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Abstract

Background
Lutetium-177 (177Lu)-based radiopharmaceutical therapy delivers prolonged low-dose-rate irradiation,
creating a radiobiological context that differs substantially from conventional external beam
radiotherapy (EBRT). We hypothesised that this extended radiation exposure generates distinct
therapeutic vulnerabilities and senescence states that can be exploited pharmacologically.

Methods
A high-throughput clonogenic screen of 295 small-molecule inhibitors was performed in combination
with 177Lu-DOTATATE and compared with equitoxic EBRT. Candidate interactions were validated using
multiple CDK4/6 inhibitors across SSTR2- and PSMA-targeted neuroendocrine and prostate cancer
models, including xenografts. Cell-cycle regulation, replisome stability, DNA damage, p21 dynamics,
senescence and autophagy-associated nuclear processing were interrogated mechanistically.

Results
Drug interactions with 177Lu-DOTATATE differed substantially from those observed with EBRT, identifying
CDK4/6 inhibition as a preferential therapeutic vulnerability of prolonged 177Lu exposure. Abemaciclib,
palbociclib and ribociclib enhanced clonogenic suppression by 177Lu-DOTATATE, while abemaciclib

similarly potentiated 177Lu-PSMA in human prostate cancer models and improved tumour control in vivo.
Therapeutic cooperation was not associated with enhanced Rb inhibition or G1 arrest, but with replisome
depletion, replication stress, genotoxicity and durable senescence. Distinct senotypes emerged between
tumour models: 22Rv1 cells developed a predominantly sustained p21high state associated with
persistent growth arrest, whereas CA20948 cells displayed a p21low senotype following an early p21
response, accompanied by increased autophagic and nucleophagic features. Pharmacological inhibition
of autophagy differentially altered these senotypes, indicating that divergent p21-processing states can
converge on durable senescence following combined CDK4/6 inhibition and 177Lu therapy.

Conclusions
CDK4/6 inhibition exploits a therapeutic vulnerability created by prolonged 177Lu irradiation by promoting
replication stress and durable senescence rather than conventional cell-cycle arrest. The emergence of
distinct p21high and p21low senotypes identifies senescence heterogeneity as a previously
underappreciated determinant of radiopharmaceutical response and provides a mechanistic rationale for
combining clinically established CDK4/6 inhibitors with 177Lu-based therapy.

Page 2/24



Introduction
Targeted radionuclide therapy (TRT) has emerged as a promising modality for the treatment of cancer,
offering a means to selectively deliver cytotoxic radiation to tumour cells while sparing surrounding
healthy tissue[1]. Clinical trials with beta-particle emitting radiopharmaceuticals, such as the NETTER-1
and VISION trials have demonstrated the efficacy and safety of TRT with 177Lu-DOTATATE in
neuroendocrine tumours targeting somatostatin receptor 2 (sstr2) overexpression, and 177Lu-PSMA in
metastatic prostate cancer targeting prostate specific membrane antigen (PSMA) overexpression,
respectively. These trials highlight TRT’s potential to improve patient outcomes with relatively few and
mostly transient side effects [2, 3]. However, many patients do not benefit from the treatment, which
remains to be administered with palliative intent, despite significant financial costs. Therefore,
improvements are being actively investigated. These include the use of alternative radionuclides
emitting e.g. alpha or Auger electron radiation, increasing the amount of radionuclide delivered and/or
retained in the target tumour tissue, the employment of TRT in earlier disease stages, or by combining
TRT with other drugs [4] [5].

Combinations of drugs and radiation therapy have been studied previously, mainly in the context of
External Beam Radiotherapy (EBRT) [6]. However, radiosensitisers targeting growth and repair signalling
will likely be affected by differences in discrete high-dose rate fractions of EBRT (1 Gy/min) and the
extended low dose-rate TRT (1–2 mGy/h) such as 177Lu-DOTATATE or 177Lu-PSMA. The lower dose rate

of 177Lu can be instead viewed as an opportunity to identify novel radiosensitisers tailored to the
radiobiology of TRT to target cellular processes particularly over the extended period of radiation
exposure. This extended exposure appears critical to cellular responses to 177Lu TRT. Indeed, in our
previous investigation, where we imaged the DNA damage repair marker γH2AX in vivo for up to 11 days
after 177Lu-based TRT, we correlated the efficacy of 177 Lu with changes in the DNA damage response
between days 5 and 7, and highlighted how senescence appeared to be a key determinant of treatment
success [7].

In the current study, a high-throughput clonogenic based drug screen using a 295 compound small
molecule inhibitor library was used to identify novel combinations warranting further investigation as
radiosensitisers to 177Lu-based TRT. This led to the identification of CDK4/6 inhibitors as an atypical
radiosensitiser of TRT resulting in a more durable form of senescence when in combination.

