Edinburgh Research Explorer
Chemical interrogation of nuclear size identifies compounds with
cancer cell line specific effects on migration and invasion
Citation for published version:
Tollis, S, Rizzotto, A, Pham, N, Koivukoski, S, Sivakumar, A, Shave, S, Wildenhain, J, Zuleger, N, Keys, JT,
Culley, J, Zheng, Y, Lammerding, J, Carragher, NO, Brunton, VG, Latonen, L, Auer, M, Tyers, M &
Schirmer, EC 2022, 'Chemical interrogation of nuclear size identifies compounds with cancer cell line
specific effects on migration and invasion', Acs chemical biology, vol. 17, no. 3, pp. 680-700.
https://doi.org/10.1021/acschembio.2c00004
Digital Object Identifier (DOI):
10.1021/acschembio.2c00004
Link:
Link to publication record in Edinburgh Research Explorer
Document Version:
Publisher's PDF, also known as Version of record

Published In:
Acs chemical biology

General rights
Copyright for the publications made accessible via the Edinburgh Research Explorer is retained by the author(s)
and / or other copyright owners and it is a condition of accessing these publications that users recognise and
abide by the legal requirements associated with these rights.
Take down policy
The University of Edinburgh has made every reasonable effort to ensure that Edinburgh Research Explorer
content complies with UK legislation. If you believe that the public display of this file breaches copyright please
contact openaccess@ed.ac.uk providing details, and we will remove access to the work immediately and
investigate your claim.

Download date: 09. Jan. 2023

pubs.acs.org/acschemicalbiology

Articles

Chemical Interrogation of Nuclear Size Identiﬁes Compounds with
Cancer Cell Line-Speciﬁc Eﬀects on Migration and Invasion
Sylvain Tollis,*,○ Andrea Rizzotto,○ Nhan T. Pham, Sonja Koivukoski, Aishwarya Sivakumar,
Steven Shave, Jan Wildenhain, Nikolaj Zuleger, Jeremy T. Keys, Jayne Culley, Yijing Zheng,
Jan Lammerding, Neil O. Carragher, Valerie G. Brunton, Leena Latonen, Manfred Auer, Mike Tyers,*
and Eric C. Schirmer*
Downloaded via 87.115.49.147 on March 14, 2022 at 11:53:02 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Cite This: https://doi.org/10.1021/acschembio.2c00004

ACCESS

Metrics & More

Read Online

Article Recommendations

sı Supporting Information
*

ABSTRACT: Background: Lower survival rates for many cancer
types correlate with changes in nuclear size/scaling in a tumortype/tissue-speciﬁc manner. Hypothesizing that such changes
might confer an advantage to tumor cells, we aimed at the
identiﬁcation of commercially available compounds to guide
further mechanistic studies. We therefore screened for Food and
Drug Administration (FDA)/European Medicines Agency (EMA)approved compounds that reverse the direction of characteristic
tumor nuclear size changes in PC3, HCT116, and H1299 cell lines
reﬂecting, respectively, prostate adenocarcinoma, colonic adenocarcinoma, and small-cell squamous lung cancer. Results: We found
distinct, largely nonoverlapping sets of compounds that rectify
nuclear size changes for each tumor cell line. Several classes of
compounds including, e.g., serotonin uptake inhibitors, cyclo-oxygenase inhibitors, β-adrenergic receptor agonists, and Na+/K+
ATPase inhibitors, displayed coherent nuclear size phenotypes focused on a particular cell line or across cell lines and treatment
conditions. Several compounds from classes far aﬁeld from current chemotherapy regimens were also identiﬁed. Seven nuclear sizerectifying compounds selected for further investigation all inhibited cell migration and/or invasion. Conclusions: Our study provides
(a) proof of concept that nuclear size might be a valuable target to reduce cell migration/invasion in cancer treatment and (b) the
most thorough collection of tool compounds to date reversing nuclear size changes speciﬁc to individual cancer-type cell lines.
Although these compounds still need to be tested in primary cancer cells, the cell line-speciﬁc nuclear size and migration/invasion
responses to particular drug classes suggest that cancer type-speciﬁc nuclear size rectiﬁers may help reduce metastatic spread.

■

BACKGROUND
Nuclear size changes have been used in cancer diagnosis since
the 1860s1 and remain an important parameter for diagnosis and
prognostic grading of later-stage, higher-grade tumors.2
Characteristic nuclear size changes are independent of ploidy
for at least 19 cancer types, suggesting a primary dysfunction in
the regulation of size/scaling in the cell. The directionality and
degree of size changes are tumor/tissue type-speciﬁc.3,4 For
example, in small-cell squamous lung cancer and osteosarcoma,
smaller nuclear size correlates with increased metastasis5,6 while
for breast, prostate, colon, and several other cancer types,
increased nuclear size correlates with increased metastasis (see
Table 1 in ref 3).
While absolute nuclear size changes are used in current
diagnostics, in some tumor types, the size change is associated
with the disruption of cell scaling.7 In normal cells and tissues,
the nuclear-to-cytoplasm (N/C) ratio is maintained during the
cell cycle,8,9 throughout which the nucleus doubles in
volume.10−12 In contrast, the N/C ratio is altered in cancer
© XXXX The Authors. Published by
American Chemical Society

cells by noncorrelated changes in nuclear size and/or cell size. A
number of proteins have been implicated in regulating the
absolute nuclear size and N/C scaling. Nuclear size is inﬂuenced
by nuclear envelope proteins, such as the lamins that form the
nucleoskeleton13 and the outer nuclear membrane nesprins that
connect to the cytoskeleton.14 The inner nuclear membrane
protein LAP2-Emerin-Man1 domain-containing protein 2
(LEM2) also regulates nuclear size by controlling membrane
ﬂow,15 possibly through interactions with lamins, chromatin,16,17 and protein kinases.18 Recent genetic screens in yeast
and mammalian cells have implicated nucleocytoplasmic
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Figure 1. High-throughput screen for compounds aﬀecting nuclear size. (A) Schematics of cell growth, treatment, and imaging methodology. (B)
Schematics of outlier-based analysis methodology. Within each well, individual cells (left, bottom image) and their nuclei (left, top image) were
masked (Methods section). For nuclear and N/C ratio metrics, well-based distributions of individual cell metric values were computed for dimethyl
sulfoxide (DMSO) (blue) and compound-treated wells (red, middle plot). The former was used to deﬁne outlier thresholds (blue arrows; see the
Methods section), from which the fractions of outlier cells (red-shaded regions) were computed for compound-treated wells (shown regions) and
DMSO-treated cells (not shown). Blue and red asterisks show the mean value of the metric for DMSO- and compound-treated wells, respectively,
deﬁning the average-based analysis (Methods section). For each cell line/time point, data were collected from all wells across the library/replicates
(right plot, example shown is plate 14 for PC3, 6 h). Standard statistical analyses of each dataset were used to identify compounds (e.g.,
oxyphenbutazone) that increased the fractions of outlier cells with either small/large nucleus and/or N/C ratio beyond nonspeciﬁc eﬀects of DMSO
and inactive compounds (referred to as “hits”).

of action identiﬁed many compound classes with characteristic
nuclear size phenotypic signatures across cell lines and
conditions. Detailed investigation of seven compounds revealed
cell line-speciﬁc eﬀects on cell migration and invasion that
mirrored to a large extent nuclear size-rectifying eﬀects,
suggesting that their addition to treatment regimens might aid
in combating metastatic cancer once animal testing has been
completed.

transport, linker of nucleoskeleton and cytoskeleton (LINC)
complexes, and RNA processing/splicing in nuclear size and N/
C ratio control.19−21
As nuclear size or scaling is disrupted in cancer cells with
increased metastatic potential, we reasoned that such changes
might facilitate cell migration/invasion. As the nuclear envelope
connects to both the genome and the cytoskeleton, nuclear size
dysregulation could achieve this by altering gene regulation,
signaling, and/or nucleocytoplasmic transport or by mechanical
eﬀects enabling faster migration and/or easier invasion of cancer
cells through epithelial barriers. Indeed, disruption of lamin A
known to be limiting for nuclear size changes13reduces cell
migration.22 Moreover, mechanical forces expected to be altered
by nuclear size changes are important for the progress of
metastasis23 and cellular traction stresses are linked to metastatic
potential.24 Thus, we speculated that restoring nuclear size to a
more normal range might reduce migration/invasion and thus
metastatic potential, irrespective of the biological mechanism(s)
that altered nuclear size control during carcinogenesis. We
designed a proof-of-concept study to test this hypothesis and
probe the chemical space in search of tool compounds that
rectify cancer-associated nuclear size changes.
Here, we screened an Food and Drug Administration (FDA)/
European Medicines Agency (EMA)-approved drug library for
compounds that rectify nuclear size in three distinct cancer cell
lines derived from diﬀerent tissues: two in which nuclear size
increases correlate with worse-grade tumors (prostate, colon
adenocarcinoma) and one in which nuclear size decrease
correlates with worse-grade tumors (lung). Most compounds
identiﬁed had cell line-speciﬁc eﬀects on nuclear size or scaling,
possibly via indirect and pleiotropic mechanisms. Clustering
compounds according to their therapeutic classes/mechanism

■

RESULTS
Nuclear Size/Scaling Chemical Screen. We screened for
compounds that alter nuclear size and/or N/C ratio in cancer
cell lines representing three tumor types (Figure 1). PC3 and
HCT116 cells, respectively, represented late-stage prostate
cancer and colonic adenocarcinoma where nuclear size increases
compared to the healthy tissues/early-stage tumors reﬂect worse
cancer grades. H1299 cells represented small-cell squamous lung
carcinoma, where decreased nuclear size correlates with a worse
grade. The cells were treated with the Prestwick library of 1120
previously approved drugs (PADs) at 10 μM for 6 h to reveal
compounds that did not require postmitotic nuclear envelope
reassembly to elicit size changes and for 36 h to identify
compounds with low toxicity. To align with standard cancer
diagnostic procedures, we used nuclear/cell area from imaging
(focal) cross sections as our core size metric. The nuclear area
was monitored with stably expressed H2B-mRFP, and cell area
from CellMask DeepRed cytosol staining (Figure 1A). A total of
350−1000 cells/conditions were imaged for each screen using a
PerkinElmer OPERA confocal instrument. Two full replicate
screens were undertaken for each cell line and treatment
duration, based on reproducibility in a triplicate pilot screen
(Methods section; Figure S1 and Table S1).
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Figure 2. Tumor/tissue-type-speciﬁc eﬀect of NSR compounds. Colored regions on Venn diagrams show the number of hit compounds for PC3 (red),
HCT116 (blue), and H1299 (yellow) tumor cell types. (A) Overlap in absolute nuclear size rectiﬁers (left) and N/C ratio rectiﬁers (right). (B)
Overlap in compounds increasing/decreasing absolute nuclear size after 6 h (left) and 36 h (right). (C) Overlap in compounds increasing (left) or
decreasing (right) mean nuclear size upon 6 h (light colors) and 36 h (dark colors) treatment. (D) Overlap in compounds increasing/decreasing N/C
ratio after 6 h (left) and 36 h (right). (E) Overlap in compounds increasing (left) or decreasing (right) N/C ratio upon 6 h (light colors) and 36 h (dark
colors) treatment.

