involved in protein folding, ER-associated degradation,
ER expansion and, eventually, apoptosis'' (Fig. 1a). Activated PERK
mediates phosphorylation of eukaryotic translation initiator factor
2a0 (elF2a), causing inhibition of general protein translation and
selective translation of ATF4, which initially activates expression of
pro-survival genes involved in protein folding, resistance to oxida-
tive stress and autophagy, and, at later stages of ER stress, apoptosis'*
(Fig. 1a). ER stress also results in translocation of ATF6 to the Golgi
and release of an activated form of ATF6 that controls expression of
ER quality control proteins'® (Fig. 1a).
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Fig. 1| Monitoring UPR signaling pathway-specific target genes through chromosomal integration of a reporter gene. a, Schematic representation

of the UPR. The three ER membrane sensors IRET, PERK and ATF6 mediate activation of signal transduction pathways that results in upregulation of
genes involved in stress attenuation and apoptosis. The red circle represents phosphorylation. b-d, Flow cytometry analyses of BIP-GFP (b), ERdj4-GFP
(c) and EIF4-GFP (d) cells transfected for the expression of XBP1s, ATF6f and ATF4. Relative GFP fluorescence values were obtained by normalizing the
GFP fluorescence values of transfected cells to that of cells transfected with an empty vector (-). Data are reported as mean+s.d. (n=3, *P<0.005).

e, Flow cytometry analyses of BIP-GFP, ERdj4-GFP and EIF4-GFP cells treated

with tunicamycin (1pg ml=, 24 h). Relative GFP fluorescence values were

obtained by normalizing the GFP fluorescence values of treated cells to that of untreated cells. Data are reported as mean +s.d. (n=3, *P<0.005).

The gene signal amplifier platform was validated by developing a
multiplex reporter system for monitoring UPR markers of the three
signaling pathways. A predictive mathematical model was also gen-
erated that allows adapting the gene signal amplifier for optimal
detection of the expression of any cellular gene. By recapitulating
the transcriptional and translational control mechanisms underly-
ing expression of a target gene with high sensitivity, this platform
provides an innovative technology for multiplex detection of mam-
malian gene expression that will enable characterization of gene
expression signatures of physiologic and pathogenic processes.

Results

Chromosomal integration of the reporter for monitoring UPR
genes. To generate a reporter system for profiling the expression
of UPR genes that recapitulates the complexity of mammalian
regulatory mechanisms involving chromatin rearrangement’®, tran-
scriptional cofactors'” and trans-acting enhancers'®, we placed the
reporter under the same transcriptional and translational regulation
as the UPR target gene. We developed a set of reporter cell lines in
which the expression of the reporter is linked to that of a UPR target
gene specifically upregulated upon activation of one UPR signaling
pathway. We identified three genes expected to be regulated by one of
the UPR-activated transcription factors and not to respond to cross-
activation, namely DNAJB9 (ERdj4) controlled by XBP1 (ref. '),
EIF4EBPI (EIF4) controlled by ATF4 (ref. ') and HSPA5 (BIP)
controlled by ATF6 (ref. *°). The chromosome of HEK293 cells
was edited to integrate a cassette containing an internal ribosome
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entry site (IRES) and the GFP gene (IRES_GFP) downstream of BIP,
ERdj4 or EIF4 using CRISPR-Cas9 via homologous direct-repair’’.
Chromosomal integration of IRES_GFP results in transcription
of a polycistronic mRNA encoding the target gene and GFP. We
used the IRES from encephalomyocarditis virus* that does not
affect the expression of the gene upstream of the IRES sequence®
(Supplementary Fig. 1a) and is expected to lead to expression of
the proteins encoded from the genes upstream and downstream of
the IRES in a 1:3 ratio (Supplementary Fig. 1b). The integration
cassette included the neomycin resistance gene expressed under a
constitutive promoter, enabling selection of the cell lines BIP-GFP,
ERdj4-GFP and EIF4-GFP (Supplementary Fig. 2).

To validate BIP-GFP, ERdj4-GFP and EIF4-GFP cell lines as
reporters of the three UPR signaling pathways, cells were transiently
transfected for the expression of the active forms of the UPR tran-
scription factors, namely the spliced form of XBP1 (XBP1s) (ref. ),
the cytosolic domain fragment of ATF6 (ATF6f) (ref. **) and the
transcription factor ATF4 (ref. ). Flow cytometry measurements
revealed an increase in GFP signal in each cell line only upon over-
expression of the pathway-specific transcription factor (Fig. 1b-d),
consistent with previously reported BIP, ERdj4 and EIF4 expression
measurements'>'**. These results indicate that linking the expres-
sion of a fluorescent reporter to that of BIP, ERdj4 and EIF4 gener-
ates UPR pathway-specific reporters.

To further characterize the reporter cell lines, we induced ER stress
chemically using the canonical UPR inducers'**, namely tunicamy-
cin (1pgml™, 24h), which affects glycoprotein processing”, and
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Fig. 2 | Design and implementation of the gene signal amplifier platform. a-d, Schematic representation of genetic circuits topologies involving chromosomal
integration of IRES-GFP (a) or chromosomal integration of IRES-tTA regulating activation of GFP (b), activation of GFP and repression of EKRAB that represses
GFP (¢) or activation of GFP and repression of EKRAB and the NanoDeg that represses and depletes GFP, respectively (d). e, Simulation of GFP expression
from circuit topologies in a-d in response to a transient stimulus (from 48h to 120 h) that induces a twofold change in the target gene expression. f.g, Flow
cytometry analyses of MCL/BIP-tTA cells as a function of Tc and Em concentration reported as GFP fluorescence measurements under basal conditions

(f) and upon treatment with tunicamycin (g) (1pgml=, 48 h). Data are reported

as mean (n=3). a.u., arbitrary units. h, Fold change of GFP fluorescence

obtained by normalizing the GFP fluorescence measurements of MCL/BIP-tTA cells treated with tunicamycin (g) to that of untreated cells (f). Data are

reported as mean (n=3).

thapsigargin (1M, 24h), which causes ER calcium depletion®, and
observed an increase in GFP signal in BIP-GFP, ERdj4-GFP and
EIF4-GFP cells (Fig. le and Supplementary Fig. 3), consistent with
published results'>*.

Measurements of BIP protein levels in BIP-GFP cells (as rep-
resentative of the three cell lines) and in the parental HEK293
cells confirmed that chromosomal integration of the reporter
gene does not affect the expression of the UPR target gene
(Supplementary Fig. 4).

