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Abstract 

Among patients with hormone receptor (HR)-positive breast cancer, those with residual disease 
after neoadjuvant chemotherapy have a higher risk of relapse and poorer survival than those with 
a complete response. Previous studies have revealed a correlation between activation of cell 
cycle-regulating pathways in HR-positive breast cancer, particularly cyclin-dependent kinase 
(CDK) 4 and 6/cyclin D1 signaling, and resistance to standard therapies. Although CDK4/6 
inhibition by palbociclib in combination with endocrine therapy has shown potent antiproliferative 
effects in HR-positive/human epidermal growth factor receptor 2 (HER2)-negative breast cancer, 
the potential role of palbociclib in re-sensitizing chemotherapy-resistant HR-positive breast cancer 
is not well defined. We hypothesized that CDK4/6 inhibition by palbociclib re-sensitizes 
HR-positive/HER2-negative residual breast cancer to taxane-based adjuvant therapy. Using cell 
counting, flow cytometry, and western blotting, we evaluated the efficacy of palbociclib alone and 
in concurrent or sequential combination with paclitaxel in parental and paclitaxel-resistant T47D 
HR-positive/HER2-negative breast cancer cells. The CDK4/6 pathway was constitutively active in 
both parental and paclitaxel-resistant T47D cells; thus, both cell types were highly sensitive to the 
inhibitory effects of single-agent palbociclib on cell growth and cell cycle progression. However, 
palbociclib did not re-sensitize resistant cells to paclitaxel-induced G2/M arrest and cell death in 
any of the combinations tested. Our results suggest that CDK4/6 inhibition by palbociclib does not 
re-sensitize HR-positive/HER2-negative residual breast cancer to chemotherapy. Nevertheless, 
the fact that CDK4/6 activation remained intact in paclitaxel-resistant cells indicates that patients 
who have HR-positive/HER2-negative residual disease after taxane-based neoadjuvant 
chemotherapy may still benefit from palbociclib in combination with other regimens, such as 
endocrine therapies, for adjuvant therapy. 
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Introduction 
In patients with breast cancer, neoadjuvant 

chemotherapy is used to reduce tumor burden and 
enable patients to choose breast-conserving surgery 
for tumor resection. Importantly, the response to 

neoadjuvant chemotherapy has prognostic 
implications and might be used to improve decision 
making during treatment1. Patients with breast cancer 
that is hormone receptor (HR) positive and human 
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epidermal growth factor receptor 2 (HER2) negative 
are less likely than patients with HR-negative disease 
to achieve a pathologic complete response after 
neoadjuvant chemotherapy, and the lack of a 
pathologic complete response correlates with a higher 
risk of relapse and poorer outcome2. In patients with 
HR-positive/HER2-negative breast cancer and 
residual disease after neoadjuvant chemotherapy, 
additional adjuvant chemotherapy may be excessively 
toxic and negatively affect patients’ quality of life3. 
However, adding targeted therapies to adjuvant 
chemotherapy may increase the sensitivity of residual 
disease to adjuvant chemotherapy and, consequently, 
reduce the dose of chemotherapy necessary to kill the 
remaining tumor cells, thereby minimizing the 
toxicity of the prolonged treatment. 

Using functional proteomics for the molecular 
characterization of residual disease, our group 
identified a two-marker model based on cyclin E1 and 
CD31 that predicted relapse-free survival in patients 
with HR-positive tumors that were resistant to 
taxane- and anthracycline-based neoadjuvant 
chemotherapy, i.e., patients with residual disease that 
overexpressed cyclin E1 had a high risk of relapse. 
Since cyclin E1 is required for cell cycle progression 
through the G1/S transition, we interpreted our 
results as indicating that dysregulation of cell cycle 
progression through G1/S is associated with 
resistance to neoadjuvant chemotherapy 4. 