For each cell line/compound/treatment duration condition,
we calculated both absolute nuclear size and N/C ratio metrics
for individual cells from high-content OPERA microscopy
images (Figure 1, Methods section). The former is traditionally
used by cytologists to grade tumors,25,26 while the latter
identiﬁes disruption of nuclear size scaling relative to cell size, a
hallmark in certain cancer types.7 We next averaged these
individual cell values, and also estimated the nuclear size
variability (average- and outlier-based analysis strategies,
respectively) across the cell population in each condition (see
Figure 1B, Methods section, and the Supporting Information
(SI) for details). We ﬁnally analyzed those datasets statistically
to identify hit compounds that perturb absolute nuclear size

and/or N/C ratio metrics beyond the typical metric variability
across the library (Tables S2−S5, Methods section), thereby
reducing nonspeciﬁc compound eﬀects on nuclear size. Hit
compounds were conﬁrmed using Wilcoxon rank tests versus inplate DMSO controls. Comparing absolute and relative nuclear
size (N/C ratio) metrics allowed us to identify compounds that
aﬀect the nuclear size in diﬀerent ways, while the two analysis
strategies enabled us to distinguish compounds with large eﬀects
on a fraction of the cell population (outlier-based) from those
that uniformly aﬀect most cells in the population (averagebased), as expanded in the Supporting Information (Complementary Analyses of Nuclear Size Chemical Screen Data
section).
C
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Table 1. Nuclear Size Rectiﬁer (NSR) Compounds That Correct Cancer-Related Absolute Nuclear Size (N) or Nuclear-toCytoplasm (N/C) Ratio Changes in One or Several of the Three Tumor Types beyond Detection Thresholdsa
compoundtherapeutic group
disulfiramdopamine β hydrolase inhibitor

tomatinecholinergic inhibition

astemizolehistamine antagonist
perhexiline maleateCa2+ channel blocker

ebselenCox inhibitor
alexidine dihydrochloridedetergent

cantharidinserine protease releaser

oxyphenbutazoneCox inhibitor

anisomycinacetylcholine estherase inhibitor
roxatidine acetatehistamine antagonist

metixene HClcholinergic inhibition
parthenolideMAO inhibitor
prenylamine lactateCa2+ channel stimulation
emetine dihydrochlorideprotein synthesis inhibitor
piperlonguminealkaloid
lycorine HClprotein translation inhibitor
sertraline5HT uptake inhibitor

danazolhormone estrogen antagonist
griseofulvinantifungal drug
puromycin dihydrochlorideantimetabolite
resveratrolCox inhibitor
cilostazolphosphodiesterase inhibitor
eburnamoninealkaloid
monensin sodium saltmembrane ionophores producer
dienestrolnonsteroidal estrogen
azacytidine5-antimetabolite
hydroflumethiazideNa+ Cl-transport inhibitor

nuclear change correction
PC3, N, 6 h
PC3, N/C, 36 h
H1299, N/C, 36 h
PC3, N&N/C, 6 h
PC3, N&N/C, 36 h
HCT116, N, 6 h
HCT116, N, 36 h
PC3, N&N/C, 6 h
PC3, N&N/C, 36 h
PC3, N, 6 h
PC3, N, 36 h
HCT116, N, 36 h
PC3, N, 6 h
PC3, N/C, 6 h
PC3, N&N/C, 6 h
PC3, N&N/C, 36 h
HCT116, N&N/C, 36 h
HCT116, N/C, 6 h
H1299, N/C, 6 h
H1299, N/C, 36 h, rep2
PC3, N, 6 h
PC3, N, 36 h
HCT116, N, 36 h
PC3, N&N/C, 6 h
PC3, N&N/C, 36 h
HCT116, N, 6 h
HCT116, N, 36 h
H1299, N/C, 6 h
H1299, N/C, 36 h
PC3, N, 36 h
H1299, N&N/C, 36 h
PC3, N, 36 h
H1299, N, 6 h
H1299, N/C, 36 h
PC3, N, 36 h
PC3, N, 36 h
H1299, N, 36 h
PC3, N&N/C, 36 h
PC3, N, 36 h
H1299, N, 6 h
PC3, N, 36 h
H1299, N/C, 36 h
PC3, N, 36 h
HCT116, N, 36 h
PC3, N, 6 h
PC3, N, 36 h
HCT116, N, 36 h
H1299, N/C, 6 h
HCT116, N, 36 h
HCT116, N, 36 h
HCT116, N, 36 h
H1299, N, 6 h
PC3, N, 36 h
HCT116, N, 36 h
HCT116, N, 36 h
HCT116, N, 36 h
HCT116, N, 36 h
HCT116, N, 36 h
HCT116, N, 36 h
H1299, N, 6 h
D

strength, replicates
mild, 2/3
strong, 2/2
strong, 2/2
strong, 3/3
strong, 1/2
strong, 1/2
strong, 1/2
mild, 3/3
strong, 2/2
strong, 2/3
strong, 2/2
mild, 1/2
mild, 3/3
strong, 3/3
mild, 2/3
strong, 2/2
mild to strong, 2/2
strong, 1/2
strong 2/2
mild, 3/3
mild, 2/2
mild, 2/2
strong, 2/3
strong, 2/2
strong, 1/2
strong, 2/2
strong, 2/2
strong, 1/2
strong, 2/2
strong, 2/2
strong, 2/2
mild, 2/2
strong, 2/2
mild, 2/2
mild, 2/2
mild, 2/2
strong, 2/2
strong, 2/2
mild, 2/2
strong, 2/2
strong, 2/2
mild, 2/2
mild, 2/2
mild, 3/3
strong, 2/2
strong, 1/2
mild, 2/2
mild, 2/2
mild to strong, 2/2
strong, 2/2
strong, 2/2
mild, 2/2
strong, 2/2
strong, 2/2
mild to strong, 2/2
strong, 2/2
mild, 2/2
mild, 2/2
strong, 2/2

nuclear change aggravation

H1299, N/C, 6−36 h

H1299, N/C, 36 h, repl

HCT116, N, 6 h
H1299, N, 6 h
PC3, N/C, 6−36 h
H1299, N, 6 h
H1299, N, 36 h

Possibly HCT116, N/C
PC3, N, 6 h

H1299, N, 6 h
HCT116, N/C, 36 h

H1299, N, 36 h
PC3, N/C, 6 h
HCT116, N/C, 6 h
PC3, N/C, 6 h
PC3, N/C, 6 h
H1299, N, 6 h

PC3, N/C, 6 h
H1299, N, 36 h
H1299, N, 36 h
PC3, N/C, 6 h
PC3, N/C, 6 h
H1299, N, 36 h
H1299, N, 36 h
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Table 1. continued
compoundtherapeutic group
metaraminol bitartrateα adrenergic agonist
flufenamic acidCox inhibitor
trimethoprimfolic acid antagonist
fenspiride HClbradykinin antagonist
methylprednisolone 6-αglucocorticoid
Debrisoquin sulfatecatecholamine depletor
harmol HCl monohydrateanxiolytic
methoxy-6-harmalanbenzodiazepine receptor ligand
levonordefrinα adrenergic agonist
N-acetyl-L-leucineanti-vertigo drug
(+)-isoproterenol (+)-bitartrate saltbronchodilator
proscillaridin Acardiac glycoside
etilefrine HClα adrenergic agonist
letrozoleP450 inhibitor
(+,−)-synephrineα adrenergic agonist
verteporfintreatment of ARMD
monobenzonemelanin inhibition
trifluridineDNA replication inhibitor
antimycin Amitochondrial ETC inhibitor
mitoxantrone dihydrochloridetopoisomerase II inhibitor
paroxetine HCl5HT uptake inhibitor
parbendazoleantihelmintinc
camptothecine (S,+)topoisomerase I inhibitor

nuclear change correction

strength, replicates

H1299, N&N/C, 6 h
H1299, N, 6 h
H1299, N, 6 h
H1299, N, 6 h
H1299, N, 6 h
HCT116, N/C, 36 h
H1299, N, 6 h
H1299, N, 36 h
H1299, N, 6 h
H1299, N, 6 h
HCT116, N/C, 36 h
H1299, N, 6 h
HCT116, N/C, 36 h
H1299, N, 6 h
H1299, N, 6 h
HCT116, N/C, 6 h
H1299, N, 6 h
H1299, N, 36 h
H1299, N, 6 h
HCT116, N/C, 6 h
H1299, N, 6 h
HCT116, N/C, 6 h
H1299, N, 6 h
HCT116, N/C, 6 h
H1299, N, 6 h
H1299, N, 36 h
H1299, N, 36 h
PC3, N/C, 36 h
PC3, N/C, 6 h
H1299, N/C
PC3, N/C, 36 h
PC3, N, 6 h
HCT116, small N outliers, 36 h
H1299, large and small N outliers, 36 h
all lines, large and small N outliers, 36 h

strong, 2/2
strong, 2/2
mild, 2/2
strong, 2/2
strong, 2/2
mild, 2/2
strong, 2/2
mild, 2/2
strong, 2/2
mild, 2/2
strong, 1/2
strong, 2/2
strong, 2/2
mild, 2/2
strong, 2/2
strong, 2/2
strong, 2/2
strong, 1/2
strong, 2/2
strong, 2/2
strong, 2/2
strong, 2/2
mild, 2/2
mild, 2/2
mild, 2/2
strong, 2/2
strong, 2/2
strong, 2/2
mild, 2/3
strong, 1/2
mild, 2/2
mild, 2/3
mild, 2/2
mild, 2/2
mild to strong, 2/2

nuclear change aggravation

HCT116, N, 36 h

HCT116, N, 36 h

HCT116, N, 36 h
PC3, N, 6 h
HCT116, N, 36 h
HCT116, N/C, 36 h
PC3, N/C, 6 h
PC3, large N outliers, 6 h

a

Compound classes currently used in chemotherapy (e.g., microtubule inhibitors, DNA intercalating agents) and classes with consistent
phenotypes across the class (e.g., β adrenergic receptor agonists (BAAs), Na+/K+ ATPase inhibitors) have been removed from this table and are
listed in Figures S3, 4, and S4, respectively.