Design of a gene signal amplifier platform. To improve the perfor-
mance of the gene detection system with respect to signal amplifi-
cation and dynamic resolution, we explored orthogonal regulatory
elements for enhancing transcriptional and post-translational
control of the reporter. Transcriptional control affects the reporter
output sensitivity, while post-translational control improves the
dynamic properties of the system, which are otherwise likely deter-
mined by the intrinsic stability of the reporter protein. We explored
a series of circuit topologies that link expression of GFP to that of
the target gene with the ultimate goal of developing a gene signal
amplifier that recapitulates endogenous transcriptional regula-
tory mechanisms (Fig. 2). We built a deterministic mathematical
model that simulates protein expression as dependent on the rate
of protein production and degradation and on dilution due to cell
growth (Supplementary Note). The output dynamic range of the

522

reporter based on chromosomal integration of GFP (Fig. 2a) was
improved dramatically through extrachromosomal expression of
GFP and chromosomal integration of an activator (the tetracycline-
dependent transactivator, tTA)* of GFP (Fig. 2b,e, compare green
with red). Introducing a repressor (the erythromycin-dependent
transrepressor, EKRAB)* under negative control of tTA and placing
GFP under control of a hybrid promoter that is activated by tTA and
repressed by EKRAB lowers the output expression corresponding
to basal expression of the target gene (Fig. 2c,e, blue). Introducing
post-translational control of GFP by adding a GFP-specific
NanoDeg’' under negative control of tTA further lowers GFP basal
expression and accelerates GFP decay, thereby enhancing the out-
put dynamic range and resolution of the input dynamics (Fig. 2d.e,
cyan). The NanoDeg consists of a GFP-specific nanobody fused to
a degradation tag (the 37-amino-acid carboxy-terminal sequence of
ornithine decarboxylase) that mediates GFP degradation®. Optimal
dynamic range of the GFP output and dynamic resolution of the tar-
get gene expression were thus achieved (1) by linking expression of
a main regulator (tTA) to that of the target gene; and (2) by placing
GFP under both positive transcriptional regulation (tTA), which
mediates target signal amplification, and negative transcriptional
(EKRAB) and post-translational (NanoDeg) regulation, which
mediate GFP repression and decay, respectively (Fig. 2¢).

We envisioned a master cell line harboring the circuit’s com-
ponents (that is, EKRAB, NanoDeg, GFP) that could be used to
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generate gene-specific reporter cell lines through chromosomal
integration of tTA downstream of a selected gene. The master cell
line contains (1) GFP under the control of a hybrid promoter com-
prising a 7TO operator for tTA activation and an ETR operator
for EKRAB repression (7TO_P,;,, ETR_GFP); and (2) the genes
encoding NanoDeg and EKRAB linked through an IRES, under
the control of the TO operator for tTA repression (Pcyy_TO_
NanoDeg IRES_EKRAB). The circuit components were integrated
into the genome of HEK293 cells using lentiviral transduction,
cells selected, and single clones expanded and transiently trans-
fected for tTA expression. The monoclonal population display-
ing highest GFP fold change upon treatment with erythromycin
(Em) (10 pgml™, 24h) (Supplementary Fig. 5) was used as master
cell line (HEK293-MCL).

The use of small-molecule-dependent transcription factors tTA
and EKRAB enables tuning of the gene signal amplifier for moni-
toring target genes with different levels of basal expression through
small-molecule dosage. Modulating the medium concentration of
tetracycline (Tc) and Em controls the amount of active tTA and
EKRAB in the system: optimal Tc and Em concentrations result in
minimal GFP output under basal conditions and maximal change in
GFP fluorescence upon induction of target gene expression.

To evaluate the gene signal amplifier platform, we integrated
the IRES_tTA cassette downstream of BIP in HEK293-MCL cells
using CRISPR-Cas9 based on homologous direct-repair (gen-
erating the MCL/BIP-tTA cell line). We monitored the GFP
fluorescence of MCL/BIP-tTA cells as a function of Tc and Em
concentration under basal conditions (Fig. 2f and Supplementary
Fig. 6) and upon treatment with tunicamycin (1pgml™, 48h)
(Fig. 2g and Supplementary Fig. 6) using flow cytometry. MCL/
BIP-tTA cells cultured in media not supplemented with Em display
a GFP fluorescence output comparable to that of the parental cell
line HEK293-MCL (data not shown). We determined the Tc and
Em concentrations (Tc, 50ngml™; Em, 100ngml™) that produce
maximal signal amplification upon cell exposure to the stimulus
(Fig. 2h). Notably, the MCL/BIP-tTA cell line generates a ~65-fold
signal amplification upon tunicamycin treatment under the con-
ditions of this study. Furthermore, the coefficient of variation on
the GFP fold change values between independent experiments was
below 15% (Supplementary Fig. 7a), underscoring the robustness
of the gene signal amplifier compared with reported methods for
monitoring BIP expression®.

The gene signal amplifier resolves gene dynamics. To character-
ize the BIP reporter, we knockdown BIP using short hairpin RNA
(shRNA). MCL/BIP-tTA cells were transfected with a plasmid
expressing a BIP-specific ShRNA sequence (shBIP), treated with
tunicamycin (10 pgml™', 1h) and analyzed 48 h post treatment by
flow cytometry. Control MCL/BIP-tTA cells transfected with an
empty plasmid or a plasmid expressing a nontargeting scrambled
shRNA (shNTC) displayed ~25-fold change in GFP output upon
tunicamycin treatment. MCL/BIP-tTA cells expressing shBIP
displayed ~3-fold change in GFP output upon tunicamycin treat-
ment under the same conditions (Supplementary Fig. 8), indicat-
ing that the fluorescent output of MCL/BIP-tTA cells depends
on BIP expression.

To evaluate the gene signal amplification, we compared the
gene signal amplifier (MCL/BIP-tTA) with the reporter based on
direct chromosomal integration of GFP at the 3’ of the target gene
(BIP-GFP). We found the GFP output of MCL/BIP-tTA cells to be
~10-fold lower than that of BIP-GFP cells under basal conditions,
and ~3-fold higher than that of the BIP-GFP cells upon tunicamy-
cin treatment (1 pgml~', 48h) (Fig. 3a—c). As a result, tunicamycin
treatment conditions causing a ~1.8-fold change in the GFP output
of BIP-GFP cells result in a ~65-fold change in the GFP output of
MCL/BIP-tTA cells (Fig. 3d and Supplementary Fig. 9), pointing
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to the role of transcriptional and post-translational control of GFP
output in the amplification of the signal output. The bimodal distri-
bution of MCL/BIP-tTA cells treated with tunicamycin (Fig. 3b) is
likely to result from the intrinsic heterogeneity of genetically iden-
tical populations™. The transcriptional and post-translational pro-
cesses mediating signal amplification in MCL/BIP-tTA cells result
in a 12-h lag time (Supplementary Fig. 10).

To evaluate the sensitivity of the gene signal amplifier to
changes in target gene expression, we monitored the response
of MCL/BIP-tTA cells to short pulses of ER stress. MCL/BIP-
tTA cells were exposed to tunicamycin (2.5, 5 and 10 pgml™") for
short time intervals (15, 30 and 60 min), and GFP fluorescence
was measured 24 h post treatment. MCL/BIP-tTA cells produced
distinct GFP outputs for the different duration of the treatment
under the same tunicamycin concentration conditions, and for the
different tunicamycin concentration under the same duration of
treatment (Fig. 3¢), indicating gradual amplification of GFP signal
proportional to BIP upregulation.

