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In this study we have tried to understand the epithelial tissue, which froms the
barrier between the external environment and the body, in homeostatic and oncogenic
states. Notch signalling maintains epithelial stem cell regeneration at the mouse
intestinal crypt base and balances the absorptive and secretory lineages in the upper
crypt and villus. In the first part of this dissertation, we report the role of Fringe family
of glycosyltransferases in modulating Notch activity in the two compartments. At the
crypt base, RFNG is enriched in the Paneth cells and increases cell surface expression
of DLL1 and DLL4. This promotes Notch activity in the neighbouring Lgr5+ stem
cells assisting their self-renewal. Expressed by various secretory cells in the upper
crypt and villus, LFNG promotes DLL surface expression and suppresses the secretory
lineage. Hence, in the intestinal epithelium, Fringes are present in the ligandpresenting ‘sender’ secretory cells and promote Notch activity in the neighbouring
‘receiver’ cells. Fringes thereby provide for targeted modulation of Notch activity and
thus the cell fate in the stem cell zone, or the upper crypt and villus.
Mutations in the KRAS gene are frequently found in human lung tumours and
are known to drive their proliferation. In the second half of this study, we show that
mutant Kras remodels the epigenetic landscape of Club and AEC2 cells of the lung.

We find that FOSL1 based AP-1 transcription factor directly binds to and guides the
nucleosome remodelling SWI/SNF complex to increase chromatin accessibility at
genomic loci controlling the expression of genes necessary for neoplastic
transformation. Pharmacological inhibition of AP-1 activity abrogated proliferation
specifically of tumour cells but not normal cells. We observe that tumours retain a
signature of their cell of origin and demonstrate that AP-1 mediated epigenetic
reprogramming is not restricted to pulmonary epithelium but can also be seen in
intestinal stem cells, suggesting that it is a general mechanism downstream of mutant
Kras.
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CHAPTER 1
BACKGROUND
1.1 Epithelium
Epithelial cells form a tight barrier on the outer surface of our organs and protect
them from the external environment. They are susceptible to injury from the harsh
environments they are often exposed to. For example, the epidermis of the skin can be
exposed to UV radiation, the pulmonary epithelium can be harmed by toxic gases and
pollutants, and the gastrointestinal epithelium can be targeted by pathogenic microbes
(Peterson and Artis, 2014; Whitsett and Alenghat, 2015). Hence, they are either under
a constant state of proliferation to replace the dying cells, termed homeostasis, as in the
small intestinal epithelium or epidermis of skin, or possess a remarkable capability to
regenerate after injury as seen in the pulmonary or hepatic epithelial tissue (Desbarats
and Newell, 2000; Kotton and Morrisey, 2014; Morasso and Tomic‐Canic, 2005; van
der Flier and Clevers, 2009).
Cellular proliferation under both homeostatic and regenerative conditions is
fueled by tissue resident stem cells (Rawlins and Hogan, 2006). These cells are often
located in a mesenchymal niche that provides the necessary growth and supportive
factors to help them maintain their proliferative potential and ‘stemness’, defined as the
ability to self-renew and differentiate into mature cell-types (Rawlins and Hogan, 2006).
Stem cells divide and often give rise to a highly proliferative progenitor population
which further divides and differentiates into fully functioning mature cells (Rawlins and
Hogan, 2006). It is interesting to observe the dynamic equilibrium at which these tissues
1

exist and is essential to understand the signals that help them be. Here, we have tried to
understand how the epithelium of the intestine is maintained in a state of dynamic
equilibrium.
Tissues have robust mechanisms to correct deviations from the steady
homeostatic state (Rawlins and Hogan, 2006). However, somatic mutations to genome
of stem or progenitor cells upon exposure to radiation, chemicals or chronic
inflammation can lead to an irreversible change: neoplastic transformation (Greenman
et al., 2007). In this work, we have tried to understand the initial stages of transformation
and have concentrated on characterising the changes to the epigenome that makes this
perturbation irreversible.

1.2 Notch signalling pathway
Notch is an evolutionarily conserved juxtacrine signalling pathway comprising
mainly of Notch receptors and ligands. Mammals have four types of Notch receptors
(NOTCH1, NOTCH2, NOTCH3 and NOTCH4) (Bray, 2006). There are three main
delta like ligands (DLL1, DLL3 and DLL4) and two serrate like (JAG1 and JAG2)
classified based on their homology to Delta and Serrate ligands of Drosophila (D'souza
et al., 2008). Both the receptors and the ligands are transmembrane proteins with their
extracellular domain (ECD) containing 29-36 epidermal growth factor (EGF) like
repeats (Bray, 2006; Stahl et al., 2008). In the canonical Notch pathway, the ligand binds
to the receptor on a neighboring cell and exposes the transmembrane domain of the
receptor for S2 cleavage by ADAM/TACE metalloproteases (Bray, 2006; Kopan,
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2002). The receptor undergoes another cleavage (S3) by γ-secretase and the intracellular domain (NICD) translocates to the nucleus (Bray, 2006; Kopan, 2002). Here, it
binds with CSL complex and Mastermind to regulate transcription of a host of genes
including Hes and Hey families (Iso et al., 2003; Kopan, 2002).
Post-translational modification (PTM) of the Notch receptor, especially by
glycosylatransferases in the Golgi complex is an important determinant of the signalling
pathway (Xu and Egan, 2018). Glycosylation of EGF like repeats on the ECD of Notch
receptor by O-fucosyltransferase1 (POFUT1) is necessary for its binding to DLL and
JAG ligands (Stahl et al., 2008). The fucosylated product can further be elongated with
the addition of β-N-acetylglucosamine by fringe family proteins (Harvey et al., 2016).
Other than the addition of O-fucose, O-glucose is also added to the ECD of Notch by
POGLUT1 and might influence Notch activity (Rana et al., 2011). Other than that, Nacetylglucosamine can also be linked to the Serine or Threonine residues on the Notch
ECD by glycosyltransferase EOGT and the modification affects notch signalling
(Sawaguchi et al., 2017).
Among the PTMs of Notch receptor, those by the Fringe proteins have received
researchers’ attention owing to their interesting effects (Xu and Egan, 2018). Three
Fringe proteins, Radical (RFNG), Lunatic (LFNG) and Manic (MFNG), are found in
mammals (Haines and Irvine, 2003). Modification of NOTCH1 by Lunatic and Manic
fringes supports its activation by DLL1 and decreases it activation by JAG1 (Haines and
Irvine, 2003; Hicks et al., 2000; Murthy et al., 2018; Panin et al., 1997). But, RFNG
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mediated glycosylation of NOTCH1 increases its activation by both DLL1 and JAG1
(LeBon et al., 2014; Murthy et al., 2018).
Notch pathway has a role in many a developmental, homeostatic, regenerative
and pathologic context. It is essential for proper formation segmental boundaries
between somites during development (Weinmaster and Kintner, 2003). It is also
important in development of most organs in the body (Weinmaster and Kintner, 2003).
It has a role in maintaining the epithelium of stomach, intestine, colon and epidermis
under homeostatic conditions (Kim and Shivdasani, 2011a; Miyamoto and Rosenberg,
2011; Pellegrinet et al., 2011; Watt et al., 2008). Notch signalling is important for the
regeneration of exocrine pancreas after acute pancreatitis (Siveke et al., 2008). Genomic
translocation leading to the expression of constitutively active form of NOTCH1 leads
to the formation of T cell Acute Lymphoblastic Leukemia (T ALL) (Allenspach et al.,
2002). Notch pathway also plays a role in skin, colon, lung, cervical and prostate cancers
(Allenspach et al., 2002).

1.3 Notch signalling and the intestinal epithelium
Mammalian intestinal surface has invaginations called crypts and finger-like
projections called villi (Figure 1.1, adapted from (Murthy et al., 2018)). The epithelial
lining is simple columnar and is one of the fastest regenerating tissues in the body. At
the base of the crypts Lgr5 expressing stem cells are found (Barker et al., 2007). They
undergo constant symmetric cell division to replenish the lost cells (Snippert et al.,
2010). A mesenchymal niche provides WNT signal to maintain their stemness (Kabiri
4

et al., 2014). As they divide, the daughter cells move up the crypt and leave the stem
cell niche (Noah et al., 2011). They continue to proliferate as progenitors (also called
transit amplifying cells) in the upper crypt and differentiate into mature cell types (Noah
et al., 2011). Two major types of differentiated cells are found lining the intestine, the
secretory cells and absorptive cells. Enterocytes form the absorptive lineage and as the
name suggests, they are involved in nutrient absorption (Ziv and Bendayan, 2000). Four
main types of secretory cells are seen:
1. Goblet cells
These are mucus secreting cells found scattered throughout the upper crypt and
villus and are the most abundant among the secretory lineages. They are found in
large numbers around Peyer’s patches (Pelaseyed et al., 2014).
2. Enteroendocrine cells (EEC)
These are specialized cells capable of secreting neuropeptides and are found to be
in direct contact with the neurons (Kaelberer et al., 2018). They scattered
throughout the upper crypt and villus are involved in sensing the gut luminal
contents and signalling to the brain (Latorre et al., 2016).
3. Tuft cells
These are rare cells constituting barely 0.4% of the total epithelium and are found
scattered in the upper crypt and villus. They appear to be similar to cells in taste
buds (Gerbe et al., 2012).
4. Paneth cells
They are involved in the secretion of anti-microbial peptides like α-defensins
(Ayabe et al., 2000). In contrast to all the other secretory cell types, Paneth cells
5

Figure 1.1 Schematic representation of the intestinal epithelium showing various zones of
the crypt and villus, and the cell types present in them.

migrate to the bottom of the crypts and provide a supportive niche for the Lgr5+
stem cells (Noah et al., 2011).
Notch pathway is involved in both the maintenance of Lgr5+ stem cells and proper
differentiation of progenitors into mature cell types. At the crypt bottom, Paneth cells
6

express Notch ligands DLL1 and DLL4 and activate the Notch receptors, primarily
NOTCH1 and NOTCH2 (Pellegrinet et al., 2011). In the upper crypt, secretory

Figure 1.2 Schematic showing the role of Notch signalling in maintaining the intestinal
epithelium.

progenitors and mature secretory cells express DLL1 and DLL4 to promote Notch
activity in the neighbouring enterocyte progenitors and aid in their differentiation
(Pellegrinet et al., 2011) (Figure 1.2, adapted from (Vooijs et al., 2011)).
Notch activity in the intestinal cells leads to expression of Hes1 which represses
the expression of Atonal homolog 1 (Atoh1 or Math1) gene (Noah et al., 2011). Atoh1
is essential for the maturation of secretory cells (Shroyer et al., 2007). In Atoh1 null
7

mice, the Lgr5+ stem cell proliferation and the enterocyte differentiation does not
appear to be hampered suggesting that the role of Notch signalling in the intestine is to
repress Atoh1 expression (Durand et al., 2012; Noah et al., 2011).

1.4 KRAS oncogene
In the second part of this dissertation, the discussion focusses on the transition
of the epithelium from its homeostatic state to a neoplastic one. One of the hallmarks of
cancer as described in (Hanahan and Weinberg, 2011) is non-reliance on external
growth signals. Mitogen activated protein kinase (MAPK) pathway is one of the major
intracellular signalling cascades that promote cellular proliferation (Katz et al., 2007).
Extracellular signalling through growth factors like Epidermal Growth Factor (EGF) or
Fibroblast Growth Factor (FGF) etc. is detected by plasma membrane bound receptors
(EGFR or FGFR etc.) and gets transduced downstream through a cascade of kinases to
MAPK (Katz et al., 2007). Activating mutations in this cascade can result in selfsufficiency in growth signals (Hanahan and Weinberg, 2011). Evidently, mutations in
EGFR, RAS and RAF are frequently found in human cancers (Pylayeva-Gupta et al.,
2011). There are three nearly identical RAS proteins in mammals: KRAS, HRAS and
NRAS (Colicelli, 2004). RAS proteins exist in two states: active GTP bound one and an
inactive GDP bound one. Guanine nucleotide exchange factors (GEFs) push them to the
GTP bound state while the GTPase-activating proteins (GAP) bring them back to the
inactive state (Pylayeva-Gupta et al., 2011). Oncogenic mutants are non-responsive to
GAPs and continue to remain in the active state resulting in unrestrained growth
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signalling (Pylayeva-Gupta et al., 2011). Among epithelial cancers, referred to as
carcinomas, mutant KRAS is frequently found and hence it has been the focus of our
study.
Mutant KRAS is found in about 97% of pancreatic ductal adenocarcinomas
(PDAC), 45% of colorectal adenocarcinomas (COAD) and 30% of lung
adenocarcinomas (LUAD) (Cox et al., 2014). Common mutations of KRAS include
amino acid substitutions G12C, G12D, G12V, G13C, G13D, A18D, Q61H, K117N
(Stolze et al., 2015). Expression of KrasG12D in adult mouse pancreatic cells leads to the
formation of pancreatic intra-epithelial neoplasia or PanIn lesions and not invasive
adenocarcinomas (Habbe et al., 2008). Additional mutations such as loss of tumour
suppressor P53 are necessary for the progression of those lesions (Habbe et al., 2008).
Expression of KrasG12D in intestinal epithelial cells also does not lead to the formation
of tumours (Snippert et al., 2014). In fact, KRAS mutations have been found in
histologically normal human colon (Aivado et al., 2000; Zhu et al., 1997). However,
expression of KrasG12D in pulmonary epithelial cells leads to the formation of
adenocarcinoma (Sutherland et al., 2014). Hence, we chose to study the effects of Kras
oncogene in the context of lung adenocarcinoma.

1.5 Pulmonary epithelium
Lungs are the sites of gas exchange in mammals. The lining of the respiratory tract
consisting of the nasal cavity, trachea, bronchi and bronchioles consists of ciliated
pseudostratified epithelium and suddenly changes to simple squamous epithelium in the
9

alveoli of the lungs (Tata and Rajagopal, 2017). Lung adenocarcinoma is thought to
arise from the cells in the alveoli or the terminal bronchioles (Sutherland et al., 2014).
The major cell types found in the terminal bronchioles of mice are (Figure 1.3, adapted
from (Rock and Hogan, 2011)):
1. Club cells
Previously known as Clara cells, Club cells are secretory cells identified by the
expression of Scgb1a1 gene (Tata and Rajagopal, 2017). They can act as stem cells
in the airway and can generate ciliated cells (Rawlins et al., 2009).
2. Ciliated cells
They are identified by the expression of transcription factor Foxj1. And as the name
implies, they contain cilia on their apical surface (Tata and Rajagopal, 2017).
3. Bronchioalveolar stem cells (BASC)
These are special cells found at the bronchio-alveolar duct junction and have been
shown to contribute to the formation of both bronchiolar and alveolar cell types
(Kim et al., 2005). They can be identified by co-expression of Club cell marker
Scgb1a1 and alveolar type II (AEC2) cell marker Sftpc (Liu et al., 2019).
Interestingly, they are not found in human lungs (Tata and Rajagopal, 2017).
The alveoli of lungs contain two major cell types:
1. Alveolar type I (AEC1) cells
They are thin and elongated cells comprising of most of the alveolar space(Logan
and Desai, 2015). They are in close proximity to endothelial cells and are involved
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in gas exchange (Logan and Desai, 2015). AEC1 cells can be identified by their
expression of Hopx gene (Logan and Desai, 2015).
2. Alveolar type II (AEC2) cells
They are cuboidal cells found interspersed between AEC1 cells (Logan and Desai,
2015). They have been shown to contribute to the regeneration of the alveoli and
are considered to be the stem cells (Barkauskas et al., 2013). They are involved in
the secretion of surfactants which help in maintaining the surface tension of the
lung while breathing and can be identified by their expression of Sftpc gene (Tata