homogeneous eﬀects on the cell population as opposed to
large eﬀects in a fraction of the population.
Generically Active vs Cell Line-Speciﬁc Compound
Classes. All compounds were sorted according to pharmacological class/mechanism of action. The entire datasets of
increased/decreased absolute nuclear size phenotypes across
the sorted compound collection were plotted against conditions
(cell line, replicate, time point) as red and blue heat maps,
respectively, both for average- and outliers-based analyses
separately (Figure 3). Strikingly, certain compound classes
showed coherent nuclear size patterns within the class,
clustering phenotypes across cell lines or for a particular cell
line. For instance, DNA intercalating agents showed little eﬀects
on the N/C ratio but increased both the absolute nuclear size set
point (average) and its variability (outliers), in all three cell lines
with the strongest eﬀects after 36 h (Figure S3A). Microtubule
poisons showed more drastic eﬀects on nuclear size variability
than on the average, with, e.g., colchicine, paclitaxel,
podophyllotoxin, nocodazole, and albendazole strongly increasing the fractions of both small and large nuclei in all cell lines,
especially after 36 h treatment (Figures 3 and S3B). Statistical
analysis of microtubule poisons compound class enrichment for

Compounds that induced changes in average absolute nuclear
size or N/C ratio in the direction opposite to that associated
with increased metastasis in the corresponding tumor type are
referred to as nuclear size rectiﬁers (NSRs) throughout the
manuscript.
After 6 and 36 h of treatment, respectively, 88 and 124
compounds were NSR for the absolute nuclear size (Figure 2A,
left), while 151 and 178 compounds were NSRs for the N/C
ratio (Figure 2A, right). NSR compound sets for the absolute
and relative nuclear size only partially overlapped, likely owing
to compound-associated cell size renormalization (Figure S2B).
Likewise, compound sets aggravating cancer-associated nuclear
size changes showed little overlap across cell lines (Figure 2B,D;
Table S2) and compound sets with eﬀects after 6 and 36 h of
treatment were also distinct (Figure 2C,E). Compounds with
the strongest eﬀects are listed in Table 1. Most NSRs were cell
line-speciﬁc and only a few aﬀected nuclear size in all lines.
Strikingly, a handful of compounds were NSRs for both PC3 and
H1299 cell lines, or HCT116 and H1299 cell lines, despite
rectifying nuclear size in both lines meant shifting the nuclear
size in opposite directions. Notably, most NSRs had
E
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Figure 3. NSR compounds that increase (red) or decrease (blue) absolute nuclear size. Heat maps showing the mean nuclear size (ﬁrst and third
columns) and the fraction of large (second column) and small (fourth column) outliers across the compounds collection (vertical) and across tumor
type/replicates (horizontal). Mean nuclear size and fraction of outlier cells were normalized to the detection thresholds (see the Methods section), and
color-coded as indicated (darker red/blue reﬂecting a stronger phenotype). Compounds were ranked by the mechanism of action/therapeutic class, in
alphabetic order. Drug categories with interesting phenotypic clustering are highlighted to the right: (i) β-Adrenergic receptor agonists; (ii) DNA
intercalants and replication inhibitors; (iii) glucocorticoids; (iv) mitogen-activated protein (MAP) kinase inhibitors; (v, x) microtubule poisons; (vi)
Na+/K+ ATPase inhibitors; (vii) 5-hydroxytryptamine (5-HT) (serotonin) reuptake inhibitors; (viii) cyclo-oxygenase (Cox) inhibitors; (ix)
detergents-surfactants. Enrichment of compound classes for particular phenotypes was statistically signiﬁcant, with class enrichment scores larger than
95%, and often 99% (see the Methods section).

In addition to DNA intercalants and microtubule poisons,
which are mainstays of chemotherapy regimens, our screens
recovered most known antineoplastic compounds present in the
Prestwick library, buttressing the potential of nuclear size
screens to identify anticancer compounds. However, antineoplastic compounds had extremely variable eﬀects on nuclear size
(Figure S3D) and are generally toxic. Hence, we focused on
identifying compounds not commonly used in cancer therapies

such phenotypes strongly indicated that the latter are not due to
oﬀ-target eﬀects (Figures 3 and S3B, * and **). Phenotypic
signatures were similar for microtubule poisons with distinct
molecular mechanisms of action. Indeed, the microtubule
stabilizer paclitaxel and the polymerization inhibitor colchicine
(but not its UV-inactivated isomer lumicolchicine) showed
overlapping phenotypic signatures on nuclear size.
F
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Figure 4. Functional groupings for NSR compounds segregated to particular tumor types. Class enrichment scores larger than 95% (resp. 99%) are
indicated as * (resp. **) for particular phenotypes. Absolute nuclear size and N/C ratio were normalized to the detection thresholds (Methods
section), and color-coded as indicated. Compounds are numbered and listed in order of appearance at the bottom of each panel. (A) Heat maps
showing the mean nuclear size (left) and mean N/C ratio (right) across tumor type/replicates (horizontal) treated with β-adrenergic receptor agonists
(top heat maps) or Na+/K+ ATPase inhibitors (bottom heat maps). (B) Heat maps showing the mean nuclear size (left) and mean N/C ratio (right)
across tumor type/replicates (horizontal) treated with cyclo-oxygenase (Cox) inhibitors (top heat maps) or 5HT-reuptake inhibitors (bottom heat
maps). (C) Absolute vs relative nuclear size change proﬁles similarly extracted for eight other notable compounds.

and with cell-type-speciﬁc eﬀects on nuclear size, under the

Several compound classes were NSRs in only one or two of
the three cancer cell lines (Figure 4). β-Adrenergic receptor
agonists (BAAs, Figure 4A) such as, e.g., salbutamol, fenoterol,
and clenbuterol, but not antagonists such as propafenone,

assumption that this cell-type speciﬁcity might reduce systemic
toxicity.
G
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Figure 5. PC3-speciﬁc NSRs target speciﬁc highly-connected protein networks. The default node color is pink. Edge thickness is proportional to the
number of interactions. Blue nodes represent phosphorylation GO terms (kinases/phosphatases, e.g., 6468; 16310); nodes circled in blue indicate
cAMP metabolism/catabolism and downstream response (GO 51591; 46058; 6198); nodes circled in green indicate cell surface receptor-linked
signaling (GO 7166) or cell communication (10646). ABL2, further studied in Figure 8, is highlighted with a yellow circle.

lung cancer. Glucocorticoids27 increased the absolute nuclear
size in HCT116 cells speciﬁcally, exacerbating the cancerassociated nuclear size defect as opposed to functioning as an
NSR (Figure S4B).
PC3 NSRs included many cyclo-oxygenase inhibitors and 5HT reuptake inhibitors (e.g., sertraline, paroxetine, Figure 4B),
where the decrease in absolute nuclear size was sometimes
accompanied by an increased N/C ratio on the short term
speciﬁcally. Likewise, γ-aminobutyric acid (GABA) receptor

