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SUMMARY

Intratumor genetic heterogeneity underlies the ability of tumors to evolve and adapt to different
environmental conditions. Using CRISPR/Cas9 technology and specific DNA barcodes, we
devised a strategy to recapitulate and trace the emergence of subpopulations of cancer cells
containing a mutation of interest. We used this approach to model different mechanisms of lung
cancer cell resistance to EGFR inhibitors and to assess effects of combined drug therapies. By
overcoming intrinsic limitations of current approaches, CRISPR-barcoding also enables
investigation of most types of genetic modifications, including repair of oncogenic driver
mutations. Finally, we used highly complex barcodes inserted at a specific genome location as a
means of simultaneously tracing the fates of many thousands of genetically labeled cancer cells.
CRISPR-barcoding is a straightforward and highly flexible method that should greatly facilitate
the functional investigation of specific mutations, in a context that closely mimics the complexity
of cancer.
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Guernet et al. used CRISPR/Cas9 technology to genetically label and trace tumor cells within a
mass population through insertion of a series of point mutations at a specific genomic location.
The effects of a particular experimental condition on the fraction of barcoded cells can be assessed
by gPCR or deep sequencing.

INTRODUCTION

Staggering advances in sequencing technologies have provided a detailed overview of the
multiple genetic aberrations in cancer and also demonstrated that, within an individual
tumor, such mutations are often distributed in intricate patterns of multiple and
heterogeneous subclonal populations (Gerlinger et al., 2012; McGranahan and Swanton,
2015). This complex genetic reservoir fuels the capacity of tumor cells to adapt to various
environmental conditions, with major clinical implications for cancer progression and
resistance to therapeutic intervention (Gillies et al., 2012; Greaves and Maley, 2012;
McGranahan and Swanton, 2015). Although the ability of tumors to adapt and evolve
through the emergence of clonal subpopulations containing de novo mutations has been
known for decades (Nowell, 1976), tumors are generally treated as genetically homogeneous
entities (Clevers, 2011). Computational modeling based on analysis of deep-sequencing data
sets, including single-cell sequencing, now provides the means to dissect the clonal
architecture of a tumor through the identification of its different cell subpopulations (Ding et
al., 2014; McGranahan and Swanton, 2015). However, although these new powerful
technologies can capture a picture of the genetic complexity and diversity of a given tumor,
they cannot experimentally recapitulate cancer evolution through the emergence of new
mutations.

CRISPR (clustered regularly interspaced short palindromic repeats) is a new DNA editing
technology based on the Cas9 nuclease from S. pyogenes and a single-guide RNA (sgRNA),
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which as a complex can specifically recognize and cleave a genomic sequence of interest
(Doudna and Charpentier, 2014; Hsu et al., 2014). The double-strand DNA break induced by
CRISPR/Cas9 can trigger two distinct cellular mechanisms for DNA repair: error-prone
nonhomologous end-joining (NHEJ) and high-fidelity homology-directed repair (HDR).
While NHEJ-induced indels can be exploited to inactivate a gene of interest, HDR enables
precise DNA editing (Doudna and Charpentier, 2014; Hsu et al., 2014). Despite its
tremendous potential, widespread use of HDR has been curbed by intrinsic limitations,
mostly related to its low efficiency and the necessity to derive clones.

By turning the low efficiency of HDR-mediated DNA editing to our advantage, we devised a
strategy to recapitulate and trace intratumor heterogeneity and the emergence of genetically
distinct cancer subpopulations on the basis of silent DNA barcodes coupled to a desired
mutation in the sequence of a gene of interest. These genetic labels can then be “read” by
real-time qPCR from genomic DNA (gDNA) to measure the relative proportion of the
modified cells within an unmodified mass population. We used this CRISPR-barcoding
strategy to model different mechanisms of non-small-cell lung cancer (NSCLC) resistance to
epidermal growth factor receptor (EGFR) inhibitors, and we established a multiplex system
to evaluate the efficacy of combined drug therapies aimed at preventing or delaying the
emergence of resistant cells. Through a similar approach, we assessed for the first time the
effects of repairing oncogenic driver mutations in addicted cancer cells directly at the
genome level. Finally, we used a highly complex set of CRISPR-barcodes as a means to
simultaneously label several thousand different breast and lung cancer cells, and we
compared their relative fitness to grow in vivo after inoculation in immunodeficient mice or
in vitro upon treatment with a targeted therapeutic agent.

Compared with other DNA editing tools, including zinc finger nucleases and transcription
activator-like effector nucleases, which are based on protein-DNA recognition, the CRISPR/
Cas9 technology is remarkably more flexible and easy to use (Boettcher and McManus,
2015). However, despite the undeniable potential of this new technology, major intrinsic
limitations need to be considered when applying CRISPR/Cas9 for HDR genome
manipulation of cultured cells. First, in certain contexts this system can tolerate a few
mismatches between the sgRNA and its target sequence, which can result in off-target DNA
cleavage (Doudna and Charpentier, 2014; Fu et al., 2013; Hsu et al., 2014). Although tools
have been designed to identify in silico potential off-target sequences, occasional minor
shifts in the secondary structure of the RNA-DNA duplex that could make such predictions
more problematic have been recently reported (Lin et al., 2014). Another limitation is related
to the fact that the efficiency of HDR-mediated DNA editing can be extremely low,
depending on the cell model, the sgRNA sequence, and the targeted DNA. Thus, in a given
experiment, only a fraction of cells within a population will contain the desired genetic
modification. Hence, the derivation and the subsequent analysis of a certain number of
individual clones constitute an almost inevitable step (Ran et al., 2013). Besides the potential
issues related to clonal variability, this approach requires a reasonably high efficiency of
CRISPR-mediated editing, and it is obviously not compatible with modifications that have a
negative impact on cell growth.
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To overcome these drawbacks, we have devised CRISPR-barcoding, a new strategy in which
a potentially functional madification in the sequence of a gene of interest is coupled with a
series of silent point mutations, serving as a genetic label for cell tracing. In parallel, a
second barcode consisting of distinct silent mutations is inserted in the same cell population
and used as a control for possible CRISPR off-target effects. gDNA from the resulting
mixture of CRISPR-modified and unmodified cells is then probed using gPCR to assess the
relative proportion of each barcode. By exposing the cells to a given selective condition, this
approach can be used to functionally characterize the effects of different types of mutations
of a particular gene of interest. We applied this strategy to manipulate the endogenous
sequence of different oncogenes and tumor suppressors, including EGFR, KRAS, anaplastic
lymphoma kinase (ALK), TP53, and adenomatous polyposis coli (APC) in various cancer
cell models. We then assessed the effects of such modifications on signaling pathway
activation, cell growth and invasion, or resistance to chemotherapy, both in vitro and in vivo.
Through a similar approach, we also labeled breast cancer cells using a degenerate barcode
inserted at a specific location of their genome, to investigate the contribution of cell
heterogeneity to tumor formation. By overcoming the limitations associated with the low
efficiency and potential off-target effects of DNA editing, our work demonstrates that
CRISPR-barcoding can be easily implemented in functional studies to investigate the effects
of a specific genetic modification.

