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OPEN - An image-based screen for secreted
paTapEscripTor | Proteins involved in breast cancer
GO cell cycle arrest

William A. Weston'”7, Jordan A. Holt>%7, Anna J. Wiecek?, James Pilling®*,
Lovisa Holmberg Schiavone®?, David M. Smith(®?%, Maria Secrier® & Alexis R. Barr®%2™

Secreted proteins regulate the balance between cellular proliferation and GO arrest and therefore play
important roles in tumour dormancy. Tumour dormancy presents a significant clinical challenge for
breast cancer patients, where non-proliferating, G0-arrested cancer cells remain at metastatic sites,
below the level of clinical detection, some of which can re-enter proliferation and drive tumour relapse.
Knowing which secreted proteins can regulate entry into and exit from GO allows us to manipulate their
signalling to prevent tumour relapse. To identify novel secreted proteins that can promote breast cancer
GO arrest, we performed a secretome-wide, image-based screen for proteins that increase the fraction
of cells in GO arrest. From a secretome library of 1282 purified proteins, we identified 29 candidates
that promote GO arrest in non-transformed and transformed breast epithelial cells. The assay we

have developed can be adapted for use in other perturbation screens in other cell types. All datasets
have been made available for re-analysis and our candidate proteins are presented for alternative
bioinformatic refinement or further experimental follow up.

Background

Proliferating cells can exit the cell cycle into a state of GO arrest. The term GO arrest is most broadly used to
describe any non-proliferating cell, including the reversible arrest state of quiescence and the irreversible arrest
state of senescence!?, and cells that exit the cell cycle from either G1 or G2°-. Tight control of cell proliferation
is essential for healthy tissue development and homeostasis, and aberrant proliferation drives tumorigenesis”®.
Tumour dormancy describes residual tumour cells which can evade treatment and immune clearance to sur-
vive below detectable levels in patients, often at metastatic sites, before re-entering a proliferative state and
driving tumour relapse”!?. Tumour cells that reawaken can be said to be in quiescence since they are able to
return to proliferative cell cycles. Recurrent tumours can appear as long as 25 years after primary treatment in
oestrogen-receptor positive (ER+) breast cancer and are frequently metastatic, with more aggressive therapy
resistant phenotypes'"'2. Given the lack of treatment options for tumour dormancy, recurrent metastatic disease
remains a significant clinical challenge to cancer patients'*-'*. One goal to prevent dormant tumour cell reawak-
ening is to maintain an indefinite GO arrest in cancer cells.

Transitions into and out of GO arrest are controlled by intrinsic and extrinsic cues which converge on the
activity of cyclin-CDK complexes to regulate cell cycle gene expression'®'”. If cyclin-CDK activity reaches, or is
maintained at, a minimum threshold, then cells will proliferate. Below that threshold, and cells will remain in, or
enter, GO arrest. We and others have previously shown that intrinsic DNA damage, or replication stress, occur-
ring during normal proliferation, can promote a “spontaneous” p53- and p21-dependent GO arrest after mitotic
exit!®-22, Secreted proteins, including growth factors, cytokines, surface receptors, and extracellular matrix
(ECM) components, are extrinsic factors that play a key role in GO arrest-proliferation decisions, both in healthy
tissue and in regulation of the tumour microenvironment?-?. For example, secretion of thrombospondin-1 in
breast cancer vasculature**, or osteopontin and TGFb2 in the bone marrow of leukaemia patients, have been
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shown to induce GO arrest in tumour cells®*>. TGFb1 has also been shown to induce GO arrest in squamous cell
carcinoma cells®, while IFN-1 and IFN-~ can induce GO arrest in lymphoblasts or hepatocytes respectively®**>.

The secretome comprises approximately 13% of human protein-coding genes, yet the function of most
secreted proteins remains poorly characterised®**”. Despite this, ~70% of clinically approved treatments use
or target secreted proteins, or cell surface associated membrane proteins®®. Considering their significant func-
tional relevance in regulating GO arrest, and apparent translational potential, secreted proteins present a valuable
opportunity to target tumour dormancy processes. However, a systematic investigation of the secretome and
its role in cancer cell GO arrest has not been performed. Therefore, to identify novel secreted proteins that can
promote GO arrest in breast cancer cells, we developed a high-throughput, secretome-wide, image-based protein
screen. Our screen used a purified secreted protein library (1282 proteins), generated by AstraZeneca in collab-
oration with the Royal Institute of Technology (KTH) in Stockholm?**, but our methodology can be applied to
any perturbation screen to identify proteins that regulate proliferation-GO transitions®. Here, we use the term
GO arrest in its broadest sense, encompassing any cell in a population that is outside the proliferative cycle, in
a given timeframe. Additional downstream analyses would be needed beyond the screen to identify the nature
of GO arrest in response to any given protein. Portions of this secretome library have been previously used in
screens to identify a role for FGF16 in stimulating proliferation of cardiac progenitor cells*, to uncover roles for
GDF-7, PAP, IFN«-7 in stabilising Regulatory T-cell (Treg) phenotypes*! and revealing the impact of FGFs 1, 4,
9 and 18 on pancreatic B-cell differentiation®?.

