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The search for CDK4/6 inhibitor
biomarkers has been hampered by
inappropriate proliferation assays

Check for updates

Reece Foy 1 , Kah Xin Lew1 & Adrian T. Saurin 1

CDK4/6 inhibitors are effective at treating advanced HR+ /HER2- breast cancer, however biomarkers
that can predict response are urgently needed. We demonstrate here that previous large-scale
screens designed to identify which tumour types or genotypes aremost sensitive to CDK4/6 inhibitors
havemisrepresented the responsive cell lines because of a reliance onmetabolic proliferation assays.
CDK4/6-inhibited cells arrest inG1but continue togrow in size, therebyproducingmoremitochondria.
We show that this growth obscures the arrest using ATP-based proliferation assays but not if DNA-
based assays are used instead. Furthermore, lymphoma lines, previously identified as the most
sensitive, simply appear to respond the best using ATP-based assays because they fail to overgrow
during the G1 arrest. Similarly, the CDK4/6 inhibitor abemaciclib appears to inhibit proliferation better
than palbociclib because it also restricts cellular overgrowth through off-target effects. DepMap
analysis of screening data using reliable assay types, demonstrates that palbociclib-sensitive cell
types are also sensitive toCyclinD1,CDK4andCDK6knockout/knockdown,whereas thepalbociclib-
resistant lines are sensitive to Cyclin E1, CDK2 and SKP2 knockout/knockdown. Potential biomarkers
of palbociclib-sensitive cells are increased expression of CCND1 andRB1, and reduced expression of
CCNE1 and CDKN2A. Probing DepMap with similar data from metabolic assays fails to reveal these
associations. Together, this demonstrates why CDK4/6 inhibitors, and any other anti-cancer drugs
that arrest the cell cycle but permit continued cell growth, must now be re-screened against a wide-
range of cell types using an appropriate proliferation assay. This would help to better inform clinical
trials and to identify much needed biomarkers of response.

CDK4/6 inhibitors are cell cycle inhibitors that have revolutionised the
treatment of breast cancer1,2. They arrest the cell cycle in G1 phase and are
effective at treating advanced HR+/HER2- breast cancer, when used in
combination with previous standard-of-care hormone therapy. CDK4/6
activity is required for G1 progression in many other cell types, implying
that these drugs may also benefit a wider range of cancers. To identify the
most sensitive tumour types, previous large-scale screens have assessed the
effect ofCDK4/6 inhibitors on theproliferation of awide range of cancer cell
lines3–6. The aim of these screens is to reveal genomic features that correlate
with sensitivity, thus yielding potential biomarkers of response. Predictive
biomarkers are urgently needed, not just to define new tumour types that
may be sensitive to CDK4/6 inhibitors, but to identify the subset of breast
cancer patients most likely to respond well to these drugs7,8.

To date there have been numerous large-scale cancer line screens
testing three licenced CDK4/6 inhibitors: palbociclib, abemaciclib
and ribociclib. Palbociclib was included in the original Genomics of
Drug Sensitivity in Cancer (GSDC1) screen, which tested 403 com-
pounds against 970 cancer lines3. This screen reported that muta-
tional inactivation of CDKN2A, which encodes for the endogenous
CDK4/6 inhibitor p16INK4A, is associated with sensitivity to palboci-
clib. The subsequent GSDC2 screen assayed 297 compounds against
969 cancer lines, using a different ATP-based proliferation assay
(CellTiter-Glo), and no association between CDKN2A loss/mutation
and palbocicilib sensitivity was observed4. Furthermore, the IC50
values were much higher overall in GDSC2, when compared to
GDSC1 (approx. 10-fold higher median IC50).
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The discrepancy between these screens is unclear, but a subsequent
large-scale screen byGong et al. focussing exclusively onCDK4/6 inhibitors,
produced similar results to GDSC2 using the sameCellTiter-Glo endpoint5.
This screen tested palbociclib and abemaciclib against 560 cancer lines and
could also not confirm the predictive value in CDKN2A loss/mutation. It
did, however, identify other genomic aberrations known to activate D-type
cyclins as being associated with sensitivity to abemaciclib. Curiously, the
IC50 values were also generally high for palbocicilb in the Gong et al. study,
although theywere lower for abemaciclib. Furthermore, blood cancers were
consistently the most responsive cancer types in both the Gong et al. study
and in GDSC2, and strangely, HR+ /HER2- breast cancers appeared
insensitive. For example, palbociclib IC50 for the commonly used
HR+ /HER2- breast cancer line MCF7 was 48.3 μM in4 or 13.3 μM in5,
despite numerous studies showing that 1 μMpalbociclib or lower causes an
efficient long-term G1 arrest in MCF7 cells9–16.

Finally, a molecular barcoding strategy known as PRISM, was recently
used to characterise the response of 578 cancer lines to 4518 drugs6. This
large format was feasible because cancer lines containing DNA barcodes,
which express unique mRNA transcripts, were screened together in pools.
The pools were lysed 5 days after treatment and the relative abundance of
each mRNA barcode was used to calculate the response of each cell type.
This screen tested all three licenced CDK4/6 inhibitors, but none of these
associated CDKN2A loss or mutation with sensitivity, nor identified any
other potential biomarkers of response.