Cyclin D1 is another important regulator of the 
G1/S transition and is overexpressed in 
approximately 50% of breast cancers5. In response to 
diverse oncogenic stimuli, cyclin D1 activates 
cyclin-dependent kinases 4 and 6 (CDK4/6), which 
phosphorylate and inactivate the retinoblastoma 
tumor suppressor protein (pRb), releasing the 
transcription factor E2F to initiate the expression of 
genes required for cell cycle progression through the 
G1/S transition6. 

Palbociclib (PD0332991) is a CDK inhibitor with 
high selectivity for CDK4/6-cyclin D1 activity and 
leads to efficient dephosphorylation of pRb and 
subsequent cell cycle arrest at the G1/S transition7. 
Palbociclib has been shown to reestablish cell cycle 
control in breast cancer cells that are resistant to 
tamoxifen8,9. A phase II clinical trial (PALOMA-1) 
showed that palbociclib in combination with letrozole 
as first-line treatment improved the outcome of 
postmenopausal women with HR-positive/HER2- 
negative advanced breast cancer compared to 
letrozole monotherapy10. These results led the United 
States Food and Drug Administration to approve 
palbociclib combined with letrozole as first-line 
treatment for metastatic disease. Recently, results 
from a phase III clinical trial (PALOMA-3) indicated 

that palbociclib in combination with fulvestrant 
significantly improved progression-free survival of 
women with HR-positive/HER2-negative breast 
cancer resistant to prior endocrine therapy compared 
to fulvestrant alone11. 

Although palbociclib significantly improves 
disease response to endocrine therapy, the effects of 
adding palbociclib to chemotherapy seem to be more 
complex. Preclinical studies have shown that 
palbociclib administered concurrently with 
doxorubicin or paclitaxel antagonizes chemotherapy- 
induced cytotoxicity12. In contrast, treatment with 
palbociclib prior to paclitaxel exposure has been 
shown to inhibit cell growth more efficiently than 
paclitaxel alone13. However, these studies did not 
focus on HR-positive/HER2-negative breast cancer or 
chemotherapy-resistant models, which more closely 
resemble the residual disease detected in patients 
after neoadjuvant chemotherapy. 

Given that overexpression of cell 
cycle-regulatory proteins has been associated with 
resistance of HR-positive/HER2-negative tumors to 
neoadjuvant chemotherapy, we hypothesized that 
targeting cell cycle progression with CDK4/6 
inhibitors re-sensitizes HR-positive/HER2-negative 
residual tumors to taxane therapy, thus decreasing the 
toxicity of additional adjuvant chemotherapy and 
improving the therapeutic response. We assumed that 
the G1/S arrest caused by palbociclib would increase 
the percentage of cells progressing synchronously 
through G2/M transition, making them more 
susceptible to the effects of paclitaxel and, therefore, 
reversing paclitaxel resistance in our model.  

Materials and Methods 
Cell lines, culture, and reagents 

Parental T47D (T47DPAR) breast cancer cells were 
authenticated and provided by the Characterized Cell 
Line Core facility at The University of Texas MD 
Anderson Cancer Center (Houston, TX). T47DPAR and 
paclitaxel-resistant (T47DPAC) cells were cultured in 
phenol-red containing RPMI with 10% 
heat-inactivated fetal bovine serum (FBS), 100 IU/mL 
penicillin, and 100 μg/mL streptomycin. The cells 
were maintained at 37°C in a humidified incubator in 
an atmosphere of 5% CO2 and periodically tested for 
mycoplasma contamination. The antibodies used 
were as follows: p-pRb (Ser780) (#9307), pRb (#9309), 
p-NPM (Thr199) (#3541), p-JNK1/2 
(p-Thr183/Tyr185) (#4671), JNK1 (2C6) (#3708), and 
JNK2 (#4672) purchased from Cell Signaling 
Technology; cyclin A (H-432) (#751), cyclin D1 
(H-295) (#753), cyclin B1 (H-433) (#752), and p55CDC 
(H-175) (#8358) purchased from Santa Cruz 
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Biotechnology; β-actin (AC-15) (#A1978) purchased 
from Sigma Aldrich; PCNA (#ab29) purchased from 
Abcam; and estrogen-receptor α (ERα) (SP1) 
(#RM-9101-S) purchased from Thermo Scientific Lab 
Vision. 