levobunolol, and betaxolol (Figure S4A), reduced the relative
nuclear size of HCT116 cells and increased the absolute nuclear
size of H1299 cells (NSR for those lines, compare Figure 4A
with Figure S4A). This example illustrates that the same
compound class can elicit distinct nuclear size changes in
diﬀerent cell lines and thus potentially in diﬀerent cancer types.
In contrast, Na+/K+ ATPase inhibitors, such as digitoxigenin
and lanatoside, selectively increased absolute nuclear size only in
H1299 cells (Figure 4A) and thus may exhibit selectivity toward
H
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Figure 6. Proliferative and apoptotic eﬀects induced by selected NSR compounds. (A) Fraction of viable cells (vertical axis) as a function of drug
concentration (horizontal) for paroxetine-, oxyphenbutazone-, parbendazole-, digitoxigenin-, and piperlongumine-treated PC3, HCT116, and H1299
cells as indicated, as determined by resazurine ﬂuorescence normalized to ﬂuorescence in DMSO-treated control wells. Dose−response curves were
obtained using least-square ﬁtting of the data points in the Prism software. (B) Gating strategy for Annexin V/propidium iodide (PI) FACS analysis.
Forward scattering (FSC) vs side scattering (SSC) plots (middle and bottom rows, left plots) were used to eliminate cell debris from the population,
while distributions of Annexin V and PI signals (top row plots) and FSC-area vs FSC-width plots (middle and bottom rows, central plots) were used to
remove cell doublets/triplets/groups. As a result, plotting individual cells according to their Annexin V vs PI signals (middle and bottom rows, right
plots) accurately identiﬁed populations of healthy (low Annexin V, low PI), early apoptotic (ﬁnite Annexin V, low PI), late apoptotic (ﬁnite Annexin V,
ﬁnite PI), and necrotic (low Annexin V, ﬁnite PI) cells. (C) FACS results plotted as the percentage of the total cell population under each condition
representing healthy, early apoptotic, late apoptotic, and necrotic PC3 cells after 36 h incubation with the indicated drugs.
I
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Figure 7. NSR compounds aﬀecting nuclear size also aﬀect cell migration and invasion. (A) Wound healing assay. Wound conﬂuence (top row) and
average nuclear size (bottom row) for PC3 cells treated with varying concentrations of oxyphenbutazone, piperlongumine, digitoxigenin, and sertraline
(from left to right) as indicated, in % of DMSO-treated control cells. Red dashed lines represent cutoﬀ values for strong reduction of migration (top
row) and strong NSR phenotype (bottom row); see Figure S8A. (B) Wound healing assay. Wound conﬂuence (top row) and average nuclear size
(bottom row) for H1299 cells, under the same conditions as (A). (C) Orientation assay. Percentage of PC3 cells from panel (A) showing correctly
oriented (left bars) or mis-oriented (right bars) centrioles, after 12 h of wound closure in the presence of 10 μM of indicated compounds, as assessed
using γ tubulin staining. (D) Microﬂuidics migration assay. (Top) Representative images of cells migrating in the microﬂuidics chamber through
conﬁned (≤2 μm × 5 μm, top) and unconﬁned (15 μm × 5 μm, bottom) constrictions. Arrow shows migration direction. Scale bar, 50 μm. (Bottom)
Mean nuclear transit time (time required to move through an individual constriction) for DMSO-, piperlongumine-, and digitoxigenin-treated PC3
cells. Error bars show SEM. (E) Invasion assay. Optical density (OD, arbitrary unit) characterizing the fraction of PC3 cells that successfully invaded a
Boyden chamber within 24 h, in the presence of 10 μM of the indicated compounds.

ligands/agonists were NSRs on HCT116 cells as they decreased
absolute nuclear size; yet, their eﬀect on cell size was even

stronger such that the N/C ratio was increased (Figure S4B).
The terpenoid natural product cantharidin, which has antiviral
J
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strengthen heartbeat, increased absolute nuclear size dramatically in H1299 (H1299 NSR) and slightly in HCT116;
piperlongumine, an alkaloid natural product with claimed
anticancer properties,30 increased the N/C ratio in PC3 at 6 h
but decreased absolute nuclear size at 36 h and increased nuclear
size in HCT116 and H1299 at 36 h; and parbendazole, an
antihelminthic that increased the N/C ratio and the fractions of
both large and small nuclear size outliers in all lines after 36 h.
Out of these seven compounds, oxyphenbutazone, parbendazole, digitoxigenin, piperlongumine, and paroxetine were tested
in two viability assays. All compounds reduced the viability of
each cancer cell line to diﬀerent degrees, as quantiﬁed by the
fraction of metabolically active cells (Figure 6A). Parbendazole
showed its strongest viability eﬀect on H1299 cells, where it
corrects the N/C ratio. Oxyphenbutazone decreased cell
viability similarly for PC3 and HCT116 cells where it is NSR,
but viability decreased even more rapidly in H1299 cells where
oxyphenbutazone is not NSR. All compounds were also tested in
apoptosis assays, where PC3 cells were co-stained with Annexin
V and propidium iodide (PI) to label early-stage apoptotic cells
(positive only for Annexin V), late-stage apoptotic cells (positive
for Annexin V and PI), necrotic cells (positive only for PI), in
contrast to healthy cells negative for both stains. The fraction of
cells in each population was quantiﬁed by ﬂuorescence-activated
cell sorting (FACS) using the gating strategy depicted in Figure
6B to detect only singlets and intact cells. All compounds but
paroxetine induced apoptosis in PC3 cells to a variable extent,
with digitoxigenin showing the strongest eﬀect in comparison
with PC3 NSRs parbendazole, oxyphenbutazone, and piperlongumine. From these viability assays, we concluded that there is
no obvious correlation between nuclear size correction and cell
viability.
NSRs Inhibit Cell Migration and Invasion. To investigate
potential cell line-speciﬁc eﬀects of NSRs on migration, we next
tested the seven selected compounds at concentrations from 1
nM to 10 μM in a scratch-wound healing assay (Figures 7A,B,
S7A, and Methods section). PC3 and H1299 cells were analyzed
as several compounds were unique NSRs for each.
Analysis of PC3 wound closure after 24 h incubation revealed
that PC3 NSRs oxyphenbutazone, piperlongumine (Figure 7A),
and astemizole (Figure S7A) reduced migration in a dosedependent manner at concentrations starting at 100 nM or 1
μM, concentrations at which those compounds were NSR for
this cell line. Parabendazole, which increased the fraction of
large and small nuclear size outliers in PC3 (Table S4), behaving
thus as an NSR for a fraction of cells, similarly inhibited
migration but at higher concentrations of 1 μM or greater
(Figure S7A). PC3-speciﬁc NSR sertraline reduced both
migration and nuclear size as expected, but only at the maximal
concentration of 10 μM (Figure 7A). Out of the ﬁve PC3 NSRs
tested, only paroxetine failed to slow migration in wound healing
assays (Figure S7A). Strikingly, digitoxigenin (an H1299speciﬁc NSR that does not aﬀect nuclear size in PC3), did not
aﬀect migration at any concentration (Figure 7A), in full
agreement with our working hypothesis.
This pattern of migration phenotypes was in large part
inverted in H1299 cells (Figures 7B and S7A): the H1299speciﬁc NSR digitoxigenin increased nuclear size already only
slightly at 100 nM, and strongly at 1 and 10 μM, and reduced cell
migration at these three concentrations. In contrast, PC3 NSRs
oxyphenbutazone, piperlongumine, parbendazole, astemizole,
sertraline, and paroxetin showed no eﬀects on H1299 cell
migration at intermediate concentrations 100 nM or 1 μM,

and antiproliferative eﬀects, was a strong PC3 NSR both after 6
and 36 h treatment (Figure 4C). In addition to the above
illustrative examples, our nuclear size screens identiﬁed ∼50
other NSR compounds for the diﬀerent cancer types (Table 1;
Figure S5). Thus, just as nuclear size changes are characteristic
for each tumor type, many compounds that rectify these defects
are often speciﬁc to each cell line representing these tumor types
and exert distinctive eﬀects on relative and absolute nuclear size
metrics.
Cell Line-Speciﬁc NSRs Aﬀect Coherent Protein
Subnetworks. We next performed a cheminformatics-driven
protein target analysis of NSR compounds to gain mechanistic
insight into the cancer cell line speciﬁcity of nuclear size
rectiﬁcation. Known human protein targets of NSRs expressed
in our cell lines (Cancer Cell Line Encyclopedia (CCLE)
database, Methods section) were extracted from the ChEMBL
database. In agreement with the key role of Lamin A in
regulating nuclear size and stiﬀness,22,28,29 Prelamin A/C
appeared as the most often-hit target of NSRs for all cell lines
(Table S6). Hence, our screen and analysis clearly identiﬁed
direct regulators of nuclear mechanical properties. Other oftenhit targets across cell lines included the cytochrome P450 family,
microtubules and associated proteins, Histone-lysine Nmethyltransferase MLL, hypoxia-inducible factor 1 α, and
huntingtin. These generic targets were also targets of
compounds accentuating the cancer-associated nuclear size
changes and showed no cell line speciﬁcity (see Table S6). In
contrast, proteins targeted by cell line-speciﬁc NSR compounds
were largely nonoverlapping across the three cancer cell lines
and represented unique cellular pathways/functions as revealed
by gene ontology (GO)-term enrichment analysis with p-values
<10−4 (Methods section, Figures 5 and S6).
PC3-only NSRs formed a well-connected protein-interaction
network containing many kinases including SRC, ERBB, and
many mitogen-activated protein (MAP) kinases (Figure 5).
Moreover, PC3-only NSRs targeted cell−cell communication
(via, e.g., receptors for histamine, ephrin), many of which were
G-protein-coupled receptors (GPCR: e.g., α-1B adrenergic-,
prostaglandin E2-, HT-receptors). Interestingly, H1299-speciﬁc
NSRs also targeted GPCR/cAMP/adenylyl cyclase regulation,
but via diﬀerent protein targets from PC3-speciﬁc NSRs (e.g.,
melanocortin-, prostacyclin-, or κ-type opioid-receptor, Figure
S6A). HCT116-speciﬁc NSRs mostly targeted lipid metabolism
and catabolism pathways and, to a lesser extent, ion homeostasis
and vitamin D pathways (Figure S6B). Overall, nearly all of the
targets of the cancer cell line-speciﬁc NSRs were distinct to a
particular cell line.
NSRs Have Heterogeneous Eﬀects on Cell Viability. It
is unclear whether nuclear size changes directly contribute to
aggressive metastatic behavior or if the alterations in nuclear size
are a byproduct of other aspects of tumor progression. In the
former hypothesis, NSR treatment would be expected to reduce
aspects of metastasis (viability, migration, invasion).
To test this hypothesis, we selected seven NSR compounds
covering a range of target speciﬁcities (Table S7) and tested
properties relating to tumor growth and spread: oxyphenbutazone, a nonsteroid anti-inﬂammatory drug which also
depolymerizes microtubules, decreased absolute nuclear size
in all cell lines and treatment durations (NSR for PC3 and
HCT116); paroxetine and sertraline (Figure 4B), two
antidepressants that block serotonin reuptake, and astemizole
(Figure 4C), a histamine H1-receptor antagonist, as PC3speciﬁc NSRs; digitoxigenin, a steroid lactone used to
K
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Figure 8. Network analysis of PC3-speciﬁc NSR identiﬁes protein targets to reduce migration. (A) Quantiﬁcation of ABL2 mRNA level in the presence
of the indicated siRNAs in PC3 cells. (b) (Left) Whisker and Box plots showing the distribution of absolute nuclear size in the migrating PC3 cells
(from (C)), treated with control siRNA and siABL2 as indicated. Three replicates (R1−R3) are shown (N = 110, 111, and 100 for siCTRL-treated
cells; N = 109, 113, and 104 siABL2-treated cells). The distribution of nuclear sizes in cells treated with siCTRL and siABL2 was compared using
Wilcoxon rank tests for each replicate (**: p < 10−4, data from all replicates aggregated: p < 10−9). (Right) Example images of siCTRL (top)- and
siABL2 (bottom)-treated cells from the edges of the wound. (C) ABL2 silencing reduces wound closure. Wound conﬂuence (top row) and wound
width in % of its value at the ﬁrst time point (bottom row) as a function of time for PC3 (left) and H1299 (right) cells, treated with 20 nM siCTRL
(blue) and 20 nM siABL2 (orange). Data points show conﬂuence and width values averaged over eight replicates, and error bars represent the standard
error on the mean (SEM).

