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Simple Summary: Real-time ex vivo drug testing tailors individual therapeutics based on predicted
drug responses. Most technologies to date rely on conventional drug screening that provides low
confidence data. Here, we present high-content analysis-based drug testing of glioblastoma patients
to identify the right glioblastoma patients for a given drug. This generates multi-parameter biomarker
and phenotype readouts providing a better reliability of the assay. Additionally, we showed a high-
content drug repurposing screen and defined a new c-Met-inhibiting function of the CDK4/6 inhibitor
Abemaciclib. Large-scale high throughput screening results demonstrate that Abemaciclib sensitivity
in glioblastoma patients is highly correlated with the c-Met inhibitors sensitivity, further supporting
the accuracy of the platform and important new clinical implications regarding multiple functions of
Abemaciclib.

Abstract: (1) Background: Recent advances in precision oncology research rely on indicating specific
genetic alterations associated with treatment sensitivity. Developing ex vivo systems to identify
cancer patients who will respond to a specific drug remains important. (2) Methods: cells from
12 patients with glioblastoma were isolated, cultured, and subjected to high-content screening. Multi-
parameter analyses assessed the c-Met level, cell viability, apoptosis, cell motility, and migration.
A drug repurposing screen and large-scale drug sensitivity screening data across 59 cancer cell
lines and patient-derived cells were obtained from 125 glioblastoma samples. (3) Results: High-
content analysis of patient-derived cells provided robust and accurate drug responses to c-Met-
targeted agents. Only the cells of one glioblastoma patient (PDC6) showed elevated c-Met level
and high susceptibility to the c-Met inhibitors. Multi-parameter image analysis also reflected a
decreased c-Met expression and reduced cell growth and motility by a c-Met-targeting antibody.
In addition, a drug repurposing screen identified Abemaciclib as a distinct CDK4/6 inhibitor with
a potent c-Met-inhibitory function. Consistent with this, we present large-scale drug sensitivity
screening data showing that the Abemaciclib response correlates with the response to c-Met inhibitors.
(4) Conclusions: Our study provides a new insight into high-content screening platforms supporting
drug sensitivity prediction and novel therapeutics screening.

Keywords: high-content analysis; targeted therapeutics; c-Met inhibitor; CDK4/6 inhibitor

1. Introduction

Glioblastoma is the most common primary intracranial tumor, with a median survival
of only 14 months [1]. Currently available treatment options for patients with glioblastoma
are few other than radiation and chemotherapy [2,3]. Due to its high tumor heterogeneity
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and malignancy, glioblastoma relapses over time after chemoradiotherapy and is incur-
able [4]. Despite a huge effort in the development of new therapeutics over the last decade,
few have proven effective so far [5–8]. Therefore, there are high unmet clinical needs for
improving the survival of glioblastoma patients.

c-Met is a receptor tyrosine kinase (RTK) that regulates diverse cellular processes such
as proliferation, survival, cell migration, and invasion [9]. c-Met act as a receptor for the
ligand hepatocyte growth factor (HGF) and transduces the signal to the intracellular pro-
teins to stimulate their biological functions. Once it is activated by phosphorylation, c-Met
regulates the docking protein GAB1 and intracellular mediators such as PI3K, SHP2, GRB2,
and STAT3 [10]. Aberrant HGF/c-Met axis is frequently found in several malignancies
including glioblastoma, gastric, and lung cancer [11,12]. Amplification of the c-Met gene is
observed in 1.6–4% of glioblastomas, and its overexpression appears more frequent [13,14].
Thus, c-Met is a well validated target for cancer therapeutics, and several c-Met-targeting
drugs have been FDA (Food and Drug Administration)-approved or are being evaluated
in clinical stages [15,16].

Ex vivo drug testing of patient-derived tumor cells has emerged as an important
platform to guide clinical decision-making. A recent high throughput screening using
a pan-cancer tumor spheroid reported the first large-scale pharmacogenetic study [17],
and cancer types were expanded to gynecologic and gastric cancers [18,19]. In addition to
traditional high throughput screening, high-content analysis providing cellular phenotypes
and biomarkers enables more diverse aspects of drug response to be acquired [20,21].