Figure 1.3 Schematic showing the organization of pulmonary alveoli.
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and Rajagopal, 2017). Recent work has shown that a Wnt expressing fibroblast
niche is important to maintain their stemness (Nabhan et al., 2018).
Cellular plasticity observed in the pulmonary epithelium makes it an interesting system
to study. It has been shown that mature club cells of the airway can de-differentiate into
basal cells (Tata et al., 2013). And in the alveoli, AEC1 can generate alveolar type II
cells (Jain et al., 2015).
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INTRODUCTION
Lgr5+ Crypt Base Columnar cells (CBCs) located at the bottom of the crypts
constantly self-renew to maintain the small intestinal epithelium, which is one of the
fastest regenerative tissues in the body (Barker et al., 2007; van der Flier and Clevers,
2009). CBCs divide and move up the crypt into the progenitor or transit-amplifying
zone where the cells rapidly proliferate and terminally differentiate into two major
types: absorptive (enterocytes) and secretory (mainly Paneth and goblet cells).
Enterocytes and goblet cells populate the villi while the Paneth cells move to the
bottom of the crypt and provide a niche for the CBCs (van der Flier and Clevers,
2009).
Notch signalling pathway primarily consists of Notch receptors (NOTCH1-4) and
ligands (DLL1-4 and JAG1-2) (Bray, 2006). Upon activation of a Notch receptor by a
ligand, it undergoes successive cleavages by ADAM/TACE and γ-secretase (Bray,
2006). The cleaved intracellular domain (NICD) translocates to the nucleus leading to
the transcription of multiple genes such as Hes and Hey families (Iso et al., 2003;
Kopan, 2002). The extracellular domain of the Notch receptor and ligands contain
EGF-like repeats, some of which serve as substrates for O-fucosylation by POFUT1
(Rampal et al., 2007; Wang et al., 2001). The fucosylated product may be further
modified within the Golgi network by Fringe proteins: Lunatic (LFNG), Manic
(MFNG) and Radical Fringe (RFNG) (Haines and Irvine, 2003; Moloney et al., 2000).
Fringe proteins are typically expressed in receptor-expressing ‘receiver’ cells (Haines
and Irvine, 2003). Glycosylation of NOTCH1 by LFNG and MFNG increases its
activation by DLL1 but decreases its activation by JAG1 (Haines and Irvine, 2003;
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Hicks et al., 2000; Panin et al., 1997). In contrast, glycosylation by RFNG increases
the activation of NOTCH1 by both DLL1 and JAG1 (LeBon et al., 2014).
Notch pathway provides for spatial and context specific decision making in the
intestinal epithelium. At the bottom of the crypt, Notch signalling is important for the
maintenance of CBCs (Pellegrinet et al., 2011). In the upper crypt however, Notch
activity, mainly through Hes1, is essential for the enterocyte differentiation (Fre et al.,
2005; van der Flier and Clevers, 2009). Inhibition of Notch signalling results in the
loss of proliferative CBCs and progenitor cells and leads to their differentiation into
goblet cells in the upper crypt and villus, indicating the importance of the pathway in
maintaining the tissue (Pellegrinet et al., 2011; Riccio et al., 2008; VanDussen et al.,
2012; Wu et al., 2010). Notch1, 2 and Dll1, 4 are known to be the necessary receptors
and ligands in the intestine (Pellegrinet et al., 2011; Riccio et al., 2008; Schröder and
Gossler, 2002). Although, the fringe proteins are known to be expressed in the
intestine, their function has not been studied (Schröder and Gossler, 2002).
Here we show that Rfng and Lfng are expressed by the ligand-presenting secretory
lineages, but at different locations. At the crypt base, Rfng expressed in Paneth cells
modulates DLL1 and DLL4, which enhances Notch signalling and self-renewal of
neighbouring CBCs. In the upper crypt and villus, Lfng is expressed by secretory cells
including enteroendocrine, Tuft and goblet cells. LFNG promotes Notch signalling in
the transit amplifying cells and impedes their differentiation into secretory cells.
MFNG does not play any noticeable role in intestinal epithelial homeostasis.
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RESULTS
Rfng supports Lgr5+ stem cell self-renewal
Rfng transcripts have been detected in the crypt by in situ hybridization (Schröder and
Gossler, 2002). We analysed previously published microarray data on Lgr5+ CBCs
and Paneth cells (Sato et al., 2010) and found that Rfng is significantly upregulated in
Paneth cells (Figure 1—figure supplement 1A). We isolated CBCs and Paneth cells
(CD24high/SSChigh) from Lgr5-GFP mice by FACS using an established protocol (Sato
et al., 2010; Sato et al., 2009) and found that the Paneth cells are enriched for Rfng
(Figure 1A). We validated that the isolated cells are indeed Paneth cells and CBCs by
confirming their Lysozyme and GFP expression respectively (Figure 1—figure
supplement 1B,C). We also confirmed that Rfng is enriched in the Paneth cells by
RNA in situ hybridisation (ISH) (Figure 1B). We validated the specificity of ISH
probes using Rfng null mouse intestinal sections (Figure 1—figure supplement 1D,E).
We then established an in vitro knockdown (KD) model using organoid cultures of
epithelial cells obtained from Lgr5-GFP mice. Single Lgr5-GFP+ CBCs were
transduced with scrambled (Sc.) shRNA (control) or Rfng shRNA and propagated as
organoids (Figure 1—figure supplement 1F). The colony formation efficiency of the
Rfng KD CBCs was reduced compared to the control (Figure 1C). Flow cytometric
analysis showed that the number of Lgr5+ CBCs decreased after Rfng loss, whereas
the number of Paneth cells remained relatively unchanged (Figure 1D).
We confirmed the observation in vivo using previously published Rfng deficient
(Rfng−/−) mice (Moran et al., 2009). Crypt cells were isolated from Rfng−/− and
Rfng+/+ control mice and analysed by flow cytometry using a combination of surface
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markers to identify CBCs (CD24loCD44+CD166+GRP78-) (Wang et al., 2013).
Analysis revealed that the Rfng−/− mice had almost a two-fold depletion in CBCs
(Figure 1E). A reduction of CBC marker Lgr5 transcripts in the crypts harvested from
Rfng−/− mouse intestines was observed by RT-qPCR measurement when compared to
the control (Figure 1F). The number of Paneth and goblet cells remain largely
unchanged and no other significant phenotype was detected in the epithelium (Figure
1—figure supplement 2A–F). Loss of Rfng in organoids seems to show a more
significant phenotype in CBC reduction than its loss in vivo. This may be because
CBCs in vivo also receive cues from the mesenchyme and not just the Paneth cells as
in case of organoids.
To confirm that the loss of Rfng only in the Paneth cells can affect the CBCs, we
performed the Organoid Reconstitution Assay (ORA) described previously
(Rodríguez-Colman et al., 2017). FACS sorted Lgr5-GFP+ CBCs were incubated with
Paneth cells from wild type or Rfng null mice for 10 min at room temperature and
plated in Matrigel. We find that the colony formation ability of CBCs incubated with
Paneth cells lacking Rfng was significantly lower than the control (Figure 1—figure
supplement 3). It should be noted that not all CBCs associate with a Paneth cell during
the incubation. Also, the Lgr5-GFP+ CBCs divide and give rise to Paneth cells with
Rfng. Hence the result of this assay is not as significant as that shown in Figure 1C.
Rfng promotes Notch signalling in CBCs
We isolate, by FACS, the CBCs and Paneth cells from the Rfng KD and
control seven days old organoids described earlier. Western blotting shows that Notch
target genes Hes1 and Hey1 have reduced expression in the CBCs upon loss of Rfng.
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However, the levels of ligands DLL1, four and JAG1 on Paneth cells were not
significantly altered, consistent with the post-translational modifying role of Fringe
(Figure 2A). Rfng KD and control CBCs were then transfected with an RBPJκ-dsRed
reporter (Hansson et al., 2006) as an indicator of Notch activity, cultured overnight
and analysed by flow cytometry (Figure 2B). Rfng shRNA decreased the mean
RBPJκ-dsRed fluorescent intensity, indicating reduced overall Notch signalling in
CBCs.
Fringes are known to modulate Notch signalling when present in receptor
expressing cell (Haines and Irvine, 2003). But here we find Rfng in the ligand
presenting cell promoting Notch activity in the neighbouring CBCs. We confirmed
that the Paneth cells express the ligand Dll1 by RNA-ISH (Figure 2—figure
supplement 1). To understand the mechanism behind this, we examined ligand
availability and concentration on the cell surface according to a previously established
method using flow cytometry (LeBon et al., 2014; Taylor et al., 2014; Yang et al.,
2005). Seven days old Rfng KD and control organoids were dissociated and single
unpermeabilised cells were labelled with CD24 to mark Paneth cells and NOTCH1-Fc
to quantify ligand binding to NOTCH1 (Figure 2C). Mean fluorescent intensity (MFI)
of NOTCH1 binding to Paneth cells with Rfng knockdown was reduced compared to
the scrambled control. We further confirmed that the ligands available on the Paneth
cell surface have reduced by using specific antibodies for DLL1, DLL4 and JAG1.
Flow cytometry showed that DLL1 and DLL4 levels on the Paneth cell surface
reduced after the loss of Rfng (Figure 2D), although the total expression level of DLL1
and DLL4 within Paneth cells is not changed by Rfng knockdown after the cells were
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permeabilised (Figure 2E). Western blotting also confirmed that the total DLL1 and
DLL4 expression in Paneth cells does not change significantly after the loss
of Rfng (Figure 2A). The outcomes of the ligand availability assays suggest that the
DLLs available on the Paneth cell surface for NOTCH1 to bind to have been reduced
after the loss of RFNG, which could decrease Notch activity in the adjacent CBCs.
Mfng plays an insignificant role
Mfng is expressed by scattered cells in the intestinal epithelium (Schröder and Gossler,
2002). To understand its potential function in maintaining the epithelium, we
established an in vitro shRNA based Mfng knockdown model as before. Western
blotting and RT-qPCR analysis validated Mfng knockdown (Figure 3A, B). Gene
expression levels of Lgr5 and Notch components were comparable between Sc.
Control and Mfng KD organoids (Figure 3B). Additionally, the colony forming
efficiency (Figure 3C) and the expression pattern of Lgr5-GFP (CBC) and MUC2
(goblet cells) (Figure 3D) of Mfng shRNA-expressing CBCs were similar to the
scrambled control. We quantified this observation using flow cytometry, which
confirmed no significant change in the number of Lgr5-GFP+ CBCs and goblet cells
(Figure 3E, F). Finally, the percentage of differentiated cells, identified by CK20
expression, was not significantly altered between Sc. control and Mfng KD organoids
(Figure 3G).
We then analysed intestinal tissues from Mfng deficient (Mfng−/−) mice (Moran
et al., 2009) (Figure 3—figure supplement 1A–C). IF microscopy showed similar
MUC2 staining in intestinal sections of Mfng−/− and wild-type (Mfng+/+) mice (Figure
3—figure supplement 1D). Quantification in intestinal tissues based on IF expression
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indicated that the number of goblet cells was not significantly altered in Mfng+/+mice
compared to Mfng−/− mice. Finally, we examined the total number of CK20+ cells in
intestines, which was similar in wild-type and Mfng null mice (Figure 3—figure
supplement 2A).
We observed that goblet cells were slightly enriched in Mfng when compared to the
CBCs (Figure 3—figure supplement 2B). We found no significant change in the cell
surface expression of DLLs on goblet cells after the loss of Mfng (Figure 3—figure
supplement 2C–F). Overall, these data suggest Mfng plays an insignificant role in
intestinal tissues.
Lfng deletion leads to increased goblet cell differentiation
Lunatic Fringe is known to be expressed in the crypts and scattered cells in the villous
epithelium (Schröder and Gossler, 2002). Immunofluorescence analysis of intestines
from Lfng-GFP reporter mice confirmed that Lfng is expressed by a subset of cells in
the upper crypt (transient-amplifying cell region) and villus (Figure 4A). We observe
that Lfng-GFP+ cells are post-mitotic in the upper-crypt. (Figure 4A). Further analysis
showed that these Lfng-GFP+ cells express ChgA, Dclk1 or Muc2 which are markers
for enteroendocrine, Tuft or goblet cells respectively (Figure 4B–D). Secretory cells in
the intestine, mainly enteroendocrine and goblet cells, are known to express Notch
ligands, especially DLL1 (Van Es et al., 2012). In the upper crypt,
immunofluorescence analysis showed Notch1 activity in the cells adjacent to LfngGFP+ cells but not in themselves (Figure 4E). We performed RT-qPCR measurement
of Lfng using goblet cells and CBCs isolated from Lgr5-GFP mice and confirmed
that Lfng is in goblet cells and not CBCs (Figure 4—figure supplement 1A).
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We established an in vitro shRNA based Lfng knockdown model as before (Figure 4—
figure supplement 1B). We observed only a slight decrease in colony forming
efficiency of CBCs after Lfng knockdown and no significant change in the level of
Notch activity in the CBCs (Figure 4—figure supplement 1C,D). However, we find
that the number of goblet cells (MUC2+) increased after the loss of Lfng (Figure 4C).
Quantification by flow cytometry showed that number of goblet cells (UEA-1+/CD24) (Wong et al., 2012) was increased significantly in Lfng KD organoids (5.5% of the
total population) when compared to the scrambled control (1.9%) (Figure 4D).
Accordingly, the ratio of the number of goblet cells to Lgr5+ CBCs increased
approximately three times in Lfng shRNA-expressing organoids (Figure 4E).
We confirmed these observations in vivo by examining the intestinal tissues
from Lfng deficient (Lfng−/−) mice (Moran et al., 2009). We observed an increase in
the number of goblet cells in the Lfng null mice as expected (Figure 5A and Figure
5—figure supplement 1A, B). Goblet cells were quantified in villus crypt units (VCU)
of the small intestine (Ishikawa et al., 1997). Immunofluorescence analysis based on
MUC2 expression in small intestinal tissues from Lfng−/− mice showed an increase in
the number of goblet cells when compared to the control (Lfng+/+) mice (Figure 5B).
Finally, using flow cytometry we quantified goblet cell numbers in Lfng−/−mice:
14.1% of small intestinal cells, which is significantly higher than the 7.9% goblet cells
in the small intestine of wild-type litter-mate control mice (Figure 5C). We observed
no change in the Paneth cell numbers after loss of Lfng (Figure 5—figure supplement
1C).
Lfng deletion reduces Notch signalling
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Suppression of Notch signalling is known to increase the goblet cell numbers (Van Es
et al., 2012). We isolated and analysed intestinal progenitor cells
(CD24loCD44+CD166+GRP78+) from Lfng+/+ and Lfng−/− mice using an established
protocol (Wang et al., 2013) (Figure 5D). RT-qPCR measurements indicated
decreased Hes1 and increased Atoh1 (transcriptional factor essential for generating
secretory lineage (Shroyer et al., 2007) expression in Lfng−/−progenitors compared to
the control. We also confirmed reduced activated Notch1 (NICD) in the upper crypts
of Lfng null mice intestines (Figure 5—figure supplement 2A, B).
Therefore, Lfng silencing appears to lower Notch activity in the progenitors and
promotes the secretory lineage leading to an increase in goblet cell numbers (Kim and
Shivdasani, 2011b; Zheng et al., 2011).
Secreted LFNG plays no apparent function
Previous reports have indicated that Lfng may be secreted into the extracellular space
(Shifley and Cole, 2008; Williams et al., 2016). We first examined the medium from
intestinal organoid cultures derived from Lgr5-GFP mice using solid-phase ELISA.
Secreted Lfng was detected at a concentration of approximately 315–325 ng/mL using
two independent LFNG primary antibodies (Figure 6A and Figure 6—figure
supplement 1A). The other Fringes, RFNG and MFNG, were not detected in the
culture medium (Figure 6—figure supplement 1B, C). We tried to understand if
secreted LFNG influences Notch signalling by affecting receptors in a non-cell
autonomous manner. As before, single Lgr5-GFP + CBCs were transduced with Lfng
shRNA and propagated as organoids followed by incubation with conditioned medium
harvested from wild-type organoids that contained soluble form of secreted LFNG
32

