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High-content imaging and RNAI screens for investigating kinase network plasticity

Summary

High-content imaging connects the information-rich method of microscopy with the systematic
objective principles of software-driven analysis. Suited to automation and, therefore, considerable
scale-up of study size, this approach can deliver multi-parametric data over cell populations or at the
level of the individual cell and has found considerable utility in reverse genetic and pharmacological
screens. Here we present a method to screen small interfering RNA (siRNA) libraries allowing
subsequent observation of the impact of each knockdown on two interlinked, high-content, G1/S-
phase cell cycle transition assays related to cyclin dependent kinase (CDK) 2 activity. We show how
plasticity within the network governing the activity of this kinase can be detected by combining
modifier siRNAs with an siRNA library. The method uses fluorescent immunostaining of a nuclear
antigen, Cyclin A, following cell fixation while also preserving the fluorescence of a stably expressed
fluorescent protein-tagged reporter for CDK2 activity. We provide methodology for data extraction
and handling including an R script that converts the multi-dimensional data into four simple binary
outcomes, on which a hit-mining strategy can be built. The workflow described can in principle be
adopted to yield quantitative single cell resolved data and mining for outcomes relating to a broad

range of other, similar readouts and signalling contexts.
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Introduction

A combination of fluorescence microscopy and software-driven image analysis, high-content imaging
has proven to be a useful tool in cell based screens (1, 2). Particular strengths of the technique are that

it delivers multi-parametric, single cell resolved data and it can measure geometric/morphological



parameters in addition to fluorescence intensities for geometrically-defined subcellular regions. High-
content imaging can therefore resolve a rich diversity of possible phenotypic endpoint measurements
and it is this that makes it suitable for investigations where cellular signalling networks are
systematically disrupted and phenotypic measures are the means by which the contribution of the

disrupted nodes can be assessed (3, 4).

This method describes the example of an RNA interference (RNA1) screen using reverse-transfection
of siRNA arranged in a 96-well format to knockdown candidate genes in adherent mammalian cells.
The impact of the RNAi knockdowns on a cellular phenotype is then determined by high-content
image analysis. The option of producing a parallel set of siRNA transfections to address the impact of
a candidate epistatic modifier siRNA (siMOD) on marker response is described. This transient
inclusion of a modifier may be used to trace network changes such that the siRNA screen can either
be employed to look for novel epistatic modifiers of the siMOD target gene or, vice versa, to test a
candidate siMOD target for epistatic impact on the various targets in the library. After the RNAi
period, cells are fixed, stained and imaged according to the requirements of the assays chosen for the
study. The analysis produces a data file listing all complete cells imaged per well and their

corresponding assay measurements.

The example phenotype used here is successful exit from G1 phase of the cell cycle measured by two
separate complementary measures of CDK?2 kinase activity associated with G1/S transit: 1)
accumulation of the CDK2 regulator Cyclin A, and ii) the nuclear to cytoplasmic translocation of a
GFP-tagged reporter of cyclin-dependent kinase 2 (CDK2) activity (5-7). RNALI targets that arrest
cells in G1 phase of the cell cycle are expected to yield cells with reduced nuclear Cyclin A and
reduced CDK2 activity, indicated by reduced presence of the CDK2 reporter in the cytoplasm. After
48 hours of RNAi and prior to the high-content analysis phase of the method, the transfected cells are
fixed and fluorescently stained for both Cyclin A and chromatin. Next, fluorescent microscope images
are acquired and organised for analysis with the open-source, high-content image analysis software

CellProfiler (8).



Often, multiple independent images need to be collected per well to guarantee a sufficient number of
cells are assessed per condition. We detail how systematic image collection along with the provided
software settings ensure that images are unambiguously related to the wells they are derived from and,
thereby, to any particular treatment on the 96-well plate, while at the same time delivering
multiplexed single-cell-resolved information relating to the different fluorophore-channel and assay

outcomes.

During the high-content phase of the method, images of chromatin stained with a fluorescent dye
(Hoechst 33342) allows the automated identification of individual cells and at the same time generates
a ‘mask’ on which automated image segmentation is based. The located nuclei are subsequently used
to find associated cytoplasmic regions of each cell in the GFP images. Measurements of each
fluorophore in the paired nuclei and cytoplasm regions of each imaged cell are generated during the
analysis. These individual cell measurements per knockdown condition allow the impact of each
siRNA on the accumulation of Cyclin A in the cell’s nucleus and, in the same cell, the activity state of
CDK2, monitored by the nuclear to cytoplasmic ratio of the GFP-reporter protein, to be assessed.
Finally we document use of a simple R script that supports cell-resolved extraction, display and

analysis of responses to modifier siRNAs using the two phenotypic assays.

Although the high-content image analysis and data mining described here is focussed on delivering
quantitative information for nuclear Cyclin A and the nuclear to cytoplasmic translocation of a GFP-
based CDK2 reporter, the principles used can be adapted to suit other investigator-chosen phenotypic

markers that localise to any combination of these subcellular compartments.

2. Materials

2.1 Tissue culture and siRNA transfection

1. 5x siRNA buffer (Dharmacon/GE Lifesciences, catalogue number B-002000-UB-100).



2. siRNA: Human siGENOME SMARTpool siRNAs were used for Cyclin A, CDK4 and CDK6
knockdowns (Dharmacon/GE Lifesciences). AllStars Negative Control siRNA (Qiagen, catalogue

number 1027280) was used for all non-targeting RN Ai conditions.

3. Tissue culture plates: Standard sterile, 96-well, transparent plates (Nunc/Thermo Scientific,
catalogue number 167008) were used for oligo dilution and lipid-mixing steps. Reverse-transfection,
tissue culture incubation and cell imaging were performed on Packard Viewplates (PerkinElmer,

catalogue number 6005182).

4. HiPerfect siRNA transfection lipid (Qiagen, catalogue number 301704).

5. Tissue culture medium: DMEM, high-glucose with GlutaMAX supplement (ThermoFisher

Scientific, catalogue number 10566-016), 10% foetal calf serum.

6. HCT116 human colorectal carcinoma cell line stably expression GFP-tagged CDK2 reporter (5-7)

7. AeraSeal sterile, breathable plate membranes (Alpha Laboratories, catalogue number LW2783).

2.2 Cell fixation, permeabilisation and fluorescent staining

1. Formalin solution, neutral buffered (Sigma-Aldrich, catalogue number HT5012-1CS).

2. Permeabilisation buffer: 0.1 % Triton X-100 (Sigma-Aldrich, catalogue number X100PC) in 50

mM tris(hydroxymethyl)aminomethane (Tris)-buffered saline pH 8.0.

3. Blocking solution: 5% powdered milk in Tris-buffered saline, 0.1% Tween-20 (Sigma-Aldrich,

catalogue number P9416).

4. Antibodies/fluorophores: Mouse anti-Cyclin A (Santa Cruz Biotechnology, catalogue number
BF683: sc-239), Goat anti-mouse IgG secondary antibody Alexa Fluor 633-conjugate (Invitrogen,
catalogue number A-21052), Hoechst 33342 (bisBenzimide H 33342 trihydrochloride) (Sigma-

Aldrich, catalogue number B2261).

5. Wash solution: Tris-buffered saline, 0.1 % Tween-20 (Sigma-Aldrich, catalogue number P9416).

6. Phosphate-buffered saline (PBS) (Gibco/ThermoFisher Scientific, catalogue number 18912-014).



2.3 Microscopy and software analysis

1. Fluorescence or confocal microscope equipped with a 20x dry/LWD objective and filters suitable

for FITC, DAPI and 633 nm fluorophores.

2. Software: CellProfiler 2.1.1 (www.cellprofiler.org).

3. Software: R version 3.1.2 or newer (www.r-project.org) with additional module ggplot2 installed

(9).

3. Methods

3.1 Transfection of siRNA library in 96-well plates in the presence of modifier RNA

All steps to be carried out at room temperature, pipetting steps and handling of cells to take place in a

sterile tissue culture hood.

