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Simple Summary: The main problem in treating advanced cancers is a metastatic spread when
individual cancer cells leave the primary tumor and colonize to distant organs. In drug development,
it is important to quantitatively assess effects of novel drug candidates on both primary tumors and
metastasis. Unfortunately, current methods of monitoring metastasis in mouse models have low
sensitivity and are not quantitative. Here, we developed a methodology to monitor drug effects
on metastasis that is quantitative and has a very high sensitivity and resolution. In fact, it allows
monitoring effects of drugs on individual cancer cells in animals.

Abstract: Imaging in monitoring metastasis in mouse models has low sensitivity and is not quan-
titative. Cell DNA barcoding, demonstrating high sensitivity and resolution, allows monitoring
effects of drugs on the number of tumor and metastatic clones. However, this technology is not
suitable for comparison of sizes of metastatic clones in different animals, for example, drug treated
and untreated, due to high biological and technical variability upon tumor and metastatic growth and
isolation of barcodes from tissue DNA. However, both numbers of clones and their sizes are critical
parameters for analysis of drug effects. Here we developed a modification of the barcoding approach
for monitoring drug effects on tumors and metastasis that is quantitative, highly sensitive and highly
reproducible. This novel cell double-barcoding system allows simultaneously following the fate of
two or more cell variants or cell lines in xenograft models in vivo, and also following the fates of
individual clones within each of these populations. This system allows comparing effects of drugs on
different cell populations and thus normalizing drug effects by drug-resistant lines, which corrects
for both biological and technical variabilities and significantly increases the reproducibility of results.
Using this barcoding system, we uncovered that effects of a novel DYRK1B kinase inhibitor FX9847 on
primary tumors and metastasis is clone-dependent, while a distinct drug osimertinib demonstrated
clone-independent effects on cancer cell populations. Overall, a cell double-barcoding approach can
significantly enrich our understanding of drug effects in basic research and preclinical studies.

Keywords: preclinical studies; cell barcoding; metastasis; drug effects; xenograft

1. Introduction

Quantitative evaluation of drug effects on tumor growth and metastasis in xenograft
animal models is critical for basic understanding of tumor dynamics and for anti-cancer
drug development. Currently used methods that are mainly based on either imaging or
direct measurements of tumor and metastasis sizes have critical drawbacks: (a) they are
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semi-quantitative, thus requiring relatively large animal group sizes to achieve statisti-
cally significant data; (b) sensitivity of these methods is insufficient for detecting small
metastasis. Indeed, in many cases primary xenograft tumors formed by human cancer cells
injected subcutaneously in nude mice do not generate detectable metastasis. To obtain
such metastasis, injection of cells into orthotopic organs or the tail vein is done. These
approaches, however, are elaborate and CROs rarely use such methods in the preclinical
studies, especially since the U.S. Food and Drug Administration (FDA) accepts preclinical
data using subcutaneous xenografts (see, for example, [1–3]). When metastasis develops in
animals, detection by imaging reflects a combination of the number of metastases and their
individual sizes without distinguishing these parameters, which is very important.

Cell DNA barcoding allows dissecting many aspects of tumor dynamics, metastasis
and drug effects [4–14]. Systems for cell barcoding include direct introduction of barcodes
via lentiviral infection, CRISPR-based barcoding, or a combination of barcoding with
fluorescent markers [9–11,14–17]. A very important advantage of these systems is high
sensitivity and the ability to simultaneously monitor the fate of thousands and even millions
of cells [5,6,18]. High sensitivity allows fine dissection of the metastatic process in xenograft
models, cell lines and PDX models [5,8,11,17,19,20].

Despite these advantages, the barcoding approach has not been effectively used for
quantitative evaluation of drugs’ effects. Though there were reports in which drug effects
were studied using cell barcoding, most of these studies were done in vitro [5,6,10,21,22],
where isolation of DNA sufficiently pure for the barcode amplification is a lesser problem.
In several cases, when barcoding was used to assess drug effects in vivo, effects on the
number of clones that formed primary tumors and metastasis were reported [8,20,23].
However, comparing sizes of individual clones that formed tumors and metastasis in drug-
treated and untreated animals is problematic for regular cell barcoding. This drawback is
because PCR-based isolation of barcodes shows high variability due to the differences in
tissue disruption and purification of DNA, thus precluding effective comparison between
animals of the number of reads belonging to each barcode (reflecting size of each clone).
Importantly, assessment of the number of clones without assessing clone sizes is insufficient
for evaluation of drug effects (see an example with osimertinib below). This problem was
encountered, for example, in a published study of the effects of cisplatin in a PDX model
measured by standard barcoding [20]. Cisplatin had a minor impact on clonal diversity
while strongly reducing the tumor size, indicating that standard barcoding was unable to
demonstrate the drug effect.

To circumvent these drawbacks, we developed a double-barcoding system that signif-
icantly improves measurements of primary tumors and metastasis. Our system enables
quantitative measurements due to internal normalization of drug effects in individual
animals that corrects for the variability in barcode isolation and significantly increases
the reproducibility of results. Reduced variability in barcode isolation permits reducing
number of animals per group and allows multiplexing to monitor cancer parameters in
several cell lines simultaneously. Using this system, we uncovered that some drugs sup-
press growth of the entire cancer cell population, while others kill a subset of clones while
not affecting other clonal subpopulations.

2. Materials and Methods
2.1. Cell Culture and Reagents

All cell lines were obtained from the ATCC (Manassas, VA, USA). The 4T1 (RRID:
CVCL_0125) and H1975 (RRID:CVCL_1511) cell lines were cultured in RPMI-1640 medium
supplemented with 2 mM L-Glutamine, 1% penicillin/streptomycin (pen/strep) and 10%
v/v Fetal Bovine Serum (FBS); A549 (RRID:CVCL_0023) cells were cultured in Ham’s
F12 Nutrient Medium supplemented with 2 mM L-Glutamine, 1% pen/strep and 10%
FBS; MDA-MB-231 (RRID:CVCL_0062) and HEK293T (RRID:CVCL_0063) cell lines were
cultured in DMEM, High Glucose (4500 mg/L D-glucose) supplemented with 2 mM L-
Glutamine, 1% pen/strep and 10% FBS and HCT 116 cells were cultured in McCoy’s 5A
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Medium supplemented with 2 mM L-Glutamine, 1% pen/strep and 10% FBS. All the cell
culture media and supplements including FBS were purchased from Biological Industries
(Kibbutz Beit-Haemek, Kibbutz, Israel).

Cells were routinely cultured in 75 cm2 tissue culture flask and kept in a humidified
atmosphere with 5% CO2 at 37 ◦C. All cell lines were tested for mycoplasma contamination
every 3 months using commercial PCR-based kit (Biological Industries).

FX9847 was provided by Felicitex Therapeutics, Inc. (Natick, MA, USA); Osimertinib
(Cat#O-7200) was purchased from LC Laboratories (Woburn, MA, USA); Irinotecan (Cat#
I1406), 5-Azacytidine (Cat#A2385) were purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Single Cell Cloning

Colorectal cancer cell line HCT116 was used as model system; single cell cloning was
performed by using limiting serial dilution and cloning disks (Merck, Darmstadt, Germany,
Cat#Z374431).

