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The CDK4/6 inhibitor palbociclib blocks cell cycle progression in Estrogen receptor—
positive, human epidermal growth factor 2 receptor—negative (ER+/HER2-) breast
tumor cells. Despite the drug’s success in improving patient outcomes, a small percentage
of tumor cells continues to divide in the presence of palbociclib—a phenomenon we refer
to as fractional resistance. It is critical to understand the cellular mechanisms underlying
fractional resistance because the precise percentage of resistant cells in patient tissue is
a strong predictor of clinical outcomes. Here, we hypothesize that fractional resistance
arises from cell-to-cell differences in core cell cycle regulators that allow a subset of
cells to escape CDK4/6 inhibitor therapy. We used multiplex, single-cell imaging to
identify fractionally resistant cells in both cultured and primary breast tumor samples
resected from patients. Resistant cells showed premature accumulation of multiple G1
regulators including E2F1, retinoblastoma protein, and CDK2, as well as enhanced
sensitivity to pharmacological inhibition of CDK2 activity. Using trajectory inference
approaches, we show how plasticity among cell cycle regulators gives rise to alternate
cell cycle “paths” that allow individual tumor cells to escape palbociclib treatment.
Understanding drivers of cell cycle plasticity, and how to eliminate resistant cell cycle
paths, could lead to improved cancer therapies targeting fractionally resistant cells to
improve patient outcomes.

ER+/HER2- breast cancer | cell cycle arrest | fractional resistance | single-cell imaging |
single-cell proteomics

Estrogen receptor—positive, human epidermal growth factor 2 receptor—negative (ER+/
HER2-) metastatic breast cancers show altered cell cycle behaviors that contribute to
progression of the disease (1-3). Most ER+/HER2- tumors show elevated expression
of the estrogen receptor (ER, ESRI) and its transcriptional target, cyclin D1 (CCNDI)
(4-6). Estrogen signaling up-regulates expression of cyclin D1, which works together
with other cyclins (e.g., cyclin E) to activate cyclin-dependent kinases (CDKs) (7). Cyclin
D1 forms complexes with CDK4 and CDKG6 (8, 9), whereas cyclin E forms complexes
with CDK2. Active cyclin-CDK complexes phosphorylate the retinoblastoma protein
(RB) to its phosphorylated form (pRB) (10, 11). RB phosphorylation relieves repression
of a large set of target genes controlled by the E2F family of transcription factors (e.g.,
E2F1) (12-14). Expression of E2F-regulated genes produces additional positive feedback
mechanisms to initiate the S phase (13, 15). In general, ER+/HER2- breast tumors show
enhanced signaling through cyclin-CDK signaling pathways that converge on phospho-
rylation of RB to initiate cell cycle entry and tumor cell proliferation (Fig. 14).

For over twenty years, the mainline treatments for ER+/HER2- breast tumors have
been endocrine therapies such as tamoxifen, aromatase inhibitors, and fulvestrant. These
“antiestrogen” agents partially block or antagonize estrogen receptor signaling to reduce
cyclin D1 expression. More recently, several potent CDK4/6 inhibitors such as palbociclib,
abemaciclib, or ribociclib are being given in combination with endocrine therapy to
improve patient outcomes. These drugs have had a profound clinical impact. Data from
muldiple clinical trials show that combined antiestrogen and CDK4/6 inhibitor therapy
nearly doubles progression-free survival, and many patients respond to CDK4/6 inhibitor
therapy for several years (6, 16—-18). However, many patients are initially resistant to the
CDK4/6 inhibitors or acquire resistance within the first few months of treatment. Despite
extensive investigation, the mechanisms of resistance to CDK4/6 inhibitors in ER+/
HER2- breast cancers remain unclear (19, 20).

An important clue in understanding resistance to CDK4/6 inhibitors and endocrine
therapy comes from Ki-67 staining, a common clinical diagnostic for breast tcumors. Ki-67
is a nuclear protein that is expressed in actively proliferating cells but is absent in arrested
cells (21). Ki-67 staining in paraffin-embedded tissues nearly always shows a subpopulation
of proliferating cells (21, 22) (Fig. 1B). This percentage of proliferating cells is strongly
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Significance