To explore the dynamic resolution of the target gene expres-
sion achieved with the gene signal amplifier, we monitored the
fluorescence of MCL/BIP-tTA cells induced with tunicamycin
(10pgml™, 1h) and treated with Tc (10 ugml™") 36 h post induc-
tion. Addition of an excess of Tc is expected to block tTA-medi-
ated activation of GFP expression: monitoring GFP fluorescence
as a function of time allows evaluating GFP decay upon reduction
of tTA in the system. The output signal of cells treated with Tc
decayed to half of its maximum value after about 12h and to the
initial value after 36 h of treatment, while the output signal of cells
not treated with Tc does not display significant change during the
same time interval (Fig. 3f), indicating that the output of the gene
signal amplifier reflects the dynamic behavior of the input.

To evaluate the contribution of the NanoDeg to the dynamic
properties of the gene signal amplifier, we built a BIP reporter
cell line lacking the NanoDeg (MCL/BIP-tTA ANanoDeg cells;
Supplementary Fig. 11a). MCL/BIP-tTA ANanoDeg cells cultured in
the presence of optimal Tc and Em concentrations (Tc, 100 ngml™
Em, 500ngml™) (Supplementary Fig. 11b) were induced with
tunicamycin (10 pgml™, 1h) and treated with Tc (10pgml™) 36h
post induction. The output signal of MCL/BIP-tTA ANanoDeg cells
was unaltered after 12h of treatment with Tc (a treatment condition
that resulted in the decay of GFP signal to half of its initial value in
MCL/BIP-tTA cells) and was reduced to ~40% of initial value after
36h (which resulted in complete decay to initial values in MCL/
BIP-tTA cells) (Fig. 3g,h). These results demonstrate the key role
of the NanoDeg in the design of the gene signal amplifier, particu-
larly for enhancing the dynamic resolution of the input. The output
signal of MCL/BIP-tTA ANanoDeg cells was found to be signifi-
cantly higher than that of MCL/BIP-tTA cells under basal condi-
tions (Fig. 3i), but comparable to that MCL/BIP-tTA cells upon
tunicamycin induction (Fig. 3j), supporting the results obtained
from the model-guided design of the gene signal amplifier (Fig. 2).

The gene signal amplifier adapts to target gene features. To test
the gene signal amplifier platform for monitoring expression of
different target genes, we generated reporters of eight UPR targets
(ERdj4, PPP1RI5A (GADD34), SREBF1, DDIT3 (CHOP), WARS,
TRIB3, EIF4 and CANX (refs. '>**)) by integrating the IRES_tTA cas-
sette into the chromosome of HEK293-MCL cells at the 3’ of each
target gene. We found the signal dynamic range upon tunicamycin
induction to depend on Tc and Em concentrations and the optimal
Tc and Em concentrations to be gene-specific (Fig. 4a-h).

A comparison of the dynamic range of GFP output of reporters
based on chromosomal integration of GFP and reporters contain-
ing the gene signal amplifier revealed that the gene signal ampli-
fier causes a dramatic increase in GFP signal output associated with
the target gene expression. BIP-GFP, ERdj4-GFP and EIF4-GFP
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Fig. 3 | Characterization of MCL/BIP-tTA cells. a,b, Representative histograms of flow cytometry analyses of BIP-GFP cells (a) and MCL/BIP-tTA cells

(b) untreated (blue) and treated with tunicamycin (1pgml=, 48 h; red). ¢, GFP fluorescence intensity of BIP-GFP and MCL/BIP-tTA cells treated as in a and
b. Data are reported as mean+s.d. (n=3, *P<0.005). Ut, untreated; Tm, tunicamycin. d, GFP fold change of MCL/BIP-tTA and BIP-GFP cells obtained by
normalizing the GFP fluorescence of cells treated with tunicamycin to that of untreated cells. Data are reported as mean+s.d. (n=3, *P<0.0005). e, Flow
cytometry analyses of MCL/BIP-tTA cells treated with tunicamycin (2.5, 5 and 10 pg mI=") for different incubation times (15, 30 and 60 min) and measured
24-h post treatment. GFP fold change values were obtained by normalizing the GFP fluorescence values of cells treated with tunicamycin to that of

untreated cells. Data are reported as mean+s.d. (n=3). f.g, Flow cytometry

analyses of MCL/BIP-tTA (f) and MCL/BIP-tTA ANanoDeg (g) cells treated

with tunicamycin (10 pg ml~", Th) and measured every 12 h post treatment. Tc (10 pgmlI~") was added to the media 36 h post treatment (red triangle).
MCL/BIP-tTA ANanoDeg cells were cultured in media supplemented with Tc (100 ngmI~") and Em (500 ng miI~"). Data are reported as mean+s.d. (n=3).
h, Flow cytometry analyses of MCL/BIP-tTA and MCL/BIP-tTA ANanoDeg cells treated with tunicamycin (10 pgml~, Th) and measured every 12 h post
treatment. Tc (10 pgml~") was added to the media 36 h post treatment (red triangle). MCL/BIP-tTA ANanoDeg cells were cultured in media supplemented

with Tc (100 ngml~") and Em (500 ng ml~"). Data are reported as mean +s.d.

(n=3).1ij, Flow cytometry analysis of MCL/BIP-tTA and MCL/BIP-tTA

ANanoDeg reported as GFP fluorescence measurements under basal conditions (i) (untreated) and upon treatment with tunicamycin (j) (1pgml=', 48 h).

Data are reported as mean+s.d. (n=3, *P<0.005).

cells displayed 1.8-, 1.5- and 1.4-fold increase in GFP signal upon
treatment with tunicamycin (1pgml™, 48h), whereas MCL/BIP-
tTA, MCL/ERdj4-tTA and MCL/EIF4-tTA presented a 65-, 52- and
34-fold increase in GFP signal (Supplementary Fig. 12), indicating
that the gene signal amplifier results in ~35-, ~34- and ~24-fold
amplification of the output associated with BIP, ERdj4 and EIF4
expression, respectively, compared with direct chromosomal inte-
gration of GFP (Supplementary Fig. 12).