1. Prepare two tubes of 1X siRNA buffer containing 55.5 nM of either non-targeting (NT) control

siRNA or siRNA targeting a candidate epistatic modifier (siMOD) (see Note 1)

2. Pipette 63 pl of the 55.5 nM NT and siMOD modifier siRNA to the wells of separate, new 96-well

tissue culture plates.

3. Carefully pipette 7 pl of the 2 uM siRNA library to both the NT and siMOD siRNA plates, yielding
plates on which the library siRNA concentration now is 200 nM and combined with either NT or

siMOD siRNA present at 50nM (Fig. 1A. see Note 2).

4. Dilute the transfection lipid into 40 volumes of serum-free DMEM media and pipette 105 pl into
each well of the two 96-well plates (Fig. 1B). For two full 96 well plates dilute 525 pl of transfection
lipid into 21 ml of serum-free DMEM, each 105 pl of this master mix dispenses 2.56 pl of lipid per

well. Each well of these plates now contains 175 pl of siRNA-lipid mixture (see Note 3).



5. Mix well contents by gently vibrating plates for ten minutes.

6. Dispense 50 pl of the well contents onto three opaque 96-well tissue culture plates with transparent

bottoms (Fig. 1C).

7. Add cells (HCT116) stably expressing the CDK2 reporter by pipetting 8000 cells per well in 150 pl
DMEM containing 10 % serum directly onto the plated 50 ul siRNA-lipid complexes. No further
mixing is necessary at this stage. Using the conditions described here the final concentration of the

library siRNA will be 20 nM and the NT or siMOD siRNA will be 5 nM per well (see Note 4).

8. Seal the two sets of three plates using sterile, adhesive, breathable membranes (See Note 5) and

place in a humidified incubator at 37 °C, 5 % CO2 for 48 hours.

3.2 Cell fixation and staining for fluorescence microscopy

1. After 48 hours following the reverse transfection of the siRNA, tip, or preferably aspirate the

medium from the wells of each 96 well plate (see Note 6).

2. Immediately after removal of the medium, fix the cells by adding 100 pl of 4 % buffered
formaldehyde per well and incubate at room temperature in a fume hood for exactly 10 minutes (see

Notes 7 & 8).

3. Carefully remove the fixing solution keeping the plates in the fume hood. At this stage the plates
can be stored at 4°C, in the dark with 150 pl Tris-buffered saline per well for up to two weeks (see

Note 9). Alternatively, proceed immediately to permeabilisation of the fixed cells.

4. Permeabilise the fixed cells by adding 100 ul of 0.1 % Triton X-100 in Tris-buffered saline per well
to the recently fixed plates from which fixative (or, where used, storage buffer) has been removed.
Incubate for 10 minutes without agitation. Empty the plates by tipping off the Triton X-100 solution

and repeat two more times (see Notes 7 & 10).

5. After emptying the plates following the third incubation with permeabilisation buffer, block the

plates with 100 pl of blocking solution per well and incubate at room temperature for 30 minutes.



6. Remove the blocking agent by tipping the plates ensuring complete removal of the blocking
solution. Add 50 pl of mouse anti-Cyclin A antibody diluted 1:1000 in blocking solution and incubate

for 2 hours in the dark at room temperature.

7. Wash the plate three times in Tris-buffered saline and 0.1 % Tween-20, leaving the wash solution

on the plate for 5 minutes each time.

8. After tipping away the last of the three washes add 50 pl of Alexa Fluor 633-labelled anti-mouse
secondary antibody diluted 1000-fold in blocking solution. Supplement the diluted secondary

antibody with 2 uM Hoechst 33342. Incubate plates overnight in the dark at 4 °C. (see Note 11).

9. The following day, tip away the secondary antibody and wash the plates three times wash solution

as before, store under 100 pl Tris-buffered saline in the dark at 4 °C until ready to acquire images.

10. Use a fluorescent or confocal microscope with a 20x objective to take separate, 16-bit grayscale
TIF format images of the same field for the three colour channels corresponding to the Hoechst, GFP
and the fluorophore used for immunostaining. A number of non-overlapping sets of three-channel
images should be acquired per well to yield an approximate total of 300-400 imaged cells per well,
therefore covering close to 1000 cells imaged per triplicate set of wells per RNAi knockdown

condition (Fig. 2A).

11. Name the image files so that each file name is a unique combination of common experiment

name, well address from the plate, frame number and channel identifier (Fig. 2B. See Note 12).

3.4 High-content analysis — software image file settings

1. Overview: The image files acquired and organised as described above are now processed using the
open-source CellProfiler 2.1.1 image analysis software. The following steps describe how to set up
the software to interpret the image file names and correctly associate related sets of images with wells
and channels. The settings described in this section and in 3.5 can be saved as a ‘Project’ file for
repeat analyses in CellProfiler and it is recommended to save the file periodically during the following

steps to preserve progress (see Note 13).



2. Run the software CellProfiler 2.1.1 (www.cellprofiler.org). Close the welcome box to view the

‘File list” drag-and-drop window on the right hand side of the program window.

3. Using the mouse, drag a folder containing the all image files relating to one 96 well plate into the
drag-and-drop window. A list of the files relating to these images should now be visible in the

program (Fig. 3).

4. Select ‘View output settings’ in the lower left corner of the screen. On the next screen use the box

labelled ‘Default output folder’ to specify where the resulting data from the analysis should be sent.

5. Select the ‘Metadata’ tab in the Input Modules box on the left hand side of the page (Fig 4). On the
right hand side of the screen select the ‘Yes’ option to extract metadata and copy/paste the regular

expression shown below and in Fig. 2 into the box labelled ‘Regular Expression’.

Regular expression to define image file metadata relating image files to experimental context:

AE(?P<WellRow>\w?[A-

H])(?P<WellColumn>\d{1,2}) (?P<FieldNumber>\d{1,2})(?P<Channel>.*).tif

6. Select the ‘Update’ button below to see the metadata extracted from the image filenames populate a

table at the bottom of the software window (Fig. 4. See Note 14).

7. Select the ‘NamesAndTypes’ tab from the ‘Input Modules’ list and in the drop-down box ‘Assign a

name to’ select the option ‘Images matching rules’.

8. Next select the ‘Add another image’ button now at the bottom of the screen twice so that details can

be entered for a total of three image types (Fig. 5. See Note 15).

9. For each of the three image types keep the default criteria rules (i.e. match All: File / Does /
Contain), then enter either ‘Blue’, ‘Red’, or ‘Green’ into the box to the right of the ‘Contain’
statement corresponding with the exact spelling of the channel identifier used in the file-naming

convention detailed in Fig. 2.



10. Into the box labelled ‘Name to assign these images’ type DNA (for ‘Blue’ channel), GFP (‘Green’

channel) and CyclinA (‘Red’ channel).

11. The software will now be able to interpret the file name convention to associate images with
specific fields from defined well locations on the plate and associate them with the correct
fluorophore. This can be checked by selecting the ‘Update’ button in the lower part of the screen to
see if the correct image file names associate with the three named image types, in this example

‘Cyclin A’, ‘DNA” and ‘GFP’ (Fig. 5).

12. The ‘Groups’ settings in the Input Modules list are not used here and the default setting of ‘No’ is

to be selected.

3.5 High-content analysis — image analysis software settings

1. Overview — the steps above provide the software with a framework to relate sets of images to the
structure of the siRNA screen. The following settings further develop the Project file to enable
analysis of the cells in each image; the DNA stain data is used to identify individual cells via the
position of the nuclei (Fig. 6A); the resulting digital nuclei mask is used as a seeding point to establish
a cell mask based on the extent of GFP staining in the reporter channel image for each individual cell
(Fig. 6B); finally the nuclei mask is used again to deliver a cytoplasm mask by subtracting the nuclei
mask position from each corresponding cell mask (Fig. 6C). Fluorophore intensity data from each
channel is collected for related sets of nuclei and cytoplasm masks and additional nuclear/cytoplasm

GFP intensity ratios for each cell are calculated from these.