2.3. Colony Growth Assay

H1975 and A549 cells were plated at 6-well plates at confluency of 50% and a day later
treated with elevated concentrations of osimertinib or with vehicle control. The treatments
were 2.5, 5, 7.5, 10, 12.5, 15, 20 µM osimertinib for 7 days, after which medium was removed
and cells were rinsed with PBS. Fixation and staining of clones were done with a mixture of
0.5% crystal violet in 50/50 methanol/water for 30 min. Dishes were rinsed with water and
left for drying at room temperature. Afterwards, the stain was solubilized in 0.2% Triton
X-100 and the O.D.at 590 nm was determined [24].

2.4. Construction of the Double Barcode Library

A total of 24 barcoding libraries were constructed. Each library was obtained by
cloning an oligonucleotide containing 8nt barcode, unique for each of the 24 libraries,
followed by a 20 nt sequence common for all libraries, and followed by a 14 nt random
sequence. On both sides the sequences of the oligoes were flanked by restriction sites. They
were cloned into the lentiviral vector, and bacterial cells were transformed by electropora-
tion to achieve high rate of transformation, in order to obtain highly representative libraries.
We estimate that libraries contained 40,000–200,000 clones, and therefore similar numbers
of diverse random sequences. Accordingly, they allow following the fates of about this
number of individual clones.

In cell culture experiments, which did not require multiplexing, we barcoded cells with
50 M library from Cellecta Inc. (Mountain View, CA, USA), according to the manufacturer’s
protocols (Cat#BC13X13-P). These barcodes contain 18-nucleotide sequence, which enables
tagging individual cells with unique barcodes.

2.5. Virus Preparation for the Barcoding Library

Lentivirus barcoding library was prepared using the corresponding plasmids along
with virus coat packaging plasmids using Lipofectamine 3000 infection reagent (Cat#
L3000015, Thermo Scientific, Waltham, MA, USA) in HEK293T cells. Briefly, cells were
passaged and grown at 80–90% confluency in DMEM high glucose media supplemented
with 4 mM glutamine, 1 mM sodium pyruvate and 5% heat inactivated FBS. For transfection,
reagents were mixed in Opti-MEM (Cat# 31985070, Thermo Scientific) supplemented with
4 mM glutamine and co-incubated for overnight. Next day media was changed with
Opti-MEM supplemented with 5% FBS, 4 mM glutamine and kept further for 24 h. Viruses
were harvested using 0.45 µm filter and kept in −80 ◦C for further use.

Upon infection with libraries, we chose the MOI of about 10–20%, so that on average
each cell receives only one viral particle. After infection, cells carrying lentiviruses were
selected with puromycin and further divided into groups for either injection into mice or
drug treatment in culture.



Cancers 2022, 14, 1381 4 of 15

2.6. Xenografts

All animals were housed under pathogen-free conditions, and all animal procedures
were approved by Ariel University Institutional Animal Care and Use Committee. Cell line
suspensions were prepared in 1:1 matrigel (ECM Gel #E1270, Sigma-Aldrich) and approxi-
mately 1.5 × 106 cells were subcutaneously injected into the flanks of 9-week-old female
nude (Nu/Nu) mice (Envigo, Ness Ziona, Israel). Tumors were measured with calipers and
the tumor volume was calculated according to the formula Vol = 0.52 × L × W2. When
tumors reached the volume of approximately 200–300 mm3, mice were randomly assigned
into either treatment group or control group. FX9847 (100 mg/kg) was administered in-
traperitoneally once daily and osimertinib (2.5 mg/kg) was administered by oral gavage
once daily. Tumor volumes were measured, and body weights were monitored twice
weekly for the entire span of the experiment.

2.7. Genomic DNA Extraction

Two methods of DNA isolation were used following tissue disruption with metal beads
using Heartbreaker 2/12. DNA from primary tumor lysate (10 mg of protein) was extracted
with proteinase K digestion (Proteinase K, Cat# EO0491, Thermo Scientific) according to
the manufacturer’s protocols, followed by phenol/chloroform extraction, and followed
by ethanol precipitation repeated twice. Of note, this method is not suitable for DNA
isolation from liver and lungs, since chloroform suppresses PCR reactions. Alternatively,
for isolation of DNA from primary tumors, liver and lung, we used DNeasy Blood & Tissue
Kit (Cat# 69504, Qiagen, Hilden, Germany), followed by additional clean up using DNeasy
PowerClean Pro Cleanup Kit (Cat#12997-50, Qiagen) according to the manufacturer’s
protocols. Isolation of genomic DNA from cultured cells was performed by Wizard genomic
DNA isolation kit (Cat#A1120, Promega, Madison, WI, USA).

2.8. Amplification of the Barcodes

We first PCR using a wider separated primer set to a region that covers the entire
region of barcodes, and then perform a second PCR reaction with primers that are closer to
each other but still cover the barcodes region (Figure S1). Detailed procedure of PCR and
primer details described in Tables S1–S5. Briefly, 1-st PCR (PCR 1) was performed using
Titanium Taq DNA Polymerase (Cat# 639209, Takara Bio, San Jose, CA, USA) for all above
experiments. Separation of the PCR products from primers and gel purification was done
by QIAquick PCR & Gel Cleanup Kit (Cat#28506, Qiagen). Afterwards, 2-nd PCR (PCR 2)
was carried out using nested primers either generic or having unique sample barcodes as
two rounds of nested PCR are necessary to increase the specificity of polymerization. PCR 2
was performed using Phusion High-Fidelity PCR Master Mix (Cat#F531, Thermo Scientific).
Since several samples could be sequenced in one chip, all corresponding samples were
multiplexed by adding an additional sample barcode during the second round of PCR.
Samples were normalized individually, then pooled together, and purification of the PCR
products was completed using AmpureXP magnetic beads (Cat#A63882, Beckman Coulter,
Brea, CA, USA) following manufacturer’s protocols. Next, we sequenced the barcodes
using Ion Torrent and Illumina platforms.

2.9. Analysis of the Data

We used a combination of custom-tailored applications to analyze sequencing reads
along with the R programming language. Data were first checked for quality of reads
through FastQC (v0.11.7), further using barcode-splitter (v0.18.6) reads were demultiplexed
based on sample barcodes (1 error as mismatch or deletion was allowed for sample barcodes
while demultiplexing). Obtained FASTQ files were used to count the library barcodes by
using python-based applications that were custom-made for this purpose. Quantification
of the unique barcodes that were abundantly enriched or lost after treatment has been done
via a python-based script (software version 3.10.0). For data cleaning and visualizations
tidyverse-v1.0.0 and ggplot2-v3.3.3 of R packages were utilized.
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2.10. Statistical Analysis

We used an R programming language and GraphPad Prism (v9, RRID:SCR_002798)
for plotting of data and associated statistics.

3. Results
3.1. Double-Barcoding System

Previously monitoring cancer development with cell barcoding was done using a
barcode library with random barcodes that allows individual labeling of clones within
the cancer cell population [6,11,15,17,18]. Since this approach did not allow quantitative
comparison of clonal sizes between animals (see Introduction), we realized the necessity
of internal controls for normalization. Accordingly, we sought to test effects of a drug on
xenograft established by co-injection of drug-sensitive and drug-resistant variants of cancer
cells labeled with different barcodes, and use a change in their ratio following the treatment
to quantify the effect. Utilizing the ratio between drug-resistant and drug-sensitive cell
lines as a measure of drug effect corrects for differences related to biological variations
between animals, as well as for DNA quality, since barcodes from both drug-sensitive
and drug-resistant cells are PCR-isolated simultaneously from the same total tissue DNA.
Moreover, co-injection of different cell populations, e.g., different cell lines or different
mutant variants within one cell line, also allows quantitative comparison of their ability to
form tumors and metastasis. The common approach to test for drug effects in preclinical
studies is subcutaneous cancer cell injection, which is routinely used by CROs and is
accepted by FDA (see, for example [1–3]). Accordingly, we used this in vivo model, though
other models, e.g., PDX or orthotopic models, can also be used.