Results

Clonogenic-based drug combination screen with 177Lu-
DOTATATE highlights CDK4/6 inhibitors as potent
radiosensitisers
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To identify drug interactions associated with prolonged 177Lu exposure, we screened 295 small-molecule
inhibitors using clonogenic survival after brief exposure to 177Lu-DOTATATE and compared these
responses with an equitoxic EBRT condition in sstr2-positive rat low grade neuroendocrine cancer
CA20948 cells, a well-studied model of low grade NET. Sequencing of CA20948 cells indicated a
mutation profile reflective of G1G2 NETs, with wild type RAS, TP53 and RB1 (See supplemental dataset).
Mutations with potentially high impact were found in the histone acetyltransferase Ep300(G715A), the
exonuclease exo1(splice donor variant), DNA polymerase kappa POLK (frameshift at 509), and
Xrcc6(splice variant), which is involved in non-homologous recombination as a regulatory subunit for the
apical DDR kinase DNA-PK.

Cells were exposed briefly to a sublethal amount of 177Lu-DOTATATE (0.32 MBq/mL), or an equitoxic
dose of EBRT (2.5 Gy), then highly diluted in media followed by a 14-day exposure to one of the library of
drugs, at varying concentrations. As a screening prioritisation metric, we used the combination index (CI)
method [8]. We identified several drugs that were synergistic with 177Lu-DOTATATE (CI < 1) (Fig. 1, SI
Fig. 1),including compounds that have been previously shown to synergise with 177Lu-DOTATATE,
including Poly(ADP-ribose) polymerase (PARP) inhibitors (talazoparib [9], olaparib [10, 11]), and Histone
Deacetylase (HDAC) inhibitors (mocetinostat) [12], and mechanistic target of rapamycin (mTOR)
inhibitors (sirolimus, temsirolimus, everolimus and deforolimus [13]), thus demonstrating the sensitivity
of this screening technique.. Hits further included compounds investigated as radiosensitisers to EBRT,
such as the WEE1 inhibitor AZD1775 [14], the Wnt inhibitor XAV-939 [15], chlorpromazine [16],
cryptotanshinone [17], farnesyltransferase inhibitor tipifarnib [18], and the BH3 mimetic ABT-737 [19].
Notably, synergistic drugs with TRT do not overlap 1:1 with EBRT treatment. We found a separate set of
17 sensitisers of EBRT that did not sensitise to TRT in this model. Only 40 of the sensitizers of TRT were
also sensitizers of EBRT, including a.o. PARP inhibitors (Fig. 1b,d, SI Fig. 1d). Notably, some drugs
significantly antagonised the effect of 177Lu-DOTATATE, including Mitogen-Activated Protein Kinase
(MEK) inhibitors, and, surprisingly, the antibiotic linezolid (Fig. 1d, SI Fig. 1c).

Hits were validated in vitro using increasing activity concentrations of 177Lu-DOTATATE to decrease IC50
values, indicating synergy towards reduction in clonogenicity (Fig. 2). Tipifarnib and abemaciclib
demonstrated the clearest 177Lu dose-dependent increase in potency. CDK4/6i (abemaciclib, palbociclib,
and ribociclib) and other CDKi (dinaciclib, which inhibits CDK1,2,5,9; and milciclib, a CDK2 inhibitor) all
sensitized TRT, indicating a class specific effect (Fig. 2). We focussed on CDK4/6 inhibitors given their
widespread clinical use and acceptable safety profile [20]. Abemaciclib proved to be the more
efficacious CDK4/6i, causing a marked superadditive effect across the dose-range of 177Lu-DOTATATE
(Fig. 2a), with a steady and steep 177Lu dose-dependent decrease in IC50 (Fig. 2f). Abemaciclib was also
found to increase in potency with increasing 177Lu-PSMA in PSMA expressing 22Rv1 and LNCaP
prostate cancer cells (SI Fig. 2). Others found the radiosensitisation of EBRT by abemaciclib to be
dependent on functional p53 [21, 22], which we also saw: synergy of 177Lu-DOTATATE and abemaciclib
was not observed in neuroendocrine cancer cell lines with TP53 mutations (QGP1, BON1, or H727), nor in
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LNCaP TP53 knockout cells treated with 177Lu-PSMA, where it was in LNCaP with p53wt, although
abemaciclib monotherapy remained effective in both LNCaP Tp53wt and Tp53−/− cell lines (SI Fig. 2bc, SI
Fig. 3).

In vivo, in a CA20948 xenograft-bearing athymic mouse model, we confirmed that the combination of a
sub-therapeutic intravenously administered dose of 177Lu-DOTATATE (7.2 MBq ± 1.2 MBq) based upon
previous investigations [7], was synergistic with, starting 24 h after, nine daily administrations of
abemaciclib (25 or 50 mg/kg), confirming synergy. This increased therapeutic effect was not
accompanied by any signs of gross toxicity, beyond that caused by 177Lu-DOTATATE and anaesthesia for
SPECT/CT imaging on day 2 to confirm equivalent 177Lu uptake and retention in the tumour between
treatment groups (SI Fig. 2d). Conversely, abemaciclib alone, at those doses, did not inhibit tumour
growth (Fig. 2i).

