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Imaging-based anticancer drug screens are becoming more prevalent due to development of automated fluorescent microscopes
and imaging stations, as well as rapid advancements in image processing software. Automated cell imaging provides many benefits
such as their ability to provide high-content data, modularity, dynamics recording and the fact that imaging is the most direct way
to access cell viability and cell proliferation. However, currently most publicly available large-scale anticancer drugs screens, such as
GDSC, CTRP and NCI-60, provide cell viability data measured by assays based on colorimetric or luminometric measurements of
NADH or ATP levels. Although such datasets provide valuable data, it is unclear how well drug toxicity measurements can be
integrated with imaging data. Here we explored the relations between drug toxicity data obtained by XTT assay, two quantitative
nuclei imaging methods and trypan blue dye exclusion assay using a set of four cancer cell lines with different morphologies and
30 drugs with different mechanisms of action. We show that imaging-based approaches provide high accuracy and the differences
between results obtained by different methods highly depend on drug mechanism of action. Selecting AUC metrics over IC50 or
comparing data where significantly drugs reduced cell numbers noticeably improves consistency between methods. Using
automated cell segmentation protocols we analyzed mitochondria activity in more than 11 thousand drug-treated cells and
showed that XTT assay produces unreliable data for CDK4/6, Aurora A, VEGFR and PARP inhibitors due induced cell size growth and
increase in individual mitochondria activity. We also explored several benefits of image-based analysis such as ability to monitor cell
number dynamics, dissect changes in total and individual mitochondria activity from cell proliferation, and ability to identify

chromatin remodeling drugs. Finally, we provide a web tool that allows comparing results obtained by different methods.
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INTRODUCTION

Large-scale drug screens provide valuable data for understanding
drug mechanisms of action [1, 2], cancer cell vulnerabilities [3],
development of novel drugs [4, 5] and drug repurposing [6]. The
ability to kill specific cancer cells is a conventional indicator of
anticancer drugs efficacy, however studies often rely on different
methods to measure cell viability. Thus, several largest datasets
provide drug toxicity data measured by methods, which rely on
NADH activity, ATP or protein levels: Genomics of Drug Sensitivity
in Cancer (GDSC) uses resazurin and CellTiter-Glo [3], Cancer
Therapeutics Response Portal uses CellTiter-Glo [1], and NCI-60
uses sulforhodamine B assay [7]. These methods rely on indirect
measurement of drug toxicity, and sometimes can be unreliable
because drugs may influence cellular metabolic activity or protein
levels without change in cells quantity [8-10]. Direct counting-
based methods, such as trypan blue dye exclusion, are used to
identify number of surviving cells. However, such methods
constitute a laborious task for an operator, may give non-
reproducible results and are not suitable for large-scale studies.
Novel drug screens utilize more direct approaches such as
measurement of DNA-barcoded cells in PRISM study [11] or real-

time measurements of cell occupied area by IncuCyte or
xCELLigence [12, 13]. Data obtained by different methods may
have poor agreement [14, 15] due to changes in cell metabolism
[8], adhesion, cell size and morphology [12], or drug influence on
substrate used for measurement. Optimizing the consistency
between NADH or ATP-based assays, measurements of cell area or
LIVE/DEAD assays was addressed by numerous studies, providing
either protocol optimizations, metric selection or method
combination [16-19].

Advances in microscopy and image processing algorithms led
to new high-content screening methods using fluorescence
microscopy [20], that also allow viable cell counting [21-26].
Microscopy provides the most direct approach to measure cell
proliferation and drug toxicity [21], as it does not require extensive
processing of cells, such as trypsinization and cell lysis, and highly
customizable by the use of fluorescent stains and proteins which
allows measurement of cell cycle and cell death [27], protein
activity [28-30], cell differentiation [31], metabolite levels and
cellular morphology [32]. However, accurately segmenting single
cells or nuclei is still a difficult task due to different growth
patterns and drug-induced morphological changes.
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Although relations between most common cell viability
measurement methods were vastly explored before, there is still
little data on how cell viability measurements using imaging-
based methods correspond with other cell viability assays. Such
data is essential for reliable integration of drug screen data from
studies that used different readout methods and for selecting the
appropriate study design. Thus, the main aim of this study was to
compare cell viability measurements made by XTT colorimetric
assay, which is similar to MTT and WST, but does not require a
solubilization step, trypan blue dye exclusion and quantitative
imaging to provide proper solutions for integrating data obtained
by different methods. To determine number of cells by
fluorescence microscopy we stained cell nuclei with Hoechst-
33342 or utilized cells with continuous expression of fluorescent
H2B-mRuby protein that allows automated nuclei counting. Since
drug mechanisms of action and cell morphology can influence
imaging results [33] we utilized different anticancer drugs and
cancer cell lines. Here we explore how the mechanisms of action
for different drugs affect differences in viability measurements
performed by different methods and whether the results depend
on a cell type used. All data is available through a web ShinyApp
https://lebedevtdeimb.shinyapps.io/Mikheeva2023/.

RESULTS
XTT measurements significantly differ from quantitative
nuclei imaging
To determine differences between some assays for measuring cell
viability cancer cell lines of various origins: lung adenocarcinoma
H1299, glioblastoma LN-18, ovarian adenocarcinoma SK-OV-3 and
neuroblastoma SH-SY5Y were treated with different inhibitors and
measured cell viability using four different methods (Fig. 1A). We
used previously established H1299 and SH-SY5Y cells with H2B-
mRuby expression [30] and introduced H2B-mRuby marker to LN-18
and SK-OV-3 cells by lentiviral transduction. Since not all cell
population can be uniformly transduced (Figs. 1B and S1), which
may affect assay results, we also used imaged-based counting using
nuclei staining with Hoechst (Fig. 1A). Across different experiments
the percentage of H2B-mRuby positive nuclei was stable and varied
for H1299 cells between 93 and 97%, for SK-OV-3 between 60 and
76%, for SH-SY5Y between 55 and 68%, and for LN-18 between 26
and 34% (Fig. S1). Trypan blue dye exclusion assay (TB) allowed us to
determine the exact quantity of viable cells and was later used as a
benchmark. In order to account for different cell death mechanisms
induced by anticancer drugs we selected six commonly used drugs
with various mechanisms of action: doxorubicin, etoposide,
dasatinib, gefitinib, panobinostat and azacitidine (5-Aza) (Table S1).
The difference between measurements obtained by different
methods varied depending on a cell line and drug used. For
example, the difference between SK-OV-3 and H1299 sensitivity to
dasatinib was much higher when measured by XTT than using
H2B-mRuby nuclei counting (Fig. 1C). The XTT assay produced
exaggerated cell viability values in contrast to the results obtained
by other methods, as observed for all cell types treated with
etoposide or 5-Aza (Fig. 1D). However, in the case of 5-Aza, the
difference in response was observed primary by non-toxic drug
concentrations were XTT measurement provided higher readouts
than in DMSO control (zero drug concentration). Data for all
comparisons can be viewed wusing ShinyApp https://
lebedevtdeimb.shinyapps.io/Mikheeva2023/.

