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In vivo CRISPR screens reveal potent driver mutations in head and neck cancers
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ABSTRACT
We have recently tested the transforming potential of 484 ‘long-tail’ genes, which are recurrently albeit
infrequently mutated in head and neck cancers (HNSCC). We identified 15 novel tumor suppressors and
our top hits converge on regulating the NOTCH signaling pathway. Therapeutic approaches activating
NOTCH signaling could be a promising strategy to treat two-thirds of human HNSCC patients.
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Cancer is a complex disease in which somatic cells progres-
sively accumulate mutations that eventually disrupt their
cellular functions and increase tumorigenic potential.
Comprehensive sequencing efforts such as The Caner
Genome Atlas (TCGA) and more recently Pan-Cancer
Analysis of Whole Genomes (PCAWG) have mapped the
genomic landscape of several cancer types with the promise
to identify nodes with cancer networks, that can be targeted
therapeutically.1,2 A big challenge, however, is the extensive
mutational heterogeneity found in most cancer types,
where typically only a few genes are mutated at high fre-
quency, while the vast majority of genes are found mutated
at low frequency (<5%), commonly referred to as the ‘long-
tail’ distribution1 (Figure 1a).

The extensive mutational heterogeneity also inadvertently
impedes the hunt for effective therapies that would be applic-
able to a broad set of patients. Most research has thus focused
on the handful of genes that are mutated frequently, with the
idea to develop therapeutic strategies for as many patients as
possible. However, most of the frequently mutated genes are
not druggable or targeted therapies showed limited long-term
efficacy in the clinic.

The long-tail of infrequently mutated genes has attracted
much less attention and the reasons for this are manifold.
Tumors accumulate mutations as they grow, which means
that most long-tail mutations likely do not affect tumor devel-
opment – they are just random bystanders. The difficulty is to
weed out these bystanders and identify the long-tail mutations
that actually drive cancerous growth.2 Even if identified, those
findings might only have limited clinical and therapeutic
relevance due to the small number of patients carrying those
mutations.

We reasoned that a small percentage of a very common
disease can still constitute a lot of patients. In addition, certain
long-tail driver mutations have been recently shown to be the
genetic basis of extraordinary responses to cancer therapy.3,4

We thus set out to systematically characterize the

transforming potential of long-tail genes in Head and Neck
Squamous Cell Carcinoma (HNSCC).5

HNSCC is the sixth most common cancer worldwide
with high mortality of 40–50%.5 HNSCC arises in mucosal
linings of the upper airway or oral cavity and is associated
with tobacco and alcohol consumption or human papillo-
mavirus (HPV) infection. The most common genetic altera-
tions in HNSCC affect phosphorylate tumor protein p53
(TP53, best known as p53, 71%), Phosphatidylinositol-
4,5-Bisphosphate 3-Kinase Catalytic Subunit Alpha
(PIK3CA, 35%), NOTCH1 (17%), and HRAS (6%), fol-
lowed by a long-tail of mutations, the majority of which
lack biological or clinical validation.6 To probe this long-
tail, we developed a direct in vivo CRISPR (clustered reg-
ularly interspaced short palindromic repeats) screening
methodology that employs ultrasound-guided injections7-9

of lentiviruses carrying CRISPR components into the
amniotic cavity of living mouse embryos at embryonic day
E9.5. At this stage, the injected virus will transduce the
single-layered surface ectoderm, which will later give rise
to the epithelium of the skin and mouth.7-9

Using this technique, we introduced a lentiviral sgRNA
library targeting 484 long-tail HNSCC genes into the sur-
face epithelium of four mouse strains that are sensitized for
SCC development by conditional expression of oncogenic
Pik3caH1047R, HRasG12V or p53R270H or expression of the
HPV16 E6/7 oncogenes and followed mice for tumor devel-
opment. The top hits of this screen are Adam10, Ripk4 and
Ajuba followed by Notch 2, Notch 3, Dsp, Cdh1, Znf750,
Nf2, Cul3, Stk19, Rasa1, Dnm2, Nudt11, and Irf6. CRISPR/
Cas9-inactivation or conditional deletion of Adam10,
Ajuba, and Ripk4 triggered invasive HNSCC formation on
tumor-susceptible backgrounds within a matter of weeks,
indicating potent tumor suppressor function.10

Mechanistically, we showed that Adam10 mediates its tumor-
suppressive activity by activating the Notch pathway. Loss of
Adam10 and subsequent formation of HNSCC could be rescued
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by forced expression of the Notch1 intracellular domain (NICD),
the cleaved form of Notch1, that translocates to the nucleus to
activate gene expression. In addition, we showed that Notch1
and Notch2, the Notch ligands Jag1 and Jag2, and the Notch
transcriptional mediator Rpbj are required for HNSCC suppres-
sion, while other Notch pathway components such as Dll1 and
Adam17 are dispensable, indicating a tightly controlled regula-
tion. Furthermore, we demonstrated that Ajuba also activates the
Notch pathway by directly interacting with Notch1/2 and Numb,
a known negative regulator of Notch. Upon Notch activation
Ajuba sequesters Numb, thereby permitting NICD translocation
to nucleus. We also showed that Notch activation leads to
recruitment of NICD and Rpbj to target genes, several of
which are regulators of the Notch pathway themselves, indicat-
ing a feed-forward loop (Figure 1b). We further identified critical
downstream targets of the Notch pathway with tumor-
suppressive capabilities such as Ripk4, Itgb5, and Amotl2.10

Intriguingly, we found that heterozygous loss of Adam10
or Ajuba is sufficient to trigger tumor development, identify-
ing novel, highly penetrant haploinsufficiencies. Clinically, we
show that ADAM10 and AJUBA are mutated or heterozy-
gously lost in 13% and 17% of human HNSCCs, respectively,
in a pattern that is mutually exclusive with NOTCH receptor

mutations. Importantly, due to the haploinsufficiency, onco-
genic alterations of ADAM10 and AJUBA are actually much
more frequent than initially assumed. Together, ADAM10,
AJUBA, and NOTCH receptor alterations are found in at
least 67% of human HNSCC cases, establishing the NOTCH
pathway as a major tumor suppressor with therapeutic rele-
vance in HNSCCs.10

Our work highlights two achievements: (1) the technologi-
cal advancement of direct in vivo CRIPSR to integrate cancer
genomics and mouse modeling for rapid discovery of novel
tumor suppressors and (2) the conceptual advancement that
potent long-tail cancer driver mutations are often haploinsuf-
ficient and can converge on specific pathway to drive tumor-
igenesis in the majority of a given cancer type.
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Figure 1. NOTCH signaling is essential for HNSCC suppression. (a) Schematic representing the long-tail genes mutated in HNSCC patients (adapted from Loganathan
et al.) (b) Ligands Jagged1/2 (JAG1/2) binding results in ADAM10 (Disintegrin and metalloproteinase domain-containing protein 10) and gamma secretase-mediated
cleavage of NOTCH1/2 leading to release of NOTCH intracellular domain (NICD). AJUBA sequesters NUMB, thereby blocking ubiquitination and degradation of NICD.
NICD translocates to the nucleus, binds to transcription factor RBPJ, and turns on the expression of Notch target genes that include HNSCC tumor suppressors
identified in our in vivo CRISPR screen.
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