Modeling Drug Resistance in NSCLC Cells

A major limitation of cancer-targeted therapies is the almost inevitable development of
acquired resistance, as a result of the emergence of a subpopulation of cancer cells that
become insensitive to the treatment, generally through particular genetic aberrations.
Although such mutations could conceivable originate de novo during the treatment, recent
evidence from different types of tumors indicates that resistant clones are often already
present before the onset of the therapy (Bhang et al., 2015; Diaz et al., 2012; Misale et al.,
2012; Turke et al., 2010).

As a typical example of drug resistance, gefitinib is a small-molecule ATP-competitive
reversible EGFR inhibitor used in the clinic for the treatment of advanced NSCLC harboring
EGFR-activating mutations. After an initial response, the tumors invariably relapse, in half
of the cases because of the appearance of the T790M “gatekeeper” secondary mutation in
the catalytic domain of this receptor, resulting in an increased affinity for ATP (Chong and
Jénne, 2013). To generate a new model of NSCLC resistance to EGFR inhibitors, we
designed a specific SgRNA and a donor single-stranded DNA oligonucleotide (ssODN)
containing the T790M mutation, as well as a few additional silent mutations to serve as a
genetic barcode. As a control for potential CRISPR/Cas9 off-target cleavage, we generated a
ssODN (EGFR-T790T) containing a distinct set of silent mutations (Figure 1A). To prevent
the potential incorporation of the two DNA sequences into different alleles within the same
cell, EGFR inhibitor-sensitive PC9 cells were transfected with the CRISPR/Cas9 plasmid,
encoding Cas9 and the sgRNA, together with one of the two ssSODNs. Immediately after
transfection, the cells were pooled to form a mixed population of unmodified, EGFR-
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T790M, and EGFR-T790T cells, and PCR primers were designed to specifically recognize
each barcode (Figure 1B).

As shown in Figures 1C and S1A, gefitinib treatment provoked a gradual increase in the
EGFR-T790M to EGFR-T790T barcode ratio, consistent with acquired resistance to the
inhibitor conferred by the mutation. Similar results were obtained using a different sgRNA
(Figure S1B). Because of the EGFR-T790T internal control, the CRISPR-barcoding
approach allows specificity over a wide range of inhibitor concentrations. Indeed, an
enrichment of EGFR-T790M containing cells was readily detectable after 4 days of gefitinib
treatment at a concentration of 10 nM, while a stronger effect was observed at higher doses
(Figure 1D).

Recent clinical trials have shown the efficacy of third-generation EGFR irreversible
inhibitors against NSCLCs that developed resistance to gefitinib and erlotinib through the
T790M mutation (Janne et al., 2015). We tested the effects of one of these compounds,
WZ4002 (Zhou et al., 2009), in our CRISPR-barcoding model for drug resistance. Figure 1E
shows that WZ4002 completely abolished the enrichment of the EGFR-T790M bar-code in
the presence of gefitinib, consistent with the high affinity of this compound for the receptor
containing the gatekeeper mutation. To model a different type of genetic aberration leading
to resistance to EGFR inhibitors in NSCLCs, we used a similar approach to generate a
subpopulation of PC9 cells containing a mutation of the oncogene KRAS (Figure S1C), a
well-known negative predictor for primary responsiveness of NSCLCs to EGFR inhibitors
(Pao and Chmielecki, 2010). As shown in Figures 1F and S1D, the KRAS mutant barcode
was significantly enriched in the presence of gefitinib, consistent with a downstream
activation of EGFR signaling in these cells. Of note, a similar enrichment was observed in
the presence of WZ4002 (Figure 1G), indicating that therapies based on receptor inhibition
could result in the selection of clonal subpopulations containing alternative mechanisms of
resistance.

EGFR can stimulate cell migration and invasion through different mechanisms, including
Src and STATS5 activation, or by promoting epithelial to mesenchymal transition (Avraham
and Yarden, 2011; Huveneers and Danen, 2009). However, these effects are often masked by
the overwhelming impact of this receptor on cell proliferation and survival. To investigate
the specific contribution of EGFR inhibition in restraining NSCLC invasiveness,
independently of its effects on cell growth, EGFR-T790-barcoded PC9 cells were pre-treated
for 2 days with gefitinib, then transferred into Boyden chambers containing Matrigel.
Twenty-four hours later, the cells on both sides of the polycarbonate membrane were
collected, and gDNA was extracted for gPCR analysis (Figure 1H). As shown in Figure 11,
the relative proportion of the EGFR-T790M barcode was dramatically increased in cells that
migrated through the Matrigel-coated membrane, indicating that, in addition to the effect on
cell growth, EGFR inhibition has also a profound impact on the invasive properties of
NSCLC cells. As a control, in the absence of gefitinib the proportion of the two EGFR
barcodes remained stable in each compartment (Figure S1E). By measuring the fraction of
barcoded cells on both sides of the chamber, our bar-coding strategy allows specific and
quantitative analysis of cell invasion, regardless of any potential effect on cell proliferation
and/or survival.
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Multiplex CRISPR-Barcoding for In Vitro and In Vivo Studies

