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Light-Induced Transcription Activation for Time-Lapse
Microscopy Experiments in Living GCells

Jorge Trojanowski, Anne Rademacher, Fabian Erdel, and Karsten Rippe

Abstract

Gene expression can be monitored in living cells via the binding of fluorescently tagged proteins to RNA
repeats engineered into a reporter transcript. This approach makes it possible to trace temporal changes of
RNA production in real time in living cells to dissect transcription regulation. For a mechanistic analysis of
the underlying activation process, it is essential to induce gene expression with high accuracy. Here, we
describe how this can be accomplished with an optogenetic approach termed blue light-induced chromatin
recruitment (BLInCR). It employs the recruitment of an activator protein to a target promoter via the
interaction between the PHR and CIBN plant protein domains. This process occurs within seconds after
setting the light trigger and is reversible. Protocols for continuous activation as well as pulsed activation and
reactivation with imaging either by laser scanning confocal microscopy or automated widefield microscopy
are provided. For the semiautomated quantification of the resulting image series, an approach has been
implemented in a set of scripts in the R programming language. Thus, the complete workflow of the
BLInCR method is described for mechanistic studies of the transcription activation process as well as the
persistence and memory of the activated state.
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1 Introduction

Following reporter RNAs in living cells over time by fluorescence
light microscopy imaging has provided valuable information on
gene regulation and RNA processing [1-5]. In these experiments
RNA is visualized by fluorescently tagged RNA binding proteins
that recognize specific secondary structures engineered into the
transcript like MS2 or PP7 motifs [6, 7]. Transcription is frequently
induced via the doxycycline (dox)-dependent binding of activator
protein fusions with bacterial tetracycline repressor (TetR) to its
high-affinity operator (ze2O) sites integrated at the promoter
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[8, 9]. However, the start point of this reaction depends on the
permeation times of dox and the association kinetics of TetR. This
process occurs over a time interval of at least several minutes, which
confounds the analysis of early transcription kinetics. To circum-
vent this problem light-induced uncaging of an inducer molecule
has been reported [4]. Yet it does not overcome the limitation that
this type of chemical induction cannot be reversed quickly. While
the inducer can be removed by repeated washing steps, the result-
ing dissociation times are well above the minute timescale, which
makes it difficult to analyze the effect of a temporally limited
activation stimulus. The above-described issues can be addressed
by taking advantage of optogenetic approaches as for example the
light-induced heterodimerization of the plant PHR and CIBN
protein domains [10]. We recently developed a PHR-CIBN based
optogenetic system termed blue light-induced chromatin recruit-
ment (BLInCR) that combines rapid and reversible light-
dependent recruitment of effector proteins with a real-time readout
for transcription [11] (Fig. 1a). The human osteosarcoma cell line
U208 2-6-3 used in these experiments has been developed previ-
ously in the Spector lab [9]. It consists of a tandem array of ~200
copies of a reporter gene. This reporter has /acO and #¢2O repeats in
proximity to a minimal CMV promoter. Activator binding to the
tetO sites induces transcription of a reporter RNA, which contains
binding sequences for the MS2 coat protein (MCP) and encodes
for peroxisome-targeted cyan fluorescent protein (CFP) (Fig. 1b).
In this model system, transcription factor binding to the zezO sites
via PHR-CIBN interactions can be controlled with high temporal
precision in living cells, while RNA production is traced via tagging
the MS2 reporter RNA with fluorescently labeled MCP [11]. Due
to the presence of multiple integration sites, transcription factor
binding and dissociation as well as RNA production can be visua-
lized by fluorescence microscopy in single cells using conventional
confocal or widefield systems (Fig. 1c, d). Related approaches have
been introduced by other groups and include targeting of endoge-
nous genes by light-induced TALEs [12], bacterial light-induced
transcription factors [13, 14] and targeting light-recruited activa-
tors to dCas9 [15].