In this study, we used a high-content analysis platform to examine c-Met-overexpressed
patient-derived cells and test their response to c-Met-targeted agents. We measured c-Met
immunofluorescence and multi-parameter cellular phenotypes, and identified 1 out of
12 glioblastoma patients who would be likely to respond to c-Met-targeted drugs. Ge-
nomic analysis and immunoblotting confirmed that the patient had c-Met overexpression,
suggesting the reliability of the platform. Additionally, we identified CDK4/6 inhibitor
Abemaciclib as an inhibitor of c-Met phosphorylation by screening the patient-derived cells
with 60 different drugs. Our data provide a new insight into the possibility of high-content
analysis strategies in ex vivo drug testing and precision oncology.

2. Materials and Methods
2.1. Patient-Derived Glioblastoma Tumor Cells

This study was approved by the Institutional Review Board (IRB file #201512092) of
Samsung Medical Center, and informed consent was obtained from all 12 patients. Tumor
specimens were resected from 12 patients who were diagnosed with glioblastoma. Patient-
derived tumor tissues were dissociated using an enzyme and incubated in neurobasal-
A media (Gibco, Grand Island, NY, USA) supplied with N2, B27, L-Glutamin (Gibco),
penicillin streptomycin (Gibco), human recombinant basic fibroblast growth factor (bFGF),
and epidermal growth factor (EGF), as previously reported [21]. Cells or frozen cells within
4 weeks after biopsy were used.

2.2. Cell-Lines

EBC-1 and MKN45 cells were purchased from the American Type Culture Collection
(ATCC). Cells were grown in RPMI (Roswell Park Memorial Institute) with 10% fetal bovine
serum and 1% antibiotics.

2.3. Reagents and Antibodies

c-Met inhibitors (Cabozantinib-#S1119, Crizotinib-S1068, Foretinib-#1111, Capmatinib-
#S2788) and CDK4/6 inhibitors (Abemaciclib-#S7158, Palbociclib-#S1116, Ribociclib-#S7440)
were purchased from Selleckchem (Houston, TX, USA). The c-Met-targeting antibody,
SAIT301 was produced according to the previous literature [22]. Antibodies for anti-c-Met
(#8494S) and anti-phospho-c-Met (#3077S) were purchased from Cell Signaling. Anti-
β actin (#ab8227) was purchased from Thermo Fisher Scientific (Waltham, MA, USA).
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Laminin (#L2020) and DMSO (#D2650) were purchased from Sigma Aldrich (St. Louis,
MO, USA) and normal human IgG control (#1-001-A) was purchased from R&D Systems
(Minneapolis, MN, USA). Hoechest33342 (#H3570) was purchased from Life Technologies
(Carlsbad, CA, USA).

2.4. Image-Based High-Content Screening and Analysis

Laminin was coated onto a CellCarrier 384 well plate (PerkinElmer, Waltham, MA,
USA) as previously reported [23]. A total of 4000 cells were seeded in each well, treated
with drugs after 24 h, fixed with 4% paraformaldehyde, and follow-up with blocking
with 1% BSA(Bovine Serum Albumin) and 0.3% Triton X-100 dissolved in PBS (Phosphate-
buffered saline) as previously reported [21]. Then, cells were incubated overnight at 4 ◦C
with anti-c-Met antibody or anti-phospho-c-Met antibody, followed by incubation with
Alexa Fluor 488 secondary antibody (#A-11008, Invitrogen, Carlsbad, CA, USA). Cells were
stained with Hoechest33342. Cell images and real-time live cell images were acquired
with Operetta CLS (PerkinElmer) and analyzed using Harmony Software (PerkinElmer)
according to the manufacture’s guideline and a previous report [21].

