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Abstract: Preclinical models, including patient-derived xenograft (PDX) and organoid and primary cell culture, are
essential for studies of cancer cell biology and facilitate translational research and individualization of therapy.
We explored the optimum preclinical model by modifying the conventional conditional reprogramming (CR) sys-
tem followed by screening effective targeted drug combinations against colorectal cancer (CRC). By modifying the
ingredients of the culture medium used in a conventional CR system, a novel individualized CR system (termed
i-CR) was established. Tumor samples from CRC patients were collected and PDX models were derived followed by
high-throughput i-CR drug screening and validation of the effective targeted drug combinations. The i-CR system
selectively expanded tumor cells rather than normal epithelial cells and facilitated high-throughput drug screening
when combined with high-content imaging and quantitative analysis of cell proliferation. Using inhibitors target-
ing multiple signaling pathways identified by high-throughput i-CR drug screening, we discovered that inhibition of
the EGFR and MEK or CDK4/6 pathways exerted a synergistic inhibitory effect against CRC, and we noted super-
synergistic effects when EGFR, MEK, and CDK4/6 inhibitors were used simultaneously. These data were validated
using paired PDX models, which showed marked inhibition of tumor growth. The novel i-CR system combined with
PDX models will enable individualization of therapy and drug discovery, and strategies combining EGFR, MEK, and
CDK4/6 inhibitors warrant clinical validation.
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Introduction cancer therapies [8, 9]. We established a pri-
mary tumor bank with various tissue types,

To achieve individualized cancer therapy, novel including colorectal (CRC) and gastric cancers,

preclinical models that more closely reflect the
genomic complexity of cancers are needed
[1-3]. Functional drug testing by traditional pri-
mary cell culture of patient tumor tissue is sub-
ject to the proliferation bias of different cell
clones, which can lead to inaccurate results [4].
Patient-derived xenograft (PDX) models and
organoids are suitable surrogates for original
tumors [5-7]. Compared to conventional prima-
ry cell culture, PDX models and organoids can
mimic patient genotypes, maintain intra-tumor
heterogeneity, and evaluate the response to

but the cost and duration of the experiments
and low throughput of the PDX models hindered
achievement of treatment goals, especially for
late-stage disease [10].

Recently, a novel primary cell culture technolo-
gy, conditional reprogramming (CR), was report-
ed by Liu and coworkers and allows expansion
of primary epithelial cells in vitro with high effi-
ciency [11-13]. The CR system can be used to
expand normal and tumor cells from different
tissues, including surgical specimens, biopsies,
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and PDX tissues. Thus, CR technology may gui-
de the individualization of cancer treatment
[14-17]. A limitation of CR technology is its
inability to distinguish between tumor and nor-
mal epithelial cells, as both proliferate well in
the system [13]. Normal epithelial cells prolifer-
ate better under aerobic conditions, making it
impractical to distinguish the effects of drugs
on patient tumor and normal cells.

Based on the conventional CR system, to guide
the individualization of therapy, here we report
a modified individual CR system (termed i-CR),
characterized by selective expansion of tumor
cells from CRC patients in vitro. When com-
bined with staining for EpCAM, EdU (5-ethynyl-
2’-deoxyuridine), and Hoechst, followed by hi-
gh-content imaging quantitative analysis, the
i-CR system enables highly sensitive, accurate,
and rapid evaluation of multiple therapeutic
regimens directly from tumor tissues. We test-
ed this system using a panel of approved inhibi-
tors targeting multiple signaling pathways and
found that simultaneous inhibition of the EGFR
and MEK or CDK4/6 pathways exerted a syner-
gistic inhibitory effect on CRC, and noted super-
synergy when EGFR, MEK, and CDK4/6 inhi-
bitors were used simultaneously. These data
were validated in paired PDX models, which
showed marked inhibition of tumor growth. The
i-CR system together with a PDX model is use-
ful for individualization of therapy and drug dis-
covery, and strategies combining EGFR, MEK,
and CDK4/6 inhibitors need to be validated in
clinical practice.

Materials and methods
Patients and ethics approval

This study was approved by the Medical Ethics
Committee of Peking University Cancer Hos-
pital, and all specimens were collected from
patients with written informed consent for their
samples to be used in future studies. All animal
experiments were performed under sterile con-
ditions at the specified-pathogen-free facility of
Peking University Cancer Hospital and in accor-
dance with the National Institutes of Health
guide for the care and use of laboratory ani-
mals.

Establishment of PDX models

The PDX model was established as in our pre-
vious report [6]. Briefly, 6-8-week-old female
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NOD/SCID mice (Beijing HFK Bio-Technology
Co., Ltd., Beijing, China) were used. Tumor sam-
ples from patients were immediately trans-
ferred to tissue preservation solution (Percans
Oncology, Cat# ZK-RUO-0101, Beijing, China)
and sliced into small fragments. The mice were
inoculated with the fragments subcutaneously
on one flank to produce xenografts called pas-
sage-1 (P1). Serial xenografts at different pas-
sages were generated using the same proce-
dure.