To simultaneously monitor different cell populations and their clonal structure, we
constructed twenty one libraries caring two barcodes. The 8-nucleotide first barcode
(Barcode 1) was unique for each library and permitted us to distinguish between various
cell lines or cell populations. It was followed by a second barcode (Barcode 2) made
of 14 random nucleotides that enabled individually labeling cells within each cell line
(Figure 1A). The second barcode allowed quantification of a progeny of each individual
cell that forms a primary tumor or metastatic clone, thus providing a measure of a size of
each clone or metastasis. The diversity of each library varied between 40,000 and 200,000 of
second barcodes. In further experiments, we used libraries with 200,000 barcodes diversity.

3.2. Monitoring Tumor Formation and Metastasis by Mixed Population of Cancer Cells

To test the application of the double-barcoding system, we compared the ability of
simultaneously injected cancer lines to form primary tumors and metastasis. Accord-
ingly, we barcoded two non-small cell lung cancer (NSCLC) cell lines, A549 and H1975,
with two libraries, each having its own barcode 1 followed by random barcode 2. Then
500,000 barcoded cells of each type were mixed together and injected into nude mice to
establish xenografts. After formation of tumors, animals were sacrificed and tumors were
collected along with lungs and livers. Following DNA isolation and sequencing, barcodes
were analyzed. The standard deviation of ratios of H1975 and A549 cells in primary tumors
(ratios of the numbers of barcodes 1 that mark H1975 and A549 cells) were around 20%,
which is significantly lower than deviations in tumor sizes usually obtained by conven-
tional methods. In metastasis, the standard deviations of these ratios were 30–35%, which
is also lower than usually seen deviations between animals in a group by either imaging or
direct counting of metastasis.

Co-injection of two lung cancer lines allowed comparative analysis of the ability of
cells to establish primary tumors as well as to compare their metastatic capacities. It is
noteworthy that, unlike conventional methods, measuring barcodes provides sufficient
sensitivity to detect small metastases and evaluate them quantitatively.

Interestingly, the abilities of cells to establish primary tumors and their metastatic
capacities did not correlate with each other. Thus, representation of H1975 cells in the
primary tumor was about 5-fold higher than A549 (based on barcodes 1 ratio). However,
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in both liver and lung metastasis, these cells were present in almost equal proportions
(Figure 1B). Such comparative analysis of capacities of cells to form primary tumors and
metastasis could be especially useful in studies of effects of mutations. Of note, these experi-
ments share the same logic with classical comparative fitness experiments when cell mixing
allowed detecting even small differences in effects of mutations on cell growth [25,26]. In
fact, cancer cell mixing experiments have been used to compare drug effects in vitro [10,27],
but the barcoding in these works was not designed to monitor effects on individual clones,
which can significantly enrich the obtained information.
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Figure 1. Double-cell barcoding system allows monitoring primary tumors and metastasis derived
from several cell lines simultaneously. (A) The schematic representation of the double-barcoding system.
(B) Metastatic ability of H1975 and A549 cell lines. The data reflect the fold change difference of the
number of reads corresponding to H1975 and A549 cell lines in primary tumors and metastasis. (C) A
significant fraction of clones that form metastasis in lungs can also form metastasis in liver. The number
of barcodes common and unique for lungs and liver is shown. (D) The ability to form metastasis does
not correlate with the growth of cells in primary tumors (right panel). However, the ability of clones to
populate and grow in lungs closely correlates with the rate of growth in liver (left panel).

To evaluate the number of metastases formed by A549 cells and their sizes, we an-
alyzed distribution of second clonal barcodes isolated from lungs and liver normalized
by the ratio of barcodes 1 (H1975/A549). In line with previous reports [19,28], there was
a significant overlap between identical barcodes in these two organs (15%), indicating
that if a cell can form metastasis in lungs, it has a high chance forming metastasis in liver
(Figure 1C). Furthermore, faster growing metastases were able to better propagate in both
lungs and livers (Figure 1D, left panel). Accordingly, evolution of metastatic properties
provides advantages for metastasis in both organs. In contrast, there was no correlation
between the ability of cells to propagate in primary tumors and in the metastasis that they
produce (Figure 1D, right panel).

3.3. Using Double Barcoding to Quantify Drug Effects

Next, we investigated the potential of our double-barcoding system to quantitatively
assess drug effects on tumor formation and metastasis as compared to conventional mea-
surements. For this analysis we chose a standard drug, osimertinib, an inhibitor of a mutant
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EGFR (T790M). To evaluate the technology with a novel drug candidate in preclinical stage
of development, we used FX9847, a selective inhibitor of DYRK1B kinase. DYRK1B prevents
cancer cells from staying in G0 stage of the cell cycle, which is the most chemotherapy-
resistant stage. Accordingly, treatment with DYRK1B inhibitors forces cancer cells to enter
the cell cycle and makes them drug-sensitive [29–31]. Indeed, a combination of osimertinib
and FX9847 demonstrated synergistic cell killing in vitro [31,32]. Since information about
FX9847 has been published only as conference abstracts, a more detailed description of
this drug and its mechanisms of action is presented in the Supplementary Information,
Figures S2–S4.

Results of conventional monitoring by caliper measurements of effects of these two
drugs on tumor established by H1975 is shown on Figure 2A. FX9847 alone demonstrates
minimal suppression of the tumor growth. On the other hand, osimertinib had a strong
tumor-suppressing effect, which was significantly enhanced by a combination with FX9847.
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Figure 2. Effects of drugs combination treatments on primary tumors. (A) Effects of osimertinib
and FX9847 and their combination on xenograft tumor growth measured by the caliper. Xenografts
were established with H1975 lung cancer cells, and mice (10 animals per group) were treated with
either osimertinib or FX9847 or their combination as described in the Materials and Methods section.
(B) Sensitivity of H1975 and A549 cells to osimertinib (7 days of treatment). Cell viability was
measured by the colony growth assay. (C) Effects of osimertinib and FX9847 and their combination
on the primary tumors. The number of reads corresponding to H1975 cells was normalized by the
number of reads that represent A549 cells. ***, p < 0.005.

Next, we barcoded osimertinib-sensitive H1975 cells expressing mutated EGFR (T790M)
and osimertinib-resistant A549 cells expressing wild type EGFR with two different double-
barcode libraries, as in the previous section. We confirmed that H1975 cells are significantly
more sensitive to osimertinib than A549 cells in vitro (Figure 2B). Equal numbers of bar-
coded H1975 and A549 cells were co-injected into nude mice and when tumors became
pulpable, animals they were dosed with (a) osimertinib, (b) FX9847, (c) combination of
osimertinib and FX9847, or (d) sham was administered. Following treatments, animals were
sacrificed, and tumors, lungs and livers were collected. DNA was isolated, and barcodes
were amplified and sequenced, as in the previous experiments.