2. Using the mouse, select the ‘+> symbol next to ‘Adjust modules:” in the lower left corner of the
software to the ‘Add modules’ window. Use this interface to find and add the following modules in
this order: 1) IdentifyPrimaryObjects 2) IdentifySecondaryObjects 3) IdentifyTertiaryObjects
4)MeasureObjectIntensity 5) CalculateMath 6) ExportToSpreadsheet. Finally, select ‘Done’ to finish

adding new modules and return to the main software window (see Note 16).
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3. The added modules will appear in the ‘Analysis Modules’ list on the left (Fig. 7). Select the
IdentifyPrimaryObjects module in this list to open the settings for identifying cell nuclei from the

‘Blue’ channel images.

4. The default settings for the IdentifyPrimaryObjects module should now be adjusted to adopt those

shown in Fig. 7.

Briefly, ‘DNA’ should be selected in the drop-down menu at the top as input to link the module to the
‘Blue’ channel data. The suggested name ‘Nuclei’ in the next box will serve as the reference for the
nuclei-mask in subsequent modules used in the analysis. The remaining settings adopted in Fig. 7 are
revealed by choosing ‘Global’ in the ‘Threshold Strategy’ drop-down menu. Below this, the choice of
‘Otsu’, ‘Shape’ and ‘Propagate’ methods in their respective drop-down menus govern how
CellProfiler will distinguish the limits of each nucleus from the image background. Additionally,
close neighbours are resolved on the basis of shape and the assumption that apparently touching

nuclei are divided at the mid-point between their respective centres.

5. Parameters such as the accepted range of nuclei diameters (‘Typical diameter of objects’),
‘Threshold correction factor’ and ‘Lower and upper bounds on threshold’ will need to be adjusted to
suit each individual study. CellProfiler will use these settings to accept or reject nuclei ‘objects’ in
‘Blue’ channel images on the basis of several criteria - being within an anticipated size range; being

fully in the image; being within a threshold-defined intensity range (see Note 17).

6. Optional: At this stage the chosen settings can be tested by selecting the ‘Analyze Images’ button in
the lower left corner of the software to see if the resulting masks displayed in the Primary Objects
window agree with the appearance of the nuclei in the Blue channel input images (Fig. 8). Select with
the mouse to toggle to the ‘open eye’ icon next to the IdentifyPrimaryObjects module if the
PrimaryObjects window doesn’t open during analysis. Iterative rounds of trying different values here

will allow suitable values to be determined.
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7. Select the IdentifySecondaryObjects module in the Analysis Modules list to access the settings with
which the software will relate the Green channel (GFP-tagged CDK2 reporter) image data with each

corresponding nucleus identified in the previous module.

8. Using the settings in Fig. 9 will enable the IdentifySecondaryObjects module to create a mask of

each cell using the Green channel data.

Briefly, the GFP images and the Nuclei identified in the previous module are selected as ‘input
images’ and ‘objects’, respectively. Similar to their use in the IdentifyPrimaryObjects module, the
‘Threshold correction factor’ and ‘lower’ and “‘upper bounds’ are key to the success of this module
and are empirically derived as before (see Step 6 & Note 17). The aim here is to use threshold values
as low as possible to enable even very weak cytoplasmic GFP fluorescence to contribute to each

individual cell’s ‘Cells’ mask.

9. Select the IdentifyTertiaryObjects within the Analysis Modules list to access the settings with
which the software will create a ‘Cytoplasm’ mask by subtracting each Nuclei mask from its

corresponding Cell mask.

10. The Cells mask is to be selected in the drop-down menu for ‘larger identified objects’ and the
Nuclei mask in the corresponding drop-down menu for ‘smaller identified objects’ (Fig. 10). The
option to ‘shrink nuclei prior to subtraction’ is also selected here to ensure there will always be a

cytoplasmic mask generated for each cell.

11. Select the MeasureObjectIntensity module in the Analysis Modules list. Select the ‘Add another
image’ button twice so that the ‘DNA’, ‘GFP’ and ‘CyclinA’ images can be selected using the

resulting drop-down menus to be used for measurements (Fig. 11).

12. Next select the ‘Add another object’ button at the bottom of the MeasureObjectIntensity settings
and then select ‘Nuclei’ and ‘Cytoplasm’ to be the areas from which fluorescence intensity

measurements will be taken (Fig. 11. See Notes 18 & 19).
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13. Select the module CalculateMath in the Analysis Modules list to access the settings used to
calculate the ratio nuclear/cytoplasm GFP intensity for each cell. Type ‘GFP_Ratio’ in the box to

name the output measurement and use the ‘Operation’ drop-down box to select ‘Divide’ (Fig. 12).

14. The options that are now open in the CalculateMath module as a result of the selection of the
‘Divide’ Operation concern the definition of the numerator and denominator for the ratio calculation.
Both the numerator and denominator ‘measurement type’ drop-down boxes should be set to ‘Object’

and the subsequent drop-down boxes should be set to ‘Nuclei’ and ‘Cytoplasm’, respectively.

15. For both the numerator and denominator sections of the CalculateMath module, the ‘Category’,
‘Measurement’ and ‘Image’ drop-down boxes should be set to ‘Intensity’, ‘Meanlntensity’ and ‘GFP’,

respectively.

16. Select the final analysis module ‘ExportToSpreadsheet’ to access the settings that specify what

data is saved and written to the default output folder (determined in 3.4, Step 4).

17. The following settings of the ExportToSpreadsheet module should be changed from their default
positions: ‘Add a prefix to filenames’ is set to ‘No’, ‘Add image metadata columns to your object data

file’ is set to “Yes’ and ‘Select the measurements to export’ is also set to “Yes’ (Fig. 13A).

18. A button labelled ‘Press to select measurements’ will now appear, select this to reveal a ‘Select
measurements’ sub-window displaying a tree diagram of available measurements, which can be found
beneath the various object classes defined by the analysis (i.e. Cells, Cytoplasm, Experiment, Image

and Nuclei).

19. Inside this sub-window select the ‘Nuclei’ subclass to expand the measurement options and
subsequently select to open the ‘Intensity’ tree of options. Similarly, open ‘MeanIntensity’ and

‘Math/GFP’ and tick the boxes corresponding to ‘CyclinA’,”GFP’ and ‘Ratio’ (Fig. 13B).

20. Select the ‘OK’ button to close the ‘Select measurements’ sub-window. Next, select the ‘Analyze
Images’ button in the lower left corner of the main CellProfiler window to start the analysis. The

chosen ExportToSpreadsheet settings will now produce a ‘Nuclei.csv’ data file in the output folder.
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21. When the analysis is complete select ‘File’ and then ‘Save Project As...” in the upper left corner

of the CellProfiler window to save the analysis settings.

3.6 Example analysis — scatter plots of single cell siRNA screen data

1. The settings for CellProfiler described above will produce several comma-separated value (.csv)
files in the user-defined output location. Each file contains data and measurements corresponding to
different image-segmentation or file elements determined using these settings. Of these files,
Nuclei.csv contains the single-cell measurements ‘Intensity MeanlIntensity CyclinA’, corresponding
to the average nuclear intensity of Cyclin A antibody staining for each cell, and ‘Math GFP_Ratio’
corresponding to the ratio of nuclear/cytoplasmic mean GFP intensity per cell, respectively (Fig. 14.

See Note 20).

2. Each row of data in Nuclei.csv corresponds to observations of a single cell. Each row of data also
carries information indicating that cell’s location on the 96-well plate (‘Metadata_ Well”) and which

image field from that well it corresponds to (‘Metadata FieldNumber’).

3. The organisation of data in Nuclei.csv can thus be used to observe the behaviour of each cell in the
Cyclin A expression assay and GFP-CDK2 activity assay for each siRNA knockdown condition tested
(i.e. well position in the screen). A direct way to visualise this is to plot an x/y scatter plot of each cell
in a given well against its corresponding scores in both assays. The R script in Fig. 15 automates the

generation of these scatter plots on a well-by-well basis.

4. Install and run R on the computer to perform the analysis. After the R terminal opens copy and

paste the R script at the command prompt.