(sLFNG). After 24 hr, organoid cultures were analysed using flow cytometry, which
showed that the percentage of goblet cells remained similar to the Lfng knockdown
(shRNA) condition and significantly higher than scrambled shRNA-expressing
organoids which express endogenous LFNG (Figure 6B). RT-qPCR revealed that the
expression levels of Notch ligands DLL1 and DLL4 were similar
between Lfng knockdown with and without soluble LFNG (Figure 6—figure
supplement 1D).
We then examined intestinal tissues from mutant Lfng mice (LfngRLFNG/+ or RLfng) in
which the N-terminal sequence of LFNG, which normally allows for protein
processing and secretion, is replaced with the N-terminus of Radical fringe (a Golgi
resident protein) (Williams et al., 2016) (Figure 6—figure supplement 1E). IF analysis
based on MUC2 expression in small intestinal tissues from RLfng mice showed similar
goblet cell numbers in villus crypt units compared to wild-type (Lfng+/+) mice (Figure
6C). Taken together, our in vitro and in vivo findings suggest that the effect of LFNG
on goblet cell numbers and intestinal homeostasis is not dependent on its secreted
form.
LFNG promotes DLL expression on the cell surface
In order to understand if LFNG, like RFNG, can affect the cell surface expression of
DLL, we examined ligand availability and concentration on the cell surface. Seven
days old Lfng KD and control organoids were dissociated and single unpermeabilised
cells were labelled with CD24 and UEA-1 to mark goblet cells and NOTCH1-Fc to
quantify ligand binding to NOTCH1 (Figure 7A). Mean fluorescent intensity of
NOTCH1 binding to goblet cells with Lfng knockdown was reduced compared to the
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control, suggesting that the ligands available on the goblet cell surface for NOTCH1 to
bind to were reduced after the loss of Lfng. Flow cytometry shows that DLL1 and
DLL4 levels, detected using specific antibodies, on the goblet cell surface reduced
after the loss of Lfng (Figure 7B), although the total expression of DLL1 and DLL4 by
the goblet cells measured after the permeabilising the cells remained almost the same
(Figure 7C). Western blotting also confirmed that the total DLL1 and DLL4
expression in goblet cells does not change significantly after the loss of Lfng (Figure
4—figure supplement 1D).
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DISCUSSION
We report that Rfng is enriched in the Paneth cells and promotes cell surface
expression of DLL1 and DLL4. This promotes Notch activity in the
neighbouring Lgr5+ CBCs assisting their self-renewal. Mfng does not appear to
contribute significantly in maintaining the epithelium. Lfng on the other hand is
expressed by enteroendocrine, Tuft and goblet cells and suppresses the secretory
lineage (Figure 8). Even though Fringe proteins do not appear to be essential, they
provide another layer of spatial and lineage-specific modulation that might enhance
robustness of intestinal homeostasis. This is consistent with the highly robust
regulation of Notch activity in the intestinal epithelium as inhibition
of Notch1 or Dll1 only causes minor defective phenotype, while inhibition
of Notch2, Dll4, Jag1, Hes1, Hes3 or Hes5 causes no significant phenotype
(Pellegrinet et al., 2011; Ueo et al., 2012; Wu et al., 2010).
We have observed that both RFNG and LFNG can increase the presence of DLL1 and
DLL4 on the plasma membrane. This can potentially contribute to the increase in cisinhibition of NOTCH1 by DLL1 in the presence of fringe (LeBon et al., 2014). Fringe
modulation of ligands will be of significance in understanding Notch activity in cancer
stem cell asymmetric division where LFNG, DLL1 and NOTCH1 are present in the
same cell (Bu et al., 2013; Bu et al., 2016). However, the mechanism behind the
increase in cell-surface expression of the ligands still needs to be understood. The
glycosylation state of proteins has been known to affect their intracellular trafficking
(Huet et al., 2003; Ohtsubo and Marth, 2006). It raises the possibility that fringe
mediated glycosylation or the addition of Galactose and Sialic acid post fringe activity
35

might affect the trafficking of DLLs to the cell surface. Lfng in the Dll1 expressing
cell, in the presence of Dll3, is known to reduce Notch activity in the neighbouring
cell (Okubo et al., 2012). This raises the possibility that ligands interact with each
other in the presence of Lfng which might explain our observation. In
vitro reductionist studies may need to be conducted in systems expressing single
ligand and fringe to understand the mechanism in detail. Also, our experiments cannot
completely rule out the possibility that low levels of Rfng expression in CBCs (in
comparison to Paneth cells) can also contribute to the phenotype by directly
modulating Notch receptors. We have observed some mesenchymal cells also
express Rfng detectable by RNA ISH. We also observe that some of the mesenchymal
cells also express Dll1 (Figure 2—figure supplement 1). Further studies are necessary
to map the expression of all the Notch ligands in different mesenchymal cell types.
This raises the possibility that the mesenchyme can also provide Notch ligands to
the Lgr5 + CBCs in vivo. In case that is true, our proposed mechanism
that Rfng promotes cell surface expression of Dll1 might be applicable to the
mesenchymal cells too. Upon loss Rfng, reduced Dll1 expression on the cell surface of
Paneth cells and mesenchymal cells would result in reduced Notch activity in the
CBCs, as observed. However, the crypt cells are separated from the mesenchyme by
the basement membrane. The efficacy of DLL mediated Notch signalling across the
intestinal basement membrane needs to be explored.
Although we have observed that the Lfng expressing cells are found both in the upper
crypt and in the villus, our data suggests that LFNG in NICD- post-mitotic secretory
cells of the upper crypt promotes Notch activity in the neighbouring enterocyte
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progenitors. As Notch signalling is not active in the villus, the Lfng+ cells of the villi
likely do not impact epithelial cell differentiation. It would be interesting to explore
the reason secretory cells expressing Notch ligands and Lfng are found in the villi. The
differences, other than functional consequence, between the Lfng+ cells of the upper
crypt and villus needs to be explored.
Notch pathway is a potential therapeutic target, but blocking the pathway leads to
serious GI related side effects (Van Es et al., 2012). Targeting the Notch pathway
through fringe appears to be a potentially viable strategy to exclusively modulate
intestinal epithelial regeneration or its functions, absorption and mucus secretion, as
Notch activity in the stem cells or progenitors can be specifically targeted by
blocking Rfng or Lfng respectively.
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MATERIALS AND METHODS
Mice
Lgr5-GFP (Jackson Lab #8875, RRID:IMSR_JAX:008875) strain has been described
previously (Sato et al., 2009). Lfng null (Lfngtm1Rjo), Mfng null (Mfngtm1Seco,
RRID:MGI:3849430) and Rfng null (Rfngtm1Tfv) mice were maintained as described
here (Moran et al., 2009; Ryan et al., 2008). LfngRLFNG/+ mice were maintained as
previously described (Williams et al., 2016). Littermates of Fringe mutants with wildtype gene expression were used as controls. Lfng-GFP (GENSAT #
RRID:MMRRC_015881-UCD) were received as FVB/N - C57BL/6 hybrids and
crossed to C57BL/6 mice for at least 10 generations (Gong et al., 2003; MaleticSavatic et al., 2017). All procedures were conducted under protocols approved by the
appropriate Institutional Animal Care and Use Committees at Ohio State University (#
2012A00000036-R1), Duke University (# A286-15-11), Baylor College of Medicine
(# AN-5004), Cornell University (# 2010–0100) or Research Animal Resource Center
of Weill Cornell Medical College (# 2009–0029).
Organoid culture and flow cytometry
Organoids from Lgr5-GFP mouse intestines were cultured as previously described
with minor modifications (Sato et al., 2010; Sato et al., 2009). Briefly, small intestines
were harvested, washed with PBS and opened up longitudinally to expose luminal
surface. A glass coverslip was then gently applied to scrape off villi and the tissue was
cut into 2–3 mm fragments and incubated with 2 mM EDTA for 45 min on a rocking
platform at 4°C. EDTA solution was then decanted and replaced with cold PBS. The
tissues were vigorously agitated to release the crypts. Next, single cell dissociation
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was achieved by incubating purified crypts at 37°C with Trypsin-EDTA solution
containing 0.8KU/ml DNase, 10 μM Y-27632 for 30 min. To isolate Lgr5-GFP+ cells,
single cells were resuspended in cold PBS with 0.5% BSA and GFPhigh cells were
sorted by FACS (Beckman Coulter/BD FACSAria).
Dissociated cells were also stained with anti-CD24 antibody and UEA-1. Paneth cells
were sorted based on side scatter and CD24 expression (CD24high/SSChigh) and goblet
cells were identified as UEA-1+/CD24- (Sato et al., 2010; Wong et al., 2012). Viable
cells were gated based on 7-AAD or Sytox blue staining. Data analysis was performed
using FlowJo software.
Single Lgr5-GFP+ CBCs were plated in Matrigel and cultured in medium containing:
Advanced DMEM/F12 supplemented with Glutamax, 10 mM HEPES, N2, B27
without vitamin A, 1 μM N-acetylcysteine, 50 ng/mL EGF, 100 ng/mL Noggin, and
10% R-SPONDIN1 conditioned medium.
Lentiviral constructs containing Lfng shRNA (sc-39491-SH), Mfng shRNA (sc-39493SH), Rfng shRNA (sc-39495-SH), or scrambled shRNA (sc-108060) were purchased
from Santa Cruz Biotechnology. Lentiviral transduction of Lgr5-GFP CBCs were
performed by ‘spinoculation’ method described previously (Koo et al., 2012).
Transduced CBCs were cultured as organoids and analysed after 7 days. RBPJκ-dsRed
reporter (Addgene #47683) was transfected into single Sc. shRNA-expressing
or Rfng shRNA-expressing sorted Lgr5-GFP CBCs using Lipofectamine-2000 as
described earlier (Schwank et al., 2013).
Organoid Reconstitution Assay was performed as described previously (RodríguezColman et al., 2017). Briefly, FACS sorted Paneth cells and Lgr5-GFP+ CBCs were
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mixed, spun down and incubated at room temperature for 10 min. The pellet was then
plated in Matrigel.
RT-qPCR and protein analysis
A Qiagen RNeasy kit was used to extract total RNA. RT-PCR primers from
Genecopoeia were used for the following genes: β-Actin, Lgr5, Lfng, Mfng and Rfng.
Taqman primers (ABI) were used for: Lgr5, Notch1, Hes1, Hes5, Dll1, Dll4,
and Jag1. Gapdh or β-Actin was used as internal control. Protein isolation and western
blotting were performed as previously described, using β-ACTIN for normalisation
(Pan et al., 2008). ELISA kits for LNFG, RFNG, and MFNG were purchased from
MyBioSource and assays were performed according to the manufacturer’s instructions
similar to the following protocol. Solid-phase ELISA assays were independently
conducted using LFNG, RFNG, and MFNG antibodies (referred to as antibody-2)
purchased from Santa Cruz Biotechnology for verification of results obtained from the
corresponding kits.
Ligand availability assay
Ligand availability assays were performed as previously described (LeBon et al.,
2014). Briefly, blocking buffer (PBS, 2% FBS, 100 μg/mL CaCl2) and binding Buffer
(PBS, 2% BSA, 100 μg/mL CaCl2) were prepared. Subsequently, cells were incubated
in blocking buffer for 30 min at 37°C followed by incubation with 0.5 μg/mL
NOTCH1-Fc (R and D #5267) diluted in binding buffer for 1 hr at 4°C. Cells were
then washed three times in blocking buffer and incubated in secondary antibody
diluted in binding buffer for 40 min at room temperature. Finally, cells were washed
three times in blocking buffer and analysed by flow cytometry.
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Immunofluorescence (IF) and immunohistochemistry (IHC)
Sections of paraffin embedded tissues were deparaffinised using Xylene and
rehydrated. Antigen retrieval was performed using Proteinase K (Dako) or 10 mM Tris
buffer at pH9. The sections were incubated in Protein Block (Dako) for 10 min at
room temperature (RT). Primary antibodies diluted in Antibody Diluent (Dako) were
added and incubated overnight at 4°C. Slides were then washed in PBS and incubated
in secondary antibodies diluted in Antibody Diluent for 1 hr at RT and washed in PBS.
The slides were then mounted using Vectashield mounting medium containing DAPI.
Intestinal sections were stained with Haematoxylin and Eosin (H and E), Periodic
Acid-Schiff (PAS), Alcian Blue (AB) or Nuclear Fast Red according to standard
methods. Intestinal organoids embedded in Matrigel were fixed with 3% PFA for 15
min at room temperature and permeabilised using 0.2% Triton-X for IF according to
the protocol described above. Antibodies used are listed in supplementary methods.
Antibodies used are listed in Supplementary file 1.
Protocol was modified while staining for Notch1 intracellular domain (NICD).
Antigen retrieval was performed using Trilogy (Cell Marque). Sections were then
incubated in 3% hydrogen peroxide diluted in PBS for 10 min. Protein blocking,
primary antibody and secondary antibody incubation were performed as described
above. Signal was further amplified using TSA Plus Fluorescein kit (Perkin Elmer).
To quantify, NICD+ nuclei and total number of nuclei (based on DAPI signal) were
counted in each crypt (35 to 50 crypts from each section) to obtain the fraction of
NICD+ nuclei.
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0.5 mg EdU in 150 μl PBS (∼16.66 mg/kg) was injected intraperitoneally into LfngGFP mice two hours prior to euthanasia (Kabiri et al., 2014). Incorporated EdU was
detected using Click-It EdU imaging kit (Thermo Fisher #C10640).
Statistical analysis
The data is represented as mean ± S.E.M (standard error of mean) unless otherwise
indicated. A Student t-test was applied to compare two groups using p<0.05 to
establish statistical significance.
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Figure 1

43

Rfng supports Lgr5+ stem cell self-renewal.
(A) RT-qPCR quantification of Rfng in Lgr5+ CBC and Paneth cells isolated
from Lgr5-GFP mouse intestines. The experiment was performed in triplicate and
presented as mean ± s.d. (standard deviation)
(B) Representative image showing Rfng transcripts (red) and Lysozyme protein (green)
expression at the bottom of the crypt of Lgr5-GFP mouse intestine. DAPI (Blue) labels
the nuclei and scale bar represents 10 μm. Arrows point to CBCs.
(C–D) Single Lgr5-GFP CBCs were transduced with either Sc. shRNA or Rfng shRNA.
The experiment was performed in triplicate.
(C) Colony forming efficiency measured after 7 days. Quantitative analysis calculated
from 1000 cells/replicate presented as mean ± s.d.
(D) Left: Representative flow cytometry plots indicating gated percentage of Lgr5+
(GFPhigh) and Paneth cells (CD24high/SSChigh). Right: Ratio of Lgr5-GFP+ CBCs/Paneth
cells as determined by flow cytometry and presented as mean ± s.d.
(E)

Left:

Representative

(CD166+CD24loCD44+GRP78-)

plots
from

indicating
the

gated

intestine

population

of

CBCs

of Rfng+/+ and Rfng-/- mice.

Percentage reflects fraction of total population. Right: Ratio of number of CBCs to
Paneth cells of n = 3 mice and presented as mean ± s.d.
(F) RT-qPCR quantification of Lgr5 in crypts extracted from Rfng+/+ and Rfng-/- mice.
n = 3 mice. Data is presented as mean ± s.d. (*p<0.05; **p<0.01; ***p<0.001).
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Figure 1 – Figure Supplement 1
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Paneth Cells express Rfng.
(A) Ratio of gene expression in Lgr5+ CBC and Paneth cells from two independent
microarrays published previously (Sato et al., 2011). Data presented as mean ± s.d.
(B) FACS Sorted Paneth cells were plated in Matrigel and stained for Lysozyme (red).
DAPI (Blue) shows the nuclei and scale bar represents 10 μm.
(C) Sorted Lgr5-GFP cells were imaged. Endogenous GFP expression is shown in
green. Scale bar represents 20 μm.
(D–E) Representative image from RNAscope assay for Rfng on Rfng−/− small intestinal
section. DAPI (blue) shows nuclei and Lysozyme protein (green) marks the Paneth cells.
Scale bar represents 10 μm.
(D) No signal is seen in the red channel (Rfng channel) confirming the specificity
of Rfng probes.
(E) The region was then significantly overexposed to show the background signal. An
additional image was taken by over exposing the region in the far-red channel (shown
in grey; no probe/antibody present in this channel) to show tissue auto-fluorescence.
(F) Lgr5 + CBC and Paneth cell populations were isolated from organoids that were
infected with scrambled or Rfng shRNA. The experiment was performed in triplicate.
RT-qPCR quantification of Rfng presented as mean ± s.d. in CBC and Paneth cells.
(**p<0.01).
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Figure 1 – Figure Supplement 2
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Histological and flow cytometric analysis of Rfng null intestines.
(A–D) Representative images from the small intestine of Rfng+/+ and Rfng-/- mouse
strains stained using
(A) Haematoxylin and Eosin (H and E)
(B) Alcian Blue and Nuclear Fast Red
(C) Periodic Acid-Schiff (PAS) and Haematoxylin and
(D) Ki-67 (red) and DAPI (blue). Scale bar represents 50 μm.
(E–F) Representative flow cytometry plots indicating gated percentage of Paneth cells
(E) or goblet cells
(F) from the small intestine of Rfng+/+ and Rfng−/− mice.
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Figure 1 – Figure Supplement 3

Colony formation ability of Lgr5+ CBCs when mixed with Paneth cells from
control or Rfng null mice.
n = 4 replicates with 8000 CBCs per replicate. Data is presented as mean ± s.d.
(***p<0.001).
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Figure 2

50

Rfng promotes Notch signaling in Lgr5+ CBC.

(A) Western blot analysis of Notch signaling components in CBCs and Paneth cells
FACS sorted from Rfng KD and control organoids.
(B) Left: Representative plots for RBPJκ-dsRed and Lgr5-GFP expression indicating a
gated double positive fraction for Rfng KD and control CBCs transfected with RBPJκdsRed reporter. Right: Mean fluorescence intensity (MFI) of RBPJκ-dsRed expression.
The experiment was performed in triplicate and presented as mean ± s.d.
(C) Ligand availability on Rfng KD and control Paneth cells. Representative traces (left)
and MFI (right) showing ligand binding to NOTCH1 measured by flow cytometry.
Unstained Paneth cells were used as a negative control. The experiment was performed
in triplicate and presented as mean ± s.d.
(D) Cell surface DLL1, DLL4, and JAG1 concentration on Rfng KD and control
unpermeabilised Paneth cells. Left: Representative traces measured by flow cytometry.
Right: MFI measurements. The experiment was performed in triplicate and presented
as mean ± s.d.
(E) Cell surface DLL1, DLL4, and JAG1 concentration on Rfng KD and control
permeabilised Paneth cells. (**p<0.01).
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Figure 2 – Figure Supplement 1

Dll1 expression in the crypts.
Representative image showing Dll1 transcripts (red) and Lysozyme protein (green)
expression at the bottom of the crypt of Lgr5-GFP mouse intestine.DAPI (Blue) labels
the nuclei and scale bar represents 10 μm. Arrows point to Paneth cells.
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Figure 3
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Mfng plays an insignificant role.
Single Lgr5-GFP CBCs were transduced with either Sc. shRNA or Mfng shRNA. The
experiment was performed in triplicate.
(A) Western blot for Mfng expression.
(B) RT-qPCR quantification of Mfng and Notch components in organoids.
(C) Colony forming efficiency measured after 7 days. Quantitative analysis from 1000
cells/replicate.
(D) Representative bright field and co-IF images indicating Lgr5-GFP (green)
expression. MUC2 (red) marks Goblet cells. DAPI (blue) labels nuclei and scale bar
represents 25 μm.
(E) Representative flow cytometry plots indicating gated percentage of Lgr5+ CBCs
(GFPhigh) and goblet cells (UEA-1+/CD24-).
(F) Percentage of Lgr5+ CBCs and goblet cells as determined by flow cytometry and
presented as mean ± s.d.
(G) Left: Representative flow cytometry histograms indicating KRT20+ (CK20+) cells.
Right: Percentage of KRT20+ cells and presented as mean ± s.d.