Uncontrolled cell division is a
hallmark of cancer. Drugs that
inhibit the cell cycle in tumor
cells, such as palbociclib, have
improved health outcomes in
Estrogen receptor-positive,
human epidermal growth factor
2 receptor-negative (ER+/HER2-)
breast cancer patients. However,
it is common for a small
percentage of tumor cells to keep
dividing in the presence of the
drug, revealing a gap in our
understanding of mechanisms
that underlie resistance. Here, we
show that flexibility, or plasticity,
in the cell cycle allows some
tumor cells to escape treatment
by taking different cell cycle
“paths.” Our work could lead to
improved treatment strategies in
ER+/HER2- breast cancer and
points to cell cycle plasticity as a
potential driver of therapeutic
resistance in human tumors.
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Fig. 1. (A-C) Cell cycle regulation and fractional resistance to CDK4/6 inhibitors ER+/HER2- breast tumor cells. (A) Core cell cycle signaling network and points
of drug activity in ER+/HER2- breast tumors. Cell cycle protein regulators shown in beige were measured in single tumor cells. (B) Ki-67 staining (brown) from an
ER+/HER2- breast tumor with 14% Ki-67+ cells. (C) Hypothetical in which plasticity in cell cycle progression among individual cells could create different molecular
“paths” with distinct sensitivities to CDK4/6 inhibitors. Red, yellow, and green paths represent distinct molecular trajectories for a single cell. In the proposed
model of fractional resistance, CDK4/6 inhibitors do not block all paths, allowing some cells to complete the cell cycle in the presence of the drug. (D-F) Single-cell
proteomic profiling reveals fractional resistance to palbociclib in ER+/HER2- breast tumor cells. (D) Workflow for 4i profiling of breast tumor cells. Asynchronous
TA7D cells were treated with increasing concentrations of palbociclib for 24 h. Cells were fixed and subjected to iterative indirect immunofluorescence imaging
(4i) to quantify nuclear levels of pRB, RB, Ki-67, CDK2, CDK4, cyclin D1, cyclin E, Cdt1, E2F1, cyclin A, cyclin B1, p21, and DNA in each cell. The resulting data
structure is a matrix containing 103,862 cells and imaging features representing the 14 cell cycle regulators. Because the cells are not synchronized, 4i captures a
highly granular representation of proliferating and arrested cell cycle states. (£) Distribution of pRB/RB at 0, 10, or 100 nM palbociclib. The dotted line marks the
statistically determined threshold for demarcating cells as proliferating despite palbociclib treatment. Cells above the dotted line were used for characterizing
proliferating cells. (F) Distribution of nuclear Ki-67 levels at 0, 10, or 100 nM palbociclib. *** indicates a P-value < 0.001 using a two-sided Kolmogorov-Smirnov
test between untreated and treated cells.
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predictive of clinical outcomes. After receiving treatment, for
example, patients showing a low percentage (0 to 2%) of prolif-
erating cells are considered “responsive” to therapy, whereas a
higher percentage (3 to 15%) of Ki-67-positive cells predicts a
poor response for ER+/HER2- patients (23). Recent work by
Gaglia et al. shows that Ki-67 likely underestimates the number
of proliferative cells in tumor tissues (24). These observations
strongly suggest that a subpopulation of tumor cells continues to
divide, even in responsive ER+/HER2- patients. We refer to this
phenomenon in which a subpopulation of tumor cells continues
to divide in the presence of a cell cycle—targeting drug as fractional
resistance. Fractional resistance is conceptually similar to fractional
killing, a term coined to describe the observation that each round
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of chemotherapy does not kill 100% of tumor cells (25). Previous
work (26-33) showed that fractional killing is a consequence of
nongenetic, cell-to-cell heterogeneity—that is, differences in the
molecular makeup of individual cells that do arise from genetic
mutations. Additional studies indicate that cell-to-cell heteroge-
neity plays a role in resistance in melanoma (28, 34, 35).

One source of cell-to-cell heterogeneity is cell cycle plasticity—
differences in the cell cycle behavior driven by different combina-
tions of cell cycle regulators. A recent meta-analysis of cancer cell
lines by Kumarasamy and colleagues found that sensitivity to
CDK4/6 inhibitors was associated with activation of RB, inhibi-
tion of CDK2 activity, and, in some cases, depletion of CDK4
and CDKG6 (36). These results demonstrate how cell cycle
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plasticity across different cell lines leads to drug resistance, but it
does not indicate what cell cycle plasticity may exist within a single
type of tumor cell, potentially explaining its drug resistance. A
growing body of evidence (36-42), including our own work
(43-47), has shown that differences in cell cycle behavior occur
at the level of individual cells. These differences include changes
in the timing of key cell cycle events such as a shortened G1
duration (41, 43, 45, 48) as well as an altered ordering of events
at the G1/S transition (49, 50). The cell cycle can also vary at the
single-cell level in its pattern of cyclin expression (51), CDK activ-
ity (15, 37), and other molecular states (36, 42). These studies
strongly suggest that individual cells can take distinct trajectories,
or paths, through the cell cycle that are defined by a unique com-
bination of molecular states over time (52, 53) (Fig. 1C).

Here, we show that ER+/HER2- tumor cells show subtle,
cell-to-cell differences in core cell cycle regulators that allows a
subset of tumor cells to escape CDK4/6 inhibitor therapy. We
used multiplex, single-cell imaging to build a proteomic profile
for individual tumor cells treated with palbociclib and identified
fractionally resistant tumor cells both in a cell culture model of
ER+/HER2- breast cancer as well as from live primary tumor cells
resected from a patient. We found that resistant tumor cells har-
bored specific combinations of enriched and depleted cell cycle
regulators including cyclin B1, Cdtl, CDK2, and p21, some of
which were common to both tumor models. Using computational
data integration and trajectory inference approaches to visualize
resistant cells, our work shows how nongenetic plasticity in cell
cycle regulators—at the single-cell level—creates alternate cell
cycle paths that allow individual ER+/HER2- tumor cells to
escape palbociclib treatment.

Results

Fractional Resistance in T47D Cells. We first investigated fractional
resistance in the T47D cell line, a well-established model of ER+/
HER2- breast cancer (54, 55). Cells were allowed to proliferate
freely or treated with either low (10 nM) or moderate (100 nM)
doses of palbociclib for 24 h. We then profiled protein expression
in 103,862 cells using iterative indirect immunofluorescence
imaging, or “4i” (56) (Fig. 1D). For each cell, we quantified the
abundance of 13 cell cycle regulators: pRB, RB, Ki-67, CDK2,
CDK4, cyclin D1, cyclin E, Cdtl, E2F1, cyclin A, cyclin B1,
p21, and integrated DNA (57 Appendix, Table S1). These core
regulators cover a broad range of molecular mechanisms occurring
throughout the cell cycle, including growth signaling (cyclins
D and E and CDKs 2 and 4), the G1/S transition (RB, pRB,
and E2F1), DNA replication (Cdtl, Ki-67, and DNA), and
progression through G2 and M phases (cyclins A and B). Given
that a freely dividing population of tumor cells is not synchronized
to any particular cell cycle phase, 4i captures a diverse range
of single-cell states across all phases of the entire cell cycle. To
facilitate a direct comparison of cell cycle states across samples and
treatment conditions, we performed principled downsampling
of the data using kernel herding sketching (57). This approach
identifies a limited subset of representative cells that preserves the
original distribution of cell states. We selected an equal number
of cells (7 = 2,000) from each treatment condition (untreated, 10
nM, and 100 nM), resulting in a final downsampled dataset of
6,000 T47D cells (Materials and Methods).