Figure 1 shows the workflow for the screen. Briefly, the secretome protein library was added to either
telomerase-immortalised, non-transformed human mammary epithelial cells ("\TERT-HMEC) or ER + breast
cancer cells (MCEF?7) for three days, after which cells were fixed and imaged for cell cycle markers. Using both
hTERT-HMEC and MCF?7 cells allows us to potentially identify common versus context-specific hits, or where
GO arrest pathways may have been lost in breast cancer. A number of cell cycle markers were used in the screen
to identify GO arrest phenotypes and characterise cell states. The thymidine nucleotide analogue 5-Ethynyl-
2'-deoxyuridine (EdU) was added for the last 24 h of the screen. EAU is incorporated into proliferating cells
during DNA replication (S-phase)**. Therefore, any EdU negative (EdU-) cells are non-proliferative and defined
as GO arrested. We used an antibody recognising phospho-5807/S811 Rb (retinoblastoma) protein. Rb is phos-
phorylated by cyclin-CDK complexes and marks commitment to proliferation*~*¢ and therefore P-Rb labels
actively cycling cells. Because p53 wild-type cells can enter a spontaneous GO arrest downstream of intrin-
sic DNA damage, these cell lines always display a significant fraction of EQU and P-Rb negative cells'$-20-22,
We immunostained cells for p21 and p27, both CDK inhibitors (CKIs) that can block cell cycle entry. Finally,
Hoechst staining was used as a nuclear marker for segmentation and cell counting. We found EdU staining to
be the most robust and therefore the most useful metric for quantification of GO arrested cells and subsequent
hit classification, while P-Rb, p21 and p27 staining provide more detailed information on the cell state at time
of fixation (Fig. 1a).

Although our screen in theory could identify either increases in proliferation or in GO arrest, we did not
identify any secreted proteins that increased proliferation. This is perhaps not too surprising given that we
screened immortalised cell lines growing in full growth media. Although these cell lines do contain a “spontane-
ous” GO fraction, this spontaneous arrest has been shown, by us and others, to be p21-dependent, downstream
of intrinsic replication stress!®-2%2 Therefore, it is unlikely that a secreted protein would be able to reduce or
overcome this spontaneous arrest and increase proliferation in this assay. Therefore, our screen is mainly useful
for identifying proteins that increase GO arrest. GO arrest-inducing hits were rescreened in a secondary screen,
with a dose curve of five concentrations (two-fold dilutions, ranging from 0.71-0.0066 pM). Remaining candi-
dates were refined based on their correlation with GO arrest penetrance®” across cancer types, and specifically in
breast cancer, and association with cancer prognosis in publicly available datasets (Figs. 1b, 2). Here, GO arrest
penetrance refers to a validated score that can identify the relative fraction of GO arrested cells in a tumour based
on mRNA expression of 139 genes. One caveat is that all of these analyses are on primary tumours and there-
fore do not take into account the expression of these proteins in the metastatic niche where dormancy is likely
to be more prevalent. Furthermore, the bulk nature of RNA-seq tumour profiles may confound some of the
associations identified, as signals across all tumour cells are averaged (despite correction for immune/stromal
content?). For instance, strong signals inducing GO arrest in only one part of the tumour might be missed and
could even show up as negatively correlated in extreme cases where most of the tumour is highly proliferative.
Even so, these later steps of our screen can provide a more tailored selection of novel proteins with a possible
role in breast cancer dormancy. To give us more confidence in the ability of our screen to identify meaningful
hits, we also ordered purified proteins from commercial suppliers for ICAM3 and ICAMS5 and showed that these
also induce GO arrest in HMEC cells (Fig. 3a,b). ICAM3 and ICAMS5 were not identified as hits in MCF7 cells
in our primary screen. However, we screened MCF?7 cells with higher doses of the commercial proteins than
those used in the primary screen and showed that ICAM3 and ICAMS5 can promote GO arrest in MCF7 at higher
concentrations (0.45 and 0.3 pM, respectively; Fig. 3¢,d).

We present here image data from our primary screen, with quantification of average nuclear intensities of
Hoechst, EAU, p21, p27 and P-Rb, as well as features describing cell number, nuclear size, and nuclear shape for
reanalysis*®. We have included corresponding data from our validation screen based on GO arrest induction*,
and links to the datasets used for bioinformatic hit selection.

Methods

Cell Culture. MCF7 human adenocarcinoma cells (ATCC) were maintained in Dulbecco’s Modified Eagle
Medium (DMEM from Gibco) supplemented with 10% FBS (Sigma) and 1% Penicillin-Streptomycin (Gibco).
The hTERT-HMEC cells were a gift from Steve Elledge (Harvard) and were maintained in Mammary Epithelial
Cell Basal Medium (PromoCell) with Mammary Epithelial Cell GM Supplement pack (PromoCell) and 1% P/S
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Fig. 1 Experimental workflow. (a) The screen methodology is depicted starting with the primary screen,
including staining, imaging, analysis and hit ranking, followed by a secondary screen of hits and bioinformatic
shortlisting. Representative images of each stain are depicted, with CKI (CDK inhibitors) representing p21 or
p27. The image analysis pipeline is represented by screenshots from Harmony (PerkinElmer) software. (b) Flow
chart depicting how the secretome library was refined at each stage to a final list of proteins which induce GO
arrest.

(Gibco). Both cell lines were grown at 37 °C and supplemented with 5% CO, in humidified incubators. All cul-
tures were maintained in T75 falcon flasks at a passage between P6 and P12 and consistently tested negative for
mycoplasma contamination.