In vivo drug treatment

When tumors reached approximately 250-300
mm?2, the animals were randomly allocated into
several groups of five mice each. The day of
randomization was defined as study day O.
Tumor volume was expressed in mm? using the
following formula: V (volume) = (a x b?)/2, where
a and b are the long and short diameters of the
tumor, respectively. The drugs and dosing regi-
mens were as follows: Cetuximab, 1 mg per
mouse, intraperitoneal injection, once a week
for 3 weeks; Trametinib, 0.3 mg/kg, oral, once
a day for 21 days; Palbociclib, 75 mg/kg, oral,
once a day for 21 days; and Sorafenib, 50 mg/
kg, oral, once a day for 2 weeks. Tumor sup-
pression was expressed as tumor growth inhi-
bition (TGI), which was calculated according to
the formula: TGl (%) = (1 - (Ti - TO)/(Vi - VO)) x
100. Ti is the mean tumor volume of the treat-
ment group on the measurement day; TO is the
mean tumor volume of the treatment group at
DO; Vi is the mean tumor volume of the control
group at the measurement day; and VO is the
tumor volume of the control group at DO.

Generation of patient-derived primary cultures
(i-CR)

Swiss 3T3 fibroblasts (J2 strain) were pur-
chased from The Cell Bank of the Type Culture
Collection of the Chinese Academy of Sciences,
Shanghai, China. The isolation and cultivation
of i-CR primary tumor cells and normal primary
epithelial cells were similar to the method of Liu
et al., with modifications. Briefly, resected hu-
man tumor samples were quickly transferred
into Roswell Park Memorial Institute (RPMI)
1640 medium containing 100 u/mL penicillin
and 100 pg/mL streptomycin. Tissue samples
were rinsed twice with cold phosphate-buffered
saline (PBS), transferred to a sterile Petri dish,
and minced using surgical scissors prior to
enzymatic dissociation. The digestion enzymes
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were collagenases, DNase, and dispase. Final
cell suspensions were filtered through 100-um
cell strainers, followed by pelleting and resus-
pension in complete medium or selective me-
dium. The complete medium consisted of
DMEM/F-12 basal medium, 2% fetal bovine
serum (FBS), 10 ng/mL human epithelial
growth factor (EGF) (Thermo Fisher), 10 uM
Y-27632 (Selleckchem), 10 ng/mL basic fibro-
blast growth factor (bFGF) (Thermo Fisher), 10
mM nicotinamide (Sigma), 1X insulin-transfer-
rin-selenium (Thermo Fisher), 1X non-essential
amino acids (Thermo Fisher), 25 ng/mL mouse
Wnt3a (Peprotech), 500 ng/mL human R-
spondin-1 (Peprotech), 100 ng/mL Noggin, and
100 pg/mL Primocin (Vivogen). The selective
medium was complete medium lacking Wnt3a,
R-spondin-1, and Noggin. Cells were seeded
onto a feeder layer of lethally irradiated (40 Gy)
Swiss 3T3 fibroblasts (J2 strain) feeder cells
and incubated for approximately 1 week at
37°Cin 5% CO,,.

Next-generation sequencing and data analysis

PDX tissues and paired i-CR cultures were ana-
lyzed for gene variations by targeted next-gen-
eration sequencing (NGS) of 483 genes. Ge-
nomic DNA extraction, library preparation, se-
quencing, and variants calling were performed
as described previously [18].

Drug screening in i-CR cultures

Approximately 5,000 cells were seeded per
well into a 96-well black-walled clear-bottom
microplate (Corning), which was layered with
feeder cells 24 h prior. The cells were cultured
until small colonies were visible. All drugs (Table
S1) were first dissolved in dimethyl sulfoxide
(DMSO) as 1000X stocks and added to each
well according to the study design. Typically,
drugs were tested in vitro at the human steady-
state serum concentration, or in serial dilutions
when lower concentrations were needed. Cells
were continuously treated for 7 days, with 1 yM
EdU added for the final 24-48 h of incubation.
Next, the cells were fixed and stained with
EpCAM antibody, and the test plates were
scanned using an Arrayscan XTI 800 (Thermo
Scientific). Microscopic images were acquired
and analyzed with the built-in Bioapplication
software package. The effects of each treat-
ment regimen were quantified using the formu-
la: maximum inhibition (MI) = NO/Nd, where NO
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and Nd denote the number of EdAU- and EpCAM-
positive epithelial cells in wells treated with
DMSO control and drug, respectively. A combi-
nation index (Cl) was modified from the Bliss
Independence Model under an effect-based
strategy to accommodate the drug effect ratio.

Inhibition percentage of drug A (Al) = 1 - EdU-
positive cells in A treatment/EdU-positive cells
in the control.

Inhibition percentage of drug AB (ABI) = 1 - EAU-
positive cells in AB treatment/EdU-positive
cells in the control.

Inhibition percentage of drug ABC (ABCI) = 1 -
EdU-positive cells in ABC treatment/EdU-po-
sitive cells in the control.

The combination index (Cl) was calculated as:
Cl (AB) = (Al + BI - Al x Bl)/(ABI).

CI (ABC) = (Al + BI + Cl - Al x Bl - Al x CI - Bl x Cl
+ Al x Bl x CI)/(ABCI).

If CI < 1, the combination of A and B is
synergistic.

If CI = 1, the combination of A and B is
additive.

If CI > 1, the combination of A and B is
antagonistic.

