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Abstract
Background: The heterogenetic nature of colorectal cancer (CRC) constitutes a major challenge for drug
development. Simultaneous targeting multiple molecules by combination therapy provides a promising
strategy, but it requires identi�cation of more potentially useful targeted agents. Palbociclib, a selective
CDK4/6 inhibitor approved for the treatment of HR/ER-positive and HER2-negative breast cancer,
exhibited anti-cancer versatility in several types of cancer. In this study, we evaluated its usefulness in the
treatment of CRC either by single-agent or combined with a small molecule EGFR inhibitor erlotinib.

Methods: The impacts of palbociclib, erlotinib, and their combination on cell proliferation, colony
formation, cell cycle, apoptosis, senescence, and ROS accumulation in CRC cells were assessed. Their
e�cacies were evaluated in CRC patient-derived organoids (PDO) and xenograft (PDX) models.

Results: Single-agent palbociclib e�ciently inhibited proliferation, suppressed the RB phosphorylation,
and caused G1-phase arrest in KRAS/BRAF mutated CRC cell lines. IC50 of all cell lines were below 1 µM.
Moreover, it induced ROS accumulation and consequently caused apoptosis and senescence of CRC
cells. The addition of erlotinib further aggravated palbociclib-induced anti-proliferation, cell cycle arrest,
ROS accumulation, apoptosis, and senescence via blocking multiple critical effectors on RB/PI3K/RAS
pathways and such interaction between two agents are synergistic. Finally, both palbociclib and erlotinib
demonstrated anti-CRC activities, but only their combination caused statistically meaningful inhibition of
tumor growth and prolonged survival with tolerable toxicity in KRAS wildtype/mutated PDX models.

Conclusion: Our work demonstrated that the palbociclib and erlotinib combination treatment is a
promising therapy for CRC and worthy of further clinical evaluation.

Background
Colorectal cancer (CRC) is a leading cause of cancer death in the world. About 1.84 million new cases of
CRC are diagnosed annually, ranking the third and second in the incidence of malignant tumors in men
and women [1]. Detection of CRC at an early stage may lead to a 90% �ve-year survival rate [2], whereas
most of the diagnosed cases were found at an advanced stage. Palliative treatment is the main method
for advanced metastatic CRC with limited overall therapeutic effect and a �ve-year survival rate of just
12% [3]. Therefore, development of novel and effective therapeutics for CRC is in dire need.

CRC is a highly heterogeneous type of cancers by nature. It means the increase of the complexity in
genetic mutations, epigenetic regulation, and tumor microenvironment, and ultimately these constitute a
critical challenge for the development of targeted therapeutics for CRC [4, 5]. Hence an ideal targeted
therapy for CRC should be both potent and versatile. In recent years, a new generation of CDK (cyclin-
dependent kinases) inhibitors with improved selectivity for CDK4 and CDK6 paves a new way for cell
cycle targeted therapeutics and showed promised e�cacy in several types of cancer [6]. CDK 4 and 6
bind with Cyclin D to form Cyclin D-CDK4/6 complexes which promote phosphorylation and inactivation
of the tumor suppressor retinoblastoma protein (Rb), thus releasing E2F transcription factor to increase
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transcription of genes promoting cell cycle progression from G1 into S phase [7]. A highly selective small
molecular inhibitor of CDK4/6, palbociclib (PD0332991) has been approved by the FDA in 2015 for the
�rst-line treatment of postmenopausal women with HR/ER-positive and HER2-negative advanced breast
cancer in combination with letrozole as initial hormone-plus CDK-targeted therapy [8]. Although genetic
aberrations in cyclin/CDK elements in CRC are rare [9], cyclin D1 [10, 11] is frequently overexpressed and
causes cell cycle dysregulation. Interestingly, further studies revealed that palbociclib has CDK4/6
independent mechanisms to induce senescence[12], apoptosis [13], and sensitize radiotherapy [14] and
targeted therapy [15]. Due to the limited studies, whether palbociclib is useful in treating CRC is yet
unknown, so our �rst aim is to evaluate the usefulness of palbociclib in preclinical CRC models.