Overall, representation of the cell-line specific barcodes 1 (that marked H1975 and
A549 cell lines) indicated that in untreated animals H1975 cells have a higher ability to
form tumors than A549 cells (Figure 2C). Treatment with osimertinib strongly reduced
the proportion of H1975 cells compared to A549 cells in the primary tumors, reflecting
its higher sensitivity to the drug. As negative controls for drug effects, we present effects



Cancers 2022, 14, 1381 8 of 15

of osimertinib and FX9847 on the drug-resistant A549 cells in primary tumor and lung
metastasis (Figure S5). Interestingly, while FX9847 alone only slightly changed the ratio
between H1975 and A549 cells, it significantly enhanced H1975 sensitivity to osimertinib
(Figure 2C). These data were in line with the data obtained by caliper measurements of
tumor sizes (Figure 2A). Importantly, due to normalization by the internal negative control
(i.e., looking for ratios between sensitive H1975 and resistant A549 lines), we were able to
obtain statistically significant effects of drugs using only three mice per group.

Comparison of standard- and double-barcoding systems is schematically explained in
Figure 3A. To highlight the importance of the internal normalization by the drug-resistant
cells, which reflects the difference between standard barcoding and double barcoding, we
compared data on the H1975 cells in primary tumors and lung metastasis without and
with such a normalization. To evaluate the data reflecting standard barcoding, we present
raw numbers of barcode 1 reads (representing the number of H1975 cells) corrected by
the number of PCR cycles needed for the barcode amplification. To evaluate the data
reflecting double barcoding, we present ratios of barcode 1 reads corresponding to H1975
and A549 cells in the same mice. Figure 3B shows that without normalization, differences
between the number of reads for barcode 1 that labels H1975 cells in the tumors in different
animals within a group was orders of magnitude, which made the comparison of control
and osimertinib-treated groups practically useless. On the other hand, upon normalization
by A549 cells, the number of reads within the groups became much closer, and the effect of
osimertinib became clearly evident (Figure 3B). This comparison highlights the fundamental
advantage of double barcoding over a standard cell-barcoding approach in measurement
drug effects.
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Figure 3. Comparison of standard and double-barcoding systems. (A) Schematic explanation of the
standard- and double-barcoding systems. There are two sources of variability in counting barcodes.
They include biological variabilities associated with differences in cell injections and their ability to
form tumors and metastasis in different animals; and technical variability associated with differences
between different samples in tissue disruption and DNA isolation, which significantly affect the
efficiency of isolation of barcodes for sequencing. (Left panel) shows experiment with standard
barcoding. Barcoded cells form tumors and metastasis in control group with certain variability, and
these tumors and metastasis might be smaller (and fewer in case of mets) in drug-treated animals. DNA
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isolated from these animals will be of different quality and different number of PCR cycles will
be necessary to amplify sufficient for sequencing amounts of barcode DNA bands (visible bands
are needed). Correcting the number of reads after sequencing for tumor sizes and the number of
PCR cycles creates enormous variabilities, which makes comparison of control and drug-treated
groups almost impossible. Similar is true with metastasis. The only reasonable comparison could be
done with the number of clones (number of different barcodes), but this parameter is insufficient for
evaluation of drug effects (see the example with osimertinib below). (Right panel) shows experiment
with double barcoding. Drug-sensitive and drug-resistant cells are barcoded by two different double-
barcoding libraries and co-injected into animals in equal amounts. Both cell populations form mixed
tumors and both metastasize to distinct organs. Due to the difference in animals, there is certain
variability in tumor sizes, but the relative representation of two cell types in the tumor has low
variability. The same is true for metastasis. In the drug-treated group the sizes of tumors do not
become smaller because of the presence of the drug-resistant cells. They expand, while the drug-
sensitive cells contact. The ratio between the lines changes, and such a ratio also has low variability.
DNA isolated from these animals will be of different quality, and different number of PCR cycles
will be necessary to amplify sufficient for sequencing amounts of barcode DNA bands. However,
bands containing barcodes for both lines are amplified together from the same DNA, and therefore
their ratio remains unchanged independently on the number of PCR cycles. Similar is true with
metastasis. Therefore, double barcoding diminishes both biological and technical variations and
allows quantification not only of the number of clones but also of their sizes. (B) Comparison of raw
numbers of reads (of barcode 1, reflecting the number of H1975 cells in tumors) in mice treated and
untreated with osimertinib with normalized number of reads in the same samples. (C) Comparison
of the number of clones (barcodes 2) in control and osimertinib-treated group. The experiment shows
that upon using standard barcoding without normalization on drug-resistant cells, quantification of
effects of some drugs becomes practically impossible.

Additional advantage is achieved through utilization of the random barcode 2 in
each library, as it allows quantitative assessment of clonal sizes in primary tumors and
metastasis based on the numbers of reads of each clone-specific barcode 2. The number
of reads representing each barcode 2 within a population of cells is proportional to the
number of cells in the corresponding clone produced by a progeny of one cell (and therefore
each metastasis). Normalization of numbers of barcodes 2 reads on the ratios of cell line-
specific barcodes 1 (H1975/A549) allows comparison of the clonal sizes in different animals,
which provides significant advantages over standard barcoding in measuring drug effects.
Furthermore, with some drugs that similarly suppress all clones in the population (see
below), only double barcoding can provide data on drug effects, while standard barcoding
cannot be used at all.

3.4. Clonal Responses to Drugs

Individual cell barcoding and monitoring clonal fates allowed us to uncover an unex-
pected feature of a drug action. We normalized random barcodes 2 by the ratio of barcodes
1, as in previous experiments, and plotted the distribution of barcodes 2 by the number of
reads, which reflects sizes of individual clones within the tumor. Figure 4A shows a typical
distribution curve in untreated tumors. Such curves were highly reproducible between
animals within each group (Figure S6). Treatment with FX9847 alone did not change either
the shape of the curve or its position, confirming minimal effect of FX9847. In contrast,
osimertinib strongly shifted down the entire curve without significantly changing its shape
(Figure 4A). This finding indicates that osimertinib equally suppresses growth or kills cells
derived from different clones. In other words, there was little clonal variability in sensitivity
to osimertinib in cells that formed primary tumor.
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Figure 4. Effects of drug treatments on the size distribution of clones in primary tumors and
metastasis. (A) Size distribution of clones in primary tumors of control population and animals
treated with osimertinib, FX9847 and their combination. (B) Size distribution of clones in lung
metastasis of control population and animals treated with osimertinib, FX9847 and their combination.
(C) Quantification of significance of effects represented in Figure 4B. **, p < 0.01; ****, p < 0.001.

The combination of osimertinib and FX9847, while reducing the ratio of H1975 and
A549 cell populations (i.e., ratio of the numbers of corresponding barcodes 1) only 2-fold,
compared to osimertinib alone (Figure 2C) dramatically changed the shape of the curve of
distribution of clones by size (i.e., number of reads per individual barcode 2) (Figure 4A).
In fact, the drug combination reduced the number of clones that survived the treatment
almost 5-fold, compared to osimertinib alone.