In summary, the GDSC1 screened appears somewhat of an outlier and
most large-scale screens to date have failed to identify potential biomarkers
of CDK4/6 inhibitor response. The exception is theGong et al. study, which
identified genetic defects known to activate D-types cyclins, termed D-type
cyclin activating featuresorDCAFs,whichwerepredicted tobe indicators of
sensitivity to abemaciclib specifically5. Unfortunately, these markers have
yet to demonstrate predictive power in clinical studies.

We demonstrate here that a major problem with all of these screens is
that they have used endpoints that do not directly measure proliferation.
Instead, these endpoints measure the cumulative effects of cell number and
cell size. This is particularly problematic for cells treated with CDK4/6
inhibitors, because these cells arrest in G1 but continue to grow in size14–21.
We show that this cell overgrowth causes scaling ofmitochondria, thus cells
appear to have “proliferated”usingATP-based endpoints, even though they
have not. Cellular RNA similarly scales with growth14,15, probably invali-
dating mRNA-based endpoints as well. We further demonstrate that the
enhanced response observed in blood cancers or with abemaciclib, are due
to reduce cell overgrowth under these conditions, and not due to an
enhanced proliferative arrest. Thesemisinterpretations have likely impeded
the search forCDK4/6 biomarkers because analysis of cumulative data from
screens using only a reliable DNA-based assay demonstrates expected
markers of sensitivity and resistance. In particular CDKN2A loss is asso-
ciated with sensitivity, whereas RB1 loss and Cyclin E overexpression are
associated with resistance. This work calls for new screens to expand on this
data using a reliable proliferation assay in a wide range of cancer cell lines. It
also highlights the importance of using appropriate “proliferation” assays
when assessing any anti-cancer drugs that arrest the cell cycle but permit
continued cell growth.

Results
Metabolic proliferation assays do not accurately detect a cell
cycle arrest
We recently demonstrated that CDK4/6 inhibition causes aberrant cell
overgrowth during aG1 arrest, with cell size, total protein, and total RNAall
scaling linearly during a 4-day arrest period14,15. This is broadly consistent
with data from other groups, who also report increases in cell size following
palbociclib treatment16–21. We hypothesised that this cell growth could
obscure the arrest using metabolic proliferation assays. To address this, we
compared a panel of 8 cell lines using a range of different assays. Figure 1a
demonstrates that 1 µM palbociclib is sufficient to arrest most cell lines for
up to4days, as assessedusing live cell imaging to quantify cell cycle duration

(mitosis tomitosis). This arrest is associatedwith cell growth throughout the
arrest period in all lines (Fig. 1b), as expected.

We next compared the arrest using two commonly used proliferation
assays that quantify either DNA content (CyQuant) or metabolic activity
(CellTiter-Glo) as a surrogate for cell number. Figure 1c shows that
CyQuant accurately detects a proliferation arrest in the presence of palbo-
ciclib,withdata correlatingwell overallwith the live-cell analysis (Fig. 1a). In
contrast, themetabolic CellTiter-Glo assay fails to detect the arrest in all cell
lines, especially during the first 3 days of the assay which is typically the
timepoint used in most large-scale screens (Fig. 1d)3–5. We predicted that
this was due tomitochondria scaling linearly with cell size during the arrest,
thus increasing ATP output in the arrested overgrown cells. In agreement,
mitochondria scaled with cell size in the two cell lines tested: RPE, and
MCF7 (Fig. 1e). Polarised mitochondria also scaled similarly with cell size
(Fig. 1f), indicating that these extra mitochondria are functional.

Cell growth obscures the cell cycle arrest using metabolic
proliferation assays
We next examined the effect of a dual PI3K and mTOR inhibitor, PF-
0521238422, that we have previously shown can prevent cell overgrowth
during a G1 arrest15. PF-05212384 treatment combined with palbociclib
inhibitedmTORactivity during the arrest, as assessedusing thedownstream
readout phospho-S6(Ser235/236), and this prevented G1 growth in all cell
lines tested (Fig. 2a, b). This combination did not markedly affect the pro-
liferation assayusing aDNA-based endpoint (Fig. 2c), but it did improve the
ability of an ATP-based assay to detect the arrest (Fig. 2d). Our inter-
pretation is that mTOR-mediated cell growth causes the production of new
mitochondria in G1-arrested cells, and this acts to obscure the G1 arrest
using ATP-based assays. In support, inhibiting mTOR with PF-05212384
during a G1 arrest in either RPE or MCF7 cells also reduces the accumu-
lation of mitochondria following palbociclib treatment (Fig. 2e). These
results were consistent with those generated using an alternative metabolic
cell viability assaywhichusesmitochondrial reductase activity as a proxy for
cell number (Fig. 2f). This has also beenused in large-scale screens assessing
CDK4/6 inhibitors3. This suggests that elevatedmitochondrial numbers are
likely to obscure the results of several different metabolic cell proliferation
assays, and not just those that measure ATP.