The epidermal growth factor receptor (EGFR), a well-established oncogenic driver, is overexpressed in 60–
80% of CRC and provides an important target for drug intervention [16]. Nevertheless, the current anti-
EGFR therapy composed of the EGFR antibodies (cetuximab or panizumab) in combination with
�uorouracil (5-FU) plus irinotecan (FOLFIRI) and 5-FU plus oxaliplatin (FOLFOX) only bene�ts the patients
with RAS wild-type metastatic CRC, and even in these patients not all of them respond to therapy because
of alternative resistance mechanisms [17]. Erlotinib (Tarceva, OSI-774) is a potent small-molecule EGFR
tyrosine kinase inhibitor approved in the treatment of advanced pancreatic cancer and non-small cell lung
cancer. It was previously evaluated in CRC treatment and showed tolerated toxicity [18] and marked
reduction in phosphorylated EGFR and EGFR-mediated functions [19]. In esophageal squamous cell
carcinoma, erlotinib combined with palbociclib exhibited a cheerful outcome in vivo [20]. Therefore, our
second aim is to assess whether palbociclib and erlotinib have synergistic interaction and enhance the
anti-tumor activity by each other in CRC models. Our data supported the usefulness of palbociclib in the
treatment of CRC and demonstrated the signi�cant effects of combined treatment of palbociclib and
erlotinib even in both KRAS wild-type and mutated CRC models.

Materials And Methods
Cell lines and drug treatment. Human CRC cell lines (HT29, HCT116, HCT15, DLD1, LOVO) were obtained
from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). All the above cell lines were
authenticated by Biowing Biotech (Shanghai, China). HT29, HCT116, and LOVO were cultured in DMEM
(Gibco, CA, USA) supplemented with 10% fetal bovine serum (FBS, VACCA, Shanghai, China) and
100 µg/mL penicillin/streptomycin (Invitrogen). The rest of the cell lines were grown in RPMI-1640
medium (Gibco) with the same supplements. All cells were cultured in a humidi�ed incubator with 5% of
carbon dioxide (CO2) and 95% air at 37 °C and were routinely checked for mycoplasma by PCR.
Palbociclib and erlotinib were purchased from MedChemExpress Chemicals. Drugs were dissolved in
DMSO at 200 µM and 10 mM stock solution concentration and stored in aliquots at − 80 °C.

Animals. Mice were housed and handled according to institutional guidelines complying with local
legislation. All experiments with animals were approved by the animal experiment committee of the
Nanjing Medical University. NOD/ShiLtJGpt-Prkdcem26Cd52Il2rgem26Cd22/Gpt (NCG, female, 3–4 weeks,



Page 5/20

18–20 g) mice were purchased from Jiangsu GemPharmtech co., ltd (Nanjing, China) and were adapted
to the environment for a week before the experiment.

Anti-proliferation and clonogenic assays. The cells were seeded in 96-well plates at a density of 2000
cells per well one night before 72 h drug treatment. Proliferation rates of CRC cells were determined using
an Alamar Blue assay (Yeasen, Shanghai, China). Drug interaction analysis was performed using the
Chou-Talalay method [21]. The combination index (CI) was calculated by the CompuSyn program
(ComboSyn Inc). For the clonogenic assay, cells were seeded in 12-well plates at a density of 400–1000
cells per well. Drug containing medium was refreshed every 3–4 days. Cells were �xed after 10–14 days
of treatment and stained with a Giemsa staining solution (KeyGEN Biotech, Nanjing, China). The number
and density of colonies were quanti�ed using Image J.