2.5. Immunoblot Assay

Immunoblot assay was conducted as previously described [24]. Briefly, cell pellets
were lysed with cOmplete lysis-M buffer (Roche Applied Science, Penzberg, Germany),
and the supernatant was collected after centrifugation. Protein was quantified using the
Bradford assay kit (Bio-Rad, Hercules, CA, USA) and mixed with laemmli SDS (Sodium
Dodecyl Sulphate) sample buffer (Bio-Rad) followed by heating at 95 ◦C, 5 min. Then,
the same amount of protein samples was loaded in SDS-PAGE (Sodium Dodecyl Sulphate–
Polyacrylamide Gel Electrophoresis) and transferred to a PVDF (Polyvinylidene fluoride)
membrane using the iBlot 2 system (Life Technologies). The membrane was blocked with
1% BSA for 1 h, incubated with primary antibodies overnight at 4 ◦C and incubated with
secondary antibodies for 1 h. SuperSignal West Pico Plus (Thermo Fisher Scientific) was
used to detect the protein band.

2.6. Cell Viability, Apoptosis Assay, and Statistics

Cells were seeded in a laminin-coated 384-well plate (2000 cells in 40 uL culture
media/well); after 24 h, drugs were treated for 7 days. Cell viability was measured using
either image-based live cell analysis or adenosine triphosphate (ATP)-based cell viability
assay as previously described [17]. For the cell-counting analysis, the nuclei of live cells
were segmented and counted. Apoptotic cells were measured with Caspase3/7 Green
Detection Reagent (Invitrogen). AUC (Area Under the Curve) and IC50 (half maximal
inhibitory concentration) values were analyzed by using Prism 7 software (Graphpad,
San Diego, CA, USA). AUC values were obtained through the area under the points
using the trapezoid rule, while IC50 values were obtained from the following analysis
model: [log(inhibitor) vs. response—Variable slope] and the equation is Y = Bottom +
(Top-Bottom)/(1 + 10[(LogIC50-X) * HillSlope]).

2.7. RNA Sequencing

Targeted exome sequencing that covers only glioma-related genes was conducted
for GBM (Glioblastoma Multiform) patient-derived cells. The resulting sequence data
were mapped to the human genome (hg19) with the Burrows−Wheeler Aligner (BWA) as
previously described [24].

2.8. Kinase Assay

The in vitro kinase assay was performed using the ADP-Glo + MET Kinase Enzyme
System (Promega, Madison, WI, USA) according to the manufacturer’s instructions. Small
molecules (carbozantinib, crizotinib, abemaciclib, palbociclib, and ribociclib) were mixed
with ATP, substrate, and MET enzyme at room temperature for 60 min. ADP-Glo™ reagent
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was added and incubated at room temperature for 40 min. Then, kinase detection reagent
was added at room temperature for 30 min. The luminescence was measured with an
Envision plate reader (PerkinElmer). Resulting data were normalized to the control and
analyzed regarding the dose-response curve. The equation was Y = 100/(1 + 10[(LogIC50-X)
* HillSlope]).

3. Results
3.1. Molecular and Sensitivity Testing of Glioblastoma Patient-Derived Cells to c-Met-Targeted
Agents

We previously suggested that patient-derived live cells can be subjected to ex vivo
drug testing to identify potentially effective drugs [17,21]. To concurrently obtain the
c-Met protein level and drug sensitivity in a single platform, we developed an assay for
c-Met immunofluorescence in a 384-well plate format (Figure 1A). For 12 glioblastoma
cells evaluated, only one (PDC6) showed significantly high c-Met immunofluorescence
(Figure 1B,C). However, it appears that the other cells had extremely low c-Met levels
comparable to the background intensity. To confirm this, we conducted immunoblotting
to examine the steady-state levels of c-Met and phospho-c-Met (p-c-Met). As shown
in Figure 1D,E, c-Met and p-c-Met were only detected in PDC6. Genomic and RNA
sequencing analysis also showed that PDC6 cells have amplification and Exon14 skipping
mutation of the c-Met gene with a high RPKM (reads per kilobase of transcript per million
mapped reads) (Figure 1F,G). Additionally, analysis of image-based cell viability assay
showed PDC6 cells were selectively sensitive to crizotinib (Figure 1H) and other c-Met-
targeted drugs, cabozantinib, foretinib and capmatinib (Figure S1A). Likewise, these c-
Met-targeted drugs induced substantial apoptosis in PDC6 cells (Figure 1I and Figure S1B).
Z-scores analyzed from the area under curve (AUC) values are summarized in Figure 1J,K,
and these data indicate that only PDC6 cells respond to c-Met-targeted drugs. Taken
together, we identified the c-Met-overexpressing glioblastoma cells and validated their
drug sensitivity using a high-content analysis platform.