As we performed a naïve drug screen, using a non-enriched drug library, not one category of drugs was
presumed. Others have reported DDR-specific libraries, or phosphoproteomics screens [23, 24] to
identify potential TRT-drug combination therapies, with partially overlapping hits with our screen (e.g.
PARP and DNA-PKcs inhibitors). Moreover, we only looked at drug addition after 177Lu treatment, and in
in vivo studies only started drug treatment 24 h after the177Lu-compound, when most 177Lu was cleared
from most non-targeted tissues, to avoid unwanted synergistic effects in healthy tissues, although we
did not investigate these in any further detail here. Other drug scheduling may result in alternative hits,
both in vitro and in vivo, as pre-treatment with drug may affect 177Lu uptake. In our model, abemaciclib

treatment did not affect 177Lu retention of tumours, as measured by SPECT imaging 48 h after 177Lu-
DOTATATE administration (Fig. 2j). Moreover, we focussed on clonogenic drug screening, as it can
prioritise the potential of drugs with both acute and longer-term (e.g. pro-senescence) mechanisms of
action. We showed that viability assays would not highlight combinations with CDK4/6i since the acute
(e.g. apoptosis) can be overshadowed by the increased metabolic activity of senescent cells (SI Fig. 4).
A disadvantage of our screen is that some of the drugs may not hit their target in a rat cell line, used
here, and some hits may have been affected by the specific mutational landscape of CA20948. However,
we did observe that CDK4/6i synergises with 177Lu-PSMA TRT in 22Rv1 and LNCaP human prostate
cancer cells (SI Fig. 2). Finally, a combination index can only provide an approximate indication of
synergy (CI < 1) with ionising radiation to prioritise further investigation since the pharmacological mass-
action of radiation is not equivalent to that of a conventional drug, with a sigmoidal receptor-ligand dose
response.

CDK4 and 6 pair with cyclin D to initiate G1/S transition by phosphorylating Rb. CDK4/6i show significant
efficacy in treating hormone receptor-positive, HER2-negative advanced breast cancer, particularly in
combination with hormone therapy. This class of drugs has previously been investigated as a
radiosensitiser with diverse mechanisms of action including inducing apoptosis [25, 26], reduced colony
formation [27], and enhanced DNA damage [28, 29], by modulating autophagy [30], and by decreasing
radiation induced vasculogenesis [31, 32]. While never having been prospectively clinically investigated
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as a radiosensitiser, it has been shown retrospectively to be well-tolerated with concurrent radiotherapy
in breast cancer patients [33]. We therefore investigated some of these mechanisms to provide
mechanistic insight into the combination of 177Lu-drugs with CDK4/6i.

TRT + CDK4/6i cooperation does not correlate with Rb
hyperphosphorylation or cell cycle
Since CDK4/6i are known to impact the cell cycle by inhibiting the hyperphosphorylation of Rb by the
Cyclin D/CDK4 and Cyclin D/CDK6 complexes, we investigated cell cycle effects in 22Rv1 and CA20948
cells as it could account for cell cycle differences in radiation susceptibility, but instead found
surprisingly minimal dose-dependent impact of 177Lu-DOTATATE or 177Lu-PSMA on the cell cycle in
combination with abemaciclib (SI Fig. 5). We interrogated the relative phosphorylation of Rb further at
various timepoints with increasing concentrations of abemaciclib and with and without 177Lu-DOTATATE
or 177Lu-PSMA by western blot, yet the enhanced efficacy of the combination of CDK4/6i and 177Lu did
not appear to correlate with any further suppression of the hyperphosphorylation of Rb by the Cyclin
D/CDK4 and Cyclin D/CDK6 complexes in 22Rv1 (Fig. 3a,b; SI Fig. 6) at the doses used of abemaciclib as
a monotherapy or in combination with 177Lu-PSMA, nor any notable changes to the cell cycle, beyond

some G2/M arrest by 177Lu-DOTATATE alone (SI Fig. 5).