These data indicate that adding FX9847 to osimertinib did not equally suppress the
growth of all clones, but rather eliminated a large number of clones while sparing the
others. In other words, FX9847 had a synergistic effect with osimertinib against most
clones except the few that were resistant to the combination. Thus, this analysis allowed
us to quantitatively assess the internal heterogeneity of tumor-forming cells. Overall,
these experiments uncovered two fundamentally different effects of drugs on cancer cell
populations: the EGFR (T790M) inhibitor alone kills cells independently of their clonal
properties, while in the presence of the DYRK1B inhibitor it kills cells selectively, depending
on their clonal origin. Thus, our system provides a unique opportunity to detect potential
clonal-dependent resistance mechanisms in the tumor cell population (see below).

Compared to primary tumors, in metastasis the effects of osimertinib were much
weaker (Figure 4B,C), suggesting that metastasis acquired partial resistance to the drug.
Nevertheless, the combination of osimertinib and FX9847 significantly reduced the number
and sizes of metastasis in lungs, while either drug alone did not show significant effects
(Figure 4C). Importantly, as with the primary tumors, in metastasis the effects of FX9847
were clonal-specific, while the effects of osimertinib were clonal-independent (Figure 4B).

3.5. Evaluating Clonal Effects of Other Drugs

To understand how general differences in clonal effects of drugs are, we tested an
unrelated set of drugs, including a topoisomerase 1 inhibitor, irinotecan, and an inhibitor of
DNA methylation, 5-azacytidine. Since these drugs are used for treatment of colon cancer,
we tested their effects on a colon cancer cell line, HCT116. We titrated irinotecan and
identified IC50, which appeared to be 20 nM. The 5-azacytidine alone did not kill these cells
even at high concentrations, but it significantly sensitized cells to irinotecan (not shown).
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In the initial experiment, cells were barcoded and exposed to irinotecan. Distribution of
barcodes demonstrates that irinotecan both shifts the curve down and changes its shape
(Figure 5A), suggesting that it has stronger killing effects on some clonal subpopulations.
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Figure 5. Effects of irinotecan alone or in combination with 5-Azacytidin on clonal size distribution.
(A) Size distribution of clones of heterogenous cell population either untreated or treated irinotecan
or irinotecan + 5-azacytidin. (B) Size distribution of clones of homogenous cloned cell population
either untreated or treated irinotecan or irinotecan + 5-azacytidin.

To test whether genetic differences are responsible for clonal effects of irinotecan,
we cloned the parental population of HCT116 cells to obtain genetically identical clonal
populations. One of the clones was barcoded and exposed to irinotecan. With such cloned
cells, irinotecan only shifted the barcode distribution curve down without changing its
shape (Figure 5B). We concluded that with a genetically uniform cell population, irinotecan
suppresses growth or kills cell population uniformly. We tested irinotecan sensitivity of a
few additional clones obtained from the original cell line and found that they show almost
20-fold variability in IC50 towards irinotecan, ranging from 2 to 40 nM. Therefore, the
original clonal effects of irinotecan were associated with the genetic heterogeneity of the
cell line, and these effects were diminished in the genetically uniform population.

On the other hand, the effects of 5-azacytidine on HCT116 cells were very different. In
the heterogeneous population, 5-azacytidine added in combination with irinotecan, and
both shifted the size distribution curve and changed their shape much more than with
irinotecan alone (Figure 5A). When the effects of 5-azacytidine were tested in the genetically
homogeneous population of cells, we observed that the addition of 5-azacytidine together
with irinotecan changed the shape of the curve even more dramatically, demonstrating
that this drug effectively eliminates a subset of sub-clones without touching the rest of the
population (Figure 5B). Therefore, here again we encountered two different types of drugs
with different clonal effects.

4. Discussion

Here, we introduce a novel barcoding system that allows monitoring the fate of
individual clones in multiple cell populations to quantitatively monitor cancer cell behavior
in animals in basic research and preclinical studies. Currently used approaches that involve
imaging or direct measurements suffer from relatively low sensitivity and low resolution,
leading to the inability to quantitatively evaluate the number of metastases and the sizes of
individual metastasis. There have been reports of measurements of metastasis by standard
cell barcoding, but this system has significant limitations. As noted above, standard cell
barcoding allows assessment of drug effects on the number of clones (i.e., the number
of recovered barcodes) that formed primary tumors and metastasis [23,33], but not on
the clonal sizes. However, with some drugs the number of barcodes cannot be used for
assessing drug effects. For example, we detected only statistically insignificant differences
in the number of barcodes between control and osimertinib-treated mice (see Figure 3C)
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despite the strong tumor-suppressing effect of the drug (see Figure 2C). This is because
osimertinib suppresses the growth of all clones without selectively killing a subpopulation
of clones. Therefore, with such drugs, regular barcoding cannot be used at all for assessing
drug effects, and with other drugs only part of the drug effects can be seen. In contrast,
double barcoding that allows normalization clearly uncovers drug effects.

An important advantage of the double-barcoding system over single barcoding with
random barcodes is that it allows internal normalization of the results, which strongly
enhances statistical significance of the results. The deviation in measurements of cancer
parameters and drug responses between animals within a group are of two different origins:
(1) biological difference between animals (e.g., difference in their epigenetic nature), and
(2) technical differences in the process of isolation of DNA from primary tumors and distant
organs. Normalization with the double-barcoding system allows correction of both sources
of deviations. Indeed, when we inject both drug-sensitive and drug-resistant cell lines in
a mouse, both experience similar host effects on tumor development and metastasis, and
DNA from both lines is isolated with the same impurities. When we compared deviation
from average with and without normalization by the second cell line, we observed that
the normalization strongly reduces the deviations (Figure 3B), thus allowing the use of a
relatively small number of animals per group to achieve the statistical significance. With
this level of precision, three–four animals per group should be sufficient for almost any
study of drug effects.

In order to monitor drug effects by the double-barcoding system, drug-resistant and
drug-sensitive versions should be co-injected. Drug-resistant versions could be selected
from the drug-sensitive population by standard approaches, i.e., dose escalation selec-
tion [34], which will work best for targeted drugs. Alternatively, if one deals with a small
molecule drug, even with not-targeted action, overexpression of an MDR pump may make
cells drug-resistant [35]. When studying immunotherapeutic drugs, one can suppress
generation of the peptide-loaded MHC1, e.g., by depletion of TAP transporters, which
will make cells resistant to most types of immunotherapy [36,37]. On another note, as
mentioned above, within standard cell lines, individual clones demonstrate entirely dif-
ferent drug sensitivities (e.g., different clones of HCT116 cells had a 20-fold difference in
sensitivity to irinotecan), and simple cell cloning can generate both drug-sensitive and
drug-resistant versions of the same cell line.

Effects of drugs measured by the barcode sequencing were apparently stronger than
effects measured by caliper. In fact, when measured by caliper, by day seven of exposure we
observed about a 4-fold difference in tumor sizes between control and osimertinib-treated
animals. However, when measured by the barcode sequencing, we observed a 12-fold
difference. We suggest that an important source of the variability upon measurements of
primary tumor volumes with caliper is that it does not consider tumor necrosis, which
could lead to significant underestimation of drug effects. However, measurements by
barcoding are likely to detect only live tumor cells, which avoids counting necrotic cells
and thus underestimation of drug effects. Thus, estimation of the drug effects with the
barcoding system is significantly more accurate than with conventional methods.

