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Background

Cancers are characterized by numerous somatic mutations, of which only a subset contributes to 
the tumor’s progression. These “driver” mutations have to be distinguished from the 
preponderance of neutral “passenger” mutations. Chromosomal rearrangements disrupting the 
open reading frame of oncosuppressor genes (thus causing their inactivation), or producing fusion 
genes by chromosome translocations, drive tumorigenesis. Sequencing approaches confirmed that 
numerous, non-clonal translocations are a typical feature of cancer cells, driving ~20% of cancer 
cases.1 These rearrangements contain DNA sequence from multiple genomic sites, produced via 
non-homologous end joining (NHEJ).
ROS Proto-Oncogene 1 Receptor Tyrosine Kinase (ROS1) is an orphan receptor that plays a role 
in epithelial cell differentiation. Ros1 encodes for a type I integral membrane protein with tyrosine 
kinase activity and activates several downstream signaling pathways related to cell differentiation, 
proliferation, growth and survival. The Ros1 gene is vulnerable to intra- or inter-chromosomal 
rearrangements, resulting in transforming gene fusions typical of several cancers, the most 
representative of which is the non-small cell lung cancer (NSCLC). At the moment, there is a lack 
of animal models mimicking chromosomal rearrangements involving Ros1, but several Ros1 fusion 
partners genes, such as Tpm3, Sdc4, Slc34a2, Cd74, Ezr, and Lrig3, were identified sequencing 
human NSCLC samples. The break points of Ros1 are exons 32, 34 and 35. All of the break points 
allow the resulting fusion to harbor the kinase domain of ROS1.2 The mechanism by which ROS1 
fusion proteins become constitutively active is currently unknown. For other cancer related RTK 
fusions, such as ALK, the fusion partner provides a dimerization domain that induces constitutive 
oligomerization and thus activation of the kinase. However, for ROS1, it is unclear whether 
dimerization is involved in activation of both the wild-type and the mutated receptor.3 
In this project, to produce a validated mouse model we started using the type II CRISPR/Cas 
system (a prokaryotic adaptive immune response system) that uses non-coding RNAs to guide the 
Cas9 nuclease to induce site-specific DNA cleavage. These damages will be repaired by cellular 
DNA repair mechanisms, via NHEJ or homology directed repair (HDR).



Preliminary data

Before to start the project, we already performed in vitro experiments to model the Lrig3-Ros1 
translocation (Figure A), in mouse lung adenocarcinoma cell line; we cloned the two sgRNAs 
targeting Lrig3 and Ros1 respectively into the Cas9-expressing plasmid px330 and co-transfected 
the resulting constructs in mouse cells, achieving the translocation as confirmed by polymerase 
chain reaction (PCR) (Figure B). Sequencing the PCR product we verified that the fusion transcript 
matched perfectly the one reported in literature (Figure C). The sgRNAs designed allowed us to 
edit mouse genome, produce the Lrig3-Ros1 translocation, and generate a stable mouse cell line 
carrying this mutation, useful to determine the molecular mechanism by which it act as pro-
oncogenic factor. 
After this, we built an AAV vector expressing Cas9 and the sgRNAs targeting Lrig3 and Ros1 (AAV-
LR); this vector can be used to infect the lung epithelium of adult mice, to test the in vivo oncogenic 
potential of Lrig3-Ros1 translocation.
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Methods

Plasmids and adenoviral vectors

The pX330 vector expressing Cas9 (Addgene plasmid 42230) was digested with BbsI and ligated 
to annealed and phosphorylated sgRNA oligos targeting Lrig3, and Ros1. For cloning of tandem 
U6-sgRNA-Cas9 constructs, the second U6-sgRNA cassette was amplified using primers 
containing the XbaI and KpnI sites and cloned into the pX330 construct containing the appropriate 
sgRNA. For Adeno-Lrig3-Ros1 cloning, pX330-Lrig3-Ros1 vector was modified by adding an XhoI 
site upstream the first U6 promoter. An EcoRI-XhoI fragment containing the double U6-sgRNA 
cassette and the Flag-tagged Cas9 was then ligated the EcoRI-XhoI-digested pacAd5 shuttle 
vector. NIH/3T3 cells were transfected in 6-well plates with 3 μg of total plasmid DNA per well 
using lipofectamine 2000 (Invitrogen) following manufacturer's instructions. To enrich for 
transfected cells, transfections included 1 μg of a plasmid expressing the Puro-resistance gene 
(pSico) and cells were incubated with 2 μg/ml Puromycin for 2 days. Recombinant adenoviruses 
were generated by Viraquest (Ad-EA and Ad-Cas9). MEFs infections were performed by adding 
Adenovirus (3×106 PFU) to each well of a 6-well plate.
The sgRNA(MS2) cloning backbone vector (Addgene plasmid #61424), dCAS9-VP64_GFP 
(Addgene plasmid #61422), and MS2-P65-HSF1_GFP (Addgene plasmid #61423) were used to 
activate Tert expression in NIH3T3 mouse fibroblasts, following the protocol suggested by 
Konermann et al (Nature, 2014). To employ the system in vivo, we packed the sgRNA(MS2), 
dCAS9-VP64, and MS2-P65-HSF1 cassettes into pacAd5 shuttle vector. Recombinant adenovirus 
(Ad-mTert-ΔCas9) was generated by Viraquest.