Establishment of paclitaxel-resistant cell line 
T47DPAC cells were derived from T47DPAR cells 

via continuous exposure of these cells to increasing 
doses of paclitaxel. The medium was replaced with 
fresh drug-containing medium 2-3 times a week. 
Resistance to 5 nM paclitaxel was observed after 6 
months, and the cells were allowed to recover from 
treatment in drug-free medium for at least 1 month 
before experiments were performed. To confirm the 
acquisition of a resistant phenotype in T47DPAC cells, 
we seeded both T47DPAR and T47DPAC cells in 6-well 
plates at a density of 50,000 cells/well. After 24 hours, 
both T47DPAR and T47DPAC cells were treated with 

DMSO (control) or 2 nM paclitaxel for 6 days. Cells 
were counted using a Cellometer cell counter 
(Nexcelom Bioscience) for 6 consecutive days. For 
clonogenic assays, cells were seeded in 60-mm dishes 
at a density of 1000 cells/dish and treated with 2 nM 
paclitaxel for 96 hours. Drug-containing medium was 
then removed, and the cells were allowed to recover 
in drug-free medium. Dishes were scanned and the 

number of colonies was observed after 12 days.  

Drugs and general drug treatment scheme 
Paclitaxel was purchased from Sigma-Aldrich 

(#T7402) and palbociclib (PD0332991) was purchased 
from Selleck Chemicals (#S1116). Stock solutions were 
prepared in dimethylsulfoxide (DMSO) and stored at 
-20°C. 

To evaluate the effects of adding palbociclib to 
paclitaxel in T47DPAR and T47DPAC cells, treatment 
was administered as shown in Figure 1. Control cells 
were treated with vehicle (DMSO) for the same period 
of time as the other cells were treated with drugs. For 
concurrent treatment, palbociclib and paclitaxel were 
added simultaneously to the cell culture medium, 
whereas for sequential therapy, the cells were 
exposed to palbociclib for 24 hours prior to the 
addition of paclitaxel in the presence of or after 
washout of palbociclib. The effects of each 
combination treatment were compared to those of 
control and each drug alone. 

Western blotting procedure 
For western blotting, cells were lysed in ice-cold 

X-100 lysis buffer (1% Triton X-100, 50 mM HEPES 
[pH 7.4], 150 mM NaCl, 1.5 mM MgCl2, 1 mM 
ethylene glycol tetraacetic acid, 10% glycerol, 100 mM 

NaF, 10 mM sodium pyrophosphate, 
phosphatase, and a proteinase 
inhibitor mixture [Roche Applied 
Science]). After the samples were 
diluted in sodium dodecyl sulfate 
(SDS) buffer (2% SDS, 62.5 mM Tris 
[pH 6.8], 10% glycerol, and 2.5% 
β-mercaptoethanol), cell lysates were 
resolved via SDS/polyacrylamide gel 
electrophoresis, transferred to 
polyvinylidene fluoride membranes, 
and stained with antibodies following 
the protocols provided by the 
manufacturers. The bands were 
visualized via an ECL detection kit 
(Amersham Biosciences). 

Effects of drug treatment on JNK 
and ERK activation 

To assess the effects of drug 
treatment on JNK and ERK activation, 
T47DPAR and T47DPAC cells were 
serum-starved overnight and then 
treated with 500 nM palbociclib, 4 nM 
paclitaxel, or both concurrently for 6 
hours. Using western blotting, the 
activation status of the JNK and ERK 
signaling pathways was evaluated in 

 