Plotting the barcodes according to their presence in tumors or metastasis, i.e., size
distribution of the barcoded clones, revealed novel and unexpected drug properties. It
appears that some drugs, e.g., osimertinib, reduce the number of cancer cells in the popula-
tion independently of their clonal origin, while other drugs, e.g., FX9847, kill some cancer
clones and do not affect others. Finding that some drugs suppress certain clones but not
the others, while other drugs suppress the entire clonal population, could be critical for
designing treatment strategies and finding novel drug combinations. In fact, if there is a
strong clonal selectivity in response to a drug, dose escalation of this drug does not make
much sense and could be even harmful since resistant clones will survive slightly higher
doses. In contrast, for drugs that affect the entire population of cancer cells, dose escalation
could be beneficial. Overall, our newly developed double-barcoding system expands our
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capabilities in studies of tumor development and metastatic behavior of cancer cells and
drug responses.

Potential Sources of Errors in Random Barcoding

A cell receiving more than one viral particle and thus two barcodes will be counted as
two different clones. Accordingly, in studies of drug effects, the number of clones will be
overestimated. To alleviate this problem, low viral MOI is used to make sure that most cells
receive no more than one barcode. Since infection events are independent on each other,
in our experiments at 20% infection rate, after selection 100% of remaining cells carry at
least one barcode, and 20% of these cells are infected with two viruses, and therefore have
two barcodes. Accordingly, this effect generates a 20% error in quantifying the number of
metastatic clones. If such an error is problematic, one can reduce the MOI upon infection.
At an infection rate of 5%, the error becomes practically negligible. Furthermore, knowing
the infection rate, one can simply correct for such an error in final calculations.

Viruses with the same barcode 2 infect two different cells. Such a scenario will create
an opposite problem, i.e., two cells will be counted as the same clone, and thus the number
of clones will be underestimated. This is not a problem when drugs that similarly affect
all clones are tested. However, if the effects of a drug are dependent on the clonal origin
of cells, counting two clones as one may blunt the drug effect. In our experiments, the
library diversity was 200,000 and the number of originally infected cells around 100,000
(we infected 500,000 cells with a 10–20% infection rate, selected and allowed to propagate
for a couple of generations before injection into animals). Under these conditions, the
fraction of same barcodes ending up in two different cells was 27% (according to equation
nb/nc × ê(−(nb)/nc) where nb is a number of barcodes in the library and nc is a number
of cells). If such an error is problematic, one can increase the diversity of the library. In fact,
increasing the diversity twice will reduce such an error to below 7%.

5. Conclusions

We developed a modification of the barcoding approach for monitoring tumors and
metastasis that is quantitative, highly sensitive and highly reproducible. This system
allows comparing effects of drugs on different cell populations and thus normalizing
drug effects by drug-resistant lines, which significantly increases the reproducibility of the
result. Using this barcoding system, we established that anti-cancer effects of certain drugs
are clone-dependent, while other drugs demonstrate clone-independent effects on cancer
cell populations.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/cancers14061381/s1. Figure S1: Map for primers for second round of nested PCR for
200K libraries common for different barcodes 1; Figure S2: FX9847 structure; Figure S3: Flow
cytometry was used to quantitate the cell cycle distribution including G0 phase of NSCLC H1975 cell.
T790M; Figure S4: Western blot analysis of treated NSCLC H1975 cancer cells; Figure S5: Effects of
drug treatments on A549 in primary tumors and lung metastasis without normalization; Figure S6:
Reproducibility of distribution of barcodes in different animals; Table S1: PCR primers of the 1-st
round of nested PCR for amplification of barcodes for 200K libraries; Table S2: Primers for the second
round of nested PCR for 200K library with different sample barcodes for the multiplexing purpose;
Table S3: Primers for the second round of nested PCR for 50M library with different sample barcodes
for the multiplexing purpose; Table S4: Nested PCR reaction conditions for samples for 200K libraries;
Table S5: Nested PCR reaction conditions for samples from cell line for 50 M libraries.

Author Contributions: Conceptualization, A.H. and M.Y.S.; data curation, A.H., S.K., V.G., M.B.,
M.V. and M.Y.S.; formal analysis, A.H., S.K., V.G., M.B. and M.Y.S.; investigation, A.H., S.K., M.B.
and J.Y.; methodology, A.H., S.K., M.B., M.V. and M.Y.S.; resources, M.V. and I.A.; software, S.K.
and V.G.; supervision, M.Y.S.; validation, A.H., S.K., V.G. and M.B.; visualization, S.K. and V.G.;
writing—original draft, A.H., S.K., J.Y. and M.Y.S.; writing—review and editing, A.H., J.Y. and M.Y.S.
All authors have read and agreed to the published version of the manuscript.

https://www.mdpi.com/article/10.3390/cancers14061381/s1
https://www.mdpi.com/article/10.3390/cancers14061381/s1


Cancers 2022, 14, 1381 14 of 15

Funding: This work was supported by Israel Science Foundation Grant: ISF-1444/18, ISF-2465/18.

Institutional Review Board Statement: All animals were housed under pathogen-free conditions,
and all animal procedures were approved by Ariel University Institutional Animal Care and Use
Committee (code: IL-167-12-18).

Informed Consent Statement: Not applicable.

Data Availability Statement: All the data that is critical for the conclusion are present in the
manuscript or Supplementary Data. Any additional requirement of custom codes used could be
availed upon request.

Acknowledgments: The authors are grateful to Oryan Agranyoni (Ariel University, Israel) for her
kind help with animal experiments.

Conflicts of Interest: The authors declare no potential conflict of interest.

Abbreviations

EGFR Epidermal growth factor receptor
MOI Multiplicity of infection
NGS Next-Generation Sequencing
NSCLC Non-small-cell lung carcinoma
PDX Patient derived xenograft
CRO Contract research organization

References
1. BIOLOGICS LICENSE APPLICATION FOR ABP 215. Available online: https://www.fda.gov/media/106549/download

(accessed on 1 January 2022).
2. SNDX-5613 Briefing Document for the 18 June 2020 Oncologic Drugs Advisory Committee Pediatric Subcommittee. Available

online: https://www.fda.gov/media/138944/download (accessed on 1 January 2022).
3. LOXO-101 Briefing Document for the 29 June 2016 Oncologic Drugs Advisory Committee Pediatric Subcommittee. Available

online: https://www.fda.gov/media/99223/download (accessed on 1 January 2022).
4. Naffar-Abu Amara, S.; Kuiken, H.J.; Selfors, L.M.; Butler, T.; Leung, M.L.; Leung, C.T.; Kuhn, E.P.; Kolarova, T.; Hage, C.; Ganesh,

K.; et al. Transient Commensal Clonal Interactions Can Drive Tumor Metastasis. Nat. Commun. 2020, 11, 5799. [CrossRef]
[PubMed]

5. Yu, C.; Mannan, A.M.; Yvone, G.M.; Ross, K.N.; Zhang, Y.-L.; Marton, M.A.; Taylor, B.R.; Crenshaw, A.; Gould, J.Z.; Tamayo, P.;
et al. High-Throughput Identification of Genotype-Specific Cancer Vulnerabilities in Mixtures of Barcoded Tumor Cell Lines. Nat.
Biotechnol. 2016, 34, 419–423. [CrossRef] [PubMed]