Metabolic proliferation assays have clouded interpretations
about CDK4/6 inhibitor sensitivity
Two previous large-scale screens have relied exclusively on the metabolic
CellTiter-Glo assay: GDSC24 and the Gong et al. study5, which remains the
largest study to date profiling just CDK4/6 inhibitors. In contrast, the earlier
GDSC1 screen used aDNA-based endpoint (Syto60) in a subset of adherent
cells (645 cells total)3. We therefore compared these screens to search for
differences that could reflect the different endpoints used.

Comparing IC50 values between GDSC1 and GDSC2 screens,
demonstrates that sensitivity to palbociclib was considerably lower when
using the metabolic CellTiter-Glo endpoint (Fig. 3a). Grouping tumours
into their tissue of origin, demonstrates that this reduced sensitivity using
metabolic assays holds true across all tumour types (Fig. 3b), consistentwith
data from Fig. 1c, d. Interestingly however, blood cancers appeared to be
considerably more sensitive to palbociclib using a metabolic assay (Fig. 3b;
GDSC2data). Thiswas also observed for twodifferentCDK4/6 inhibitors in
theGong et al. study, which also used ametabolic endpoint (Supplementary
Fig. 1).We therefore suspected that this could reflect an unusual lack of cell
growth in this tissue type. To test this, we randomly selected three lym-
phoma lines and tested their ability to arrest their proliferation and over-
grow in 1 µM palbociclib. Figure 4a, b, demonstrates that all three lines
arrested efficiently, based on cell counts, however they failed to grow in size
during that arrest. In support of a general inability of blood cancers to
overgrow during a G1 arrest, a recent study similarly reported a lymphoma
line as an outlier that failed to overgrow following palbociclib treatment16.
The lack of growth in the three lymphoma lineswas associatedwith reduced
mTOR activity during the G1 arrest (Fig. 4c) and a lack of mitochrondrial
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scaling (Fig. 4d). This was in stark contrast to MCF7 which actually
increased mTOR activity (Fig. 4c) and mitochondria (Fig. 1e) during the
arrest. The result is that the arrest was now detected efficiently in these lines
using either a metabolic or DNA-based assays (Fig. 4e, f).

We also noticed that abemaciclib was generally more potent that
palbociclib in the screen by Gong et al., which used a metabolic endpoint

(Fig. 4g)5. Abemaciclib has also been shown to inhibit mTOR activity
through off-target effects on PIM123. Therefore, we hypothesised that this
compound could restrict growth during the G1 arrest. In agreement,
abemaciclib-arrested cells displayed lower mTOR activity, reduced cell
overgrowth, and restricted mitochondrial scaling in comparison to
palbociclib-treated cells (Supplementary Fig. 2A–C). The net result is that
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abemaciclib appeared to arrest proliferation better than palbociclib speci-
fically using an ATP-based assay, but not using a DNA-based assay (Sup-
plementary Fig. 2D, E).

In summary, ATP-based assays are unsuitable for measuring a G1
arrest followingCDK4/6 inhibitionbecausemost cell types overgrowduring
that arrest and produce more mitochondria. The exception appears to be
lymphoma lines, which shut off mTOR activity following CDK4/6 inhibi-
tion, thus preventing overgrowth and mitochondrial scaling. We suspect
that these confounding effects of cell growth have also obscured data from
the PRISM screens, which relied on barcodes encoded within mRNA
transcripts6. That is because total RNA also scales linearly during G1-
overgrowth14,15. Therefore, overgrown arrested cells, will also likely increase
barcode levels and thus appear to have “proliferated” over the course of the
assay despite remaining arrested in G1. This implies that the only partially
reliable large-scale screen to date is GDSC1, which used a DNA-based
endpoint in the adherent cell types, but a metabolic endpoint in the sus-
pension cell types3. In addition, a number of smaller scale screens have used
either a DNA-based endpoint or cell counts to determine palbociclib
sensitivity9–12,24–29, which would both accurately determine arrest efficiency
irrespective of cell size. We therefore combined data from these small
screens with theGDSC1 adherent cell data and usedDepMap to analyse co-
dependencies (see Supplementary Table 1 for full list of cells lines and
associated palbociclib IC50 data).

Proliferation assay type strongly influences biomarker
predictions
Figure 5a, b shows that the top 5 most significant co-dependencies
using CRISPR or RNAi include Cyclin D1 (CCND1), CDK6, and
CDK4, validating the palbociclib-sensitive cells as Cyclin D1-CDK4/6
dependent. Moreover, the top 3 most significant inverse co-
dependencies for both CRISPR and RNAi are Cyclin E1 (CCNE1),
CDK2 and SKP2, the E3 ligase that degrades p27 to activate CDK2
and promote S-phase30,31. This demonstrates that resistant cells are
preferentially reliant on Cyclin E1/CDK2 for S-phase entry, as
expected32. This analysis included a total of 686 cell lines, most of
which were also assayed using a metabolic endpoint in large scale
screens (567/686 lines). Analysing CRISPR or RNAi dependencies
using the metabolic assay data for these same cell lines fails to extract
any of these predicted co-dependencies (Fig. 5a, b), confirming that
metabolic screens are unable to accurately detect CDK4/6 inhibitor
sensitivity. The full DepMap correlation data is display in Supple-
mentary Table 2.