54

Figure 3 – Figure Supplement 1
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Histological analysis of Mfng null intestines.
(A–C) Representative images from the small intestine of Mfng+/+ and Mfng-/- mouse
strains stained using
(A) Haematoxylin and Eosin (H and E)
(B) Periodic Acid Schiff (PAS) and Haematoxylin
(C) Alcian Blue and Nuclear Fast Red. Scale bar represents 50 μm.
(D) Left: Representative IF images of villus-crypt units (VCU) from the small intestine
of Mfng+/+ and Mfng-/- mouse strains. MUC2 (red) marks goblet cells. DAPI (blue)
labels nuclei. Right: Quantification of the number of goblet cells of n = 4
mice/condition. Data represents mean ± s.d of n = 500 VCU per mouse. (NS (not
significant)).
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Figure 3 – Figure Supplement 2

57

No significant phenotype detected upon loss of Mfng.
(A) Left: Representative IF images of villus-crypt units (VCU) from the small intestine
of Mfng+/+ and Mfng-/- mouse strains. CK20 (red); DAPI (blue) labels nuclei; scale bar
represents 50 μm. Right: Quantification of CK20+ differentiated cells in VCU
of Mfng+/+ and Mfng-/- mice based on IF. The data represents 500 VCU/mouse of n = 4
mice/condition and is presented as mean ± s.d. (NS) (not significant); Student t-test).
(B) RT-qPCR quantification of Mfng in Lgr5+ CBC and goblet cell populations from
small intestinal tissue of Lgr5-GFP mice. The experiment was performed in triplicate
and presented mean ± s.d.
(C) Single Lgr5-GFP CBCs were transduced with either Sc. shRNA or Mfng shRNA
and propagated as organoids for seven days. Isolated goblet cells were incubated with
0.5 μg/ml NOTCH1-Fc. Shown are representative traces indicating ligand binding to
Notch1 measured by flow cytometry in goblet cells. Unstained goblet cells were used
as a negative control.
(D) Ligand binding data to NOTCH1-Fc in Mfng shRNA-expressing goblet cells
normalized to Sc. shRNA-transfected goblet cells using flow cytometry mean
fluorescent intensity (MFI) measurements. The experiment was performed in triplicate
and presented mean ± s.d. (NS).
(E) Single Lgr5-GFP CBCs were transduced with either Sc. shRNA or Mfng shRNA
and propagated as organoids for 7 days. Isolated goblet cells were incubated with
antibodies directed against DLL1 and DLL4 ligands. Shown are representative traces
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showing surface ligand concentration measured by flow cytometry on goblet cells.
Unstained goblet cells were used as a negative control.
(F) Surface DLL1 and DLL4 ligand concentration on Mfng shRNA-expressing goblet
cells normalized to Sc. shRNA-transfected goblet cells using flow cytometry mean
fluorescent intensity (MFI) measurements. The experiment was performed in triplicate
and presented mean ± s.d. (NS). (*p<0.05; **p<0.01).
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Figure 4
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Lfng loss results in increased goblet cell differentiation in vitro.
(A–E) Representative IF images of the small intestine of Lfng-GFP reporter mice. (A)
GFP (green) shows the Lfngexpression and EdU (red) marks the proliferating cells.
DAPI (blue) labels nuclei. Scale bar represents 50 μm.
(B) GFP (green) shows the Lfng expression and DCAMKL1 (red) marks the Tuft cells.
Scale bar represents 20 μm.
(C) GFP (green) shows the Lfng expression and CHGA (red) marks the enteroendocrine
cells. Scale bar represents 20 μm.
(D) GFP (green) shows the Lfng expression and MUC2 (red) marks the goblet cells.
Scale bar represents 20 μm.
(E) GFP (red) shows the Lfng expression and NICD (green) identifies the cells with
NOTCH1 activity. Scale bar represents 20 μm.
(F) Representative bright field and co-IF images of Lfng KD and control organoids
indicating Lgr5-GFP (green) expression. MUC2 (red) marks goblet cells. DAPI (blue)
labels nuclei and scale bar represents 25 μm.
(G) Representative plots indicating gated percentage of Lgr5+ (GFPhigh) and goblet cells
(UEA-1+/CD24-) of Lfng KD and control organoids.
(H) Ratio of goblet cells to Lgr5-GFP + CBCs as determined by flow cytometry. The
experiment was performed in triplicate and presented mean ± s.d. (***p<0.001).
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Figure 4 – Figure Supplement 1
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Characterisation of Lfng KD organoids.
(A) RT-qPCR quantification of Rfng in Lgr5+ CBC and goblet cell populations
from Lgr5-GFP murine intestinal tissue. The experiment was performed in triplicate and
presented mean ± s.d.
(B) RT-qPCR quantification of Lfng in Lgr5+ CBC and goblet cell populations after
organoids were infected with Scrambled shRNA (Sc. shRNA) or Lfng shRNA. The
experiment was performed in triplicate and presented mean ± s.d.
(C) Single Lgr5-GFP CBCs were transduced with either Sc. shRNA or Lfng shRNA.
Shown is colony forming efficiency measured after seven days. Quantitative analysis
calculated from 1000 cells/replicate. The experiment was performed in triplicate and
presented mean ± s.d.
(D) Single Lgr5-GFP CBCs were transduced with either Sc. shRNA or Lfng shRNA and
propagated as organoids for seven days. Shown is Western blot analysis for LFNG and
Notch signaling components. Actin was used as a loading control. (*p<0.01; **p<0.01).
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Figure 5
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Lfng loss results in increased goblet cell differentiation in vivo.
(A)

Representative

H

and

E

sections

from

the

small

intestine

of Lfng+/+ and Lfng−/− mice. Scale bar represents 50 μm.
(B) Left: Representative IF images of intestine of Lfng+/+ and Lfng−/− mice. MUC2 (red)
marks goblet cells. DAPI (blue) labels nuclei. Right: Quantification of the number of
goblet cells of n = 4 mice/condition and n = 500 VCU per mouse presented as
mean ± s.d.
(C) Left: Representative plots indicating gated percentage of goblet cells (UEA1+/CD24-) from intestinal tissue derived from Lfng+/+ or Lfng−/− mice. Right: Percentage
of goblet cells presented as mean ± s.d. The data represent n = 3 mice/condition.
(D) Left: Representative plots indicating gated population of intestinal progenitors from
the intestine of Lfng+/+ and Lfng−/− mice. Percentage reflects fraction of total population.
Right: RT-qPCR measurements in progenitor cells from Lfng+/+ and Lfng−/− mice. The
experiment was performed in triplicate presented as mean ± s.d. (**p<0.01).
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Histological and flow cytometric analysis of Lfng null intestines.
(A-B) Representative images from the small intestine of Lfng+/+ and Lfng-/- mouse
strains stained using
(A) PAS and Haematoxylin
(B) Alcian Blue and Nuclear Fast Red.
Scale bar represents 50 μm.
(C) Representative flow cytometry plots indicating gated percentage of Paneth cells
from the small intestine of Lfng+/+ and Lfng-/- mice.
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Figure 5 – Figure Supplement 2
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Lfng loss results in reduced Notch activity.
(A) Representative images from the small intestine of Lfng+/+ and Lfng-/- mouse strains
stained for NICD. Scale bar represents 20 μm.
(B) Fraction of NICD + nuclei per crypt quantified from small intestines
of Lfng+/+ and Lfng-/- mice

presented

as

mean ± s.d.

Data

represents

n=3

mice/condition. (*, p<0.05).
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Figure 6

70

Secreted LFNG plays no apparent function.
(A) ELISA of the secretion of LFNG in culture medium from Lgr5-GFP organoids.
Culture medium (T = 0 days) was used as a control. The experiment was performed in
triplicate and presented as mean ± s.d.
(B) Left: Representative plots indicating gated percentage of goblet cells (UEA1+/CD24-) for organoids under Sc. shRNA control, Lfng KD and Lfng KD treated with
sLFNG conditions. Right: Percentage of goblet cells in each condition. The experiment
was performed in triplicate and presented as mean ± s.d.
(C) Left: Representative IF images of intestine of Lfng+/+ and LfngRLfng/+ mice. MUC2
(red) marks goblet cells. DAPI (blue) labels nuclei. Right: Quantification of the number
of goblet cells of n = 4 mice/condition and n = 500 VCU/mouse. Data presented as
mean ± s.d. (**p<0.01).

71
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Secretion of Fringe proteins.
(A) ELISA of the secretion of LFNG in culture medium from murine Lgr5-GFP+ CBCs
propagated as organoids for 7 days using an additional primary LFNG antibody (LFNG2). Culture medium (T = 0 days) was used as a control. The experiment was performed
in triplicate and presented mean ± s.d.
(B) ELISA of the secretion of RFNG in culture medium from murine Lgr5-GFP+ CBCs
propagated as organoids for 7 days using two separate primary RFNG antibodies
(RFNG-1, RFNG-2). Culture medium (T = 0 days) was used as a control. The
experiment was performed in triplicate and presented mean ± s.d.
(C) ELISA of the secretion of MFNG in culture medium from murine Lgr5GFP+ CBCs propagated as organoids for 7 days using two separate primary MFNG
antibodies (MFNG-1, MFNG-2). Culture medium (T = 0 days) was used as a control.
The experiment was performed in triplicate and presented mean ± s.d. (NS).
(D) RT-PCR quantification of Lfng and Notch ligands (DLL1 and DLL4) in Lgr5GFP+ organoids that were infected with Scrambled shRNA (Sc. shRNA)
or Lfng shRNA. Lfng shRNA-expressing CBC organoids were subsequently incubated
in conditioned medium containing soluble LFNG (sLFNG) for 24 hr. The experiment
was performed in triplicate and presented mean ± s.d.
(E) Representative H and E sections from the small intestine of Lfng+/+and RLfng mice.
Scale bar represents 50 μm. (**p<0.01).

73

Figure 7
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LFNG promotes cell surface expression of DLL.
(A) Ligand availability on Lfng KD and Sc. Control goblet cells. Representative traces
(left) and MFI (right) showing ligand binding to NOTCH1 measured by flow cytometry.
Unstained goblet cells were used as a negative control. The experiment was performed
in triplicate and presented as mean ± s.d.
(B) Cell surface DLL1 and DLL4 concentration on Lfng KD and Sc. Control
unpermeabilised goblet cells. Left: Representative traces measured by flow cytometry.
Right: MFI measurements. The experiment was performed in triplicate and presented
as mean ± s.d.
(C) Cell surface DLL1 and DLL4 concentration on Lfng KD and Sc. Control
permeabilised goblet cells. (**p<0.01).
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Figure 8
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Summary.
Rfng is enriched in the Paneth cells and promotes cell surface expression of DLL1 and
DLL4. This promotes Notch activity in the neighbouring Lgr5+ CBCs assisting their
self-renewal. Mfng does not appear to contribute significantly in maintaining the
epithelium. Lfng on the other hand is expressed by enteroendocrine, Tuft, and goblet
cells and suppresses the secretory lineage.
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Supplementary File 1
Antibodies used:
Primary
Antibody

Supplier

Catalogue #

RRID #

Dilution*

anti-β-ACTIN

Abcam

ab6276

RRID:AB_2223210

1:4000
(WB)

Anti-CD24
(APC)

Abcam

ab51535

RRID:AB_2072741 1:500 (FC)

Anti-DLL1

Abcam

ab85346

RRID:AB_1860332

1:500
(WB)

Anti-DLL4

Abcam

ab7280

RRID:AB_449562

1:1000
(WB)

Anti-GFP

Abcam

ab5450

RRID:AB_304897

1:200 (IF)
(IF-p)

Anti-HES1

Abcam

ab108937

RRID:AB_10862625

1:1000
(WB)

Anti-HES5

Santa Cruz
Biotechnology

sc-25395

RRID:AB_2118099

1:500
(WB)

Anti-HEY1

Abcam

ab154077

Anti-JAG1

Santa Cruz
Biotechnology

sc-6011

RRID:AB_649689

1:500
(WB)

Anti-KRT20

Origene

TA300936

RRID:AB_2265515

1:1000
(FC)

Anti-LFNG

Santa Cruz
Biotechnology

sc-324092

1:1000
(WB)

1:1000
(WB)
1:500
(ELISA)

AntiLYSOZYME

Abcam

ab108508

RRID:AB_10861277 1:100 (IF)
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Anti-MFNG

Santa Cruz
Biotechnology

sc-292668

RRID:AB_11149012

1:1000
(WB)
1:500
(ELISA)

Anti-MUC2

Abcam

ab76774

RRID:AB_1523987 1:100 (IF)

Anti-MUC2

Santa Cruz
Biotechnology

sc-15334

RRID:AB_2146667 1:200 (IFp)

Anti-RFNG

Santa Cruz
Biotechnology

sc-8240

RRID:AB_2178618

1:1000
(WB)
1:500
(ELISA)

Anti-CK20

Abcam

ab118574

RRID:AB_10901782 1:200 (IFp)

Anti-Ki-67

Abcam

ab15580

Anti-CHGA

Abcam

ab45179

1:50 (IF-p)

AntiDCAMKL1

Abcam

ab37994

1:200 (IFp)

Anti-NICD
(Val1744)

Cell
Signalling
Technology

4147

RRID:AB_443209

1:200 (IFp)

RRID:AB_2153348 1:600 (IFp)