To quantify the fraction of proliferating cells under each con-
dition, we focused on the ratio of phosphorylated to total RB
protein or pRB/RB. When quantified in individual cells, pRB/
RB often shows a bimodal distribution: Low pRB/RB expression
corresponds to a hypophosphorylated RB state and is characteristic
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of arrested cells. High pRB/RB expression represents the hyper-
phosphorylated form of the RB protein and comprises actively
proliferating cells (58). As expected, palbociclib reduced the frac-
tion of proliferating cells in a dose-dependent manner (Fig. 1E).
Interestingly, however, we observed a small subset of cells that
maintained high pRB/RB levels at both 10 nM (48.4%) and 100
nM (5.9%) palbociclib, indicating that some cells could evade
drug treatment. Similarly, we observed a reduction in Ki-67
expression under increasing palbociclib concentration, but a frac-
tion of cells maintained high Ki-67 expression in the presence of
10 nM and 100 nM palbociclib (Fig. 17). We observed a similar
level of fractional resistance in a biological replicate of T47D cells
(SI Appendix, Fig. S1 A and B). To confirm the cells were truly
capable of proliferating in the presence of palbociclib, and not
merely finishing the previous cell cycle within the 24 h treatment
time frame, we repeated the experiment in long-term culture,
exposing cells to one week of continuous palbociclib treatment.
Again, tumor cells showed fractional resistance as indicated by the
continual presence of proliferating cells (57 Appendix, Fig. S1C).
Taken together, these results reveal that a small subset of ER+/
HER2- breast tumor cells continue to proliferate in the presence
of palbociclib, implying that cell-to-cell variation may account
for fractional resistance.

We next asked what intracellular features may be enriched in
proliferating cells in the presence of palbociclib. We focused delib-
erately on differences in protein abundance—rather than epige-
netic or transcriptomic differences—Dbecause palbociclib acts
directly on the CDK4/6 proteins (59), and because the core cell
cycle regulators are largely regulated through protein modification
and degradation (60, 61). To identify only the proliferating cells,
and exclude GO cells, we set a threshold level of pRB/RB above
which cells were confidently expected to be in the hyperphospho-
rylated state and therefore actively proliferating in either G1, S,
G2, or M phase (37, 62, 63). We set a conservative cutoff
(Materials and Methods) to capture this second peak of pRB/RB
expression (dotted line in Fig. 1E). We then compared the
single-cell profiles between these proliferating untreated and
palbociclib-treated cells to identify differences in cell cycle regu-
lators that may be responsible for fractional resistance. Shifts in
the distributions of individual cell cycle proteins (Fig. 24) were
quantified using a two-sample 7 test between untreated cells and
either the 10 nM or the 100 nM treatment condition, producing
95% CI for any observable differences in single-cell protein expres-
sion (Fig. 2B).

Under palbociclib treatment, many cell cycle regulators (e.g.,
pRB, Ki-67, cyclin A) showed similar distributions of expression
compared to untreated cells. However, some regulators showed
significant shifts in protein expression under 10 nM and/or 100
nM palbociclib treatment. For example, proliferating T47D cells
showed elevated CDK2 levels under 10 nM and 100 nM palbo-
ciclib treatment [0 vs. 10 nM 95% CI (0.09, 0.26); 0 vs. 100 nM
(0.014, 0.41)] and reduced expression of Cdtl [0 vs. 10 nM
(-0.30, -0.10,); 0 vs. 100 nM (-0.63, -0.19)] at both drug doses.
Elevated expression of CDK2 activity is consistent with previous
studies showing that ER+/HER2- tumor cells often become resist-
ant to CDK4/6 inhibitors via increases in cyclin E/CDK2 activity
(5, 16). However, we note that these studies are typically focused
on genetic changes in cyclin E/CDK2 activity (e.g., mutations or
copy number variation) and not cell-to-cell variability in protein
expression. On the other hand, we uncovered reduced Cdtl expres-
sion as a response to palbociclib treatment. Cdtl encodes for a
subunit of the prereplication complex necessary for DNA replica-
tion. Entry into the S phase with subnormal Cdt1 levels could poten-
tially lead to replication stress (64). Finally, we noted that proliferating
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Fig. 2. Shiftsin expression of cell cycle proteins among fractionally resistant tumor cells. (A) Beginning with a downsampled dataset containing 2,000 cells from
each condition (Materials and Methods), we identified the proliferating cells using the pRB/RB threshold defined in Fig. 1E. Proliferating single-cell distributions
of cell cycle regulators at 0 nM, 10 nM, or 100 nM palbociclib, showing an expected reduction in the number of cells at higher drug concentrations. (B) 95% Cl
of proliferating cells for the differences in mean expression (normalized z-scores) between either untreated cells and 10 nM palbociclib (purple); or untreated
and 100 nM palbociclib (orange). CI overlapping with the dashed line at 0 indicate a lack of statistical significance. CI are wider when comparing 0 vs. 100 nM
due to lower sample sizes at the highest dose of palbociclib. (C) Representative images of the effect of palbociclib on cells quantified in panels A and B. We can
visually observe the quantified depletion in pRB and upregulation of E2F1. (D) Logistic regression on all 6,000 cells predicting the odds that a given cell is either
untreated (0 nM) or treated (10 nM or 100 nM) based on expression of its cell cycle regulators. Cell-to-cell increases in regulators shown in red (e.g., CDK2), or
decreases in regulators shown in blue (e.g., cycA), increase the odds of association with treated (10 nM or 100 nM) vs. untreated cells. A separate regression
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including nonproliferating (GO) cells. Significance: *, P < 0.05; **, P <0.01; *** P <0.001. (E) Z-score normalized expression levels of cell cycle features, stratified by
cell cycle phase for all 6,000 cells. Bar height is the mean expression for untreated (ctrl) or palbociclib-treated (10 nM and 100 nM) cells. Error bars represent Cl.
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T47D cells showed a significant depletion of DNA content, likely
reflecting a relative enrichment of G1-arrested cells with elevated
pRB/RB levels.