Primary protein screen. A library of 1282 secretome proteins was provided by AstraZeneca in collabo-
ration with the Royal Institute of Technology (KTH) in Stockholm. Access to this library is possible through
AstraZeneca’s Open Innovation programme (https://openinnovation.astrazeneca.com/). Each protein in the
screen was tested at two concentrations in \TERT-HMEC and MCF?7 cells, at a single timepoint, in duplicate. The
primary screen was performed at AstraZeneca’s labs in Cambridge.

Screening reagents.

o Recombinant TGFb-1 protein (active) (Abcam, cat # ab50036), in 10 mM citric acid.

o Recombinant TGFb-2 protein (Abcam cat # ab84070), in PBS.

« Palbociclib hydrochloride (LKT Cambridge biosciences, cat # P0244) in DMSO.

o Click-iT EdU Cell Proliferation Kit for Imaging, (Invitrogen, cat # C10340 C) with AlexaFluor 647 dye.

o 8% methanol free formaldehyde in PBS (16% pre-made solution from Thermoscientific cat # 28908), final
concentration 4%.
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Fig. 2 Bioinformatic analyses of hits. (a) Correlations between the GO arrest score per tumour and the
expression of selected secretome genes (encoding proteins that were hits in the screen) within the same tumour,
calculated pan-cancer (first column) or by cancer type. Abbreviations correspond to different cancer types
as defined by TCGA. Positive values (blue) indicate a positive correlation between GO arrest levels and the
expression of the respective gene, negative values (red) indicate an inverse relationship. Significant correlations
(Pearson p < 0.05) are marked with an asterisk. (b) Correlations between the GO arrest score and the expression
of selected secretome genes across ER positive and ER negative breast cancers. Colour gradient and asterisk
annotations as in (a). (c) Secretome genes with prognostic value in TCGA. The results from Cox proportional
hazards analyses for overall survival across all cancers are shown, after adjustment for cancer type and stage.
Samples with gene expression in the upper quartile were compared with those whose expression is in the lower
quartile for the same gene. Positive values indicate that cases with high expression of the respective gene present
worse survival.
o PBS1XpH 7.4 (Gibco, cat # 10010-023).
o Triton-X-100 (Sigma, cat # T9284), 0.5% in PBS.
» Bovine Serum Albumin (BSA)(Sigma), 2% in PBS, filtered.
« Rabbit monoclonal phospho-Rb $807/S811 antibody (CST, cat #9308) 0.5 ugml .
»  Mouse monoclonal p21 antibody (Invitrogen, cat # MA5-14949) 1 ugml—.
« Mouse monoclonal p27 antibody (BD, cat # 610241) 2 pgml 1.
o AlexaFluor 488 Goat anti Rabbit IgG antibody (Invitrogen # A11008) 1 pgml™".
+  AlexaFluor 568 Goat anti Mouse IgG antibody (Invitrogen # A11004) 1 pgml™.
o Hoechst H33258 (Sigma) 1 pugml—1.
Day 0: Plating cells. ~ Cell lines were cultured in T75 flasks (Falcon) to 70-80% confluency before seeding. MCF7
and hTERT-HMEC cells were seeded at a density of 1,000 cells per well in 30 uL of their normal culture media
into black, optically clear bottom, 384 well Cell Carrier plates (PerkinElmer). Cells were left to attach overnight.
Day 1: Addition of secretome proteins. Purified proteins were diluted from their stock concentrations 2- and
20-fold in PBS, and 10 uL of each concentration was dispensed onto cells, to give a final volume of 40 uL per well,
all using the Agilent Bravo. Each plate included neutral and positive controls; TGFb1 and TGFb2 both at a final
concentration of 30 ng/mL, Palbociclib at a final concentration of 1 .M, and PBS. Proteins and controls were left
to incubate with cells for 72 hr prior to fixation.
Day 3: Addition of EAU.  10pL of 50 uM EdU, diluted in cell media, was added to each well (final concentration
10 pM). Cells were incubated in EAU for 24 hr.
Day 4: Fixation and immunostaining. ~ Fixation and immunostaining were carried out using an automated mul-
tidrop combi reagent dispenser and Biotek washer. Cells were washed three times in PBS between all steps, using
the Biotek washer. Incubations were at room temperature, unless stated otherwise. Plates were fixed by adding
50 L of 8% paraformaldehyde (PFA)/PBS on top of the media in the wells (4% final concentration) for 15 min-
utes, then permeabilised in 30 uL of 0.5% TritonX100/PBS for 15 minutes. EAU uptake by cells was visualised by
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Fig. 3 ICAM3 and ICAMS5 promote GO arrest in hTERT-HMEC and MCF?7 cells. Graphs show commercial
protein supplies of ICAM3 (a) or ICAMS5 (b) addition to hTERT-HMEC cells. Mean +/— stdev of three
technical repeats is shown. Graphs show dose curves of commercial protein supplies of ICAM3 (c) or ICAM5
(d) addition to MCF7 cells. Mean +/— stdev of three technical repeats is shown (except PBS controls for
ICAMS5 were nine technical repeats are shown).