TRT + CDK4/6i induces replisome instability resulting in genotoxicity
and durable senescence
Crozier et al. reported that CDK4/6i induce replication stress by downregulation of replisome
components, further exacerbated by addition of chemotherapeutics [34]. We similarly found a depletion
of replisome components MCM2, MCM3, and especially PCNA in both cell lines (Fig. 3a; SI Fig. 6).
Crozier observed a decrease in the replisome recruiter Cdc6 in their CDK4/6i treated cells over time up to
day 7 that was restored upon CDK4/6i washout, potentially driving additional replication stress without
other components of the replisome such as PCNA. This catch-and-release induction of genotoxicity and
replication stress appears also to be occurring in our system, but at sub-therapeutic, low levels of 177Lu-
TRT, as Cdc6 is suppressed by abemaciclib at 24 h in 22Rv1 as a monotherapy, but is restored to control
levels by day 3, whereas by 24 h Cdc6 is increased in 177Lu-TRT only and in combination treated cells.
Cdc6 overexpression has been associated with increased radioresistance [35]. Therefore, this pro-
replicative mitogenic drive to release cells into the cell cycle whilst being unprepared, with reduced
MCM2/3 and PCNA levels, would be expected to result in replication stress and genotoxicity despite a
lack of cell cycle arrest. This partial catch-and-release mechanism appears to induce an earlier induction
of replication stress in our model compared to that of Crozier et al, indicated by increased levels of
γH2AX and p21 at day 3 with sustained p21 levels at day 7 (Fig. 3d). Furthermore, by day 10, we
observed a dose-dependent increase in cellular levels of γH2AX in the combination group with the
majority of cells with higher amounts of γH2AX (γH2AXhi) in the G2/M phase, with no evidence of further
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proliferation given a depletion of EdU+ cells, suggesting that γH2AX in these cells was not caused by
current replication stress, but potentially G2 cell-cycle exit from prior replication stress to G2 cell cycle
arrest (Fig. 3e) [36]. After 177Lu-PSMA monotherapy, those 22Rv1 cells with elevated γH2AX were found
in the EdU + S-phase. This was not significantly different to controls, suggesting a potential baseline
susceptibility to replication stress. There were higher levels of γH2AX in 22Rv1 cells exposed to the
combination versus 177Lu-PSMA alone at day 3 vs day 1 (Fig. 3; SI Fig. 7), suggesting replication stress.
However, this enhancement of γH2AX was lost from day 7, possibly indicating a period of frustrate-
release-crash from day 3 [37]. Yet, formation of mono-ubiquitinated γH2AX from day 7, visible in western
blots, is also indicative of replication stress [38]. This day 3 crash does not appear to be predominantly
due to apoptosis as there were significant levels of pro-Cas 3 after 1000 nM of abemaciclib, but not
significantly elevated levels of cleaved Cas3 or cleaved PARP1 (Fig. 3c, SI Fig. 8). We have previously
observed that sustained elevated levels of γH2AX post 177Lu exposure were associated with senescence
[39]. We found here that CDK4/6i increased senescence associated with sustained high levels of p21 in
22Rv1 cells (Fig. 3f). This appeared to cooperate with increasing activities of 177Lu-PSMA particularly at
lower concentrations of abemaciclib (Fig. 3g). The ratio of senescent to apoptotic cells at day 10 was
much greater with the addition of abemaciclib, whereas this ratio was static with increasing activities of
177Lu-PSMA monotherapy (Fig. 3h). The interaction between CDK4/6i and 177Lu-PSMA appears to be

complex across the concentrations of both CDK4/6i and 177Lu-PSMA, indicating that although there is
overall a much greater induction of senescence, there could also be several alternate cell death
pathways being activated. This bimodal mechanism of action at low versus higher doses of CDK4/6i has
previously been observed by others [40, 41]. We observed key differences between EBRT and 177Lu-
PSMA in the induction of senescence at the lower dose of 50 nM of abemaciclib, but this enhancement
appeared saturated by the effect of abemaciclib alone when using 200 nM (Fig. 3i). However, despite the
same apparent incidence of elevated SA-β-Gal at 200 nM, there was much greater induction of
genotoxicity, in particular micronuclei formation (Fig. 3j). This increased level of genotoxicity in the
combination with 177Lu-PSMA and abemaciclib manifested in increasing the incidence of permanent
senescence, but not by either monotherapy, the latter contrarily resulting in colony regrowth at longer
incubation times (Fig. 3k). The same was true for CA20948 cells exposed to 177Lu-DOTATATE and
abemaciclib compared to abemaciclib alone (SI Fig. 9). Further interrogation of 22Rv1 colonies that did
not regrow in the combination condition appear to be associated with elevated and retained expression
of p21 (Fig. 3l). While at day 3, this elevated p21 expression occurs almost entirely in G2, by day 10
elevated p21 is seen in both G1 and G2/S phases of the cell cycle (SI Fig. 10) which aligns well with
previous accounts of chemotherapy-induced p21 dynamics [42].

TRT + CDK4/6i co-operates to induce senescence with either a p21
or p21 senotype

Replication stress was also evident in CA20948 cells, TP53wt with mismatched depletion of PCNA and
MCM3, with concomitant increased expression of Cdc6 (SI Fig. 6a). However, after an initial burst of
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γH2AX and p21 at day 1, there was a loss of γH2AX and p21 protein content in CA20948 cells after
combination therapy versus 177Lu-DOTATATE alone at day 3, unlike in 22Rv1 cells (Fig. 4a,b). Further
interrogation of γH2AX foci up to day 10 did not reveal any clear differences between 177Lu-DOTATATE
alone compared to combination with abemaciclib in cells in G1 or G2/S/M gates (Fig. 4c). Furthermore,
there appeared to be a saturation of γH2AX foci beyond 0.32 MBq/mL, which coincidently corresponded
to the 0.7 survival fraction of our initial clonogenic screen with 177Lu-DOTATATE. This was not attributed
to detection limits as foci in each cell were acquired using a complete Z-stack using a spinning disk
confocal microscope (Andor Dragonfly, Oxford Instruments, UK). Instead, we hypothesized that this
clearance of p21 and γH2AX-associated damaged histones may be due to increased activation of
autophagy through fluctuations in LCBI/II levels (Fig. 4a). Reduction in histone content (including H2AX)
has been similarly found in replicative senescence, where these proteins are degraded through
autophagy [43]. Indeed, CDK4/6i are known to affect autophagy through the suppression of autophagic
cycling, resulting in an atypical type 2 form of autophagic cell death previously encountered in p53wt cell
lines [44]. We similarly observed these vacuoles in p53wt CA20948 cells, and we also observed a