 
Figure 1. Treatment schedules for parental (T47DPAR) and paclitaxel-resistant T47D cells (T47DPAC). Cells 
were treated with paclitaxel alone (PAC) up to 24 hours (A), concurrent combination therapy up to 24 hours 
(B), palbociclib (PD) alone for up to 48 hours (C) and sequential therapy (C, D). In the sequential therapy, cells 
were treated with palbociclib (PD) for 24 hours followed by addition of paclitaxel for an additional 24 hours 
(C), or followed by exposure to drug-free (free) medium or paclitaxel for 24 hours after PD washout (D). 
Samples were collected (arrows) for fluorescence-activated cell sorting (FACS) and western blotting (WB) at 
24 hours after addition of paclitaxel in the monotherapy experiments. In the concurrent combination, samples 
were collected at 24 hours after simultaneous addition of palbociclib and paclitaxel into the cell culture 
medium. For sequential experiments, samples were collected at 24 hours and 48 hours after palbociclib 
treatment and 24 hours after addition of drug-free medium or paclitaxel.  
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the cells before and after stimulation with 10% FBS for 
10 minutes. 

Effects of drug treatment on cell growth 
To assess the effects of drug treatment on the 

growth of T47DPAR and T47DPAC cells, we seeded cells 
in 6-well plates at a density of 50,000 cells/well and 
treated them with 500 nM palbociclib, 2 nM paclitaxel, 
or both concurrently for 6 days or with 500 nM 
palbociclib for 1 day followed by 2 nM paclitaxel for 6 
days in the presence of or after washout of palbociclib. 
Remaining cells were counted using a Cellometer cell 
counter. 

Effects of drug treatment on cell cycle 
progression 

The effects of drug treatments on cell cycle 
progression in T47DPAR and T47DPAC cells were 
evaluated by seeding cells at a density of 300,000 cells 
per 25-cm2 flask or 60-mm dish followed by treatment 
with 4 nM paclitaxel alone for 24hs (Fig. 1A); 4nM 
paclitaxel in concurrent combination with 500 nM 
palbociclib for 24hs (Fig. 1B) or with 500 nM 
palbociclib for 24 hours followed by 4 nM paclitaxel 
for 24 hours in the presence of or after washout of 
palbociclib (Fig. 1C, Fig. 1D). Cells were harvested at 
24 hours after the addition of paclitaxel as a single 
drug or in sequential combination with palbociclib. 
For cell cycle analyses, cells were fixed in 70% ethanol, 
stained with propidium iodide, and analyzed using a 
Gallios Flow Cytometer (Beckman Coulter) and FCS 
Express Version 4 (De Novo Software). Cell 
cycle-promoting proteins were analyzed by western 
blotting.  

Statistical analyses 
Statistical analyses were carried out using 

GraphPad Prism, version 6.0, for Windows 
(GraphPad Software). Two-way analysis of variance 
(ANOVA) was used in growth curve experiments to 
compare the number of cells in the control versus 
paclitaxel-treated cells. For cell counting experiments, 
the effects of treatments were compared among all 
groups using one-way ANOVA. The results were 
considered statistically significant when the p value 
was less than 0.05 and only differences between each 
treatment and the control are shown in the figures, 
unless otherwise indicated. 

Results 
T47DPAC cells are more resistant to the growth 
inhibitory effects of paclitaxel than are 
T47DPAR cells 

To validate our model of paclitaxel resistance, 
we performed cell counting assays for T47DPAR and 

T47DPAC cells treated with paclitaxel (Fig. 2A, left 
panel). The growth of T47DPAR cells was strongly 
inhibited by 2 nM paclitaxel, since the number of cells 
in the control and treated groups was significantly 
different, particularly after 72 hours. On the other 
hand, the growth of T47DPAC cells treated with 
paclitaxel was indistinguishable from that of control 
cells. Similar results were obtained via clonogenic 
assays (Fig. 2A, right panel), confirming the 
acquisition of paclitaxel-resistant phenotype by 
T47DPAC cells.  

