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l. INTRODUCTION

1.1. Epithelial tissues

Epithelial tissue consists of cells that are tightly connected with one another
forming sheets that cover the surface of the body or line cavities of internal organs. Also,
all glandular organs are comprised of epithelial cells. Epithelial cell functions include
secretion, absorption, and barrier functions. The latter includes protection of the body and
internal organs from mechanical damage, radiation, chemical, and infectious agents

(Lowe, Anderson, & Anderson, 2018).

Epithelial cells are traditionally classified based on their shape and ability to form
multiple layers. Flat, intermediate, and tall epithelial cells are called squamous, cuboidal,
and columnar, respectively. Epithelial sheets are separated from underlying tissues by a
layer of extracellular matrix called basement membrane, which anatomically separates
epithelial cells from underlying tissues. Epithelial cells can form either a single layer
(simple epithelium) or several layers in which only bottom layer is in contact with
basement membrane (stratified epithelium) or all cells are in contact with it
(pseudostratified epithelium). The shape and stratification of epithelial cells is directly
dependent on the functions performed by epithelia. For instance, simple squamous
epithelia can be found in lung alveoli where gas diffusion happens between air and blood.
Columnar epithelia can be found in a gut where epithelial cells need a massive number
of organelles for absorption and secretion of nutrients. On the other hand, stratified

epithelium is observed in skin that protects the underlying organs from wounds, UV light,



and infections (Lowe et al., 2018). The mechanisms that determine cell shape, density,
and stratification of epithelial cells are still not fully understood despite their importance

for tissue function and pathologies.

Importantly, up to 90% of human cancers arise from epithelial cells (Frank, 2007).
Transformed cells cannot organize normal tissue structure and lose proliferative control,

in other words, they lose epithelial homeostasis.

1.2. Epithelial density homeostasis

Subchapters 1.2. and 1.3. are adapted with modifications from Fomicheva, Tross,
and Macara, “Polarity proteins in oncogenesis” (Fomicheva, Tross, & Macara, 2019).

Epithelial cells either in culture or in situ can continue to proliferate even when
attached to neighboring cells by intercellular junctions, but they arrest when they have
achieved a characteristic density (Figure 1-1). Squamous epithelial cells usually arrest
at a lower density than columnar epithelia, for example. In some cases, as in the intestine,
proliferating stem cells generate transit amplifying cells that stop dividing when they
differentiate, while in other tissues such as the kidney there is no clear hierarchy of stem
to progenitor to mature cells, and during development the epithelial cells proliferate as
needed to expand the surface area of the organ (Combes et al., 2019; Gehart & Clevers,

2019; Marcheque, Bussolati, Csete, & Perin, 2019).
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Figure 1-1. Established mechanisms of homeostatic cell density control.

If cell density is too low or too high, epithelial cells return to homeostatic density by
proliferation or by cell extrusion and death, respectively (depicted by light blue arrows). If
cells fail to respond to density signals, they continue to proliferate and cause hyperplasia
(red arrow). Hippo signaling pathway, polarity proteins LLGL1/2 and tight junction protein

ZO1 contribute to cell density control in epithelia.



Mechanical forces play a key role in determining epithelial cell density. So, for
instance, stretching an epithelial sheet can trigger cells to enter mitosis (Aragona et al.,
2013) while compression can induce cell extrusion and apoptosis (Eisenhoffer et al.,
2012) (Figure 1-1). An early step in cancer initiation is a loss of homeostatic control, so
that cells no longer respond to density signals and continue to proliferate. Hyperplasia
within the epithelial sheet can inappropriately generate multi-layered structures through
extrusion induced by over-crowding, or by cell migration, or misorientation of the division
plane. One can conceive of apoptosis (or anoikis) of extruded cells as a fail-safe
mechanism to eliminate epithelial cells that are not correctly positioned and have escaped
the organizational constraints of the epithelial sheet. If apoptosis is inhibited, however,
then cells that are extruded can survive to form disorganized tissue masses. In tubular
organs such as the breast this can result in occlusion of the lumens, as occurs with ductal

carcinoma in situ (Danes et al., 2008; Oudenaarden, van de Ven, & Derksen, 2018).

1.3. Mechanisms of epithelial homeostasis establishment

1.3.1. Hippo signaling

One key mechanism of density control is the Hippo signaling pathway that inhibits
cell proliferation at high density. It is important for tissue growth and organ size control
and has been implicated in multiple types of cancer. Hippo signaling was first discovered
in Drosophila but is conserved in mammals, and involves a protein kinase cascade (Ma,

Meng, Chen, & Guan, 2018).



The mammalian Hippo pathway includes the MST1/2 kinases that phosphorylate
LATS1/2, which in turn phosphorylate the downstream effectors - YAP/TAZ transcriptional
co-activators (Figure 1-1). When the Hippo kinase cascade is activated, YAP/TAZ are
phosphorylated and degraded or sequestered to the cytoplasm and cell cortex.
Inactivation of Hippo signaling permits nuclear accumulation of YAP/TAZ and binding to
the TEAD transcription factors, which induces the expression of many genes that

stimulate cell proliferation, such as CYCLIN D (Dupont et al., 2011; Ma et al., 2018).

Besides core kinases, the Hippo pathway includes multiple other components. One
prominent positive regulator of Hippo signaling is the NF2 protein, the loss of which
causes Neurofibromatosis Type 2 and other sporadic cancers. NF2 is believed to recruit
the MST1/2 kinases to the cell cortex, but the precise mechanism by which it controls

Hippo signaling remains unclear (Halder & Johnson, 2011).