Identification of chromosomal rearrangements involving the gene encoding ALK receptor
tyrosine kinase in a significant fraction of metastatic NSCLCs (Soda et al., 2007) led to the
approval of specific ALK inhibitors for the treatment of this type of cancer (Solomon et al.,
2014). The most frequent of such rearrangements corresponds to an inversion on
chromosome 2, resulting in the expression of a constitutively active fusion protein,
composed of the echinoderm microtubule-associated protein-like 4 (EML4) and ALK
(Hallberg and Palmer, 2013). As recently described in other models (Choi and Meyerson,
2014; Maddalo et al., 2014), we used CRISPR/Cas9 technology to generate the EML4-ALK
inversion in PC9 cells. To increase the efficiency of the chromosomal rearrangement, the
cells were co-transfected with a sSODN encompassing the EML4-ALK fusion sequence, and
gPCR primers were designed to specifically recognize the inverted locus (Figures S2A—
S2C), providing a genetic barcode for cells expressing the oncogenic EML4-ALK protein.
As shown in Figure 2A, gefitinib treatment increased the fraction of PC9 cells containing
EML4-ALK, indicating that this chromosomal rearrangement could represent a new
mechanism of resistance to EGFR inhibition.

The fact that different mechanisms of resistance can coexist within the same tumor or in
metastases from the same patient suggests that multiple resistant clones may be present
before the onset of therapy (Chong and Janne, 2013). To recapitulate this type of genetic
heterogeneity, we co-introduced the EGFR, KRAS, and EML4-AL K mutations described
above in different subpopulations of the same PC9 cell culture, hereafter designed as PC9-
EKE (Figure 2B). Consistent with the data obtained by mutating individual genes, treatment
of this heterogeneous cell population with gefitinib increased the proportion of cells
containing the EGFR-T790M, KRAS-G12D, and EML4-ALK barcodes (Figure 2C). This
type of multiplex model is particularly suited to evaluate the efficacy of combined therapies
aimed at preventing or delaying the emergence of resistant cells. As shown in Figure 2D,
although WZ4002 and the ALK inhibitor TAE684 could efficiently prevent gefitinib
resistance conferred by the T790M mutation or the EML4-ALK fusion, respectively, these
compounds had no effect on the other resistant populations, indicating that strategies based
on targeting single mechanisms of resistance likely have limited effectiveness in the long
term.

It has recently been proposed that targeting the MAPK pathway can be an effective strategy
to inhibit the growth of NSCLCs addicted to different oncogenes (Tricker et al., 2015).
Using our multiplex model of NSCLC resistance to gefitinib, we tested the effects of
trametinib, the first MEK inhibitor approved for cancer treatment. Figure 2E shows that a
clinically relevant concentration of trametinib blocked the growth of all gefitinib-resistant
populations, indicating that combination therapy including downstream inhibitors of EGFR
signaling may prevent or delay NSCLC resistance.

To illustrate the potential applications of our strategy for in vivo studies, PC9-EKE cells
were subcutaneously and bilaterally injected in immunocompromised mice. In the presence
of gefitinib, the growth of tumors was initially arrested and, in certain cases, reversed, but it
eventually resumed after a few weeks (Figure 3A), mimicking the pattern typically observed
in the clinic for NSCLC patients treated with this class of inhibitors. To assess whether PC9
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tumor relapse resulted from amplification of the small fraction of cells made resistant
through CRISPR/Cas9, barcode frequency was measured by gPCR in gDNA from each
tumor sample and normalized to the levels observed in the same batch of cells prior to
mouse injection. Figure 3B shows that the proportion of all three mutations was markedly
increased in the tumors from gefitinib treated mice, indicating that all three mechanisms of
resistance were selected in vivo. Of note, the relative enrichment of the three barcodes was
different in each tumor; for instance, in mouse number 8, the right-flank tumor showed
extremely high levels of EGFR-T790M, while the KRAS-G12D barcode was predominant
in the left-flank tumor (Figures 3B and S2D). This profile is reminiscent of the genetic
heterogeneity that can be observed in tumors and metastases from the same patients and
suggests that the selection of a particular mechanism of resistance may be guided by
competition among different clonal subpopulations, as well as by stochastic events.

CRISPR-Barcoding to Investigate the Effects of Gene Inactivation

Analysis of the distribution of the most common driver mutations within individual tumors
has uncovered variable patterns of clonal frequencies (Shah et al., 2012). The coexistence of
cancer cells containing or not a particular oncogenic mutation can reflect not only a different
stage of tumor evolution but also an improved ability of the tumor to adapt to different
environmental conditions. We used our CRISPR-barcoding strategy to model the presence of
a subclonal population lacking the tumor suppressor TP53, a major inducer of growth arrest
and apoptosis in response to a variety of cellular stressors (Muller and Vousden, 2014). In
diploid cells, CRISPR/Cas9 editing can affect one or both alleles, resulting in heterozygous
or homozygous mutations, but it is well established that upon CRISPR/Cas9 cleavage, the
efficiency of DNA repair through NHEJ is considerably higher compared with HDR
(Doudna and Charpentier, 2014; Hsu et al., 2014). If in a particular cell the CRISPR/Cas9
activity is sufficient for the insertion of a barcode on one allele, we reasoned that in most
cases it should also provoke inactivation of the second allele through NHEJ, thus resulting in
a dominant effect of the barcode. We designed a ssODN (TP53-STOP) to introduce a STOP
codon to replace Phe109, located at the beginning of the TP53 DNA-binding domain
(Figures S3A and S3B), as well as a control ssODN (TP53-WT) containing only silent
mutations. MCF7 (breast) and HCT-116 (colon) cancer cells, which contain a wild-type
(WT) TP53gene, were transfected for CRISPR-bar-coding and treated or not with Nutlin 3,
an inhibitor of MDM2-mediated degradation of TP53 (Vassilev et al., 2004). As shown in
Figures 4A, 4B, S3C, and S3D, Nutlin 3 significantly increased the fraction of MCF7 and
HCT-116 cells containing the TP53-STOP barcode, consistent with a selective advantage for
cells lacking TP53 activity. We used a similar barcoding approach to model TP53 “DNA
contact” mutation R273H (Figure S3E), a frequent genetic aberration in human tumors
resulting in a dominant-negative form of TP53 (Muller and Vousden, 2014). Nutlin 3
treatment significantly increased the fraction of HCT-116 cells containing the TP53-R273H
barcode (Figures S3F and S3G), indicating that this mutation exerts an effect similar to TP53
loss in our model.