Statistical analysis

Statistical analysis was performed using
Statistical Package for the Social Sciences
(SPSS) ver. 20.0 or GraphPad Prism ver. 6.0
(GraphPad Software) software. Differences
between groups were evaluated using the chi-
squared test, unpaired two-tailed t-test, or one-
way analysis of variance (ANOVA). For the in
vivo study, tumor growth between groups was
compared using repeated-measures ANOVA. A
two-sided P < 0.05 was considered statistically
significant.

Results

The i-CR system could effectively culture tumor
cells from tumor tissues

Figure 1A shows that tumor cells could be

expanded directly from surgical tissues, PDX
tissues, and biopsies using the CR system. The
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Figure 1. Schematic representation of a conventional CR system and the i-CR system. A. Pathologically confirmed
surgical tumor tissues were collected and dissociated for in vitro drug treatment and analysis. Biopsy tissues were
first inoculated into mice, and the PDX tumor tissues were collected and subjected to the same analytical process
as surgical tumors. B. The major difference between the i-CR system and the conventional CR system is the compo-
sition of the cell-culture medium. Here, the selective medium was complete medium lacking Wnt 3A, R-spondin-1,
and Noggin. Y-27632, ROCK1 inhibitor; FBS, fetal bovine serum; DMEM/F-12, Dulbecco’s modified Eagle’s me-
dium/Ham'’s F-12 medium; bFGF, basic fibroblast growth factor; EGF, epidermal growth factor.

major difference between the i-CR system and
a conventional CR system was the medium
used (Figure 1B). In brief, to minimize the influ-
ence of normal epithelial cells on drug screens,
we took advantage of the fact that the Wnt/j-
catenin signaling pathway is adversely activat-
ed in more than 90% of CRC cases, while nor-
mal colonic epithelial cells are Wnt-dependent
[13, 19]. Furthermore, BMP-related TGF-B sig-
naling is downregulated in colon tumor cells,
and suppression of this pathway may promote
the proliferation of tumor cells but not normal
colon cells. By removing the Wnt/B-catenin
pathway activators Wnt 3A, R-spondin-1, as
well as the BMP/TGF(3 antagonist Noggin from
the complete medium, we developed the selec-
tive medium. In general, for surgical tumor tis-
sues, PDX models and i-CR cultures are carried
out side by side. With regard to biopsy tissues,
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considering the small number of tumor cells,
PDX models are preferred. If a PDX model was
successfully established, the i-CR cells were
cultured using the PDX tissues. To date, we
have tested the i-CR culture system with > 300
CRC patient samples or PDX tumor samples.
The overall success rate of i-CR culture was ~
60% for surgical CRC tissues (~ 80% if contami-
nated samples were excluded) and > 90% for
PDX tumor tissues. In total, 18 i-CR cultures
from PDX tissues were used in the subsequent
drug screening.

The i-CR system selectively expanded tumor
cells rather than normal cells

In conventional CR systems, both tumor and

normal cells from several tissues can be
expanded. However, the growth conditions for
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different tissue types can be improved. The
i-CR system was optimized for the expansion
of CRC epithelial cells. When compared with
the conventional CR system, the i-CR system
showed a notable advantage in terms of tumor
cell proliferation with all CRC samples tested
(number of EdU-positive cells) (Figure 2A).

Cells from normal colon or tumor tissues of the
same patient were cultured in 96-well plates
with complete medium or selective medium,
respectively. As shown in Figure 2B, tumor cells
rapidly proliferated in complete or selective
medium; in contrast, normal epithelial cells pro-
liferated in complete medium (green arrow) but
failed to proliferate in selective medium. The
quantitative results (Figure 2C) revealed that
the number of EdU-positive normal cells in
selective medium was less than 3% of that in
complete medium, while the number of EdU-
positive tumor cells in selective medium was
more than 80% of that in complete medium. To
analyze the effects of the modified culture con-
ditions on tumor cells, we selected regions with
a high tumor cell content from two patients’
surgical colon tumor tissues and cultured each
separately. As shown in Figure 2D, selective
culture did not affect the growth or the pheno-
type of tumor cells.

As shown in Figure 2E, more than 95% of the
tumor clones actively expanded in i-CR culture
(Figure 2E1); in contrast, about 20% of the
clones failed to proliferate in conventional cell
culture within 3 days (Figure 2E2). This led us
to speculate that the i-CR system maintains the
proliferation of CRC tumor clones. Targeted
next-generation sequencing (NGS) of 483 ge-
nes was performed in three PDX tissues (pas-
sage 3) and paired i-CR cells. As shown in
Figure 2F, although a few inconsistent gene
variations were observed between PDX tissues
and paired i-CR cells, most genotypic profiling
of i-CR cells revealed similarity to PDX tissues.
In PDX-2 tissue and paired i-CR cells, for exam-
ple, there were 16 and 12 gene variations, re-
spectively, and 11 same-gene variations were
detected in both PDX tissue and in paired i-CR
cells. For PDX-3 tissue and paired i-CR cells,
12 same-gene variations were found, and for
PDX-4 tissue and paired i-CR cells, 6 same-
gene variations were found (Figure 2F1 and
2F2). The copy number of all tested genes was
hardly changed (Table S2).
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High-throughput screening of i-CR cultures
revealed inhibitory synergy between the EGFR
and MEK pathways or the EGFR and CDK4/6
pathways