Flow Cytometry Analysis of Cell Cycle, Apoptosis, and ROS level of CRC cells. Cells were seeded at 1 × 105

cells per well in 6-well plates and were incubated overnight. For cell cycle analysis, the cells were
synchronized by starving in serum-free DMEM for 24 h before treatment. Then the cells were treated with
palbociclib, erlotinib, or their combination for 72 h and were collected by trypsinization into ice-cold PBS
followed with brief centrifugation. For cell cycle analysis, the above-collected cell pellets were �xed in
75% ethanol for 2 h and resuspended in 1% (w/v) bovine serum albumin in PBS. Next, the cells were
stained with propidium iodide (PI) at a �nal concentration of 0.1 mg/ml together with 0.1 mg/mL RNaseA
(20 g/mL) at 37 °C for 15 min in the dark. For apoptosis analysis, 1 × 105 drug-treated cells were stained
with Annexin V-APC and propidium iodide (PI) using an Apoptosis Detection Kit (Yeasen Biotech,
Shanghai) at room temperature for 15 min. For ROS measurement, the cells were incubated with 10 µM
DCFH-DA (Solarbio Life Science, Beijing, China) at 37 °C for 30 min in the dark and then washed with
PBS. The stained cells from the above treatments were subjected to �ow cytometric analysis using a
FACS Calibur (BD Biosciences) �ow cytometer, and data were analyzed by FlowJo 7.6.

Western blotting. Cells were lysed in RIPA buffer supplemented with protease inhibitors (50 mmol/L Tris-
HCl, pH 8.0, 150 mmol/L sodium chloride, 1.0% NP-40, 0.5% sodium deoxycholate, and 0.1% SDS). The
equal amount of proteins (15–20 µg) were loaded on SDS-PAGE gels and separated by electrophoresis.
After transferring the protein to a PVDF membrane (Merck Millipore, MA, USA), it was blocked with 3%
BSA and incubated with appropriate primary and secondary antibodies. The following primary antibodies
were used in the study: pEGFR (Tyr1068) (#3777T), pAKT (Ser473) (#4060), AKT (#9272), pERK1/2
(Thr202/204) (#4370), pMEK1/2 (#2338), pRB (Ser807/811) (#8516), RB (#9309), GSK3β (#12456),
pGSK3β (Ser9) (#9323) and FoxM1 (#5436) (Cell Signaling Technology); p4EBP1 (Ser65) (#SC293124,
Santa Cruz Biotechnology, CA, USA), GAPDH (#AC002) (ABclonal, Hubei, China). At last, the blots were
detected after exposure to the enhanced chemiluminescence kit using a ChemiDoc MP imaging system.

Patient-derived CRC organoids and xenografts. CRC specimens were acquired from patients in routine
operation after obtaining fully informed consent according to Jiangsu Cancer Hospital. The CRC
organoids were established according to the protocol developed by Hans Clevers lab [22]. In brief, fresh
surgically resected CRC tissues were minced into 1 mm3 fragment and digested with 1 mg/mL
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collagenase A (Sigma, #C0130, USA) at 37 °C for 30 min. After brief centrifugation, the pellet was
resuspended in PBS and was mechanically dissociated by repetitive pipetting. The isolated
cells/fragments were passed through a 70 µm cell strainer, centrifuged, and resuspended in matrigel
(Corning, #354230, USA) at 1 × 106 cells per mL. The mixture was dispensed as 25 µl per drop and seeded
into each well in 24-well plates and was solidi�ed in a 37 °C incubator for 10 min. 500 µl of culture
medium composed of DMEM/F-12 (Hyclone) supplemented with 1 × penicillin/streptomycin, 10 mM
HEPES (Invitrogen), 2 mM GlutaMAX (Invitrogen), 1 × B27 (Invitrogen), 1 × N2 (Gibco), 1 mM N-
Acetylcysteine (Sigma) together with niche factors: 50 ng/mL for EGF (Thermo Fisher Scienti�c/Gibco
#PHG0313), 500 nM for TGF-β receptor type I inhibitor A83-01 (MCE, #HY-10432) and 10 µM for p38
MAP kinase inhibitor SB202190 (MCE, # HY-10295) was added into each well. 10 mM Y-27632
dihydrochloride kinase inhibitor (MCE, # HY-10071) was also added for the �rst 2 days. After the
successful formation of CRC organoids, palbociclib, erlotinib, or their combination was added into the
culture medium to evaluate their effects.