Here, we provide protocols for conducting experiments with
the BLInCR system and for a semiautomated quantification of the
resultant image series with a set of scripts written in the R program-
ming language [16]. In one type of experiments continuous blue
light illumination and persistent activation is employed. The other
approach described here uses pulsed activation and reactivation
after an intermittent period without a light trigger during which
the activator dissociates. Furthermore, image acquisition protocols
for either widefield or confocal microscopy are presented. The
higher spatial resolution of the confocal imaging mode allows to
resolve heterogeneities inside the transcription locus (Fig. 1c¢). In
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Fig. 1 Application of BLInCR for light-induced transcription activation. (a) Upon
blue light illumination the PHR domain switches its conformation in the
PHR-GFP-VP16 construct and binds to CIBN fused to rTetR (CIBN-rTetR). In the
presence of dox, rTetR is bound to DNA via the tef0 sequence. This leads to
the fast recruitment of the VP16 transcription activator with ¢, = 15 s [11]. If
the blue light is switched off, dissociation occurs (f,, = 5 min). (b) Transfecting
the U20S 2-6-3 cell line with CIBN-rTetR and PHR-GFP-VP16 allows direct
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addition, illumination and activation are restricted to the imaged
area. For imaging larger cell numbers (e.g., for resolving the cell-to-
cell heterogeneity of transcription activation kinetics), the applica-
tion of widefield microscopy can be advantageous (Fig. 1d). Quan-
tification of the time-lapse image series obtained in these
experiments with the set of R-scripts provided yields RNA produc-
tion kinetics (Fig. le), from which information on the underlying
mechanism is obtained [11]. The protocols can be easily applied to
study the effects of transcriptional inhibitors or to evaluate via
repeated activation cycles if the activated promoter state is “mem-
orized” and how long it persists in the absence of the activator.
Furthermore, we envision that our experimental approach will
prove to be useful for a variety of other applications that require
temporal precision and/or reversibility, for example, inducing
DNA damage response by increasing the local concentration of
damage factors [17] or perturbing the epigenetic landscape by
recruiting modifiers [18].

2 Materials

2.1 Cell Culture

1. Reporter cell line, for example U20S 2-6-3 [9] (see Note 1).

2. Cell culture slide suited for fluorescence microscopy (e.g.,
8-well chambered cover glass No. 1 borosilicate, Nunc
Labtek).

3. Complete medium: DMEM medium (1 g/L glucose) without
phenol-red supplemented with 10% tetracycline-free fetal calf
serum (FCS), penicillin/streptomycin, 2 mM L-glutamine.

4. Phosphate-buffered saline (PBS).
5. 0.05% trypsin—0.02% EDTA in PBS.

6. Doxycycline, 1 mg/mL in water.

&
Y

Fig. 1 (continued) measurements of light-induced promoter activity. The cell
line contains approximately 200 copies of a stably integrated reporter construct
with a minimal CMV promoter under the control of 256 /acO and 96 fetO repeats
[9]. The nascent RNA contains MS2-stem loops that are bound by fluorescently
tagged MCP (tdMCP-tdTomato) and additionally encodes CFP-SKL as a fluores-
cent protein reporter localized to peroxisomes. The locus can additionally be
labeled by fluorescently tagged Lacl. (c) Confocal microscopy allows to assess
the structure of the transcription site in addition to its intensity. The array was
labeled by CFP-Lacl. The PHR-YFP-VP16 fusion protein was recruited to CIBN-
TetR upon blue light illumination and nascent RNA was labeled via binding of
MCP-mKate2. (d) Widefield image series of activator recruitment and onset of
transcription. (e) Kinetics of RNA production at the reporter array obtained from
quantification of a time-lapse image series



2.2 Plasmids (See
Note 3)

Table 1
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7. Opti-MEM medium.
8. Transfection reagent (e.g., Xtreme Gene 9, Roche).

9. Colored, nontransparent polystyrene foam box (see Note 2).

Plasmid selection with respect to the fluorescent protein (EP) that is
used to visualize the respective constructs is critical for the experi-
ment and depends on the type of activation pattern that is desired.
Examples of fluorophore combinations for continuous activation
and pulsed activation and reactivation are summarized in Table 1.

1. A fluorescently tagged transcription activator fused to PHR

(pPHR-GFP-NLS-VP16, pPHR-YFP-NLS-VP16 (Addgene
#103821) or for reversibility studies pPHR-iRFP713-NLS-
VP16 (Addgene #103823), which has a far-red label and can
be monitored without triggering recruitment).

. A fluorescently tagged negative control effector (pPHR-GFP-

NLS or pPHR-YFP-NLS, Addgene #103817).

. A terO-directed localizer (pCIBN-rTetR: reverse TetR, which

binds in the presence of dox; or pCIBN-TetR (Addgene
#103813): TetR, which binds in the absence of dox, see Note 4).

. Fluorescently tagged MS2 RNA reader (pCMVATATA-

tdMCP-tdTomato, see Note 5 or mKate2-MS2, Addgene
#103833).