3.2. Multi-Parametric Characterization of Glioblastoma Cells to Anti-c-Met Antibody

Next, we explored the feasibility of additional assays that can generate more readouts
by high-content analysis. SAIT301 is a humanized c-Met antibody that causes degradation
of the c-Met protein [22]. In response to SAIT301, the c-Met immunofluorescence drastically
decreased in PDC6 cells, while c-Met level was invisible in PDC9 cells regardless of
the antibody treatment (Figure 2A). SAIT301-caused c-Met protein decrease was also
confirmed by immunoblot (Figure S2). The measured half-maximal c-Met inhibitory
concentration (IC50) of SAIT301 in PDC6 was 18 ng/mL (Figure 2B). Cell viability analysis
with increasing concentrations of SAIT301 are shown in Figure 2C. Half-maximal growth-
inhibitory concentration (IC50) and maximal efficacy (Emax) of SAIT301 in PDC6 were
18 ng/mL and 68.3%, respectively. Of note, ATP-based cell viability assay resulted in IC50
of 8 ng/mL and Emax of 57.9%, validating the consistency and reliability of high-content
analysis data (Figure 2D).
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Figure 1. Identification of c-Met (tyrosine-protein kinase Met)-overexpressed patient-derived glioblastoma tumor cells by 
image-based high-content screening. (A) Schematic representation of glioblastoma patient-derived cell preparation and Figure 1. Identification of c-Met (tyrosine-protein kinase Met)-overexpressed patient-derived glioblas-
toma tumor cells by image-based high-content screening. (A) Schematic representation of glioblas-
toma patient-derived cell preparation and image-based high-content screening. Twelve patient-
derived glioblastoma tumor specimens were resected, dissociated, and grown as neuro-sphere. The
cells grown on laminin-coated plates were subjected to drug screening and immunofluorescence.
(B) Fluorescence images of c-Met (green) and nucleus (blue) in 12 patient-derived glioblastoma cells
are shown. (C) c-Met intensity measurements for 12 PDCs (Patient Derived Cells). PDC6 have a
significantly higher c-Met level among the cells (p < 0.0001). (D) The p-c-Met and c-Met levels in
12 PDCs were examined using immunoblotting assay. Actin was used as a loading control. (E) The
levels of p-c-Met and c-Met relative to Actin were quantified and represented in a bar graph. (F) Map
of the c-Met gene amplification status. (G) Reads per kilobase of transcript per million mapped reads
(RPKM) values of c-Met are shown in a bar graph. (H,I) Dose-response curve (DRC) graph of viable
cell number and apoptosis cells in response to crizotinib (20 µm–4.9 nM) are shown. (J,K) Area under
the curve (AUC) were analyzed from DRCs of cabozantinib, crizotinib, foretinib and capmatinib in
12 cells. AUC-based z-scores in each drug were summarized in heat maps. Color scales with z-score
values are indicated.
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Figure 2. Multi-dimensional high-content analyses demonstrate the effect of SAIT301 on glioblastoma patient-derived 
cells. (A) Representative images of c-Met (green) and DAPI (4′,6-diamidino-2-phenylindole) (blue) in PDC6 and PDC9 
cells treated with control IgG (10 μg/mL), SAIT301 (0.1 μg/mL, 10 μg/mL) for 24 h are shown. (B) DRC (Dose Response 