PCR and RT-PCR analysis

For PCR analysis of genomic DNA, cells were collected in lysis buffer (100 nM Tris-HCl pH 8.5, 5 
mM EDTA, 0.2% SDS, 200 mM NaCl supplemented with fresh proteinase K at final concentration 
of 100 ng/ml). Genomic DNA was extracted with phenol-chloroform-isoamylic alcohol and 
precipitated in ethanol. The DNA pellet was dried and re-suspended in double-distilled water. For 
RT-PCR, total RNAs were extracted with Trizol (Life Technologies) following manufacturer's 
instructions. cDNAs were prepared using the Superscript III kit, following manufacturer's 
instructions.

Cell lines

MEFs were generated from E14.5 wild type embryos following standard procedures. NIH/3T3 were 
purchased from ATCC.

Mouse husbandry and adenoviral infection

Mice were purchased from The Jackson Laboratory (C57BL/6J) or from Charles River (CD1) and 
housed in the SPF MSKCC animal facility, where the health status of the colony is constantly 
monitored by the veterinary staff and by a sentinel program. For adenoviral infection, 6-10-week-
old mice were anesthetized by intra peritoneal injection of ketamine (80 mg/kg) and xylazine (10 
mg/kg) and treated by intratracheal instillation of 1.5×108 PFU adenovirus/mouse. Procedures 
were approved by the Memorial Sloan-Kettering Cancer Center Institutional Animal Care and Use 
Committee.

μCT imaging

μCT Scans were performed on the Mediso Nano SPECT/CT System covering only the lung fields 
of each mouse. Each scan averaged approximately 5 minutes using 240 projections with an 
exposure time of 1000 ms set at a pitch of 1 degree. The tube energy of the x-ray was 55 kVp and 
145 μA. The in-plane voxel sizes chosen were small and thin creating a voxel size of 73 × 73 × 73 



μm. The final reconstructed image consisted of 368 × 368 × 1897 voxels. Scans were analyzed 
with the Osirix software.



Results - 6 months checkpoint

After infection with Adeno-Lrig3-Ros1, or Adeno-Cas9 (as control), mice were randomized in 2 
groups.
Animals from first group were sacrificed 1 week after the infection, in order to determine via PCR 
from lung tissue if the Adeno-Lrig3-Ros1 vector was able to produce the genomic rearrangements 
the vector itself was designed for.
Considering the Lrig3-Ros1 product will be under the Ros1 promoter, I used Ros1 as control gene, 
to rule out the hypothesis that a non-amplification could occurs because of lack in activation of 
Ros1 promoter in lung cells.
As shown in the figure below, the strategy used is effective to perform in vivo genome editing at the 
targeted loci; Adeno-LR vector is able to produce in vivo the same kind of genomic rearrangement 
observed when the same approach was used in vitro. My positive control was genomic DNA from 
MEFs cells edited in vitro. Adeno-Cas9 was the negative control.

Animals from second group were monitored via μCT for 3 months after infection, to eventually 
detect tumoral lesions in lungs.
I did not observed any macroscopical lesion, so I sacrificed and dissected the mice, to assess if the 
genomic rearrangement we produced was still detectable.
As shown in figure, PCR results were negative for Lrig3-Ros1 translocation. Again, Adeno-Cas9 
was the negative control, while as positive I selected one of the samples processed 1 week after 
infection.