5. Amend line 6 in the script (Fig. 15) to be give the location of the Nuclei.csv file.

6. Between the quotation marks in line 11, type the well address of the cells to plot (e.g. “B2”).

7. On line 12 type a title for the scatter plot. For example this could describe the siRNA condition or

the position of the relevant well.
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8. Press the Enter key to run the amended R script and generate a plot relating the assay scores for

each cell in the chosen well.

Examples are shown in Fig. 16 demonstrating how cells subjected to knockdown of a candidate

modifier target respond differently in relation to the two assays.

4. Notes

1. The protocol assumes the screen will make use of parallel NT and siMOD siRNA transfections of
the RNAI library. To remove the epistasis component of the siRNA transfection steps, do not
supplement the siRNA buffer with any extra siRNA in Step 1 and dilute the library plate to yield

200nM. Then follow Steps 2-7, producing three replicate transfection plates.

2. The subsequent steps in the protocol will further dilute these siRNA such that the final
concentrations the cells will experience during reverse transfection will be 20 nM (library siRNA) and
5 nM (modifier siRNA). The 20nM oligonucleotide concentration is intended to produce a robust
level of knockdown across the various targets represented in the library, whereas the 5 nM used for
the siMOD target assumes prior characterisation/optimisation has identified this as sufficient to
achieve knockdown of this target. Additionally, we have determined a net concentration of 25 nM
oligonucleotide is not limiting for the amount of lipid described in this method. Other siRNA
concentrations for library or modifiers are possible and for studies with different cells and knockdown

targets/conditions further optimisation here is recommended to achieve optimum target knockdown.

3. The choice of transfection lipid and the amount to be used will need to be optimised if different
cells are to be studied. Ideally, an amount of lipid that can simultaneously deliver both the library and
modifier siRNA without approaching saturation is desired. This will require test transfections with
titrations of lipid against fixed concentrations of positive control siRNA, and vice versa, to identify

optimal knockdown conditions while avoiding toxicity from excessive reagent concentrations.
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4. The number of cells seeded at this point in the protocol has been optimised for the HCT116 cell
line. The number of cells must be high enough to yield a practical number of cells for images acquired
at the chosen magnification, however the cells must not be allowed to grow to confluency as contact
inhibition will likely interfere with the G1 transit assays. Taking these points into consideration, the
seeding density will need to be adjusted screens of differing duration and cell lines with differing
growth rates. Additionally, we have observed that HCT116 cells tend to clump following
trypsinisation, which will impact the accuracy of some counting methods and may prematurely result
in contact inhibition of newly seeded experiments. It is recommended that cells likely to clump be
passed through a sterile, blunt needle using a syringe to produce a finer mono-cellular aspirate after

trypsinisation.

5. Use of the breathable adhesive membranes to seal the newly transfected tissue culture plates is
critical to limit ‘edge-effect” whereby evaporation from the edges of the plate during the incubation
period places cells in these wells at a disadvantage. Use membrane seals in addition to the normal lids

supplied with the tissue culture plates.

6. Aspiration of the transfection media from the plates is preferable to tipping away the media.
Depending on the cell line used for a study, tipping and shaking a plate may shed cells from the plate
creating bias or increasing the variability of plate replicates. Ideally a vacuum-trap will be used with

an 8- or 12-well adapter to allow complete rows or columns to be aspirated in a single action.

7. We make the assumption this method is being carried out manually. The fixation and subsequent
permeabilisation steps in this method require 10-minute incubations with the respective solutions or
buffers. It is important to choose a fixed pattern of processing, such that timelines of incubation are
kept for all plates. Thus remove medium from and add fixative to the first plate, then sequentially
process subsequent plates using in fixed time intervals (i.e one minute). Return to the first plate to
remove fixative and add permeabilisation or storage solution after exactly 10 minutes, and process

subsequent plates in turn and after they have had 10 minute exposure to fixative.
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8. The use of 4% formaldehyde after aspiration of the media from the plates is a deliberately chosen
cell fixation strategy intended to preserve the fluorescence of the GFP-tagged reporter expressed by
the HCT116 cells described in this method. Use of higher concentrations of formaldehyde will begin
to irreversibly destroy the fluorescent signal. This is an important consideration as alternative
formaldehyde fixation pipetting strategies exist, such as adding higher stock concentrations of
formaldehyde directly to the medium, thus obviating the need for media aspiration. However, in our
experience using 96well formats, mixing formaldehyde with the media to arrive at the target
concentration of 4% will subject the cells to a transiently inaccurate concentration with unsatisfactory
preservation of the GFP fluorescence. If a study were to not use stably expressed fluorescent proteins,
instead making use of post-fixation stains such as antibodies and dyes, the choices for how to fix the

cells with formaldehyde become more flexible.

9. If storing the plates in this way it is recommended to use adhesive plate seals or a sealable plastic

bag to prevent evaporation from the plates.

10. The three permeabilisation washes can be reduced to one for some immune-staining epitopes. If
adapting this method to probe with different antibodies this may be a useful optimisation opportunity
to explore. In our experience, a 2" and 3™ round of permeabilisation has improved the reliability of

antibody detection for some nuclear epitopes.

11. Alexa Fluor 633 (AF633) was chosen as the fluorophore for the immunostaining of Cyclin A as it
has sufficiently different and non-overlapping excitation/emission spectra to Hoechst 33342 and GFP
such that these reagents are unlikely to interfere. Alternative fluorophores that could equally well

substitute for AF633 include AF647 and AF546, however, we do not recommend using fluorophores

with lower excitation wavelengths than AF546.

12. The file naming structure used in Fig. 2B is a suggestion and can be modified to suit studies with
different image data arrangements. For example, the renaming of a channel or addition/subtraction
from the total number of channels used. However, care will be needed to make sure that the

CellProfiler ‘Input modules’, Metadata and NamesAndTypes reflect the changes applied. This may
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also require additional modification of the regular expression shown in Fig. 2B if the pattern relating
the elements of the file naming convention change substantially. Refer to the Help ‘?’ button to the
right of the regular expression box in the CellProfiler ‘Metadata’ module for a guide how to modify

the regular expression to suit a new file naming convention.

13. The CellProfiler software is supported by an extensive user manual and a user forum available at

www.cellprofiler.org. These are a great resource to enhance the understanding of the user of the broad

scope of capabilities of this software beyond those used here.

14. Selecting the ‘Update’ button should fill a table at the bottom of the software window with details
extracted from the image file names arranged in columns under the appropriate headings. If this
doesn’t happen, consider selecting the magnifying glass icon to the right. This will allow you to check
the compatibility of the regular expression with the selected files’ names. The program will colour-
code the successfully recognised parts of the file names, thus identifying parts of the regular

expression that require attention.

15. The ‘NamesAndTypes’ module is the point in the software where the number of expected
channels is coordinated with the metadata settings and with the filenames given in the earlier
modules. So if a study uses more or less fluorophores than the three used in this method, this is where
the information entered should be adjusted to reflect the changing number of channels and the names

associated with them in later analysis modules.

16. Under the different categories within the ‘Add Modules’ window there are a large number of
modules enabling additional analytic features to be added beyond the scope of this protocol. The
reader is referred to the CellProfiler manual to explore these fully. Some modules will require others
to have already be implemented. Hence the recommended order of the modules used in the current
method is to satisfy the dependencies some modules have for functions of earlier analysis modules to
have already been carried out (e.g. IdentifySecondaryObjects requires an upstream
IdentifyPrimaryObjects module in the analysis to have completed prerequisite tasks before it can

function correctly).
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17. We find that once a useful set of values are found for the ‘Lower and upper bounds on threshold’
most of the routine fine-tuning between runs with different image sets can be achieved by adjusting
the ‘Threshold correction factor’. Generally, the upper bounds value can stay set to 1.0, however, the
lower bounds value should be adjusted if background staining is misdirecting the segmentation
apparent when an analysis is run. A good value for the lower bounds setting is a number above the
background intensity for the Blue channel images. Typical background intensity values can be
observed in the primary objects segmentation window that is produced during analysis (Fig. 8).
Holding the mouse pointer over areas outside of the nuclei in the original image will give a pixel

intensity value corresponding to those positions in the image in the lower left corner of the window.