*Application: IF: (Immunofluorescence); WB: (Western Blotting); FC: (Flow
Cytometry); IF-p: (IF on paraffin embedded sections)
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INTRODUCTION
Mutant KRAS is one of the most frequent drivers of epithelial cancers. KRAS
mutations are found in approximately 97% of pancreatic ductal adenocarcinomas
(PDAC), 45% of colorectal adenocarcinomas (COAD) and 30% of lung
adenocarcinomas (LUAD) (Cox et al., 2014). Oncogenic mutation keeps KRAS in its
active GTP-bound state leading to constant downstream signalling through RAF, PI3K
and other kinases leading to uncontrolled cellular proliferation. Research over the years
has shown that the role of mutant KRAS in neoplasia involves not only the selfsufficiency of growth factors but other ‘hallmarks of cancer’ as well (Hanahan and
Weinberg, 2011; Pylayeva-Gupta et al., 2011). KRAS-mutant cells that undergo
transformation are able to suppress apoptosis, reprogram their metabolism, remodel the
microenvironment by inducing angiogenesis and evade an immune response (PylayevaGupta et al., 2011). However, it has also been shown that in many primary cell-types
with unmutated P53 and P16Ink4a - P19Arf pathways, expression of mutant Kras leads to
a senescent phenotype (Kamijo et al., 1997; Sarkisian et al., 2007; Serrano et al., 1997).
And there are reports of colonic epithelial cells that are seemingly unaffected by mutant
KRAS (Aivado et al., 2000; Zhu et al., 1997). These suggest that the ability of mutant
Kras depends on how pliable a cell is to be transformed into a neoplastic one.
Cellular identity which, for a long time, was defined by the expression of a
handful, if not one, of marker genes, is now - with the advent of single-cell
transcriptomics - being defined by the overall mRNA composition (Shapiro et al., 2013).
However, recent studies have shown how the organisation of chromatin affects the
function of transcription factors and the need to include epigenetic information to define
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cellular identity (Bell et al., 2011; Buenrostro et al., 2018; Morris, 2019). This made us
consider whether the chromatin organisation in a cell is a determinant of its response to
a KRAS mutation. More importantly, if a drastic remodelling of chromatin is critical for
KRAS driven neoplastic transformation (Ge et al., 2017).
Adult epithelial cells can often be scored based on their stemness, that is the
ability to self-renew and differentiate into other cell-types, and categorised into stem,
progenitor and differentiated cells (Rawlins and Hogan, 2006). Resident stem cells have
been shown to be the origin of tumours in their respective tissues (Barker et al., 2009;
Latil et al., 2017). However, many cell-types and sub-types have been shown to
demonstrate stemness in the lung (Barkauskas et al., 2013; Kumar et al., 2011; Nabhan
et al., 2018; Zacharias et al., 2018). Cells in the pulmonary epithelial lining also show
remarkable plasticity (Tata and Rajagopal, 2017). The two main cell types of the
alveolus, alveolar type I (AEC1) and alveolar type II (AEC2) can give rise to each other
under the right context (Barkauskas et al., 2013; Jain et al., 2015). Club and basal cells
of the airway show a similar behaviour (Tata and Rajagopal, 2017). Accordingly, many
cell types have been considered to be cells of origin of lung tumours (Sutherland et al.,
2014). Hence, the pulmonary epithelium is a good system to study the effect of mutant
Kras in various cell types and follow changes to the chromatin architecture in each case.
In this study we show that mutant Kras remodels the epigenetic landscape of
Club and AEC2 cells of the lung. We find that FOSL1 based AP-1 transcription factor
directly binds to and guides the nucleosome remodelling SWI/SNF complex to increase
chromatin accessibility at genomic loci controlling the expression of genes necessary
for neoplastic transformation. We show that AP-1 mediated epigenetic reprogramming
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is not restricted to pulmonary epithelium and can also be seen in intestinal stem cells,
suggesting that it is a general mechanism downstream of mutant Kras.
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RESULTS
Neoplastic progression in SK and CK lung adenocarcinoma models
Intranasal delivery of adenovirus containing Cre recombinase to KrasLSL-G12D/+;
Trp53fl/fl mice is one of the most common methods used to model lung adenocarcinoma
(Kwon and Berns, 2013; Tammela et al., 2017; Vallejo et al., 2017; Winslow et al.,
2011). However, as mutant Kras is expressed in multiple cell types in this model, we
chose the methods described in (Xu et al., 2012), where Cre recombinase is expressed
in a cell-type specific manner. Unlike (Xu et al., 2012), tumour suppressor Trp53 was
not deleted in our study as it has been shown to be not important during the early stages
of lung tumorigenesis (Muzumdar et al., 2016). This allows us to delineate, specifically,
the effects of mutant Kras in pulmonary tumours.
We studied the initial stages of KRAS mediated lung adenocarcinogenesis using
two mouse models: Sftpc-CreER; KrasLSL-G12D/+; R26R-tdTomato and Scgb1a1-CreER;
KrasLSL-G12D/+; R26R-fGFP, henceforth referred to as SK and CK models respectively
(Figure 1A). In the SK model, mutant Kras is expressed by the alveolar type II (AEC2)
cells after tamoxifen doses leading to their proliferation (Xu et al., 2012). Hyperplastic
lesions are found throughout the lung four weeks post Cre induction (Figure 1B).
Several atypical adenomatous hyperplastic (AAH) lesions, adenomas and very rarely
adenocarcinoma can also be observed (Figure S1A). Significant macrophage infiltration
is seen in the hyperplastic regions likely due to the overproduction of surfactants
(Wright, 1990) (Figures 1B and S1A).
In the CK model, mutant Kras is expressed in the Club cells, putative
Bronchioalveolar stem cells (BASCs) and a small fraction (~1%) of AEC2 (CC10+
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AEC2) (Rawlins et al., 2009; Xu et al., 2012). Neoplastic transformation is slower in
this model and terminal bronchiolar hypertrophy is mostly observed 4 weeks post the
tamoxifen doses. Alveoli appear largely normal at this stage. Bronchiolar hyperplasia
can be observed after 10 weeks, while adenomas and adenocarcinomas can be found
after 16 weeks. Tumours appear to arise from the bronchioles and protrude into the
alveolar space (Figures 1C, 1D and S1B).
For further analysis, we isolated the cells of interest by FACS. AEC2 cells were
isolated from Sftpc-CreER; R26R-tdTomato mice (henceforth referred to as SC mice)
based on the tdTomato label (Figure S1C-S1D). Normal cells - Club, AEC2 and CC10+
AEC2 cells - were isolated from Scgb1a1-CreER; R26R-fGFP mice (henceforth
referred to as CC mice) by a combination of GFP label and lysotracker dye staining
(Figures 1E, 1F and S1E) (der Velden et al., 2013). SK Neoplastic cells were isolated at
4 weeks post tamoxifen doses by dissociating the whole lung and sorting based on the
lineage label tdTomato (Figure 1G). CK neoplastic lungs were similarly isolated at 4,
10, 16- and 22-weeks post KrasG12D activation using lineage label fGFP (Figure S1F).
Additionally, visible tumours (larger than 3 mm in diameter) were excised from 22w
CK lungs, dissociated and fGFP labelled cells were isolated for further analysis.
Mutant KRAS remodels the open chromatin landscape
To identify changes to the chromatin state, we performed Assay for Transposase
Accessible Chromatin and Sequencing or ATAC-seq (Buenrostro et al., 2013) on the
normal and neoplastic cells isolated from both models (Figures S2A and S2B, and
Supplementary Table 1). Principal component analysis (PCA) shows that the neoplastic
cells from the CK mice cluster with the Club cells and that the neoplastic cells from the
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SK mice are closer to AEC2 and CC10+ AEC2 cells in their epigenetic landscapes. This
suggests that Club and AEC2 cells are the major contributors to neoplasia in the CK and
SK models respectively. Then, we separated the dataset into two groups: one with AEC2
and SK neoplastic cells and the other with Club and CK neoplastic cells (Figure 2A).
We identified differentially accessible regions in both the groups using DiffBind (RossInnes et al., 2012) (Figures 2B, S2C and S2D). Following the convention in (Denny et
al., 2016), we shall henceforth refer to the regions with increased accessibility in
neoplastic cells as “newly open” regions and those with reduced accessibility in
neoplastic cells as “newly closed”. We find that most of the differentially accessible
regions are away from the Transcription Start Sites (TSS) and are in intronic or
intragenic regions of the genome (putative cis-regulatory elements or enhancers)
(Figures 2C and S2E-G). To understand their relevance to gene regulation, using
GREAT, we mapped the newly open regions in the neoplastic cells from both SK and
CK models to the genes whose expression they are likely to regulate (McLean et al.,
2010). The gene sets thus obtained strongly correlate with the genes upregulated in the
Kras2LA lung adenocarcinoma model (Sweet-Cordero et al., 2005). Interestingly, the
newly open regions also appear to regulate apoptotic pathway genes in both SK and CK
models (Figure 2D).
We observed increased chromatin accessibility at enhancer loci of genes that
have been implicated in Kras mediated tumorigenesis. We find that enhancers near
Ccnd1 locus and ‘super-enhancers’ of Myc are more accessible in the neoplastic cells
(Pylayeva-Gupta et al., 2011; Zhang et al., 2016) (Figures 2E and 2F). This suggests
that there are mechanisms, other than the known growth promoting kinase cascade, that
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control neoplastic transformation. We observed that the changes to chromatin are very
similar in the two models (Figures 2E, 2F, S2H, S2I). Upon quantification, we find that
about 60% of newly open regions in the 22w neoplastic cells from CK mice were also
newly open in the SK neoplastic cells (Figure 2G). This suggests that there might be a
common mechanism by which the genomic regions are made accessible to transcription
factors in the presence of constitutively active KRAS signalling.
Newly open regions in neoplastic cells are linked to AP-1 activity
To delineate the factors responsible for the epigenetic changes observed, we
identified the transcription factor (TF) motifs enriched in the differentially accessible
regions using HOMER (Heinz et al., 2010a). In the AEC2 derived neoplastic cells,
regions with increased accessibility are enriched for AP-1 motif sites and those with
reduced accessibility harbour ETS and FOX family motifs (Figures 3A and S3A). Using
PIQ (Protein Interaction Quantification), a machine-learning tool to identify binding
probabilities of TFs, we found that AP-1 factors are more likely to be bound to the
genome in Kras mutant cells than in normal AEC2 (Sherwood et al., 2014a) (Figure
S3B). We then performed bivariate genomic footprinting using the Bagfoot algorithm
which identifies differential TF activity based on changes to the TF footprint and TF
motif flanking accessibility (Baek et al., 2017). AP-1 TFs showed significantly higher
accessibility and deeper footprints in the SK neoplastic cells than in AEC2 cells
suggesting their increased activity (Figures 3B and 3C). These data raise the possibility
that AP-1 is involved ‘opening’ the right regions of chromatin to transform normal cells
into neoplastic ones.
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Even in the CK neoplastic cells collected at 4, 10, 16- and 22-weeks post
tamoxifen doses, regions with increased accessibility are enriched for AP-1 motif sites
(data not shown). CK model provides us with the advantage of tracking the epigenetic
changes with tumour development. By hierarchical clustering we identify three classes
of differentially accessible regions. The first among them encompasses regions that have
high accessibility in Club cells but low in all the 4 stages of CK neoplasia. Similar to
the SK model, motif sites of FOX family TFs are enriched here. The third cluster has
regions with low accessibility in the Club cells but high in all the neoplastic stages. Lung
epithelial lineage specific TF, NKX2.1, has its motif sites enriched here. Interestingly,
the second cluster has regions that become more accessible with time and is strongly
enriched for AP-1 motif sites (Figure 3D). We also see a linear increase with time in the
ratio of percentage of sites harbouring an AP-1 motif to that in background sequences
(Figure 3E). Bagfoot analysis also shows an increased AP-1 motif flanking accessibility
with time (Figures S3C-G). Increase in flanking accessibility at the AP-1 motif in CK
neoplastic cells is shown in (Figures 3F and S3H-K). These observations suggest that
AP-1 might be involved in continuous remodelling of chromatin.
Transcription factors can displace nucleosomes to increase accessibility to
genomic sites (Bell et al., 2011; Denny et al., 2016). To understand whether AP-1
complex is involved in nucleosome remodelling, we evaluate changes to nucleosome
occupancy at AP-1 motif occurrences in the newly accessible regions in the SK
neoplastic cells using NucleoATAC software (Schep et al., 2015). We find that in newly
open regions in neoplastic cells, nucleosomes have been depleted at putative AP-1
binding sites, whereas no such change is observed in the constitutively open regions
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(Figure 3G). To ensure that the observation is specific to AP-1 and not newly open
peaks, we perform a similar analysis at CTCF, a TF which was not identified as an
outlier by BagFoot analysis in the SK model, motif occurrences. We find that
nucleosome occupancy at CTCF motif occurrences in both AEC2 and SK neoplastic
cells is nearly identical in the newly open regions (Figure S3L). We observed that the
reduction in nucleosome occupancy at AP-1, but not CTCF, motif centre in the newly
open regions of SK neoplastic cells correlates with the fold change of newly open
regions (Figure S3M). Similarly, in the CK model, we observe a reduction in the
nucleosome occupancy at the AP-1 motif centre in the newly open peaks at 4, 10, 16and 22-weeks post tamoxifen doses (Figures S4A-E). These data suggest that AP-1
complex is directing the nucleosome remodelling factors to various region of the
genome to increase their accessibility to TF binding (Vierbuchen et al., 2017).
AP-1 activity is necessary for tumour initiation in vitro
To test whether AP-1 mediated changes to the open chromatin are necessary for
tumour initiation, we performed an organoid based tumour initiation assay where mutant
Kras is expressed in AEC2 cells seeded in Matrigel and their ability to form tumour
spheroids is assayed under various conditions (Figure 4A). Sftpc-CreER mouse model
is ‘leaky’ with a fraction of AEC2 cells showing CreER activity in the absence of any
tamoxifen doses. So, we isolated normal AEC2 cells from Sftpc-CreER; LSL-KrasG12D;
R26R-tdTomato mice by sorting for the LysoTracker+ tdTomato- population and
excluded the tdTomato+ cells that were present due to the “leakiness” of CreER (Figure
4B). Normal AEC2 were plated and treated with 4-OHT to express mutant Kras and
simultaneously AP-1 activity was inhibited by a small molecule SR 11302 (Fanjul et
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al., 1994; Huang et al., 1997). After 8 days we observed that Kras mutant AEC2 cells
form smaller and fewer spheroids when AP-1 activity was inhibited in comparison to
those treated by DMSO as control (Figures 4C and 4D).
AP-1 has been shown to control cell proliferation and apoptosis in a context
dependent manner (Shaulian and Karin, 2001). To ensure that blockage of AP-1 activity
is specifically affecting Kras mutant AEC2, we treated normal AEC2 from SftpcCreER; R26R-tdTomato mice with SR 11302 or DMSO (vehicle control) for 8 days.
Blocking AP-1 activity does not significantly affect the number or size of normal AEC2
derived organoids (Figures 4E and 4F).
Inhibition of AP-1 activity leads to reduced proliferation of Kras-mutant AEC2 in
vivo
To investigate whether blocking AP-1 activity would affect the Kras-mutant
AEC2 cells in vivo, we injected SR 11302 or DMSO to SK mice along with tamoxifen
doses and continued to administer the drug or vehicle control for 3 weeks. Kras mutant
AEC2 cells from the lungs of mice that received the AP-1 inhibitor showed an almost
3-fold reduction in proliferation (Figure 4G).
FOSL1 is the AP-1 protein of interest in Kras mutant cells.
AP-1 complex consists of various permutations of dimers of FOS (FOS, FOSB,
FOSL1 and FOSL2) and JUN (JUN, JUNB and JUND) family proteins all of which
have a similar DNA binding motif making them difficult to distinguish
bioinformatically (Eferl and Wagner, 2003; Khan et al., 2017; Vierbuchen et al., 2017).
We performed RNA-seq of AEC2 and 4w SK neoplastic cells to see if changes in gene
expression could offer clues to identify the AP-1 complex composition (Figures S5A98

C). We find that only Fosl1, among the Fos and Jun family genes, is upregulated in
Kras mutant neoplastic cells (Figure 5A). We also observe increased FOSL1 protein
levels in 4w SK lungs when compared to normal (Figure 5B). FOSL1 protein could also
be detected in CK neoplastic cells (Figures 5C, S5D and S5E). In addition to that, recent
publications have also shown that Fosl1 is important in Kras driven lung
adenocarcinomas (Elangovan et al., 2018; Vallejo et al., 2017).
Nucleosome remodelling SWI/SNF complex directly binds to AP-1 in KRAS
mutant cells
Heterodimers of FOS and JUN family proteins have been shown to open the
chromatin at