Click-iT chemistry, according to manufacturer’s protocol using an Alexa-647 specific fluorophore. Next, cells
were blocked in 30 pL of 2% BSA (filtered 0.2 um)/PBS solution for 30 minutes, then 30 pL of primary antibodies
in block solution were incubated at 4 °C overnight. Anti-phospho-Rb was added to both technical replicates and
either anti-p21 or anti-p27 was added to a single screen replicate.

Day 5: Immunostaining and imaging.  Fluorescently (Alexa)-labelled secondary antibodies were applied simul-
taneously for 1 hr in blocking solution and kept in the dark. Cells were stained for 15 minutes using 30 uL of 1 uM
Hoechst H33258 in PBS for 15 minutes. Cells were washed and left in PBS for imaging. Plates were sealed using
adhesive PCR sealing foil sheets (ThermoScientific) and kept at 4 °C. All plates were imaged using a CV7000
(Yokagawa) high content microscope in confocal mode (pinhole size of 50 pm). Four fields of view were taken
per well using a 10x air objective, NA 0.4. On average over 1000 cells were quantified per well. Samples images
from the primary screen* are shown in 4a.

Automated image analysis. All image analysis was performed using Columbus or Harmomy software
(PerkinElmer). The custom image analysis method is described below.

Image analysis: Quiescent fraction determination. Nuclei were detected and segmented using Hoechst H33258
staining. Specifically, nuclei were detected using the Find Nuclei building block, channel marker BP445/45
(Hoechst) and using method ‘B’ Parameters used were: Common threshold 0.4, Area > 30 pm? (excludes dead
cells and debris), Splitting coefficient = 7, Individual threshold = 0.4 and Contrast > 0.1. Nuclei were further
filtered to remove detected objects that were touching the edge of the image field of view using the ‘Select
Population’ building block and the standard ‘Remove Border Objects’ method. The same method worked well
for both cell lines and was used for all conditions. A ring region surrounding the nucleus was defined for each

SCIENTIFIC DATA|

(2024) 11:868 | https://doi.org/10.1038/s41597-024-03697-z 5


https://doi.org/10.1038/s41597-024-03697-z

www.nature.com/scientificdata/

a

Palbociclib

Percentage of MCF7 cells

Hoechst/!

-
-

skokkk

kokokk

(: *kk
ns *
50 2100
[ ® o0
~ .
40 =1 "5 80|
2 .
30 £ 60 . . °
g)) . L3 e e®
- =) i ° e °
20 3 40 3 F- oo
S
10 - | ‘g 20
‘ g
0 : & 0 T T T T T T
| C\:“ .C}Q’ /\‘? '\63 ,bQ . P
0 192 5 10 RS Aé\\ O

EdU Ratio ~TGFb (gml)

Fig. 4 Positive controls for the screen that increase GO arrest. (a) Representative images of screening controls
in MCF7 cells - neutral (PBS), and positive controls for GO arrest - TGFb1 and Palbociclib. In merged images
Hoechst is shown in blue, P-Rb in green, p21 in yellow and EdU staining in red. Scale bar =50 pM. (b)
Frequency distribution of single cell data showing the EdU ratio. Dashed red line represents the cut off between
EdU negative (—) and EAU positive cells. (¢) Quantification of EdU negative (GO arrested) cells. Graphs
showing the percentage of cells per well which are EQU-. Red line represents mean. Mock = PBS treatment

and Vehicle=DMSO. One-way ANOVA was used for statistical significance. ****p < 0.0001, ***p < 0.001,
**p <0.01, *p < 0.05, ns = not significant.

nucleus, ranging from 2-6pm outside the external edge of each nucleus, and the mean EdU intensity was meas-
ured within nuclear and nuclear ring regions. The EAU ratio was calculated for each nucleus by dividing the
mean nuclear intensity by the mean ring region intensity, as a way of background normalisation. EAU ratio val-
ues were plotted in a frequency distribution that showed two clear populations (Fig. 4b). A ratio threshold of 1.2
was set between the two populations, meaning cells with an EU ratio above 1.2 were classed as EdU+- (cycling)
and cells with an EdU ratio below 1.2 were EdU- (GO arrested, Fig. 4c). The percentage of EAU negative nuclei
per well was then calculated to determine the GO fraction. Although we excluded dead cells from the analysis,
visual inspection of the wells and analysis of nuclear number (Supplementary Table 1) revealed that no proteins
induced significant cell death (i.e. no protein addition gives nuclear number less than Palbociclib-induced cell
cycle arrest). We noted that PBS addition in HMEC cells lead to lower nuclei counts in some wells compared to
blank control wells which may be due to dilution of the media. However, importantly, PBS addition did not affect
the fraction of EQU negative cells.
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Additional feature extraction. Segmented nuclei were also counted in each well and their size and shape were
calculated. The nuclear intensity of P-Rb (high is more proliferative, low is more GO arrested) was quantified in
all cells in all wells, and the nuclear intensity of p21 and p27 was quantified from the corresponding wells. All
features have been recorded as the average value across all single cells for a given well (Supplementary Table 1).