Having validated the palbociclib-sensitivity data using DNA-based
assays, we next sought to examine if this data could reveal potential bio-
markers to help predict the response toCDK4/6 inhibitors. Figure 5c shows
that increased expression of RB1 and CCND1 is associated with sensitivity,
whereas increased CCNE1 and CDKN2A, which encodes for the CDK4/6
inhibitor p16INK4A, is associated with resistance. Furthermore, similar
changes are also detected as the strongest associations with gene copy
number and total protein levels (Fig. 5d–f and Supplementary Table 2). In
summary, this analysis of previous data, generated using reliable

proliferation assays, extractsmany of the genomic features predicted to lead
toCDK4/6 sensitivity or resistance. This also agrees with the earlier findings
that CDKN2A loss or mutation are potential biomarkers of sensitivity3,9.

Discussion
Wedemonstrate here that most cells continue to grow in size when they are
arrested by CDK4/6 inhibitors. These enlarged cells scale their mitochon-
dria and therefore appear to still be proliferating using ATP-based assays,
even though they are not.We have shown recently that total cellular protein
andRNAalso scales with size during the arrest14,15, thereforewe hypothesise
that “proliferation” assays that use any of these endpoints will also mis-
represent cell enlargement as cell proliferation. This affects every large-scale
screen that has been carried out to date to assess CDK4/6 inhibitor sensi-
tivity. The GDSC1 screen relied partially on ATP-assays3, and the GDSC2
and Gong et al. screens relied exclusively on ATP-assays4,5. The pooled
PRISM assays, which screened all three licenced CDK4/6 inhibitors, relied
on mRNA sequencing of lentiviral barcodes to determine the relative levels
of each cell line within the pools before and after treatment6. It is likely that
these barcodes also scalewith size, since cellularmRNAalso scaleswith total
RNA during a CDK4/6 inhibitor arrest (Saurin lab, unpublished data).
Therefore, we predict that overgrown cells will also be overrepresented in
PRISMassays despite an effective arrest. There is therefore anurgent need to
perform new large-scale screens that can accurately report a proliferative
arrest following CDK4/6 inhibitor treatment.

The same issue may have affected the assessment of many more anti-
cancer drugs because an arrest at different cell cycle stages also causes cells to
overgrow. This was shown for the CDK7 inhibitor samuraciclib33 or for the
p53 activator nutlin-3a16, which arrest cells in G1 and/or G2. Increased cell
size is also observed byDNAdamaging agents that arrest cells inG1/G234, or
with thymidine to arrest cells in S-phase35. Therefore, anti-cancer drugs that
indirectly halt cell cycle progression by causing genotoxic damage are likely
to similarly cause overgrowth in the arrested cells. Finally, cell enlargement
is a hallmark of senescence36–38, therefore if cells permanently exit the cell
cycle following drug treatment, these cells will similarly be overrepresented
usingmost proliferation assays. Together, this could explainwhy the cellular
IC50 values for a wide range of anti-cancer drugs were previously shown be
artificially high using metabolic assays, in comparison to a DNA-based
endpoint39. This reinforces the importance of using proliferation assays that
are not influenced by cell size when assessing any anti-cancer drugs that
directly or indirectly halt cell cycle progression.

We propose that an ideal assaywould independentlymeasure both cell
cycle arrest and cell size, because cell overgrowth drives toxicity and cell
cycle exit following CDK4/6 inhibition14–16, an affect that is also seen fol-
lowing CDK7 inhibition33. Therefore, cells that arrest efficiently and over-
grow the most may ultimately respond the best to cell cycle inhibitors. The
mechanistic explanation is that overgrown cells experience osmotic stress
during G1, causing p21 induction and a fraction of cells to enter
senescence14. Cells that escape this arrest enter S-phase and experience
furtherDNAdamage as a result of replication stress14 and aweakenedDNA
damage checkpoint16. This causes further cell cycle arrest from G2 or cat-
astrophic DNA damage during mitosis as under-replicated chromosomes

Fig. 1 | ATP assays fail to detect a proliferation arrest following CDK4/6 inhi-
bition. a Quantification of cell cycle length (mitosis to mitosis) in 8 different cell
lines treated with DMSO (control) or palbociclib (1 µM) and imaged continuously
for 96 h. Mitotic cells from the first 6 h after treatment were selected and their
daughter cells followed by eye until they reached mitosis or until the imaging period
ended. Total cell cycle length was then recorded for each line in both the presence or
absence of palbociclib. Horizontal lines show the median and thick verticals lines
show 95% CI from 2 experiments, with at least 20 cells quantified per experiment.
b Cell volume assays of indicated cells following 1–4 days of palbociclib (1 µM)
treatment. Graphs display mean data ± SEM from 3 to 4 repeats. c CyQuant DNA
quantification assays of indicated cell lines at 24 h intervals over a total of 4 days of
treatment with DMSO (control) or palbociclib (1 µM). Graphs display mean
data ± SEM from 3 repeats. d CellTiter-Glo ATP quantification assays of indicated