heterogenous response with many p21hi cells with elevated levels of LCBI/II (Fig. 4d). This suggested a
potential macroautophagic response to clear excess p21 as a potential anti-senescence resistance
mechanism following CDK4/6i treatment in combination with 177Lu-TRT. To interrogate this autophagic
resistance mechanism, we employed the autophagy inhibitor hydroxychloroquine (HCQ), which acts
through alkalinisation of intracellular organelles using both CA20948 and 22Rv1 cells. Although HCQ
acts on multiple mechanisms, we found that HCQ was only co-operative with 177Lu TRT in CA20948, but
not 22Rv1 cells (Fig. 4e). CDK4/6i have been shown to be synergistic with HCQ [40], and clinically well
tolerated [45]. We confirmed that HCQ synergistically cooperated with abemaciclib in our model (SI
Fig. 11), but interestingly this synergy decreased with the addition of 177Lu-DOTATATE (MuSyC log alpha
3.1 (95%CI [6.9, 2.7]) down to 1.4 (95%CI [2.3, 0.3]) (SI Fig. 11), suggesting that the inhibition of
autophagy interfered with a therapeutic autophagic mechanism of action of CDK4/6i with TRT.
Furthermore, the addition of HCQ to abemaciclib in 22Rv1 cells appears to be radioprotective, reducing
the incidence of senescence particularly significant at higher concentrations of 177Lu-PSMA (SI Fig. 12),
while apoptosis remains largely unaffected, suggesting that the therapeutic autophagic mechanism of
action of CDK4/6i with TRT in 22Rv1 is pro-senescent. We found that the proportion of p21hi cells were

unaffected by the addition of HCQ to our CDK4/6i+177Lu combination, and only significantly reduced the
senescent p21high cells at high activity concentrations of 177Lu-PSMA (SI Fig. 13,14). While high levels of
p21 are traditionally associated with senescence, an alternative pathway to senescence can occur with
low levels of p21 [42]. HCQ appears to predominantly affect the population of abemaciclib-induced
senescent cells with high levels of SA-β-Gal that are p21low, with and without radiation (SI Fig. 13,14). So,

while CDK4/6i+177Lu-induced senescence appears to be dominated by sustained p21high levels, the
p21low senotype appear to be induced through autophagy. Further analysis of p21 levels within the
clusters of cells that were unsuccessful at forming colonies, the proportion between p21high and p21low

colonies greatly differs between CA20948 and 22Rv1 cells (Fig. 3l). This aligns with CA20948 being
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more sensitive to HCQ addition when combined with 177Lu-TRT. Abemaciclib therefore appears capable
of inducing both p21high and p21low senotypes that are further enhanced by the addition of 177Lu.

TRT + CDK4/6i overcomes nucleophagic radioresistance clearance
of damaged chromatin in p21 senotype