Hit determination. Data analysis was performed using the Genedata Screener platform (Genedata Ag).
Each well was assigned a robust Z score based on the size of its GO fraction. Each well was compared to the aver-
age of all wells in the screen to determine the strength of the effect that protein had on the GO fraction. The Z
score threshold for a significant increase of the GO population was determined based on the distribution of hits
and to include all positive controls and exclude neutral controls. Hits that increased the GO fraction were defined
as robust Z scores of >4-3 in MCF7 and >4-10 in hTERT-HMECs. To be classed as a hit, both technical repeats
of a given protein at the same dose must have scored above the threshold in that cell line. Supplementary Table 1
shows the Z scores for all hits in each cell line, and Supplementary Table 2 shows a summary of hits that were hits
at both concentrations of protein used in the screen. As expected, there was no evidence of hits decreasing the GO
fraction, so the remaining screen focused on proteins which increased the GO fraction.

Secondary screen (Hit validation). All successful hits from the primary screen in either cell line (104
proteins, 83 from hTERT-HMEC, 21 from MCF7, Supplementary Table 2) were re-screened using an almost
identical methodology and controls, though some modifications were made. Of note, while secondary screens
were performed in the same cell stocks as the primary screen, secondary screens were performed in the labs at
the MRC LMS which may account for differences in the fraction of EdU negative cells identified compared to
the primary screen (Supplementary Table 1 versus Supplementary Tables 3, 4). However, despite these differ-
ences, each screen was compared to controls done on the same day to control for any differences in population
growth. Due to limited protein availability, the 21 MCF7 hits were re-screened across 5 doses in both cell lines
(Supplementary Table 3), whereas the 83 hits from hTERT-HMEC were only re-screened in hTERT-HMEC cells
(Supplementary Table 4). In the secondary screen, on day 1, each protein was diluted in PBS from their stock
concentrations (1:20, 1:40, 1:80, 1:160 and 1:320) using the automated liquid handler Opentrons OT to form a
dose curve which was dispensed onto cells manually. The Palbociclib control was also titrated (1, 0.5, 0.25, 0.125,
0.0625 uM) while the PBS amount added remained constant. The remaining workflow remained unchanged,
however, washing was performed with a Biotek 50TS microplate washer, widefield imaging was performed using
an Operetta CLS (PerkinElmer) with a 20X objective NA 0.8, and an identical image analysis method was con-
ducted using Harmony software (PerkinElmer). Hits were determined using the same parameters as our primary
screen and are listed in (Supplementary Table 5).

Purified ICAM3 and ICAMS5 were purchased from Abcam (ab276251 and ab276709, respectively) and were
diluted in PBS. Cell treatment was as in the secondary screen.

Bioinformatic screen. To cross reference which proteins in the screen are linked to breast cancer prognosis
we explored the relation between their expression, GO arrest and overall survival across multiple solid cancers from
The Cancer Genome Atlas (TCGA). RNA-sequencing (FPKM normalised) and clinical data were downloaded
using the TCGABiolinks R package* for TCGA primary tumour samples across 31 solid cancer types. All expres-
sion data was log-transformed for downstream analysis. GO arrest levels per bulk tumour sample were calculated as
in*, based on a combined z-score of genes that are upregulated and downregulated, respectively, during GO arrest.

GO arrest associations. 'We calculated the Pearson correlation between the expression of each of the 1282 genes
from the screen and the GO arrest score calculated for each tumour sample, both pan-cancer as well as for
individual cancer types. The genes most frequently correlated (either positively or negatively) with GO arrest
are shown in Fig. 2a, and thus represent the more likely candidates to contribute to GO arrest in cancer. The
associations appeared consistent regardless of the ER status in breast cancer (Fig. 2b).

Survival associations. Multivariate Cox Proportional Hazards analysis was carried out using the coxph function
from the survival R package. Samples in the upper and lower quartile of expression for individual genes were
compared, while adjusting for cancer type and stage. Genes with significant prognostic potential (at log-rank
p <0.05) are shown in Fig. 2c.

Secreted proteins where we identified links to cancer are shown in Supplementary Table 6.

The analyses shown here are in part based upon data generated by the TCGA Research Network: https://
www.cancer.gov/tcga.

Data Records
Imaging data. All images associated with the screens are deposited in the Biolmage Archive (EMBL-EBI) at
S-BIAD1013%.

Contents of the dataset.  All images from the primary screen. Images are separated into two folders - p21
or p27, depending on the CKI immunostained in that repeat. Each of these folders contains 28 folders — one for
each plate, labelled by PlateID.

Primary_analysis.xlsx is the analysis of the primary screen data. PlateID corresponds to image labels. Each
row represents average data from nuclei in a single well. Column names describe the parameters measured,
including: number of nuclei, nuclear area, nuclear roundness, Hoechst intensity, P-Rb intensity, CKI intensity,
EdU intensity (all intensities calculated in the nucleus and in the nuclear ring region), EAU ratio (nuclear/
nuclear ring intensity of EQU), number of EdU negative cells, number of P-Rb negative cells, percentage EdU
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Fig. 5 Technical repeats for the secretome screen. Graphs to show the reproducibility of the raw data between
the two replica plates for nuclear number (a) and EdU negative (EdU-) fraction (b) in MCF?7 cells (p < 0.0001).
Graphs to show the reproducibility of the raw data between the two replica plates for nuclear number (c) and
EdU negative (EdU-) fraction (d) in \TERT-HMEC cells (p < 0.0001). Note that the data for \TERT-HMEC
EdU- fraction is noisy for \TERT-HMEC cells but proteins are only called as a hit if they increased the EdU-
(GO) fraction in both technical replicates.

negative cells, percentage P-Rb negative cells, percentage EAU negative cells — robust Z-score, and percentage
P-Rb negative cells — robust Z-score. Both raw and normalised values are shown for all parameters.