ERα expression levels are similar in T47DPAC 

and T47DPAR cells 
Some reports have demonstrated that in a 

significant percentage of HR-positive tumors, 
exposure to taxane-based neoadjuvant chemotherapy 
causes a loss of ERα expression14. Therefore, we used 
western blotting assays to determine whether 
long-term exposure to paclitaxel caused changes in 
the expression levels of ERα in T47DPAC cells (Fig. 2B). 
Constitutive levels of this protein were similar in 
T47DPAR and T47DPAC cells, indicating that paclitaxel 
did not affect ERα expression in T47DPAC cells. 

JNK signaling activation is higher in T47DPAC 
cells than in T47DPAR cells 

Given that both JNK signaling and ERK 
signaling play important roles in cell cycle 
progression, we evaluated the degree of activation of 
these pathways by assessing the phosphorylation 
status of JNK1/2 and ERK1/2 proteins in T47DPAR 
and T47DPAC cells before and after treatment with 
palbociclib and/or paclitaxel (Fig. 2C, Fig. 2D). The 
T47DPAC cells showed higher constitutive activation of 
the JNK pathway than the T47DPAR cells did, whereas 
activation of the ERK pathway did not seem to differ 
between the two cell lines (control cells; C). Treatment 
with palbociclib, paclitaxel, or both seemed to exert no 
effect on the activation of these pathways: both 
T47DPAR and T47DPAC cells showed similar levels of 
phosphorylated JNK1/2 and ERK1/2 between treated 
and control groups.  

Palbociclib inhibits cell growth and G1/S 
transition in T47DPAR cells and T47DPAC cells 

Next, we performed cell counting experiments 
and flow cytometry to evaluate the antiproliferative 
effects of palbociclib on T47DPAR and T47DPAC cells 
(Figure 3). Interestingly, palbociclib alone remarkably 
inhibited cell growth (Fig. 3A) and induced G1 arrest 
(Fig. 3B) in both T47DPAR and T47DPAC cells, thus 
indicating that both cell lines were sensitive to this 
drug. This response might be explained by the fact 
that the two cell lines had high constitutive levels of 
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phosphorylated pRb protein (Fig. 3C, control cells; C), 
suggesting that constitutive activation of this pathway 
occurs in T47DPAR cells and persists after acquisition 
of resistance to paclitaxel in T47DPAC. 
Palbociclib-induced G1 arrest was associated with a 
decrease in phosphorylation and subsequent 

activation of the pRb protein, which resulted in 
downregulation of four proteins involved in cell cycle 
progression through S, G2 and M phases: cyclin A, 
cyclin B1, p-NPM and p55CDC. Additionally, 
palbociclib treatment resulted in increased expression 
of cyclin D1 (Fig. 3C). 

 

 
Figure 2. Effects of paclitaxel on parental (T47DPAR) and paclitaxel-resistant T47D cells (T47DPAC). A (left panel): Growth curves of cells treated for 6 days with DMSO (control; 
C) or 2 nM paclitaxel (PAC). For each cell line, the results were compared between control and treatment using two-way ANOVA. *p < 0.5; **p < 0.01; ****p < 0.0001. A (right 
panel): Clonogenic assays after treatment with 2 nM paclitaxel for 96 hours followed by 12 days of recovery in drug-free medium. B: Western blotting to evaluate the effects of 
long-term exposure to paclitaxel on the expression levels of ERα. Cells were treated with DMSO (control; C) or were treated with 2 nM paclitaxel for 24 hours. C, D: Western 
blotting of activation status of JNK and ERK pathways in T47DPAR and T47DPAC cells. After overnight serum starvation, cells were treated with DMSO (C) or 500 nM palbociclib 
(PD), 4 nM paclitaxel, or concurrent combination therapy for 6 hours and then stimulated with 10% FBS for 10 minutes (+) or not (-).  
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Figure 3. Effects of palbociclib, paclitaxel, and concurrent combination therapy on cell growth and cell cycle progression of parental (T47DPAR) and paclitaxel-resistant T47D 
cells (T47DPAC). A: Cells were treated with DMSO (control), 500 nM palbociclib (PD), 2 nM paclitaxel (PAC), or concurrent combination therapy. Cell counting was performed 
after 6 days of treatment and presented as percentages of control. ****p < 0.0001. B: Cells were treated with DMSO (control), 500 nM palbociclib, 4 nM paclitaxel, or concurrent 
combination therapy. The effects of each treatment on cell cycle distribution and cell death (sub-G1) were evaluated by fluorescence-activated cell sorting (FACS) after 24 hours. 
C: Western blotting analyses to evaluate the status of activation of cell cycle-regulatory proteins.  
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Palbociclib does not re-sensitize T47DPAC cells 
to paclitaxel and antagonizes the effects of 
paclitaxel on T47DPAR 