Exemplary fluorophore combinations for continuous and pulsed activation patterns

Excitation Emission

Experiment Protein domain(s) Coupled FP  (nm) (nm)
Continuous activation Activator (PHR-VP16) GFP/YFP 488 500-550
Localizer (CIBN-rTetR, tagBFP/ 405 415-475
fluorescent label optional) CFP?
RNA reader (MCP) mKate2 or  561/594" 605-750
tdTomato
Array marker (Lacl, optional) tagBFP/ 405 415475
CFP?
Pulsed activation with Activator (PHR-VP16) iRFP713 633 645-780
dissociation of activator Localizer (CIBN-rTetR)* GFP/YFP 488 500-550
RNA reader (MCP) tdTomato 561 570-615
Array marker (Lacl, optional)*  GFP/YFP 488 500-550

The above fluorophore combinations worked well in terms of spectral separation of the different FPs and recruitment of
light-dependent constructs while imaging. Excitation with 405 nm or 488 nm induces the PHR-CIBN interaction
*Fluorescent labeling the TetR localizer or LacI binding to the /2¢O sites in the U208 2-6-3 cell line as an additional array
marker is optional. One of the two proteins can be tagged with a blue fluorophore as indicated in the table. However, the
choice of color will depend on the specific application. A red color needs to be chosen if it is necessary to decouple
visualization of bound TetR or LacI from the light-induced PHR-CIBN interaction

PExcitation worked better at 561 nm, but less bleaching was observed at 594 nm

“To reliably localize the reporter array either a fluorescently labeled CIBN-rTetR or Lacl construct can be used
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2.3 Microscope

5.

Optional: an additional reporter array marker (e.g., tagBFP-
Lacl, Addgene #103839).

For recording high resolution images and time series of single cells,
a laser scanning confocal fluorescence microscope with appropriate
image acquisition software is recommended. We have used a Leica
SP5 with the Leica application suite advanced fluorescence (LAS
AF) software that was equipped with the following parts:

1.

A 63x oil objective (e.g., HCX PL APO lambda blue 63x/
1.40 oil UV objective).

. A 488 nm laser to trigger recruitment and to image YFP- or

GFP-tagged effector constructs.

. A 561 or 594 nm laser to image red fluorescent constructs

(e.g., tdTomato, mKate2) without triggering recruitment.

. Optional: a 633 nm laser to image iRFP713-tagged effectors

without triggering recruitment.

. Optional: a UV laser diode to record additional constructs in

the blue channel (e.g., tagBFP-Lacl as an additional array
marker).

. Alive cell incubation chamber that can be protected from light.

. A red flashlight or LED to mount samples on the microscope

without triggering recruitment. A removable bike tail light
works well for this purpose.

For automated image acquisition of a larger number of cells, a

fluorescence widefield microscope can be advantageous. For this
purpose, we used a Zeiss AxioObserver Z1 with the ZEN 2012 pro
software with modules for z-stack, time-lapse, multiposition, and
heterogeneous acquisition and the following features:

1.

SR

Live cell incubation chamber (preferentially with black walls
and a curtain for the front side).

Motorized stage.
Motorized z-drive.
Hardware or software autofocus.

Red filter for transmitted light.

. Software with automation capabilities including time course

and tile pattern (or grid) acquisition.

.20x air objective  (e.g., Zeiss Plan-Apochromat

20x,/0.8 M27).

. Fluorescence lamp (e.g., mercury short arc reflector lamp HXP

120 V).
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9. Filter sets (wavelength windows in nm for excitation, dichroic,
emission): modified Cy3 filter (535/30, 570, 572/25) for
tdTomato, GFP filter (470,/40, 495, 525 /40).

2.4 Software 1. R (version 3.2.3) [16].

2. RStudio (version 1.0.136) [19].

3. R packages: EBImage (version 4.12.2) [20], plyr (version
1.8.4) [21] and ggplot2 (version 3.1.0) [22].

4. R-package NSSQ “Nuclear Spot Segmentation and Quantifi-
cation” available in the Supplementary Materials on the book
webpage.

5. The Fiji distribution [23] of Image] [24] for general purpose
image analysis.

3 Methods

3.1 Cell Culture
(Days 0 and 1)

3.2 Time-Lapse
Microscopy

for Continuous
Induction (Day 2)

U208 2-6-3 cells [9] are maintained at standard cell culture con-
ditions (37 °C and 5% CO,) and split (1:6 to 1:10) every 2—3 days.
They can be frozen in DMEM supplemented with 10% DMSO and
40% FCS.

1. On day 0, seed cells in the 8-well slide in 400 pL. medium at a
density of 2 - 10* per well. After adding the cell suspension to
wells, let the slide stand for 5-10 min to obtain a homogeneous
attachment of cells before transferring it to the incubator.