Despite exerting similar or stronger effects than Nutlin 3 on TP53 induction and cell growth
inhibition (Figure S3H and data not shown), the genotoxic agent doxorubicin did not affect
the relative proportion of the two barcodes (Figures 4B and S3D), supporting the notion that
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TP53 is not strictly required for the activation of DNA damage checkpoints (Jackson and
Bartek, 2009). It has been shown that inhibition of the ataxia telangiectasia mutated (ATM)
kinase, a major regulator of the response to DNA damage, can specifically sensitize TP53
null cells to genotoxic stress by promoting mitotic catastrophe and subsequent cell death
(Jiang et al., 2009). Consistent with this model, co-treatment with doxorubicin and the ATM
inhibitor KU-55933 reduced the fraction of HCT-116 cells containing the TP53-STOP
barcode (Figure 4C). In a seemingly paradoxical manner, a recent genome-wide small
hairpin RNA (shRNA) screen revealed that ATM inhibition exerts an opposite effect upon
nongenotoxic activation of TP53, in that it promoted apoptosis of TP53 WT cells, possibly
through the inhibition of an ATM-dependent prosurvival pathway (Sullivan et al., 2012).
Indeed, Figure 4D shows that Nutlin 3 and KU-55933 synergistically increased the fraction
of HCT-116 cells containing the TP53-STOP barcode, thus indicating that different
combination strategies targeting the same oncogenic lesion can potentially lead to opposite
therapeutic outcomes.

Repair of a Mutated Tumor Suppressor Gene through CRISPR-Barcoding

Unlike other CRISPR/Cas9 strategies, our barcoding approach enables tracing of the
mutated cells immediately after DNA editing without the need to derive clones, thus
providing a unique means to investigate the effects of HDR-mediated modifications,
regardless of their potential impact on cell growth. The APC tumor suppressor gene encodes
a major component of the destruction complex that promotes the degradation of free p-
catenin, and it is mutated in more than 80% of colorectal cancers (Clevers and Nusse, 2012;
Polakis, 2012). We used CRISPR-barcoding to investigate the effects of repairing the
homozygous frameshift mutation at position ¢.4248 of this gene in DLD-1 colon cancer cells
(Figure S4A). We designed specific SgRNA constructs and two donor DNAs for APC HDR,
containing either the repaired (APC-WT) or a STOP codon, as well as a two series of silent
mutations to serve as specific barcodes (Figure S4B).

To assess the effects of APC restoration on Wnt signaling activation, we used a lentiviral
reporter containing a destabilized form of GFP, driven by a minimal promoter containing 14
Whnt-responsive elements (Figures S4C and S4D). Five days after CRISPR-barcoding
transfection, DLD-1 cells stably containing the Wnt reporter were sorted using fluorescence-
activated cell sorting (FACS) to isolate the 10% of cells displaying the highest (GFP) or
lowest (GFP'0) levels of GFP (Figure 5A). As shown in Figures 5B and S4E, qPCR analysis
from gDNA revealed that the APC-WT to APC-STOP ratio was strongly increased in GFP!°
compared with GFP" or unsorted cells, consistent with an enrichment of the repaired APC
allele in cells displaying low levels of Wnt reporter activity.

Using inducible shRNAs, it has recently been shown that restoration of APC expression can
promote regression of small intestine and colon tumors (Dow et al., 2015). To investigate the
effects on colon cancer cell growth of directly repairing the mutated APC gene, DLD-1 cells
were trypsinized 3 days after CRISPR-barcoding transfection (Tref), replated into four
different flasks, and propagated for about 4 weeks. At each cell passage, gDNA was
extracted for qPCR analysis (Figure S5A). We found that the fraction of DLD-1 cells
containing a repaired APC gene strongly decreased over time, reaching a plateau at 2 weeks
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after transfection (Figures 5C and S5B-S5D), indicating that aberrant activation of Wnt
signaling is strictly required for the growth of these colon cancer cells. We confirmed these
data by deep sequencing the samples from Figure 5C and found that the proportion of APC-
WT reads dramatically decreased over time compared with the reads containing the APC-
STOP barcode (Figure 5D). Of note, a small fraction of APC-WT reads carried additional
frameshift mutations, likely originating from errors during the HDR process or the synthesis
of the ssODN. Such mutations, which are expected to prevent restoration of a full-length
APC protein, showed a 6-fold increase at day 27 compared to the Tref and most likely
accounted for the persistence of a small but stable population of cells retaining the APC-WT
barcode at longer time points (Figures 5C, 5D, and S5B-S5D).