Variance in IC50 values is caused by combination of particular
drug and method

To quantitatively compare cell viability data we calculated IC50 (as
concentration at which cell viability is reduced to 50%) and AUC
values and then examined correlations between values obtained
by different methods (Table S2). Correlation between IC50 values
obtained from TB assay and H2B-mRuby or Hoechst nuclei
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counting were significant (r=0.76 and 0.72; p values < 0.0001)
(Figs. 2A, S2, and S3). Correlations between XTT and TB or H2B-
mRuby assays were not significant (r=0.28 and 0.36; p values >
0.08). However, when we compared the AUC values, correlations
between each method pair were significant (Fig. 2B), even for TB
and XTT assays (r = 0.76; p value < 0.0001), which had the weakest
correlation for IC50 values (Fig. 2A). In general, comparing AUC
values dramatically improved correspondence between data
obtained by different methods (Fig. 2B). To investigate whether
the cell origin or drug type drives the differences between 1C50
values for selected methods, we compared differences in 1C50
values for each treatment with mean IC50 values for a particular
drug (Fig. 2C). As the result, we observed that XTT results had the
highest number of identified outliers (at least twofold change in
IC50) (Fig. 2C, D). Seven out of eleven outliners among all drugs
and cell lines were for dasatinib, suggesting that particular
method-drug combinations have higher influence on differences
between measurements than the cells origin. We had not
detected any outliners for AUC values, meaning that AUC values
have less dependency on a method used to determine cell
viability (Figs. S2 and S3).

Since drugs had significant effect on measurement variation
between methods, we additionally compared measurements
obtained by H2B-mRuby imaging and an XTT assay using H1299
cells and a panel of 30 drugs with different mechanisms of action.
Overall, the Spearman’s correlation between methods was sig-
nificant (r = 0.77; p value < 0.0001) (Fig. 3A). The highest differences
between methods were caused by cell cycle inhibitors palbociclib,
alisertib and adavosertib, DNA-damage repair inhibitor talazoparib
and PKC inhibitor staurosporine (Table S2). We observed that the
highest differences between measurements were caused by lower
drug concentrations that reduced cell proliferation by less than
50%. For some drugs, for example palbociclib or talazoparib, unlike
for drugs such as dactolisib, XTT assay failed to detect increasing
drug toxicity (Fig. 3B). Data for all 30 drugs can be viewed using
ShinyApp https://lebedevtdeimb.shinyapps.io/Mikheeva2023/.

To verify that similar relationship between methods is relevant
for high-throughput drug screens and not unique to our case we
compared drug sensitivity data for the drugs from three databases:
GDSC1/2 [3], CTRP [1] and PRISM [6]. Cell viability in GDSC1/2 and
CTRP were measured by colorimetric or luminometric assays:
resazurin and Syto60 in GDSC1, and CellTiter-Glo in GDSC2 and
CTRP. In PRISM dataset cell lines were labeled by DNA-barcodes and
then pooled drug assays were performed and cell proliferation was
measured by sequencing and enumerating the number of DNA-
barcodes. As expected GDSC1/2 and CTRP datasets had high
correlation scores, however PRISM had considerably weaker
correlations with both GDCS1/2 and CTRP (Table S3). Only 7 drugs
had R > 0.3 when PRISM data was compared with GDSC1/2 and 5
drugs did not have significant correlation for one of the
comparisons (Fig. 3C). Notably the weakest correlations were for
panobinostat and ruxolitinib, which also demonstrated high
difference between measurement methods in our study (Table S3).

Difference in cell viability measurements depends on drug-
induced mitochondrial activity

As other studies suggested the elevated results of cell viability
assays can be caused by increased mitochondria activity or by
drug directly affecting substrate [10, 34-37]. Thus, we selected 15
drugs with highest and lowest differences between XTT and H2B-
mRuby measurements and treated H1299 cells. Each drug was
used in two concentrations which inhibited cell proliferation, and
72 h after drug treatment we stained cells with tubulin and nuclei
stains to measure cell morphology, and with potential-dependent
TMRE fluorescent stain to measure mitochondrial activity. Cell
morphology changes and mitochondria activity for single cells
were calculated using combination of Cellpose [38] and CellPro-
filer [39] pipelines. Several drugs, such as palbociclib, talazoparib,
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Cell viability measurement by different methods. A. Experiment design scheme. TB- trypan blue exclusion assay. B Representative

images of cells, expressing H2B-mRuby protein (red). C, D Dose-dependent changes in cell viability measured at 72 h after drug treatment by
XTT, trypan blue exclusion and nuclei counting using Hoechst staining or H2B-mRuby cells. Data presented as means and SD values for four

repeats. Data was grouped by different cell lines for a single method (C)
provided in logarithmic scale. Dasatinib was used in 25-5000 nM rang

or by different methods for a single cell line (D). Concentrations are
e, etoposide and 5-azacytidine in 0.25-20 uM range. All data were

normalized on cell viability measurements for cells mock-treated with 0.1% DMSO.

alisertib and axitinib significantly increased cell size, area occupied
by mitochondria (Fig. S4) and overall TMRE staining intensity (Fig.
3D, E). Moreover, we detected an increase in TMRE signal when it
was normalized by area occupied by mitochondria (Fig. 3E),
meaning that these drugs not only increase overall cell size and
thus integrated mitochondria activity per cell, but also individual
mitochondrial activity. We did not detect such increase in
mitochondrial activity for cell treated with other drug at toxic
concentrations, except for dasatinib, meaning that this effect is
specific to certain drugs. TMRE fluorescence normalized by area
positively correlated (r=0.59; p value = 0.02) with ratios between
AUC values obtained by XTT assay and H2B-mRuby imaging (Fig.
3F). We also tested the effect of drugs added in growth medium
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without cells on absorption in XTT assay due to drug absorption
properties or interaction with XTT, but we did not detect any
significant changes in the readouts. These data provide systematic
verification that selective increase in mitochondria activity caused
by certain drugs affects readouts by metabolic-based assays.

H2B-mRuby imaging reveals different cell death dynamics

The use of H2B-mRuby provides a non-invasive way to observe the
dynamics of cell proliferation throughout the experiment.
Although other methods like XTT or Hoechst staining also allow
to measure dynamics they can significantly affect cellular
processes and may cause additional toxicity. The dynamic analysis
of cell viability revealed several types of responses based which

SPRINGER NATURE
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line (D) are more than twofold.

couldn't be predicted by endpoint analysis at 72 h. Our results
highlight that interpretation of IC50 values at defined time point
should take into account proliferation rate of particular cell line.
For example, although gefitinib at 5 uM reduced SH-SY5Y cell
numbers by two times, it failed to prevent cell proliferation
(Fig. 4A) and actual proliferation inhibition occurred only at 20 pM.
On the other hand, for SK-OV-3, which have slower proliferation
rate, the two-fold drop in cell number at 72 h indicates full
proliferation inhibition (Fig. 4B). In some cases, measuring cell
number dynamics can help to distinguish drugs that actively kill
cells and not just slow down proliferation. For example, we
detected reduction in number of nuclei for SH-SY5Y treated with
etoposide after 24h and for SK-OV-3 treated with gefitinib or

SPRINGER NATURE

doxorubicin after 48 h (Fig. 4A, B). Similar relations were observed
using other cell lines, irrespective of their proliferation rates. For
example, even though gefitinib reduces overall number of H1299
cells, cell continue to proliferate in the presence of the drug (Fig.
4C), similar to SH-SY5Y (Fig. 4A). Dasatinib on the other hand fully
inhibits proliferation of LN-18 cells (Fig. 4D) similar to effects of
etoposide on SH-SY5Y (Fig. 4A). However, the use of fluorescent
protein may be restricted by drug fluorescence, such as in case of
2500 nM of doxorubicin, which caused a false increase in cell
numbers at 24 and 48 h due to high accumulation of fluorescent
drug in cells (Fig. 4B). Cell proliferation dynamics for each
treatment can be view using  ShinyApp  https:/
lebedevtdeimb.shinyapps.io/Mikheeva2023/.
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H2B-mRuby fluorescence can be used to identify chromatin
remodeling drugs