2. On day 1, replace growth medium with a reduced volume
(300 pL) and prepare transfection mix according to the man-
ufacturer’s guidelines in a low binding tube. For a transcription
activation experiment as depicted in Fig. 1, cotransfect cells
with, for example, pPPHR-GFP-VP16 (effector), pCIBN-rTetR
(localizer), and pCMVATATA-tdMCP-tdTomato (RNA
reader). As a negative control, use the mock effector plasmid
pPHR-GFP-NLS instead of pPHR-GFP-VP16. When using
Xtreme Gene 9 (Roche), use 20 pL Opti-MEM, 200 ng plas-
mid mixture (67 ng of each), and 0.6 pL reagent. Place the slide
in a lightproof polystyrene foam box for later transport before
returning it to the incubator. The lid should be placed on the
box lightly to allow air exchange.

In continuous induction experiments, cells are exposed to blue
light during the whole acquisition time resulting in a constant
high concentration of activator at the promoter. In the following
section, two imaging modes are described. If a high spatial resolu-
tion is needed, confocal microscopy (Subheading 3.2.1) is advanta-
geous. Iflarge cell numbers are to be acquired, automated widefield
microscopy is recommended (Subheading 3.2.2). Avoid blue/
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3.2.1 Imaging by
Confocal Microscopy

white light exposure of the samples and use only red light during
handling of the samples before induction.

1. Heat the microscope incubation chamber to 37 °C and wait for

the temperature to stabilize (1-2 h).

2. When using the rTetR system, add dox to the well to be imaged

at a final concentration of 5 pg/mL before each time-
lapse acquisition. Wait at least 10 min to allow for CIBN-
rTetR binding to the zetO array (see Notes 4 and 6).

. Transfer the slide onto the microscope. Cover transparent walls

of the incubation chamber with a dark cloth or aluminum foil.

By confocal microscopy the spatial distribution of RNA at the array
can be assessed, which is generally not homogeneous (Fig. 1¢). In
addition, the confocal microscopy setup can be extended to an
analysis in three dimensions for data acquisition and quantification
(e.g., as in [25]) to detect subtle intensity or shape changes over
time. To reduce photobleaching by continuous laser exposure, cells
can be exposed to blue light at regular intervals (2—3 min) that are
shorter than the reversibility half-life time of the PHR-CIBN inter-
action (4.9 £ 0.8 min [11]) (see Note 7).

1. Locate cells in the red channel.

2. Record a prerecruitment stack of the RNA reader signal (exci-

tation at 561 /594 nm) to ensure that no premature activation
has occurred. The latter can happen due to premature light
exposure during cell preparation or transport. Select a laser
intensity that yields a satisfactory signal-to-noise ratio for the
time course recording. Typical imaging parameters are
512 x 512 pixel image size, zoom factor 9 corresponding to
53 nm/pixel, 400 Hz scan speed, 4 x line average, and 5-8 z-
slices spaced 0.5 pm apart. Reducing the line average and
minimizing the laser intensities can help to reduce
photobleaching.

. Record a stack of the effector (excitation at 488 nm), which will

induce recruitment to the zezO-tethered localizer. For Steps
2 and 3 a single multichannel stack can be recorded by choos-
ing the option to switch between stacks with the stack in the
red channel being recorded first.

. Record two-channel stacks of the RNA reader and the effector

every 2—3 min for about 45-60 min (se¢ Note 8). Switching the
channels between lines (as opposed to between slices or stacks)
ensures that the images of the different channels are not shifted
with respect to one another.

. Optional: include a third channel for an additional array marker

(e.g., tagBFP-Lacl) or a second chromatin feature probe (e.g.,
a histone acetylation reader domain).
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3.2.2 Automated Imaging ~ Widefield microscopy to monitor the onset of transcription is

by Widefield Microscopy advantageous when assessing cell-to-cell heterogeneity of activa-
tion kinetics from the analysis of tens to hundreds of cells. In
addition, photobleaching is reduced due to reduced light exposure,
which is particularly relevant for longer time course experiments.

1. In a well that will not be used for data acquisition, define and
test the acquisition pattern. Recommended starting values for
acquisition parameters can be found in Table 2. Locate the cells
in the transmission channel with a red filter at a central position
in the well with a high density of cells (see Note 9).

2. Exposure times of the fluorescence channels for each
channel should be chosen between 70 and 500 ms so that there
are no saturated pixels while detecting most transfected cells.