Because the expression of the target gene is linked to that of
tTA, we explored the relationship between the target gene basal
expression and the optimal Tc concentration. To evaluate the tar-
get gene basal expression, we measured the mRNA levels of the
UPR target genes using RT-qPCR and the GFP signal of each
cell line treated with an excess of Em (10 ugml™) (Fig. 4i). We
observed a correlation between the target gene basal expression
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(Fig. 4i) and the Tc dose resulting in maximal dynamic range of
GFP output (Fig. 4a-h). Reporters of genes presenting low basal
expression (that is, ERdj4, GADD34, SREBFI and CHOP) dis-
played maximal change in GFP expression in the absence of Tc
and a decrease in GFP fold change upon addition of Tc (Fig. 4a-d),
consistent with the notion that uninduced conditions result in
low levels of tTA, which are reduced to suboptimal concentrations
upon addition of Tc. Reporters presenting high target gene basal
expression, on the other hand, required addition of Tc to generate
maximal increase in GFP output upon UPR induction (Fig. 4e-h).
Moreover, the optimal Tc concentration increased with increase
in the target gene basal expression, indicating that inactivation
of the pool of tTA due to the target gene basal expression results
in lowered basal GFP signal in the absence of tunicamycin and
maximal fold change in GFP signal upon tunicamycin treatment.
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Fig. 4 | Characterization of the multiplex UPR reporter system. a-h, GFP
output MCL/ERdj4-tTA (a), MCL/GADD34-tTA (b), MCL/SREBF1-tTA

(), MCL/CHOP-tTA (d), MCL/WARS-tTA (e), MCL/TRIB3-tTA (f), MCL/
EIF4-tTA (g) and MCL/CANX-tTA (h) cells as a function of Tc and Em
concentration. GFP fold change values were obtained by normalizing the
GFP fluorescence values of cells treated with tunicamycin (Tugml~', 48h)

to that of untreated cells. Data are reported as mean (n=3). (i) Relative

GFP fluorescence output (blue circles) and mRNA expression levels (red
triangles) of ERDj4, CHOP, SREBF1, GADD34, TRIB3, WARS, EIF4, CANX and
BIP of cells from a-h under uninduced conditions. Relative GFP fluorescence
values were obtained by normalizing the GFP fluorescence values of each
reporter cell line to that of the parental HEK293-MCL cells, treated with Em
(10 pgml=). mRNA expression values were generated by normalizing the Ct
values of the target genes to that of RNA18SN1 (185 RNA) and ACTB (Actin)
genes, measured using RT-qPCR. Data are reported as mean+s.d. (n=3).

Dosing Em tunes the sensitivity of the circuit to changes in tTA
expression by adjusting the concentration of active EKRAB that
controls expression of GFP output.
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These results suggest that the gene signal amplifier can be
potentially adapted for monitoring any target gene via chromo-
somal integration of the main regulator at the appropriate locus
and dosage of the inducer Tc and Em.

A computational tool to model the gene signal amplifier. To
generate a computational tool for predicting experimental con-
ditions to monitor any target gene, we refined the mathematical
model to account for intrinsic expression features of the target gene.
The model parameters were fit to the measurements of GFP fluo-
rescence from the comprehensive dataset of reporter cell lines by
adjusting the gene-specific parameters, namely the rate of synthesis
of the target gene under basal conditions (f,) and the fold change
of expression of the target gene (f.), and keeping all other param-
eters constant (Supplementary Note). Simulation of the GFP output
(Supplementary Fig. 13) revealed that the model generates an accu-
rate prediction of the GFP output (average coefficient of determina-
tion R?=0.9; Supplementary Fig. 14). The estimated basal rates of
synthesis (,) of the UPR target genes were proportional to the basal
fluorescence of the corresponding reporter cell lines (Fig. 5a and
Supplementary Fig. 15a), and the estimated fold changes of expres-
sion (f,) were proportional to the change in fluorescence upon UPR
induction (Fig. 5b and Supplementary Fig. 15b).

We next analyzed the effect of the gene-specific parameters (that
is, the basal rate of synthesis (f,) and the fold change of expression
(f.)) on the optimal Tc and Em concentrations, which were predicted
by simulating GFP expression as a function of basal rate of synthesis
and fold change of expression (Fig. 5c,d). The optimal Tc concen-
tration was found to increase as a function of both gene-specific
parameters, confirming that tTA activity reflects the expression fea-
tures of the target gene (Fig. 5¢), while the optimal Em concentra-
tion depended mainly on the target gene fold change of expression
(Fig. 5d), supporting the notion that EKRAB activity can be modu-
lated to tune the gene signal amplifier to changes in tTA expression.

To test whether the model generates an accurate prediction of the
conditions resulting in maximal signal amplification, we estimated
the optimal Tc and Em concentrations based on the estimated basal
rate of synthesis and fold change of expression of the target gene.
The predicted optimal Tc and Em concentrations of MCL/SREBF1-
tTA, MCL/GADD34-tTA, MCL/ERdj4-tTA and MCL/CHOP-tTA
were identical to those determined experimentally. A comparison of
the GFP fold change of MCL/WARS-tTA, MCL/TRIB3-tTA, MCL/
EIF4-tTA, MCL/CANX-tTA and MCL/BIP-tTA cells experimen-
tally treated with the model-predicted optimal Tc and Em doses and
with optimal Tc and Em doses determined from the limited subset
of conditions experimentally tested (Fig. 4a-h) revealed that the
signal amplification produced by model-predicted Tc and Em con-
centrations is at least as high as that obtained using concentrations
determined experimentally or improved dramatically (Fig. 5e-i).

To validate the use of the mathematical model, we investigated
the expression of the UPR target HERPUDI (HERP) (ref. ?). An
HEK293 HERP reporter cell line (MCL/HERP-tTA) was generated
and characterized using the same subset of representative Tc and
Em concentrations used in previous analyses to determine optimal
Tc and Em doses experimentally (Supplementary Fig. 16). The basal
rate of HERP synthesis (f5,) was obtained from measurements of
the GFP signal of MCL/HERP-tTA cells cultured in the presence
of an excess of Em (10 pgml™) under basal conditions and using
the correlation between the estimated rate of synthesis and the
GFP output of the set of UPR reporters (Fig. 5a). The fold change
of HERP expression (f,) was obtained from the measurement of
GFP output in the presence of tunicamycin using the model. The
optimal Tc and Em concentrations were then predicted based on
HERP-specific values of basal rate of synthesis and fold change of
expression. Treatment of MCL/HERP-tTA cells with tunicamycin
(Ipgml™, 48h) in the presence of the model-predicted optimal Tc
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Fig. 5 | Development of a predictive model to adapt the gene signal amplifier for the detection of any cellular target. a, Correlation between the relative GFP
fluorescence output of the reporter cell lines (that is, MCL/SREBF1-tTA, MCL/ERdj4-tTA, MCL/GADD34-tTA, MCL/CHOP-tTA, MCL/WARS-tTA, MCL/
TRIB3-tTA, MCL/EIF4-tTA, MCL/CANX-tTA and MCL/BIP-tTA) and the estimated rate of synthesis of the respective target genes (that is, ERDj4, CHOP,
SREBF1, GADD34, TRIB3, WARS, EIF4, CANX and BIP). Relative GFP fluorescence values were obtained by normalizing the GFP fluorescence values of each cell
line to that of the parental HEK293-MCL cells, treated with Em (10 pg ml="). GFP fluorescence values were measured using flow cytometry. Rate of synthesis
values were obtained fitting the model to the experimental data. The gray dotted line represents the linear trendline of the data. b, Correlation between the
measured maximum GFP fold change of the reporter cell lines as in a and the estimated fold change of the respective target genes. GFP fold change values
were obtained by normalizing the GFP fluorescence values of cells treated with tunicamycin (1pgml=, 48 h) to that of untreated cells, quantified using flow
cytometry. Fold change of the target genes were obtained fitting the model to the experimental data. The gray dotted line represents the linear trendline