When we processed H2B-mRuby images, we also noted that
several drugs caused an increase in H2B-mRuby fluorescence
intensity. Across all cell lines, this increase was prominent when
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cells were treated with panobinostat and this effect was
concentration-dependent (Fig. 5A, B). We hypothesized that
increase in H2B-mRuby fluorescence may be due to increase in
H2B-mRuby expression, which is controlled by human PGK
promoter [40], after HDAC inhibition by panobinostat. Viral

SPRINGER NATURE
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Fig. 3 Drugs affect XTT measurements depending on their mechanism of action. A Correspondence between normalized cell viability of
H1299 cells measured by XTT and H2B-mRuby imaging. Each dot represents the mean values between three repeats for each drug
concentration. Cell viability values were normalized on values for cells mock-treated with DMSO. B Dose-dependent response of H1299 to
talazoparib (1-25 pM), palbociclbib (0.1-10 uM) and dactolisib (10-500 nM). C Spearman’s correlations of AUC values between PRISM GDSC1/2
and CTRP2 datasets. Circle area is reverse proportional to correlation p value. D Staining and segmentation of H1299 cells treated with DMSO,
palbociclib (Palb) or talazoparib (Talaz) for 72 h. In live cells tubulin was stained by Tubulin Tracker DeepRed (gray), nuclei with Hoechst-33342
(blue), and mitochondria with TMRE (magenta). Cell borders and areas occupied by mitochondria in each cell were determined by Cellpose
and CellProfiler software. Total mitochondria signals (integrated TMRE fluorescence) for each cell are indicated by numbers. E Distribution of
integrated TMRE signal per cell (total mitochondria activity) and TMRE signal per cell normalized to area occupied by mitochondria
(normalized mitochondria activity) in H1299 cells treated with drugs or DMSO for 72 h. For each drug data for two toxic drug concentrations
(indicated in Table S1) was combined. Dots show mean values for each biological repeat (n = 4) and SD based on repeats is provided. For each
repeat four automatically selected imaging fields were analyzed. On average 650 cells were used to calculate each distribution. P-values were
calculated using Mann-Whitney test by comparing mean values for each image with DMSO. F Correlation between the ratio of AUC obtained
from XTT assay measurements to H2B-mRuby imaging and drug effect on mean mitochondria activity normalized to area occupied by
mitochondria. Size of each dot is proportional to mean cell area as calculated by CellProfiler and color is proportional to total mitochondria
:ctivity induced by a drug.
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Fig. 4 Measurement of cell proliferation dynamics using H2B-mRuby. Graphs show change in a number of identified nuclei for different
drug concentration depending on time after start of the treatment of A SH-S5Y, B SK-OV-3, € H1299, and D LN-18 cells. Most representative
drugs are shown for each cell line, data for other treatments can be viewed at https://lebedevtdeimb.shinyapps.io/Mikheeva2023/. Data
presented as means and SD values based on four repeats. Nuclei counts were normalized to the nuclei counted before the start of the
treatment.

promoters often get silenced in cells and HDAC inhibitors are
known to be able to reactivate HIV-1 gene expression during
latent infection stage [41]. To verify, that this effect was caused by
HDAC inhibition we additionally tested another HDAC inhibitor
belinostat. It increased H2B-mRuby signal intensity in a similar
manner as panobinostat (Fig. 5C). To check if this effect is specific
to HDAC inhibitors we measured H2B-mRuby intensity under all
30 tested drugs for H1299 cells (Table S4). We found that well
described chromatin remodeling drug JQ-1 that inhibits BET also
significantly increased H2B-mRuby fluorescence (Fig. 5C, D). All
other drugs, except HSP90 inhibitors geldanamycin and 17-DMAG,
did not have significant effect on H2B-mRuby signal intensity (Fig.
5C, D). None of the drugs except doxorubicin were fluorescent by
themselves in used concentrations as was tested on H1299 cells
without H2B-mRuby (Fig. S5). For selected drugs that increased
H2B-mRuby fluorescence we additionally measured their effect on
expression of H2B-mRuby, hygromycin resistance gene and WPRE
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signal encoded by lentiviral vector using real-time PCR. Panobino-
stat, belinostat and JQ-1 increased expression of all measured
genes at least two-fold (Fig. S6). HSP90 inhibitors 17-DMAG and
geldanamycin had no effect on gene expression, meaning
increase in H2B-mRuby fluorescence probably occurs due to
increased protein stability or translation efficacy, but not because
of epigenetic regulation. These findings suggest that a fluorescent
protein expressed as a transgene can be additionally used to find
drugs with chromatin remodeling properties. H2B-mRuby inten-
sity distribution for each treatment can be viewed using ShinyApp
https://lebedevtdeimb.shinyapps.io/Mikheeva2023/.

DISCUSSION

Our results show, that although XTT assay and imaging methods
often produce different results, the use of AUC metric overall
provides consistent comparisons. Although IC50 is a convenient
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metric which offers an easily interpretable value it should be used of IC50 calculation can be somewhat bypassed by considerable
with caution when comparing values from different datasets, increase of the number of drug concentrations used in a test,
especially obtained by different methods. We propose that it is however this can significantly increase the cost and time for large-
more reliable to compare either concentrations which reduce scale tests. Our findings are consistent with the results of other
proliferation by more than 20% or use AUC metric. The limitations studies, which show that AUC or other area-based metrics, like
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Fig. 5 Chromatin remodulating drugs induce H2B-mRuby fluorescence. A Representative images of nuclei H2B-mRuby fluorescence in
H1299 and SH-SY5Y cells treated with DMSO or 500 nM panobinostat (Pan) for 24 h. B Distribution of median H2B-mRuby fluorescence per
nucleus for H1299, SH-SY5Y, LN-18 and SK-OV-3 cells treated with panobinostat for 24 h. H2B-mRuby fluorescence was normalized to cells
treated with DMSO (zero concentration) and distribution was calculated based on average on 550 nuclei. On average three repeats were
performed for each condition and 4 automatically selected fields were imaged. SD is indicated as +- range from mean based on mean
fluorescence values for each repeat. C Distribution of median H2B-mRuby fluorescence per nucleus for H1299 cells treated with belinostat, JQ-
1, 17-DMAG and geldanamycin for 24 h. D Volcano plot showing differential increase in H2B-mRuby fluorescence for H1299 cells treated with
30 different drugs for 24 h compared to DMSO-treated cells. Each dot represents mean fluorescence for a drug used in particular
concentration (Table S4), maximum effects for statistically significant drugs are labeled. P values were calculated using Mann-Whitney test
based on mean values for each image and then Benjamini-Hochberg correction for multiple testing was applied (FDR).

DSS, produce more reliable results, especially for prediction of
drug sensitivity [42, 43].