Table 2
Recommended imaging parameters for widefield microscopy

Parameter Range Start value Lower limit Upper limit
Exposure time  70-500 ms 150 ms ROI detection, maximum Photodamage, detector
camera frame rate saturation, throughput
Filter tdTomato: 535 /30, n.a. n.a.
bandwidth 570, 572 /25;
GFP: 470,/40,
495, 525/40
Intensity Power 2-3 mm above ROI detection Photodamage, formation of
objective: GFP: 1-2 mW, PHR aggregates

488 nm tdTomato:
4-5 mW, 561 nm

Sampling 1-7 min 3.5 min Photodamage, throughput Time resolution
interval

Number of - 3-5 3 Object size, z-drift, cell Photodamage, acquisition
slices movements time

z-Slice distance 0.3-2.0 pm 1.0 pm (x20 Height of z-stack and z-extension of transcription

objective) number of slices spot

Number of 15-30 25 Throughput Sampling frequency
positions

Camera 1x1to 2x2 Signal intensity and noise  Spatial resolution of ROI
binning 2 x2

Objective x20-x60  x20 Spatial resolution of ROI  Field of view, throughput
magnification

Imaging parameters and their reccommended values refer to the microscope used here (Zeiss AxioObserver Z1). These
need to be adjusted to account for the specific features of a given microscopy systems with respect to filters, fluorescence
excitation source and camera. In addition to premature activation of PHR as described above, cross-talk between the
different channels needs to be avoided
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3.3 Time-Lapse
Microscopy for Pulsed
Induction

3.3.1 Imaging by
Confocal Microscopy

The z-stacks should have three slices and a distance between 0.8
and 1.5 pm depending on the axial resolution. Switch on the
hardware focus, if available, or define a software autofocus routine
for each position in the Cy3 channel (e.g., 25 ps exposure, 2 x 2
binning, 0.8 pm distance over 8.0 pm). Define a grid pattern of
subpositions around the selected position. The number of sub-
positions in this pattern and the time required to image one
position determine the sampling frequency. If acquisition of one
position requires 8 s, 25 positions can be imaged once every
3.5 min. In the time course menu set the cycle interval to its
minimal value and the experiment duration to 90 min. The order
of acquisition should be first z-stacks, then channels, positions
and time points. Acquiring the z-stack before switching channels
increases acquisition speed. Activate autosaving of images in the
tif file format.

3. If the first cycles of the test run yield focused images with a
sufficient signal-to-noise ratio, move to a new well, wait
15 min, add dox, wait 15 min (se¢ Note 6), select a good
location as above, set the z-position and start the experiment.

Light-dependent transcription activation is particularly useful to
assess the persistence of the activated state after dissociation of the
activator from the promoter and the response of the promoter to
subsequent reactivation. For this type of experiments, the activator
(VP16) and the RNA reader (MCP) need to be visualized without
triggering recruitment. Therefore, they can be tagged with two
spectrally distinct red fluorophores such as iRFP713 and tdTomato.
To locate the array, an array marker such as GFP-Lacl or a fluores-
cent localizer (e.g., CIBN-YFP-TetR, Addgene #103798) should
be used. These combinations of fluorescent proteins can be imaged
on a confocal microscope with the appropriate laser lines (Subhead-
ing 3.3.1). For acquiring larger numbers of cells on a widefield
microscope, we describe a simplified version of the reactivation
protocol without imaging in the intermittent dark phase (Subhead-
ing 3.3.2).

The imaging workflow described in Subheading 3.2.1 is adjusted as
tollows:

1. Record a two-channel (excitation at 561 and 633 nm) prere-
cruitment stack with the same typical imaging parameters as
described above.

2. Record the desired pattern of three-channel stacks (excitation
at 488, 561 and 633 nm) and two-channel stacks (561 and
633 nm) to cause activator association and dissociation, respec-
tively. Exemplary illumination pattern (as in [11], stack record-
ings approximately 3 min apart): 1x prerecruitment,
2 x recruitment, 12 x without recruitment (i.e., approximately
40 min without blue light illumination), 5x rerecruitment.



3.3.2 Automated Imaging
by Widefield Microscopy

3.4 Image Analysis

3.4.1 Low Throughput
Analysis of Confocal
Images
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With the combinations of fluorescent proteins and filter sets used
here for widefield microscopy, image acquisition will lead to blue
light exposure and activation. Accordingly, it is recommended to
conduct two consecutive activation time courses with an intermit-
tent delay for a dark phase without imaging. The continuous acti-
vation workflow described in Subheading 3.2.2 is modified, as
follows:

1. Transfer cells to the microscope and test imaging settings in
one well as described in Subheading 3.2.2.

2. Activate an irregular protocol setup (e.g., multiblock execution
in the Zeiss Zen software).

3. Define two consecutive time course jobs of 60 min with
3.5 min intervals. Add a delay for the execution of the second
job of the desired duration for the dark period.

4. Move to a new well, wait 15 min, add dox, find and set focus,
wait 15 min for rTetR-binding and start the experiment (see
Note 6).

The experiments described above result in time series of multichan-
nel, multislice image stacks (Leica SP5 confocal microscope) or
image files in the tif file format (Zeiss widefield microscope). The
Fiji distribution of Image] can be used for a general assessment of
the images. In the following subsections, an approach for the
intensity-based quantification of RNA levels is summarized accord-
ing to the general workflow depicted in Fig. 2.