Repair of a Mutated Oncogene in Neuroblastoma Cells

Although different strategies can conceivably be used to investigate the oncogenic properties
of a putative gain-of-function mutation, the definitive demonstration of its role as a driver
force in a particular cancer cell would require the restoration of a WT sequence, which is not
possible with current DNA editing approaches (see above). We chose the receptor tyrosine
kinase ALK, mutated in 6%—-10% of neuroblastomas (Cheung and Dyer, 2013; Hallberg and
Palmer, 2013), and we used CRISPR-barcoding to correct the ALK-F1174L activating
mutation in Kelly neuroblastoma cells (Figures S6A and S6B) by designing three distinct
sSODNSs: (1) ALK-F1174F, to repair the oncogenic mutation; (2) ALK-F1174L, as an
internal control for the mutated receptor; and (3) ALK-STOP, to generate a truncated protein
lacking most of the catalytic domain. Because the parental cells contain a WT and a F1174L
allele, incorporation of each barcode could result in four possible combinations; for three of
them, including the likely most frequent barcode/indel, the phenotypically dominant
sequence expressed in the cell is expected to be the one encoded by the barcode (Figure
S6C). As shown in Figures 6A and 6B, ALK-F1174F and ALK-STOP barcodes similarly
decreased over time, while the fraction of ALK-F1174L cells remained stable. The same
results were obtained using a distinct sgRNA (Figures S6D and S6E), indicating that these
neuroblastoma cells are addicted to the F1174L mutation of ALK

The silent mutations that compose a CRISPR-barcode may conceivably have an impact on
the stability of the corresponding transcript. Although irrelevant for a STOP barcode,
variations in the expression levels of other modified sequences could potentially result in
false-positive or false-negative effects. With the possible exception of TP53-STOP, the
relative proportions of the different APC, TP53, and ALK barcodes were similar in gDNA
versus cCDNA extracted in parallel from the same cells (Figure S6F). As an additional
control, we repeated the ALK barcoding experiment by switching the silent mutations
between ALK-F1174F and ALK-F1174L. The “swapped” barcodes confirmed a similar
growth disadvantage of cells containing the WT or the STOP codon (Figures 6C and S6G),
thus excluding an effect of the silent mutations on ALK mRNA stability.

To further demonstrate the specificity of our approach, Figure 6D shows that the fractions of
ALK-F1174F and ALK-STOP cells decreased significantly less in the presence of a small-
molecule ALK inhibitor, indicating that the selective pressure that favors the expression of a
mutant receptor is abolished upon inhibition of ALK catalytic activity.
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Highly Complex CRISPR-Barcodes to Probe Intratumor Heterogeneity

Randomly integrated lentiviral libraries have been used to tag and trace the fate of the
different cells comprising a tumor mass population (Bhang et al., 2015; Nguyen et al.,

2014). As an alternative approach, we adapted CRISPR-barcoding to label distinct subsets of
cancer cells through insertion of a degenerate sequence at a specific genomic location. We
chose the adeno-associated virus integration site 1 (AAVSI) locus on chromosome 19, a
genomic “safe harbor” widely used for transgene insertion (DeKelver et al., 2010), and used
BT474 and PC9 cells, derived from breast cancer and NSCLC, respectively (Figure 7A). The
cells were sequentially transfected for CRISPR-barcoding with two distinct sgRNAs and a
partially degenerate sSODN containing a Sall restriction site for restriction fragment length
polymorphism analysis. As shown by surveyor assay, the AAVSZ locus was edited in the
vast majority of the transfected cells (Figure S7A and data not shown), while HDR
efficiency was about 22% and 8% for BT474 and PC9, respectively (Figure S7B, Table S1,
and data not shown).

After barcoding, BT474 cells were either maintained in culture or injected bilaterally in the
fat pads of immunocompromised mice (Figures 7A and S7C). gDNA was derived from both
tumors and cells in culture at 21, 28, and 35 days after inoculation, and the barcoded AAVSZ
locus was deep-sequenced. In each sample, we detected several thousands of distinct
sequences, among which the most frequent corresponded to the parental sequence and to
small indels at the two CRISPR/Cas9 cleavage sites induced by NHEJ (Figure S7D,
corresponding to the dots in the top right section of the plots shown in Figures 7B-7D and
S7E). While the distribution of the barcodes was similar in the three tissue culture samples
(Figure 7B), comparison between each tumor and its matched cell culture sample resulted in
more scattered profiles (Figures 7C and S7E). Of note, high correlation was found among
the different tumors, originated either in the same or in different animals (Figures 7D and
S7E), indicating that although the great majority of BT474 cells could contribute to tumor
formation, certain subpopulations of cells showed an intrinsically different fitness for in vivo
growth.

We used a similar approach to compare the effects of EGFR inhibition in PC9 and PC9-EKE
cells (Figure 7A). Deep-sequencing analysis revealed that in the presence of gefitinib (1 uM,
14 days) a few hundred barcodes were consistently enriched compared with the control in all
four replicates of both cell lines (Figure 7E), indicating that certain subpopulations are
constitutively less sensitive to the inhibitor. Of note, although the number of barcodes
upregulated between 10- and 50-fold was similar in both lines, PC9-EKE cells showed a
higher fraction of barcodes upregulated more than 50-fold (Figure 7F). Consistent with a
recent study using lentiviral barcoded cells (Hata et al., 2016), our data suggest that before
the beginning of the treatment, the mass population already contains not only fully resistant
clones, probably resulting from preexisting additional genetic aberrations, such as those we
artificially inserted through CRISPR/Cas9 in PC9-EKE cells, but also slower growing, drug-
tolerant cells, which were similarly represented in both parental and EKE cells and could
constitute a sort of reservoir for new mutations potentially leading to acquired resistance.
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DISCUSSION

DNA barcoding is a taxonomic method to identify known or new species through
sequencing of standardized genomic regions, which is widely used in ecology to assess and
monitor environmental biodiversity (Valentini et al., 2009). On the basis of the idea that
cancer can be viewed as an evolutionary and ecological process (Merlo et al., 2006), we
devised a new type of genetic barcoding to label and follow the fate of a cluster of tumor
cells exposed to genetic drift and selective pressure. By coupling the barcode to a potentially
functional mutation, this approach provides a unique means to model intratumor
heterogeneity and cancer progression.