The variance between measurements performed by different
methods also depended on a treatment selection, especially for
cytostatic drugs [19, 44], knockdown of some genes [45] or
radiation exposure [10] as has been shown before. For example,
palbociclib is known to induce cell size growth [46] and
accumulation of mitochondria, thus resulting in false results
obtained by methods relying on mitochondrial activity [35]. We
showed that palbociclib as well as other cell cycle inhibitors not
only induced mitochondria accumulation due to increased cell
size, but also increased mitochondrial activity itself. This effect we
observed not only for well-established cell cycle inhibitors such as
palbociclib and alisertib, but also for PARP inhibitor talazoparib
and VEGFR inhibitor axitinib. Since these inhibitors can induce
DNA-damage response and lead to G2/M arrest [47, 48], increased
cell size (Fig. S4) and senescence [49, 50] in some cell types, we
assumed that senescent phenotype could be responsible for
increased mitochondrial activity. However, we detected senescent
cells only for cells treated with axitinib, and other drug which
increased mitochondria activity failed to induce senescence (Fig.
S7). There are several studies suggesting that increased cell size
leads to higher mitochondria mass [51, 52]. We see that area
occupied by mitochondria is larger in bigger cells (Figure S4),
which can mean that mitochondria mass remains the same but
they are more spread out in cytoplasm. In our experiments we also
detected an increase of total mitochondria activity per cell (Fig.
3E), meaning either increase in mitochondria mass or activity of
individual mitochondria. Although we cannot strictly distinguish
between changes in mitochondria mass and activity of individual
mitochondria, given previously published studies [51, 52], we
think it is more likely that several processes happen as cells grow
in size. Thus, as a cell grows mitochondria occupy larger area
within the cytoplasm, increase their mass and activity of individual
mitochondria. High-content imaging allows to accurately distin-
guish effects on cell viability as number of nuclei, area occupied
by mitochondria, total mitochondria activity as integrated
intensity per cell, and changes in individual mitochondria activity
as signal normalized by area occupied by mitochondria in each
cell. For example, dasatinib reduces cell size, which results in
slightly decreased overall mitochondria signal, however dasatinib-
treated cells had higher mitochondrial activity per occupied area,
suggesting potentially different mechanisms of dasatinib action
compared to similar inhibitors such as bosutinib [53]. The higher
variance between methods readouts observed for dasatinib may
connected to both decrease in mitochondria activity and cell size,
but also due to cells forming tight clumps, which negatively
affects nuclei segmentation accuracy.

One of the concerns with the use of H2B-mRuby for cell
counting is that cells have heterogeneous levels of transgene
expression, and since not all cells have detectable transgene
expression the changes in the number of H2B-mRuby positive
cells might not represent the changes in numbers of all cells. Also,
the introduction of transgene might make transduced cell
subpopulation more or less sensitive to a specific drug. However,
even though our cell lines had varied percentage of H2B-mRuby

SPRINGER NATURE

positive cells (from 25 to 90%) and H2B-mRuby intensity, the
results between nuclei counting with H2B-mRuby were highly
consistent with nuclei counting using Hoechst staining or with
results of trypan blue exclusion assay. The main drawback of using
H2B-mRuby is the necessity of creating transgene cells, which
might not be possible in case of ex vivo drug screens using
patient-derived cells.

We describe several advantages of using H2B-mRuby: the ability
to non-invasively record cell proliferation dynamics and find
potential chromatin modulators. The proliferation dynamics can
improve drug classification based on whether they prevent cell
proliferation completely, reduce the initial cell numbers or allow
cells to proliferate even at slower rates. We showed that H2B-
mRuby intensity changes in response to chromatin remodeling
drugs, such as HDAC and BET inhibitors. Several studies also
suggested the possibility to use transgene expression to detect
drugs that affect cell epigenetics. These approaches used cells
with silenced GFP transgene and then drugs which affected
epigenetic factors reactivated GFP expression, increasing the
number of GFP positive cells [54-56]. We show that similar
approach works even if introduced transgene was not completely
repressed in the majority of cells, and expression of H2B-mRuby
under PGK promoter can be used as a potential reporter for
chromatin remodeling drugs. H2B-mRuby imaging or other
genetically encoded fluorescent protein can be used as a high-
through approach to identify drugs with chromatin remodeling
capacity, however it should be verified by gene expression
analysis, since some drugs such as HSP90 inhibitors can increase
protein fluorescence without affecting gene expression.

In conclusion, modern imaging-based approaches provide
several benefits to large-scale drug screens, such as higher cell
counting accuracy, ability to measure cell proliferation dynamics,
and perform additional measurement such as the use of H2B-
mRuby fluorescence intensity as reporter for chromatin remodula-
tion. We show that AUC metric provides more consistency when
comparing cell viability results obtained by imaging methods with
results of conventional assays. We also identify main reasons for
measurement differences, such as increased cell size, induction of
senescent phenotype or altered mitochondrial activity- factors,
which should be considered for consistent integration of imaging
data with existing large-scale drug screens.

METHODS

Cell culture, lentiviral transduction and materials

All cell lines are not in the list of commonly misidentified cell lines that are
controlled by the International Cell Line Authentication Committee. Table S1
contains list of reagents used for cell cultivation, cell densities used in
experiments and growth conditions for each cell line. Cells were routinely
checked for mycoplasma with Hoechst-33342 and DAPI staining, and to
prevent mycoplasma contamination cells were treated with EZkillTM
Mycoplasma Elimination Kit (HiMedialLabs) after defrosting. Lentiviral
preparation was performed as described previously [30] using pLentiPGK
Hygro DEST H2B-mRuby2 (Addgene #90236) [40] and then cells were
transduced to achieve at least 25% transduction rate. To ensure that we
generated stably transduced H2B-mRuby cells, cultured for two-three weeks
to ensure stable levels of H2B-mRuby expression and then created a

Cell Death Discovery (2024)10:181



cryogenic stock of the cells. We used aliquots of cells from the same
cryogenic stock and cultivated them no longer than 4-5 weeks after thawing.
Cells expressing H2B-mRuby were then enriched using selection with 0.5 mg/
ml hygromycin b (Sigma) and verified using fluorescence microscopy and
flow cytometry (LSRFortessa flow cytometer, BD Biosciences). All materials
used and their manufacturers are listed in Table S1.

Drug treatment, AUC and IC50 calculation

Cells were seeded in indicated densities to 96-well plates for XTT and
imaging, and in 48-well plates for trypan blue exclusion assay 24 h before
drug treatment. All drug’s working solutions in DMSO were stored at —20 °C
as aliquots in concentrations at least 1000x to a maximum concentration
applied to the cells, all concentrations are listed in Table S1. On the same
day before cell treatment these solutions were unfrozen, thoroughly mixed
and checked for precipitates, each stock aliquot was unfrozen no more than
5 times. Then drugs dissolved in the growth medium as 10x stocks, and
appropriate amount of DMSO was added to equalize DMSO concentrations
for all treatments, and then drugs were added to the cells. DMSO
concentration did not exceed 0.1% for all treatments. After 72 h incubation
cell viability was analyzed using XTT, imaging or trypan blue exclusion assay.
Trypan blue exclusion assay was performed manually by two independent
researchers using Neubauer chamber. Prior to cell counting in Neubauer
chamber cells were washed with PBS, trypsinized at 37 °C and 5% CO, for
5min and resuspended in complete medium. XTT assay was measured by
450 nm absorbance and 650 nm reference using Multiskan FC (Thermo-
Scientific, USA) after 4 h incubation at 37 °C and 5% CO,, reference signal for
each well and mean signal for wells containing only growth medium and
XTT were subtracted before normalization. For XTT and trypan blue dye
exclusion experiments were repeated three times. For nuclei staining 1 ug/
ml Hoechst-33342 was added and then cells were incubated at 37 °C and 5%
CO, for 30 min before imaging. For H2B-mRuby imaging cells were imaged
without any additional staining. Wells were treated independently two wells
in the same experiment, which were repeated three times. For each well six
fields were automatically selected with the same pattern for all wells.
Number of nuclei for each image was calculated using CellProfiler pipeline
and data was extracted using custom Python script. Then nuclei counts were
averaged for each repeat between six imaging fields. All results were
normalized to mean values of control treatment (no drug), control treatment
was considered as 100% and complete absence of cells as 0%. IC50 values
were calculated using four-variable non-linear regression in GraphPad Prism
9 software with top and bottom values set at 100 and 0. AUC values were
calculated using trapezoidal rule in Python. For cell dynamics number of
nuclei were also normalized to the number of nuclei at the start of
experiment for each repeat. All drug treatment data is available for viewing
via ShinyApp https://lebedevtdeimb.shinyapps.io/Mikheeva2023/.