cells treated as in (c). Graphs display mean data ± SEM from 6 repeats. e Frequency
distribution of Mitotracker intensities from both RPE and MCF7 cells that were
asynchronous (control) or treated with palbociclib (1 µM) for 4 days. Graphs show
combined data from 3 repeats, with at least 300 cells per condition. f Total red
fluorescence intensity (left panel) and ratio of red/green fluorescence intensities
(right panel) from JC-1 mitochondria polarisation dye staining in RPE1 and MCF7
cells that were asynchronous (control) or treated with palbociclib (1 µM) for 4 days.
The JC-1 stain is an indicator of mitochondrial membrane potential54, and the red
intensity shows increase in total polarised mitochondria in palbociclib-treated cells,
whereas red/green ratio can be used to normalise for cell size differences. Each point
represents the mean ratio from one repeat. Graph shows mean data +/− SD from
three repeats.
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Fig. 2 | Cellular overgrowth obscures the CDK4/6 inhibitor arrest using ATP-
based proliferation assays. aWestern blot analysis to analyse effect of the dual
mTOR and PI3K inhibitor, PF-05212384, on mTOR activity using the downstream
p70-S6K substrate S6-pS235/S236. Indicated cell lines were lysed following 24 h of
treatment with palbociclib (1 µM) ± PF-05212384 (30 nM in RPE, and 7.5 nM in
MCF7/T47D). Blots are representative of 2 repeats. b Cell Volume analysis in RPE,
MCF7, and T47D cells following treatment with palbociclib (1 µM) alone, or in
combination with PF-05212384 (30 nM RPE, 7.5 nM MCF7/T47D) over 1–4 days.
Graphs display mean data ± SEM from 3 to 4 repeats. c CyQuant DNA

quantification of RPE, MCF7, and T47D cells treated as in B, or with DMSO
(control). Graphs display mean data ± SEM from 4 repeats. d CellTiter-Glo ATP
quantification of RPE, MCF7, and T47D cells treated as in (b, c). Graphs display
mean data ± SEM from 4 repeats. e Frequency distribution of Mitotracker intensity
from both RPE and MCF7 cells that were asynchronous (control) or treated with
palbocilib (1 µM) ± PF-05212384 (30 nM RPE, 7.5 nM MCF7). Graphs show
combined data from 2 repeats with at least 300 cells per condition. f CellTiter-Blue
quantification of RPE and MCF7 cells treated as in (b–d). Graphs display mean
data ± SEM from 4 repeats.
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are segregated13. Overgrowth may well be a common route to senescence
following treatment with anti-cancer drugs37,40. Therefore, it will be
important in future to determine if these toxic effects of cell overgrowth
cause senescence following treatment with a wide variety of anti-cancer
drugs. This could explain why cell enlargement is a hallmark of
senescence36–38, and that would further reinforce the need to accurately
assess this enlargement when treating with drugs that are predicted to
induce senescence.

It is unclear why blood cancers fail to overgrow during a palbociclib
arrest, but the prediction is that these cancer types will be the least sensitive
to downstream toxicity and cell cycle withdrawal, as demonstrated recently
for the B cell precursor leukaemia line NALM6 in comparison to adherent
cells16. The fact that blood cancer cells have been categorised as some of the
most sensitive by current assays, further underscores the importance of
using the correct endpoint in these assays. Similarly, abemaciclib has been
proposed to inhibit proliferation better than palbociclib, when in fact, this is
due to its ability to limit overgrowth through off-target effects (Supple-
mentary Fig. 2).Whether this is beneficial in the treatment ofHR+ /HER2-
breast cancer is currently unclear, but in cellmodels at least, it likely explains
the rather limited cell cycle withdrawals following abemaciclib treatment, in
comparison to three other licenced CDK4/6 inhibitors13.

All of these confounding effects of cell growthhave likely hampered the
search for CDK4/6 biomarkers. By grouping and analysing assays using
reliable endpoints, we find that the top co-dependencies are Cyclin D1,
CDK4 and CDK6 for palbociclib-sensitive cells, and Cyclin E1, CDK2 and
Skp2 for palbociclib-resistant cells (Fig. 5a). Comparisons of gene expres-
sion, copy number and proteins levels identifieddecreasedCDKN2Aas one
of the strongest a predictors of sensitivity (Fig. 5d, e). This gene encodes for
the CDK4/6 inhibitor p16INK4A, and low p16INK4A expression was previously
identified as a possible marker of sensitivity to palbociclib9. The subsequent
PALOMA-1 trial showed CDKN2A copy number was not predictive of
response41, and the later PALOMA-2 trial showed CDKN2A mRNA or
expression of p16INK4A protein were not predictive either42. However, as
discussed here43, the ER+ /HER2- patients in these trials may already have
lowCDKN2A levels, thus removing its predictive power. Furthermore, high
CDKN2A was recently shown to be a biomarker of resistance to CDK4/6
inhibitors in ER+ breast cancer44. A rationale for how CDK4/6 inhibitor
proteins can drive resistance was recently provided by the demonstration

that p16INK4B andp18INK4C preferentially associatewithCDK6anddistort the
ATP binding pocket such that it favours ATP binding over palbociclib45.
Therefore, inhibitory INK4 proteins may need to be kept low if CDK6 is
expressed to ensure sensitivity toCDK4/6 inhibitors.Whether CDKN2Aor
CDKN2B loss drives sensitivity specifically in cell types that overexpress
CDK6 remains to be determined.