although some reduced H1299 cell migration at the highest 10
μM concentration. In summary, dose-dependent eﬀects of
L
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Eﬀects. Finally, we selected a functional protein target indicated
by the cell line-speciﬁc NSR targets network analysis (Figure 5)
to test if knocking it down could aﬀect nuclear size and migration
in a similar cell line-speciﬁc manner as the NSR compounds. A
major node of the PC3-speciﬁc network of NSR targets is the
tyrosine-protein kinase ABL2, targeted by the (−)-epicatechin
PC3-speciﬁc NSR (Table S6), a natural ﬂavanoid with
antioxidant and anticancer properties in vivo34,35 (Tables S2−
S5). ABL2 is expressed in both PC3 and H1299; so we siRNA
inhibited ABL2 in these lines and monitored changes in nuclear
size and cell migration.
ABL2 siRNA treatment signiﬁcantly decreased ABL2
expression levels to the limit of detection (Figure 8A) and
decreased the absolute nuclear size compared to siRNA control,
acting as a PC3-speciﬁc NSR (Figure 8B). Consistent with our
working hypothesis, ABL2 siRNA treatment also decreased cell
migration as siABL2-treated cells closed the wound slower, as
reﬂected by both a signiﬁcantly lower conﬂuence and larger
wound width than siCTRL-treated cells (Figure 8C, left). ABL2
siRNA treatment had no eﬀect on H1299 migration (Figure 8C,
right), and slightly increased migration in HCT116 (Figure
S8E), in agreement with ABL2 being a protein speciﬁc to the
network of PC3-only NSRs.

compounds on nuclear size were mirrored to a large extent by
dose-dependent eﬀects on wound closure, in a cell line-speciﬁc
manner.
Since the overlap between NSR and cell migration
phenotypes was not perfect for some compounds at 10 μM,
we next sought to assess how likely an NSR is to decrease cell
migration, in probabilistic terms. We grouped together the PC3
and H1299 data across all tested compounds at concentrations
where NSR or migration eﬀects were detectable under any
condition (i.e., ≥100 nM). From these 39 cell line/compound/
concentration conditions, we estimated the conditional
probability that a given compound at a given concentration
shows a migration eﬀect given it is NSR (see the Methods
section for details). This approach estimated that an NSR
compound has an 89% chance to show a migration defect in
wound healing assays, substantially larger than random expectation (33% in our dataset, see the Methods section).
Eﬀects in the wound healing assays could reﬂect reduced
mobility or loss of directionality or both. After a scratch wound,
normal cells orient with the centriole facing the wound to direct
inward migration and wound closure. To test for loss of
cytoskeletal polarization, the cells were stained for γ tubulin to
determine centriole orientation. Piperlongumine, digitoxigenin,
and oxyphenbutazone were tested in PC3 cells and each yielded
defective centriole orientation in 65−85% of cells scored (Figure
7C). Hence, the 3 compounds tested altered the directionality of
cell motion, making this parameter unlikely to explain why
piperlongumine and oxyphenbutazone slow down wound
closure while digitoxigenin did not.
We next considered the possibility that compound eﬀects on
nuclear size might reverse an advantage of the tumor cells to
migrate through tight junctions. We tested PC3 migration
through 5 × 15 and 5 × 2 μm2 constrictions, the latter requiring
substantial nuclear deformation, while the former exceeding the
size of the nucleus and thus partly serving as controls for
migratory ability in a three-dimensional (3D) environment
(Figure 7D). The mean migration speed through the 5 × 15 μm2
constrictions was slightly slower for piperlongumine-treated
cells (79 min) versus DMSO solvent control (91 min). Similarly,
digitoxigenin-treated cells exhibited a slightly slower mean
migration through the smaller 5 × 2 μm2 constrictions (73
versus 82 min for controls). However, in both cases, the
diﬀerences were not statistically signiﬁcant (two-tailed t-test p >
0.05). In regard to compound-induced centriole orientation
defects but minimal 3D migration defects, the compoundinduced slower wound closure suggests that tested NSRs aﬀect
speciﬁcally two-dimensional (2D) cell polarization/mobility
rather than mechanical stiﬀness as cells preferentially use these
two distinct mechanisms, respectively, for 2D vs 3D
migration.31−33
A transwell migration assay was also performed (Figure 7E) to
investigate compound eﬀects on PC3 invasion (Methods
section). Cells treated with piperlongumine and parbendazole
had ∼50% fewer cells migrate through the Boyden chamber
membrane compared to DMSO-treated controls, where oxyphenbutazone and digitoxigenin reduced the invasion capability
by 15 and 30% respectively. Thus, NSR compounds reduced
both cell migration and invasion in tissue culture assays,
although the cell line speciﬁcity of migration phenotypes
mirrored the cell line speciﬁcity of NSR phenotypes to a larger
extent in wound healing assays.
Network Analysis of Cell Line-Speciﬁc NSRs Identiﬁes
Candidate Protein Targets Mediating Cell Migration

■

DISCUSSION
We hypothesized that for the 19 cancer types for which nuclear
size changes have clearly been shown to correlate with increased
metastasis (reviewed in ref 3), the size change might contribute
at least in part to metastasis through changes in cellular
mechanics and/or migration. This idea is based on the wellestablished fact that disruption of the nucleoskeleton and/or
connections between the nucleoskeleton and the cytoskeleon
invariably had corresponding eﬀects on nuclear size and/or cell
migration where tested.36−38 The direct relationship between
nuclear size changes and migration is more speculative, although
nuclear size regulation and migration share a set of eﬀector
proteins.13,14 As the nucleus is the largest and sturdiest organelle
in the cell, it can be the greatest impediment to cell migration
through tight constrictions between tissues; however, nuclear
size changes could increase nuclear plasticity to facilitate
squeezing through constrictions (Figure S9A) or increase
tumor cell motility as experimentally validated in the references
above, possibly through eﬀects on actin23,28,39 (Figure S9B).
Hence, migrating cancer cells could in principle beneﬁt from a
broad range of nuclear size/stiﬀness alterations.
Notably, the directionality of nuclear size changes correlating
with increased metastasis was cell type-speciﬁc. Therefore, we
hypothesized that using nuclear size as a readout in highthroughput compounds screening across cell types could help
identify compounds able to mitigate a migratory advantage that
the initial size change contributed to the tumor cells, in a
selective, cell-type-speciﬁc manner. To test this idea, we
screened an FDA/EMA-approved drug library for compounds
that rectify cancer-associated nuclear size defects in three
diﬀerent cancer cell lines where nuclear size increase or decrease
correlates with worse-grade tumors. With our choice of library,
we anticipate that the mechanistic understanding of approved
drugs and their easy commercial accessibility will facilitate rapid
follow-up research based on our discoveries.
While we have not yet proven a causal relationship between
the nuclear size change and altered migration, we identiﬁed 50−
100 NSRs for each cancer cell line, many of which showed cell
line-speciﬁc NSR activity and have not been previously tested for
M
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owing to increased cell compressibility upon microtubule
depolymerization.48 They also strongly aﬀected nuclear size
variability, possibly arising from asymmetric nuclear division.
We postulate that the nonspeciﬁcity of antineoplastic agents
may play a role in their systemic side eﬀects and propose in
contrast that the cell line-speciﬁc eﬀects of NSR compounds
identiﬁed in our study, provided they can be replicated in
primary tumors in vivo, may improve tissue speciﬁcity of
chemotherapy regimens, by targeting tumor spread while
reducing systemic toxicity.
Although our screen identiﬁed NSRs directly targeting
nuclear mechanics (e.g., Prelamin A/C), which in turn aﬀect
migration via partially elucidated mechanisms,22 how other
NSRs aﬀect nuclear size may be indirect and diverge from their
established mechanisms of action.49 Digitoxigenin induces
cytotoxic eﬀects on non-small-cell lung cancer cells through a
second function inhibiting Na+/K+ ATPase activity.50 Digitoxigenin is also an eﬀective chemotherapeutic against metastatic
uveal melanoma,51 and its derivative, amantadig, is eﬀective in
inhibiting hormone-refractory prostate cancer cells,52 but the
mechanism by which it acts is not clear. Piperlongumine has
been reported to inhibit glycolysis and FOXO3A and to have
senolytic and antimicrobial activity,53−56 yet its eﬀects on breast
cancer in xenograft models57,58 are thought to function through
reactive oxygen species (ROS)-mediated apoptosis.30,58−60
Interestingly, our screen also identiﬁed other therapeutically
promising ROS-mediated apoptosis inducers such as the sodium
ionophore monensin, or compounds that inhibit the oxidative
stress-protective aldehyde dehydrogenase enzyme ALDH2,
such as disulﬁram (Figure S5). Both compounds are PC3speciﬁc NSRs and have been separately shown to diﬀerentially
aﬀect growth and/or migration of cancer and healthy prostate
epithelium cells.61,62
The other compounds we tested for migration eﬀects have not
been used to our knowledge as anticancer agents, nor can their
known targets readily explain their eﬀects on nuclear size
regulation. Paroxetine and sertraline are antidepressants of the
selective serotonin reuptake inhibitor (SSRI) class used to treat
depressive and obsessive−compulsive disorders. Paroxetine
interacts with cytochrome P450 complex enzymes63 and
promotes mitochondrial-induced apoptosis in astrocytes.64
Astemizole and other cationic amphiphilic antihistamines are
currently being assessed as anticancer agents.65−67 In the context
of prostate cancer, astemizole has been recently used to
downregulate androgen receptor pathway via the inhibition of
the polycomb repressive complex 2 (PRC2), which otherwise
promotes proliferation, migration, invasion, and metastasis.68
Parbendazole is a benzimidazole derivative showing broadspectrum anthelminthic activity and is also a potent microtubule
poison.69,70 Parbendazole induced apoptosis in nearly 40% of
PC3 cells and inhibited cell migration by nearly 75% in wound
healing assays and by 50% in invasion assays. Thus, even though
this compound is from a group of drugs with antihelminthic
activity, it may hold promise as a therapeutic against prostate
cancer.
Other antihelminthics aﬀected nuclear size in our study as
well as compounds from other therapeutic groups not previously
used in cancer treatments that might be repurposed to treat
particular cancer types if these eﬀects replicate in cells from
primary tumors. This is underscored by such repurposing
already underway for BAAs that were NSRs here for HCT116
cells representing colonic adenocarcinoma and for H1299 cells
representing small-cell lung cancer. Interestingly, BAAs suppress