We next asked how expression of cell cycle regulators shifted as
cells progressed through individual cell cycle phases. To do this, we
performed unsupervised clustering of the expression levels of DNA,
cyclin A, and cyclin B1 to assign each cell to a specific cell cycle phase:
GO, G1, S, or G2/M (Materials and Methods). We then trained a
logistic regression model within each phase separately on the pro-
teomic expression profiles from all 6,000 cells to classify whether a
cell belonged to either the control (untreated) or treatment (10 nM
and 100 nM palbociclib) group (Fig. 2D). When jointly analyzed
with the average standardized expression of cell cycle regulators in
cell cycle phases (Fig. 2E), this analysis reveals how changes in the
normalized expression of cell cycle regulators—either positive (red
bars in Fig. 2D) or negative changes (blue bars in Fig. 2D)—are
associated with specific cell cycle phases under palbociclib treatment.
The results were largely consistent with the previous 7 test analysis of
proliferating cells. For example, we found that elevated CDK2
expression was a significant, positive predictor of palbociclib-treated
cells in both GO and G1 phases. However, this analysis also revealed
several trends. For example, increases in three other core cell cycle
regulators—E2F1, RB, and cyclin Bl—were significantly associated
with palbociclib-treated cells in GO and/or G1 phases. E2F1 expres-
sion was among the strongest predictors of treatment in both GO
and G1 cells, providing further clarity for the overall E2F1 enrich-
ment we observe under treatment in Fig. 2B. These results suggest
that individual tumor cells with prematurely elevated E2F1 and
CDK2 protein levels may be more likely to transition from GO to
G1 in the presence of palbociclib.

Opverall, we found that fewer cell cycle regulators reached sta-
tistical significance in S or G2/M phases than in GO or G1 phases,
likely because of the smaller sample sizes for these subpopulations
of cells, especially under palbociclib treatment where most cells
were arrested in GO. Nevertheless, several overall trends were con-
sistent across all phases in three biological replicates of T47D
(Fig. 2 and SI Appendix, Figs. S2 and S3); specifically, these
phase-specific analyses show that palbociclib either promotes or
selects for proliferation of tumor cells with altered protein expres-
sion profiles characterized by increases in E2F1, CDK2, and RB
and decreases in Cdtl.

Fractional Resistance in Primary ER+/HER2- Tumor Cells.
Although T47D is a well-established model of ER+/HER2-
breast cancer, it may not reflect the physiology of primary tumor
cells from an actual breast cancer patient. Thus, we developed
an experimental strategy for studying fractional resistance in
surgically resected primary human tumors (87 Appendix, Fig. S4
and Materials and Methods). Briefly, we obtained a specimen from
a primary ER+/HER2- invasive lobular carcinoma which was
delivered immediately from the operating room to the laboratory.
After dissociation, cells were plated, treated with palbociclib or
control media for 24 h, and subjected to 4i profiling. Because
tissue samples contain complex mixtures of cell types, we used
expression of the epithelial marker pan-cytokeratin (PanCK),
as well as the estrogen and progesterone receptors (ER/PR)
to computationally separate the tumor cells for downstream
analysis. Out of a total population of 100,191 cells, we identified
a subpopulation of 14,789 cells showing high expression of ER,
PR, and PanCK (87 Appendix, Fig. S5). As above, we performed
principled downsampling to a size of 6,000 cells (2,000 cells per
condition) to match the T47D analysis.

We first looked for shifts in protein expression between
untreated and palbociclib-treated primary tumor cells. As before,
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we focused initially only on the proliferating subpopulations (i.e.,
GI, S, and G2/M cells) using a conservative cutoff for pPRB/RB
levels to identify fractionally resistant tumor cells (S7 Appendix,
Fig. S6). Although we did not observe consistent changes in Cdtl
or CDK2 expression, primary tumor cells shared many of the
same shifts in expression as T47D cells. For example, we observed
a significant depletion of DNA content [0 vs. 100 nM 95% CI
(-0.89, -0.21)] and additionally, Ki-67 expression [0 vs. 100 nM
95% CI (-0.95, -0.12)] (Fig. 3 A and B). As with T47D, the
depletion of Ki-67 and DNA was likely due to the accumulation
of G1 cells under treatment, which would be predicted to have
lower DNA and Ki-67 content (65). We also observed a significant
upregulation of E2F1 protein levels, and a second patient-derived
tumor showed consistent increases in E2F1, CDK2, and RB
expression (S Appendix, Fig. §7), as previously observed in T47D.

Although CDK2 showed an inconsistent pattern of expression
characterized by apparent enrichment at 10 nM and depletion at
100 nM palbociclib treatment, this discrepancy was clarified by
the logistic regression model, which identified elevated CDK2
expression as a top-ranking predictor of palbociclib treatment
across all cell cycle phases (Fig. 3C and ST Appendix, Fig. S7C).
By examining the average change in expression for each cell cycle
regulator across the cell cycle phases (Fig. 3D), we observed a
gradual accumulation of CDK2 as cells progressed from G1,
through the S phase, peaking in G2/M, consistent with previously
observed increases both in protein levels (53) and kinase activity
(66, 67). Thus, accumulation of CDK2 protein in palbociclib-
treated tumor cells suggests a potential axis of nongenetic resistance
mediated by enhanced cyclin E/CDK2 activity. A more striking
consistency with T47D cells was that three out of four cell cycle
regulators—CDK2, E2F1, and RB—were again the highest-
ranking and most significant positive factors associated with GO
arrest in primary tumors cells from two distinct patients with
ER+/HER2- subtype (Fig. 3 and S/ Appendix, Fig. S7). This result
points to a potentially common mechanism of nongenetic drug
resistance.