Tumor cells expanded with the i-CR system
were amenable to high-throughput drug screen-
ing, ranging from several to dozens of drugs or
drug combinations. In vitro drug effects were
analyzed using a highly sensitive method, pro-
viding detailed information for each treatment
regimen (a representative example is shown in
Figure S1). To identify potential therapies that
could augment anti-EGFR therapy for CRC, we
screened a panel of i-CR cultures with afatinib
(@ dual EGFR/HER2 inhibitor) plus a variety of
targeted drugs (representative screening re-
sults are shown in Figure S2). As shown in
Figure 3A, afatinib, the MEK inhibitor tra-
metinib, or the CDK4/6 inhibitor palbociclib did
not exert a strong tumor-suppressive effect, as
indicated by a very low maximum inhibition (M)
when used alone. However, afatinib combined
with trametinib or palbociclib exerted a signifi-
cant synergistic effect in 12 of 13 i-CR cultures
(combination index in Table S3). Interestingly,
the combination of trametinib and palbociclib
did not exhibit significant synergy.

Combinations of drugs targeting other path-
ways were also investigated for synergistic
effects. No significant synergistic effects were
observed for EGFR inhibitor/BRAF inhibitor,
EGFR inhibitor/c-MET inhibitor, MEK inhibitor/
BRAF inhibitor, or CDK4/6 inhibitor/BRAF inhib-
itor combinations (Table S3). To rule out the
possibility that synergy was caused by off-tar-
get effects, or that the phenomenon was rele-
vant only for specific compounds rather than
signaling pathways, we tested multiple com-
pounds targeting the EGFR, MEK, and CDK4/6
pathways in the same assay (Figure 3A). Similar
synergistic effects were observed regardless of
the compounds used, as long as relevant path-
ways were inhibited, suggesting that the syner-
gies were pathway-specific rather than depen-
dent on the drug molecule.

Interestingly, triple combinations of drugs tar-
geting the EGFR, MEK, and CDK4/6 pathways
had a markedly greater synergistic effect (su-
per-synergy) compared with dual combinatio-
ns, as indicated by significantly increased Ml
values (Figure 3B), suggesting super-synergy
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Figure 2. Development of the i-CR system and selective expansion of tumor cells from CRC patients. (A) Growth of tumor cells from CRC patients using the i-CR sys-
tem and a conventional CR system. The number of EdU-positive cells cultured by the i-CR system was significantly greater than that by the conventional CR system
in three patients. Experiments were performed in at least triplicate; P < 0.01. (B) Growth of tumor and normal cells in complete and selective medium. Proliferating
normal cells (EdU-positive, red stain in the composite images) are indicated by green arrows. The cells were also stained with EpCAM (yellow) and Hoechst (blue).
The scale bar equals 200 um. (C) Quantitative analysis of cell growth in complete and selective medium. Data are averages of cells from three patient samples.
Cell growth (number of EdU-positive cells) in complete medium was set as 100%. Normal epithelial cells failed to proliferate in selective medium, with the number
of EdU-positive cells being less than 3% of that in complete medium (P < 0.01), compared to > 80% for tumor cells (P < 0.05). (D) High-content image analysis
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of tumor cells grown in the presence of feeder cells. The scale bar equals 200 ym. (E) Preservation of tumor cell
heterogeneity by the i-CR system or conventional cell culture. (E1) Denotes uniform clonal growth in i-CR culture
and (E2) denotes loss of the proliferation of certain clones in conventional culture. The scale bar equals 1 mm. (F)
Mutation profiles of PDX tissues and paired i-CR cells. (F1) Presents the variation genes for each PDX tissue and
paired i-CR cells. Different color-coded blocks represent different variation types. (F2) Venn diagram of the number
of variations for each PDX tissue and paired i-CR cells. Blue circle shows the variation number of PDX tissue and the
yellow circle shows that of paired i-CR cells. The overlap in the middle represents the number of identical variations
in PDX tissue and paired i-CR cells.

A p<0.01
p < 0.01
T 1
EGFRi+MEKi or EGFRi+CDKi
184.77
100
{ =4
S
o=
=)
L
€
€10 .
E no difference
X
S MEKi+CDKi
EGFRI/MEKI/CDKi
K 1.45
‘ i . | " 12
; pi |
S SESEES e@ N e‘" S
"f“&*‘y«\ﬂaé S e ‘°<s> e°°@\° e_@“’u«

B p <0.05

1000 EGFRIi+MEKi+CDKi sa1.00 891,00 991.00

47467

EGFRi+MEKi or EGFRi+CDKi 34606

18477 18654

1449 0s2 14873
12037

00

6L
7182 7674

5298

1318
1082

=
o

Maximum Inhibition _

&

P & £ @ & £ PP P \o\ @ ®
f é"’f@cf@f & && #Q, f&o £ -f"",*y ,ﬁvv":,fi@f“@qﬁ‘f@ # & Qy f@\eq ﬁf
F '\ & \e & \Q ® v
‘,&pﬁfv,ff:f@ ﬁf&f&@ﬁg’? f’f\«'@\o?f fﬁf\f' fy‘#&f
& v
G‘de‘g (ﬁ\\,@,\?@ a@?\,& f'@?#\‘@\ <> \aéy""\f