cancer therapies for the tumor types represented in our screens.
We selected seven of these NSRs for detailed investigation, all of
which reduced cell migration under most conditions (cell line,
concentration), where they also rectiﬁed nuclear size. Hence, the
simple nuclear size readout appears to be a reasonable predictor
of the eﬀect of drugs on cell migration, irrespective of whether
these drugs have pleiotropic eﬀects or impinge on nuclear size
and/or migration via many indirect mechanistic routes.
Notably, the cell invasion assay did not correlate as strongly
with nuclear size correction as the cell migration assays. While
this discrepancy could be attributable to technical aspects
(diﬀerences in treatment duration, eﬀective compound doses on
cells in the two very diﬀerent assay systems, etc.), it could also
stem from diﬀerent compounds targeting diﬀerent aspects of cell
migratory behavior. More detailed testing of NSR compounds in
a variety of assays, in primary tumor cells, and in xenograft
models is required before considering these compounds further
for clinical use on cancer patients.
An important ﬁnding from this study is that many compounds
identiﬁed in our screen showed cell-type-speciﬁc eﬀects on
nuclear size and on cell migration in overall agreement with their
NSR status. These compounds represent groups not traditionally used to treat these cancer types (Table 1), and so may
indicate new compound classes with potential use for speciﬁc
cancer types. Moreover, their cell-type speciﬁcity would likely
limit their systemic toxicity. We note, though, that several
compounds were NSR only on the shorter (6 h) term but not on
the longer (36 h) term, possibly indicating cellular adaptation to
perturbation that might reduce compound eﬃciency in a
therapeutical context. Moreover, some PC3-speciﬁc NSRs (e.g.,
sertraline, astemizole, oxyphenbutazone) showed anti-migratory
eﬀects in H1299 when applied at high concentrations with
minimal eﬀects on nuclear size (Figures 7, S7A, and S8B, bottom
left corner), indicating that additional eﬀects of compounds at
high concentrations could change the character of the cellular
response, further indicating the need to investigate individual
hits before translational application.
The cell-type speciﬁcity might also extend to NSR protein
targets: central to the protein network of PC3-speciﬁc NSR
targets was the nonreceptor tyrosine kinase ABL2 that is
frequently overexpressed in Hepatocellular carcinoma40 and
whose silencing signiﬁcantly attenuates migration and invasion
in HepG2 cells.41 Likewise, ABL2 knockdown in breast cancer
cells reduces migration.42 In prostate cancer cells, knockdown of
ABL2 has contrasted eﬀects on invasion and migration,43,44
indicating that (1) ABL2 might be the target of cell line-speciﬁc
signals and (2) ABL2 levels need to be ﬁnely tuned for optimal
repression of migration. The only NSR which directly targets
ABL2 in our screen, epicatechin, might modulate AMPK/Akt/
mTOR pathway.34 In agreement with our hypothesis, the related
compound epicatechin gallate signiﬁcantly restrains the
migration of prostate cancer cells, possibly via Akt/mTOR.45
Other catechins have been associated with reduced invasion of
melanoma cells.46
The potential value of the new compound types identiﬁed
here is underscored by the fact that our screen uncovered most
known antineoplastic agents present in the compound library,
among which were DNA intercalants and microtubule poisons
commonly used in anticancer treatments. However, such
commonly used compounds showed neither directional nor
tissue speciﬁcity. Microtubule poisons aﬀected the N/C ratio in
the short term but the nuclear size only in the longer term, in
agreement with short-term reduction of cell size,47 possibly
N
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edge of the well where cells accumulate due to capillary action. A similar
imaging protocol was used to determine the compound dose−response
curve of nuclear size (Figures 7 and S7). The drug incubation time was
set to 24 h. Only six cells were scored with 10 μM astemizole treatment
in this replicate experiment, making an accurate estimation of average
nuclear size impossible under this condition. For this compound, these
missing data have been replaced by the data from the original screen,
averaging the data from 6 and 36 h to interpolate treatment duration
(although the nuclear size was reduced very similarly after 6 and 36 h
astemizole treatment).
Data Processing and Quantitative Analysis. An adapted
Acapella (PerkinElmer) software script was used to automatically
mask the cytoplasm and nucleus of individual cells within each FOV.
Cell and nuclear sizes were, respectively, deﬁned as the areas (in pixels)
of the masked regions in the focal plane, based on, respectively, the
CellMask DeepRed and H2B-mRFP signals. Intensity threshold ﬁlters,
size ﬁlters, and morphological ﬁlters (which threshold on cell/nuclei
size, nuclear roundness, width-to-length ratio, distance between nuclei)
were used to ﬁlter out detection artifacts, multiple detections of single
cell/nuclei, or unique detection of cell clusters. Identical processing
parameters were used in Acapella for all conditions to prevent
postacquisition processing biases. Single-cell data were exported to a
.txt ﬁle for subsequent analysis in MATLAB (The Mathworks; see
below and Figure 1).
Data Filtering and Computation of Nuclear Size Metrics. For
conditions that yielded higher cell densities at the time of imaging, the
above ﬁltering step was sometimes insuﬃcient to remove clusters of
cells so cell size outliers were eliminated from all datasets. For each
condition separately, the entire cell size distribution was analyzed, and
we extracted the 25, 50, and 75 size quartiles (Q1, Q2, and Q3,
respectively). Next, we ﬁltered out detection areas with a size larger
than the standard outlier threshold Q2 + 6 × (Q3 − Q2) (i.e., likely cell
clusters), and the detections smaller than Q2 − 6 × (Q2 − Q1) (i.e.,
imaging artifacts or cell debris). All DMSO control wells for each plate
were processed together in this step. For each cell that passed ﬁltering,
we computed two metrics: the absolute nuclear size N, and the relative
nuclear size, or N/C ratio, deﬁned as the ratio of the absolute nuclear
size to the absolute cell size.
Statistical Analysis of DistributionsAverage-Based and OutlierBased Strategies. Compounds that altered absolute or relative (N/C)
nuclear size metrics were identiﬁed using two complementary strategies
for each metric.
Average-Based Strategy. The average value of the metric across all
scored cells was determined for each compound- and DMSO-treated
well alike. Hits were selected as compounds with an average metric
value that stands out from the distribution of average metric values
across the library. Speciﬁcally, we computed the 25, 50, and 75%
percentiles of the distribution of well-averaged metric values across the
entire Prestwick library for each cell line/replicate separately
(respectively, denoted Q1, Q2, and Q3). We computed low and high
outlier thresholds Q2 − s × (Q2 − Q1) and Q2 + s × (Q3 − Q2) with
the standards choices of s = 6 for the nuclear size metric (hard selection)
and s = 3 for the N/C ratio (softer selection), to account for the larger
cell-to-cell variability in N/C ratio compared to absolute nuclear size
(N/C ratio variability also reﬂects cell size variability). These pairs of
thresholds are represented as dashed red lines on Figure S1B, top row
and bottom row for absolute nuclear size and N/C metrics, respectively.
Finally, compounds that reduced (respectively, increased) the mean
value of the metric below (respectively, above) those thresholds were
identiﬁed as hits for the corresponding metric and the average-based
analysis strategy. The slightly less stringent criterion for hit selection
based on the N/C ratio may explain, in part, the increased sensitivity of
the N/C ratio relative to nuclear size in identifying active compounds.
Outlier-Based Strategy. For each plate, we computed the 25, 50, and
75% percentiles characterizing the distribution of metric values across
the population of individual DMSO-treated control cells only (i.e., 16
wells per plate). We used these percentiles (Q1, Q2, Q3) to compute
low and high (soft) outlier thresholds as deﬁned above DMSOlowThres =
Q2 − 3 × (Q2 − Q1) and DMSOhighThres = Q2 + 3 × (Q3 − Q2).
Individual cells with values below (resp. above) the low (resp. high)

the epithelial-to-mesenchymal transition of bronchial epithelial
cells and have been used to treat lung cancer.71,72 BAAs are
promising candidates also for triple-negative breast cancer and
gliomas.73,74

■

CONCLUSIONS
This study provides a proof of principle that high-throughput
screening for compounds that rectify nuclear size changes can
identify drugs that might be able to reduce metastasis in a cancer
type-speciﬁc manner. It also provides support to the hypothesis
that targeting tissue/cancer type-speciﬁc nuclear size changes
can aﬀect cell migration with the potential to reduce metastasis.
However, there is still much more work to be done to determine
causality and to ensure that the possible pleiotropic eﬀects of
identiﬁed compounds, of which compounds with the strongest
NSR eﬀects are listed in Table 1, do not confound the potential
beneﬁts with unintended negative eﬀects. Although drugassociated nuclear size corrections might often be indirect and
we did not infer mechanistic causes of drug-associated nuclear
size phenotypes, we found that the nuclear size readout was a
signiﬁcantly good predictor of cell migration. Engaging similar
screens for other cancer/tissue types, testing the eﬀects of
compounds on multiple primary tumor cells and controls for
each cancer, and testing actual eﬀects on metastatic spread in
animal models will all be needed before the full value of this
approach can be assessed. While this will require many
additional studies, our study is a necessary ﬁrst step that
introduces a potential new paradigm in both nuclear size scaling
and cancer research.