Figure 2. Multi-dimensional high-content analyses demonstrate the effect of SAIT301 on glioblas-
toma patient-derived cells. (A) Representative images of c-Met (green) and DAPI (4′,6-diamidino-
2-phenylindole) (blue) in PDC6 and PDC9 cells treated with control IgG (10 µg/mL), SAIT301
(0.1 µg/mL, 10 µg/mL) for 24 h are shown. (B) DRC (Dose Response Curve) graph of c-Met im-
munofluorescence intensity measurements in indicated cells treated with SAIT301 (0.0001–10 µg/mL)
for 24 h. (C,D) A DRC of cell viability in response to SAIT301 (0.0001–10 µg/mL) for 7 days was
evaluated by either image-based high-content analysis (cell number counting, C) or ATP-based assay
(D). IC50 and the maximal efficacy (Emax) are indicated in the graph. Data represent mean (n = 3)
and SD = 1 error. AUC values are also shown on the right sides. (E) Representative images of DAPI
(10×) and their magnified images (40×) of PDC6 cells treated with or without SAIT301 (10 µg/mL)
for 24 h are shown. Brightfield images are on the right sides. (F) The speed of cell movement was
calculated by analyzing real-time cell images taken every 30 min for 24 h. PDC3 data are shown for
comparison. (G) PDC3 and PDC6 cells treated with either control hIgG (Human Immunoglobulin G)
(10 µg/mL) or SAIT301 (10 µg/mL) were analyzed at the single-cell level. The first closest distance
(pixel) of single cells is shown as violin plots. Cell numbers used in analysis are indicated with the
mean value and p-value. (H) Mean value of cell-to-cell distance (µm) and (I) number of neighbor
cells (fold change) (****: p < 0.0001, **: p < 0.01, ns: p > 0.05, not significant).
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One of the key features of PDC6 cells upon SAIT301 treatment was cell aggregation
and reduced cell motility (Figure 2E). We measured the speed of cell migration using real-
time cell images taken every 30 min for 24 h. As shown in Figure 2F, SAIT301 significantly
suppressed cell migration in PDC6 (p < 0.0001), while PDC3 cells were largely unaffected
(p = 0.28). We also acquired the single cell level images and analyzed the closest distance
between individual cells. As shown in Figure 2G, SAIT301-treated cells were highly
aggregated (n = 11,780, mean distance: 6.514 µm) compared to human IgG control (n = 9515,
mean distance: 18.39 µm). However, we identified no difference in cell-to-cell distances
in PDC3 between IgG control (n = 4329, mean distance: 26.99 µm) and SAIT301 (n = 4000,
mean distance: 26.42 µm). The mean average of cell aggregation induced by SAIT301
was statistically significant in PDC6 (p < 0.0001) but not in PDC3 (p = 0.5006) (Figure 2H).
Furthermore, the number of neighbor cells were greatly increased by SAIT301 in PDC6
owing to reduced cell motility (Figure 2I). Collectively, we conclude that high-content
analysis of glioblastoma patient-derived cells can efficiently provide multi-parametric drug
responses including diverse molecular and phenotypic readouts.

3.3. Identification of Abemaciclib as an Inhibitor of c-Met

PDC6 cells were validated as c-Met-addicted glioblastoma cells as we characterized
their genetic, molecular, and drug sensitivity information by high-content analysis and
traditional methods. Next, we tested the feasibility of a drug repositioning screen using
PDC6 cells and high-content analysis to explore new therapeutics that potentially inhibit
c-Met. PDC6 cells were grown on laminin, treated with increasing concentrations of
58 different targeted agents, and p-c-Met intensity was analyzed (Figure 3A). Dose-response
results of mean p-c-Met intensity and relative AUC value were analyzed. As expected, all c-
Met-targeted drugs such as crizotinib, cabozantinib, foretinib, capmatinib, and SAIT301
were shown to markedly decrease the p-c-Met level (Figure 3B, Table 1). Intriguingly, one
CDK4/6 inhibitor known as abemaciclib was found to suppress p-c-Met intensity. Since
palbociclib and ribociclib did not affect the p-c-Met level, c-Met regulation is not likely to
be a general mechanism of CDK4/6 inhibition (Figure 3B). All drugs tested were ranked
by z-score and are shown in Figure 3C. Drugs with lower z-score than the threshold of
−1.5 were considered potentially effective. Besides known c-Met-targeted agents, only
abemaciclib met this criteria (z-score: −1.54), while no significant change was observed
in palbociclib (z-score: 0.57) and ribociclib (z-score: 1.63) (Figure S3). Dose-response
results testing SAIT301 (Figure 3D, left, Table 2) and abemaciclib (Figure 3D, right, Table 2)
in PDC6 cells showed concentration-dependent changes in the p-c-Met level. We also
sought to check high-content screen images to validate quantified immunofluorescence
data. As shown in Figure 3E, all validated c-Met-targeted drugs and abemaciclib led to
clear decrease in p-c-Met intensity. These data suggest that abemaciclib had a mechanism
distinct from other CDK4/6 inhibitors regulating c-Met.
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Figure 3. Drug repurposing screen identifies abemaciclib as an inhibitor of c-Met. (A) Overview of the drug repurposing
screen. PDC6 were treated with 58 targeted agents and SAIT301, and image-based p-c-Met fluorescence assay was
performed. (B) AUC was obtained from DRC of p-c-Met assay. Representative graph shows AUC of SAIT301 and four
known c-Met-targeting inhibitors and three CDK4/6 inhibitors (****: p < 0.0001, ***: p < 0.001, **: p < 0.01, *: p ≤ 0.05,
ns: p > 0.05, not significant). (C) Z-score of DMSO and 58 drugs for p-c-Met screen. (D) DRC of normalized p-c-Met intensity
for SAIT301 (left) and abemaciclib (right). (E) Fluorescence images of DAPI (blue) and p-c-Met (green) in PDC6 treated with
SAIT301(10 µg/mL), four known c-Met-targeting inhibitors (20 µm), and three CDK4/6 inhibitors (20 µm).
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Table 1. Statistical value of AUC;measured intensity of c-Met protein, treating c-Met inhibitors and
CDK4/6 inhibitors.