Suitable values for the Threshold correction factor can be found by trial and error. Larger values used
in the IdentifyPrimaryObjects module will shrink the objects produced in the nuclei mask and smaller
values will allow them to expand. Using this principle, it should be possible to find a good consensus
value for the segmentation of all the Blue channel images for a data set. Too low a value will result in
frequent merging of close neighbours and too high a value will begin to miss nuclei with lower
intensities of staining. Start with a value of 1 and explore Threshold correction factor values above

and below this to determine where the best setting can be found.

18. Although not used in this analysis, a by-product of the settings used in the MeasureObjectIntensity
module will be the intensity values of DNA staining measured at the Nuclei and Cytoplasm regions in
each image. In this case, only the Nuclei measurements of staining intensity will be useful and the
option to collect the integrated DNA intensity for each nucleus can serve as a useful parameter in
identifying likely cell cycle phases of the corresponding cell at the time of fixing. This parameter has

to be selected later in the ExportToSpreadsheet module (Fig. 13B).

19. A useful module similar to MeasureObjectIntensity that may also fit into the analysis is
MeasureObjectSizeShape. This can be used to additional geometric parameters are useful to

characterise the cells in a study (e.g. size of Nuclei objects or Cell objects).
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20. The parameters used in the current analysis are all to be found in Nuclei.csv. Depending on the
analysis design and parameters chosen for export in the ExportToSpreadsheet module, some values of
interest may only be found in the other output files (e.g. Cells.csv or Cytoplasm.csv will be the files
containing parameters such as intensity measurements relating to the ‘Cells’ and ‘Cytoplasm’ masks,
respectively). If this is the case, the relevant column corresponding to the measurement of interest can
be cut/pasted into the ‘main’ csv file containing the majority of useful data to combine them into one
comprehensive file for further analysis. The row-order which the cells adopt will be identical across
each of the unmodified csv files produced by the same analysis (e.g. Cells.csv,Cytoplasm.csv and

Nuclei.csv).
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Figure Caption

(A) siRNA library (2 pM)

Pipette copies to new plates

7 ul / \7}11

+ 63 pul ‘NT’ buffer + 63 pl ‘siMOD’ buffer
(70 i) l
+ 105 pl lipid mix l
(B)
175 nl) l l
Mix at room temperature 10 minutes
Sub-divide complexes
to triplicate
©) | opaque? plates |

(S0 pl)

l + 150 pl cells l
(f.c. 8000 cells per well ,20 nM library siRNA + 5 nM NT or MOD siRNA)

(200 ul) l

Seal plates and incubate

Fig.1. Pipetting scheme for reverse transfection of adherent tissue culture cells with arrayed siRNA

oligonucleotides. Steps either side of the dashed line represent preparation of parallel copies of the
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library siRNA transfections combined with either non-targeting (NT) siRNA or a specific additional
modifier siRNA (siMOD). This siRNA screen can either look for epistatic modifiers of the siMOD
target gene or, vice versa, to test a candidate siMOD target for epistatic impact on the various targets
in the library. Values in bold and in parentheses indicate the current volume per well of liquid in the
plates upon completion of the indicated steps. (A) A plate of an siRNA library arrayed in a 96 well
format is diluted in siRNA buffer to yield a 200 nM copy on a new plate containing 70 ul final
volume. The siRNA dilution buffer is supplemented with either 55.5 nM NT or siMOD siRNA, or
non-supplemented if the screen does not involve a modifier (see Note 1). (B) Lipid-siRNA complexes
are generated by adding diluted lipid mix to the plate(s). (C) The resulting complexes are then sub-
divided into three copies on new plates, each with opaque walls and a transparent base, to which the
cells are subsequently added. Final oligonucleotide concentrations once the cells have been added are

20 nM for the library siRNA and 5 nM for the modifier siRNA.
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A)

Fields

Channels: ‘Blue’ ‘Green’ ‘Red’
Hoechst Reporter Antibody

v

\ 1
\ 1 1
\ 1
v
v
Well: A3\ !/ (B)
.I A3 1Blue
File names: A3 1Green
A3 1Red
- -=" -7 - I'
Regular expression: == II
__——"—— /
--—" /
(?P<WellRow>\w?[A-H])(?7P<WellColumn>\d{1,2}) (?7P<Channel>.*)

Fig. 2. Organisation of acquired image files for subsequent analysis. (A) Images are acquired for three
wavelengths corresponding to emission of the fluorescent DNA dye, the emission of a GFP-tagged
CDK2 reporter and emission of the fluorophore used for the detection of bound Cyclin A antibody.
Sets of these three channel images are taken for a number of non-overlapping fields per well to
collectively image a target number of cells (e.g. 800-1000). (B) Image files from a given screening
plate should adopt a naming convention whereby a common experiment name followed by well
address, iterative field number and a channel identifier. The example used here gives each file a
unique name using this structure with which related sets of channel images can later be traced back to
common fields and cells within these for any specific well. Below the example file names is the
required ‘regular expression’ code that CellProfiler can use to interpret this specific example of file

name structure.
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File Edit Test DataTools Window Help
Pipeline Module notes

Input modules To begin creating your project, use the Images module to compile a list of files and/or
V _ folders that you want to analyze. You can also specify a set of rules to include only the
V Metadata desired files in your selected folders.

V NamesAndTypes File list

V Groups B C:\Users\ss2233\Documents\Work\MiMB\image_files
. experiment_name_B2_0Blue. tif
Analysis modules experiment_name_B2_0Green, tif
experiment_name_B2_0Red. tif
experiment_name_B2_1Blue. tif
experiment_name_B2_1Green. tif
experiment_name_B2_1Red. tif
experiment_name_C2_0Blue. tif
experiment_name_C2_0Green. tif
experiment_name_C2_0Red. tif
experiment_name_C2_1Blue. tif
experiment_name_C2_1Green. tif
experiment_name_C2_1Red.tif
experiment_name_C2_2Blue. tif

experiment_name_C2_2Green. tif

experiment_name_C2_2Red.tif
Show files exdluded by filters

Module settings

s e oty
View output settings ages? | Images only Vv
| Apply fiters to the fie list |
Adjust modules: - A

’ P start Test Mode H P Analyze Images

Welcome to CellProfiler

Fig. 3. Screen capture of the CellProfiler main window early in the process of setting up an analysis.

Image files have been dragged using the mouse into the large pane on the right where the file names
can be viewed. The destination of analysis output files can be set using the ‘View output settings’

button on the lower left of the screen. At this stage no analysis modules have yet been added in the

large pane on the left. If settings from any previous analysis have been saved as a project file this can

be loaded now to populate the remaining settings to perform an analysis. This protocol assumes the
Project file still needs to be created in the subsequent steps, however, selecting File/Open Project...

the top of the screen allows loading of a previous Project file and its settings.

at
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Module notes

The Metadata module optionally allows you to extract information describing your images (i.e, metadata) which will be stored along with your
measurements. This information can be contained in the file name and/or location, or in an external file.

Module settings

Extract metadata?