It is important to note that how efficiently cancer cells arrest duringG1
is not the only factor thatwill contribute to an effective response in vivo.This
will ultimately be determined by how tumour cells then respond to that
arrest, for example, how efficiently they become senescent or how effectively
they are cleared by the immune system. These factors need to be carefully
considered when validating potential biomarkers in vitro, otherwise pre-
dictive associations could easily be missed. For example, TP53 loss/muta-
tions was found to be strongly associated with acquired and intrinsic
resistance to CDK4/6 inhibition in patients (TP53 loss/mutation in 60% of
resistant tumours and 0% of sensitive tumours)46. The authors of this study
found that TP53 knockout did not affect G1 arrest efficiency of palbociclib-
treated cells in vitro, therefore discounted p53 as a direct contributor to
resistance, despite the fact that a previous study had also observed enrich-
ment of TP53 loss/mutation in resistant patients47. We also observed that
TP53 knockout does not affect G1 arrest efficiency following CDK4/6
inhibition, but crucially, it does prevent cells entering senescence following
that arrest13–15,48. Similarly, a recent preprint demonstrates that TP53 loss
and MDM2 amplification are associated with lack of disease control in
patients treated with CDK4/6 inhibitors, and in this case, the authors
demonstrate that although TP53 loss does not affect initial arrest efficiency,
it does affect the ability of cells to become senescent during long-term drug
treatment49. Therefore, long-term in vitro cell-based assays may ultimately
be useful for identifying better predictive biomarkers. Finally, the in vivo
response toCDK4/6 inhibitorswill also be affected by extrinsic effects on the
tumour microenvironment and/or the immune system, which will not be
captured using in vitro cell-based assays50. Nevertheless, it is likely that the
induction of senescence, which leads to a senescence-associate secretory
phenotype (SASP), will help to engage the immune system to promote
tumour clearance51. Therefore, accurate biomarkers of arrest efficiency
in vitro will still be an important first step towards the ultimate goal of
developing effective biomarkers that can predict patient responses in vivo.
To make this first step, it is now crucial to re-screen a wide-range of cancer

Fig. 3 | Previous large-scale screens using ATP
assays report high IC50 values for palbociclib.
a Violin plot of all palbociclib IC50 values deter-
mined using Syto60 in GDSC1 against those mea-
sured using CellTiter-Glo in GDSC2. Horizontal
lines show the median and thick vertical lines show
95% CI. b Palbociclib IC50 values sorted into the
tissue types from which the corresponding cancer
line is derived. The top panel shows data from
GDSC1 using the Syto60 DNA-based endpoint
(except blood cancer shown with Resazurin), and
the bottom panel shows all data from GDSC2
(CellTiter-Glo). The boxes represent the 25th to
75th percentile with the lines in the centre showing
the median. Whiskers extend from the minimum to
the maximum value for each dataset.
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Fig. 4 | ATP assays accurately measure a proliferation arrest in lymphoma lines
that fail to overgrow during the arrest. a Quantification of HH, JURKAT, and
KARPAS-299 cell number after treatment with DMSO (control) or palbociclib
(1 µM) for 1–4 days. Graphs displaymean data ± SEM from 4 repeats. bCell volume
assays with the cells and treatments outlined in A. Graphs displaymean data ± SEM
from 3 to 4 repeats. cWestern blot analysis showing mTOR activity in HH, JUR-
KAT, and KARPAS-299 cells after 24 h of treatment with DMSO (control) or
palbociclib (1 µM). Blots are representative of 2 repeats. d Quantification of Mito-
tracker intensity inHH, JURKAT, andKARPAS-299 cells either untreated (control)

or treated with palbociclib (1 µM) for 4 days. Graphs contain data from 3 repeats,
with at least 300 cells per condition. e CyQuant DNA quantification of HH, JUR-
KAT, and KARPAS-299 treated as in A and B. Graphs display mean data ± SEM
from 3 to 4 repeats. f CellTiter-Glo ATP quantification of HH, JURKAT, and
KARPAS-299 as in (a, b, e). Graphs display mean data ± SEM from 3 to 4 repeats.
g Violin plot of IC50 values for either abemaciclib or palbociclib as determined by
Gong et al. using a CellTiter-Glo ATP-based assay.
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cell lines to accurately determine CDK4/6 inhibitor sensitivity using a
reliable DNA-based assay type.

Methods
Cell culture and reagents
hTERT-RPE1 (RPE1), MCF7, T47D, H1299, MCF10A, MDA-MB-231,
Jurkat (clone E6-1), and HH cells were from ATCC. The human ovarian
adenocarcinoma SKOV3 was acquired from CRUK. The human colorectal
cancer line DLD1-FRT was a kind gift from Stephen Taylor, which was
published previously52. The human non-Hodgkins Ki-positive large cell
lymphoma KARPAS-299 was from public health England. All cells were
validated by STR profiling and periodically checked to confirm they were
mycoplasma free.