Target Drug Name Diff. (%) p-Value Summary 1

c-Met Ab SAIT301 −37 0.0004 ***

c-Met Inhibitor

Carbozantinib −44.6 <0.0001 ****
Crizotinib −36.3 0.0007 ***

Fretinib −47.7 <0.0001 ****
Capmatinib −49 <0.0001 ****

CDK4/6
Inhibitor

Abemaciclib −31.9 0.0035 **
Palbociclib 10.7 0.7588 ns 2

Ribociclib 34.1 0.0016 ns
1 0.01 ≥ ** > 0.001 ≥ *** > 0.0001 ≥ ****. 2 ns; not significant.

Table 2. Z’ factor of phospho-c-Met intensity between high and low concentration in each inhibitor.

Target Drug Name Z’ factor Summary 1

c-Met Ab SAIT301 0.35 *

c-Met Inhibitor

Carbozantinib 0.97 **
Crizotinib 0.67 **

Fretinib 0.75 **
Capmatinib 0.12 *

CDK4/6 Inhibitor
Abemaciclib 0.59 **
Palbociclib −0.34 ns 2

Ribociclib −2.54 ns
1 1 ≥ ** > 0.5 ≥ * >0 ≥ ns. 2 ns; not significant.

3.4. Unique Role of CDK4/6 Inhibitor Abemaciclib in c-Met Regulation

To support our findings, we performed immunoblot on PDC6 cell extracts treated
with the drugs. Abemaciclib led to a dramatic decrease in the p-c-Met level in PDC6 cells,
while palbociclib and ribociclib had no effect (Figure 4A,B). Total c-Met protein was not
affected by abemaciclib, suggesting the mechanism by which abemaciclib inhibits p-c-Met
is not related to steady-state abundance of total c-Met protein. To further address if these are
cell type-specific effects, we conducted immunoblot on extracts from c-Met-overexpressing
cancer cell lines EBC-1 (lung) and MKN45 (gastric) [25]. Consistent with the glioblastoma
cell results, abemaciclib remarkably inhibited the p-c-Met level in both cancer cell lines
(Figure 4C,D). It is notable that palbociclib had a modest effect in both cell lines, whereas
ribociclib had no effect. All CDK4/6 inhibitors showed a similar extent of phosphor-RB
inhibition (Figure S4). Next, to assess whether abemaciclib acts as a direct kinase inhibitor
of c-Met, we performed a biochemical kinase assay. Although cabozantinib and crizotinib
showed a markedly greater effect, abemaciclib was shown to inhibit kinase activity of
c-Met at high concentrations, suggesting that abemaciclib can directly inhibit the enzyme
function of c-Met (Figure S5). Notably, a recent report also indicated that abemaciclib
inhibits kinases other than CDK4/6 [26]. Further studies will be necessary to confirm
our observations.
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Actin. (C) EBC1 and MKN45 cells were treated with 10 μm of cabozantinib, crizotinib, 
abemaciclib, palbociclib and ribociclib for 12 h. p-c-Met and c-Met levels were examined by 
immunoblotting. Actin was used as a loading control. (D) Steady state levels of p-c-Met and c-Met 
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Figure 4. Distinct role of abemaciclib in regulation of c-Met activity. (A) PDC6 were treated with
10 µm of cabozantinib, crizotinib, abemaciclib, palbociclib, and ribociclib, and 100 nM of SAIT301 for
12 h. p-c-Met and c-Met levels were examined by immunoblotting. Human IgG and Actin were used
as a loading control. (B) Steady state levels of p-c-Met relative to Actin and c-Met relative to Actin.
(C) EBC1 and MKN45 cells were treated with 10 µm of cabozantinib, crizotinib, abemaciclib, palboci-
clib and ribociclib for 12 h. p-c-Met and c-Met levels were examined by immunoblotting. Actin was
used as a loading control. (D) Steady state levels of p-c-Met and c-Met relative to Actin, respectively.