Cell staining and fluorescence microscopy

Cells were imaged on 96-well plates using motorized Leica DMI8
fluorescence microscope (Leica, Germany). For nuclei staining 1 ug/ml
Hoechst-33342 was added, for tubulin and mitochondria imaging 1 pl of
Tubulin Tracker™ Deep Red (Invitrogen, USA) and 100ng/ml TMRE
(Lumiprobe, Russia) were added, and then cells were incubated at 37 °C
and 5% CO, for 30 min before imaging. Hoechst-33342 was imaged with
excitation 325-375nm and emission in 435-485nm, TMRE and H2B-
mRuby were imaged with excitation 541-551nm and emission in
565-605 nm, Tubulin Tracker™ Deep Red was imaged with excitation
590-650 nm and emission in 662-738 nm. For nuclei staining autofocus
was performed using Hoechst-33342 images, for H2B-mRuby protein using
bright field images, and for TMRE, tubulin, and nuclei staining. Plate layout
and autofocus were done using LAS X software. For each well (biological
repeat of drug treatment) four to six fields were automatically selected
with the same pattern for all wells. Image quality control was performed
manually by two researches and using custom Python scripts. Images with
low quality or presence of optical obstacles (areas with high background
signal and serum debris) were excluded from analysis. Senescence staining
was performed 144 h after drug treatment using -Galactosidase Staining
Kit (Cell Signaling Technology, USA). Treatment with SCH772984 was used
as a positive control to induce senescence in cancer cells [57].

Nuclei and cell segmentation

Nuclei segmentation was performed in CellProfiler v4.2 [39]. First, we
performed manual control of image quality to remove unfocused images
or images with artifacts. Then images of Hoechst stained or H2B-mRuby?2
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labeled nuclei were corrected using Correctlllumination module in
CellProfiler. Correction function was calculated and applied for each image
using background method with fit polynomial smoothing. To segment
nuclei, we used adaptive threshold strategy with Sauvola thresholding
method. Thresholding parameters for Hoechst-stained nuclei were selected
the same for each cell line, as staining intensity was the same. For H2B-
mRuby labeled nuclei parameters for object diameter and lower threshold
varied depending on fluorescence intensity for each cell line.

For mitochondria activity measurements we segmented cells using
combination of Cellpose v2 and CellProfiler v4 pipelines. First all images of
Hoechst, TMRE and Tubulin Tracker were corrected using Correctlllumina-
tion module in CellProfiler. Correction function was calculated and applied
for each image using background method with fit polynomial smoothing.
Then for better cell segmentation, we merged grayscale TMRE and tubulin
images. These merged images were used for cell segmentation in Cellpose
with cyto2 pre-trained model. To account for cells of different sizes we
used two different object diameters for each image and for each image
two masks were generated: for smaller cells using diameter 35 pixels and
for big cells using diameter 150 pixels. Cellpose masks and other images
were then loaded into CellProfiler, which was used for initial nuclei
segmentation. Nuclei segmentation was also performed using two
different expected object diameters: for small and big nuclei. Then four
object sets (small cells, big cells, small nuclei and big nuclei) were
combined using CellProfiler pipeline. We selected cells that have identified
nuclei of respected size inside them, and then for each big cell we
compared areas occupied by objects belonging to those cells. Based on
that comparison we decided whether these are correctly identified big
cells, or a misidentified group of smaller cells. To identify areas occupied by
mitochondria we use images of TMRE staining and performed segmenta-
tion in Cellpose using cyto2 pre-trained model. Then we used CellProfiler
to assign segmented mitochondria areas to each cell based on overlap of
these objects, and measured TMRE intensities for each mitochondria area.
Image analysis data was processed using custom Python scripts and
visualized using ggplot2 in R and GraphPad Prism v9. Python code for
Cellpose and CellProfiler pipelines are available on GitHub https://
github.com/CancerCellBiology/Cell_count_methods.

Drug screen database analysis

Drug response data for GDSC1/2 [3], CTRP [1] and PRISM [6] drug screens
was downloaded from DepMap [58, 59] portal (https://depmap.org/portal/
). Drug response was downloaded as drug AUC values for each cell line.
First, we selected drugs present in GDSC2 dataset and then added data
from GDSC1 for the drugs which were not present in GDSC1, then we
selected drugs present in all GDSC1/2, CTRP2 and PRISM datasets. Next, we
calculated Spearman’s correlation for each drug between each pair of
datasets. For each pair we selected cell lines for which drug response data
were present in both datasets. The average number of cell lines used to
calculate correlation between datasets ranged from 267 to 464 cell lines.
Drugs were clustered using Euclidean metrics and Ward2 hierarchical
clustering, heatmap was generated using ComplexHeatmap R package
[60]. Code used for data analysis and data visualization is provided on
GitHub https://github.com/CancerCellBiology/Cell_count_methods.

Real-time PCR

Primers were chosen based on the viral insertion sequence, ensuring a
length of approximately 20 base pairs, absence of hairpins, and an
annealing temperature of 57°C. Primers for measuring H2B-mRuby
expression were designed to amplify the part of the sequence were H2B
and mRuby are fused to avoid amplifying endogenous H2B mRNA. The
primer sequences are presented in Table S1. H1299 cells were cultivated at
a density of 60,000 cells per well in a 6-well plate and treated with the IC50
concentrations of drugs, which lead to enhance nuclear fluorescence. After
24 h cells were lysed by TRIzol Reagent (Ambion by Life Technologies) for
RNA extraction following the manufacturer's guidelines. Subsequently,
5pug of mRNA were used for the synthesis of cDNA. Real-time PCR was
performed in triplicate using Maxima SYBR Green Supermix (Thermo
Scientific, Waltham, MA, USA) and the CFX96 Real-Time System (Bio-Rad,
Hercules, CA, USA). Expression data was normalized to the expression
levels of human GAPDH.

Statistical analysis
Mann-Whitney test and t-tests were performed using SciPy Python
package and Benjamini-Hochberg correction for multiple testing was
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performed using statmodels Python package. Spearman’s correlation was
calculated using GraphPad Prism 9 and SciPy Python package. Mean, SEM
and SD values for cell viabilities were calculated in R and GraphPad Prism 9.

DATA AVAILABILITY

All data are available for viewing via ShinyApp https://lebedevtdeimb.shinyapps.io/
Mikheeva2023, and processed data are provided in supplementary tables, Python
and R codes, and CellProfiler pipelines are available on GitHub https://github.com/
CancerCellBiology/Cell_count_methods.

REFERENCES

1.