A typical transcription activation experiment recorded with a con-
tfocal microscope contains 15-25 multichannel, multislice image
stacks. The analysis described below is a manual analysis using the
Fiji distribution of Image]. It can be automated to some extent by
using Image] macros, which is not discussed here.

1. Optional: If necessary, transform each multichannel z-stack to
an RGB stack and register the slices using the TurboReg plugin
for Image] [26] (see Note 10). The registration should be
based on the effector or an array marker channel and use one
of the central slices as a reference.

2. Create maximum intensity projections (Image — Stacks — Z
Project. ..) resulting in multichannel images for each time
point.

3. Select a sufficiently large circular region of interest (20—40 px)
around the array and measure the mean fluorescence intensities
(Analyze — Measure) in that ROI for all channels (effector,
reader, and possibly array marker).

4. Select a reference region within the nucleus and measure its
mean fluorescence intensity.
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Fig. 2 Workflow for semiautomated transcription spot tracking and quantification. The analysis of an image
series comprises a sequence of manual and automated steps. A typical experiment with image acquisition
using a widefield microscope results in images for two channels, three z-planes, 16 time points, and 25 grid
positions. For each grid position one image out of several z-positions, channels, and time frames is displayed
to manually select nuclei. Selected nuclei are segmented and tracked and for each time point the optimal z-
position is selected. The array spot is segmented, tracked, and used for intensity and area measurements.
After manual quality control of the segmentation and tracking in the RNA channel, the single cell time course
data can be visualized and used for further analysis or interpretation

5. Select a background region outside of the cell and measure its
mean fluorescence intensity.

6. Repeat steps 3—5 for each time point. Note that the array ROI
should have the same size for the analysis of one cell.



3.4.2 Semiautomated
Image Analysis of Widefield
Images
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7. Extract the time information for each multichannel, multislice
stack from the metadata and calculate time points with respect
to the first blue light exposure.

8. Account for bleaching by fitting the mean intensity difference
between the nuclear reference region and the background
region (Ledt) — Iwa(?)) to an exponential decay
(Ircf(t) - Iback(t> =a- C_k.t>'

9. Calculate the bleach-corrected RNA enrichment as
E( t) = (Iarray( t) - Ircf( t))/eiki'

10. Optional: For averaging RNA enrichment time courses of
different cells, interpolate enrichment values at regular time
points for each cell (E(0 min), E(3 min), E(6 min), etc.).

The semiautomated image analysis consists of four steps separated
into four scripts: (1) manual selection of nuclei that show recruit-
ment, (2) automated segmentation, tracking, and intensity quanti-
fication of nuclei and spots at the selected positions, (3) manual
quality control of segmentation and tracking, and (4) summary and
visualization of results. Example scripts are provided in the supple-
mentary materials. The analysis workflow is summarized in Fig. 2.
The image analysis is performed in R [16] and RStudio [19] and is
based on the EBImage package [20]. We provide additional func-
tions for segmentation and tracking of nuclei and spots with the
NSSQ “Nuclear Spot Segmentation and Quantification” package.
Details of the analysis workflow are included with the example
scripts and can be found in the help pages of the NSSQ package.
Parameters for segmentation and tracking are specified in the head
section of the second script and may need adjustment for images
acquired with different microscope settings.

1. Download the NSSQ package from the supplementary material
on the book webpage. Install the package in R: install.packages
(./DownloadFolder/ NSSQ_1.0.tar.gz’, repos = NULL,
type = “source”).

2. Run the manual selection function in the first script using
images of all grid positions in the central z-slice at frame
3 (¢t = 7 min, where spots of recruited PHR-eftector should
have appeared) in the PHR-FP-effector channel ( NSSQ: select-
Positions). Images of the grid positions are displayed in the plot
panel of RStudio. In each image, select nuclei with normal
morphology showing recruitment of PHR-FP-effector and
confirm the selection in the console. “s”: save selection and
stay in this image to select more, “f”: save selection and move
on to the next image, “n”: delete the selection and move on to
the next image, “d”: delete selection, but stay in image. Save

the position list.
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3.

10.

11.

12.

In the second script, load the position list. Cycle over the
entries of the position list and process each image region as
follows.

. Load the cropped image region in all channels for the central z-

slice (NSSQ: readImageRegion). Cropping around the selected
coordinates reduces the amount of data loaded into the work-
ing memory.

. Segment nuclei using local thresholding and indicating the

range of expected nuclei radii in pixel units ( NSSQ: thres_rad_-
border). Then filter out nuclei outside the expected radius range

(NSSQ:; filterObyjects).