Preliminary conclusions and further experiments

From the results obtained, it seemed that Lrig3-Ros1 alone does not conferred the cells a striking 
selecting advantage that could let them proliferate in a massive way; so, what happened was that 
the normal DNA integrity control mechanisms still active in the genome edited cells probably let 
them proceed to apoptosis, therefore 3 months after infection we can’t detect anymore the Lrig3-
Ros1 translocation. 
According with the multiple-hits carcinogenesis model, it is known that tumor onset depends both 
on the activation of a proto-oncogene (or multiple ones) and on deactivation of tumor suppressor 
genes (one, at least), which are responsible to keep proliferation in check.
Considering this, we followed two additional strategies to test the hypothesis.
First, we expanded a colony of p53-/- mice; when mice were 12 weeks old, they has been infected 
with Adeno-Lrig3-Ros1 vector, following the very same protocol we used before. This allowed us to 
check the tumorigenic potential of Lrig3-Ros1 translocation in a context of impaired DNA integrity 
check, due to a loss of p53 activity.
Second, we verified if the same Lrig3-Ros1 translocation can lead to cancer in a context of 
Telomerase reverse transcriptase (TERT) over-activation. TERT is an enzyme responsible for 
telomeres elongation; while normally inactivated in adult cells, its re-activation (mostly due to 
promoter activating mutations) has been widely described as a common mechanism supporting, 
when not determining by itself, cancer onset and progression.
To re-activate TERT in adult mice lungs, we employed a newer and technologically more advanced 
dCas9-based SAM system, developed by engineering the single gRNA (sgRNA) through 
appending a minimal hairpin aptamer to the tetraloop and stem loop 2 of sgRNA.5 Such an 
aptamer is capable of binding to the dimerized MS2 bacteriophage coat proteins. By fusing MS2 
proteins with various activators such as p65 and HSF1 transactivation domains, a novel MS2-p65-
HSF1 complex guided by target-specific MS2-mediated sgRNA (msgRNA) will enhance the 
recruitment of transcription factors around the target gene promoter and thus facilitate the potency 
of dCas9-mediated gene activation.5
What we did was setting a protocol to co-infect 12-weeks old CAST/EiJ mice a strain characterized 
by having telomeres almost same length of the homo sapiens ones)6 with a dCas9 SAM Adeno-
vector designed to induce TERT re-activation and Adeno-Lrig3-Ros1, in order to assess the effects 
of this genomic lesion combined to TERT over-expression.

Results

Mice (n=10) knock-out for p53 were infected with Adeno-Lrig3-Ros1 vector (n=5), or Adeno-Cas9 
control vector (n=5), and monitored by μCT to detect any evidence of a tumor mass in lungs, as 
described in methods section.
Two out of five mice showed multiple tumor masses in both lungs when inspected by μCT, 14   and 
16 weeks after infection with our Adeno-Lrig3-Ros1 vector (figures below); none of the animals 
infected with contro Adeno-Cas9 vector developed lung cancer (not shown).

p53-/- p53-/-



Then, we first checked in NIH3T3 cells if the Ad-mTert-ΔCas9 was able to induce mTert activation 
and production, by western blot (figure below).

 
We then infected a second cohort of animals (12w-old CAST/EiJ mice) with our Ad-mTert-ΔCas9 
(to achieve mTert activation and telomers elongation) and the Adeno-LR vector (to induce Lrig3-
Ros1 translocation; n=5) or the control virus (Ad-Cas9; n=5). We monitored the animals by μCT 
scan once a week.
After 18 weeks, one mice out of five infected with the Adeno-LR + Ad-mTert-ΔCas9 vectors 
showed the presence of lung cancer (figure below).

To check if tumors were responsive to crizotinib treatment, we administered the drug (100mg/kg 
per os daily) for 14 days after the μCT positive scan (day 0), repeated the radiographic analysis 
after that (day 15), and observed a partial tumor regression in both p53-/- mice and in mTert-
expressing mouse (figure below).
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Finally, we dissected mice, collected tumor samples, and performed a PCR to confirm the 
presence of the Cas9-modeled Lrig3-Ros1 translocation in tumor cells.

Conclusions

Our experiments confirmed that in line of principle it is possible to model very rare (>1% in 
frequency) cancer mutations both in vitro and in vitro, by using a CRISPR approach, in a 
reasonably short time, in order to check whether they are driver mutations or not; furthermore, the 
in vivo modeling can be particularly useful to assess the efficacy of currently approved antiblastic 
drugs to target newly discovered mutations.
Regarding Lrig3-Ros1 translocation, it seems to be a weak one in terms of driving potential; in fact, 
it needs a co-occurrent mutation affecting at least one oncosuppressor gene (in our hands p53), or 
a gene responsible for an augmentation of the cell replicative potential (mTert). Moreover, even in 
these settings Lrig3-Ros1 seems to provoke cancer in a small subgroup of mice carrying the 
translocation. The fact that tumors responded relatively well to crizotinib is not completely 
surprising, considering that the drug it is already used off-label to treat ROS1-positive lung cancers 
with a certain degree of clinical effectiveness.

It has to be keep in mind that these data derive from a small cohort of animals, so it would be 
beneficial to, and we are actually engaged in, expand the numbers of animals in our groups and 
repeat the experiments. Last, but not less important, we are actually putting efforts to better 
characterize tumors from our animals, from both an histological and a molecular point of view. 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