Seashore-Ludlow B, Rees MG, Cheah JH, Cokol M, Price EV, Coletti ME, et al.
Harnessing connectivity in a large-scale small-molecule sensitivity dataset. Can-
cer Discov. 2015;5:1210-23. https://doi.org/10.1158/2159-8290.CD-15-0235

. Rees MG, Seashore-Ludlow B, Cheah JH, Adams DJ, Price EV, Gill S, et al. Corre-

lating chemical sensitivity and basal gene expression reveals mechanism of
action. Nat Chem Biol. 2016;12:109-16. https://doi.org/10.1038/nchembio.1986

. lorio F, Knijnenburg TA, Vis DJ, Bignell GR, Menden MP, Schubert M, et al. A

landscape of pharmacogenomic interactions in cancer. Cell. 2016;166:740-54.
https://doi.org/10.1016/j.cell.2016.06.017

. Wei F, Wang S, Gou X. A review for cell-based screening methods in drug dis-

covery. Biophys Rep. 2021;7:504-16. https://doi.org/10.52601/bpr.2021.210042

. Li Q, Jiang B, Guo J, Shao H, Del Priore IS, Chang Q, et al. INK4 tumor suppressor

proteins mediate resistance to CDK4/6 kinase inhibitors. Cancer Discov.
2022;12:356-71. https://doi.org/10.1158/2159-8290.CD-20-1726

. Corsello SM, Nagari RT, Spangler RD, Rossen J, Kocak M, Bryan JG, et al. Dis-

covering the anti-cancer potential of non-oncology drugs by systematic viability
profiling. Nat Cancer. 2020;1:235-48. https://doi.org/10.1038/543018-019-0018-6

. Shoemaker RH. The NCI60 human tumour cell line anticancer drug screen. Nat

Rev Cancer. 2006;6:813-23. https://doi.org/10.1038/nrc1951

. Masson-Meyers DS, Bumah VV, Enwemeka CS. A comparison of four methods for

determining viability in human dermal fibroblasts irradiated with blue light. J
Pharmacol  Toxicol  Methods.  2016;79:15-22.  https://doi.org/10.1016/
j.vascn.2016.01.001

. Hoogstraten CA, Smeitink JAM, Russel FGM, Schirris TJJ. Dissecting drug-induced

cytotoxicity and metabolic dysfunction in conditionally immortalized human
proximal tubule cells. Front Toxicol. 2022;4:842396. https://doi.org/10.3389/
ftox.2022.842396

. Rai Y, Pathak R, Kumari N, Sah DK, Pandey S, Kalra N, et al. Mitochondrial bio-

genesis and metabolic hyperactivation limits the application of MTT assay in the
estimation of radiation induced growth inhibition. Sci Rep. 2018;8:1531. https://
doi.org/10.1038/s41598-018-19930-w

. Yu C, Mannan AM, Yvone GM, Ross KN, Zhang YL, Marton MA, et al. High-

throughput identification of genotype-specific cancer vulnerabilities in mixtures
of barcoded tumor cell lines. Nat Biotechnol. 2016;34:419-23. https://doi.org/
10.1038/nbt.3460

. Single A, Beetham H, Telford BJ, Guilford P, Chen A. A comparison of real-time

and endpoint cell viability assays for improved synthetic lethal drug validation. J
Biomol Screen. 2015;20:1286-93. https://doi.org/10.1177/1087057115605765

. Kho D, MacDonald C, Johnson R, Unsworth CP, O'Carroll SJ, du Mez E, et al.

Application of xCELLigence RTCA biosensor technology for revealing the profile
and window of drug responsiveness in real time. Biosensors. 2015;5:199-222.
https://doi.org/10.3390/bios5020199

. Haibe-Kains B, El-Hachem N, Birkbak NJ, Jin AC, Beck AH, Aerts HJ, et al. Incon-

sistency in large pharmacogenomic studies. Nature. 2013;504:389-93. https://
doi.org/10.1038/nature 12831

. Ghasemi M, Turnbull T, Sebastian S, Kempson I. The MTT assay: utility, limitations,

pitfalls, and interpretation in bulk and single-cell analysis. Int J Mol Sci. 2021;22.
https://doi.org/10.3390/ijms222312827

. Larsson P, Engqvist H, Biermann J, Werner Ronnerman E, Forssell-Aronsson E,

Kovacs A, et al. Optimization of cell viability assays to improve replicability and
reproducibility of cancer drug sensitivity screens. Sci Rep. 2020;10:5798. https://
doi.org/10.1038/541598-020-62848-5

. Niepel M, Hafner M, Mills CE, Subramanian K, Williams EH, Chung M, et al. A multi-

center study on the reproducibility of drug-response assays in mammalian cell
lines. Cell Syst. 2019;9:35-48.e35. https://doi.org/10.1016/j.cels.2019.06.005

. Hafner M, Niepel M, Chung M, Sorger PK. Growth rate inhibition metrics correct

for confounders in measuring sensitivity to cancer drugs. Nat. Methods.
2016;13:521-7. https://doi.org/10.1038/nmeth.3853

. Sazonova EV, Chesnokov MS, Zhivotovsky B, Kopeina GS. Drug toxicity assess-

ment: cell proliferation versus cell death. Cell Death Discov. 2022;8:417. https://
doi.org/10.1038/541420-022-01207-x

SPRINGER NATURE

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Scheeder C, Heigwer F, Boutros M. Machine learning and image-based profiling
in drug discovery. Curr Opin Syst Biol. 2018;10:43-52. https://doi.org/10.1016/
j.coisb.2018.05.004

Warchal SJ, Dawson JC, Shepherd E, Munro AF, Hughes RE, Makda A, et al. High
content phenotypic screening identifies serotonin receptor modulators with
selective activity upon breast cancer cell cycle and cytokine signaling pathways.
Bioorg Med Chem. 2020;28:115209. https://doi.org/10.1016/j.bmc.2019.115209
Xie J, Wang C, Gore JC. High throughput screening for colorectal cancer specific
compounds. Comb Chem High Throughput Screen. 2016;19:180-8. https://
doi.org/10.2174/1386207319666160202120928

Vulin M, Jehanno C, Sethi A, Correia AL, Obradovic MMS, Couto JP, et al. A high-
throughput drug screen reveals means to differentiate triple-negative breast
cancer. Oncogene. 2022;41:4459-73. https://doi.org/10.1038/s41388-022-02429-0
Hu C, He S, Lee YJ, He Y, Kong EM, Li H, et al. Live-dead assay on unlabeled cells
using phase imaging with computational specificity. Nat Commun. 2022;13:713
https://doi.org/10.1038/s41467-022-28214-x

Guo Y, Krupa O, Stein J, Wu G, Krishnamurthy A. SAU-Net: a unified network for
cell counting in 2D and 3D microscopy images. IEEE/ACM Trans Comput Biol
Bioinform. 2022;19:1920-32. https://doi.org/10.1109/TCBB.2021.3089608

Morelli R, Clissa L, Amici R, Cerri M, Hitrec T, Luppi M, et al. Automating cell
counting in fluorescent microscopy through deep learning with c-ResUnet. Sci
Rep. 2021;11:22920. https://doi.org/10.1038/541598-021-01929-5

Mills CE, Subramanian K, Hafner M, Niepel M, Gerosa L, Chung M, et al. Multi-
plexed and reproducible high content screening of live and fixed cells using Dye
Drop. Nat Commun. 2022;13:6918. https://doi.org/10.1038/s41467-022-34536-7
Cox MJ, Jaensch S, Van de Waeter J, Cougnaud L, Seynaeve D, Benalla S, et al.
Tales of 1,008 small molecules: phenomic profiling through live-cell imaging in a
panel of reporter cell lines. Sci Rep. 2020;10:13262. https://doi.org/10.1038/
$41598-020-69354-8

Vagapova E, Kozlov M, Lebedev T, Ivanenko K, Leonova O, Popenko V, et al.
Selective inhibition of HDAC class | sensitizes leukemia and neuroblastoma cells
to anticancer drugs. Biomedicines. 2021;9.  https://doi.org/10.3390/
biomedicines9121846

Lebedev TD, Khabusheva ER, Mareeva SR, Ivanenko KA, Morozov AV, Spirin PV,
et al. Identification of cell type-specific correlations between ERK activity and cell
viability upon treatment with ERK1/2 inhibitors. J Biol Chem. 2022;298:102226
https://doi.org/10.1016/j.,jbc.2022.102226

Lebedev TD, Vagapova ER, Prassolov VS. The different impact of ERK inhibition on
neuroblastoma, astrocytoma, and rhabdomyosarcoma cell differentiation. Acta
Nat. 2021;13:69-77. https://doi.org/10.32607/actanaturae.11461