6. Bhang, H.C.; Ruddy, D.A.; Krishnamurthy Radhakrishna, V.; Caushi, J.X.; Zhao, R.; Hims, M.M.; Singh, A.P.; Kao, I.; Rakiec, D.;
Shaw, P.; et al. Studying Clonal Dynamics in Response to Cancer Therapy Using High-Complexity Barcoding. Nat. Med. 2015, 21,
440–448. [CrossRef] [PubMed]

7. Chuang, C.-H.; Greenside, P.G.; Rogers, Z.N.; Brady, J.J.; Yang, D.; Ma, R.K.; Caswell, D.R.; Chiou, S.-H.; Winters, A.F.; Grüner,
B.M.; et al. Molecular Definition of a Metastatic Lung Cancer State Reveals a Targetable CD109-Janus Kinase-Stat Axis. Nat. Med.
2017, 23, 291–300. [CrossRef] [PubMed]

8. Grüner, B.M.; Schulze, C.J.; Yang, D.; Ogasawara, D.; Dix, M.M.; Rogers, Z.N.; Chuang, C.-H.; McFarland, C.D.; Chiou, S.-H.;
Brown, J.M.; et al. An in Vivo Multiplexed Small-Molecule Screening Platform. Nat. Methods 2016, 13, 883–889. [CrossRef]

9. Rogers, Z.N.; McFarland, C.D.; Winters, I.P.; Naranjo, S.; Chuang, C.-H.; Petrov, D.; Winslow, M.M. A Quantitative and
Multiplexed Approach to Uncover the Fitness Landscape of Tumor Suppression In Vivo. Nat. Methods 2017, 14, 737–742.
[CrossRef]

10. Corsello, S.M.; Nagari, R.T.; Spangler, R.D.; Rossen, J.; Kocak, M.; Bryan, J.G.; Humeidi, R.; Peck, D.; Wu, X.; Tang, A.A.; et al.
Discovering the Anti-Cancer Potential of Non-Oncology Drugs by Systematic Viability Profiling. Nat. Cancer 2020, 1, 235–248.
[CrossRef]

11. Jin, X.; Demere, Z.; Nair, K.; Ali, A.; Ferraro, G.B.; Natoli, T.; Deik, A.; Petronio, L.; Tang, A.A.; Zhu, C.; et al. A Metastasis Map of
Human Cancer Cell Lines. Nature 2020, 588, 331–336. [CrossRef]

12. Schepers, K.; Swart, E.; van Heijst, J.W.J.; Gerlach, C.; Castrucci, M.; Sie, D.; Heimerikx, M.; Velds, A.; Kerkhoven, R.M.; Arens, R.;
et al. Dissecting T Cell Lineage Relationships by Cellular Barcoding. J. Exp. Med. 2008, 205, 2309–2318. [CrossRef]

13. Blundell, J.R.; Levy, S.F. Beyond Genome Sequencing: Lineage Tracking with Barcodes to Study the Dynamics of Evolution,
Infection, and Cancer. Genomics 2014, 104, 417–430. [CrossRef]

14. Gerrits, A.; Dykstra, B.; Kalmykowa, O.J.; Klauke, K.; Verovskaya, E.; Broekhuis, M.J.C.; de Haan, G.; Bystrykh, L.V. Cellular
Barcoding Tool for Clonal Analysis in the Hematopoietic System. Blood 2010, 115, 2610–2618. [CrossRef] [PubMed]

https://www.fda.gov/media/106549/download
https://www.fda.gov/media/138944/download
https://www.fda.gov/media/99223/download
http://doi.org/10.1038/s41467-020-19584-1
http://www.ncbi.nlm.nih.gov/pubmed/33199705
http://doi.org/10.1038/nbt.3460
http://www.ncbi.nlm.nih.gov/pubmed/26928769
http://doi.org/10.1038/nm.3841
http://www.ncbi.nlm.nih.gov/pubmed/25849130
http://doi.org/10.1038/nm.4285
http://www.ncbi.nlm.nih.gov/pubmed/28191885
http://doi.org/10.1038/nmeth.3992
http://doi.org/10.1038/nmeth.4297
http://doi.org/10.1038/s43018-019-0018-6
http://doi.org/10.1038/s41586-020-2969-2
http://doi.org/10.1084/jem.20072462
http://doi.org/10.1016/j.ygeno.2014.09.005
http://doi.org/10.1182/blood-2009-06-229757
http://www.ncbi.nlm.nih.gov/pubmed/20093403


Cancers 2022, 14, 1381 15 of 15

15. Feldman, D.; Tsai, F.; Garrity, A.J.; O’Rourke, R.; Brenan, L.; Ho, P.; Gonzalez, E.; Konermann, S.; Johannessen, C.M.; Beroukhim,
R.; et al. CloneSifter: Enrichment of Rare Clones from Heterogeneous Cell Populations. BMC Biol. 2020, 18, 177. [CrossRef]
[PubMed]

16. Smurthwaite, C.A.; Williams, W.; Fetsko, A.; Abbadessa, D.; Stolp, Z.D.; Reed, C.W.; Dharmawan, A.; Wolkowicz, R. Genetic
Barcoding with Fluorescent Proteins for Multiplexed Applications. J. Vis. Exp. JoVE 2015, 98, e52452. [CrossRef] [PubMed]

17. Nolan-Stevaux, O.; Tedesco, D.; Ragan, S.; Makhanov, M.; Chenchik, A.; Ruefli-Brasse, A.; Quon, K.; Kassner, P.D. Measurement
of Cancer Cell Growth Heterogeneity through Lentiviral Barcoding Identifies Clonal Dominance as a Characteristic of In Vivo
Tumor Engraftment. PLoS ONE 2013, 8, 67316. [CrossRef]

18. Akimov, Y.; Bulanova, D.; Timonen, S.; Wennerberg, K.; Aittokallio, T. Improved Detection of Differentially Represented DNA
Barcodes for High-Throughput Clonal Phenomics. Mol. Syst. Biol. 2020, 16, e9195. [CrossRef]

19. Echeverria, G.V.; Powell, E.; Seth, S.; Ge, Z.; Carugo, A.; Bristow, C.; Peoples, M.; Robinson, F.; Qiu, H.; Shao, J.; et al. High-
Resolution Clonal Mapping of Multi-Organ Metastasis in Triple Negative Breast Cancer. Nat. Commun. 2018, 9, 5079. [CrossRef]

20. Merino, D.; Weber, T.S.; Serrano, A.; Vaillant, F.; Liu, K.; Pal, B.; di Stefano, L.; Schreuder, J.; Lin, D.; Chen, Y.; et al. Barcoding
Reveals Complex Clonal Behavior in Patient-Derived Xenografts of Metastatic Triple Negative Breast Cancer. Nat. Commun. 2019,
10, 766. [CrossRef]

21. Patwardhan, G.A.; Marczyk, M.; Wali, V.B.; Stern, D.F.; Pusztai, L.; Hatzis, C. Treatment Scheduling Effects on the Evolution of
Drug Resistance in Heterogeneous Cancer Cell Populations. NPJ Breast Cancer 2021, 7, 60. [CrossRef]

22. Xia, Y.; Ji, X.; Jang, I.S.; Surka, C.; Hsu, C.; Wang, K.; Rolfe, M.; Bence, N.; Lu, G. Genetic and Pharmacological Interrogation of
Cancer Vulnerability Using a Multiplexed Cell Line Screening Platform. Commun. Biol. 2021, 4, 834. [CrossRef]