Metadata extraction method \Extract from file/folder names

Metadata source

Regular expression ’ ~,%(2P <WellRow >\w?[A-H]) (2P <WellColumn >\d{1,2})_(?P <FieldNumber >\d{1,2})(?P <Channel>. ). tif| ‘

Extract metadata from

®@vYes (ONo

v

l All images

vl

| Add another extraction method |

(2]
2]
2]
(2]
2]

[2]

WeA

Path / URL | Senesl Framel Channel | FieldNumber FileLocation ‘ well ‘ WellColumn
1 C:\Users\ss22..._B2_OBlue.tif 0 0 Blue 0 file:///C:/Us..._B2_OBlue.tif B2 2 B
2 C:\Users\ss22...B2_0Green.tif |0 0 Green 0 file:///C: /Us...B2_0OGreen.tif B2 2 B
3 C:\Users\ss22...e_B2_ORed.tf 0 0 Red 0 file:///C:/Us...e_B2_ORed.tif B2 2 B
4 C:\Users\ss22..._B2_1Blue.tif 0 0 Blue 1 file:/f/C:/Us..._B2_1Blue.tif B2 2 B
< >

Welcome to CellProfiler

Fig. 4. Screen capture of the Metadata module in CellProfiler. Following the operations described in

Figure 3, open this window by selecting the‘Metadata’ tab in the list of ‘Input modules’ in

CellProfiler. ‘Metadata’ stipulates conditions for extraction of data from the image file names. Shown

are the settings to make use of the ‘regular expression’ from Fig. 2 allowing the CellProfiler software

to relate each image to the part it performs in the structure of the whole experiment. Selecting the

‘Update’ button in the lower left of the screen displays the separated metadata elements from each

filename and serves as a visual check that the settings are correct.
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Module notes
The NamesAndTypes module allows you to assign a meaningful name to each image by which other modules will refer to it. A

Module settings

Assign a name t0|1magesmahdingn.les v|
Select the rule criteriaMatch (Al v | of the following rules

[2]
IFie VlDoes vlConta’n v |Blue . E]

Name to assign these images IDNA

Set intensity range from

Select the rule criteriamatch (Al v | of the following rules
|File v|Does  v|contain v |Green

]
a

Name to assign these images IGFP

Set intensity range from

Select the rule criteriamatch |All v | of the following rules
IFie leoes vlConta'n v |Red

E
FEE B EEE B BEE

Name to assign these images |CydinA

Set intensity range from

| Add another image || Add a single image |

Image set matching method

]

CydinA DNA | GFP
1 xperiment_name_B2_ORed. tif | experiment_name_B2_0Blue.tif experiment_name_B2_0Green.tif
2 experiment_name_B2_1Red.tif experiment_name_B2_1Blue.tif experiment_name_B2_1Green.tif
3 experiment_name_C2_0Red.tif experiment_name_C2_0Blue.tif experiment_name_C2_0Green. tif
4 experiment_name_C2_1Red.tif experiment_name_C2_1Blue.tif experiment_name_C2_1Green. tif
5 experiment_name_C2_2Red.tif experiment_name_C2_2Blue.tif experiment_name_C2_2Green. tif

Welcome to CellProfiler

Fig. 5. Screen capture after selecting the ‘NamesAndTypes’ tab in the list of ‘Input modules’ in
CellProfiler. Here rules are entered such that biologically meaningful names are assigned to the image
files bearing the corresponding channel identifiers. Three rule sets are shown here, one for each
channel used. At the bottom of the screen use of the ‘Update’ button has been selected to test the

settings with the current image files similar to the check applied in Fig. 4.
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Channels: ‘Blue’ ‘Green’ ‘Red’
Hoechst Reporter Antibody

(B)

Nuclei mask
(BGR)

Cells mask

©

Cytoplasm mask

B

Fig. 6. Image segmentation strategy. The settings described here will guide the CellProfiler software
to use the fluorescence intensity information in corresponding ‘Blue’, ‘Green’ and ‘Red’ channel
images to identify individual cells and fit to these data-derived measurement areas (‘masks’) from
which subsequent measurements will be taken. (A) The nuclei visualised in the ‘Blue’ channel
representing Hoechst DNA dye fluorescence define a ‘Nuclei mask’ which locates cells individually
and separates closely spaced cells. (B) The Nuclei mask from the ‘Blue’ channel image and the GFP
intensity values from the ‘Green’ channel image are combined to create a ‘Cells mask’. The Nuclei

mask is used as the starting points to find zones of GFP positivity that propagate outwards from each
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nucleus. User-defined thresholds in CellProfiler will allow this to proceed until either the limits of the

cell are reached (i.e. background levels of low GFP are reached) or when the midpoint between two

touching cells is detected. (C) The Nuclei mask pattern for each field is subtracted from its

corresponding Cells mask to produce a donut-like ‘Cytoplasm mask’ for each cell. Each mask can

now be used in the analysis as an area for fluorescence intensity measurements from any channel. The

‘Red’ channel, in this experiment representing immunodetected Cyclin A, does not contribute to the

segmentation that produces the masks in this example analysis.

CellProfiler 2.1.1 (rev 6c2d896): MiMB_CP-analysis.cpproj (C:\Users\ss2233\Documents\Work\MiMB)

Analysis modules

File Edit Test DataTools Window Help

Pipeline
Input modules

Q/ Images

Q/ Metadata

y/ NamesAndTypes
v Q/ Groups

e B iniprmarschiecs |

5\/ IdentifySecondaryObjects
EQ/ IdentifyTertiaryObjects

@\/ MeasureObjectIntensity
@V CalculateMath

v @Q/ ExportToSpreadsheet

Output
View output settings
? Adjust modules: | +
B start Test Mode P Analyze Images

Module notes

Module settings
Select the input image | oy v | (from NamesAndTypes)
Name the primary objects to be identified | Nudei

Typical diameter of objects, in pixel units (Min,Max) |9 |70

Discard objects outside the diameter range? (@) yes (DNo

Discard objects touching the border of the image? (@)yes (O)No
Threshold strategy | Global v
Thresholding method | Otsu v
Two-dass or three-class thresholding? | Two dasses v
Minimize the weighted variance or the entropy? Weighted variance v
Select the smoothing method for thresholding | Automatic v
Threshold correction factor 2,5
Lower and upper bounds on threshold 0.0003 | 1.0
Method to distinguish dumped objects | shape v

Method to draw dividing lines between clumped objects | propagate v

Automatically calculate size of smoothing filter for dedumping? @) yes ()No
Automatically calculate minimum allowed distance between local maxima? (@) yes (O)No
Speed up by using lower-resolution image to find local maxima? (@) yes (O)No

Retain outlines of the identified objects? (V) ves @ No

Fill holes in identified objects? | After both thresholding and declumping v

Handling of objects if excessive number of objects identified | Continue v

[Welcome to CellProfiler

Fig. 7. Screen capture after selecting the ‘IdentifyPrimaryObjects’ analysis module in CellProfiler.

The ‘IdentifyPrimaryObjects’ module is used to produce the Nuclei mask from the Hoechst DNA dye

fluorescence data from each field. The settings applied here use the ‘Blue’ channel images named

earlier in the analysis as ‘DNA’ (Fig. 5). Limits on acceptable sizes of nuclei are defined here,
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followed by the intensity threshold method, the thresholds themselves, rules to separate close nuclei

and the exclusion of nuclei not entirely within the image. See Note 17 for details on adjusting the

thresholding settings.

File

IdentifyPrimaryObjects #5, image cycle #1 = 1= n

Tools Subplots Help

OO+ B

X: 312

Input image, cycle #1

200
400
600
800
1000
1200

0 2004006008001000200
Nuclei outlines

200 [INEES

Threshold
# of accepted objects 336
g y 10th pctile diameter 21.4 pixels
600 g Median diameter 26.7 pixels
800 [ V 90th pctile diameter 33.4pixels
Area covered by objects 12.2%
1000 Thresholding filter size 1.0
1200 § e . . Declumping smoothing filter size 6.0
0 200400 0 8001000200 Maxima suppression size 6.0

Y: 1192 Intensity: 0.0096

Fig. 8. Screen capture of the PrimaryObjects window displaying images from a test analysis by the

selected IdentifyPrimaryObjects settings. To determine the suitability of the settings in the

‘IdentifyPrimaryObjects’ module in CellProfiler the resulting object identification should be tested

visually by observing this window for a representative number of fields during a test analysis. Select

the ‘Eye’ icon to the left of the Analysis modules to ‘open’ prior to selecting the ‘Analyze Images’

button at the bottom of the page. The fit of a mask to each source image will be displayed in turn. This

allows some trial-and-error amendment of threshold settings under the respective analysis module to
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adjust object selection to the image properties, which are likely to vary between different studies and

depend on the cell type used and conditions tested

(] CellProfiler 2.1.1 (rev 6c2d896): MiMB_CP-analysis.cpproj (C:\Users\ss2233\Documents\Work\MiMB) = &= n
File Edit Test DataTools Window Help
Pipeline Module notes
Input modules
V Images
\'/ Metadata Module settings
/' NamesAndTypes )
v / Groups Select the inputimage | gep v | (from NamesAndTypes) ?