For the PDX model, 4–5 weeks female immunode�cient NCG mice [23] were used as the recipient of
patient-derived CRC tissue. Fresh surgically resected CRC tissues from two CRC patients (P328 and P44)
were minced into approximately 3 mm3 fragments and subcutaneously engrafted into the right region of
each mouse. When tumors reached a volume of 80–120 mm3, the mice were separated randomly into 4
groups. The P328 PDX cohort including 20 tumor-bearing mice (�ve in each group) received erlotinib
(resuspended in 6% Captisol; 50 mg/kg), palbociclib [resuspended in sodium(S)-lactate buffer
(50 mmol/L, pH 4.0); 25 mg/kg], or their combination and the P44 PDX cohort including 37 tumor-bearing
mice (8–10 in each group) received erlotinib (25 mg/kg), palbociclib (25 mg/kg), or their combination,
respectively, by oral gavage 5 days a week for more than 4 weeks. The mice were weighed every 2 days
and monitored for tumor volume (Length × Width2 × 0.5) until the tumor reached the maximum authorized
ethical volume of 2500 mm3 or if their health severely deteriorated (censored event).

β-Gal staining. The intracellular β-galactosidase level was determined using a Cell Senescence Testing Kit
(GenMed Scienti�cs Inc. MN, USA). The staining procedure was followed by the manufacture’s
instructions. Brie�y, CRC cells pre-seeded in 12-well plates were treated with palbociclib, erlotinib, or their
combination for 72 h and incubated with the Fixative Solution, washed, and incubated with Staining
Solution for 16 h at 37 °C. Then the cells were washed with PBS three times and observed with a Zeiss
microscope. β-galactosidase positive cells were counted and the numbers from eight representative �elds
of three independent experiments were calculated.

Statistical analysis. The in vitro data in �gures are represented as the mean ± SD and the data of PDX
tumor growth are presented as mean ± SEM (standard error of the mean). Statistical signi�cance was
calculated by Student's t-test or ANOVA using GraphPad Prism. In vitro experiments were performed in
triplicate and replicated in more than two independent experiments. The statistical signi�cance of
differences is indicated in �gures by asterisks as follows: *, p < 0.05; **, p < 0.01; and ***, p < 0.001.
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Results
Palbociclib exhibited antitumor activity and targeted inhibition in CRC cells.

We started with anti-proliferation and clonogenic assays to evaluate the effectiveness of palbociclib in
multiple CRC cell lines. Despite the differences across �ve KRAS/BRAF mutated CRC cell lines, palbociclib
exhibited dose-dependent anti-proliferative and colony formation inhibitory effects. The half inhibitory
doses of all CRC cell lines were below 1 µM, suggesting its excellent potency and potential usefulness for
CRC cells including those carrying KRAS/BRAF mutation (Fig. 1a and b). Figure 1c listed the mutations of
the RAS and RAS related pathway of the above CRC cell lines. As a CDK4/6 inhibitor, treatment of
palbociclib successfully reduced the levels of phosphorylated RB and FoxM1, another downstream target
phosphorylated and stabilized by CDK4/6, [24], and also caused a dose-dependent reduction of RB
protein (Fig. 1d).

Palbociclib induced dose-dependent cell cycle arrest, apoptosis, senescence-like phenotype, and ROS
accumulation in CRC cells.