Cell counting experiments showed that the 
growth inhibitory effects of concurrent combination 
therapy with palbociclib and paclitaxel were similar 
to those of single-agent palbociclib (Fig. 3A) in both 
T47DPAR and T47DPAC cells. These results may be 
explained by the fact that paclitaxel treatment usually 
leads to mitotic arrest in sensitive cells. Accordingly, 
our data showed that paclitaxel caused significant 
G2/M arrest in the parental cells, whereas the 
resistant cells were able to bypass the mitotic blockade 
and re-enter the cell cycle (Fig. 3B). 
Palbociclib-induced G1/S arrest prevented cell cycle 
progression through S and G2/M phases in both 
T47DPAC and T47DPAR cells treated with concurrent 
combination therapy. Consequently, palbociclib did 
not improve the sensitivity of T47DPAC cells to 
paclitaxel-induced G2/M arrest and actually 
attenuated the occurrence of cell death caused by 
paclitaxel in T47DPAR cells (Fig. 3B). Likewise, 
concurrent combination therapy and single-agent 
palbociclib caused similar decreases in pRb 
phosphorylation and in the expression of cell 
cycle-promoting proteins cyclin A, p-NPM, cyclin B1, 
and p55CDC (Fig. 3C).  

Since concurrent combination therapy did not 
improve the sensitivity of T47DPAR and T47DPAC cells 
to paclitaxel, we sought to determine whether brief 
exposure to palbociclib prior to paclitaxel treatment 
would increase the sensitivity to paclitaxel (Figure 4). 
However, in both T47DPAR cells and T47DPAC cells, the 
inhibitory effects of the sequential therapy on 
proliferation and cell cycle progression were similar 
to the effects of single-agent palbociclib as 
demonstrated by cell growth assays (Fig. 4A), flow 
cytometry (Fig. 4B) and western blotting for cell 
cycle-promoting proteins (Figure 5).  

These results suggested that palbociclib-induced 
G1 arrest blocks cell cycle progression toward the 
mitotic phase, which impairs paclitaxel activity. 
Therefore, we next sought to determine whether 
palbociclib washout improves the efficacy of 
paclitaxel in the sequential therapy. Addition of 
drug-free medium after palbociclib treatment allowed 
both T47DPAR cells and T47DPAC cells to re-enter the 
cell cycle, as indicated by the fact that the number of 
surviving cells (Fig. 4A) and the percentage of cells in 
S phase (Fig. 4B) were higher after palbociclib 
washout than after continuous exposure to 
single-agent palbociclib. However, T47DPAR cells 
seemed to be more sensitive to palbociclib-induced 
G1/S arrest, as they showed a delay in cell cycle 

progression after addition of drug-free medium: the 
expression levels of cyclin A, PCNA, cyclin B1, and 
p-NPM were lower in the T47DPAR cells exposed to 
drug-free medium than in the control cells (Figure 5). 
Consequently, pre-exposure to palbociclib actually 
seemed to attenuate the inhibitory effects of paclitaxel 
on growth (Fig. 4A) and cell cycle (Fig. 4B) in T47DPAR 
cells: treatment with paclitaxel after palbociclib 
washout decreased the percentage of T47DPAR cells in 
the sub-G1 and G2/M phases, which correlated with 
reduced levels of G2 and M proteins (cyclin B, 
p55CDC and p-NPM) compared to single-agent 
paclitaxel (Fig. 5). 