enhancer loci by recruiting SWI/SNF complexes and aid in the

differentiation of mouse embryonic fibroblasts (MEFs) (Vierbuchen et al., 2017).
Similarly, we hypothesised that AP-1 complex consisting of FOSL1 is involved in
chromatin remodelling and directing the development of mutant Kras driven tumours.
We FLAG tagged FOSL1 gene in KRAS mutant human lung adenocarcinoma
cell line, A549, using CRISPR-Cas9 based tools. We extracted nuclear protein from
these cells and immunoprecipitated (IP) the FLAG tagged protein while using the
extract from WT A549 cells as a control (Figure 5D). We used mass spectrometry to
identify proteins that co-precipitated with FOSL1. Known binding-partners of FOSL1,
JUNB, JUN and JUND were detected (Eferl and Wagner, 2003). We also detected
SWI/SNF complex proteins SMARCC2, ACTL6A, ARID1A etc. confirming that AP1 directly binds to the nucleosome remodelling BAF complex in KRAS mutant cells
(Figure 5E).
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To test whether loss of Fosl1 prevents the changes to the accessible chromatin
in Kras mutant cells, we crossed SK mice with Fosl1fl/fl mice (Eferl et al., 2004). After
Cre mediated recombination, exons 3 and 4 of Fosl1 gene are deleted and FOSL1-GFP
fusion protein is expressed in these mice (Eferl et al., 2004). 4 weeks after tamoxifen
doses to Sftpc-CreER; KrasLSL-G12D/+; Fosl1fl/fl; R26R-tdTomato mice (referred to as
SFK mice) we observed that only about 1% of lineage labelled (tdTomato+) cells
expressed GFP (Figures 5F and S5F). It appears that AEC2 cells in which Cre mediated
recombination did not occur at the Fosl1 locus out competed the cells in which Fosl1
was deleted. This is consistent with previous reports which have shown that loss of
Fosl1 leads to reduced lung tumour burden (Elangovan et al., 2018; Vallejo et al., 2017).
ATAC-seq performed on these tdTomato+ GFP+ cells yielded noisy data in which no
peaks could be identified (data not shown). Fosl1 has been shown to promote the
survival of Kras mutant lung adenocarcinoma cells (Elangovan et al., 2018). It is
possible that these tdTomato+ GFP+ cells underwent apoptosis, owing to the high
pressure in the FACS sorter or because they were outside the body for a few hours,
leading to very high background in ATAC-seq data.
Signature of the cell of origin remains in neoplastic cells
AP-1 has been shown to select enhancer loci while cooperating with cell type
specific transcription factors (Vierbuchen et al., 2017). To identify the collaborating TFs
in lung tumours, we took advantage of the two models we have studied. We observe
that, out of 5871 newly open regions that harbour an AP-1 motif in CK 22w neoplastic
cells, 3713 (63%) are also newly open in the SK 4w neoplastic cells. SK 4w also has
another 16,713 regions containing an AP-1 motif specific to them. (Figure 6A). We used
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Centrimo package to identify TF motifs enriched in the neighbourhood (~50 bp away)
of putative AP-1 binding sites in regions open only in CK 22w cells or SK 4w neoplastic
cells, and the overlapping regions (Bailey et al., 2009). We rank ordered the enriched
TF motifs in each of the three cases based on P-value and summarised a few of the top
hits in a “bubble-plot” (Figure 6B). Transcription factors ranked high in all the three
conditions include TCF7 and LEF1 which are downstream effectors of Wnt signalling.
Wnt activity has previously been shown to be important in lung adenocarcinoma
(Pacheco-Pinedo and Morrisey, 2011; Tammela et al., 2017). We hypothesise that the
factor ranked very high in CK specific peak and low in the other two cases could be a
CK specific collaborating TF. We identify HES1, TF downstream of Notch signalling,
as one such factor. Detection of cleaved Notch1 (NICD) shows that Notch signalling is
active in CK lung tumours (Figure 6C). Gene set enrichment analysis shows that Notch
activity has decreased in SK neoplastic cells when compared to AEC2 (Figure 6D)
(Subramanian et al., 2005). Notch signalling has been shown to be necessary for
maintaining Club cell identity (Lafkas et al., 2015). Blocking Notch activity results in
reduced tumour formation in the CK model (Xu et al., 2014). This, along with the data
in Figure 2A, suggests that tumour progression is influenced by its cell of origin.
We performed BagFoot analysis to detect differential TF activity in CC10AEC2 and Club cells isolated from normal (CC) mouse lungs (Figure 6E). And we ran
a similar analysis comparing SK 4w neoplastic cells and CK (16w and 22w) neoplastic
cells (Figures S6A and 6F). We find that the factors, like FOX family TFs, that show
increased activity in Club cells also show a similar activity in the CK neoplastic cells.
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HNF, NKX and GATA family TFs show higher activity in both AEC2 and AEC2
derived neoplastic cells.
AP-1 signature in KrasG12D expressing Lgr5+ stem cells of the intestine
Expression of KrasG12D in intestinal epithelial cells alone does not lead to the
formation of tumours (Snippert et al., 2014). And, field cancerisation can be observed
in human colonic epithelium where KRAS mutations are found in histologically normal
tissue (Aivado et al., 2000; Zhu et al., 1997). However, It is possible that the Lgr5+ stem
cells in this region are more likely to develop tumours than the normal ones after
acquiring an APC mutation leading to constitutively active Wnt signalling (Barker et
al., 2009; Snippert et al., 2014).
Mutant KRAS has been shown to upregulate AP-1 transcription factors in many
cell types such as mouse embryonic fibroblasts and pancreatic and colonic epithelial
cells (Pylayeva-Gupta et al., 2011; Shao et al., 2014; Vallejo et al., 2017). And, on
observing a similar AP-1 mediated epigenetic remodelling in both Club and AEC2
derived neoplasia, we hypothesised that the mechanism is dependent on mutant Kras
activity but not restricted to the cell-type. We decided to test the hypothesis by
expressing mutant Kras in the intestinal epithelial cells using Lgr5-CreER-EGFP; LSLKrasG12D; Rosa26-tdTomato mice. Intestinal tissue was harvested 5 weeks after
tamoxifen doses and appeared to be histologically normal (Figure 7A). Ribbons of
lineage-labelled cells can be seen (Figure 7B). We sorted Kras-mutant Lgr5+ stem cells
based on GFP expression and tdTomato label and the Kras WT cells based on GFP
expression and the absence of tdTomato expression from the same mouse (Figure 7C)
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and performed ATAC-seq. Bivariate genomic footprinting shows an increased AP-1
activity in the Kras mutant Lgr5+ stem cells (Figure 7D).
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DISCUSSION
In this study, we have used ATAC-seq to characterise the changes to accessible
chromatin in pulmonary epithelial cells in response to an oncogenic Kras mutation. By
analysing the initial stages of tumorigenesis in the absence of additional supportive
mutations, we find that Kras mutation leads to a remodelled chromatin landscape of
Club and AEC2 cells. We find that AP-1 complex containing of FOSL1 directly binds
to the SWI/SNF complex and directs to regions in the genome to increase accessibility
(Figure 7E). We observe that a small but significant increase, about one and a half times,
in the Fosl1 transcript levels leads to a drastic increase in the protein level. This suggests
that post-translational modifications to FOSL1, downstream of KRAS signaling, are at
play here and need to be further characterised. We have found that all the JUN family
proteins, c-JUN, JUNB and JUND bind to FOSL1 in KRAS mutant cells. It would be
interesting to characterise the differences in the functions of each of the three AP-1
heterodimers. Similarly, the composition of the SWI/SNF complexes which are made
up of multiple sub-units and their differential interaction with AP-1, which may be cell
type specific, would be important to characterise.
Kras-mutant AEC2 cells fail to form spheroids in vitro when AP-1 activity is
blocked using a small molecule SR 11302. Kras mutant AEC2 show a significant
reduction in proliferation in vivo when treated with the same drug suggesting that AP-1
dependent chromatin remodelling is necessary for Kras driven tumour initiation. Other
than the pulmonary epithelial cells, we also observe an increased AP-1 signature on the
accessible chromatin of Kras mutant Lgr5+ stem cell of the intestine. A previous report
analysing chromatin accessibility in Kras mutant intrafollicular epidermal cells and hair
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follicle stem cells shows an enrichment of AP-1 motifs in both the cases (Latil et al.,
2017). All these data suggest that the mechanism is cell type independent.
We observe that tumours retain a signature of their cells of origin. This has been
observed previously in squamous cell carcinoma of the skin where the cell of origin
determines the metastatic ability (Latil et al., 2017). It is likely that, in collaboration
with cell-type specific transcription factors, AP-1 can open cell of origin specific
regions on the chromatin, such as HES1 in CK tumours. Understanding the chromatin
state of the cell of origin can also help identify novel targeted therapeutic targets (Latil
et al., 2017).

105

METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE
Antibodies

SOURCE

Monoclonal ANTI-FLAG® M2

IDENTIFIER

Cat #: F1804
Sigma-Aldrich

antibody produced in mouse

RRID: AB_262044
Cat #: ab15580

Anti-Ki67 antibody

Abcam
RRID: AB_443209

Ki-67 (D3B5) Rabbit mAb

Cat #: 12202
Cell Signaling

(Mouse Preferred; IHC

RRID:
Technology

Formulated)

AB_2620142
Cat #: 4970
Cell Signaling

β-Actin (13E5) Rabbit mAb

RRID:
Technology
AB_2223172
Cat #: 4147

Cleaved Notch1 (Val1744)

Cell Signaling
RRID:

(D3B8) Rabbit mAb

Technology
AB_2153348
Cat #: ab13970

Anti-GFP antibody

Abcam
RRID: AB_300798
Cat #: ab5450

Anti-GFP antibody

Abcam
RRID: AB_304897
Cat #: ab290

Anti-GFP antibody - ChIP Grade

Abcam
RRID: AB_303395
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Cat #: AB8181-200
tdTomato antibody

Scigen

RRID:
AB_2722750
Cat #: sc-376148

Santa Cruz
Fra-1 Antibody (D-3)

RRID:
Biotechnology
AB_11012022
Cat #: ab735

Anti-p63 antibody

Abcam
RRID: AB_305870

Bacterial and Virus Strains
Thermo Fisher
E. coli: DH5α Competent Cells

Cat #: 18258012
Scientific

Chemicals, Peptides, and Recombinant Proteins
Tamoxifen

Sigma-Aldrich

Cat #: T5648-1G

SR 11302

Tocris

Cat #: 2476

Santa Cruz
SR 11302

Cat #: sc-204295
Biotechnology

Cholera Toxin from Vibrio

Cat #: C8052Sigma-Aldrich

cholerae

.5MG
Thermo Fisher

Bovine Pituitary Extract (BPE)

Cat #: 13028014
Scientific

Insulin-Transferrin-Selenium-

Thermo Fisher

Sodium Pyruvate (ITS-A) (100X)

Scientific

Cat #: 51300044
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Recombinant Mouse EGF Protein,

Cat #: 2028-EGR&D Systems

CF

200
Cat #: R2625-

Retinoic acid

Sigma-Aldrich
50MG

3X FLAG Peptide

Sigma-Aldrich

Cat #: F4799-4MG

(Z)-4-Hydroxytamoxifen

Sigma-Aldrich

Cat #: H7904-5MG

SYTOX Blue Dead Cell Stain, for

Thermo Fisher
Cat #: S34857

flow cytometry

Scientific
Thermo Fisher

LysoTracker Red DND-99

Cat #: L7528
Scientific
Thermo Fisher

LysoTracker Green DND-26

Cat #: L7526
Scientific
STEMCELL

ACCUMAX

Cat #: 07921
Technologies
STEMCELL

Y-27632

Cat #: 72304
Technologies
Thermo Fisher

ACK Lysing Buffer

Cat #: A1049201
Scientific
Thermo Fisher

RT-PCR Grade Water

Cat #: AM9935
Scientific
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SYBR™ Green I Nucleic Acid
Thermo Fisher
Gel Stain - 10,000X concentrate

Cat #: S7563
Scientific

in DMSO
RNase-Free DNase Set

Qiagen

Cat #: 79254

Thermo Fisher
Ham's F-12K (Kaighn's) Medium

Cat #: 21127030
Scientific
Thermo Fisher

DMEM/F-12, HEPES

Cat #: 11330057
Scientific

Halt Protease and Phosphatase
Thermo Fisher
Inhibitor Single-Use Cocktail

Cat #: 78442
Scientific

(100X)
Corn oil (delivery vehicle for fat-

Cat #: C8267Sigma-Aldrich

soluble compounds)

500ML

Cas9 protein with NLS, high
PNA Bio

Cat #: CP02

Sigma-Aldrich

Cat #: P6148-500G

Corning

Cat #: 354230

concentration
Paraformaldehyde
Matrigel Growth Factor Reduced
(GFR) Basement Membrane
Matrix
MEM (Minimum Essential

Thermo Fisher
Cat #: 11095098

Medium)

Scientific
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TrueBlack Lipofuscin
Biotium

Cat #: 23007

Vector Laboratories

Cat #: H-1200

Agilent

Cat #: X090930-2

Autofluorescence Quencher
VECTASHIELD Antifade
Mounting Medium with DAPI
DAKO Protein Block, SerumFree
Critical Commercial Assays
Cat #: FC-121Nextera DNA Library Prep Kit

Illumina
1030

NEBNext High-Fidelity 2X PCR
New England BioLabs

Cat #: M0541S

MinElute PCR Purification Kit

Qiagen

Cat #: 28006

QIAquick PCR Purification Kit

Qiagen

Cat #: 28106

RNeasy Mini Kit

Qiagen

Cat #: 74104

QuantiFast SYBR Green PCR Kit

Qiagen

Cat #: 204054

Qiagen

Cat #: 205310

Tumor Dissociation Kit, mouse

Miltenyi Biotec

Cat #: 130-096-730

Lung Dissociation Kit, mouse

Miltenyi Biotec

Cat #: 130-095-927

CD45 MicroBeads, mouse

Miltenyi Biotec

Cat #: 130-052-301

Anti-FLAG M2 Magnetic Beads

Sigma-Aldrich

Cat #: M8823-1ML

Master Mix

QuantiTect Reverse Transcription
Kit
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Phusion Hot Start II High-Fidelity

Thermo Fisher

PCR Master Mix

Scientific

MEGAshortscript™ T7

Thermo Fisher

Transcription Kit

Scientific

MEGAclear™ Transcription

Thermo Fisher

Clean-Up Kit

Scientific

Cat #: F565S

Cat #: AM1354

Cat #: AM1908

TSA Plus Fluorescein Evaluation

Cat #:
PerkinElmer

Kit

NEL741E001KT

Experimental Models: Cell Lines
Duke University Cell
Human: MRC-5 cells

Culture Facility (Duke

N/A

CCF)
Human: A549 cells (FosL1This paper

N/A

ATCC

CCL-185

FLAG)
Human: A549 cells

Experimental Models: Organisms/Strains
Mouse: Sftpc-CreERT2

(Xu et al., 2012)

N/A

Mouse: Scgb1a1-CreERTM

(Rawlins et al., 2009)

N/A

Mouse: Rosa26R-tdTomato

(Xu et al., 2012)

N/A

Mouse: KrasLSL-G12D/+

(Xu et al., 2012)

N/A

Mouse: Rosa26R-fGFP

(Xu et al., 2012)

N/A

Mouse: Fosl1fl/fl

(Eferl et al., 2004)

N/A
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Mouse: Lgr5-EGFP-IRESThe Jackson Laboratory JAX #: 008875
creERT2
Oligonucleotides
qPCR Primer for Sftpc
GeneCopoeia

Cat #: MQP094943

GeneCopoeia

Cat #: MQP030442

GeneCopoeia

Cat #: MQP026493

(NM_011359.2)
qPCR Primer for Scgb1a1
(NM_011681.2)
qPCR Primer for Actb
(NM_007393.5)
Recombinant DNA
Mouse gRNA pooled sub-library
Addgene (Pooled
targeting mitochondrial DNA

(Wu et al., 2016)
Library #82480)

(pUC57kan-T7-mt-gRNA)
Software and Algorithms
http://great.stanford
GREAT

(McLean et al., 2010)
.edu/public/html/
https://www.leicabios
ystems.com/digital-

Aperio Imagescope

N/A
pathology/manage/a
perio-imagescope/

https://github.com/t
MACS

(Zhang et al., 2008)
aoliu/MACS
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https://bioinf.wehi.
featureCounts

(Liao et al., 2014)

edu.au/featureCoun
ts/
https://bioconducto
r.org/packages/rele

TCseq

(Wu and Gu, 2018)
ase/bioc/html/TCse
q.html
https://bioconducto
(Stark and Brown,

r.org/packages/rele

2011)

ase/bioc/html/Diff

Diffbind

Bind.html
https://homer.ucsd.
Homer

(Heinz et al., 2010b)
edu/homer/

Bagfoot

(Baek et al., 2017)

N/A
https://meme-

FIMO

(Bailey et al., 2009)

suite.org/index.htm
l
https://meme-

Centrimo

(Bailey et al., 2009)

suite.org/index.htm
l
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https://nucleoatac.r
NucleoATAC