255 Am J Cancer Res 2020;10(1):249-262



Synergistic effect between EGFR and MEK or CDK4/6 inhibitors in CRC

Figure 3. High-throughput screening of effective targeted therapy combinations for CRC patients. A. Synergistic ef-
fects of the EGFR and MEK or the EGFR and CDK4/6 pathways. The Y-axis denotes the maximum inhibition (M),
and the X-axis denotes the specific drugs or combinations used. Compared to any single drug (red box) or the MEKi/
CDKi combination (orange box), EGFRi combined with MEKi or CDKi (green box) had a synergistic inhibitory effect; P
< 0.01. B. Super-synergistic effect of triple pathway inhibition (green box) in comparison with dual pathway inhibition
(red box). Data are expressed as means + SEM of three independent experiments; P < 0.05. EGFRI, EGFR inhibitor;

MEK:I, inhibitor; CDKIi, inhibitor.

instead of a mere additive effect. About 80% of
the i-CR cultures responded strongly to triple
combinations in vitro (Table S4). No such su-
per-synergy was evident when drugs targeting
BRAF were used in triple or even quadruple
combinations (Table S4). Interestingly, in sev-
eral cases, adding a BRAF inhibitor to the
EGFR/MEK/CDK4/6 treatment led to weaker
tumor growth inhibition than the triple combi-
nation (Table S4).

Validation of synergistic tumor suppression
using EGFR/MEK/CDK4/6 inhibitors in paired
PDX models

Next, we validated the in vitro screening results
using paired PDX models in vivo. In one sample
from a CRC patient with wild-type KRAS/NRAS/
BRAF, a double or triple combination led to
more growth inhibition in vitro than any single
drug (Ml values 8.22 [cetuximab + palbociclib],
26.67 [cetuximab + trametinib], and 186.54
[cetuximab + trametinib + palbociclib]) (Figure
4A1). The corresponding tumor growth inhibi-
tion (TGI) values in paired PDX models were
78.3%, 83.6%, and 95.2%, respectively (Figure
4A2). In a sample from another CRC patient
with mutant KRAS (G12D), the triple combina-
tion yielded a higher Ml value (79.16) than the
single drugs (Figure 4B1). This was consistent
with the in vivo data from the paired PDX model
(TGl of 100.0%, Figure 4B2), suggesting that
triple combinations exerted marked inhibition
of tumors with wild-type and mutant RAS/RAF.
Additional data from several CRC patients are
listed in Table S5; the results obtained from in
vitro tumor cells and in vivo PDX models were
highly consistent.

The i-CR system enables assessment of drug-
resistance mechanisms and predictive bio-
markers

Clinical treatment response varies among pa-
tients, so there is an urgent need for biomark-
ers capable of distinguishing drug-sensitive fr-
om drug-resistant patients, as well as biomark-
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ers that can predict treatment responses. As
shown in Figure S3A, one i-CR culture from
patient A was sensitive to 5-FU, while one from
patient B was resistant. Consequently, we
investigated predictive markers using omics
and molecular biological methods. The i-CR
system can easily identify resistant clones after
drug treatments. Figure S3B presents one i-CR
culture that contained both docetaxel-sensitive
and -resistant clones. Because both clones
had the same genetic background, it is feasible
to sequence different clones to identify the
mechanism underlying drug resistance. This
warrants further exploration.

The persistence of proliferating clones after
drug treatment is the driving force for tumor
recurrence. Figure 5A shows that in one i-CR
culture with KRAS mutation (G12V), the triple
combination led to significant (Ml 238, Figure
5A1) but partial tumor suppression, as evi-
denced by the persistence of drug-resistant
clones in the culture after drug treatment. This
is consistent with data from the paired PDX
model, which revealed moderate inhibition of
tumor growth (TGl 86.3%, Figure 5A2), and
rapid tumor re-growth after drug withdrawal. In
contrast, another i-CR culture (Figure 5B) with
wild-type RAS/RAF revealed no detectable
drug-resistant cells (Ml of 5015, Figure 5B1) in
vitro after triple-combination treatment, indi-
cating that the frequency of drug-resistant
tumor cells in this patient was less than 1/10°
(the upper limit of detection of the i-CR system).
The paired PDX model revealed almost com-
plete tumor suppression after drug treatment
(Figure 5B2), and the suppression persisted
long after drug withdrawal.

Discussion

Because few predictive biomarkers for chemo-
therapeutic sensitivity are available [20], the
emergence of targeted therapy has changed
the clinical landscape in oncology. With much
lower toxicity and better clinical efficacy, many
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Figure 4. Synergistic effect of inhibition of EGFR and MEK or EGFR and CDK4/6. (A) Representative case of a corre-
lation of tumor growth inhibition between the i-CR system (A1) and paired PDX models (A2). (B) Existence of residual
drug-resistant clones in i-CR system (B1) predicts rapid tumor recurrence after drug withdrawal (green arrow shows
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generated by the high-content screening (HCS) equipment. The cells were stained with EdU (red), EpCAM (yellow),
and Hoechst (blue). Data are expressed as means * SD of three independent experiments.

targeted drugs have been approved for clinical
use for a variety of cancer types [21-27]. Clinical
use of these drugs is often guided by specific
genetic markers, for example, HER2 overex-
pression or amplification for trastuzumab, and
lack of KRAS/NRAS/BRAF gene mutation for
cetuximab [21, 22]. However, the majority of
cancer patients do not benefit from targeted
therapies due to the absence of such genetic
biomarkers, and some targeted drugs, such as
bevacizumab and apatinib, lack this type of bio-
marker [24, 25]. Therefore, there is an urgent
and increasing clinical need for a functional
method of predicting the drug sensitivity of
cancers.