Analysis modules

@\/ IdentifyPrimaryObjects
=% Name the objects to be identified Cells ?
B\‘/ IdentifyTertiaryObjects
@\/ MeasureObjectIntensity
@V/ CalculateMath Threshold strategy | Global v ?
v @ Q/ ExportToSpreadsheet

Select the input objects [y, v (from IdentifyPrimaryObjects #05) 2

Select the method to identify the secondary objects | propagation v ?

Thresholding method | Otsu v ?
Two-dass or three-dass thresholding? Two dasses v ?

Minimize the weighted variance or the entropy? | weighted variance v

Select the smoothing method for thresholding No smoothing v ?
Threshold correction factor | 1.0 ?

Lower and upper bounds on threshold |0.0006 | 1.0 ?
Regularization factor |0.05 ?

Fill holes in identified objects? @) yes (O)No
Discard secondary objects touching the border of the image? (OYes @No

Retain outlines of the identified secondary objects? (7)ves @)No

.Fig. 9. Screen capture after selecting the ‘IdentifySecondaryObjects’ analysis module in CellProfiler.
The module settings shown here create a ‘Cells’ mask from the ‘GFP’ images (this name being
applied to the ‘Green’ channel data earlier in the NamesAndTypes module). Importantly, the ‘Nuclei
mask’ is selected as the ‘input objects’ to identify the positions of the cells and their nuclear
compartment in the GFP images. It is from these nuclear compartment positions that the extent of the
‘Cells mask’ will be determined using a propagation method. Intensity threshold values are used here
to specify background versus GFP fluorescence, similar to those used in the IdentifyPrimaryObjects
module. It is advisable to set the threshold correction factor as low as possible to still detect GFP
while excluding the space in each image between GFP expressing cells so that even very weak
cytoplasmic GFP positivity is detectable. This way the ‘Cells’ mask approximates as close to a whole
cell footprint as possible, even for cells where the majority of the GFP may be nuclear. As for the
IdentifyPrimaryObjects module, apply a test analysis by selecting the ‘Eye’ icon to the left of the

IdentifySecondaryObjects module tab to ‘open’, then select the ‘Analyze Images’ button at the bottom
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of the page to ensure the threshold settings lead to appropriate image dissection in the corresponding

SecondaryObjects window. Adjust parameters if necessary as noted under Fig. 8 and Note 17.

16c2d896): MiMB_CP-analysis.cpproj (C:\Users\ss2233\Documents\Work\MiMB) = 1=

Module notes

Module settings
Select the larger identified objects oo o (from IdentifySecondaryObjects #06) 2
Select the smaller identified objects [\, dei v (from IdentifyPrimaryObjects #05) ?
Name the tertiary objects to be identified | Cytoplasm ?

Shrink smaller object prior to subtraction? (@) yes (D)o

Retain outlines of the tertiary objects? (7)yves @)No

Fig. 10. Screen capture after selecting the ‘IdentifyTertiaryObjects’ analysis module. The
IdentifyTertiaryObjects module settings shown will create a ‘Cytoplasm mask’ by subtracting ‘Nuclei
mask’ outlines from the corresponding ‘Cells mask’ outlines. As before in the previous ‘Identify...’
modules, the corresponding ‘eye’ icon can be set to open to display the newly created mask in relation
to the original images upon selecting the ‘Analyze Images’ button. The accuracy of this mask is
entirely dependent on the settings chosen within the IdentifyPrimaryObjects and
IdentifySecondaryObjects modules earlier in the analysis. The ‘Cytoplasm’ and ‘Nuclei’ masks will

be used in subsequent modules for intensity measurements and nuclear/cytoplasm ratio calculations.
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6c2d896): MiMB_CP-analysis.cpproj (C:\Users\ss2233\Documents\Work\MiMB)

Module notes

Module settings

Select an image to measure

Select an image to measure

Select an image to measure

Select objects to measure

Select objects to measure

DNA v | (from NamesAndTypes)

GFP v (from NamesAndTypes)

Remove this image

CydinA v | (from NamesAndTypes)
Remove this image

Add another image

Nucdlei v | (from IdentifyPrimaryObjects #05)

Cytoplasm v (from IdentifyTertiaryObjects #07)
Remove this object

Add another object

Fig. 11. Screen capture after selecting the MeasureObjectIntensity analysis module. This module is

used to specify which channel images are to be used for fluorophore intensity measurements. In the

lower part of the module, the particular mask-objects defined earlier in the analysis are selected as the

areas within each image from which the intensity measurements are to be taken. The settings shown

here will generate intensity measurements in all three channels (DNA, GFP and CyclinA) and be

taken for each cell’s corresponding ‘Nuclei mask’ and ‘Cytoplasm mask’. Only Nuclei mask

measurements will be used for the Cyclin A staining, whereas GFP intensity measurements from both

Nuclei and Cytoplasm masks per cell will be used in the next step of the analysis to calculate

nuclear/cytoplasm ratios for the CDK2 reporter.
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Module notes

Module settings

Name the output measurementIGFP_Raﬁo

Operation

Select the numerator measurement type
Select the numerator objects (from IdentifyPrimaryObjects #05)
Select the numerator measurement Category:

Measurement: IMeanIntens'ty v I

nse

Multiply the above operand byl 1.0

Raise the power of above operand by [ 1.0

Select the denominator measurement type

Select the denominator objects Cytoplasm V| (from IdentifyTertiaryObjects #07)

Select the denominator measurement Category:

Measurement: IMeanInbensitY v I

—

Multiply the above operand by I 1.0

Raise the power of above operand by I 1.0

Take log10 of result? () yes @ No

Multiply the result byl 1.0

Raise the power of result byl 1.0

Add to the resultlo.o

Constrain the result to a lower bound? () yes @)No

Constrain the result to an upper bound? (7)yes @ No

Welcome to CellProfiler

Fig. 12. Screen capture after selecting the CalculateMath analysis module. This module can be used to
determine mathematical relationships using specified measurements. For this analysis CalculateMath
is used to produce a nuclear/cytoplasmic ‘GFP_Ratio’ parameter for each cell using a combination of

specific measurement, image and mask values generated in the earlier modules of the analysis. The
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‘Divide’ operation is used in this analysis with a combination of ‘MeanlIntensity’ values taken from

the GFP images of the ‘Nuclei’ and ‘Cytoplasm’ mask areas of each cell.

(A) Module notes

Module settings

Select the column delimiter | iComma (*,")]

Output file location I Default Output Folder v

Add a prefix to file names? (V)yves @No

Overwrite without warning? @ves ONo

E B EER

Add image metadata columns to your object data file? () yes (ONo

Limit output to a size thatis allowed in Excel? OYes @No

(B) Representation of Nan/Inf

Select the measurements to export () yes (ONo

X
.

&-[8] Intensity A
@-[8] Integratedintensity
@[] IntegratedintensityEdge

EE EE E

ents? (T)yes @No

@[] LowerQuartileIntensity eNs? Oves @No

@[] MADIntensity

@[] MassDisplacement ents? ()ves @No

D MaxIntensityEdge Tfle? Oyes @No

&-[#] Meanintensity

P} CydinA yPes? @) ves (O)No E

&[] MeanIntensityEdge
#-[_] MedianIntensity
|:] MinIntensity
|:] MinIntensityEdge
@[] StdIntensity
&[] StdIntensityEdge
@[] UpperQuartieIntensity
#-[_] Location
[_] Math
...[¥] Ratio v
Key: [ ] No subitems selected / not selected
All subitems selected / selected
[w] Some subitems selected. Open tree to see selections.