Interestingly, the cell cycle inhibitor, p21, which serves to block
phosphorylation of RB by inhibiting cyclin-CDK complexes, was
significantly downshifted under both 10 nM and 100 nM palbo-
ciclib treatment [Fig. 3B, 0 vs. 10 nM 95% CI (-0.44, -0.13), 0
vs. 100 nM (-0.79, -0.28)]. The logistic regression model also
identified p21 as a strongly negative predictor of palbociclib treat-
ment across all cell cycle phases (Fig. 3C), and p21 showed a
consistent pattern of reduced expression across all phases (Fig. 3D).
This result was observed in a replicate profiling of T47D cells
(SI Appendix, Fig. S3) but not the second primary tumor
(SI Appendix, Fig. S7). The palbociclib-induced reduction in p21
levels could potentially relax cell cycle arrest and allow cells to
enter G1 with modest cyclin/CDK activity. This observation is
consistent with enrichment of E2F1 under palbociclib treatment,
which was significantly upshifted in primary human tumor cells.

Despite some discrepancies, both T47D and primary tumor
cells showed consistent enrichment of CDK2, RB, and E2F1 in
GO and G1 phases, suggesting a potentially common mechanism
of fractional resistance. The accumulation of such factors poten-
tially allows a subpopulation of cells to prematurely enter G1 with
elevated pRB/RB levels. These findings indicate that the tumor
cell cycle is inherently plastic; individual cells can take different
molecular paths through the cell cycle, some of which are resistant

to CDK4/6 inhibitors.

Cell Cycle Paths in Resistant Cells. We next sought to visualize
resistant cell cycle paths taken by individual tumor cells. To this
end, we first identified a shared latent space of T47D and primary
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50f 12


http://www.pnas.org/lookup/doi/10.1073/pnas.2309261121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2309261121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2309261121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2309261121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2309261121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2309261121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2309261121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2309261121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2309261121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2309261121#supplementary-materials

Downloaded from https://www.pnas.org by Tarek Zikry on February 7, 2024 from IP address 45.37.168.182.

7 6
e i B :
L ; A B b i I 3 o : : 1 . i N
y R = HE . B
< o : I : ; . | P : i i
g i NI I I I N
g 2§81 : § i1 K B g piobvl g ..
k4 o B . - N .
o <2, % . . E] o [} & . 5 : -
2 & : $ ro3 : = - = : . :
0+ ¥ < 2 3 3 2 3 s
s & w WY § = e gy %- 3 [Py
= » k:d w» * ¢ 5 & #
E [moded YR VYT B ERIE YT VRS
S M5 10 100 . : L
pPRB/RB  Ki67 pRB RB CDK2 CDK4 CycD1  CycE Cdt1 E2F1 DNA  CycA CycB1 p21
B Cell cycle regulator
59 "l ¢ $
oS Ovs. Ovs.
S92 054 10nM 100 nM
+ ¢ ¢
5]
1 AR TR TR T T DU X L
T ¥ ¢
g3 + ¢
=® -0.5
8¢ g
pRB/RB  Ki67 pRB RB CDK2 CDK4 CycD1 CycE  Cdtl E2F1 DNA  CycA CycB1 p21
Cell cycle regulator
1 GO (n=5,190) 1 G1 (n=376) 1 S (n=240) 1 G2/M (n=194)
N [ N [T N T o oli- .
: 1 y : I
[ - - -
& 1 1 1 1
8
o -2 -2 -2 -2
31 AUC= 075£0014 -3 AUC = 0.685 +0.046 -3 AUC = 0,694 £ 0.099 31 AUC=0.714+0.043
CriBaSEbIUTae p2CrInEINseNT RIS 2YTIsN CaSlEn®Te838N
8837988280885 §¥5850858825%8 93850855588 595538  5hRE 0t
Cell cycle regulator
D
Mco Ma1 Ws MWaem
pPRB/RB Ki67 PRB RB CDK2 CDK4 cycD1
3 3 3 3 3 3 3
2 2 2 2 2 2 2
1 1 i 1 1 -j 1 1 ' I' 1 .
.5 0 0= 0 0 0|-= 0= - 0 *-I =-"'i
2 -1 -1 -1 -1 -1 -1 -1
“5’_ ctrl  palbo ctrl  palbo ctrl  palbo ctrl  palbo ctrl  palbo ctrl  palbo ctrl  palbo
x
% cycE Cdt1 E2F1 DNA cycA cycB1 p21
% 3 3 3 3 3 3 3
2 2 2 2 I 2 2 2
1 1 1 1 1 1 1
0"-+J¥1ﬂ o-‘ﬁ_i ofﬁvH 0*-+...j o-.J o= T.J o-'JT*
-1 -1 -1 -1 -1 -1 -1
ctrl  palbo ctrl  palbo ctrl  palbo ctrl  palbo ctrl  palbo ctrl  palbo ctrl  palbo

Fig. 3. Palbociclib reveals shifts in expression of cell cycle proteins in primary tumor cells. (A) As with T47D, we identified proliferating primary tumor cells using
the pRB/RB threshold defined in S/ Appendix, Fig. S6. Proliferating single-cell distributions of cell cycle regulators at 0 nM, 10 nM, or 100 nM palbociclib, showing an
expected reduction in the number of cells at higher palbociclib concentrations. (B) 95% Cl of proliferating cells for the differences in mean expression (normalized
z-scores) between either untreated cells and 10 nM palbociclib (purple) or untreated and 100 nM palbociclib (orange). Cl overlapping with the dashed line at
0 indicate a lack of statistical significance. Cl are wider when comparing 0 vs. 100 nM due to lower sample sizes at the highest dose of palbociclib. (C) Logistic
regression on all 6,000 cells predicting the odds that a given cell is either untreated (0 nM) or treated (10 nM or 100 nM) based on expression of its cell cycle
regulators. Cell-to-cell increases in regulators shown in red (e.g., cycB1), or decreases in regulators shown in blue (e.g., p21), increase the odds of association with
treated (10 nM or 100 nM) vs. untreated cells. A separate regression was performed for each phase (GO, G1, S, and G2/M), where the last three are considered
proliferating (i.e., high pRB/RB). This analysis was performed on all cells, including nonproliferating (GO) cells. Significance: *, P < 0.05; **, P<0.01; ***, P<0.001.
(D) Z-score normalized expression levels of cell cycle features, stratified by cell cycle phase for all 6,000 cells. Bar height is the mean expression for untreated
(ctrl) or palbociclib-treated (10 nM and 100 nM) cells. Error bars represent Cl.
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tumor samples by performing data integration with tumor
response assessment by nonlinear subspace alignment of cell lines
and tumors (TRANSACT) (68) (Materials and Methods). We then
applied potential of heat-diffusion for affinity-based trajectory
embedding (PHATE) (69) on the joint latent space to generate
a low-dimensional projection of the combined tumor cell cycle
(52, 53). Fig. 4 shows the resulting saddle-shaped structure that
captured the progression of four cell cycle phases and revealed
significant variability in single-cell states. Each dot in the structure
represents an individual cell, and dots nearer to each other have