Recently, PDX models have been used for
translational oncology [8] because they mimic

257

the tumor biology, including its genetic profile,
clonal heterogeneity, and most importantly,
therapeutic sensitivity [6, 9]. Despite these
benefits, PDX models are limited by lack of
growth in vitro, high cost, high labor-intensive-
ness, low throughput, and technical challeng-
es. In recent years, CR technology, which is
based on co-culture of epithelial cells with
growth-arrested mouse 3 T3-J2 fibroblast feed-
ers, has been used to achieve sustained expan-
sion of human normal and tumor epithelial
cells. To reduce the interference by normal
cells with in vitro drug screening, we developed
a novel CR system (i-CR) by removing the Wnt/
B-catenin pathway activators Wnt 3A and
R-spondin-1, and the BMP/TGFB antagonist
Noggin, from the complete medium used in the
CR system. We explored the possibility of pre-
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ing (HCS) equipment.

dicting drug sensitivity using the i-CR system,
especially when combined with PDX models.
Compared to the conventional CR system re-
ported by Liu and colleagues, the i-CR system
represents a considerable improvement in th-
ree important respects. First, the i-CR system
selectively expands primary CRC tumor cells
while blocking the proliferation of normal epi-
thelial cells. Surgical or biopsy tumor speci-
mens often contain a large quantity of normal
epithelial cells, which proliferate equally well as
tumor cells in conventional CR systems, thus
masking the real effects of drugs on tumor
cells. Second, the majority of tumor cell clones
proliferate well in the i-CR system. Third, the
use of high-content imaging quantitative analy-
sis provides sensitivity for single-cell detection
and excludes signals from co-cultured tumor
stromal cells that periodically grow in selective
medium.

The i-CR system can rapidly screen many drugs
or combinations in vitro, which can then be vali-
dated using paired PDX models in vivo. We ha-
ve tested this system with a panel of targeted
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drugs in i-CR cultures. We observed significant
synergy between inhibition of the EGFR and
MEK pathways in both KRAS/NRAS/BRAF mu-
tant and wild-type patients. Two clinical trials
(NCT01750918, NCT01229150) of EGFR inhib-
itors and various MEK1/2 inhibitors have been
initiated and include patients with mutations in
the KRAS/BRAF pathway. Our data revealed
that such a patient selection strategy might
exclude some responsive patients who did not
have the same mutation profile. We identified a
synergistic effect of inhibition of the EGFR and
CDK4/6 pathways. Inhibition of the EGFR and
CDK4/6 pathways exerts a synergistic inhibito-
ry effect on esophageal tumors [28], and this is
the first report of such synergy against CRC. To
confirm that this synergy is attributable to the
pathways involved, rather than the specific
drugs used in the assay, we tested inhibitors for
each target. The same synergy was detected
regardless of the drug or drug combination
used. In contrast, such synergy did not exist
between MEK and CDK4/6 inhibitors, EGFR
and c-MET inhibitors, or EGFR and BRAF inhibi-
tors. Anti-EGFR therapy represented by cetux-
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imab is the mainstream treatment for CRC
patients with wild-type KRAS/NRAS/BRAF, but
it is often combined with other chemotherapy
due to its weak single-agent efficacy. Our find-
ings suggest directions for future clinical trials
and support the use of a combination strategy
targeting different signal transduction path-
ways [29, 30]. No synergistic effect of EGFR/
HER?2 inhibitors and BRAF inhibitors was found,
and the mechanism underlying resistance to
BRAF inhibitors is elusive. The mechanism is
speculated to be as follows: BRAF is downregu-
lated by feedback inhibition of ERK1/2 and
inhibiting BRAF might not disrupt activati-
on of the MEK-ERK1/2 pathway [31]; more-
over, BRAF inhibition could adversely activate
ERK1/2 signaling [32].

We found a super-synergistic tumor-suppres-
sive effect when the EGFR, MEK, and CDK4/6
pathways were inhibited simultaneously in CRC
tumor cells. In many cases, when dual inhibi-
tion of EGFR/MEK or EGFR/CDK4/6 exerted a
synergistic effect compared to inhibition of
either pathway alone, introduction of a third
inhibitor resulted in additional synergy. More
than 80% of our CRC cohorts responded to tri-
ple treatment, regardless of their KRAS/NRAS/
BRAF genotype. We validated activity in pai-
red PDX models in which no ROCK inhibitor
was present, suggesting that EGFR, MEK, and
CDK4/6 represent critical nodes for cancer cell
growth regulation in CRC. This super-synergistic
effect was also found in gastric and liver can-
cers (Figure S4), and additional efforts are
ongoing to validate this observation with larger
samples.