of the data. ¢,d, Optimal concentration of Tc (¢) and Em (d) as a function of the rate of synthesis and the fold change of the target gene obtained using the
mathematical model. e-i, Flow cytometry analyses of MCL/WARS-tTA (e), MCL/TRIB3-tTA (f), MCL/EIF4-tTA (g), MCL/CANX-tTA (h) and MCL/BIP-tTA
(i) cells cultured in media supplemented with optimal Tc (ngml=") and Em (ngml~") experimentally determined (white bar) or model predicted (blue bar). GFP
fold change values were obtained by normalizing the GFP fluorescence values of cells treated with tunicamycin (1pgml=', 48 h) to that of untreated cells. Data
are reported as mean=+s.d. (n=3, *P<0.005). j, Flow cytometry analyses of MCL/HERP-tTA cells using optimal Tc and Em concentrations experimentally
determined (Tc, 5ngml~; Em, 100 ng ml~"; white bar) or model predicted (Tc, 2 ng ml~"; Em, 50 ngml~; purple bar). GFP fold change values were obtained by
normalizing the GFP fluorescence values of cells treated with tunicamycin (1pgml=, 48 h) to that of untreated cells. Data are reported as mean+s.d. (n=3).

and Em concentrations resulted in ~60-fold increase in GFP signal,
which is as high as that obtained from testing the limited subset of
Em and Tc concentrations (Fig. 5j). These results validate the use of
the model as an integral part of the gene signal amplifier platform.

The gene signal amplifier adapts to distinct cellular contexts.
To test whether the gene signal amplifier technology could be
translated to other cell types, we created a BIP reporter using H4
neuroglioma cells’, which are often used to study the role of the
UPR in the cellular pathogenesis of neurodegenerative diseases™.
An H4 reporter of BIP expression was generated as described for
HEK293 cells (H4-MCL/BIP-tTA). UPR induction using tunicamy-
cin (1 pgml™', 48h) resulted in ~12-fold increase in the GFP output
of H4-MCL/BIP-tTA cells in the presence of optimal Tc (10 ngml)
and Em (100 ng ml™) concentrations, supporting the use of the gene
signal amplifier in H4 neuroglioma cells (Fig. 6a).

To compare the BIP reporters based on HEK293 and H4 cells,
we measured BIP mRNA levels in HEK293 and H4 cells upon treat-
ment with tunicamycin (1pugml™, 12h) (Fig. 6b). We observed a
~7- and ~4-fold increase in BIP expression in HEK293 and H4
cells, respectively, upon treatment with tunicamycin, reflecting the
measured GFP outputs of the HEK293- and H4-based gene signal
amplifier corresponding to a ~65- and ~12-fold increase in GFP
signal, respectively.

Discussion
Our study establishes a method for monitoring gene expres-

sion with high sensitivity. The gene signal amplifier reported in
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this study was envisioned as a two-module system composed of
(1) a main regulator consisting of a tunable transcription factor
that encodes information about regulation of the target gene
expression, and (2) a circuitry that links the main regulator to a
detectable reporter output and that is specially designed to amplify
the output signal providing sensitive detection of the target gene
dynamics. The main regulator (tTA) is linked to the target gene
using an IRES from the encephalomyocarditis virus, which pro-
vides a well-characterized, scarless method to achieve gene
co-expression. IRES variants producing different and precisely
controlled ratios of expression between the co-expressed genes’
could be explored to adjust the expression of the master regula-
tor relative to the target gene, potentially tuning the sensitivity of
the system. Previous studies have shown integration of transcrip-
tional amplifiers and post-translational regulation to amplify out-
put signals’*. The circuitry topology reported herein links both
transcriptional and post-translational control of the reporter to the
activity of the main regulator. Transcriptional control is achieved
here using EKRAB and can be adapted to other expression systems
using a range of orthogonal, small-molecule-dependent transcrip-
tional regulators™'-**. Post-translational control is provided by the
NanoDeg, which is responsible for the superior dynamic range of
the gene signal amplifier platform. Notably, the NanoDeg is based
on a fully customizable technology that could be adapted to tar-
get a seemingly unlimited number of protein structures®**-*> and
through different modes and rates of degradations®, thus provid-
ing an additional layer of control to finely tune the performance of
this gene signal amplifier platform.
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Fig. 6 | Translation of the gene signal amplifier to H4 neuroglioma cells.

a, Flow cytometry analyses of H4-MCL/BIP-tTA cells as a function of Tc and
Em concentrations. GFP fold change values were obtained by normalizing the
GFP fluorescence values of cells treated with tunicamycin (1ugml=, 48 h) to
that of untreated cells. b, BIP mRNA levels in HEK293 and H4 cells. Relative
BIP expression values were obtained by normalizing BIP levels of cells treated
with tunicamycin (1pgml=, 12 h) to that of untreated cells, measured using
RT-gPCR. Data are reported as mean=+s.d. (n=3, *P<0.005).

We validated the use of the gene signal amplifier by generat-
ing a multiplex reporter system to monitor markers of the UPR, a
conserved stress-response signaling mechanism consisting of three
integrated signaling pathways whose relative kinetics of activation
are thought to determine cell fate''. We demonstrated that this plat-
form technology can be used to monitor UPR target genes with dif-
ferent levels of basal expression and extent of induction by tuning
the concentration of small molecules that function as inducers of
the main regulator and circuitry components (Tc and Em).

The gene signal amplifier generates an output signal with supe-
rior sensitivity and dynamic resolution of the input compared with
an analogous reporter system consisting of direct chromosomal
integration of GFP linked to the target gene through the same IRES.
The two-module system combines the advantage of chromosomal
integration of the reporter enabling accurate detection of the target
gene regulation with the powerful design of an orthogonal genetic
network providing sensitive and facile detection of an output signal.

The mathematical model generated as part of this study allows
customizing the gene signal amplifier platform to monitor any tar-
get gene and predicting optimal doses of small-molecule inducers,
provided there is a derivative cell line with chromosomal integra-
tion of the main regulator at the 3 of the target gene and a measure-
ment of the target gene basal expression.

Adapting the platform technology developed as part of the pres-
ent study to detection of gene expression requires generation of a
master cell line in the relevant cell line. Subsequent chromosomal
integration of the main regulator allows generating derivative gene-
specific reporter cell lines that can be built in parallel to obtain a
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multiplex reporter system to monitor a comprehensive collection
of marker genes. Generation of a BIP reporter based on H4 neu-
roglioma cells demonstrates that the gene signal amplifier can be
transferred to other cell types. Notably, the extent of amplification
of GFP output generated using the gene signal amplifier depends
not only on the copy number of each circuit component integrated
in the master cell line, but also on the activity of the promoters con-
trolling the circuit components, which are known to vary depend-
ing on the cellular context*. Additional derivative gene-specific
cell lines based on the H4 master cell line are needed to estimate
the cell-line-specific parameters (that is, GFP synthesis rate (fgpp);
rate of synthesis of the NanoDeg (fp); tTA activation factor (fx,, )
EKRAB repression factor (fr,,)) and gene-specific parameters (that
is, rate of synthesis of the target gene under basal conditions (f,)
and the fold change of expression of the target gene (f.)). Such
parameters will allow using the mathematical model to predict not
only the optimal Tc and Em concentrations but also the fold change
of expression (f.) of the target genes across cellular contexts.