■
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METHODS

Cell Lines. PC3, HCT116, and H1299 cells were stably transfected
to express H2B-mRFP in the pEGFP-N2 clontech vector and
maintained under G418 selection (500 μg/mL) for general culture.
Selection was removed for one passage prior to plating for experiments
to avoid drug interference eﬀects.
Cell Culture and Manipulation. The Prestwick compound library
(PAD, 2015 version) was contained in fourteen 96-wells plates, each of
which consists of 80 drugs mostly approved by the FDA and EMA
agencies (1 mM stock concentration in DMSO) and 16 in-plate DMSO
controls, for a total of 1120 compounds. For each screen, ∼5000 H2BmRFP tagged cells were plated on each well of 14 Greiner Screenstar
96-wells glass-bottom imaging plates and left overnight in 99 μL of
Roswell Park Memorial Institute (RPMI) medium for adhesion and
growth prior to compound treatment (addition of 1 μL of stock to a
ﬁnal well concentration of 10 μM). The cells were incubated for 6 or 36
h before preparation for imaging. Cell densities prior to compound
treatment were adjusted to account for cell doubling during the 36 h
long-term treatment to minimize diﬀerences in cell densities at the time
of imaging. The cells were ﬁxed in 3.7% EMD FX0410-5 formaldehyde
solution for 15 min at room temperature, washed with phosphatebuﬀered saline (PBS), and then incubated for 30 min in 50 μL of HCS
CellMask DeepRed 0.5X (Molecular Probes) for cytosol staining.
Stained ﬁxed cells were washed again and stored in PBS at 4 °C. Plates
were wrapped in paraﬁlm and aluminum foil and imaged within 1 week.
Imaging Data Acquisition. H2B-mRFP tagged cells were imaged
using an Opera High-Content Screening instrument (PerkinElmer),
equipped with a 20× air objective (LUCPLFLN, NA = 0.45) and
Peltier-cooled charge-coupled device (CCD) cameras, or with the latest
Opera Phenix for the 6 h time point in H1299, for technical reasons.
H2B-mRFP (nucleus) and CellMask DeepRed (cytosol) ﬂuorochromes were exposed sequentially at 561 and 640 nm for 320 and
200 ms, respectively, and ﬂuorescence was measured on distinct
channels with 600/40 and 690/70 bandpass detection ﬁlters. Bleedthrough of the cytosolic channel into the nuclear channel was negligible.
For each well, 20 ﬁelds of view (FOVs) were acquired, avoiding the
O
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query this data in the form of dictionaries stored in the JSON format
and interrogate the commonly hit targets. The Python code used to
achieve this data curation is available at https://github.com/
stevenshave/NuclearSizeCheminformatics. We note that polypharmacological proﬁles curated and reported in Table S6 are incomplete and
skewed toward historically well-explored protein targets and established
drugs, as there is not a public record of all human proteins assayed
against these compounds. From the incomplete data, we can however
reveal proteins meriting further investigation. Gene nodes identiﬁed as
being targets of cell line-speciﬁc NSR with any metric/methodology
were ﬁrst ﬁltered against genome-wide transcriptomics data for our
three cell lines (from the Cancer Cell Line Encyclopedia, CCLE,
CCLE_RNAseq_rsem_genes_tpm_20180929 dataset) to ensure that
networks presented include only genes expressed in the relevant cell
line. Proteins targeted by cell line-speciﬁc NSR compounds pulled by
any of our metrics/analysis methodologies were represented on
interaction maps using Cytoscape (Figures 5 and S6). Targets of
NSRs shared by at least two cell lines were de facto excluded.
Documented proteins interactions were loaded from the iRefIndex
human interactome database. GO enrichment analysis was performed
using a hypergeometric function-based statistical test in the BINGO
Cytoscape plugin. Key enriched GO terms were manually selected on
each network, typically eliminating nonspeciﬁc GO terms (e.g.,
“molecular processes”) and rather selecting GO terms represented by
1−500 genes typically in the entire genome. Enrichment p-values were
generally less than 10−5, often less than 10−10, possibly emphasized by
certain GO terms being enriched in targets of the Prestwick
compounds. To quantify chemical scaﬀolds, ScaﬀoldHunter77 version
2.6.3 was used on SMILES representations of active molecules and
default settings for ring sizes used to proﬁle molecular scaﬀold counts.
Pilot Screen. To estimate the accuracy of these analysis strategies
and assess screen reproducibility, we ran a pilot screen on PC3 cells at
the 6 h time point in triplicate (Table S1 and Figure S1). For each hit,
obtained using absolute or relative (N/C ratio) nuclear size metrics
(rows 1−2 and 3−4, respectively), the distributions of mean metric
values (rows 1−3) and the fraction of outlier cells (rows 2−4) across
the three replicates (thus, three values per metric−analysis strategy
pair) were compared to the similar distributions from all DMSO
controls of the collection using a Wilcoxon rank test. These tests yielded
for every hit a p-value score that is represented as scatter plots in Figure
S1A. Among hits replicated exactly once, twice, or three times, the
fraction of hits showing signiﬁcant (p < 0.05) p-values is shown in Table
S1. As a result, ca. 85−100% of the hits that replicated twice and three
times had low p-values irrespective of the metric/analysis strategy. A
large fraction of hits that scored only once out of three replicates still
showed statistical signiﬁcance upon direct comparison with DMSO
controls, in particular for the absolute nuclear size metric analyzed with
the average-based strategy. This reﬂected scores slightly below hit
detection thresholds, as can be viewed on scatter plots showing the raw
data across replicates for three plates (240 compounds, Figure S1B).
The rather low false discovery rate <20% for hits determined using
average-based analysis of absolute nuclear size prompted us to
downsample larger screens to duplicate screens, and to use this metric
and analysis method as the default hit discovery methodology, unless
otherwise speciﬁed.
Apoptosis Assay. Cells were incubated with each compound at a
concentration of 10 μM in standard six-well tissue culture plates for 36
h, refreshing the medium every day. Approximately 106 cells were
counted, washed with ice-cold PBS, and stained with 5 μL of the
Annexin V apoptosis marker conjugate with the 647-Alexaﬂuor
chromophore (Thermo Fisher Scientiﬁc) and 5 μL of 50 μg/mL
propidium iodide (Biotium) for cell death detection, in 10 mM N-(2hydroxyethyl)piperazine-N′-ethanesulfonic acid (HEPES), 140 mM
NaCl, and 2.5 mM CaCl2, pH 7.4 for 15 min before FACS analysis. The
647 nm Annexin V signal was used for the detection of early stages of
apoptosis as cells are not permeable to propidium iodide at this stage.
Late-stage apoptosis was detected by the presence of both of the
markers and necrotic cells by the presence of propidium iodide signal
only.

threshold were designated as having an abnormally small (resp. large)
metric. We then scored the fractions of those cells with abnormally
small and large metric values for all DMSO control and compound wells
(Figure 1B, central plot, red-shaded areas). These fractions were
typically 0−10% for DMSO controls and cells treated with compounds
showing no speciﬁc eﬀect on nuclear size. However, these fractions
could reach 20−30% of the cells or even more for the strongest
compounds (e.g., oxyphenbutazone, Figure 1B, right plot). Thus,
compounds that deregulate the metric beyond the expected variability
in our entire dataset are compounds that enrich one or both of those
fractions of outlier cells above this typical level deﬁned by DMSO
controls and other compounds. To detect these compounds, we
proceeded as for the average-based metric: we computed the
distributions of each of these fractions of outlier cells across the library,
computed the 25, 50, and 75% percentiles that characterize the
distributions of those fractions of outlier cells (Q1small/large, Q2small/large,
and Q3small/large) and deﬁned hit detection thresholds as Fracsmall >
Q2small + 6 × (Q3small − Q2small) and Fraclarge > Q2large + 6 × (Q3large −
Q2large).
Hit Conﬁrmation. Hits were conﬁrmed by computing direct
compound-vs-DMSO Wilcoxon rank tests, where the multiple wellaveraged values of the metric across all DMSO and compound
replicates were used to perform the tests. Reported p-values account for
variability between plates in well-averaged metric values from both
DMSO and compound treatments.
Statistical Analysis of Compound Class Enrichment for
Phenotypes of InterestClass Enrichment Scores. The analysis
above revealed clustering of particular compound classes with
consistent absolute nuclear size and/or N/C ratio phenotypes across
the set of cell line/treatment duration/replicate conditions (i.e., clusters
in Figure 3). To estimate the statistical signiﬁcance of compound class
enrichment for any given phenotype, we performed individual
compound-vs-entire library Wilcoxon rank tests using data from all
replicates. The Wilcoxon p-values obtained from these tests indicate
whether a given compound produces the phenotype signiﬁcantly above
the typical level in the library. Compounds showing p-values lower than
0.05 were counted for the entire library (1120 compounds in total) and
for each of the particular drug classes identiﬁed by the heat maps, i.e., β
adrenergic receptor agonists (15 compounds), DNA intercalants (5),
replication inhibitors (5), glucocorticoids (26), MAP kinase inhibitors
(2), microtubule poisons (9), Na+/K+ ATPase inhibitors (5), 5-HT
(serotonin) uptake inhibitors (8), cyclo-oxygenase inhibitors (48),
detergents-surfactants (11), antineoplastic agents (25), β adrenergic
antagonists (14), and GABA receptor ligand and stimulants (8
compounds). For each class of compounds (encompassing n
compounds), the probability that the number k of compounds scored
with p < 0.05 is not related to their therapeutic class equals the
probability to randomly pick k active compound within a group of n and
is given by the hypergeometric law H(N,m,n,k) with parameters N =
1120 and m = total number of active (p < 0.05) compounds for this
particular phenotype. Thus, the probability that the compound class is
statistically relevant to the observed pattern is 1 − H(N,m,n,k) and
deﬁnes the class enrichment scores (given in %) reported in the legends
of Figures 3, 4, S3, and S4. All compound classes showing characteristic
patterns on the heatmap were statistically signiﬁcant, with class
enrichment scores larger than 95%, and often 99%. For antineoplastic
agents, class enrichment scores were computed the same way, with the
exception that active compounds for all phenotypes were gathered.
Using a similar approach for Cox inhibitors yielded a class enrichment
score of 93−94% for both the average absolute nuclear size and N/C
ratio.
Cheminformatics Analysis. The ChEMBL75 version 27 database
was queried using the webresource76 client for Python and dictionaries
built mapping Prestwick compound IDs to a SMILES representation of
the active compound. This was then in turn used to extract ChEMBL
compound IDs for entries matching each of the unique SMILES codes
of the Prestwick compounds. These IDs were then used to identify
recorded activities to human protein targets within ChEMBL, which
had an IC50, KD, MIC, MIC90, EC50, GI50, or potency recorded as less
than or equal to 10 μM. Subsequent Python programs were used to
P