All cells were cultured at 37 °C with 5% CO2. RPE1, MCF7, T47D,
DLD1-FRT, SKOV3, andMDA-MB-231were cultured inDMEM(Thermo
Fisher Scientific, Gibco 41966029) supplemented with 9% FBS (Thermo
Fisher Scientific, Gibco 10270106) and 50 μg/ml penicillin/streptomycin.
MCF10A cells were cultured in F12/DMEM (Thermo Fischer Scientific,
Gibco, 11320033) and supplementedwith 5%horse serum(ThermoFischer
Scientific, Gibco 16050122), 20 ng/mg EGF (Sigma, E9644), 0.5 μg/ml
hydrocortisone (Sigma, H088), 100 ng/ml cholera toxin (Sigma, C8052),
10 μg/ml insulin (Sigma, I9278) and 50 μg/ml penicillin/streptomycin
(Sigma, P4458). H1299, HH, Jurkat, and KARPAS-299 were cultured in
RPMI-1640 (Sigma Life Science, R8758) supplemented with 9% FBS and
50 μg/ml penicillin/streptomycin. Palbociclib (PD-0332991)was purchased
fromMedChemExpress (HY-50767A) and PF-05212384 (Gedatolisib) was
purchased from Sigma (PZ0281). Abemaciclib (LY-2835219) was pur-
chased from Selleckchem (S7440).

Time lapse imaging
To characterise the arrest caused by palbociclib each cell line was plated at
low density (15,000 per well) into an Ibidi μ-plate glass-bottomed 24 well
plate. The following day cellswere treatedwith drugs and then imagedusing
a Holomonitor M4 (Phase Holographic Imaging) at 37 °C with 5% CO2.
Images were taken every 20min for a total of 4 days. Image analysis was
performed using theHolomonitor App Suite. For each condition, cells were
selected at random and then followed by eye to record the length of time
between the first and second mitosis (or the end of the movie).

Cell volume analysis
For cell volume analysis, cells were plated into 6-well plates at a density of
30,000 cells per well (RPE, MCF7, T47D, MDA-MB-231, DLD1, SKOV3,
H1299, MCF10A) or 100,000 cells per well (HH, JURKAT, KARPAS-299)
then treated with drugs immediately, and incubated at 37 °C with 5% CO2.
At 24 h intervals, cells were trypsinised, stained with acridine orange and
DAPI, and cell diameters were measured using a Chemometec NC-3000
Nucleocounter. Histograms of cell diameter were imported into Flowing
Software version5.2.1 andmeancell diameter of eachconditionwas taken to
calculate volume using 4/3 πr3.

Cell proliferation assays
Cell lines were plated at a density of 1000 cells per well (RPE,MCF7, T47D,
MDA-MB-231, SKOV3, DLD1, H1299, and MCF10A) or 20,000 cells per
well (HH, JURKAT, KARPAS-299) in a 96-well plate and immediately
treated with drugs and incubated at 37 °C with 5% CO2. Cell proliferation
was thenmeasured by different means at 24 h intervals for a total of 4 days.
DNA was quantified using CyQuant Direct Cell Proliferation assay
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Fig. 5 | Reanalysis of previous screens using DNA-based endpoints reveals
expected features of palbociclib sensitivity. DepMap Pearson correlation of
palbociclib-sensitivity (using DNA based assays) against CRISPR dependencies (a),
RNAi dependencies (b), Gene expression (c), Gene CopyNumber (d), Protein Array

(e) and Global Proteomics (f). a, b also show DepMap Pearson correlation of
palbociclib-sensitivity using metabolic assays for comparison. The top 5 most sig-
nificant associations are shown for each group and the full top 1000 associations are
shown in Supplementary Table 2.
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(ThermoFischer Scientific, C35011). A 2x CyQuant solution (1/50 back-
ground suppressor and 1/250 nucleic acid in phosphate buffered saline)was
added directly to the cells and incubated at 37 °C with 5% CO2 for 30min.
Theplatewas then removed from incubation andfluorescence intensitywas
read at 485/535 nmusing aTecan Infinite F Plex plate reader. ATPwas then
quantifiedusingCellTiter-GloLuminescentCellViabilityAssay (Promega),
either in the same cells thatwere stainedwithCyQuant or in a set of separate
but identical samples. Prior to ATP quantification all cells were briefly
washed in PBS then a solution containing equal parts CellTiter-Glo reagent
and growth medium was added to each well and incubated at room tem-
perature for 15min. Samples were then transferred to awhite-bottomed 96-
well plate, and luminescence was read using a Tecan Infinite F Plex plate
reader. For the CellTiter-Blue (Promega, G808A) assays 20 μl of CT Blue
reagentwas added to eachwell of the 96well platewhichwas then incubated
at 37 °C for 1 h before fluorescence intensitywas read at 535/590 nmusing a
Tecan Infinite F Plex plate reader. For direct cell counts, HH, JURKAT, and
KARPAS-299 were plated at a density of 100,000 cells per well, treated with
drugs immediately, and incubated at 37 °C with 5% CO2. At 24 h intervals,
cells were harvested, stained with acridine orange and DAPI, and then
counted using a Chemometec Nucleocounter NC-3000.