The gene signal amplifier system developed in this study pro-
vides a particularly appealing framework for conducting genetic
and chemical screens*~* as it allows recapitulating the complexity
of regulatory mechanisms controlling gene expression®® and avoids
the potential artifactual results that typically plague screens based
on synthetic reporter systems.

The predictive value of the mathematical model combined with
the unique design features of the two-module system generate the
framework for a sensor-effector circuit that could be used for a vari-
ety of applications aimed at linking the expression level of a gene of
interest to the expression of an effector molecule, such as a thera-
peutic agent, with exquisite control. This gene signal amplifier plat-
form could be leveraged not only to study gene expression but also
to precisely regulate cellular fate, thus opening the way to the design
of novel cell-based therapeutic and diagnostic modalities.
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Methods

Plasmids. Lentiviral vectors were generated and maintained in Stbl3 Escherichia coli
competent cells (catalog no. C7373-03; Thermo Fisher Scientific). All other
plasmids were generated and maintained in DH5a E. coli competent cells (catalog
no. 11319019; Thermo Fisher Scientific). The primers used in this study are listed
in Supplementary Table 1.

Plasmids containing the hSpCas9 gene expressed under the CMV promoter
and a single guide RNA (sgRNA) that targets the 3’ end of the coding sequence of
selected target genes (DNAJBY, EIF4EBP1, HSPAS5, SREBF1, PPPIR15A, TRIB3,
HERPUDI, WARS, DDIT3 and CANX) were constructed using LentiCRISPRv2
plasmid (Addgene plasmid no. 52961) and appropriate oligos (Supplementary
Table 1) according to the manufacturer’s protocol, generating gene-specific
LentiCRISPRv2 plasmids.

The donor plasmids were generated by first amplifying two ~1-kb sequences
at the 3’ of the coding region of the target genes and immediately downstream the
stop codons of the target genes, which serve as the homologous regions flanking
integration (Supplementary Table 1). The two ~1-kb target-specific sequences for
genes DNAJBY, EIF4EBP1, HSPA5, SREBF1, PPP1R15A, TRIB3, HERPUDI, WARS,
DDIT3 and CANX were amplified from HEK293 chromosomal DNA by PCR using
KAPA HiFi HotStart DNA (catalog no. KK2502; Kapa Biosystems).

pBIP_IRES_GFP, pERdj4_IRES_GFP and pEIF4_IRES_GFP donor plasmids
were built using primer extension PCR to clone the IRES_eGFP_loxPNeo cassette,
amplified from Oct4_ires_eGFP(loxneo) (Addgene plasmid no. 21547) and the
~1-kb gene-specific homologous sequences, into pcDNA3.1 (catalog no. V79020;
Thermo Fisher Scientific) using type IIS restriction enzymes.

pBIP_IRES_tTA, pERdj4_IRES_tTA and pEIF4_IRES_tTA donor plasmids
were generated by cloning tTA, amplified from ptTA®', into pBIP_IRES_GFP,
pERdj4_IRES_GFP and pEIF4_IRES_GFP using BamHI and NotI restriction sites,
thus replacing eGFP.

To construct the donor plasmids for integrating the IRES_tTA_loxPNeo cassette
downstream SREBF1, PPPIR15A, TRIB3, HERPUDI1, WARS, DDIT3 and CANX
genes, we first built a backbone plasmid containing the IRES_tTA_loxPNeo cassette
amplified from pBIP_IRES_tTA, the ori_AmpR cassette amplified from pcDNA3.1,
modified to eliminate the Bsal restriction enzyme within AmpR, and two filler
pieces, linked using four Bsal restriction enzyme sites. The resulting plasmid
template was digested using Bsal and ligated to the ~1-kb gene-specific sequences,
generating the donor plasmids pSREBF1_IRES_tTA, pGADD34_IRES_tTA,
pTRIB3_IRES_{TA, pHERP_IRES_tTA, pWARS_IRES_tTA, pCHOP_IRES_{TA
and pCANX_IRES_tTA.

p7TO_ETR_GFP was generated from pLenti_ CMV_GFP_Blast plasmid
(Addgene plasmid no. 17445). The 7TO promoter, consisting of seven repeats of
the 19-base-pair Tc operator sequence and the CMV minimal promoter, which
was amplified from pTRE_tTA"', was cloned into pLenti_CMV_GFP_Blast
using Clal and Xbal restriction sites, generating the plasmid p7TO_GFP. The
4-ETR operator, consisting of four repeats of the ETR operator’”, was generated
by oligo assembly PCR and cloned into p7TO_GFP using Xbal and BamHI
restriction enzyme sites.

pTO_NanoDeg_IRES_EKRAB was constructed by cloning the gene
encoding the GFP-specific, degron-tagged nanobody (VHH), amplified from
pVHH_ODC", the IRES sequence, amplified from Oct4_ires_eGFP(lox neo), and
EKRAB™*, generated by oligo assembly PCR, into pLenti_CMV/TO_eGFP_Puro
(Addgene plasmid no. 17481) using Xbal and BamHI restriction enzyme sites.

pLKO.1_shBIP and pLKO.1_shNTC were generated using pLKO.1_TRC
cloning vector (Addgene plasmid no. 10878) engineered to express an shRNA
targeting BIP gene (shBIP) or an shNTC according to the manufacturer’s
protocol (Supplementary Table 1). The sequence used to target BIP gene
(5"-GAGCGCATTGATACTAGAAAT-3’) was obtained from the RNA
Interference Platform (Broad Institute).

pCMV_iRFP, pCMV_eGFP and ptTA were generated as previously
described**!. pPCMV5_Flag_XBP1s, pPCGN_ATF6 (1-373) and pRK_ATF4 were
purchased from Addgene (no. 63680, no. 27173 and no. 26114, respectively).

piRFP_IRES_GFP plasmid was generated by cloning the iRFP sequence,
amplified from pCMV_iRFP, the IRES sequence, amplified from Oct4_ires_
eGFP(lox neo), and eGFP sequence, amplified from pLenti CMV_GFP_Blast,
into pcDNA3.1 using Xbal and BamHI restriction enzyme sites.

Cell culture and transfections. HEK293 cells (catalog no. CRL-1573; ATCC)
and HEK293T cells (catalog no. CRL-3216; ATCC) were cultured in DMEM/high
glucose (catalog no. SH30243.01; Hyclone), supplemented with 10% FBS (catalog
no. 12306-500ML; Sigma-Aldrich) and 1% penicillin-streptomycin-glutamine
(PSQ; catalog no. SV30082.01; Hyclone), and maintained at 37°C and 5% CO,.
Cells were passaged using PBS (catalog no. 17-516 F; Lonza) and trypsin

(TrypLE Express; catalog no. 12605-036; GIBCO).