(Schep et al., 2015)

eadthedocs.io/en/la
test/
https://imagej.net/F

Fiji

(Schindelin et al., 2012)
iji
https://deeptools.re

DeepTools

(Ramírez et al., 2014)

adthedocs.io/en/de
velop/

Experimental Model and Subject Details
All experiments involving animals were approved by the Institutional Animal
Care and Use Committee at Duke University and conducted under protocols A286-1511 and A235-18-10. Sftpc-CreER, Scgb1a1-CreER, R26R-tdTomato, KrasLSL-G12D/+ and
R26R-fGFP mice were provided by Mark Onaitis of Duke University. Aline Bozec from
University of Erlangen for provided the Fosl1fl/fl mice. Lgr5-EGFP-IRES-creERT2
mice were purchased from Jackson Laboratory (#8875). Mice were group housed, and
food and water were provided ad libidum. Only 6-10 weeks old male mice were used in
lung cancer experiments (Histo-pathological analysis of lung sections and isolation of
primary cells for ATAC-seq, RNA-seq and qPCR). Both female and males of 6-10
weeks of age were used for the intestinal study (histo-pathological analysis of the tissue
and isolation Lgr5+ cells for ATAC-seq)
Method details
CreER activation
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Tamoxifen was dissolved in corn oil at a concentration of 20 mg/ml and stored
at 40C for a maximum of one month. 75 mg/kg body weight doses of tamoxifen were
administered to mice intraperitoneally (IP) to activate CreER. All mice used in the lung
cancer study received four doses, with a gap of 48 hours between each dose, except CK
22w ones which received only two doses. Lgr5-CreER mice received a dose of
tamoxifen on each day for four consecutive days.
In SK mice, Cre activity is seen in a few AEC2 cells in the absence of any
tamoxifen. Owing to the increased surfactant production, female SK mice often
succumb before reaching maturity (6 weeks of age). Hence, the study has been restricted
to male mice. Surfactant burden on the male mice is high 5-6 weeks after they receive
tamoxifen doses, hence samples are collected up to 4 weeks post the doses.
AP-1 inhibition in vivo
SK mice were intraperitoneally injected with 2 mg/kg of AP-1 inhibitor SR
11302 followed by a dose of tamoxifen after two hours. The injections were repeated
after 2 days after which tamoxifen doses were stopped. Mice continued to receive SR
11302 doses once every 48 hours for 3 weeks. Mice were then euthanised and lungs
were harvested.
Lung harvest
Mice were anaesthetised using Avertin. Skin and muscular layers were cut to
expose the abdominal and thoracic cavities. Descending aorta was cut to exsanguinate
and euthanise the animal. Cold PBS was perfused through the cardiac right ventricle to
flush the blood out of the lungs. Lungs were then removed and inflated with 4% PFA
and fixed overnight at 40C in PFA for histology. For isolation of live primary cells, lungs
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were instead inflated with lung/tumour dissociation buffer (Miltenyi Biotec), cut into
small pieces and incubated at 370C for 30 minutes (normal lung) or 45 minutes (lung
with neoplastic growth). A single cell suspension was obtained by mechanically
dissociating using gentleMACS (Miltenyi Biotec) dissociator and passing the samples
through a 70 µm filter. RBCs were lysed by resuspending the cells in ACK lysis buffer
and leucocytes were depleted by using anti-CD45 microbeads (Miltenyi Biotec).
To isolate AEC2 cells from CC mice, Lysotracker dye was used as described in
(der Velden et al., 2013). Briefly, dissociated lung cells were resuspended in
DMEM/F12 containing Lysotracker (1 µL dye in 14 mL medium) and incubated at 370C
for 30 minutes.
Primary cells were isolated by FACS using SONY SH800 sorter. Sytox dyes
(Blue, Green, Red and AADvanced) were used to exclude dead cells.
NGS library preparation
ATAC-seq
Harvested primary cells were immediately used to prepare ATAC-seq libraries
as described in (Buenrostro et al., 2013). Briefly, isolated cells were washed in PBS and
resuspended in buffer containing transposase Tn5 and incubated at 370C for 30 mins.
Number of cells used to prepare each library has been summarised in Table S1.
Tagmented DNA was PCR amplified for 10-16 cycles.
Mitochondrial DNA present in the libraries was cleaved using a CRISPR-Cas9
based method described in (Wu et al., 2016). sgRNA library targeting mitochondrial
DNA was purchased from Addgene (#82480). In vitro transcription was performed to
produce the gRNAs using MEGAshortscript Kit (Thermo Fisher Scientific). ATAC-seq
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libraries were treated with 10 µg Cas9 protein and 15 µg of sgRNA in a 40 µL reaction
for 2 hours at 370C. The libraries were purified using Qiaquick PCR purification kit
(Qiagen) and sequenced using Illumina Hi-Seq 2000 (50 bp paired end) or Next-Seq (75
bp paired end).
RNA-seq
Total RNA was isolated from primary cells using RNeasy Mini kit (Qiagen).
Samples with RIN > 9 were used for library preparation by Duke University’s genomics
core using KAPA stranded mRNA library prep kit. Libraries were sequenced using
Illumia Hi-Seq 4000 (50 bp single end).
Cell culture
A549 cell-line was cultured in F12-K medium (Thermo Fisher) and MRC5 cells
in MEM (Thermo Fisher). Culture media were supplemented with 10% FBS (Thermo
Fisher) and 1% Antibiotic-Antimycotic (Thermo Fisher).
AEC2 cells were cultured as spheroids as described in (Barkauskas et al., 2013)
with minor modifications. Isolated AEC2 cells were mixed with MRC5 cells (passage
# 18-25) at a 1:5 ratio and resuspended in Matrigel. 100 µL of the suspension, containing
5000 AEC2, was pipetted to a Transwell (Corning). MTEC plus medium was added to
the outer side of the Transwell. Y-27632 at 1 µM was added to the medium for the first
1-2 days. 4-OHT (1.3 µg/mL concentration) was added for the first 24 hours of culture
to activate CreER. After 8 days of culture, spheroids were imaged using a Leica
fluorescent microscope with 4x objective lens.
FOSL1-FLAG tagged A549 cell line production
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Expression plasmids for the Cas effectors and their respective gRNAs were
obtained through Addgene (Addgene #41815, 47108); the target sequence for FOSL1
was CTCAGGCGCCTCACAAAGCG. The guide RNA scaffold region was modified
to remove a poly T sequence and increase the length of a hairpin structure, these result
in more favourable CRISPR function in human cells (Chen et al., 2013). To create the
sgRNA plasmid, oligonucleotides containing the target sequences were obtained from
IDT, hybridized, phosphorylated and cloned in the appropriate plasmids using BbsI or
BsmBI sites. Gibson assembly was used to create the donor plasmid: regions of the
A549 genome were amplified by PCR and cloned into a plasmid backbone along with
a DNA fragment that contains the FLAG and selection cassette.
A549 cells were electroporated in a 0.2 cm cuvette using Biorad’s GenePulser
Xcell; 2M cells were resuspended in 200 µL of OptiMEM (ThermoFisher) with 5 µg of
plasmid (1 µg of donor, 1 µg of guide RNA, and 3 µg of Cas, expression vectors).
Immediately after electroporation, cells were rescued with 1 mL of complete media and
transferred into complete media. Media was exchanged every 2 days thereafter.
Transfection efficiencies were routinely higher than 60%, as determined by
fluorescence microscopy after delivery of a control eGFP expression plasmid. 5 days
post electroporation cells were selected with puromycin at a concentration of 1 µg/mL.
Cells were then treated with adenoviral Cre recombinase per manufacturers protocol
(Univ. Iowa Vector Core). The efficiency of the desired integration was assessed by
restriction fragment length polymorphism analysis. Genomic DNA of the cell
population was extracted using the DNeasy kit (Qiagen). The C-terminus of FOSL1 was
amplified using AccuPrime Taq DNA Polymerase (ThermoFisher) with primers that
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bind external to the homology arm region. The PCR product was purified using a PCR
purification kit (Qiagen) and the product was digested using PsiI (New England
Biolabs), which recognizes a site specific to the FLAG sequence. Digests were run on
an agarose gel and the efficiency of gene editing was assessed by densitometry;
efficiency was approximately 30%. The desired modification was then confirmed by
western blot using the Sigma M2 antibody. Cells were then expanded and stored for all
subsequent experiments.
Nuclear protein extraction
Nuclear protein was extracted from A549 cells (WT or FOSL1-FLAG) as
described in (Erdoğan et al., 2016). 4 x 10 cm dishes of A549 cells were trypsinised and
resuspended in hypotonic lysis buffer (10 mM Hepes pH 7.9, 1.5 mM MgCl2, and
10 mM KCl, 10 mM DTT and 1x protease inhibitor cocktail). After 15 minutes of
incubation on ice, Igepal was added to a final concentration of 0.6%. Samples were
vortexed and spun down at 10,000 g for 30s. Nuclear buffer (50 mM Tris-HCl, pH 7.5;
150 mM NaCl, 0.5% Triton-X 100 and 1x protease inhibitor cocktail) was added to the
pellet and sonicated for 5s twice using a probe-based sonicator.
Immunoprecipitation (IP)
IP was performed to purify FLAG tagged FOSL1 protein immediately after
extracting the nuclear protein from A549 cells. Magnetic anti-Flag M2 beads (Sigma)
were washed thrice using TBS and incubated with nuclear extract for 60 minutes at
room temperature. Beads were then washed three times in TBS. Bead bound proteins
were eluted by competition with 3X-Flag peptides.
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Mass spectrometric analysis of isolated protein was performed by the proteomics core
facility at Duke University GCB.
Western Blotting
The assay was performed as described in (Xi et al., 2019). Immunoprecipitated
samples were electrophoresed on Mini Protean Stain free gels (Bio-rad). Proteins were
then transferred to low fluorescence PVDF membrane (Bio-rad). Membrane was
blocked using 5% non-fat milk in TBS for an hour at room temperature. Incubation with
primary antibodies was performed overnight at 40C followed by three washes in TBST
(TBS + 0.1% Tween-20). HRP conjugated secondary antibodies were added for an hour
at room temperature and the membrane was washed thrice in TBST. Chemiluminescent
signal was produced at antibody bound sites using SuperSignal West femto (Thermoo
Fisher) and detected using Chemi-Doc (Bio-rad).
Histology
Fixed samples were dehydrated using a series of increasing concentrations of
ethanol. Ethanol was then removed by incubation with Xylene and then embedded in
paraffin. 4-8 µm sections were cut from embedded blocks and placed on slides. Slides
were baked at 600C for an hour and deparaffinised using xylene and dried using ethanol
and rehydrated. H&E staining was performed using standard methods.
Immunostaining was performed as described in (Murthy et al., 2018). Briefly,
antigen retrieval was performed using Tris-EDTA buffer at pH 9 (Vector Labs). Serum
free protein block (Dako) was applied for 10 mins at room temperature. Slides were
then incubated in endogenous peroxide block (Dako). Sections were then incubated with
primary antibodies overnight at 40C. Slides were washed three times in PBS and
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incubated with secondary antibodies for an hour at room temperature. TSA
amplification (Perkin Elmer) was performed when probing for NICD and FOSL1.
Autofluorescence was quenched using TrueBlack reagent (Biotium). Mounting medium
containing DAPI (Vector Labs) was used and slides were imaged using Zeiss 780i
confocal microscope.
qRT-PCR
Total RNA was extracted from isolated cells using RNeasy Mini Kit (Qiagen).
Primers to detect Scgb1a1, Sftpc and Actin were purchased from Genecopoeia.
Quantification and Statistical Analysis
General
Unless otherwise specified, data are presented as Mean ± Standard Deviation.
Student’s t-test was performed and a P-value threshold of 0.05 was used to determine
statistical significance.
ATAC-seq
ATAC-seq data was processed using the pipeline developed in (Koh et al., 2016)
with default parameters. 75 bp PE reads were trimmed to 50 bp PE using FASTX toolkit
(http://hannonlab.cshl.edu/fastx_toolkit/) before analysing them. Reads were aligned to
mm10 genome using Bowtie 2. Duplicate and mitochondrial reads were removed. And
peaks were called using MACS2 software. Peaks were annotated using HOMER (Heinz
et al., 2010a). Sample quality statistics are provided in Supplementary Table 1.
Differential peak calling and annotation
Differential peaks were identified using Diffbind with a minimum of 2
biological replicates for each case. (Ross-Innes et al., 2012). Unless otherwise stated,
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peaks with P-value < 0.05 and log2 |Fold Change| > 1 were considered ‘differentially
accessible’. Others were considered ‘constitutively open’ peaks (Denny et al., 2016).
Principal component analysis was performed using dba.PlotPCA command in the
DiffBind package. Differential peaks were annotated using findMotifsGenome.pl
program in HOMER package (Heinz et al., 2010a). Peaks were assigned to their putative
effector genes using GREAT (McLean et al., 2010) online tool using the whole genome
as background.
Bivariate Genomic Footprinting (BaGFoot)
BaGFoot analysis was performed following the algorithm published in (Baek et
al., 2017). mm10 genome was used as reference. Aligned and filtered ATAC-seq reads
from biological replicates were pooled to create a single file for each condition and used
for pairwise Bagfoot analysis.
Nucleosome occupancy
Broadpeak files of all biological replicates per condition were merged and
extended by 100bp on each side. Filtered Bam files were similarly pooled and used as
inputs to the NucleoATAC program (Schep et al., 2015) to obtain nucleosome
occupancy scores.
Identification of collaborating transcription factors
Cell type specific transcription factors collaborating with AP-1 were identified
as described in (Vierbuchen et al., 2017). 220 bp regions centred around AP-1 motif
occurrences (pooled occurrences of FOS, FOSB, FOSL1, FOSL2, JUN, JUNB and
JUND motifs) were used as input to the Centrimo package to identify the TF motif
enrichment in the neighbourhood of putative AP-1 binding sites (Bailey et al., 2009).
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RNA-Seq
RNA-seq data were analysed using the RNA Express package available on
Basespace (Illumina). Briefly, reads were aligned to the mm10 genome using STAR
and differentially expressed genes were identified using DESeq2 (Dobin et al., 2013;
Love et al., 2014). Transcripts with |FC| > 1.5 and q value < 0.05 were considered to be
differentially expressed.
Histopathology
H&E stained images of lung lobes were scanned using a 40x objective on Aperio
Scanscope slide scanner. Various histopathological features were annotated using
Aperio Imagescope software based on the guidelines in (Nikitin et al., 2004).
Hypertrophic bronchiolar regions were clubbed with the normal bronchioles. No
distinction was made between adenoma and adenocarcinoma. Area occupied by each
feature was measured and normalised to the total lobe area. A minimum of two lobes
per mouse and 3 mice per time point were analysed.
Tumour initiation assay
Images of spheroids were analysed using ImageJ. Spheroids greater than 35 µm
in diameter were quantified. A minimum of 3 technical replicates were analysed for
each experiment.
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Figure 1. Neoplastic progression in SK and CK lung adenocarcinoma models
A. Schematics showing the epithelial lining of distal bronchioles and alveoli (left)
and the mouse models used (right). In the Sftpc-CreER model, mutant Kras is
expressed in the AEC2 cells of the alveoli and in the Scgb1a1-CreER model, it
is expressed in the club cells of bronchioles and a subset of AEC2 (CC10+
AEC2).
B. Representative H&E image of a lung section from an SK mouse at 4 weeks
after tamoxifen doses. Scale bar represents 1 mm.
C. Representative H&E images of lung sections from CK mice at 4, 10, 16 and 22
weeks after tamoxifen doses. Scale bar represents 1 mm in the whole-lobe
images and 100 µm in the zoomed-in regions.
D. Bar plot showing the percent of lung area occupied by normal bronchiolar
epithelium, hypertrophic and hyperplastic bronchiolar epithelium, and
adenoma and adenocarcinoma in the CK model at 4, 10, 16- and 22-weeks post
tamoxifen doses.
E. Representative FACS plot showing the gates used to sort AEC2, Club and
CC10+ AEC2 cells from CC mice.
F. RT-qPCR showing the levels of Scgb1a1 and Sftpc expression in AEC2 (n=3),
Club (n=3) and CC10+ AEC2 (n=2 biological replicates) cells isolated as
shown in Fig. 1E.
G. Representative FACS plot showing the gate used to sort Sftpc-CreER lineage
labelled (tdTom+) cells from SK mice.
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Figure 2. Mutant KRAS remodels the open chromatin landscape
A. Principal Component Analysis of ATAC-seq data from normal and neoplastic
cells collected from SC (AEC2), CC (Club, CC10+ AEC2 and CC10- AEC2),
SK (4w) and CK (4w, 10w, 16w and 22w) mouse lungs.
B. MA-plot showing the differential expression of accessible chromatin regions in
SK (4w vs AEC2) and CK (22w vs Club) models.
C. Plot showing the distribution of differential open chromatin regions in SK (4w
vs AEC2) and CK (22w vs Club) models by their distance from the nearest TSS.
D. GREAT analysis of newly open regions in CK and SK models.
E. ATAC-seq signal tracks at the Ccnd1 locus.
F. ATAC-seq signal tracks at the Myc locus.
G. Venn diagram showing the overlap of newly open regions in SK (4w) and CK
(22w) models.
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Figure 3. Newly open regions in neoplastic cells are linked to AP-1 activity
A. TF motifs enriched in the newly open regions (with log2 FC > 2) of SK neoplastic
cells.
B. BaGFoot analysis of ATAC-seq data from AEC2 and 4w SK neoplastic cells.
AP-1 transcription factors are circled.
C. Plot showing the normalised ATAC-seq read count of SK 4w and AEC2 cells at
the AP-1 motif sites present in differentially accessible regions.
D. Heatmap shows the differentially accessible regions on the chromatin of Club
and CK neoplastic cells at 4, 10, 16- and 22-weeks post tamoxifen injection.
Hierarchical clustering of these regions yields three groups with distinct
temporal dynamics. The tables on the right show the top enriched TF motifs
found in the respective cluster.
E. Plot showing the ratio of the percentage of newly open regions in CK neoplasia
containing an AP-1 motif to that in the background sequences.
F. Plot showing the normalised ATAC-seq read count of CK 22w and Club cells at
the AP-1 motif sites present in differentially accessible regions.
G. Plot showing nucleosome occupancy computed from ATAC-seq of AEC2 and
SK 4w neoplastic cells at AP-1 motif sites in constitutive and newly open peaks
(with log2 FC > 2).
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Figure 4. AP-1 activity is necessary for tumour initiation in vitro
A. Schematic depicting the in vitro tumour initiation assay.
B. Representative FACS plot showing the gate (tdTomato- and Lysotracker
Green+) used to isolate normal AEC2 cells (with no ‘leaky’ CreER activity)
from SK mice.
(C-D) Normal AEC2 cells are isolated from SK mice by FACS and plated in Matrigel
containing 4-OHT to induce KrasG12D expression for 24 hours. They were also treated
with AP-1 inhibitor SR 11302 or DMSO (vehicle control) and colony (spheroid)
formation ability of the cells was assayed after 8 days.
C. Representative immunofluorescent images showing the sphere formation
ability. Scale bar represents 100 µm.
D. Quantification of spheroid size and number from 3 independent experiments.
(E-F) Normal AEC2 cells are isolated from SC mice by FACS and plated in Matrigel.
They were treated with AP-1 inhibitor SR 11302 or DMSO (vehicle control) and colony
(spheroid) formation ability of the cells was assayed after 8 days.
E. Representative immunofluorescent images showing the sphere formation
ability. Scale bar represents 100 µm.
F. Quantification of spheroid size and number from 3 independent experiments.
G. SK mice were injected with two doses of tamoxifen and simultaneously treated
with AP-1 inhibitor SR 11302 or DMSO (control). The drug treatment was
continued for 3 weeks before the animals were euthanised and lungs harvested.
Sections of the lungs were stained for Ki67 and tdTomato (lineage label). The
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bar plot shows the percent of Ki67+ cells among the lineage labelled population
in SR 11302 and DMSO treated mice. n=5 mice/condition.
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Figure 5. Nucleosome remodelling SWI/SNF complex binds to AP-1 in KRAS
mutant cells
A. Bar plot summarising the changes to expression levels of AP-1 genes in the SK
model as detected by RNA-seq. * indicates statistical significance (q value <
0.05 and |FC| > 1.5).
B. Representative immunostaining images showing the expression of Fosl1 (green)
in SC (WT) and 4-week SK lungs. Sftpc-CreER lineage labelled cells are
identified by tdTomato (red) expression. DAPI (blue) shows nuclei and the scale
bar represents 100 µm.
C. Representative immunostaining image showing the expression of Fosl1 (green)
in 22-week CK lungs. Scgb1a1-CreER lineage labelled cells are identified by
fGFP (red) expression. DAPI (blue) shows nuclei and the scale bar represents
25 µm.
(D-E) FOSL1 was immunoprecipitated from A549-Fosl1-Flag cell-line. A549 WT was
used as control.
D. Representative Western Blot image showing the detection of Flag tag.
E. AP-1 and SWI/SNF complex proteins co-immunoprecipitated with FOSL1 as
identified by Mass Spectrometry.
F. FACS plots showing the expression of GFP in lineage labelled (tdTomato+)
cells from two SFK mice at 4 weeks post Cre induction.
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Figure 6. Signature of the cell of origin in neoplastic cells
A. Venn diagram showing the number of overlapping newly open regions that
harbour an AP-1 motif in CK 22w and SK 4w neoplastic cells.
B. Centrimo package was used to find TF motif enrichment in the neighbourhood
of putative AP-1 binding sites in the newly open regions that are specific to CK
22w or SK 4w neoplastic cells and the regions that are common as shown in (A).
Enriched motifs were rank ordered in each case and few of the top hits are
depicted in a bubble plot.
C. Representative immunofluorescence image showing the level of activated
Notch1 or NICD (green) in 22w CK lungs. Lineage label fGFP is shown in red
and DAI (blue) represents nuclei. Scale bar represents 25 µm.
D. Gene set enrichment analysis of RNA-seq data shows that genes upregulated in
Kras2LA lung cancer model (Sweet-Cordero et al., 2005) are enriched in SK 4w
cells when compared to AEC2.
E. BaGFoot analysis of ATAC-seq data from CC10- AEC2 and Club cells.
F. BaGFoot analysis of ATAC-seq data from 4w SK and 22w CK neoplastic cells.
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Figure 7. AP-1 signature in KrasG12D-expressing Lgr5+ stem cells of the intestine
(A-D) Lgr5-EGFP-CreER; LSL-KrasG12D; R26R-tdTomato mice were injected 4 doses
of tamoxifen and their intestines were analysed after 5 weeks.
A. Representative H&E stained image of the intestine. Scale bar represents 100 µm.
B. Representative immunofluorescence image showing ribbons of tdTomato+
(red) cells. DAPI (blue) represents nuclei. Scale bar represents 100 µm.
C. Representative FACS plot showing the gates used to sort Kras mutant and WT
Lgr5+ stem cells.
D. BaGFoot analysis of ATAC-seq data from Kras mutant and WT Lgr5+ stem
cells.
E. Summary. AP-1 complex containing of FOSL1, in cooperation with a
collaborating transcription factor (CTF), directly binds to the SWI/SNF complex
and directs to regions in the genome to displace nucleosomes and increase
accessibility.
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Figure S1. Neoplastic progression in SK and CK lung adenocarcinoma models
A. Representative H&E images showing the various stages of lung tumorigenesis
in the SK model. Normal lung is from an SC mouse (scale bar: 100 µm).
Hyperplastic region (scale bar: 100 µm), AAH (scale bar: 50 µm), papillary
adenoma (scale bar: 100 µm) and adenocarcinoma (scale bar: 300 µm) are from
SK mice at 4 weeks post tamoxifen doses.
B. Representative H&E image of a lung section from a CK mouse at 16 weeks post
tamoxifen doses with various histopathological features annotated. Scale bar
represents 1 mm.
C. Representative FACS plot showing the purity of sorted AEC2 cells from SC
mice.
D. Image showing the sorted tdTomato+ AEC2 cells. Scale bar represents 100 µm.
E. Representative FACS plots of Lysotracker stained lung cells from SC mice. In
the plot on the left, ‘Not-gate’ is used to eliminate GFP- Lysotracker- population
and the rest are visualised on the right. About 95% of the cells are both
Lysotracker+ and tdTomato+ indicating that Lysotracker can be used to isolate
AEC2 cells.
F. Representative FACS plot showing the gate used to sort Scgb1a1-CreER lineage
labelled (GFP+) cells from CK mice.
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Figure S2. Mutant KRAS remodels the open chromatin landscape
A. Plots showing the correlation between the biological replicates in the ATAC-seq
data from AEC2, Neoplasia SK (4w), Club, CC10+ AEC2 and Neoplasia CK
(4w,10w,16w and 22w).
B. Representative plot showing the fragment length (or insert size) distribution in
ATAC-seq data.
C. MA-plot showing the differential expression of accessible chromatin regions in
CK 4w, 10w, 16w and tumours excised from 22w samples when compared to
Club cells.
D. Venn diagram showing the overlap of newly open regions in CK neoplastic cells.
E. Plot showing the distribution of differentially accessible regions in SK (4w vs
AEC2) and CK (22w vs Club) models based on their annotation.
F. Plot showing the distribution of differentially accessible regions in CK (4w, 10w
and 16w) neoplastic cells based on their annotation.
G. Plot showing the distribution of newly open regions in CK (4w, 10w and 16w)
neoplastic cells based on their distance from the nearest TSS.
H. ATAC-seq signal tracks at the St8sia6 locus.
I. ATAC-seq signal tracks at the Pik3r1 locus.
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Figure S3. Newly open regions in neoplastic cells are linked to AP-1 activity
A. TF motifs enriched in the newly closed regions (with log2 FC < -2) of SK
neoplastic cells.
B. Box and Whisker plot showing the difference in binding probabilities of AP-1
complex (identified by FOSL1 motif) in AEC2 and 4w SK neoplastic cells as
predicted by PIQ algorithm using ATAC-seq data.
C. BaGFoot analysis of ATAC-seq data from Club and 4w CK neoplastic cells.
D. BaGFoot analysis of ATAC-seq data from Club and 10w CK neoplastic cells.
E. BaGFoot analysis of ATAC-seq data from Club and 16w CK neoplastic cells.
F. BaGFoot analysis of ATAC-seq data from Club and 22w CK neoplastic cells.
G. BaGFoot analysis of ATAC-seq data from Club and tumours excised from 22w
CK mouse lungs.
H. Plot showing the normalised ATAC-seq read count of CK 4w and Club cells at
the AP-1 motif sites present in differentially accessible regions.
I. Plot showing the normalised ATAC-seq read count of CK 10w and Club cells at
the AP-1 motif sites present in differentially accessible regions.
J. Plot showing the normalised ATAC-seq read count of CK 16w and Club cells at
the AP-1 motif sites present in differentially accessible regions.
K. Plot showing the normalised ATAC-seq read count of CK 22w (excised
tumours) and Club cells at the AP-1 motif sites present in differentially
accessible regions.