Bray MA, Singh S, Han H, Davis CT, Borgeson B, Hartland C, et al. Cell painting, a
high-content image-based assay for morphological profiling using multiplexed
fluorescent dyes. Nat Protoc. 2016;11:1757-74. https://doi.org/10.1038/
nprot.2016.105

Heinrich L, Kumbier K, Li L, Altschuler SJ, Wu LF. Selection of optimal cell lines for
high-content phenotypic screening. ACS Chem Biol. 2023;18:679-85. https://
doi.org/10.1021/acschembio.2c00878

Stepanenko AA, Dmitrenko VV. Pitfalls of the MTT assay: direct and off-target
effects of inhibitors can result in over/underestimation of cell viability. Gene.
2015;574:193-203. https://doi.org/10.1016/j.gene.2015.08.009

Foy R, Lew KX, Saurin AT. The search for CDK4/6 inhibitor biomarkers has been
hampered by inappropriate proliferation assays. NPJ Breast Cancer. 2024;10:19
https://doi.org/10.1038/541523-024-00624-8

Yao M, Walker G, Gamcsik MP. Assessing MTT and sulforhodamine B cell pro-
liferation assays under multiple oxygen environments. Cytotechnology.
2023;75:381-90. https://doi.org/10.1007/510616-023-00584-0

Karakas D, Ari F, Ulukaya E. The MTT viability assay yields strikingly false-positive
viabilities although the cells are killed by some plant extracts. Turk J Biol.
2017;41:919-25. https://doi.org/10.3906/biy-1703-104

Pachitariu M, Stringer C. Cellpose 2.0: how to train your own model. Nat Methods.
2022;19:1634-41. https://doi.org/10.1038/541592-022-01663-4

Stirling DR, Swain-Bowden MJ, Lucas AM, Carpenter AE, Cimini BA, Goodman A.
CellProfiler 4: improvements in speed, utility and usability. BMC Bioinform.
2021;22:433. https://doi.org/10.1186/512859-021-04344-9

Regot S, Hughey JJ, Bajar BT, Carrasco S, Covert MW. High-sensitivity measure-
ments of multiple kinase activities in live single cells. Cell. 2014;157:1724-34.
https://doi.org/10.1016/j.cell.2014.04.039

Rasmussen TA, Tolstrup M, Brinkmann CR, Olesen R, Erikstrup C, Solomon A, et al.
Panobinostat, a histone deacetylase inhibitor, for latent-virus reactivation in HIV-
infected patients on suppressive antiretroviral therapy: a phase 1/2, single group,
clinical trial. Lancet HIV. 2014;1:e13-21. https://doi.org/10.1016/52352-3018(14)
70014-1

Jang, IS, Neto, EC, Guinney, J, Friend, SH & Margolin, AA Systematic assessment of
analytical methods for drug sensitivity prediction from cancer cell line data. Pac
Symp Biocomput. 2014:63-74.

Cell Death Discovery (2024)10:181


https://lebedevtdeimb.shinyapps.io/Mikheeva2023
https://lebedevtdeimb.shinyapps.io/Mikheeva2023
https://github.com/CancerCellBiology/Cell_count_methods
https://github.com/CancerCellBiology/Cell_count_methods
https://doi.org/10.1158/2159-8290.CD-15-0235
https://doi.org/10.1038/nchembio.1986
https://doi.org/10.1016/j.cell.2016.06.017
https://doi.org/10.52601/bpr.2021.210042
https://doi.org/10.1158/2159-8290.CD-20-1726
https://doi.org/10.1038/s43018-019-0018-6
https://doi.org/10.1038/nrc1951
https://doi.org/10.1016/j.vascn.2016.01.001
https://doi.org/10.1016/j.vascn.2016.01.001
https://doi.org/10.3389/ftox.2022.842396
https://doi.org/10.3389/ftox.2022.842396
https://doi.org/10.1038/s41598-018-19930-w
https://doi.org/10.1038/s41598-018-19930-w
https://doi.org/10.1038/nbt.3460
https://doi.org/10.1038/nbt.3460
https://doi.org/10.1177/1087057115605765
https://doi.org/10.3390/bios5020199
https://doi.org/10.1038/nature12831
https://doi.org/10.1038/nature12831
https://doi.org/10.3390/ijms222312827
https://doi.org/10.1038/s41598-020-62848-5
https://doi.org/10.1038/s41598-020-62848-5
https://doi.org/10.1016/j.cels.2019.06.005
https://doi.org/10.1038/nmeth.3853
https://doi.org/10.1038/s41420-022-01207-x
https://doi.org/10.1038/s41420-022-01207-x
https://doi.org/10.1016/j.coisb.2018.05.004
https://doi.org/10.1016/j.coisb.2018.05.004
https://doi.org/10.1016/j.bmc.2019.115209
https://doi.org/10.2174/1386207319666160202120928
https://doi.org/10.2174/1386207319666160202120928
https://doi.org/10.1038/s41388-022-02429-0
https://doi.org/10.1038/s41467-022-28214-x
https://doi.org/10.1109/TCBB.2021.3089608
https://doi.org/10.1038/s41598-021-01929-5
https://doi.org/10.1038/s41467-022-34536-7
https://doi.org/10.1038/s41598-020-69354-8
https://doi.org/10.1038/s41598-020-69354-8
https://doi.org/10.3390/biomedicines9121846
https://doi.org/10.3390/biomedicines9121846
https://doi.org/10.1016/j.jbc.2022.102226
https://doi.org/10.32607/actanaturae.11461
https://doi.org/10.1038/nprot.2016.105
https://doi.org/10.1038/nprot.2016.105
https://doi.org/10.1021/acschembio.2c00878
https://doi.org/10.1021/acschembio.2c00878
https://doi.org/10.1016/j.gene.2015.08.009
https://doi.org/10.1038/s41523-024-00624-8
https://doi.org/10.1007/s10616-023-00584-0
https://doi.org/10.3906/biy-1703-104
https://doi.org/10.1038/s41592-022-01663-4
https://doi.org/10.1186/s12859-021-04344-9
https://doi.org/10.1016/j.cell.2014.04.039
https://doi.org/10.1016/S2352-3018(14)70014-1
https://doi.org/10.1016/S2352-3018(14)70014-1

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Yadav B, Pemovska T, Szwajda A, Kulesskiy E, Kontro M, Karjalainen R, et al.
Quantitative scoring of differential drug sensitivity for individually optimized
anticancer therapies. Sci Rep. 2014;4:5193 https://doi.org/10.1038/srep05193
Chan GK, Kleinheinz TL, Peterson D, Moffat JG. A simple high-content cell cycle
assay reveals frequent discrepancies between cell number and ATP and MTS
proliferation assays. PLoS ONE. 2013;8:63583. https://doi.org/10.1371/
journal.pone.0063583

Jeong E, Park C, Moon SU, Cho J, Song M, Ryoo S, et al. Dissecting phenotypic
responses of the druggable targetome in cancers. Sci Rep. 2019;9:12513 https://
doi.org/10.1038/541598-019-48989-2

Crozier L, Foy R, Adib R, Kar A, Holt JA, Pareri AU, et al. CDK4/6 inhibitor-mediated
cell overgrowth triggers osmotic and replication stress to promote senescence.
Mol Cell. 2023;83:4062-77.e4065. https://doi.org/10.1016/j.molcel.2023.10.016
Morelli MB, Amantini C, Nabissi M, Cardinali C, Santoni M, Bernardini G, et al.
Axitinib induces senescence-associated cell death and necrosis in glioma cell
lines: the proteasome inhibitor, bortezomib, potentiates axitinib-induced cyto-
toxicity in a p21(Waf/Cip1) dependent manner. Oncotarget. 2017;8:3380-95.
https://doi.org/10.18632/oncotarget.13769