To investigate the mechanism of growth inhibitory effect of palbociclib in both short-term (anti-
proliferation assay) and long-term (clonogenic assay) treatment, we analyzed the impact of palbociclib
on CRC cell cycle, apoptosis, and senescence. Consistent with a CDK4/6-targeted mechanism, palbociclib
successfully caused signi�cant G1-pahse arrest even at a low concentration of 0.1 µM and aggravated
the cell cycle blockage with dose increasing in HT29 and HCT116 cells (Fig. 2a and b). Moreover, in line
with Thoms and coworkers' �ndings, a low dose of palbociclib also induced signi�cant apoptosis in the
CRC cell lines, suggesting alternative CDK4/6 downstream pathways than the classic cyclin D-CDK4/6-Rb
pathway are involved (Fig. 2c and d) [13]. We wondered whether palbociclib also causes irreversible
senescence in CRC cells as previous work indicated [24]. Indeed, palbociclib treated CRC cells
demonstrated typical senescence phenotypes, including enlarged cytoplasm, abnormal nucleus, and
dose-depending increase of β-Galactosidase staining (Fig. 2e and f). Lastly, we found that the ROS level
was raised markedly after a short (1 day) or long (7 days) treatment duration of palbociclib, suggesting
that ROS accumulation could be responsible for palbociclib-induced apoptosis and senescence (Fig. 2g
and h).

The combination of palbociclib and erlotinib (PE-combination) synergistically inhibited the growth of CRC
cells and organoids.

Erlotinib, an FDA-approved EGFR inhibitor for treatment of lung and pancreatic cancer, showed tolerable
toxicity and blockage of EGFR and EGFR mediated functions in previous CRC trials. As shown in Fig. 3a
and b, the addition of erlotinib signi�cantly enhanced the anti-proliferation activity of palbociclib in
different CRC cell lines. Isobologram and CI value analysis revealed that the interaction between the PE-
combination was synergistic (CI value < 1 indicated a synergistic interaction, Fig. 3c). Moreover, HSA
synergy matrices generated by Combene�t [25] showing that most of the synergy scores of PE-
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combinations were above 0, indicating a general synergistic interaction between the PE-combination in
CRC cells (Fig. 3d).

Next, we used the clonogenic assay to evaluate the long-term effect of PE-combination. In result, PE-
combination signi�cantly reduced colony formation of CRC cells compared with single-drug treatment
even at relatively low concentrations (Fig. 3e and f). Patient-derived organoids (PDO) have been approved
to be a more reliable model to predict the drug response than established cell lines as it recapitulates the
genomic and microenvironmental characteristics of CRC [26]. We took advantage of the tumor tissue
derived from a CRC patient with poorly differentiated adenocarcinoma and cultured it in the organoid
medium. The formation of normal organoids was severely impaired after treatment of 1 µM palbociclib or
10 µM erlotinib and was further aggravated upon the treatment of both drugs (Fig. 3g).

The addition of erlotinib to palbociclib treatment aggravated cell cycle arrest, apoptosis, and suppression
of multiple oncogenic pathways.

To explore the synergistic mechanism between palbociclib and erlotinib, we investigated the impacts of
PE-combination on cell cycle, apoptosis, and relevant signaling pathways. Again, single-agent palbociclib
caused strong cell cycle arrest at the G1 phase. Although erlotinib alone had a marginal effect on cell
cycle, the addition of erlotinib to palbociclib further aggravated the G1-phase arrest (Fig. 4a and b).
Moreover, the addition of erlotinib also signi�cantly enhanced palbociclib-induced apoptosis in CRC cells
(Fig. 4c and d). Importantly, the immunoblotting analysis revealed that PE-combination potently inhibited
several critical pathways even at relatively low concentration (palbociclib: 20 nM; erlotinib: 2 µM): Firstly,
the levels of total RB, p-RB, and FoxM1 were signi�cantly suppressed by PE-combination relative to
single-agent treated cells; Secondly, EGFR and its downstream components in PI3K and RAS pathways
including p-ERK, p-AKT, p-GSK3β and p-4EBP1 were all effectively suppressed by PE-combination. Despite
the variation across three cell lines, PE-combination successfully attenuated signaling in RB, PI3K and
RAS pathways which are determinants of cell proliferation and growth (Fig. 4e).