On the other hand, T47DPAC cells showed full 
recovery from palbociclib-induced cell cycle arrest 
after palbociclib washout, since the expression levels 
of G2/M-regulatory proteins were similar between 
T47DPAC cells exposed to drug-free medium and 
control cells. Nevertheless, palbociclib pretreatment 
did not improve the growth inhibitory effects of 
paclitaxel (Fig. 4A) and did not re-sensitize T47DPAC 

cells to paclitaxel-induced cell cycle arrest and death, 
since no significant differences were observed either 
in the proportion of T47DPAC cells in sub-G1 and 
G2/M phases (Fig. 4B) or in the expression levels of 
G2/M-regulatory proteins between single and 
sequential therapy with paclitaxel (Fig. 5).  

Taken together, these data suggested that the 
effects of palbociclib on G1 arrest prevailed over those 
of paclitaxel in the combination therapy, irrespective 
of scheduling, which explains why the combination 
therapy did not re-sensitize T47DPAC cells to paclitaxel 
and actually antagonized paclitaxel-induced G2/M 
arrest and cell death in T47DPAR cells.  

Discussion 
In this study, we sought to investigate whether 

CDK4/6 inhibition by palbociclib re-sensitizes 
HR-positive/HER2-negative breast cancer cells to 
paclitaxel. We demonstrated that palbociclib has a 
greater effect on growth and cell cycle progression 
than paclitaxel: palbociclib delayed cell cycle 
progression and antagonized the effects of paclitaxel 
in both parental and paclitaxel-resistant cells treated 
with concurrent combination and sequential therapy 
in the presence of palbociclib. Paclitaxel is a 
microtubule-stabilizing agent and, therefore, relies on 
active cell cycle progression to induce mitotic arrest 
and cell death. Accordingly, previous studies have 
shown that pRb deficiency increases cell cycle 
progression and sensitivity of breast cancer cells to 
DNA-damaging agents15 and neoadjuvant 
chemotherapy16. Therefore, our next step was to 
evaluate whether the release of cells from palbociclib 
treatment improves the efficacy of paclitaxel in the 
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sequential therapy. Our washout experiments showed 
that pretreatment of T47DPAR with palbociclib had 
antagonistic effects on paclitaxel-induced cell cycle 
arrest and cell death. Moreover, palbociclib 
pretreatment did not re-sensitize T47DPAC cells to 

paclitaxel; refuting the hypothesis that palbociclib in 
combination with paclitaxel re-sensitizes 
HR-positive/HER2-negative residual tumors to 
additional taxane adjuvant therapy.  

 
Figure 4. Effects of palbociclib, paclitaxel, and sequential combination therapy on cell growth and cell cycle progression of parental (T47DPAR) and paclitaxel-resistant T47D cells 
(T47DPAC). A: Cells were treated with DMSO (control; C) for 6 days; 2 nM paclitaxel (PAC) for 6 days; 500 nM palbociclib (PD) for 7 days; 500 nM palbociclib for 1 day followed 
by addition of 2 nM paclitaxel for 6 days; 500 nM palbociclib for 1 day followed by addition of drug-free medium (free) or 2 nM paclitaxel for 6 days after PD washout (W). Cell 
counting was performed and the results for each treatment were presented as percentages of control. ****p < 0.0001; **p < 0.01. B: Cells were treated with DMSO (control; 
C) for up to 24 hours; 4 nM paclitaxel for up to 24 hours; 500 nM palbociclib for up to 48 hours; 500 nM palbociclib for 24 hours followed by 4 nM paclitaxel for 24 hours; 500 
nM palbociclib for 24 hours followed by drug-free medium or 4nM paclitaxel for 24 hours after PD washout. The effects of each treatment on cell cycle distribution and cell death 
(sub-G1) were evaluated by flow cytometry.  
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Figure 5. Effects of palbociclib, paclitaxel, and sequential combination therapy on the 
expression of cell cycle-regulatory proteins in parental (T47DPAR) and 
paclitaxel-resistant T47D cells (T47DPAC). Cells were treated with DMSO (control; 
C) for up to 48 hours; 4 nM paclitaxel (PAC) for 24 hours; 500 nM palbociclib (PD) for 
up to 48 hours; 500 nM palbociclib for 24 hours followed by treatment with 4 nM 
paclitaxel for 24 hours; 500 nM palbociclib for 24 hours followed by addition of 
drug-free medium (free) or by treatment with 4 nM paclitaxel for 24 hours after PD 
washout (W). 