A
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PHATE 2
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similar expression profiles of cell cycle regulators. By overlaying
expression levels for individual cell cycle regulators (Fig. 4A4), we
observed well-established cell cycle events, including elevated pRB
and Ki-67 in proliferating cells; a peak in Cdtl expression in
late G1; accumulation of E2F1 in the S phase; and sequential
expression of cyclin A and cyclin B1. These temporal trends in
core cell cycle regulators, which emerged without providing any
input to the model, allowed us to estimate the general path of
cells from GO to G1, S, and G2/M phases (back curve in Fig. 4B).
As expected, we found that palbociclib gradually depleted the

100 nM
palbociclib

100nM - -
palbociclib. * ’

o

Fig. 4. Visualization of single-cell states in ER+/HER2- breast tumors under palbociclib treatment. T47D and primary tumor samples were independently
downsampled to yield a sample size of 6,000 cells each (2,000 cells from each of the three palbociclib treatment conditions). The datasets were then integrated
into a joint latent space of 12,000 cells using TRANSACT. We then applied the nonlinear dimensionality method PHATE to produce a two-dimensional visualization
of the cell cycle under each condition. Each dot is an individual cell. (A) Expression levels of each cell cycle regulator overlaid onto the PHATE embedding for both
tumor models. (B) Visualization of cell cycle states for T47D cells, separated by treatment condition. Pie charts indicate the proportion of cells in each cell cycle
phase. A hand-drawn estimate of cell cycle progression is shown on the first image based on the progression of overlaid features in panel A. (C) Visualization of

cell cycle states for primary tumor cells, separated by treatment condition.
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number of cells in proliferative phases for both T47D (Fig. 4B)
and primary tumor cells (Fig. 4C), potentially altering the path
of proliferation through the cell cycle.

To obtain a more objective and quantitative calculation of the
various paths cells take through the cell cycle under palbociclib
treatment, we performed trajectory analysis using Slingshot (70)
through the low-dimensional PHATE embedding. Without spec-
ifying the correct order of phases, this analysis determined the
proper cell cycle ordering from GO, to G1, to S, and to G2/M
phase in most of the trajectories (Materials and Methods). To allow
direct comparisons between each path, we aligned the separate
treatment trajectories into one shared axis for each data source
using TrTAGEDy (71). Fig. 5 shows a visualization of the different
temporal expression trends of cell cycle regulators under each
experimental condition. In both T47D and the primary tumor
cells (Fig. 5 A and D), we observed a clear inward movement of
the trajectories—away from proliferating subpopulations—as the
palbociclib dose increased. Heatmaps in Fig. 5 B and E illustrate
the scaled expression of cell cycle regulators ordered along the
aligned pseudotime axis. As an alternative visualization, Fig. 5 C
and F directly compare the aligned pseudotime traces for each cell
cycle regulator across treatment conditions for T47D and primary
tumor samples, respectively. To facilitate comparison among the
drug doses, we defined a common transition point as the time at
which 50% of the cells remained in GO and 50% of the cells had
progressed to a proliferative phase (vertical lines in panels B, C,
E, and F of Fig. 5).

As expected, the temporal trends of increasing pRB/RB and
Ki-67 levels, representing escape from cell cycle arrest, were
delayed (i.e., right-shifted) under palbociclib treatment in a
dose-dependent fashion (Fig. 5 Cand F). Despite these delays in
cell cycle entry, however, many other cell cycle regulators never-
theless maintained synchronized trends. For example, in both
tumor models, CDK2 and E2F1 showed temporally synchronized
increases in expression among all treatment groups. Importantly,
however, in palbociclib-treated cells, these factors accumulated
for longer times and to greater extents before the population
reached the GO/G1 transition point, when approximately half of
the cells were determined to begin proliferation. More strikingly,
other cell cycle regulators showed a reversal of temporal trends.
For example, T47D cells treated with 100 nM of palbociclib
showed early increases in CDK4, cyclin D1, and cyclin E com-
pared to 10 nM and untreated cells. Conversely, Cdtl expression
was both reduced and delayed upon drug treatment (Fig. 5 A-C).
In contrast to T47D, in the primary ER+/HER2- tumor (Fig. 5
D-F), expression of p21 was reduced among treated cells. Taken
together, this analysis supports the observation that accumulation
of distinct cell cycle-promoting factors, including E2F1 and CDK2,
precedes—and potentially facilitates—escape from palbociclib-
mediated arrest in T47D and primary tumor cells.