The extraordinary capacity of cancer cells to evade therapy largely depends on the complex
genetic diversity within individual tumors. Compared with current approaches, our
barcoding strategy not only provides strong evidence that a certain mutation confers
resistance, but also allows this conclusion to be made very rapidly (Figures 1C and 1D). Of
note, a recent study demonstrated that therapeutic inhibition of oncogenic driver mutations
can induce a complex array of paracrine signals that promote the emergence, expansion, and
metastatic spread of resistant clones (Obenauf et al., 2015). Compared with other
approaches, our system reproduces the potential crosstalk between genetically distinct
cancer cells both in the presence and in the absence of therapy, thus providing a model that
more closely recapitulates the complexity of the response to treatment.

One of the major advantages of CRISPR-barcoding is that it can be easily adapted to
multiplexing, which allows comparison of the effects of different mutations within the same
heterogeneous cell population. As an example, we used this type of approach to assess the
efficacy of different combinations of inhibitors in lung cancer cells containing various
resistance mutations. Of note, whereas in our model we could not discriminate between
homo- or heterozygous mutations, new strategies have been recently developed to
specifically target either one or both alleles (Paquet et al., 2016). By integrating known
mechanisms used by a particular type of tumor to escape therapy, multiplex models of
resistance can be applied to design and validate combinations of compounds with the best
potential of achieving tumor remission or long-term stabilization of the disease.

Besides making it possible to recapitulate and model intratumor genetic heterogeneity,
CRISPR-barcoding can also be used to investigate the effects of a particular mutation,
regardless of its potential effects on cell growth and/or survival. Indeed, although the
CRISPR revolution has greatly simplified DNA editing and genome manipulation, the low
efficiency of HDR imposes strong limitations as to the types of modifications and cell
models that can be used. From a cancer perspective, with current approaches it is extremely
difficult, if not impossible, to repair mutations that drive the growth of cancer cells. By
enabling monitoring of the cell phenotype immediately after DNA editing, we demonstrated
how our strategy could be used to establish and trace any kind of modification in most
cancer types, including reversal of powerful oncogenic events, such as APCor ALK
mutations, thus providing ultimate proof of the selective growth advantages such mutations
confer. Finally, we describe a strategy to separately label at a specific genomic location
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thousands of different cancer subpopulations, as an alternative to the time-consuming
generation and optimization of complex viral libraries.

Although the proofs of concept reported here are related to cancer models, this technology
can be implemented in different fields of biological research. Through the concurrent use of
a control barcode, consisting of silent mutations, our approach directly tackles the potential
non-specific effects that can derive from off-target DNA cleavage induced by the sgRNA-
Cas9 complex (Doudna and Charpentier, 2014; Fu et al., 2013; Hsu et al., 2014).

Despite recent attempts to increase HDR efficiency through small molecules (Yu et al.,
2015; Chu et al., 2015; Maruyama et al., 2015) or improved design of the donor DNA
(Richardson et al., 2016), the fact that only a fraction of the transfected cells contains the
desired mutation constitutes a major limitation for CRISPR/Cas9 technology. By combining
the extreme sensitivity of barcode detection through gPCR or deep sequencing, without the
need to select and amplify individual clones, CRISPR-bar-coding does not require
particularly high levels of DNA editing efficiency (Table S1). Hence, our approach can be
used in most cell types to generate different kinds of genetic manipulations, including
missense point mutations, gene inactivation through insertion of a STOP codon, and
chromosomal rearrangements, regardless of their potential effects on cell growth and/or
survival.

In conclusion, CRISPR-barcoding is a fast and highly flexible means to investigate the
effects of different kinds of genomic modifications in a broad range of functional assays. On
the basis of a simple idea, this approach enables a series of novel applications, which would
be otherwise extremely difficult, if not impossible, with other methods. Indeed, we
demonstrated how this strategy can be shaped to recapitulate and trace intratumor genetic
heterogeneity, through generation of novel cancer models for a better understanding of
specific oncogenic mechanisms, as well as to develop and validate new therapeutic
protocols. Given its adaptability to multiplexing, as well as the possibility to use different
methods to “read” the barcodes, including deep sequencing (Figures 5D and 7), TagMan
genotyping probes (data not shown) and Droplet Digital PCR, this approach could also serve
as a customizable platform for high-throughput screening of compounds targeting specific
genetic alterations, such as those underlying resistance to cancer therapy.

Although a limitation of this approach could conceivably derive from the fact that the silent
mutations forming the barcode might have an effect on mRNA stability, we demonstrated
how this potential issue can be addressed by simply swapping the silent mutations between
barcodes. Another potential drawback is the need for some sort of selective pressure in order
to establish a positive or negative effect on the relative fraction of cells containing the
desired DNA modification. Although CRISPR-barcoding cannot be adapted to all kinds of
assays, we provided several proofs of concept to illustrate how it can be easily implemented
to investigate effects on cell growth and survival, invasion, transcriptional activity, and
resistance and sensitivity to a particular agent in culture and in vivo.
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Despite being considerably faster and easier to implement compared with viral libraries, the
use of highly complex CRISPR-barcodes to trace cellular heterogeneity requires good levels
of HDR efficiency, which could limit its potential applications. However, considering the
new approaches for improved HDR efficiency (Yu et al., 2015; Chu et al., 2015; Maruyama
et al., 2015; Richardson et al., 2016) and the fact that indels generated by NHEJ can also act
as barcodes (Figure S7D), this strategy can be probably used in a relatively broad array of
cell models. Finally, depending on the targeted locus, one cell can conceivably contain
distinct barcodes on different alleles, which should be taken into account during the analysis
of the data, for example through the identification of barcodes displaying identical patterns.
To overcome this issue, a haploid region of the genome could be chosen as a target in certain
models, such as a locus on the X or Y chromosomes in cells derived from a male individual.