23. Dujardin Philip, G.B.M. Barcoding Technology for Multiplexed Analysis of Metastatic Ability In Vivo. In Metastasis; Humana:
New York, NY, USA, 2021. [CrossRef]

24. Gillies, R.J.; Didier, N.; Denton, M. Determination of Cell Number in Monolayer Cultures. Anal. Biochem. 1986, 159, 109–113.
[CrossRef]

25. Lenski, R.E.; Mongold, J.A.; Sniegowski, P.D.; Travisano, M.; Vasi, F.; Gerrish, P.J.; Schmidt, T.M. Evolution of Competitive Fitness
in Experimental Populations of E. coli: What Makes One Genotype a Better Competitor than Another? Antonie Leeuwenhoek 1998,
73, 35–47. [CrossRef] [PubMed]

26. Zinser, E.R.; Kolter, R. Escherichia Coli Evolution during Stationary Phase. Res. Microbiol. 2004, 155, 328–336. [CrossRef]
[PubMed]

27. Muellner, M.K.; Uras, I.Z.; Gapp, B.V.; Kerzendorfer, C.; Smida, M.; Lechtermann, H.; Craig-Mueller, N.; Colinge, J.; Duernberger,
G.; Nijman, S.M.B. A Chemical-Genetic Screen Reveals a Mechanism of Resistance to PI3K Inhibitors in Cancer. Nat. Chem. Biol.
2011, 7, 787–793. [CrossRef]

28. Quinn, J.J.; Jones, M.G.; Okimoto, R.A.; Nanjo, S.; Chan, M.M.; Yosef, N.; Bivona, T.G.; Weissman, J.S. Single-Cell Lineages Reveal
the Rates, Routes, and Drivers of Metastasis in Cancer Xenografts. Science 2021, 371, eabc1944. [CrossRef] [PubMed]

29. Becker, W. A Wake-up Call to Quiescent Cancer Cells—Potential Use of DYRK1B Inhibitors in Cancer Therapy. FEBS J. 2018, 285,
1203–1211. [CrossRef]

30. Ewton, D.Z.; Hu, J.; Vilenchik, M.; Deng, X.; Luk, K.-C.; Polonskaia, A.; Hoffman, A.F.; Zipf, K.; Boylan, J.F.; Friedman, E.A.
Inactivation of Mirk/Dyrk1b Kinase Targets Quiescent Pancreatic Cancer Cells. Mol. Cancer Ther. 2011, 10, 2104–2114. [CrossRef]

31. Kuznetsova, A.; Damiani, A.; de Leon, L.; Frid, M.; Duey, M.; Law, J.; Potapova, O.; Vilenchik, M. Abstract 3038: Implication of
DYRK1B Kinase in Ovarian Cancers and Utilization of DYRK1B Inhibitors as a Novel Therapeutic Strategy for Ovarian Cancer.
Cancer Res. 2019, 79, 3038. [CrossRef]

32. Vilenchik, M.; Kuznetsova, A.; Frid, M.; Gankin, Y.; Duey, M.; Rosen, N. Abstract 3195: DYRK1B Inhibitors Prevent Pharmacologic
Quiescence and Sensitize Lung Cancers to EGFR Inhibitors. Cancer Res. 2017, 77, 3195. [CrossRef]

33. Jacobs, S.; Ausema, A.; Zwart, E.; Weersing, E.; de Haan, G.; Bystrykh, L.V.; Belderbos, M.E. Detection of Chemotherapy-Resistant
Patient-Derived Acute Lymphoblastic Leukemia Clones in Murine Xenografts Using Cellular Barcodes. Exp. Hematol. 2020, 91,
46–54. [CrossRef]

34. Yamaoka, T.; Ohba, M.; Arata, S.; Ohmori, T. Establishing Dual Resistance to EGFR-TKI and MET-TKI in Lung Adenocarcinoma
Cells In Vitro with a 2-Step Dose-Escalation Procedure. J. Vis. Exp. JoVE 2017, 126, e55967. [CrossRef]

35. Kunjachan, S.; Rychlik, B.; Storm, G.; Kiessling, F.; Lammers, T. Multidrug Resistance: Physiological Principles and Nanomedical
Solutions. Adv. Drug Deliv. Rev. 2013, 65, 1852–1865. [CrossRef] [PubMed]

36. Dhatchinamoorthy, K.; Colbert, J.D.; Rock, K.L. Cancer Immune Evasion Through Loss of MHC Class I Antigen Presentation.
Front. Immunol. 2021, 12, 636568. [CrossRef] [PubMed]

37. Leclerc, M.; Mezquita, L.; Guillebot De Nerville, G.; Tihy, I.; Malenica, I.; Chouaib, S.; Mami-Chouaib, F. Recent Advances in Lung
Cancer Immunotherapy: Input of T-Cell Epitopes Associated with Impaired Peptide Processing. Front. Immunol. 2019, 10, 1505.
[CrossRef] [PubMed]

http://doi.org/10.1186/s12915-020-00911-3
http://www.ncbi.nlm.nih.gov/pubmed/33234154
http://doi.org/10.3791/52452
http://www.ncbi.nlm.nih.gov/pubmed/25938804
http://doi.org/10.1371/journal.pone.0067316
http://doi.org/10.15252/msb.20199195
http://doi.org/10.1038/s41467-018-07406-4
http://doi.org/10.1038/s41467-019-08595-2
http://doi.org/10.1038/s41523-021-00270-4
http://doi.org/10.1038/s42003-021-02352-2
http://doi.org/10.1007/978-1-0716-1350-4_17
http://doi.org/10.1016/0003-2697(86)90314-3
http://doi.org/10.1023/A:1000675521611
http://www.ncbi.nlm.nih.gov/pubmed/9602277
http://doi.org/10.1016/j.resmic.2004.01.014
http://www.ncbi.nlm.nih.gov/pubmed/15207864
http://doi.org/10.1038/nchembio.695
http://doi.org/10.1126/science.abc1944
http://www.ncbi.nlm.nih.gov/pubmed/33479121
http://doi.org/10.1111/febs.14347
http://doi.org/10.1158/1535-7163.MCT-11-0498
http://doi.org/10.1158/1538-7445.AM2019-3038
http://doi.org/10.1158/1538-7445.AM2017-3195
http://doi.org/10.1016/j.exphem.2020.09.188
http://doi.org/10.3791/55967
http://doi.org/10.1016/j.addr.2013.09.018
http://www.ncbi.nlm.nih.gov/pubmed/24120954
http://doi.org/10.3389/fimmu.2021.636568
http://www.ncbi.nlm.nih.gov/pubmed/33767702
http://doi.org/10.3389/fimmu.2019.01505
http://www.ncbi.nlm.nih.gov/pubmed/31333652

	Introduction 
	Materials and Methods 
	Cell Culture and Reagents 
	Single Cell Cloning 
	Colony Growth Assay 
	Construction of the Double Barcode Library 
	Virus Preparation for the Barcoding Library 
	Xenografts 
	Genomic DNA Extraction 
	Amplification of the Barcodes 
	Analysis of the Data 
	Statistical Analysis 

	Results 
	Double-Barcoding System 
	Monitoring Tumor Formation and Metastasis by Mixed Population of Cancer Cells 
	Using Double Barcoding to Quantify Drug Effects 
	Clonal Responses to Drugs 
	Evaluating Clonal Effects of Other Drugs 

	Discussion 
	Conclusions 
	References