Mitochondrial quantifications
Cells were plated at 30,000 (RPE, MCF7) or 100,000 (HH, JURKAT,
KARPAS-299) cells per well in a 6-well plate, immediately treated with
drugs, and incubated at 37 °Cwith 5%CO2 for 4 days. Total mitochondrial
mass per cell was then quantified using MitoTracker Deep Red FM
(ThermoFisher Scientific, M22426). Each well was treated with 500 nM of
mitotracker reagent and incubated at 37 °C with 5% CO2 for 30min. Cells
were then trypsined, stained with acridine orange, and fluorescence was
measured with a Chemometec NC-3000 Nuceocounter using a Flexicyte
analysis algorithm. Cell masking was achieved using darkfield microscopy,
and acridine orange staining (530 nm) was used as counterstaining to
ensure that only the DNA positive events identified in the darkfield were
analysed forMitoTracker staining (630 nm).Mitochondria polarisationwas
measured using the JC-1 mitochondrial potential probe (ThermoFisher
Scientific, T3168). After treatment, cells were trypsinised and resuspended
in 500 µl of media containing 2 µg/ml JC-1 dye and incubated at 37 °C for
20min. Fluorescence was then measured with a Chemometec NC-3000
Nucleocounter using a Flexicyte analysis algorithm. Cell masking was
achieved using darkfield microscopy and the intensity in both the red
(630 nm) and green (530 nm) channels were recorded.

Western blotting
Protein lysates for western blotting were prepared by scraping cells into 4x
sample buffer (250mM Tris, 10% SDS, 40% Glycerol, 0.1% Bromophenol
Blue). Lysateswere then sonicated (15 s pulse 50%amp)with aCole-Palmer
Ultrasonic Processor. Samples were then briefly boiled and centrifuged at
max rpm for several seconds. Protein concentrationwas determined viaDC
assay, after which samples were diluted to desired concentration in sample
buffer and 2-mercaptoethanol was added to a final concentration of 10%.
Equal volumes of sample were then separated by SDS-PAGE and trans-
ferred to 0.45 μm nitrocellulose membranes (Amersham Protran Pre-
mium).Membraneswere thenblocked for 15minwith 5%BSA inTBSwith
0.1%Tween 20 (TBS-T) then incubated at 4 °C overnight in 5%BSATBS-T
containing primary antibodies. The following daymembranes were washed
three timeswithTBS-Tbefore being transferred to secondary antibodies in a
solution of 5%milk in TBS-T. After 2 h of incubation at room temperature
membranes were washed three more times in TBS-T and imaged on a LI-
COROdysseyCLx system.All blots displayedwithin eachfigurepanel come
from the same experiment and were processed in parallel. The following
primary antibodies were used for western blotting: rabbit anti-AKT (Cell
Signalling Technology, 9272, 1/1000), rabbit anti-pAKT (Ser473)(Cell
Signalling Technology, 4060, 1/1000), rabbit-pS6 (Ser235/236)(Cell Sig-
nalling Technology, 4856, 1/1000), and rabbit anti-actin (Sigma, A2066, 1/
5000). The secondary antibody used was IRDye 800CW Goat anti-Rabbit

IgG (LI-COR, 1/15000). All blots were processed in parallel and derive from
the same experiments. Images of uncropped western blot membranes are
shown in Supplementary Fig. 3.

DepMap analysis
A literature search identified 11 studies that used DNA-based or cell count-
based proliferation assay to determine palbociclib IC50s3,9–12,24–29. The data
from these studies was combined, and duplicate cell lines datawas removed.
The criteria for removing duplicates was that if the same line was screened
by multiple studies the smaller scale screening data was used in preference
(i.e., in preference to the large-scale GDSC1 data). If duplicate data from
more than 1 small scale screens was present, we retained the data that
recorded the lowest IC50. A Pearson correlation was then computed using
DepMap (http://depmap.org) against CRISPR dependencies, RNAi
dependencies, gene expression, gene copy number, protein array and pro-
teomics. The full list of correlations, with associated P-values and Q-values,
is displayed in Supplementary Table 2, and the top 5 most significant
associations are displayed inFig. 5. To comparehowanalysis of the same cell
lines performed using metabolic assays, we extracted data from the
GDSC2 screen4, which used ametabolic endpoint and includedmost of the
cell lines screened using ATP assays. For any that were not included in
GDSC2, metabolic data was extracted from the Gong et al. screen5 or the
GDSC1 suspension cell data3. Out of a total of 686 lines screened with a
DNA endpoint, 567 were also screened with metabolic endpoints. The full
metabolic screening data is included in Supplementary Table 3. Using this
data, a Pearson correlation was computed using DepMap against CRISPR
dependencies and RNAi dependencies, and the full list of correlations is
displayed in Supplementary Table 2, with the top 5 most significant asso-
ciations displayed in Fig. 5b.

Statistical analysis
PlotsofData was used tomake violin plots at https://huygens.science.uva.nl/
PlotsOfData/53. These plots display the 95% confidence intervals (thick
vertical bars) calculated around the median (thin horizontal lines). This
allows statistical comparison between all conditions on the plots because
when the vertical bar of one condition does not overlap with one in another
condition the difference between the medians is considered statistically
significant (p < 0.05).

Data availability
All data supporting the findings of this study are available within the article.
Data from individual repeats is in Supplementary Table 4.
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