Erlotinib enhanced palbociclib-induced senescence and ROS accumulation.

Next, we investigated whether the addition of erlotinib to palbociclib causes a synergetic induction of a
senescence-associated β-galactosidase phenotype in CRC cells. As shown in Fig. 5a-d, quantitative
analysis of β-galactosidase positive cells revealed that erlotinib alone had a very limited effect to induce
a senescence phenotype, whereas PE-combination signi�cantly elevated the proportion of β-
galactosidase positive cells relative to those treated by palbociclib alone in HT29 (Fig. 5a and b) and
HCT116 cells (Fig. 5c and d). We also measured the ROS levels in CRC cells treated by palbociclib,
erlotinib, or PE-combination. Both direct visualization (Fig. 5e) and FACS quanti�cation of DCFH-DA (a
�orescent oxidant-sensing probe) stained cells (Fig. 5f and g) showed that PE-combination signi�cantly
enhanced ROS accumulation compared with single drug in the treatment of CRC cells. Such a high level
of ROS at least partially explains the additional elevation of apoptosis and senescence caused by
treatment of PE-combination.
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PE-combination exhibited signi�cant in vivo e�cacy in PDX models

To evaluate the e�cacy of palbociclib and PE-combination in vivo, we took advantage of the two PDX
models established in our lab. P328 PDX was derived from a 54-year-old female CRC patient diagnosed
with stage IV poorly differentiated mucinous colorectal adenocarcinoma and it has a wild-type KRAS
gene. P44 PDX was derived from a 28-year-old female CRC patient diagnosed with poorly differentiated
tubular/papillary adenocarcinoma with vessel, posterior wall of rectum, and liver metastases and its
KRAS gene contains a G13D mutation (Fig. 6a). For P328 PDX, treatment of palbociclib (25 mg/kg)
combined with erlotinib (50 mg/kg) led to a 2.9-fold reduction of tumor volume at day 26 when the
endpoint of the experiment was reached (Fig. 6b and d). Single-agent treatment of palbociclib and
erlotinib caused a 1.6-fold and a 1.4-fold reduction of tumor volume, respectively, but the differences
compared with the control group were not statistically signi�cant. Meanwhile, mice that received the PE-
combination experienced 9–26% body weight losses (Fig. 6c).

Next, we reduced the dose of erlotinib to 25 mg/kg and tested the drug effect in the KRAS-mutated P44
PDX model. Again, mice that received PE-combination showed signi�cant tumor growth suppression (2.7-
fold reduction, p = 0.011, Fig. 6e and h) and prolonged survival (p < 0.0001, Fig. 6g) compared with those
in the control group. Although single-agent treatment by palbociclib or erlotinib again did not show
statistically different results in tumor growth control, palbociclib but not erlotinib signi�cantly improved
the overall survival (p = 0.0358) relative to the control group. At this dosage regimen, most treated mice
including those received PE-treatment recovered from an initial period of body weight loss and showed no
prolonged toxicity ever since (Fig. 6f). Finally, H&E and Ki-67 staining showed that the tumor tissue
isolated from PE-combination treated mice contained more necrotic region and less Ki-67 positive
proliferative cells compared with those from the control group (Fig. 6i).

Discussion
In the present study, we �rst evaluated the potential usefulness of palbociclib in the treatment of CRC to
know the single-agent effect of palbociclib and the mechanism to suppress the growth of CRC cells. In
result, palbociclib did e�ciently inhibited the proliferation and growth of CRC cells, but it was not only
because of cell cycle arrest, also due to its activity to induce senescence and apoptosis. This could be
advantageous for potential CRC therapy because both senescence and apoptosis are irreversible
processes of cell fate. For stage II and III CRC patients, the �ve-year recurrence rate is high (9–22% for
stage II and 17–44% for stage III, respectively) [27], so a desired targeted therapy should not only be able
to control the tumor progression but also reduce the recurrence rate of CRC.