All images from the secondary screen. Images are separated by the cell line (MCF7 or HMEC) and plate number.

Secondary_screen_analysis.  This folder contains both well average and single-cell level analyses from the
Hit validation screen (the latter in Secondary_Screen_Analysis_Single_cell_data). Analyses are separated by
cell line and plate number. Column names describe the parameters measured, including: number of nuclei,
Hoechst intensity, nuclear area, nuclear roundness, Alexa 488 nuclear intensity, Alexa 568 nuclear intensity,
Alexa 647 nuclear intensity, Alexa 488 nuclear ring intensity, Alexa 568 nuclear ring intensity, Alexa 647 nuclear
ring intensity, EAU ratio, EAU negative cells (fraction), P-Rb negative cells (fraction), percentage EdU negative
cells and percentage PRb negative cells.

The analyses shown here are in part based upon data generated by the TCGA Research Network: https://
www.cancer.gov/tcga.

Technical Validation

Method and control validation. We used PBS as a neutral control (Mock) in our screen and included
Palbociclib, a CDK4/6 inhibitor that promotes a robust GO cell cycle arrest in MCF7 and hTERT-HMEC cells, as a
positive control, as well as TGFb1, a secreted protein known to increase the fraction of cells arresting in GO (Fig. 4a).
There are no known secreted proteins or drug treatments that can decrease spontaneous GO arrest. When validating
our controls we also confirmed that DMSO (vehicle for Palbociclib) had no effect on proliferation (Fig. 4b,c).
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Both cell lines were treated with each control for 72 hr and received a 24 hr EAU pulse for the final 24 hr of
incubation, as described previously. EAU and P-Rb staining (Fig. 4a) were both effective in distinguishing prolifer-
ating from non-proliferating cells within a large population (Fig. 4b,c). Quantification of EQU negative (Fig. 4b,c)
cells showed Palbociclib significantly increased the GO fraction to approximately 95%, when compared to neutral
controls. Similarly, TGFb1 treatment significantly increased the GO fraction in a dose-dependent manner, while
mock and vehicle controls (PBS and DMSO) induced no change in proliferation.

Technical replicate consistency. We assessed reproducibility of technical replicates for each cell line
in the screen using a correlation between replicate values which was analysed with a linear regression model.
Specifically, the raw values for cell count and percentage of EQU negative cells of each well were used to calculate
correlations between replicates across all plates (Fig. 5). Hits were only called if secreted proteins induced GO
arrest across both replicates.

Code availability
Detailed code describing the assessment of GO arrest levels across TCGA cancers is available at the following
GitHub repository: https://github.com/secrierlab/CancerGOArrest.

Received: 16 February 2024; Accepted: 26 July 2024;
Published online: 10 August 2024