However, a key mechanistic question is whether increased
expression of factors such as E2F1 and CDK2 are driving escape
from palbociclib-mediated arrest, or merely accumulating in
arrested cells or cells transitioning from G1 back to GO. To test
this question, we hypothesized that palbociclib-resistant cells with
elevated cyclin E/CDK2 expression should be especially sensitive
to inhibition of Cyclin E/CDK2 activity, if cyclin E/CDK2 expres-
sion is driving escape. Indeed, we found that treatment of T47D
cells with palbociclib increased their sensitivity to the CDK2
inhibitor CVT-313 in a dose-dependent fashion. In control cells,
treatment with 2 pM CVT-313 resulted in no change in the
percentage of pRB/RB positive cells, whereas in cells treated with
palbociclib 50 nM, CVT-313 resulted in a 38.4 + 2.4% reduction
in pRB/RB positive cells from baseline, P-value = 0.021 (Fig. 6).
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This effect was augmented further at 5 uM CVT-313 where 50 nM
palbociclib-treated cells had a 53.1 + 3.3% reduction in pRB/RB+
cells with CVT treatment, 10 nM palbociclib cells had a 36.5 +
10.9% reduction, and palbociclib untreated control cells had a
14.8 + 10.8% reduction, P-value = 0.021 between control and
palbociclib 50 nM treated cells (Fig. 6). These results—demon-
strating a larger-than-additive effect of palbociclib and CDK2
inhibition—support a mechanism of elevated Cyclin E/CDK2
expression as a driver of escape from palbociclib-mediated arrest.

Discussion

In ER+/HER2- breast cancer, drugs that specifically inhibit
cyclin-dependent kinases 4 and 6 (CDK4/6 inhibitors)—when
given in combination with endocrine therapy—have dramatically
improved oncologic outcomes and overall survival. Unfortunately,
there is considerable heterogeneity in the clinical responses to
CDK4/6 inhibitors, and most patients eventually develop drug
resistance. The field has poured tremendous effort into genetic
profiling studies with the hope of identifying molecular mecha-
nisms that predict resistance to CDK4/6 inhibitors. Besides iden-
tifying a handful of genes associated with resistance, there is
currently no biomarker in clinical use that can predict how an
ER+/HER2- patient will respond to endocrine therapy and
CDK4/6 inhibitors. This is not just a failure of precision medi-
cine—it also reveals a serious gap in our understanding of the
mechanisms that underlie drug resistance.

Here, we provide a framework for how drug resistance may
arise in ER+/HER2- breast tumors. We show that cell-to-cell
differences in core cell cycle regulators are associated with a subset
of tumor cells that escape CDK4/6 inhibitor therapy. We refer to
this phenomenon as fractional resistance—the incomplete arrest
of tumor cells by a drug. By interrogating the multidimensional
protein state of individual cells, we demonstrate the phenomenon
of fractional resistance both in a well-established ER+/HER2-
model, T47D, as well as two primary ER+/HER2- tumors
resected from breast cancer patients. Through single-cell analysis,
we found that tumor cells capable of proliferating in the presence
of palbociclib showed unique combinations of enriched and
depleted cell cycle regulators including E2F1, Cdtl, CDK2, and
p21. Notably, resistant cells in both tumor models showed a com-
mon enrichment of the E2F1 transcription factor in GO and G1
phases, suggesting that resistant cells may use a common molecular
mechanism to overcome CDK4/6 inhibition. By tracing the tra-
jectories of resistance in each tumor model, we visualize how plas-
ticity in cell cycle regulators creates alternate cell cycle paths that
allow some ER+/HER2- tumor cells to escape palbociclib
treatment.

These findings explain several longstanding observations about
ER+/HER2- breast cancer. For example, it has long been known
that a correlation exists between the fraction of proliferating cells
(i.e., Ki-67 staining) in a patient tumor and patient outcomes
(23). Our work suggests that patients with more Ki-67-positive
cells may have more plastic cell cycles that increase fractional resist-
ance. Second, our work provides an alternative mechanism by
which core cell cycle regulators can promote oncogenesis. Besides
acquiring mutations in specific cell cycle genes, such as RB or
cyclin E, we show that cell-to-cell variability in these same factors
can promote drug resistance. Indeed, our observations of the
enrichment of oncogenic protein factors may reflect the evolu-
tionary pressure acting on tumor cells to select specific genetic
alternations. Third, our work suggests a specific mechanism by
which escaping tumor cells, through the accumulation of genetic
events due to downregulation of the DNA licensing factor Cdtl,
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Fig. 5. ER+/HER2- tumor cells take alternate cell cycle paths under palbociclib treatment. Trajectory inference was performed on cells from each treatment
condition for T47D (A-C) and primary tumor (D-F) samples using Slingshot on the joint PHATE embedding. Each trajectory started in GO, progressed through the
proliferative phases of the cell cycle, and ended in G2/M. A common pseudotime axis (B, C, E, and F) was determined by aligning trajectories across treatment
conditions using TrAGEDy (Materials and Methods). (A and D) Trajectories for each treatment condition projected onto the joint two-dimensional PHATE embedding.
(B and E) Heatmaps showing expression of cell cycle regulators along the pseudotime trajectories in panel A. The color strip above the heatmaps represents the
cell cycle phase annotations for each cell in the pseudotime ordering. Vertical lines indicate the time at which approximately half of the cells have transitioned
from GO to a proliferative phase (G1, S, and G2/M). No line was detectable for primary tumor cells under 100 nM palbociclib treatment because too few cells
entered proliferative phases. (Cand F) Comparison of trajectories across treatment conditions for each cell cycle regulator. Vertical lines mark the same common
transition point from GO to proliferation for each drug dose. As in panels A and D, there was no calculable transition line for primary tumor cells under 100 nM
palbociclib treatment.

may be the seeds of genetically distinct tumor cells with more
robust drug resistance. Supporting this idea, a recent study linked
palbociclib-mediated arrest to downregulation of replisome

components, defective origin licensing, and replication stress (72).
Clinically, tumor mutational burden is associated with resistance
to CDK4/6 inhibitors in patients with ER+/HER2- breast cancer
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Fig. 6. CyclinE/CDK2 may serve as a potential driver of escape from palbociclib-mediated arrest. T47D cells were cotreated with CDK4/6 inhibitor (control,
10 nM, and 50 nM palbociclib) and a range of CDK2 inhibitor concentrations (0, 0.01, 0.5, 1, 2, 5, 7.5, 10, and 20 uM CVT-313). (A) Proportion of pRB/RB positive
cells following treatment with CDK2 inhibitor, CVT-313. (B) Fold changes in the proportion of pRB/RB positive cells under treatment with CVT-313. For each
palbociclib condition, fold changes were computed by normalizing the proportion of pRB/RB positive cells to the average proportion of the first three doses of
CVT-313(0, 0.01, and 0.1 uM). Error bars represent the SD across four technical replicates. Dashed lines indicate (4) the proportion or (B) fold change of pRB/
RB positive cells without treatment with the CDK2 inhibitor. * indicates a P-value < 0.05 using a two-sided Wilcoxon rank-sum test between control and 50 nM

palbociclib-treated cells.