3.5. Large-Scale Drug Screening Data Suggest Sensitivity Correlation of Abemaciclib and
c-Met-Targeted Drugs

To investigate the physiological relevance, we compared the drug sensitivity profile
of abemaciclib, crizotinib, and cabozantinib using cancer cell line screening data and
previously reported large-scale pharmacogenomic study data [17]. We first screened
59 cancer cell lines with these drugs and classified them into 20 sensitive and 20 resistant
cell lines to crizotinib and cabozantinib. As shown in Figure 5A,B, crizotinib-sensitive
and cabozantinib sensitive cell lines were more sensitive to abemaciclib (p < 0.0001 and
p = 0.002, respectively). In 125 glioblastoma patient-derived cells evaluated, we found
that the sensitivity of these cells to abemaciclib was highly correlated with crizotinib and
cabozantinib (r = 5271 and r = 5763, respectively) (Figure 5C,D). Taken together, these data
indicate that sensitivity to abemaciclib was correlated with sensitivity to crizotinib and
cabozantinib, further supporting its distinct effect on c-Met regulation.
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Figure 5. Large-scale sensitivity screening of cancer cell lines and glioblastoma patient-derived 
cells in abemaciclib, crizotinib and cabozantinib. (A) Violin plots showing AUC values of 
abemaciclib in 20 sensitive and 20 resistant cancer cell lines to crizotinib; p value is indicated in the 
graph. (B) Violin plots showing AUC values of abemaciclib in 20 sensitive and 20 resistant cancer 
cell lines to cabozantinib; p value is indicated in the graph. (C) Scatter plots showing AUC values 
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Figure 5. Large-scale sensitivity screening of cancer cell lines and glioblastoma patient-derived cells
in abemaciclib, crizotinib and cabozantinib. (A) Violin plots showing AUC values of abemaciclib
in 20 sensitive and 20 resistant cancer cell lines to crizotinib; p value is indicated in the graph.
(B) Violin plots showing AUC values of abemaciclib in 20 sensitive and 20 resistant cancer cell lines to
cabozantinib; p value is indicated in the graph. (C) Scatter plots showing AUC values of abemaciclib
and crizotinib in 125 cases of patient-derived glioblastoma. Pearson’s coefficient (r) is indicated in
the graph. (D) Scatter plots showing AUC values of abemaciclib and cabozantinib in 125 cases of
patient-derived glioblastoma. Pearson’s coefficient (r) is indicated in the graph.