Lok || Cancel |

Fig. 13. Screen captures after selecting the ExportToSpreadsheet analysis module. The

ExportToSpreadsheet module is used to specify which parameters from those generated in the



analysis should be saved to an output file for subsequent data analysis. (A) Screen capture of the main

screen of the module once the ‘Select measurements to export’ option has been set to ‘Yes’ and the

‘Press to select measurements’ button has been revealed. Other key settings here are the choice of

comma-delimiter, also ‘Add image metadata columns...” which have been set to “Yes’. (B) Selecting

the ‘Press to select measurements’ button opens this sub-window where a tree diagram allows

selection of specific measurements for the various output files. The selected check-boxes shown here,

for example, are ticked such that the Nuclei.csv output file used in this method will contain mean-

intensity values for nuclear CyclinA and GFP as well as the nuclear/cytoplasmic GFP ratio for each

cell.
Al N fe ImageNumber
A B C D E F G H | J K L M N [¢]

1 [ImagdObjec MetacMetacMetacMetacMetacMetadata_Well Met Met Intensity_Meanl ity_CyclinA | ity_GFP Math_GFP_Ratio

2 1 1 nan 0 nan 0 0 B2 2B 0.00139633 0.004198448 1.533248198
3 1 2 nan 0 nan 0 0B2 2B 0.001498223 0.00478161 1.87220256
4 1 3 nan 0 nan 0 0B2 2B 0.003066692 0.008932908 2.02092852
5 1 4 nan 0 nan 0 0B2 2B 0.002666373 0.007158832 2.714209119
6 1 5 nan 0 nan 0 0B2 2B 0.002299002 0.016080596 3.300196081
7 1 6 nan 0 nan 0 0 B2 2B 0.000947178 0.00529508 1.343685931
8 1 7 nan 0 nan 0 0B2 2B 0.003167216 0.013874296 3.546157208
9 1 8 nan 0 nan 0 0B2 2B 0.006044659 0.005122665 1.916539498
10 1 9 nan 0 nan 0 0B2 2B 0.001240038 0.004647001 1.791802609
1 1 10 nan 0 nan 0 0B2 2B 0.003987835 0.014322417 4.922882256
12 1 1lnan 0 nan 0 0 B2 2B 0.002181585 0.011921725 2.677402614
13 1 12 nan 0 nan 0 0B2 2B 0.006916687 0.004344801 1.045273484
14 1 13 nan 0 nan 0 0B2 2B 0.003318747 0.01756579 3.503633436
15 1 14 nan 0 nan 0 0B2 2B 0.002715556 0.002330896 0.84093317
16 1 15nan 0 nan 0 0B2 2B 0.006974713 0.002230089 1.103462836
17 1 16 nan 0 nan 0 0 B2 2B 0.000247419 0.00193663 0.675552178
18 1 17 nan 0 nan 0 0B2 2B 0.002294218 0.005137039 1.697352713
19 1 18 nan 0 nan 0 0B2 2B 0.001674343 0.005906545 2.092818787
20 1 19 nan 0 nan 0 0B2 2B 0.001792017 0.008351426 2.428334599

Nuclei ® ‘

Fig. 14. Screen capture of the output file Nuclei.csv when opened in Microsoft Excel. Each row
corresponds to an individual cell identified using CellProfiler. Each column is either a metadata
element associated with that cell (e.g. Well, field number) or quantitative data as specified in the

ExportToSpreadsheet module (e.g. Intensity MeanlIntensity CyclinA, Math GFP_Ratio).
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#install plotting package
require(ggplot2) install.packages (gglot2)
Tlibrary(ggplot2)

#set directory and name of analysis data file

setwd("C: /Users/ss2233/Documents /Work/MiMB/output_files")
path <- "Nuclei.csv" #adjust to match chosen filename
data <- read.csv(file=path,header=TRUE)

VNV A WN

10 #choose well to plot

11 set_wells <- c("B2")

12 title <- ("Non-Targeting siRNA")

13 x <- ("GFP-CDK2 Reporter (nuc/cyt) ratio")

14 y <- ("Nuclear CyclinA\nantibody intensity")

15 set <- datal[data$Metadata_well %in% set_wells,]

17 #assign thresholds for assays
18 CycAthresh <- c(2.5e-04)
19 GFPthresh <- c(1.5)

21 #calculate %cells per plot quadrant subpopulation relative to thresholds

22 set_dim <- dim(set)

23 ul <- 100* (sum(set$Intensity_MeanIntensity_CyclinA >= CycAthresh & set$Math_GFP_Ratio < GFPthresh)/set_dim[1])
24 11 <- 100* (sum(set$Intensity_MeanIntensity_CyclinA < CycAthresh & set$Math_GFP_Ratio < GFPthresh)/set_dim[1])
25 ur <- 100* (sum(set$Intensity_MeanIntensity_CyclinA >= CycAthresh & set$Math_GFP_Ratio > GFPthresh)/set_dim[1])
26 1r <- 100* (sum(set$SIntensity_MeanIntensity_CyclinA < CycAthresh & set$Math_GFP_Ratio > GFPthresh)/set_dim[1])

28 #create x/y scatter plot of cell assay data from selected well displaying threholds and subpopulation percentages

29 set_xyplot <- gplot(Math_GFP_Ratio, Intensity_MeanIntensity_CyclinA, data = set, xlim = c(0,6), alpha = 1(1/10), main = title,
xlab = x , ylab = y)

30 set_xyplot + theme(panel.grid.minor = element_blank()) +

31 geom_vline(aes(xintercept = GFPthresh),size = 1.5, data = set, color = "white") +

32 geom_hline(aes (yintercept = CycAthresh),size = 1.5, data = set, color = "white") +

33 annotate("text”, x = 0.25, y = 0.8%(range(set$Intensity_MeanIntensity_CyclinA)[2]),size = 8, Tlabel = signif(ul, digits = 3))+

34 annotate("text”, x = 0.25, y = le-04,size =8, label = signif(11, digits = 3)) +
35 annotate("text”, x = 5, y = 0.8"(range(set$Intensity_MeanIntensity_CyclinA)[2]),size = 8, label = signif(ur, digits = 3)) +
36 annotatel("text", x = 5, y = le-04,size = 8, label = signif(Ir, digits = 3))|

Fig. 15. R-script to plot annotated scatter plots using the Nuclei.csv file. Installing R onto a computer
and running this code will produce a scatter plot of individual cell values from Nuclei.csv. The x-axis
displays GFP-ratio values calculated from the GFP-CDK2 reporter and the y-axis the mean nuclear
fluorescence intensity of CyclinA antibody staining. User-specified threshold values for both assays
can be entered to gate the population and the position of these gates will be superimposed as lines
crossing the plot. The percentages of cells within each gate will be automatically displayed over the
resulting quadrants. Only those cells in Nuclei.csv corresponding to the specified well-address (e.g.
A1) will be plotted and the title of the plot may be user-adjusted to indicate either the well used or the

relevant siRNA knockdown condition used in that well
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Fig. 16. Example scatter plots of data produced using this analysis strategy. The R-script in Fig. 15
has been used in conjunction with an output Nuclei.csv file from a siRNA screen. The x-axes display
GFP-ratio values calculated from the GFP-CDK2 reporter and the y-axes the mean nuclear
fluorescence intensity of CyclinA antibody staining in arbitrary units. Positions of the assay
thresholds (bold white lines) are set based on observations of a relevant test set of wells present on
each plate of the screen and numbers in each of the quadrants represent the percent cells of the plotted
population contained therein. (A) Individual cell assay values from a test set of siRNA representing
NT oligonucleotide, siRNA targeting Cyclin A and a siRNA mixture targeting the G1 phase cyclin-

dependent kinases CDK6 and CDK4. The Cyclin A knockdown data was used to set an arbitrary
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threshold for Cyclin A expression positivity/negativity (horizontal white line) whereas the rightwards
trend of the double CDK4 and CDK6 knockdown data, resulting in enrichment of CDK2 negative G1
cells, was used to estimate a suitable value for the vertical threshold of the GFP-CDK2 reporter. (B)
Example screen data where a candidate epistatic modifier (siMOD) is shown cancelling loss of CDK2
activity and Cyclin A in cells, otherwise driven by loss of CDK6. Non-targeting siRNA control and
CDK6 siRNA data values in the absence (upper panels) and presence (lower panels) of a candidate
epistatic sSiMOD siRNA are shown, respectively. NT siRNA substitutes for the absent siMOD siRNA
in the upper panel data such that the total siRNA concentration is constant across all transfection

conditions in the screen.
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