We investigated the radiobiology of this p21low senotype further in CA20948 cells to understand more
how autophagy could contribute to a potential radioresistance mechanism against 177Lu-TRT.
Interestingly, CA20948 cells did not observe the same pattern of overall increased micronuclei formation
as in 22Rv1 (Fig. 3j), following exposure to abemaciclib alone and in combination with TRT (Fig. 4f). We
also did not observe any clear sustained levels of p21 (Fig. 4a,b). This apparent lack of increased
genotoxicity or p21 could not account for the observed increase in senescence (Fig. 4g), and permanent
senescence (SI Fig. 9). We did however observe an increase in Hoechst staining within the cytoplasm,
indicative of cytoplasmic chromatin fragments (CCF) (Fig. 4h). These are a known alternative inducer of
senescence which are normally cleared by autophagy unless autophagic lysosomes are inhibited [43,
46]. Recently p53 activity has been found to supress CCF [47], which could account for the lack of CCF in
177Lu-DOTATATE monotherapy treated samples compared to those treated with CDK4/6i with
senescence associated SA-β-Gal activity (SI Fig. 15). Nucleophagy is the selective degradation of
damaged nuclear components through the interaction of LC3 and the nuclear lamin B1 protein and the
disruption of this pathway reduces the induction of senescence [48]. We found widespread
accumulation of LC3 in the nucleus of cells treated with 177Lu-TRT and CDK4/6i, and in combination. LC3
appears to accumulate mainly in the nucleolus (Fig. 4h). LC3 is known to transiently survey the nucleus
under basal conditions [49], but in response to genotoxic stress LC3 can accumulate in the nucleolus.
[50] The nucleolus is also known to absorb and accumulate excess p21 [50], and the LC3 nucleolar
mediated clearance mechanism has been shown to decrease p21 and decrease senescence and SA-β-
gal [51]. However, p21 itself can negatively regulate autophagy through Akt and ROS upregulation [52],
highlighting a potential opportunity for CDK4/6i to tip the balance between autophagy and pro-
senescence nuclear localised p21. The induction of autophagy in response to elevated p21 could be
observed between clusters of CA20948 cells at earlier time points, highlighting the heterogenous
bifurcation of p21high and p21low response to 177Lu-TRT (Fig. 4d). We found that CDK4/6i resulted in
increased stressed nucleoli with LC3 present, but moreover we found increased levels of p21 outside of
these stressed nucleoli indicative of saturated nucleoli incapable of absorbing any more p21 (Fig. 4i).
These stressed nucleoli were prevalent in response to both 177Lu and CDK4/6i and were exacerbated in
combination, with increasing doses of abemaciclib at day 7, and were retained at day 10 (Fig. 4j).
Therefore, since there appears to be an active nucleophagic clearance mechanism, the requirement of
high levels of p21 do not appear to be necessary to induce senescence, but rather just enough p21
beyond the capacity to sequester and absorb p21 within these stressed nucleoli. This lack of capacity to
absorb p21 in the nucleolus could also be indicative of excessive high-order protein assemblies recently
observed in cells undergoing senescence [53]. In addition, in cells exposed to 177Lu-drug followed by
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abemaciclib, we observed nucleolar and cytoplasmic Annexin V staining (SI Fig. 16). First reported in
1992, this pattern of Annexin V staining has been previously indicative of nucleolar stress [54]. The
dysfunctional release of CCF into the cytoplasm also appears to coincide with p21 and p53 (SI Fig. 17). It
is hypothesised that this represents a failed attempt to clear the nucleus of p21 through a disrupted
nucleophagic process and how CDK4/6i affects this process warrants further investigation. Although the
presence of CCF is traditionally associated with a potentially anti-inflammatory senescence associated
secretory phenotype (SASP), we did not find any evidence of the usual markers of SASP (SI Fig. 18). This
may be attributed to CDK4/6i induced senotypes being known to produce a different secretory
phenotype through p53 and p21 mediated p21/p53 associated secretory phenotype (PASP) [55].

Discussion
We have demonstrated the potential for clonogenic-based drug screens to discover promising
combinations to improve the efficacy of TRT. Due to the capacity for clonogenic based screen to
highlight drug combinations that induce both senescence and traditional cell death pathways we have
uncovered for the first time the cooperative synergy of CDK4/6i and 177Lu based TRT alongside other
cytostatic inhibitors that may have been overlooked with typical metabolic-based assays. We have
demonstrated that CDK4/6i can enhance subtherapeutic levels of 177Lu in preclinical models of
neuroendocrine tumours and prostate cancer highlighting their potential to more effectively treat regions
of tumours with low uptake and induce durable permanent senescence.

We investigated the radiobiology of this drug combination further and our results are consistent with
earlier results on TRT and CDK4/6i biology, in that the combination of 177Lu-PSMA and 177Lu-DOTATATE
with abemaciclib results in p21 cascade and replication stress, causing permanent senescence through
p53-p21 mediated genotoxicity and replication stress. Importantly, we have demonstrated that CDK4/6i
appear capable of inducing senescence in both p21high and p21low senotypes highlighting its robustness
being capable of inducing multiple cellular fates in cell lines with differing TP53 status.

In addition, the potential loss of histones in the formation of a p21low senotype through the combination
of CDK4/6i and 177Lu warrants further investigation as the loss of histones has been implicated as a
potentially deep senescence senotype associated with reduced malignancy [43].

We have also uncovered to our knowledge for the first time the involvement of nucleolar nucleophagic
clearance as a potential resistance mechanism towards TRT and highlighted the need to consider
alternative markers of genotoxicity such as cytoplasmic chromatin fragments (CCFs). The potential
impact of nucleoli to affect radiation sensitivity warrants further investigation since prominent nucleoli
are a classic histopathological feature of aggressive NETs [56], and higher Gleason grade prostate
cancer [57]. Just before submission of this manuscript, CDK4/6i was found to reduce the expression of
CCFs causing a reduction in SASP via lower cGAS-STING activation in fibroblasts following a single 20
Gy fraction of EBRT [58]. We did not observe any CCFs with our cells treated with 177Lu which may be
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due to the lower dose and dose rate anticipated with 177Lu-DOTATATE, and could account for one of the
potential reasons why we in saw key differences in cooperativity between EBRT and 177Lu-DOTATATE
with CDK4/6i. Also we observed many cells with CCFs treated with CDK4/6i as a monotherapy and
combination with 177Lu and this could be due to our use of sub-therapeutic nM concentrations compared
to the 2 µM concentrations used in that study.