4. Discussion

Precision oncology refers to the tailoring individual therapeutics based on predicted
drug responses, seeking the most effective treatment for a given patient [27]. Large-scale
genome sequencing studies have contributed to defining the unique genetic characteristics
of human cancers [28–30]. Epigenetic information of a tumor can also provide prognostic
and predictive information [31], and proteomics revealed that protein levels and post-
translational modifications are important to understand the complexity of tumors [32,33].
In vitro drug screening efforts using human cell line models identified differential drug
sensitivity in such models [34,35]. More recently, patient-derived tumor cell screening
was used in the first large-scale pharmacogenetic study to guide treatment decisions [17],
and high-content analysis examining cellular phenotypes and biomarkers suggested new
approaches that could inform therapeutic stratification [20,21].
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In this study, we present a high-content analysis-based ex vivo drug testing platform
that can identify glioblastoma patients who may respond to c-Met-targeted agents. Among
12 glioblastoma patient-derived cells, only one sample (PDC6) exhibited a markedly high
level of c-Met intensity with increased sensitivity to c-Met-targeted drugs. Genomic anal-
yses validated the c-Met overexpression in PDC6 through identifying the c-Met gene
amplification and mutation. Moreover, immunoblot assay detected the c-Met protein only
in PDC6 cells. Since it appears that the c-Met is not detected in most glioblastoma cells,
only a small subset was highly selective to c-Met-targeted agents. Therefore, the signifi-
cance of selecting potential responders is high particularly in the case of c-Met-addicted
glioblastoma.

Conventional in vitro drug sensitivity results alone are insufficient to understand the
complex context of tumor cells owing to the absence of genetic or molecular information.
High-content analysis described here offers a number of advantages over traditional high
throughput screening. First, it addresses whether specific biomarkers important for drug
response are significantly high or low. These provide high reliability of drug effects by
explaining the target-drug association. Secondly, high-content analysis simultaneously
acquires multi-parameter phenotypes. In the present study, we assessed target expression,
cell viability, apoptosis, cell-to-cell distances, and real-time cell movement speed in a
single experiment. This technology allows for more reliable experimental assays through
concurrent collection of multi-layered data. Thirdly, high-content analysis supports the
drug repositioning screen to find novel therapeutics for specific functions, which can be
further exploited to reveal the underlying mode of action of the alternative mechanism
of the drug. We devised a screening method using PDC6 cells to identify potential c-Met
inhibiting compounds; this is not achieved with traditional high throughput screening.
To inhibit the c-Met in different ways, devising a method to screen anti-WNT (Wingless-
related integration site) pathway drugs in PDC6 will also be important, as the WNT
pathway is a potential downstream of c-Met [36].

Abemaciclib is the most potent and the latest FDA-approved CDK4/6 inhibitor to
date. Abemaciclib has a unique function with a wider range of kinase inhibition activity,
suggesting it has additional mechanisms besides CDK4/6 inhibition [26]. Our findings also
support this idea, since abemaciclib was identified as a potent inhibitor of c-Met through a
drug repositioning screening. The biochemical kinase assay showed a high concentration of
abemaciclib directly inhibited c-Met kinase activity. As abemaciclib has been shown to the
penetrate blood brain barrier (BBB) and to have a favorable toxicity profile [37], expanding
clinical indications such as glioblastoma possibly remains highly significant. Our data
suggest that abemaciclib will be more effective in glioblastoma with the coexistence of
CDK4/6 and c-Met alterations due to its dual functions. Large-scale sensitivity screening
of cancer cell lines and glioblastoma patient-derived cells further provided compelling
evidence that Abemaciclib sensitivity highly correlates with the c-Met inhibitor crizotinib
and cabozantinib.

Collectively, our findings provide unprecedented insights into high-content analy-
sis of patient specimens, which will contribute to empowering precision oncology and
new drug discoveries. These results raise an important new possibility for high-content
analysis application in a diverse area of biomarker research, drug discovery, and clinical
study. Our work will facilitate expanded development of specific experimental assays and
improved clinical decision-making platforms.

Supplementary Materials: The following are available online at https://www.mdpi.com/2072-669
4/13/3/372/s1, Figure S1: Dose response curve in 12 patient-derived samples treating c-Met target
inhibitor, Figure S2: Inhibition of c-Met level treating c-Met-targeting antibody, Figure S3: CDK4/6
inhibitor abemaciclib is relatively sensitive in a Met overexpression sample like c-Met targeting small
molecules, Figure S4: Dose response curve of phosphor-c-Met intensity treating CDK4/6 inhibitors
and c-Met targeting inhibitors, Figure S5: Kinase assay in cabozantinib, crizotinib (c-Met inhibitor),
abemaciclib, palbociclib, and ribociclib (CDK4/6 inhibitor).
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