EXPERIMENTAL PROCEDURES

Cell Culture, Transfection, and Inhibitors

293T (human embryonic kidney), DLD-1, HCT-116 (colorectal carcinoma), MCF7, and
BT474 (breast cancer) cells were obtained from ATCC; PC9 cells (NSCLC) were obtained
from ECACC-Sigma-Aldrich; and Kelly cells (neuroblastoma) were a kind gift from Dr. C.
Einvik. HCT-116 and MCF7 cells are WT for 7P53 (http://p53.iarc.fr/CellLines.aspx). All
cells were grown in DMEM (Life Technologies), except Kelly and PC9 cells, grown in
RPMI medium (Life Technologies), both supplemented with 10% fetal bovine serum (Life
Technologies) and 0.6% penicillin/streptomycin (Life Technologies). Cells were transfected
with a Nucleofector 11 device (Lonza) using the Amaxa Nucleofector kit (Lonza) and
electroporation program recommended by the manufacturer. 293T cells were transfected
using polyethylenimine (Polysciences). The efficiency of each transfection was assessed in
parallel using a GFP-containing plasmid.

Nutlin 3 was purchased from SelleckChem, and doxorubicin was purchased from Abcam.
Gefitinib, WZ4002, TAE684, trametinib, and KU-55933 were purchased from Santa Cruz
Biotechnology.

CRISPR-Barcoding

SgRNA target sequences (Table S2) were designed using the CRISPR Design tool hosted by
the Massachusetts Institute of Technology (http://crispr.mit.edu) to minimize potential off-
target effects. Oligos encoding the targeting sequence were then annealed and ligated into
the pSpCas9(BB)-2A-Puro (Ran et al., 2013) vector digested with Bbsl (New England
Biolabs). The sequence of the ssODNs (Integrated DNA Technologies) used for CRISPR/
Cas9-mediated HDR, containing one missense/nonsense mutation coupled to different silent
mutations, are provided in Table S2. The set of silent mutations is designed to enable PCR
specificity and to avoid recognition by the corresponding sgRNA used to cleave the
endogenous sequence. For each targeted locus, cells were co-transfected with 2 ug of the
CRISPR/Cas9 plasmid and 2 pl of either the control or the sense/nonsense ssODN (50 pM)
to prevent the potential incorporation of the two donor DNA sequences into different alleles
within the same cell. Immediately after transfection, the cells were pooled in the same flask.
For AAVS1 barcoding, BT474 cells were subjected to two rounds of transfection with a 2-
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week interval using CRISPR/Cas9 plasmids encoding two distinct sgRNAs, together with a
ssODN containing nine degenerate nucleotides and a Sall restriction site.

gPCR

gDNA was extracted using the NucleoSpin Tissue kit (Macherey-Nagel). The sequence of
the different PCR primers, designed using Primer-BLAST (National Center for
Biotechnology Information), is provided in Table S3. To avoid potential amplification from
ssODN molecules not integrated in the correct genomic locus, one of the two primers was
designed to target the endogenous genomic sequence flanking the region sharing homology
with the ssODNSs. Primer specificity for each particular barcode was assessed. gPCR was
performed from 100 ng of gDNA using SYBR Green (Life Technologies) on a 7900 HT
Fast-Real-Time, a Q-PCR ABI PRISM 7500, or a QuantStudio Flex PCR System (Life
Technologies). qPCR analysis was performed using the standard curve or the Pfaffl methods
(Pfaffl, 2001).

Statistical Analysis

Statistical analysis was performed with GraphPad Prism software using the Mann-Whitney
test or Student’s two-tailed t test. Linear regression of the AAVSI barcode normalized
frequencies between different samples was calculated using Excel (Microsoft).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

CRISPR-barcoding is a versatile method to trace clonal dynamics in tumor
populations

Sensitive barcode detection allows DNA editing even when HDR efficiency is
low

A silent barcode is used as a control for potential Cas9 off-target cleavage

Highly complex barcodes are used to label thousands of cells within a mass
population
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Figure 1. CRISPR-Barcoding to Recapitulate NSCLC Resistance to EGFR Inhibitors
(A) Schematic representation of the incorporation of EGFR-T790M and EGFR-T790T

(control) barcodes in NSCLC cells.

(B) The specificity of the gqPCR primers for EGFR barcodes was assessed using gDNA from
293T cells transfected with a control GFP plasmid or the CRISPR/Cas9 vector with either
the EGFR-T790T or the EGFR-T790M ssODN. The control (Ctrl) primers allowed
amplification of a different, unmodified region of the EGFR gene.

(C) Nine days after transfection for EGFR CRISPR-barcoding, PC9 cells were treated in the
presence or the absence of gefitinib (10 nM, arrow). qPCR was performed from gDNA
extracted at the indicated time points. The results correspond to the mean values of the
EGFR-T790M to EGFR-T790T barcode ratio (+SEM; n = 3) of one representative of three
independent experiments.

(D) PC9 cells containing the EGFR-T790M and EGFR-T790T barcodes were treated for 4
days with the indicated concentrations of gefitinib. Mean = SEM; n = 4 of one representative
of three independent experiments.

(E) Effects of 4 days of gefitinib (0.1 uM) and/or WZ4002 (0.5 pM) on the EGFR-T790M to
EGFR-T790T ratio. Mean £ SEM; n = 4 of one representative of three independent
experiments.

(F) Effects of gefitinib (1 uM, 5 days) on the KRAS-G12D to KRAS-G12G ratio in PC9
cells using two distinct sgRNAs (A or B). Mean = SEM; n =5 of one representative of four
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independent experiments. *p < 0.05 and **p < 0.01 compared with control (Mann-Whitney
test).

(G) Effects of WZ4002 (0.5 uM, 4 days) on the KRAS-G12D to KRAS-G12G ratio. Mean +
SEM; n = 4 of one representative of three independent experiments.

(H) Strategy for PC9 cell invasion studies using CRISPR-barcoding.

(I) gPCR analysis of EGFR-T790T and EGFR-T790M barcodes from PC9 cells outside
(OUT) or inside (IN) the Boyden chamber, or seeded in parallel in a regular well (WELL),
as illustrated in (H). The mean values (+SEM; n = 3) of one representative of three
independent experiments were normalized to the total amount of gDNA using EGFR_Ctrl
primers (B). ***p < 0.001 compared with the cells inside the Boyden chamber (Student’s t
test).