Our data were highly consistent between in
vitro tumor cells and in vivo PDX models, and
this strategy could also be used to investigate
drug-resistance mechanisms and to identify
predictive biomarkers. Most patients in clinical
practice are treated without prior knowledge of
their individual tumor cell biology, and the i-CR
system may assist with patient triage in this
regard. Moreover, the i-CR system can identify
drug-resistant clones, the presence of which
underlies tumor recurrence. DNA or RNA se-
quencing technologies can then be applied to
determine the genetic mechanism of drug re-
sistance. Using a similar approach, Crystal and
colleagues identified drug combinations for
lung cancer patients resistant to TKI [33], and
Saeed and co-workers identified drugs that
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could be used to treat castration-resistant
prostate cancer [34]. We have isolated clones
resistant to specific treatment regimens and
are investigating the mechanism of drug re-
sistance.

We report here a novel i-CR system for the rapid
expansion and functional screening of tumor
cells from individual CRC patients, which has
important implications for personalized therapy
and drug discovery. The i-CR system has sev-
eral advantages, including selective expansion
of tumor cells, proliferation of almost all cell
clones, single-cell detection sensitivity, and an
up to 4-log dynamic range. Importantly, the
whole procedure can be completed within 2-4
weeks, providing timely feedback for treatment
decision-making. Interestingly, we also identi-
fied highly synergistic tumor-suppressive eff-
ects of the EGFR and MEK pathways and the
EGFR and CDK4/6 pathways in CRC. EGFR/
MEK/CDK triple inhibition exerted a super-syn-
ergistic effect, and we believe the combination
of i-CR with PDX models to be a powerful new
tool for individualization of therapy and for drug
discovery.
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Table S1. Drugs used in vitro drug screening

Drugs Types Concentration Vendor
Gefitinib EGFR inhibitor 2 uM Meilunbio
Lapatinib EGFR inhibitor 5uM Pharmacodia
Afatinib EGFR inhibitor 0.1 uM Meilunbio
Osimertinib EGFR inhibitor 0.5 uM Pharmacodia
Trametinib MEK inhibitor 0.01 uM Pharmacodia
Cobimetinib MEK inhibitor 0.2 uM Pharmacodia
Palbociclib CDK inhibitor 1uM Pharmacodia
Ribociclib CDK inhibitor 5 uM Meilunbio
Dabrafenib BRAF inhibitor 1uM Meilunbio
Crizotinib MET inhibitor 0.25 uM Meilunbio
5-FU chemotherapy 10 uM Pharmacodia
Docetaxel chemotherapy 0.005 uM Selleckchem

Table S2. Copy number of 483 genes
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AXIN1
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DNMT3A
DOT1L
DPYD
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EGF
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WT1 2 2 2 2 2 2
XPC 2 2 2 2 2 2
XPO1 2 2 2 2 2 2
XRCC1 2 2 2 2 2 2
XRCC4 2 2 2 2 2 2
YES1 2 2 2 2 2 2
ZAP70 2 2 2 2 2 2
ZC3HAV1 3.18 2.9 2 2 2 2
ZNF217 2 2 2 2 2 2
ZNF703 2 2 2 2 2 2

EdU Hoechst Composite

Before drug treatment
Cell number=4007

After 6 days of vehicle treatment

Cell number=11975

After 6 days of 5-FU treatment
Cell number=58

Figure S1. Drug effects with i-CR system. Epithelial cells marked with EpCAM monoclonal antibodies, newly syn-
thesized DNA identified by EdU labeling, and cellular nuclei labeled with Hoechst dye. The first, second, and third
rows showed i-CR cell numbers before drug treatment, after treatment with vehicle, and after treatment with 5-FU,
respectively. Compared to cells treated by vehicle, most cells were killed by 5-FU. The cells were stained with EdU
(red), EpCAM (yellow) and Hoechst (blue) in composite line.
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Figure S2. Representative data for high throughput screening with drug combinations in vitro. A. Image of cells
treated with targeted drugs or drug combinations. Each microscopic frame represents a 0.976 mm x 0.976 mm
view generated by the High-Content Screening (HCS) equipment. The cells were stained with EdU (red), EpCAM
(yellow) and Hoechst (blue). B. Proliferating cells (EdU positive cells) and maximum inhibition (Ml) after treatment
of drugs or combination regimens. C. Bar graph of relationship between growth inhibition and treatment regimens.
Dab, Tra, Pal, Cri, and Afa were the shortened forms of Dabrafenib, Trametinib, Palbociclib, Crizotinib, and Afatinib,
respectively.

Table S3. Combination Index (CI) for pathways in i-CR cultures

No. of i-CR culture Ei+Bi Ei+Mi Ei+Ci E+c-METi Bi+Mi Bi+Ci Mi+Ci
i-CR-1 1.99 0.53 0.23 0.98 1.02 1.01 1.06
i-CR-2 NA 0.24 0.32 1.00 NA NA 1.15
i-CR-3 3.04 0.64 0.16 0.40 1.49 0.93 0.68
i-CR-4 4.71 1.13 0.10 0.97 211 1.82 1.97
i-CR-5 2.97 0.06 0.83 0.57 16.56 1.80 2.27
i-CR-6 1.56 0.68 0.15 0.83 1.01 0.98 0.95
i-CR-7 0.18 0.02 0.86 NA 0.82 0.96 1.15
i-CR-8 1.29 0.10 0.20 NA 1.66 1.48 0.84
i-CR-9 1.76 0.26 1.45 1.00 211 1.15 3.09
i-CR-10 2.81 0.33 0.06 0.72 1.18 1.56 2.53
i-CR-11 1.24 0.16 0.34 0.84 1.08 1.49 2.21
i-CR-12 1.98 0.33 0.03 0.60 1.00 1.03 1.27
i-CR-13 1.70 0.27 0.22 0.39 1.58 1.57 1.06