. For the tracking of the selected nucleus, determine the xy-

coordinates of nuclei (EBImage: computeFeatures.moment)
first and then track forward and backward in time starting
from frame 3, in which the nucleus has been manually selected
(NSSQ; twoWayTrack). Use the tracking information and the
xy-information for cropping of the nucleus in all channels
(NSSQ: cropMovingObjects) and in the mask image.

. For each frame, select the best z-position: Load the additional

z-slices in all channels and crop according to the tracking
information obtained above. Determine the best focus position
(NSSQ: selectInFocus) and recompose the image series in all
channels using the best-focus slice for each time point. Save
the resulting image series and the nucleus mask.

. Segment the reporter array spot inside the nuclear area in the

PHR-FP-effector channel using the 99.5% intensity quantile
for thresholding (NSSQ; spot_segment). Filter spots by their
expected size indicating the minimum and maximum expected
area in square-pixels.

. Track the brightest spot. In order to reduce the computation

time, first reduce the number of spots in each frame by exclud-
ing spots outside the time-projected main spot object ( NSSO:;
projectionTracking). Then track the main spot by minimizing
the Euclidean distance of position and shape features between
consecutive frames ( NSSQ: selectMainSpot).

Repeat steps 8 and 9 with decreasing thresholding quantiles
until segmentation and tracking over a maximum number of
time frames is achieved.

Create a ring-shaped mask around the spot for measuring the
local background intensity by subtracting the spot mask from a
dilated version of the spot mask.

Measure mean intensities in the spot, the local background and
the whole nucleus area in all channels and for all time frames.
Additionally, measure the spot area (EBImage: computeFen-
tures.shape).
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Calculate the amounts of recruited fluorescent proteins in
arbitrary units by multiplying the local-background-subtracted
spot intensity by the spot area:

E( t) = <Ispot - Ibackground) . Aspot <535 Notes 11 and 12)

Extract the individual times of acquisition ¢ for each nucleus
relative to the start of blue light illumination using the cycle
number ¢, the grid position p, the total number of grid positions
J, and the time it takes to once cycle over all grid positions 4:

t=(c-1)-d+(p-1) /g d(see Note 13).

Save a table containing time, spot and background intensities
and areas, as well as the spot mask. The result folder of the
analysis at this point will contain a set of image series cropped
around the tracked nucleus, the segmentation masks and a
table with intensities and areas of the segmented regions for
each cell.

Since cells have been selected only at one time point in the
effector channel (GFP), a further selection step is necessary to
sort out cells without tdMCP-tdTomato expression or incor-
rect segmentation or tracking. This is accomplished by anno-
tating the image series of segmented cells in the RNA channel
with the NSSQ; annotateCells script. Classify the cells as “g”
(good; tdMCP-tdTomato expression, correct segmentation,
tracking, and induction of transcription), “b” (bad; e.g., due
to abnormal morphology, incorrect segmentation or tracking,

[Pl

or no tdMCP-tdTomato expression), “p” (prerecruitment;
[{PP)

RNA production before TF recruitment), or “n” (good, but
no visible induction of transcription over whole time course).

For averaging time courses of different cells (annotated as
“good”) with the script provided, interpolate the integrated
effector or RNA intensities at time points in the center of each
cycle interval for each individual cell. Then average over all cells
for each interpolated time point (see Note 14).

4 Notes

. BLInCR is compatible with targeting a CIBN-fused localizer

protein to a variety of nuclear binding sites [11]. For transcrip-
tion induction both the ze2O and the /acO repeats at the
promoter in the U208 2-6-3 cell line can be used to recruit
an activator protein. However, activation from the zezO sites is
more efficient.

. Regular white polystyrene foam boxes can be partly light per-

meable. To prevent premature activation, the denser black
polystyrene foam boxes used for food delivery are
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recommended. Furthermore, any light source of wavelengths
below ~550 nm, for example, nearby computer screens, can
trigger activation of the optogenetic system and should be
switched off while the cells are not fully protected from light.

. A variety of localizer, effector, and reader plasmids constructed

in ref. 11 are available from Addgene (IDs #103797 to
#103840).

. To prevent premature activation by accidental light exposure as

well as DNA replication problems, cells should be kept at
conditions where the CIBN-TetR/rTetR constructs are pres-
ent in the unbound state prior to the transcription activation
experiments. Thus, during cell culturing, dox should be absent
for reverse rTetR (DNA binding with dox) and present for
TetR (DNA binding without dox).

. Deletion of the TATA-box in the CMV promoter of tdMCP-

tdTomato leads to lower expression levels, which results in a
reduced nuclear background of unbound tdMCP molecules.
Due to the high affinity of tdMCP, typical expression levels of
around 0.1-1 pM as measured by fluorescence correlation
spectroscopy are reached that are sufficient for saturating
MS2 bindings sites on the reporter RNA [27].