Transient transfections were conducted by seeding cells onto 12-well plates or
100 %X 20-mm? tissue culture dishes. After 24 h, upon reaching 70-80% confluency,
cells were transfected with 500 ng of DNA per well using JetPrime (catalog no. 114-
15; Polyplus transfection) according to the manufacturer’s protocol. The medium
was replaced with fresh medium 24 h post transfection, and cells were analyzed
48h post transfection unless otherwise indicated.
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Lentivirus production and transductions. Third-generation lentiviruses were
generated by seeding HEK293T cells onto 100 X 20-mm? tissue culture dishes at

a density of 1x 10° cells per dish. Cells were transfected with pTO_NanoDeg_
IRES_EKRAB and p7TO_ETR_GFP, and the packaging plasmids pMLg/PRRE
(Addgene plasmid no. 12251), pRSV-Rev (Addgene plasmid no. 12253) and
pMD2.g (Addgene plasmid no. 12259) in a 2:5:2.5:3 ratio, respectively. The total
DNA transfected per 100 X 20-mm? tissue culture dish was 5 pg, consisting of

0.8 ug of pTO_NanoDeg_IRES_EKRAB or p7TO_ETR_GFP, 2 ug of pMLg/PRRE,
1 pg of pRSV-Rev and 1.2 pg of pMD2.g plasmids, respectively. The medium was
replaced with fresh medium 8 h post transfection and the virus-containing medium
was collected after 48 h. The virus was concentrated using a Lenti-X concentrator
(catalog no. 631232; Clontech) according to the manufacturer’s protocol.

Viruses were titrated using RT-qPCR™. Briefly, the viral RNA was extracted
using Quick-RNA Viral kit (Cat. No. R1034; Zymo Research) and complementary
DNA synthesized using qScript cDNA SuperMix (catalog no. 95048-100;
Quantabio). cDNA samples were analyzed by RT-qPCR using PerfeCTa SYBR
(catalog no. 95072-012; Quanta Biosciences) and primers targeting the viral
components LTR-gag and WPRE (Supplementary Table 1).

Cell transduction was conducted by seeding HEK293 cells onto 12-well plates
at a density of 1 10° cells per well. After 24 h, the medium was replaced with
medium containing 9 x 10" virus particles per ml and 8 pgml~" polybrene (catalog
no. NC9840454; Fisher Scientific Company). The virus-containing medium was
replaced with fresh medium 24 h post transduction.

Reagents. Tunicamycin (catalog no. T7765-5MG; Sigma-Aldrich), thapsigargin
(catalog no. T9033-1MG; Sigma-Aldrich) and Em (catalog no. E5389-5G, Sigma-
Aldrich) were dissolved in DMSO (catalog no. 472301; Sigma-Aldrich) to prepare a
10mgml™ stock solution. Tc (catalog no. T7660-5G; Sigma-Aldrich) was dissolved
in H,O to prepare a 10 mgml~" stock solution. Untreated samples were cultured in
media supplemented with the vehicle.

Flow cytometry analyses. Cell were analyzed with a FACSCanto II flow cytometer
(BD Biosciences). GFP fluorescence intensity was detected using a 488-nm laser
and 530/30-nm emission filter. iRFP fluorescence intensity was detected using a
635-nm laser and 780/60-nm emission filter. At least 10,000 cells were recorded in
each sample for analysis (Supplementary Fig. 17).

Generation of stable cell lines. To generate the cell lines BIP-GFP, ERdj4-GFP
and EIF4-GFP, HEK293 cells were seeded onto 12-well plates and transfected with
a gene-specific LentiCRISPRv2 plasmid and a donor plasmid (pBIP_IRES_GFP,
pERdj4_IRES_GFP or pEIF4_IRES_GFP) in a 1:2 ratio. Cells were transferred into
100 X 20-mm? tissue culture dishes 48 h post transfection and selected for 2 weeks
using 1 mgml™' G418 (catalog no. 345812; EMD Millipore).

To generate the HEK293 master cell line (HEK293-MCL), HEK293 cells
were seeded onto 12-well plates and transduced with pTO_NanoDeg_IRES_
EKRAB and p7TO_ETR_GFP. Cells were transferred into 100 X 20-mm? tissue
culture dishes 48 h post transduction and selected for 2 weeks using 5 pgml~!
blasticidin (catalog no. ant-bl-1; InvivoGen) and 1 pgml~' puromycin (catalog
no. ant-pr-1; InvivoGen). Selected cells were transfected with pCMV_tTA and
treated with 10 pgml~' Em for 24 h. Cells were analyzed with a FACSAriall
(BD Biosciences) to sort the cells presenting the highest GFP fluorescence
(top 10% of the cell population).

To screen monoclonal cell populations, sorted cells were seeded onto 96-well
plates containing DMEM with 20% FBS at a density of 0.5 cells per well, expanded,
transfected with pCMV_tTA and treated with 10 pgml~' Em for 24 h. Cells were
analyzed by flow cytometry to select the monoclonal population with highest
change in GFP fluorescence upon transient transfection of pPCMV_tTA and
treatment with Em. The selected monoclonal population was used as master cell
line (HEK293-MCL) to generate gene-specific reporter cell lines.

Reporter cell lines for monitoring selected target genes (DNAJBY, EIF4EBPI,
HSPAS5, SREBF1, PPP1R15A, TRIB3, HERPUDI, WARS, DDIT3 and CANX)
were generated by transfecting HEK293-MCL cells with a target gene-specific
LentiCRISPRv2 plasmid and a donor plasmid (pBIP_IRES_tTA, pEIF4_IRES_tTA,
pERdj4_IRES_tTA, pSREBF1_IRES_tTA, pGADD34_IRES_tTA, pTRIB3_IRES_
tTA, pHERP_IRES_tTA, pWARS_IRES_tTA, pCHOP_IRES_{TA or pCANX_
IRES_tTA) in a 1:2 ratio. Transfected cells were transferred into 100 X 20-mm?
tissue culture dishes 48 h post transfection and selected for 2 weeks using
I mgml~ G418.

Control samples for assessing potential off-target integration were generated by
transfecting HEK293 cells with a LentiCRISPRv2 plasmid encoding a scrambled
sgRNA sequence and a donor plasmid (pBIP_IRES_GFP, pEIF4_IRES_GFP,
pERdj4_IRES_GFP, pBIP_IRES_{TA, pEIF4_IRES_tTA, pERdj4_IRES_tTA,
pSREBF1_IRES_tTA, pGADD34_IRES_tTA, pTRIB3_IRES_tTA, pHERP_IRES_
tTA, pWARS_IRES_tTA, pCHOP_IRES_tTA or pCANX_IRES_tTA) in a 1:2 ratio.
Lack of off-target integration was verified by culturing transfected cells in medium
supplemented with G418 (1 mgml™) and monitoring cell death.