Abemaciclib has been found to be well tolerated in the treatment of prostate cancer [59], but was not
found to be sufficiently efficacious in combination with abiraterone in castration resistant prostate
cancer [60]. Ribociclib was found to have efficacy with acceptable toxicity in combination with docetaxel
[61]. In addition, palbociclib did not demonstrate any efficacy as a monotherapy in a pre-treated cohort of
advanced G1/2 pNETs [62]. A lack of durable permanent senescence in prostate cancer with CDK4/6i
has been implicated as a potential cause of clinical resistance from intermittent drug cycles in a recent
prostate cancer PDX study [61], and analysis of the LEEP trial evaluating ribociclib in hormone naive high
risk prostate cancer in a window trial prior to prostatectomy implicated regions of high proliferation as a
cause of resistance to ribociclib [63]. However, we have demonstrated that the senescence induced in
combination with 177Lu and abemaciclib are permanent compared to abemaciclib alone and appear to
operate by a different senotype without the potentially deleterious effect of SASP associated with
prostate therapy-induced treatment resistance [63], recently as well abemaciclib treatment was found to
reduce the NF-κB-associated SASP (NASP) [64]. In addition, the p21low senotype has recently been

observed in treated fibroblasts with reduced SASP compared with p21high senotypes within a
heterogenous cellular population [65].

This co-operative interaction between clinically approved 177Lu-TRT and CDK4/6i occurred at typically
subtherapeutic doses, providing a strong rationale for prospective clinical evaluation of this combination

Methods
Full methodological details are laid out in the supplementary information.

PSMA-positive human Prostate Carcinoma 22Rv1 cells (ATCC) or sstr2-postive low-grade rat
neuroendocrine cancer CA20948 cells were culture as previously described. Cells were authenticated by
the provider. 22Rv1 cells were authenticated by STR profiling. Cells were regularly assessed for the
absence of mycoplasma and cultured no longer that twenty passages following resuscitation from liquid
nitrogen storage.

177Lu-DOTATATE, 177Lu-PSMA (DOTA-PSMA-I&T) was synthesised as previously described [7, 66], with
precursors obtained from ABX, and non-carrier-added 177Lu purchased from ITM, to an apparent molar

activity of 50 MBq/nmol for 177Lu-DOTATATE and 40 MBq/nmol for 177Lu-PSMA.

Cells were harvested using Accutase (BioLegend UK), and exposed to 177Lu-PSMA (for 22Rv1 cells) or
177Lu-DOTATATE (for CA20948 cells), at varying activity concentrations for 2 h (or an equitoxic amount
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of external beam radiation, delivered by 137Cs irradiation, 1 Gy/min), in aliquots of 1 million cells/mL,
diluted in media and grown in cell growth medium containing one of a panel of drugs at varying
concentrations (Selleckchem, L1100). Clonogenic survival was assessed after 10–14 days after staining
of colonies using crystal violet. Alternatively, viability was measured after 7 days (CellTiter-Glo® 2.0 Cell
Viability Assay, Promega).

Alternatively, after brief incubation wtih radiopharmaceutical, followed by one drug, cells were fixed at 1,
2, 3, 5, 7, or 10 days, and stained with DAPI and for various markers for confocal microscopy, or high
throughput fluorescence microscopy using Andor Dragonfly equipment, or lysed without fixation, and
process for western blot staining for a range of cell signalling, cell cycle, cell stress response, and
replisome markers. Antibody details are laid out in full in the supplementary information.

In vivo studies: To evaluate efficacy of the combination of one combination treatment, CA20948
xenograft tumours were established subcutaneously in athymic BALB/cOlaHsd-Foxn1nu mice (Envigo).
After 14 days when tumours reached approx. 200 mm3, animals were administered a sub-therapeutic

amount of 177Lu-DOTATATE (7.2 ± 1.2 MBq). From the following day, mice were administered CDK4/6
inhibitor abemaciclib (25 or 50 mg/kg) daily, for 10 days and tumours were measured by calliper. Animal
studies were performed under a licence as per the animals (scientific procedures) act, with local ethical
committee approval.
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Drug combination screen with 177Lu-DOTATATE (a) CA20948 cells were exposed to 177Lu-DOTATATE
(0.32 MBq/mL, TRT), or vehicle, for 2 h, or exposed to an equitoxic dose (2.5 Gy) of external beam
radiation (EBRT), washed and incubated on in varying concentrations of one of a panel of drugs. 12 days
later, cells are stained to assess clonogenic survival. (b) Combination index of drug with EBRT or TRT
was compared using LD50 values. Combination with 17-DMAG and olaparib are shown (c) Combination
of 177Lu-DOTATATE with the CDK4/6 inhibitor abemaciclib showed evidence of degree of synergy (CI <1)
but did not show synergy in combination with EBRT. (d) Other CDK4/6i showed evidence of synergy
alongside several other DDRi and cytostatic inhibitors.
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Figure 2