Combination therapy is commonly used in treating cancers to improve the therapeutic effect of single-
agent therapy, reverse the drug resistance, and help to reduce the unnecessary high dose of individual
drugs to avoid the potential toxicity caused by the off-target effect [28]. Despite the promising activities
of palbociclib, previous clinical trials showed that de novo and acquired resistance developed during
palbociclib treatment [29]. Regarding the highly heterogeneous nature of CRC, it is less likely that the
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single-agent palbociclib can completely control the disease progression even though it exhibited a
promising anti-tumor effect in our preclinical models. Recently, two groups tested the effects of
palbociclib combined with MEK inhibitor Trametinib or PD0325901 to treat KRAS mutant CRC. Despite
that the combined therapy of palbociclib and Trametinib/PD0325901 demonstrated remarkable anti-
tumor effects, both groups mentioned that severe toxicity developed during the combination treatment
[30, 31]. In comparison, EGFR inhibitor erlotinib is extensively used for the clinical treatment of EGFR
mutated tumors and showed relatively tolerable and controllable side effects. Moreover, EGFR is a critical
driver gene affecting multiple downstream oncogenic pathways, so targeting EGFR instead of MEK not
only blocks the RAS signaling, but also effectively suppresses PI3K-AKT, SRC, PLC-γ1-PKC, JNK, and JAK-
STAT pathways [32]. In fact, EGFR antibodies in combination with �uorouracil (5-FU) plus irinotecan
(FOLFIRI) and 5-FU plus oxaliplatin (FOLFOX) have shown signi�cantly improved survival in KRAS wild-
type CRC. Importantly, when the NF1 is competent, KRAS G13D-Mutated CRC cells are still bene�ted from
the treatment or erlotinib or other EGFR inhibitors [33], so EGFR instead of MEK should be an appropriate
target for this subset of CRC.

Another strength of this study is that we used clinically relevant PDO and PDX models for the drug
e�cacy study. The traditional cell-derived xenografts models were frequently used in drug e�cacy
studies, but they rarely predicted clinical response adequately [34]. PDX model well recapitulates cellular
heterogeneity and molecular characteristics of primary CRC cancer and provides a better tool to predict
the drug response than cell-derived xenografts [35, 36]. Consistent with previous clinical studies [18],
single-agent erlotinib exhibited modest anti-CRC activity but such an effect failed to cause a statistical
difference in tumor volume or survival. In addition, treatment of single-agent palbociclib led to improved
survival relative to control group, but the improvement was limited (Median survival 27 vs. 19 days).
Nevertheless, the results from PE-combination treatment convincingly revealed the potent anti-tumor
effect in P328 (KRAS wt) and P44 (KRAS G13D) and marked prolongation of survival in P44 (KRAS
G13D) PDX models (Median survival 35 vs. 19 days).

Conclusions
Collectively, these data provide vigorous evidence that palbociclib is a potential targeted agent to treat
CRC and its anti-tumor activity can be further enhanced by combining with erlotinib. By simultaneously
blocking EGFR and CDK4/6-RB signaling, the two targeted agents demonstrated synergistic anti-tumor
effects in KRAS mutated CRC models. Given the fact that both palbociclib and erlotinib are FDA-approved
drugs, further evaluation of the PE-combination in the clinical setting should be feasible and interesting.
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Figures

Figure 1

Evaluation of the anti-tumor effect and target inhibition of single-agent palbociclib in �ve CRC cell lines.
(a) Palbociclib-induced inhibition of CRC cell proliferation. (b) Representative images of the colony-
forming capacity of CRC cells upon treatment of palbociclib. (c) List of signi�cantly mutated genes in
RAS and related pathways of �ve CRC cell lines. (d) Immunoblotting analysis of the alterations of RB
signaling pathway upon treatment of palbociclib.
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Figure 2