Western blot analyses. Cells were washed with cold PBS and lysed using the
cOmplete lysis-M buffer containing a protease inhibitor cocktail (catalog no.
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4719956001; Roche) for 30 min on ice, maintaining continuous agitation. Cells
were then sonicated at a frequency of 20kHz for 10s and centrifuged for 10 min
(14,000 and 4 °C). The supernatant was collected for western blot analyses. Protein
concentrations were determined using the Bradford assay (catalog no. 23236;
Thermo Fisher Scientific). Aliquots containing 30 pg of proteins were separated

by SDS-PAGE and analyzed by immunoblotting. Blots were probed using rabbit
monoclonal a-BIP (1:2,000; catalog no. 3177; Cell Signaling Technology), chicken
polyclonal a-GFP (1:2,000; Cat. No. AS-29779; AnaSpec), rabbit monoclonal
a-GAPDH (1:8,000; Cat. No. sc-47724; Santa Cruz Biotechnology) and appropriate
horseradish peroxidase-conjugated secondary antibodies (m-IgGk BP-HRP, catalog
no. sc-516102; m-IgG-HRP, catalog no. sc-2357; Santa Cruz Biotechnology). Blots
were visualized using SuperSignal West Pico PLUS chemiluminescent substrate
(catalog no. 34580; Thermo Fisher Scientific) and an ImageQuant LAS 4000

(GE Healthcare Life Science).

RT-qPCR. RNA was extracted using RNeasy Plus Mini kit (catalog no. 74134;
Qiagen) and cDNA synthesized using qScript cDNA SuperMix (catalog no.
95048-100; Quanta Biosciences) following manufacturer’s procedures. RT-qPCR
reactions were performed using PerfeCTa SYBR Green FastMix (catalog no. 95072-
012; Quanta Biosciences) in a CFX96 Real-Time PCR Detection System (Bio-Rad)
using appropriate primers (Supplementary Table 1).

Genomic PCR. Genomic DNA was extracted using E.Z.N.A Tissue DNA kit
(catalog no. D3396-02; Omega Bio-tek) according to the manufacturer’s protocol.
PCR-mediated amplification of genomic DNA was performed using KAPA

HiFi HotStart DNA and appropriate primers (Supplementary Table 1). The

PCR products were resolved by electrophoresis on a 1% Tris-acetate-EDTA
agarose gel, stained with ethidium bromide and visualized by UV light
(Supplementary Fig. 18).

Confocal microscopy. Cells were seeded onto glass coverslips at a density of

1 X 10° cells per ml and treated with tunicamycin (10 ugml™, 1h) 24 h post seeding.
Cells were washed with PBS 48 h post tunicamycin treatment and fixed with 4%
paraformaldehyde (catalog no. AC416785000; Thermo Fisher Scientific). Nuclei
were stained with Hoechst 33342 nuclear stain (catalog no. 62249; Thermo Fisher
Scientific) and cells were washed with PBS. Coverslips were mounted onto glass
slides and imaged using a Nikon A1 Confocal microscope (Nikon) and the NIS-
Elements software (Nikon). The acquired images were processed using Image]
software (National Institutes of Health).

Statistical analysis. Results of flow cytometry analyses are reported as mean +s.d.
of three biological replicates. Fluorescence measurements from each replicate
were obtained by calculating the median fluorescence of the population. Heatmap
representations of data were created using MATLAB software (MathWorks) using
the mean of three biological replicates. Statistical significance was calculated using
a two-tailed Student’s t-test and two-way analysis of variance.

Mathematical model. All details of mathematical models and computational
methods are provided in the Supplementary Note. Simulations were performed
with MATLAB (MathWorks).

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

The authors declare that data supporting the finding of this study are available
within the article and its Supplementary Information. Additional data are available
from the corresponding author upon reasonable request.
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Blinding Blinding experiments were not necessary as experimenters operated according to standard methods, conducted comprehensive analyses of
all data, and obtained scientific conclusions. There was no personal preference for the experimental subjects and results.
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Antibodies used BiP (C50B12) antibody #3177, Lot #9 Ref #09/2018, Cell Signaling Technology, rabbit monoclonal antibody produce against a
synthetic peptide corresponding to residues surrounding Gly584 of human BiP, 1:2000 dilution.
Anti-GFP Tag (AS-29779), Lot# RJ1901, AnaSpec EGT Group, rabbit polyclonal antibody 1:2000 dilution.
GAPDH Antibody (0411): sc-47724, Lot# DO612, Santa Cruz Biotechnology, mouse monoclonal antibody raised against
recombinant GAPDH of human origin, 1:1000 dilution.
m-1gGk BP-HRP: sc-516102, Lot# D2518, Santa Cruz Biotechnology, mouse 1gG kappa binding protein (m-IgGk BP) conjugated to
Horseradish Peroxidase (HRP), 1:10000 dilution.
mouse anti-rabbit IgG-HRP: sc-2357, Lot# E1618, Santa Cruz Biotechnology, 1:10000 dilution.
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BIP-GFP, ERdj4-GFP, EIF4-GFP, HEK293-MCL, MCL/BIP-tTA, MCL/BIP-tTA dNanoDeg, MCL/ERdj4-tTA, MCL/GADD34-tTA, MCL/
SREBF1-tTA, MCL/CHOP-tTA, MCL/WARS-tTA, MCL/TRIB3-tTA, MCL/EIF4-tTA, MCL/CANX-tTA, and MCL/HERP-tTA cells were
generated in this study.

Authentication HEK293 and HEK293T cells were purchased from ATCC and not further authenticated. HEK293 cells with genomic integration
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Mycoplasma contamination Cell lines were tested for mycoplasma contamination.

Commonly misidentified lines  No commonly misidentified cell lines were used.
(See ICLAC register)




Flow Cytometry

Plots

Confirm that:
The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
|:| All plots are contour plots with outliers or pseudocolor plots.

g A numerical value for number of cells or percentage (with statistics) is provided.

>
Q
—
c
=
(D
=
D
w
D
Q
=
(@)
o
=
D
o
]
=
=te
-]
(e}
w
C
3
QU
=
=

Methodology
Sample preparation Cells were trypsinized, collected on PBS and immediately transfered to ice.
Instrument FACSCanto Il flow cytometer (BD Biosciences)
Software BD FACSDiva Software (v8.0.1) was used to interface with the flow cytometer and acquire sample data. Data was analyzed using

Microsoft Excel 2016 and FlowJo (v10.5.3).

Cell population abundance At least 10,000 cells were recorded in each sample for analysis. Sample acquisition was performed at 700 — 1,500 event/s. All
experiments are based on at least three independent biological replicates. Purity of cells was determined by forward versus side
scatter gating.

Gating strategy Cells were gated using linear forward scatter (FSC) area versus linear side scatter (SSC) area excluding the events at the bottom
20% of FSC-area and SSC-area values to eliminate cell debris and non-cell events, followed by gating on FSC-height versus FSC-
width and SSC-height versus SSC-width for aggregate exclusion. See Supplementary Figure 10.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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