Combination hit validation with CDK inhibitors (a-e) A panel of structurally different CDK4/6 inhibitors
are synergistic with 177Lu-DOTATATE in CA20948 cells. (f) IC50 values of all CDK4/6 inhibitors are lower
when combined with increasing concentrations of 177Lu-DOTATATE indicative of a co-operative drug
interaction. (g) Mice bearing subcutaneous CA20948 xenografts were administered a subtherapeutic
activity of 177Lu-DOTATATE (7.2 ± 1.2 MBq). Starting 24 h later, abemaciclib (25 or 50 mg/kg) or vehicle
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control was administered by oral gavage daily for 9 days. (h) Tumour size was recorded by external
callipers, and (i) survival (time to reach a doubling of tumour size relatively to the time of 177Lu-
DOTATATE administration) was significantly enhanced in the combination condition compared to
monotherapies.  (j) There was no significant difference in uptake of 177Lu between treatment groups.

Figure 3
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177Lu TRT and CDK4/6i co-operate to increase replication stress, DNA damage, genotoxicity, and
senescence (a-d) 22RV1 cells were treated with 177Lu-PSMA, respectively, for a brief time, or vehicle,
washed and incubated on in abemaciclib or vehicle control. (a) The concentrations of CDK4/6i active in
combination with TRT from clonogenic studies caused a depletion of the replisome causing replication
stress rather than cell cycle arrest as there was (b) no evidence of modulation of ppRb levels compared
to control. (c,d) The combination of CDK4/6i and 177Lu resulted in increased levels of DNA damage
response marker γH2AX and accumulation of p21.  (e) γH2AX levels after 10 days were elevated in
response to CDK4/6i which increased with higher exposures to 177Lu TRT. (f) CDK4/6i 177Lu TRT
combination greatly increases p21 associated senescence, (g) with a dose-dependent increase in
senescence with 177Lu TRT. (h) The addition of CDK4/6i resulted in increased induction of senescence

(SA-β-Gal+) relative to apoptosis/necrosis (Annexin V and/or PI +) compared to the static ratio of TRT
alone. (i) TRT combination with CDK4/6i resulted in greater senescence induction at lower doses of
CDK4/6i compared to EBRT, but there was no difference beyond 200 nM.  (j) Genotoxicity was however
greater with higher concentrations of CDK4/6i with TRT compared to EBRT. (k) CDK4/6i TRT combination
resulted in permanent senescence induction in a longer-term wash-out clonogenic experiment where
colonies were left to recover for another 14 days resulting in significant regrowth in 22Rv1 cells treated
with monotherapies of CDK4/6i and 177Lu-PSMA.
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Figure 4

CDK4/6 inhibition can interfere with autophagy-dependent radioresistance towards 177Lu TRT. (a,b)
Despite an early increase in p21 and γH2AX protein levels at 24h in CA20948 there was a lack of
sustained expression at later timepoints (3d and 7d). Fluctuating levels of LC3B indicated potential
involvement of macroautophagy as a potential route to clear p21 and γH2AX protein levels. (c) The
addition of abemaciclib did not significantly increase γH2AX foci in G1 cells over days 1-10, or S/G2/M
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(day 7), but there was an apparent threshold limit of the number of γH2AX foci despite greater activity
concentrations of 177Lu-DOTATATE above 0.32 MBq/mL.  (d) characteristic CDK4/6i vacuoles were
present in cells treated with the 177Lu+Abe combination at day 5 after the initial burst of p21, with
elevated LC3B levels in cells with greater p21 expression indicative of a potential macroautophagic
clearance mechanism to clear excess p21. (e) Hydroxychloroquine (HCQ) was synergistic by colony
formation assay in combination with 177Lu-DOTATATE in CA20948 cells, but was not in 22Rv1 cells with
177Lu-PSMA. (f) The addition of abemaciclib did not result in a large increase in the same indicative
metrics of genotoxicity  (fragmented nuclei, bidendate or micronuclei) when combined with 177Lu-
DOTATATE (n=3, visually counted with fields containing at least 100 cells). (g) senescence (SA-β-Gal)
was increased with the addition of abemaciclib (400 nM) at day 7 with and without 177Lu-DOTATATE (1.5
MBq/mL). (h) The addition of abemaciclib to cells treated with 177Lu-DOTATATE (1.5 MBq/mL) resulted
in increased dsDNA staining outside the nucleus with increased expression of cytoplasmic p21 and
Annexin V puncta, with nuclear focal uptake of LC3 and p21 within the nucleolus. (I,j) LC3 accumulation
within the nucleolus was indicative of potential nucleolar stress, with many cells demonstrating
decreased capacity to absorb further p21 with extra-nucleolus pan-nuclear expression of p21. These
stressed nucleoli metrics were greater with the addition of 177Lu-DOTATATE (1.5 MBq/mL) and was
dose-dependent with the addition of abemaciclib, that was sustained from day 7 to day 10. 
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