 
 

On the other hand, we showed that both parental 
and paclitaxel-resistant cells were characterized by 
high levels of CDK4/6 activation and, therefore, 
responded similarly to single-agent palbociclib. 
Therefore, the CDK4/6 signaling pathway does not 
seem to represent a molecular mechanism that drives 
paclitaxel resistance. However, the fact that the 
T47DPAC cells remained sensitive to palbociclib was 
critically important for our study, since it indicated 
that pre-exposure to paclitaxel did not interfere with 
the functionality of CDK4/6 signaling, making this a 
targetable pathway for combination therapies 
intended to re-sensitize residual tumors to 
taxane-based therapies in the adjuvant setting. 
Although palbociclib did not reverse paclitaxel 
resistance, breast cancers that did not respond to 
neoadjuvant chemotherapy might still be sensitive to 
the antiproliferative effects of palbociclib in 
combination with adjuvant endocrine therapies. 
Indeed, the PENELOPE-B trial is currently 
investigating whether palbociclib increases the 
efficacy of hormonal therapy in patients who did not 
achieve pathologic complete response after 
neoadjuvant chemotherapy17.  

The T47DPAC cells remained resistant to 
paclitaxel even though pretreatment with palbociclib 
in the sequential therapy led these cells to progress 
synchronously through G2/M transition after 
palbociclib washout. The JNK pathway may play a 
role in the ability of paclitaxel-resistant cells to escape 
from paclitaxel-induced mitotic arrest, since 
paclitaxel-resistant cells showed higher constitutive 
levels of JNK1/2 activation than the parental cells. 
Overexpression of JNK proteins has been described to 
enhance epithelial-mesenchymal transition, invasion, 
cell cycle progression through G2/M phase, and 
resistance to paclitaxel in breast cancer cells18,19. Other 
evidence indicates that the JNK signaling pathway 
may have a role in the progression of HR-positive 
tumors: decreased JNK activity has been shown to 
contribute to apoptotic responses in ER-positive 
breast cancer cells20, and data from The Cancer 
Genome Atlas Network revealed that mutations in 
upstream regulators of JNK proteins occur specifically 
in this molecular subtype21.  

Although further investigation is required to 
confirm whether the JNK signaling pathway is a key 
mechanism that contributes to the failure of 
palbociclib to re-sensitize HR-positive/HER2- 
negative breast cancer to paclitaxel, our study has 
relevant translational implications. First, whereas 
most of the preclinical studies focusing on paclitaxel 
in combination with palbociclib did not focus on 
paclitaxel-resistant cells, our work demonstrates a 
clinically relevant model to test whether targeting 
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CDK4/6 improves the response to paclitaxel in breast 
cancer patients with HR-positive/HER2-negative 
residual disease after neoadjuvant chemotherapy. 
Second, the fact that palbociclib did not re-sensitize 
T47DPAC cells to paclitaxel suggests that more caution 
should be exercised when the use of palbociclib in 
combination with taxanes is considered for cases that 
do not respond to neoadjuvant chemotherapy. 
Current ongoing clinical trials are investigating the 
potential benefits of palbociclib in combination with 
paclitaxel in patients with Rb-expressing metastatic 
breast cancer22. 
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