Palbociclib induced cell cycle arrest, apoptosis, senescence, and ROS accumulation in CRC cells. (a) Cell
cycle analysis upon treatment of different concentrations of palbociclib. (b) The quanti�cation of cell
fractions in Sub-G1, S, and G2/M phases in (a). (c) Induction of apoptosis in cells treated with
palbociclib. (d) Quantitation of (early and late) apoptotic cells induced by palbociclib in (c). (e) β-
galactosidase staining in CRC cells treated with palbociclib. Scale bar, 0.5 mm. (f) Quantitation of the
percentage of β-galactosidase-positive cells (by image J). (g) Flow cytometry analysis of CRC cells
labeled with the ROS-sensitive dye DCFH-DA upon treatment of palbociclib. (h) Quantitation of the
intracellular ROS levels in (g).
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Figure 3

Determining the combined effects of palbociclib and erlotinib in proliferation, colony formation, and PDO
formation. (a) Surface plots generated by dose-matrices of the proliferation rates up treatment of
palbociclib and erlotinib at different concentrations. (b) The proliferation rate of three CRC cell lines
treated with �xed concentration-combinations of palbociclib and erlotinib. (c) Analysis of the palbociclib
and erlotinib interaction. the resulting fraction affected CI. CI plots showing the sturdy synergistic effect
of palbociclib and erlotinib. CI < 1 indicates a synergistic effect. (d) HSA synergy matrices showing the
interaction between palbociclib and erlotinib. HSA synergy score indicates the synergistic effects as
calculated from expected and observed growth inhibition (> 0 indicate synergistic effects). (e) Colony
formation of CRC cells treated with palbociclib and/or erlotinib. (f) Quanti�cation of Giemsa staining
positive cells in (e) by image J. (g) Representative images of PDOs (derived from P44) treated with
palbociclib (1 μM) alone or in combination with erlotinib (10 μM). Scale bar, 0.5 mm.
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Figure 4

Erlotinib enhanced palbociclib-induced senescence, ROS accumulation, and inhibition of multiple
oncogenic pathways. (a) Cell cycle and (c) apoptosis analysis upon treatment of palbociclib and erlotinib
at different concentrations. (b) Quantitation of cells in different cell cycle phases in (a). (d) Quantitation
of (early and late) apoptotic cells in (c). Immunoblotting analysis of the alterations of RB, RAS, and PI3K
signaling pathways upon treatment of palbociclib and/or erlotinib.
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Figure 5

Induction of senescence and ROS in CRC cells treated with palbociclib and/or erlotinib. β-galactosidase
staining in HT29 (a) and HCT116 (c) cells treated with palbociclib and/or erlotinib and their quantitation
(b and d). Representative images captured by �uorescence microscope (e) or �ow cytometry analysis (f)
and its quantitation (g) of CRC cells labeled with the ROS-sensitive dye DCFH-DA upon treatment of
palbociclib and/or erlotinib. Scale bar, 0.5 mm.
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Figure 6

Evaluation of the e�cacy of PE-combination in CRC PDX models. (a) DNA sequences of the c.38 loci in
KRAS genes of P328 and P44 CRC specimen. (b-d) The curves of PDX tumor volumes (b), body weights
(c) and four representative tumor samples isolated from each treatment group (d) of NCG mice carried
P328 PDX upon treatment of palbociclib and/or erlotinib. (e–g) The curves of PDX tumor volumes (e),
body weights (f), Kaplan-Meier survival curves (g), eight representative P44 PDX bearing mice in each
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treatment group (h), and tumor tissue stained with H&E or Ki-67 (i) of NCG mice upon treatment of
palbociclib and/or erlotinib. Scale bar, 2 mm.