References
1. Coller, H. A, Sang, L. & Roberts, J. M. A new description of cellular quiescence. PLoS Biol 4, 0329-0349 (2006).
2. Terzi, M. Y., Izmirli, M. & Gogebakan, B. The cell fate: senescence or quiescence. Mol Biol Rep 43, 1213-1220 (2016).
3. Cornwell, J. A. et al. Loss of CDK4/6 activity in S/G2 phase leads to cell cycle reversal. Nature 619 (2023).
4. Crozier, L. et al. CDK4/6 inhibitors induce replication stress to cause long-term cell cycle withdrawal. EMBO J 41 (2022).
5. McKenney, C. et al. CDK4/6 activity is required during G2 arrest to prevent stress-induced endoreplication. Science 384, eadi2421
(2024).
. Arora, M. et al. Rapid adaptation to CDK2 inhibition exposes intrinsic cell-cycle plasticity. Cell 186, 2628-2643.€21 (2023).
7. Vancheri, C., Failla, M., Crimi, N. & Raghu, G. Idiopathic pulmonary fibrosis: a disease with similarities and links to cancer biology.
European Respiratory Journal 35, 496-504 (2010).
8. Malumbres, M. & Barbacid, M. Cell cycle, CDKs and cancer: a changing paradigm. Nat Rev Cancer 9, 153-166 (2009).
9. Sosa, M. S., Bragado, P. & Aguirre-Ghiso, J. A. Mechanisms of disseminated cancer cell dormancy: An awakening field. Nature
Reviews Cancer vol. 14 611-622 (2014).
10. Aguirre-Ghiso, J. A. Models, mechanisms and clinical evidence for cancer dormancy. Nature Reviews Cancer vol. 7 834-846
(2007).
11. Karrison, T. G., Ferguson, D. J. & Meier, P. Dormancy of Mammary Carcinoma After Mastectomy. /NCI Journal of the National
Cancer Institute 91, 80-85 (1999).
12. Zhang, X. H.-F, Giuliano, M., Trivedi, M. V., Schiff, R. & Osborne, C. K. Metastasis Dormancy in Estrogen Receptor—Positive Breast
Cancer. Clinical Cancer Research 19, 6389-6397 (2013).
13. Shepherd, T. G. & Dick, E. A. Principles of dormancy evident in high-grade serous ovarian cancer. Cell Division vol. 17 (2022).
14. Colleoni, M. et al. Annual hazard rates of recurrence for breast cancer during 24 years of follow-up: Results from the international
breast cancer study group trials I to V. Journal of Clinical Oncology 34, 927-935 (2016).
15. Kurbegovic, S. et al. The risk of biochemical recurrence for intermediate-risk prostate cancer after radical prostatectomy. Scand ]
Urol 51, 450-456 (2017).
16. Weston, W. A. & Barr, A. R. A cell cycle centric view of tumour dormancy. Br J Cancer 129, 1535-1545 (2023).
17. Morgan, D. O. CYCLIN-DEPENDENT KINASES: Engines, Clocks, and Microprocessors. Annu. Rev. Cell Dev. Biol 13 www.
annualreviews.org (1997).
18. Barr, A. R. et al. DNA damage during S-phase mediates the proliferation-quiescence decision in the subsequent G1 via p21
expression. Nat Commun 8 (2017).
19. Arora, M., Moser, J., Phadke, H., Basha, A. A. & Spencer, S. L. Endogenous Replication Stress in Mother Cells Leads to Quiescence
of Daughter Cells. Cell Rep 19, 1351-1364 (2017).
20. Moser, J., Miller, 1., Carter, D. & Spencer, S. L. Control of the restriction point by rb and p21. Proc Natl Acad Sci USA https://doi.
org/10.1073/pnas.1722446115 (2018).
21. Yang, H. W,, Chung, M., Kudo, T. & Meyer, T. Competing memories of mitogen and p53 signalling control cell-cycle entry. Nature
549, 404-408 (2017).
22. Lezaja, A. & Altmeyer, M. Inherited DNA lesions determine G1 duration in the next cell cycle. Cell Cycle https://doi.org/10.1080/15
384101.2017.1383578 (2018).
23. Yu-Lee, L.-Y. et al. Bone secreted factors induce cellular quiescence in prostate cancer cells. Sci Rep 9, 18635 (2019).
24. Liu, J. et al. Wnt/(3-catenin signalling: function, biological mechanisms, and therapeutic opportunities. Signal Transduct Target Ther
7,3 (2022).
25. Jonsson, M., Dejmek, J., Bendahl, P.-O. & Andersson, T. Loss of Wnt-5a protein is associated with early relapse in invasive ductal
breast carcinomas. Cancer Res 62, 409-16 (2002).
26. Weber, J. M. & Calvi, L. M. Notch signaling and the bone marrow hematopoietic stem cell niche. Bone 46, 281-285 (2010).
27. Rick, J. W. et al. Fibronectin in malignancy: Cancer-specific alterations, protumoral effects, and therapeutic implications. Semin
Oncol 46, 284-290 (2019).
28. Ren, D. et al. Wnt5a induces and maintains prostate cancer cells dormancy in bone. Journal of Experimental Medicine 216, 428-449
(2019).
29. Ghajar, C. M. et al. The perivascular niche regulates breast tumour dormancy. Nat Cell Biol 15, 807-817 (2013).
30. Catena, R. et al. Bone marrow-derived Gr1+ cells can generate a metastasis-resistant microenvironment via induced secretion of
thrombospondin-1. Cancer Discov 3, 578-589 (2013).
31. Yu-Lee, L. Y. et al. Osteoblast-secreted factors mediate dormancy of metastatic prostate cancer in the bone via activation of the
TGFbRIII-p38MAPK-pS249/ T252RB pathway. Cancer Res 78, 2911-2924 (2018).
32. Boyerinas, B. et al. Adhesion to osteopontin in the bone marrow niche regulates lymphoblastic leukemia cell dormancy. Blood 121,
4821-4831 (2013).
33. Brown, J. A. et al. TGF-3-Induced Quiescence Mediates Chemoresistance of Tumor-Propagating Cells in Squamous Cell Carcinoma.
Cell Stem Cell 21, 650-664.e8 (2017).
34. Kano, A., Watanabe, Y. & Takeda, N. & Aizawa, T. S. -i. Analysis of IFN-Induced Cell Cycle Arrest and Cell Death in Hepatocytes. J
Biochem 121, 677-683 (1997).

[=2)

SCIENTIFIC DATA | (2024) 11:868 | https://doi.org/10.1038/s41597-024-03697-z 9


https://doi.org/10.1038/s41597-024-03697-z
https://github.com/secrierlab/CancerG0Arrest
http://www.annualreviews.org
http://www.annualreviews.org
https://doi.org/10.1073/pnas.1722446115
https://doi.org/10.1073/pnas.1722446115
https://doi.org/10.1080/15384101.2017.1383578
https://doi.org/10.1080/15384101.2017.1383578

www.nature.com/scientificdata/

35. Subramaniam, P. S., Cruz, P. E., Hobeika, A. C. & Johnson, H. M. Type I interferon induction of the Cdk-inhibitor p21WAF1I is
accompanied by ordered G1 arrest, differentiation and apoptosis of the Daudi B-cell line. Oncogene 16, 1885-1890 (1998).

36. Uhlén, M. et al. Tissue-based map of the human proteome. Science (1979) 347 (2015).

37. Uhlén, M. et al. The human secretome. Sci Signal 12 (2019).

38. Bonin-Debs, A. L., Boche, I, Gille, H. & Brinkmann, U. Development of secreted proteins as biotherapeutic agents. Expert Opin Biol
Ther 4, 551-558 (2004).

39. Jennbacken, K. et al. Phenotypic Screen with the Human Secretome Identifies FGF16 as Inducing Proliferation of iPSC-Derived
Cardiac Progenitor Cells. Int ] Mol Sci 20 (2019).