Note: Ei, EGFR inhibitor; Bi, BRAF inhibitor; Mi, MEK inhibitor; Ci, CDK4/6 inhibitor; c-METi, c-MET inhibitor; NA, not available; CI
< 1, synergistic; Cl = 1, additive; Cl > 1, antagonistic.
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Table S4. Maximum Inhibition (Ml) for combinations of different pathways in i-CR cultures

No. of i-CR culture Ei+Bi Ei+Mi Ei+Ci Ei+Bi+Mi  Ei+Bi+Ci  Ei+Mi+Ci Ei+Bi+Mi+Ci
i-CR-1 3.34 123.96 30.18 58.82 19.99 309.74 172.72
i-CR-2 1.68 15.55 6.83 2.75 2.44 238.92 39.24
i-CR-3 11.63 5693.89 983.12 222.30 223.29  13918.39 9954.87
i-CR-4 2.15 2.69 10.25 4.46 7.07 214.47 279.07
i-CR-5 3.24 271.22 10.27 20.73 8.99 87.49 49.63
i-CR-6 24.67 192.60 44743 111.37 219.84 447.00 447.00
i-CR-7 5.22 39.21 123.10 87.79 10.41 907.67 220.07
i-CR-8 21.85 451.43 1085.49  254.00 449.30 1085.00 1085.00
i-CR-9 4.57 115.97 8.60 21.49 15.83 107.09 80.15
i-CR-10 2.95 140.79 6.18 10.77 5.20 561.03 50.59
i-CR-11 3.44 7.86 49.45 6.80 28.37 174.98 229.54
i-CR-12 9.37 110.04 2.69 956.90 42.00 440.44 813.97
i-CR-13 2.77 65.15 32.23 21.23 9.95 239.78 124.20
i-CR-14 1.20 3.83 2.14 1.46 1.70 38.92 13.11
i-CR-15 7.78 55.34 1430.91 34.59 172.96 5015.73 5015.73
i-CR-16 8.74 64.88 194.75 39.67 144.94 2069.08 586.54
i-CR-17 9.20 55.93 1861.97 38.94 302.41 6871.00 6871.00
i-CR-18 7.45 84.80 143.21 16.96 36.64 1040.23 255.79

Note: Ei, EGFR inhibitor; Bi, BRAF inhibitor; Mi, MEK inhibitor; Ci, CDK4/6 inhibitor.

Table S5. Consistency between in vitro i-CR cultures and in vivo paired PDX models

No. of i-CR culture - - - - MI_ — ——— No. of PDX - - - TG_I R E——
Ei Mi Ci Ei+Mi Ei+Ci Ei+Mi+Ci Ei Mi Ci  Ei+Mi Ei+Ci Ei+Mi+Ci
i-CR-2 3 2 2 65 32 239 PDX-2 NA NA NA  44% 22% 71%
i-CR-3 01 3 3 42 6 1003 PDX-3 NA NA NA  43% 32% 2%
i-CR-4 13 1 1 39 123 908 PDX-4 4% 41% 39% 84% 78% 95%
i-CR-7 1 1 4 1 9 171 PDX-7 19% 39% 33% 51% 56% 73%
i-CR-9 7 NA NA 115 8 106 PDX-9 41%  NA NA  74%  81% 101%
i-CR-10 1.5 06 12 26.7 82 186.5 PDX-10 4% 41% 39% 84% 78% 95%
i-CR-13 1 1 33 91 8.1 79.2 PDX-13  -18% 61% 69% NA NA 100%

Note: Ei, EGFR inhibitor; Mi, MEK inhibitor; Ci, CDK4/6 inhibitor; MI, maximum inhibition; TGI, tumor growth inhibition; NA, not available.

A B
Control 7 EpCAM EdU Hoechst Composite
Control
Patient A
Docetaxel
Patient B
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Figure S3. Utilization of i-CR system to study drug predictive biomarkers and resistance mechanisms. (A) Application of i-CR system to understand patient specific
(patient A was sensitive to 5-FU, but patient B was not sensitive to 5-FU) and intra-tumor clonal (B) difference in the sensitivity to chemotherapeutic drugs. 5-FU
and docetaxel were used to represent standard-of-care chemotherapeutic drugs. S denotes sensitive clones, R denotes drug resistant clones in the culture. Each
microscopic frame represents a 0.976 mm x 0.976 mm view generated by the High-Content Screening (HCS) equipment.
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Figure S4. Potential applications of targeted drug combinations in other cancer types. (A) EGFR+MEK or EGFR+MEK+CDK4/6 inhibitors inhibited tumor growth of
i-CR cells (A1, A2) and PDX models (A3) derived from one liver cancer patient. (B) EGFR+CDK4/6 or EGFR+MEK+CDK4/6 inhibitors inhibited tumor growth of i-CR
cells (B1, B2) and PDX models (B3) derived from one gastric cancer patient. Each microscopic frame represents a 0.976 mm x 0.976 mm view generated by the
High-Content Screening (HCS) equipment. The green arrow represented the time of drug withdraw.
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