https://doi.org/10.1021/acschembio.2c00004
ACS Chem. Biol. XXXX, XXX, XXX−XXX

ACS Chemical Biology

pubs.acs.org/acschemicalbiology

Viability Assay. For viability analysis, a resazurine-based assay was
performed. Metabolically active cells reduce resazurine (a.k.a.
alamarBlue) to resoruﬁne, a red and highly ﬂuorescent compound.
The cells were seeded onto PE96 plates (PerkinElmer) at a
concentration of 5000 cells/well in a ﬁnal volume of 100 μL and
allowed to recover/grow for 24 h before compound addition. The
media was then replaced with media containing six serial dilutions of
each compound, and the cells were allowed to grow for either 6 or 36 h.
alamarBlue (10 μL, Thermo Fisher, 10× stock) was added on each
single well and allowed to react for 3 h prior to taking an absorbance
reading at 530 nm and ﬂuorescence reading with excitation at 560 nm
(substrate excitation 530−570 nm) and emission at 590 nm (substrate
emission 580−590 nm) on a microplate reader (JASCO V-550). The
ﬂuorescence signal in each well normalized to DMSO control well was
used as a readout for cell viability.
Wound Healing Assay. Approximately 25 000 cells per well were
seeded on Sartorius 96-well LockView or ImageLock microplates
(Sartorius AG) the night prior to wound formation. The cell monolayer
was scratched with the IncuCyte WoundMaker that simultaneously
makes equivalently sized scratch wounds in the monolayer in all wells,
and the medium was replaced with a compound-containing medium
supplemented with 1% fetal bovine serum (FBS) to induce cell
migration and reduce cell proliferation. Serial dilutions (1 μL) of the
compounds in DMSO were added to obtain the 1 nM to 10 μM ﬁnal
concentrations, and the plate was mixed gently. The plates were placed
in the IncuCyte incubator and imaged in a bright ﬁeld with a 10×
objective every 3 h for 48 h. Analysis of the wound conﬂuence and width
was performed with an automated script in IncuCyte 2021C software
provided by Sartorius.
Probabilistic Analysis of the Correlations between Migration
Phenotypes (Wound Healing Assays) and Nuclear Size
Phenotypes (NSR Status). To estimate the (frequentist) conditional
probability that a given compound at a given concentration shows a
migration eﬀect given it is NSR (P(migration|NSR), see below), we
grouped the PC3 and H1299 data across all seven tested compounds
and concentrations, excluding concentrations where no NSR eﬀects
were detectable under any condition (≤10 nM). The nuclear size versus
parbendazole concentration proﬁle in H1299 cells was noisy/irregular
and henceforth no wound healing assay has been performed under this
condition, yielding a total of 39 cell line/compound/concentration
conditions (Figure S8A). For each condition, two numbers were
computed: the migration index, deﬁned as the % of wound conﬂuence,
normalized to the % of wound conﬂuence in the DMSO control (both
after 24 h incubation), and the NSR index, deﬁned as the % of average
nuclear size decrease compared to DMSO for PC3 cells, and % of
nuclear size increase compared to DMSO for H1299 cells. Conditions
showing a nuclear size larger (resp. smaller) than the corresponding
DMSO control in PC3 (resp. H1299) cells yielded therefore a negative
NSR index. Each cell line/compound/concentration yielded a dot in
(migration index−NSR index) coordinates (total 39 data points, Figure
S8A). The data distribution segregated conditions with migration
impairment (migration <80% of DMSO control), nuclear size
rectiﬁcation (>20% downregulation for PC3; upregulation for
H1299, compared to DMSO), both phenotypes or no phenotype
(Figure S8A). With these deﬁnitions, out of 39 conditions, 5 had
migration defects but no NSR phenotype, 8 had migration defects and
an NSR phenotype, 1 had no migration defect although it had an NSR
phenotype, and 25 showed no phenotype. From this, we estimated the
following (frequentist) marginal probabilities

P(migration and NSR) =

P(migration) = P(migration and NSR)
13
+ P(migration and not NSR) =
= 0.33
39
P(NSR) =

5
39

P(not migration and NSR) =

1
39

P(not migration and not NSR) =

9
39

and used them to compute the conditional probabilities reported in the
Results section

P(migration|NSR) =

P(migration and NSR)
8
= = 0.89
P(NSR)
9

P(migration|not NSR) =

P(migration and not NSR)
5
=
P(not NSR)
30

= 0.17
P(migration|NSR) = 0.89 ≫ P(migration|not NSR) = 0.17,
P(migration) = 0.33 strongly deviates from the expectation if the
migration phenotype was statistically independent of the NSR status of
a compound, P(migration|NSR) = P(migration|not NSR) = P(migration). We note that the estimation of the marginal probabilities above
was performed on 39 compound/concentration/cell line conditions,
which represents only a small fraction of the compound/concentration/cell line sample space.
ABL2 Silencing Assay. PC3, H1299-H2BRFP, and HCT116H2BRFP cells were reverse-transfected with 20 nM siRNA using
INTERFERin transfection reagent (Polyplus Transfection SA, Illkirch,
France) under the conditions recommended by the manufacturer.
siRNAs, obtained from Thermo Fisher Scientiﬁc (Waltham, MA),
targeting ABL2 (Silencer Select Pre-designed siRNA, Cat# 4427037,
ID: s872/s229383, Ambion). ABL2 silencing upon s872 treatment (ca.
90−100% in 2/3 replicates) was clearly stronger than upon s229383
treatment (∼75%) in PC3, as quantiﬁed by qPCR (Figure S8C).
Therefore, s872 (referred to as siABL2 in the manuscript) was selected
for wound healing and nuclear size assays in PC3 and H1299. Silencer
Select Negative Control 1 (Cat# 4390843, Ambion) was used as a
control for oﬀ-target eﬀects. Wound healing assays were performed and
analyzed as described above, with cells transfected with siRNAs 48 h
prior to wound healing and Incucyte imaging. Wound conﬂuence at the
ﬁrst time point (3 h) was subtracted to the conﬂuence at all other time
points to obtain the data represented in Figures 8C and S8E. The
wound width was normalized to the width at the ﬁrst time point and
expressed in %. The nuclear size of the migrating PC3 cells was analyzed
manually from Incucyte images in ImageJ, to make sure that the same
cell cultures were assessed for nuclear size and migration. As an
additional control, nuclear size of PC3-H2BRFP cells plated on
coverslips and treated with siCtrl and siABL2 for 48 h prior to ﬁxation
and staining with CellMask DeepRed was measured using ﬂuorescent
imaging on a Leica Thunder Imager 3D tissue slide scanner at the Cell
and Tissue Imaging Unit, Institute of Biomedicine, University of
Eastern Finland (Figure S8D). Nuclear size analysis was performed
automatically using custom Matlab scripts (Mathworks), and statistics
were performed in Microsoft Excel.
Microﬂuidics Migration Assay. PC3 cells were seeded into
microﬂuidic chambers consisting of migration channels with a ﬁxed
height of 5 μm and constrictions of 1−2 or 15 μm in width, coated with
a solution of 5 μg/mL of ﬁbronectin 24 h prior to experiments as
described previously.78,79 A total of 30 000 cells were seeded into each
device 6 h prior to imaging and were treated with 10 μM piperlonguine,
digitoxigenin, or equivalent DMSO. Imaging was performed on a Zeiss
LSM700 laser scanning confocal microscope with a 20× air objective.
The cells were imaged at 10 min intervals in a temperature-controlled
stage (37 °C) for 14 h. The time required for cells to migrate through an
individual constriction was quantiﬁed using a previously described
MATLAB script for measuring nuclear transit through these microﬂuidic devices.80
Invasion Assay. The QEM endothelial cell invasion assay was
carried out in accordance with manufacturer’s recommendations
(ECM210, Millipore). The cells were seeded at a concentration of
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P(migration and not NSR) =
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105 on the inside Boyden chamber in the absence of FBS on a 3 μm pore
membrane coated with ECM proteins and submerged on the outside
Boyden chamber in the presence of conditioned media and 10% FBS as
chemoattractant. The cells were allowed to migrate through the
membrane for 24 h in the presence of compounds at the 10 μM
concentration used in the size screen, prior to ﬁxation and staining of
the lower part of the membrane. Noninvading cells were removed with
a cotton stab from the top of the membrane, and the cells were lysed.
Absorbance values of the cell lysate were analyzed on a microplate
reader (JASCO V-550) with a 540 nm wavelength, to quantify the
relative number of migrating cells by colorimetry.
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