(73), and deficient licensing due to downregulation of Cdt1 could
be a key mechanism leading to accumulation of resistance pro-
moting genetic events. Future work should investigate whether
fractionally resistant cells are more prone to replication stress and
genetic mutation.

Our work is consistent with the well-known additive effects of
combining endocrine therapy and CDK4/6 inhibitors. If these drugs
work together to reduce fractional resistance, then it may be profit-
able to consider additional combination therapies that further reduce
the fractionally resistant subpopulation in ER+/HER2- breast tum-
ors. Indeed, we found that the combination of palbociclib and
tamoxifen, a drug that blocks estrogen receptor signaling, reduced
fractional resistance in primary tumor cells (57 Appendix, Fig. S8).
Although increasing doses of either drug are expected to reduce
proliferation, high doses of palbociclib were unable to completely
eliminate fractional resistance (S/ Appendix, Fig. S9), suggesting the
existence of a distinctly resistant subpopulation of cells. Further work
is necessary to unambiguously distinguish between stochastic fluc-
tuations in protein levels and a truly resistant subpopulation of cells.
Clarifying this distinction could inform the development of bio-
markers that predict patient response before treatment.

We identified the accumulation of cyclin E/CDK?2 as a potential
driver of escape from palbociclib-mediated arrest, which we
demonstrated as a synergistic cotreatment strategy in vitro.
Therefore, CDK4/6 inhibitors with activity against CDK2 may
have greater efficacy by also arresting this fractionally resistant
subpopulation (74). In fact, patients with ER+/HER2- breast
cancer treated with abemaciclib or ribociclib, which have greater
activity against CDK2 compared to the more CDK4/6 specific
palbociclib, have improved responses (75-78). Thus, using this
human tumor 4i model, we have uncovered a mechanism that
explains clinical findings and supports the need for experimental
systems using primary human tumors at the single-cell level to
understand how tumors respond and resist therapies.

Evaluating therapeutic responses in terms of fractional resistance
and cell cycle paths enhances our understanding of drug resistance
mechanisms. Previous work has shown that cell cycle behaviors vary
among tumors; here, we show that it also varies within the same
tumor at a single-cell level. With the ability to fully profile the cell
cycle behaviors in tumor cells—and distinguish among them—the
field could make better predictions for when targeted therapy will

100f 12 https://doi.org/10.1073/pnas.2309261121

work or how to develop new targeted treatments to arrest prolifer-
ating tumor cells. Future study will focus on understanding the
range of sensitive and resistant cell cycle paths, and unique targeta-
ble drivers of resistant paths, both in ER+/HER2- tumors treated
with CDK4/6 inhibitors, and in other human solid organ tumors.
Identifying and characterizing tumor subpopulations with distinct
sensitivities to targeted therapies could allow development of pre-
cision therapeutic regimens for individual patients based on specific
tumor subpopulation drug sensitivities.

Materials and Methods

TA7D ER+/HER2— breast cancer cells were obtained from the ATCC (catalog num-
ber HTB-133). We obtained tumor samples from two female patients with invasive
breast carcinoma that were positive for expression of the estrogen receptor (ER+)
and negative for HER2 (HER2—). Written informed consent was obtained underan
operating room to laboratory protocol (47) approved by the Institutional Review
Board at the University of North Carolina at Chapel Hill and included access to
deidentified patient data which was obtained through an honest broker. Cells
were treated with three concentrations of the CDK4/6 inhibitor palbociclib (0, 10,
and 100 nM). Single-cell proteomic measurements for samples were obtained
using iterative indirectimmunofluorescentimaging (4i) by adapting the protocol
previously described in ref. 56. Following image and data preprocessing, cell
cycle phases were annotated using a three-component Gaussian Mixture Model
(sklearn v0.24.1) to the log-transformed measurements of DNA content, cyclin
A, and cyclin B1, as these features were shown previously to minimally repre-
sent the cell cycle (79). After representatively downsampling T47D and primary
tumor samples to the same sample size using kernel herding sketching (57), we
characterized fractionally resistant cells in response to palbociclib. To robustly
represent and compare cell cycle trajectories under palbociclib treatment, we
first identified a shared latent space, corresponding to biological processes that
were present within both T47D and primary tumor samples, by performing data
integration with TRANSACT (68) (transact-drv1.0.1, kernel = radial basis function).
High-dimensional single-cell profiles were subsequently visualized following
nonlinear dimensionality reduction with PHATE (69) (phate v1.0.7; k = 150)
on the integrated dataset of T47D and primary tumor samples. To identify and
characterize trajectories through the cell cycle under palbociclib treatment, we
performed trajectory inference using Slingshot (70) (slingshot v2.7.0). For the
cotreatment experiment, cells were treated with a range of CDK2 inhibitor CVT-
313 concentrations for 24 h. For more details on the methods outlined in this
study and information on the data and code availability, please see S Appendix,
Sl Materials and Methods.
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Data, Materials, and Software Availability. Tabular data frames of preproc-
ssed single-cell proteomic data for each data source have been deposited in
Zenodo (80). Source code forimage preprocessing, including cell segmentation,
transformation, alignment, and quantification have been deposited in Github
(81). Source code for computational analyses, including functions for preprocess-
ing, sketching, integration, trajectory inference, and other computational analyses
data have been deposited in Github (82).
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