Kruglov O, Wu X, Hwang ST, Akilov OE. The synergistic proapoptotic effect of PARP-
1 and HDAC inhibition in cutaneous T-cell lymphoma is mediated via Blimp-1.
Blood Adv. 2020;4:4788-97. https://doi.org/10.1182/bloodadvances.2020002049
Morelli MB, Amantini C, Santoni M, Soriani A, Nabissi M, Cardinali C, et al. Axitinib
induces DNA damage response leading to senescence, mitotic catastrophe, and
increased NK cell recognition in human renal carcinoma cells. Oncotarget.
2015;6:36245-59. https://doi.org/10.18632/oncotarget.5768

Jia Y, Jin H, Gao L, Yang X, Wang F, Ding H, et al. A novel IncRNA PLK4 up-
regulated by talazoparib represses hepatocellular carcinoma progression by
promoting YAP-mediated cell senescence. J Cell Mol Med. 2020;24:5304-16.
https://doi.org/10.1111/jcmm.15186

Seel A, Padovani F, Mayer M, Finster A, Bureik D, Thoma F, et al. Regulation with
cell size ensures mitochondrial DNA homeostasis during cell growth. Nat Struct
Mol Biol. 2023;30:1549-60. https://doi.org/10.1038/s41594-023-01091-8
Miettinen TP, Bjorklund M. Cellular allometry of mitochondrial functionality
establishes the optimal cell size. Dev. Cell. 2016;39:370-82. https://doi.org/
10.1016/j.devcel.2016.09.004

Lebedev T, Buzdin A, Khabusheva E, Spirin P, Suntsova M, Sorokin M et al.
Subtype of neuroblastoma cells with high KIT expression are dependent on KIT
and its knockdown induces compensatory activation of pro-survival signaling. Int
J Mol Sci. 2022;23. https://doi.org/10.3390/ijms23147724

Poleshko A, Einarson MB, Shalginskikh N, Zhang R, Adams PD, Skalka AM, et al.
Identification of a functional network of human epigenetic silencing factors. J Biol
Chem. 2010;285:422-33. https://doi.org/10.1074/jbc.M109.064667

Johnson RL, Huang W, Jadhav A, Austin CP, Inglese J, Martinez ED. A quantitative
high-throughput screen identifies potential epigenetic modulators of gene expres-
sion. Anal Biochem. 2008;375:237-48. https://doi.org/10.1016/j.ab.2007.12.028
Maksimova V, Shalginskikh N, Vlasova O, Usalka O, Beizer A, Bugaeva P, et al.
Hela TI cell-based assay as a new approach to screen for chemicals able to
reactivate the expression of epigenetically silenced genes. PLoS ONE.
2021;16:20252504 https://doi.org/10.1371/journal.pone.0252504

Yan Z, Ohuchida K, Fei S, Zheng B, Guan W, Feng H, et al. Inhibition of ERK1/2 in
cancer-associated pancreatic stellate cells suppresses cancer-stromal interaction
and metastasis. J Exp Clin Cancer Res. 2019;38:221. https://doi.org/10.1186/
$13046-019-1226-8

Goncalves E, Segura-Cabrera A, Pacini C, Picco G, Behan FM, Jaaks P, et al. Drug
mechanism-of-action discovery through the integration of pharmacological and
CRISPR screens. Mol Syst Biol. 2020;16:¢9405. https://doi.org/10.15252/msb.20199405
Tsherniak A, Vazquez F, Montgomery PG, Weir BA, Kryukov G, Cowley GS, et al.
Defining a cancer dependency map. Cell. 2017;170:564-76.e516. https://doi.org/
10.1016/j.cell.2017.06.010

Cell Death Discovery (2024)10:181

A.M. Mikheeva et al.

60. Gu Z, Eils R, Schlesner M. Complex heatmaps reveal patterns and correlations in
multidimensional genomic data. Bioinformatics. 2016;32:2847-9. https://doi.org/
10.1093/bioinformatics/btw313

AUTHOR CONTRIBUTIONS

Mikheeva A.M.: conceptualization, original draft preparation, investigation, data
curation, formal analysis, methodology, resources, visualization; Bogomolov M.A.:
investigation, methodology, software, validation; Gasca V.A.: investigation, validation;
Sementsov M.V.: investigation, validation; Spirin P.V.: review and editing, funding
acquisition; Prassolov V.S.: review and editing, funding acquisition, supervision;
Lebedev T.D.. conceptualization, original draft preparation, investigation, data
curation, formal analysis, methodology, visualization, software, project administra-
tion, funding acquisition, and supervision.

FUNDING

Cell imaging, image analysis and data processing was supported by RSF grant 23-74-
10103. Identification of chromatin modulating drugs using H2B-mRuby fluorescence
was supported by RSF grant 22-14-00353. Creation of genetically modified cells was
supported by grant 075-15-2019-1660 from the Ministry of Science and Higher
Education of the Russian Federation.

COMPETING INTERESTS

The authors declare no competing interests.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541420-024-01950-3.

Correspondence and requests for materials should be addressed to
Timofey D. Lebedev.

Reprints and permission information is available at http://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

5Y Attribution 4.0 International License, 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 Creative
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 permitted 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

SPRINGER NATURE

11


https://doi.org/10.1038/srep05193
https://doi.org/10.1371/journal.pone.0063583
https://doi.org/10.1371/journal.pone.0063583
https://doi.org/10.1038/s41598-019-48989-2
https://doi.org/10.1038/s41598-019-48989-2
https://doi.org/10.1016/j.molcel.2023.10.016
https://doi.org/10.18632/oncotarget.13769
https://doi.org/10.1182/bloodadvances.2020002049
https://doi.org/10.18632/oncotarget.5768
https://doi.org/10.1111/jcmm.15186
https://doi.org/10.1038/s41594-023-01091-8
https://doi.org/10.1016/j.devcel.2016.09.004
https://doi.org/10.1016/j.devcel.2016.09.004
https://doi.org/10.3390/ijms23147724
https://doi.org/10.1074/jbc.M109.064667
https://doi.org/10.1016/j.ab.2007.12.028
https://doi.org/10.1371/journal.pone.0252504
https://doi.org/10.1186/s13046-019-1226-8
https://doi.org/10.1186/s13046-019-1226-8
https://doi.org/10.15252/msb.20199405
https://doi.org/10.1016/j.cell.2017.06.010
https://doi.org/10.1016/j.cell.2017.06.010
https://doi.org/10.1093/bioinformatics/btw313
https://doi.org/10.1093/bioinformatics/btw313
https://doi.org/10.1038/s41420-024-01950-3
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Improving the power of drug toxicity measurements by quantitative nuclei imaging
	Introduction
	Results
	XTT measurements significantly differ from quantitative nuclei imaging
	Variance in IC50 values is caused by combination of particular drug and�method
	Difference in cell viability measurements depends on drug-induced mitochondrial activity
	H2B-mRuby imaging reveals different cell death dynamics
	H2B-mRuby fluorescence can be used to identify chromatin remodeling�drugs

	Discussion
	Methods
	Cell culture, lentiviral transduction and materials
	Drug treatment, AUC and IC50 calculation
	Cell staining and fluorescence microscopy
	Nuclei and cell segmentation
	Drug screen database analysis
	Real-time�PCR
	Statistical analysis

	References
	Author contributions
	Funding
	Competing interests
	ADDITIONAL INFORMATION