40. Ding, M. et al. Secretome-Based Screening in Target Discovery. SLAS Discovery 25, 535-551 (2020).

41. Ding, M. et al. Secretome screening reveals immunomodulating functions of IFNa-7, PAP and GDF-7 on regulatory T-cells. Sci Rep
11, 16767 (2021).

42. Tegel, H. et al. High throughput generation of a resource of the human secretome in mammalian cells. N Biotechnol 58, 45-54
(2020).

43. Salic, A. & Mitchison, T.J. A chemical method for fast and sensitive detection of DNA synthesis in vivo. Proceedings of the National
Academy of Sciences 105, 2415-2420 (2008).

44. Cappell, S. D., Chung, M., Jaimovich, A., Spencer, S. L. & Meyer, T. Irreversible APC Cdh1 Inactivation Underlies the Point of No
Return for Cell-Cycle Entry. Cell 166, 167-180 (2016).

45. Cappell, S. D. et al. EMI1 switches from being a substrate to an inhibitor of APC/CCDHLI to start the cell cycle. Nature 558, 313-317
(2018).

46. Lundberg, A. S. & Weinberg, R. A. Functional Inactivation of the Retinoblastoma Protein Requires Sequential Modification by at
Least Two Distinct Cyclin-cdk Complexes. Mol Cell Biol 18, 753-761 (1998).

47. Wiecek, A. J. et al. Genomic hallmarks and therapeutic implications of GO cell cycle arrest in cancer. Genome Biol 24, 128 (2023).

48. Weston, W. et al. Biostudies. https://identifiers.org/biostudies:S-BIAD1013 (2024).

49. Colaprico, A. et al. TCGAbiolinks: an R/Bioconductor package for integrative analysis of TCGA data. Nucleic Acids Res 44, €71
(2016).

Acknowledgements

This work was funded by an Imperial Confidence in Concept award funded by the MRC and AstraZeneca
Innovation Fund (PSJ411_WMCA and PS3912_WCMA). ARB is funded by a CRUK Career Development
Fellowship (C63833/A25729) and work in her lab is funded by core funding to the MRC LMS (MC-A658-
5TY60). AJW was supported by an MRC DTP grant (MR/N013867/1). MS was funded by a UKRI Future Leaders
Fellowship (MR/T042184/1) and work in her lab was supported by a BBSRC equipment grant (BB/R01356X/1)
and a Wellcome Institutional Strategic Support Fund (204841/Z/16/Z). We thank KTH (Department of Protein
Science, School of engineering Sciences in Chemistry, Biotechnology and Health, KTH-Royal Institute of
Technology, 11421 Stockholm, Sweden) for preparation of, and access to, the secretome library, Martin Ekblad
(AZ) for help in preparing protein libraries, Louise Barlind (AZ) for ICAMS5 purification and Aubin Fleiss
(MRC LMS) for developing and optimising Opentron protocols for the validation screen.

Author contributions

A.R.B. designed, supervised and secured funding for the screen. J.A.H. and W.A.W. performed optimisation
and validation experiments. J.P. provided guidance on screen design and execution. J.A.H. performed the
screen. A.J.W. and M.S. performed bioinformatic analyses. D.M.S. initiated contact and D.S. and L.H.S. provided
guidance and intellectual input throughout. W.A.W. and A.R.B. wrote the manuscript.

Competing interests
JP, LHS and DMS are employees and shareholders of AstraZeneca.

Additional information
Supplementary information The online version contains supplementary material available at https://doi.
0rg/10.1038/s41597-024-03697-z.

Correspondence and requests for materials should be addressed to A.R.B.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

T ] icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

SCIENTIFIC DATA | (2024) 11:868 | https://doi.org/10.1038/s41597-024-03697-z 10


https://doi.org/10.1038/s41597-024-03697-z
https://identifiers.org/biostudies
https://doi.org/10.1038/s41597-024-03697-z
https://doi.org/10.1038/s41597-024-03697-z
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	An image-based screen for secreted proteins involved in breast cancer G0 cell cycle arrest

	Background

	Methods

	Cell Culture. 
	Primary protein screen. 
	Screening reagents. 
	Day 0: Plating cells. 
	Day 1: Addition of secretome proteins. 
	Day 3: Addition of EdU. 
	Day 4: Fixation and immunostaining. 
	Day 5: Immunostaining and imaging. 

	Automated image analysis. 
	Image analysis: Quiescent fraction determination. 
	Additional feature extraction. 

	Hit determination. 
	Secondary screen (Hit validation). 
	Bioinformatic screen. 
	G0 arrest associations. 
	Survival associations. 


	Data Records

	Imaging data. 
	Contents of the dataset. 
	All images from the primary screen. 
	All images from the secondary screen. 
	Secondary_screen_analysis. 


	Technical Validation

	Method and control validation. 
	Technical replicate consistency. 

	Acknowledgements

	﻿Fig. 1 Experimental workflow.
	Fig. 2 Bioinformatic analyses of hits.
	Fig. 3 ICAM3 and ICAM5 promote G0 arrest in hTERT-HMEC and MCF7 cells.
	Fig. 4 Positive controls for the screen that increase G0 arrest.
	Fig. 5 Technical repeats for the secretome screen.