See also Figure S1.
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Figure 2. Multiplex Model for NSCLC Resistance to EGFR Inhibition
(A) EML4-ALK chromosomal inversion was induced in PC9 cells using CRISPR/Cas9, and

the fraction of cells containing the EML4-ALK barcode was assessed in the presence or the
absence of gefitinib (1 uM, 5 days). The mean values (+SEM; n = 4) of one representative of
three independent experiments were normalized to the total amount of gDNA using
EGFR_Ctrl primers.

(B) Multiplexed CRISPR-barcoding in PC9 cells for in vitro or in vivo studies.

(C) Effects of gefitinib (1 uM, 5 days) in PC9-EKE cells. The proportion of each barcode
was normalized using EGFR_Ctrl primers. Mean (£SEM; n = 4) of one representative of
three independent experiments.

(D) Effects of combinations of gefitinib (0.5 uM, 5 days) with WZ4002 (0.5 pM) and
TAEG684 (0.5 uM) in PC9-EKE cells. Mean (+xSEM; n = 4) of one representative of three
independent experiments.

(E) Effects of gefitinib (0.5 uM, 5 days) with or without trametinib (50 nM) in EKE cells.
Mean (£SEM; n = 5) of one representative of three independent experiments. *p < 0.05 and
**p < 0.01 compared with Ctrl or gefitinib-treated cells (Mann-Whitney test).

See also Figure S2.
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Figure 3. NSCLC In Vivo Resistance to Gefitinib
(A) Multiplex CRISPR-barcoded PC9 cells were subcutaneously injected in the left (L) and

right (R) flanks of SCID mice, and the volume of the tumors was measured by caliper. At
day 16, mice 6-10 were treated with gefitinib (25 mg/kg/day). The mice were sacrificed
when at least one of the tumors reached 550 mms3.

(B) The fraction of the EML4-ALK, KRAS-G12D, and EGFR-T790M barcodes in each
tumor was assessed by gPCR and normalized to the total amount of gDNA. The proportions
of the three barcodes in the cells prior to mouse injection were analyzed in parallel and
arbitrarily set to 1.

See also Figure S2.
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Figure 4. Inactivation of the Tumor Suppressor TP53 through CRISPR-Barcoding
(A) Effects of Nutlin-3 (N3; 10 uM, 7 days) on the TP53-STOP to TP53-WT ratio in MCF7

cells using two distinct sgRNAs (A or B). Mean = SEM; n = 4 of one representative of three
independent experiments. *p < 0.05 (Mann-Whitney test).

(B) Effects of N3 (10 uM; 7 days) or doxorubicin (Dox) on the TP53-STOP to TP53-WT
ratio in HCT-116 cells. Mean = SEM; n = 4 of one representative of three independent
experiments.

(C) The cells in (B) were treated for 7 days with KU-55933 (10 pM) and/or Dox (50 nM),
and the TP53-STOP to TP53-WT ratio was assessed by gPCR. Mean + SEM of seven
independent experiments.

(D) Effects of KU-55933 (10 uM) and/or N3 (10 uM, 7 days) on the TP53-STOP to TP53-
WT ratio in HCT-116 cells. Mean + SEM; n = 4 of one representative of three independent
experiments.

See also Figure S3.
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Figure 5. Repair of the Mutated APC Gene in Colon Cancer Cells
(A) FACS sorting of DLD-1 cells containing the Wnt-responsive GFP reporter and

transfected for APC CRISPR-barcoding.

(B) APC-WT to APC-STORP ratio in the cells FACS sorted in (A). Mean = SEM; n = 3 of
one representative of three independent experiments. **p < 0.01 (Student’s t test).

(C) APC-WT to APC-STORP ratio at different time points after transfection of DLD-1 cells.
Mean of one representative of three independent experiments.

(D) Deep sequencing analysis of representative gDNA samples used in (C). The percentage
of reads containing the APC-WT (WT) and APC-STOP (STOP) barcodes compared with the

endogenous sequence is shown.
See also Figures S4 and S5.
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Figure 6. Repair of the Oncogenic ALK-F1174L Mutation in Neuroblastoma Cells
(A) Relative proportions of the three ALK barcodes in Kelly cells at 3 (Tref) 12 or 17 days

after transfection, normalized using ALK_Ctrl primers. Mean + SEM; n = 4 of one
representative of three independent experiments. *p < 0.05 compared with the F1174L
control barcode (Mann-Whitney test).

(B) The data in (A) were normalized to the ALK-F1174L barcode.

(C) The silent mutations on the F1174F and F1174L barcodes were swapped (SWP), and an
experiment was performed as in (A) and (B). Mean + SEM; n = 4 of one representative of
three independent experiments.

(D) Effects of TAE684 (0.2 uM, 7 days) on normalized ALK-F1174F and ALK-STOP
barcodes in Kelly cells. gDNA derived from the same cells at time zero was used as the
reference (Tref). Mean = SEM; n = 4 of one representative of three independent
experiments. *p < 0.05 compared with untreated cells (Mann-Whitney test).

See also Figure S6.
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Figure 7. Probing Intratumor Heterogeneity Using Complex CRISPR-Barcodes
(A) Insertion of a degenerate sequence in the AAVSI locus of BT474 or PC9 cells.

(B) Barcode distribution in BT474 cells maintained in culture for 21, 28, or 35 days. Linear
regression was calculated and the coefficient of determination (r2) is shown.
(C) Barcode profile in tumors versus the corresponding cell cultures (35 days after

inoculation).
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(D) Barcode distribution in different tumors from the same (up) or different (low) mice.

(E) Distribution of enriched AAVSI barcodes in PC9 and PC9-EKE cells treated with or
without gefitinib (1 uM, 14 days). Each dot represents a unique barcode upregulated at least
5-fold compared with the control cells in each of the four gefitinib replicates.
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(F) The barcodes in (E) are represented according to their mean fold enrichment in the
presence of gefitinib.
See also Figure S7.
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