. The association and dissociation times of the PHR /CIBN and

rTetR/terO interactions must be considered when planning
experiments. For rTetR the time for half-saturation of operator
sites has been determined to be around 2 min for typical
expression levels [8]. Thus, dox addition 10 min before the
experiment start should be sufficient for saturated binding of
rTetR. Previously, we have determined the time for half of the
PHR molecules to dissociate from the #ezO array to be
4.9 4+ 0.8 min [11]. Thus, we recommend waiting for at least
15 min after imaging before adding dox to another well of the
same slide since it may have been exposed to stray light. In this
manner, no PHR fusion with the activator should be recruited
to the promoter along with CIBN-rTetR before the actual start
of the experiment. Alternatively, two slides can be used with
one slide being stored in the dark while the other is imaged.

. Light-induced recruitment can be heterogeneous between cells

with different expression levels. Even though recruitment of
PHR to CIBN is fast, expression levels of both PHR-activator
and CIBN-rTetR need to be sufficient to saturate the zezO
binding sites. Additionally, low blue light intensities during
imaging can lead to slow recruitment kinetics in the minute
range. In this case the experiment can be modified to include an
initial light flash at higher intensity before the start of imaging
to ensure complete conversion of PHR to its CIBN-interacting
state. However, it should be noted that at high expression levels
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and high blue light exposure PHR can undergo self-association
into large assemblies of pm size [28].

. Living cells typically move during an imaging period of

45-60 min. Thus, for the confocal microscopy experiments it
might be necessary to adjust the field of view and the focus
during the experiment.

To find and set the correct z-plane without inducing transcrip-
tion, red transmission light illumination or use of appropriate
filters is reccommended. A red LED held above the slide can be
used if red light illumination is not available at the microscope.
In our experience, the reporter array is often located in the
upper part of the nucleus (more distant from the bottom of the
well). The nucleoli can be used to judge if a good focal plane
has been selected.

The TurboReg plugin [26] applied for the analysis of confocal
images uses intensity transformations prior to registering the
images, leading to differences from the raw images. Since all
images are recorded with the same laser intensities, the trans-
formations should be similar for each time point. An alternative
R-package for registration without intensity transformations is
RNiftyReg from John Clayden (https://github.com/
jonclayden/RNiftyReg), which is based on a previously
described algorithm [29].

The background-subtracted integrated intensities in the spot
are used as a quantitative readout for activator and reporter
RNA accumulation. Different sizes of the segmented spot area
do not affect this quantity as long as out-of-spot regions have
the same intensity as the local background and will thus not
contribute to the signal. For confocal imaging, photobleaching
needs to be accounted for as described in Subheading 3.4.1.
For widefield image series, normalization to the nuclear back-
ground intensity is not recommended. Background autofluor-
escence is much higher in widefield mode and will bleach with a
different rate than the fluorescent protein. Furthermore,
photobleaching is much less pronounced than for confocal
images. The contribution of bleaching can be determined in
time series of cells transtected with GFP-Lacl for which a
constant enrichment at the array is expected.

The nuclear background intensity is not uniform in a fluores-
cence widefield image due to the different z-extensions of the
nucleus at its center and its edges. Therefore, the local back-
ground in a ring-shaped area around the spot is subtracted.
Alternatively, a background intensity gradient can be sub-
tracted as proposed by Ferguson and Larson [30]. Calculation
of'a background gradient image is implemented into the NSSQ
package in the #ilted Plane tunction.


https://github.com/jonclayden/RNiftyReg
https://github.com/jonclayden/RNiftyReg

The time points of images are calculated from the number of
imaged positions and the time it takes to cycle once over all
positions. All positions will be exposed to light once the first
position is imaged so that all positions share a common time
point zero. The maximum time lag between the acquisition of
two positions is determined by the cycle time. Care must be
taken to interpolate intensity values at common time points,
when averaging the recruitment time courses of cells at differ-
ent positions. Time-lags should not exceed 3.5 min for suffi-
cient time resolution of the dynamics and comparability of cells

The single cell time traces of RNA production exhibit signifi-
cant variations in the intensity of the signal. To some extent
these can reflect differences in the size of reporter arrays
integrated in the U20S 2-6-3 cell line that arise from an
inherent instability of these repeats. The latter is apparent
from transfecting the cells with GFP-Lacl, which reveals sig-
nificant differences in spot size and intensity, and this signal can
be used to quantitate the number of reporter genes in a given
cell. Furthermore, the GFP-Lacl signal can be exploited to
quantify the noise in the spot intensity quantification that arises
due to movements in z-direction or variations in spot
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