143

L. Plot showing nucleosome occupancy computed from ATAC-seq of AEC2 and
SK 4w neoplastic cells at CTCF motif sites in constitutive and newly open peaks
(with log2 FC > 2).
M. Differential nucleosome occupancy at transcription factor motif centre (AP-1
and CTCF) plotted against the log fold change of newly open regions in SK 4w
neoplastic cells when compared to AEC2 cells.
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Figure S4. Newly open regions in neoplastic cells are linked to AP-1 activity
A. Plot showing nucleosome occupancy computed from ATAC-seq of Club and
CK 4w neoplastic cells at AP-1 motif sites in constitutive and newly open peaks
(with log2 FC > 2).
B. Plot showing nucleosome occupancy computed from ATAC-seq of Club and
CK 10w neoplastic cells at AP-1 motif sites in constitutive and newly open peaks
(with log2 FC > 2).
C. Plot showing nucleosome occupancy computed from ATAC-seq of Club and
CK 16w neoplastic cells at AP-1 motif sites in constitutive and newly open peaks
(with log2 FC > 2).
D. Plot showing nucleosome occupancy computed from ATAC-seq of Club and
CK 22w neoplastic cells at AP-1 motif sites in constitutive and newly open peaks
(with log2 FC > 2).
E. Average reduction in nucleosome occupancy in the newly open peaks (with log2
FC > 2) at the AP-1 motif centre plotted against the time at which tumour cells
were harvested from the CK model.
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Figure S5. Nucleosome remodelling SWI/SNF complex binds to AP-1 in KRAS
mutant cells
A. Principal Component Analysis of RNA-seq data from AEC2 and 4-week SK
neoplastic cells.
B. Heatmap showing the differentially expressed genes in the RNA-seq data from
(A).
C. Gene set enrichment analysis of RNA-seq data shows that Notch activity has
reduced in SK 4w neoplastic cells when compared to AEC2.
D. Representative immunostaining image showing the expression of Fosl1 (green)
in 10-week CK lungs. Scgb1a1-CreER lineage labelled cells are identified by
fGFP (red) expression. DAPI (blue) shows nuclei and the scale bar represents
50 µm.
E. Representative immunostaining image showing the expression of Fosl1 (green)
in 16-week CK lungs. Scgb1a1-CreER lineage labelled cells are identified by
fGFP (red) expression. DAPI (blue) shows nuclei and the scale bar represents
25 µm.
F. FACS plot showing lineage labelled (tdTomato+) cells from an SK mouse at 4
weeks post Cre induction. These cells are GFP- and are used as a control to set
the gates shown in Fig. 5F.
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Figure S6. Signature of the cell of origin in neoplastic cells
A. BaGFoot analysis of ATAC-seq data from 4w SK and 16w CK neoplastic cells.
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CHAPTER 4
CONCLUSION
In this study we have tried to understand the epithelial tissue, which maintains
the barrier between the external environment and the body, under homeostatic and
oncogenic states. Both the discussions have focused on the importance of stem and
progenitor cells which have the ability to proliferate and give rise to fully functional
differentiated cell types.
In the first part, we observe the rapidly proliferating intestinal epithelium in
homeostasis. The intestinal epithelium consists of crypts and villi with the
proliferative Lgr5+ stem cells found at the base of the crypts (Barker et al., 2007).
Paneth cells which provide a supportive niche to the stem cells are found interspersed
between them (Sato et al., 2010). In the upper crypt we find proliferating progenitor
cells that differentiate into either secretory cells or absorptive enterocytes (van der
Flier and Clevers, 2009). Notch signalling controls both the self-renewal of stem cells
at the crypt base and differentiation of progenitors in the upper crypt (van der Flier and
Clevers, 2009). Fringe proteins are known to modulate Notch signalling by
glycosylating the Notch receptors and thereby affecting their ability to be signaled by
DLL or JAG ligands (Haines and Irvine, 2003).
We find that Radical fringe is found in the DLL1 and DLL4 ligand expressing
Paneth cells. Loss of RFNG results in reduced ligand expression at the Paneth cell
surface resulting in reduced Notch signalling in the Lgr5+ stem cells. This affects the
ability of the stem cells to self-renew and results in a reduction in their number. This
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reveals the importance of tissue organization and niche factors in epithelial
homeostasis. In fact, it has recently been shown that overexpression of activated
Notch1 in Paneth cells turns them into Lgr5+ stem cells (Jones et al., 2019; Yu et al.,
2018).
Lunatic Fringe is found in the post-mitotic secretory cells – goblet,
enteroendocrine and tuft – scattered along the villus and in the upper crypt.
Interestingly, the fourth major secretory cell type, Paneth cell, does not express LFNG.
Goblet cells are known to express the ligands DLL1 and DLL4. We find that upon loss
of LFNG, the ligand expression on the cells surface of goblet cells reduces. This
affects Notch signalling in the enterocyte progenitors found in the upper crypt.
However, the role of LFNG, or that of DLL1/4, in the goblet cells of the villi is
unknown. It would be interesting to look at the potential Notch based interaction
between goblet cells and the mesenchyme. We do not find any phenotype upon
deleting Manic fringe in the intestinal epithelial cells. This discovery provides us with
the potential to target Notch signalling separately in the upper crypt or at the crypt
bottom by targeting Lunatic or Radical fringe respectively.
The mechanism by which the Fringe proteins affect the trafficking of Notch
ligands is unknown and would be a potential subject for a future study. Although the
three fringes are known to modulate the EGF like repeats on the Notch receptor or
ligands, the exact sites at which they glycosylate each protein needs to be
characterized. The effect of multiple fringes in the same cell also needs to be
understood. It would be interesting to see if one fringe protein can compensate the loss
of another fringe. The interaction of Fringes with the Notch ligands and receptors in
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the presence of other glycosyltransferases like EOGT needs to be studied. Although,
Notch pathway has been shown to be important in a host of developmental,
regenerative, homeostatic and pathologic scenarios, the effect of Fringe in those
contexts is yet to be unraveled.
In the second part of this dissertation, we have focused on the deviation of
epithelia from their homeostatic state into a neoplastic one. Here, we have studied the
epigenetic basis of mutant-Kras driven neoplastic transformation of pulmonary
epithelial cells. The alveoli of the lung are composed of two major cell types: alveolar
type I (AEC1) and type II (AEC2) cells. AEC2 are largely considered to act as stem
cells and give rise to AEC1 (Barkauskas et al., 2013). The distal bronchiole which
opens into alveoli shows the presence of Club and Ciliated cells (Tata and Rajagopal,
2017). Pulmonary epithelial cells are known for their display of plasticity after injury:
AEC1 can give rise to AEC2 cells, and Club cells can make basal cells of the airway
(Jain et al., 2015; Tata and Rajagopal, 2017).
RAS signalling has been shown to be important in the renewal of AEC2 cells
(Desai et al., 2014; Logan and Desai, 2015). Expression of mutant Kras in AEC2 or
Club cells can lead to the formation of adenocarcinoma (Sutherland et al., 2014). We
observed that the chromatin architecture changes significantly during this process.
New regions on the chromatin that become accessible in both Club and AEC2 driven
tumours are enriched for AP-1 transcription factor motif occurrences. We also
observed an increase in the AP-1 TF footprint on the chromatin in neoplastic cells
indicating an increased AP-1 activity. AP-1 dimers are composed of FOS (FOS,
FOSB, FOSL1 and FOSL2) and JUN (JUN, JUNB and JUND) family proteins. We
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find that among all the AP-1 genes, only the expression of Fosl1 is high in AEC2
derived neoplasm suggesting that the AP-1 complex of interest in these tumours is
made up of FOSL1 containing dimers. By immunoprecipitation experiments, we
identify that FOSL1 binds to all the JUN proteins, JUN, JUNB and JUND, in KRAS
mutant cells. We also find that AP-1 directly binds to nucleosome remodeling
complex SWI/SNF. We observe that Kras mutant AEC2 cells fail to grow when AP-1
activity is blocked using a small molecule inhibitor SR 11302.
Loss of function SWI/SNF mutations have been found in many cancers
including those in the lung, and have often been shown to promote tumorigenesis
(Lissanu Deribe et al., 2018). But we have observed that SWI/SNF complex is
essential to remodel the chromatin to initiate neoplastic transformation. The order in
which cancer cells acquire mutations might explain this apparent contradiction.
Observing a study on the interplay between oncogenic Kras and the BAF complex in
pancreatic cancer (Livshits et al., 2018), it is likely that a fully functional BAF
complex is necessary for the initiation of tumours but can be dispensable once the
neoplastic transformation is complete.
Two of the important aspects of epithelial biology not covered in this
dissertation are development and regeneration. Recent studies have found significant
parallels in embryonic development and tissue regeneration (Kotton and Morrisey,
2014). It would be important to understand the changes to chromatin accessibility in
these contexts. During the development of embryonic lung, several progenitor
populations have been observed (Morrisey and Hogan, 2010). However, it is not yet
clear how the cis-regulatory elements on the genome influence these progenitors. It
167

would be important to understand the transcription factors that influence the chromatin
architecture and thereby control the differentiation of immature progenitors into fully
functional lung epithelium.
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