In contrast to many other pathways regulated by receptor-ligand interactions,
Hippo pathway is controlled in part by mechanical cues. Mechanical forces allow cells to
sense cell density. Low cell density, stiff substrate or stretching result in high mechanical
tension and increased actomyosin contractility, which inhibits Hippo pathway. As a result,
YAP/TAZ gets dephosphorylated and translocates to the nucleus. On the other hand, high
cell density or soft substrates activate Hippo cascade resulting in decreased proliferation
(Aragona et al., 2013; Codelia, Sun, & Irvine, 2014). In a living organism increased cell
density can be observed after wounding. Stretching of the tissue can be observed, for

instance, during development.



Besides mechanical forces, other factors can contribute to Hippo signaling
activation, including cell polarity, cell-cell adhesion proteins and diffusible factors, such

as GPCR ligands (Fomicheva et al., 2019; Yu & Guan, 2013).

1.3.2. Hippo-independent cell density control

Despite the apparent ubiquity of Hippo signaling in epithelial growth control there
are several mechanisms that appear to function independently of YAP/TAZ or their
upstream regulators. For example, loss of the latero-basal polarity proteins LLGL1 and
LLGL2 results in the over-proliferation of epithelial cells at high density, but not at low
density. These two proteins appear to act redundantly in this homeostatic process, but
not through Hippo. Instead, LLGL1/2 inhibit the multimeric CRL4 E3-ligase complex, by
sequestering VprBP away from this complex. The CRL4 complex is necessary for
degradation of the cell cycle kinase inhibitor p27, so loss of LLGL1/2 results in VprBP
binding to and activating CRL4, which degrades p27 and allows the cell cycle to proceed
even at high cell densities (Figure 1-1). Intriguingly, LLGL1/2 binding of VprBP increases
with increasing cell density, suggesting a regulated mechanism. However, the molecular
basis for this mechanism remains to be elucidated. Although phosphorylation of LLGL1/2
by atypical protein kinase C (aPKC) decreases LLGLI1/2 binding of VprBP and increases

proliferation, this phosphorylation is independent of cell density (Yamashita et al., 2015).

Interestingly, CRL4PCAFL (DDB1-and CUL4-associated factor 1) has been reported
to ubiquitylate and inhibit the Hippo-pathway LATS1/2 kinases in the nucleus, and NF2
binds to and suppresses CRL4 function (W. Li, Cooper, et al., 2014). The CULLIN that

forms the platform for this multimeric E3 ligase is amplified in many types of solid tumors.
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It seems possible, therefore, that this pathway is somehow linked to LLGL1/2 and Hippo

signaling to control cell density-dependent proliferation.

Density-dependent proliferation can also be controlled by tight junction protein ZO-
1 (Figure 1-1). When cell density increases, tight junctions mature and accumulate high
levels of ZO-1 that sequester pro-proliferative transcription factor ZONAB at tight
junctions. ZONAB regulates the expression of the proto-oncogene ERBB-2.
Overexpression of ZO-1 leads to decreased homeostatic density in MDCK kidney
epithelial cells. Overexpression of ZONAB results in the opposite phenotype — an

increased cell density (Balda, Garrett, & Matter, 2003; Balda & Matter, 2000).

1.4. Cell cycle control

Cell density control mechanisms ultimately regulate cell cycle progression and cell
proliferation. Regulation of these processes is critical for preventing over-proliferation and
cancer. On the other hand, loss of proliferation would be detrimental as well since it would
impair regeneration and wound healing. For these reasons, the cell cycle must be tightly

controlled in epithelia.

The cell cycle consists of a DNA synthesis phase (S), mitosis (M), and two
gap phases (G1 and G2) (Figure 1-5). Progression of the cell cycle from one phase to
another is determined by elevation and decrease of CYCLIN-dependent kinases (CDKS)
and CYCLINSs. Different CDK/CYCLIN pairs are active at each stage of cell cycle. During
G1, CDK4/6 in complex with CYCLIN D (D1, D2, D3) mono-phosphorylates RB

(S807/811). When a cell passes the restriction point, or R-point (a time point of cell cycle,



after which removal of growth factors does not prevent cell cycle progression to S phase),
CDKA4/6 and CYCLIN D hyper-phosphorylate the RB protein (all 14 RB phosphorylation
sites). As a result, RB dissociates from E2F allowing the latter to induce transcription of
downstream genes - CYCLIN E and A. CYCLIN E binds CDK2 that gets activated in cells
that passed the R-point, and they reinforce RB phosphorylation and cell cycle progression
to S phase (Rubin, 2013). CDK2/CYCLIN E are also responsible for the pre-replication
complex assembly that is prepared by licensing factors, such as CDT1 (Gopinathan,

Ratnacaram, & Kaldis, 2011).

The amount of CYCLIN A/CDK2 complex increases resulting in initiation of DNA
synthesis phase (S phase). DNA replication starts at origins of replication, and licensing
factors, such as CDT1 are sent for proteasomal degradation or sequestered by GEMININ
to prevent re-licensing of origins of replication. GEMININ levels remain high in S and G2
phase. From late S phase to late G2 phase, CYCLIN A forms complexes with CDK1. It is
thought that CDK1/CYCLIN A are involved in activation of CYCLIN B/CDK1 complex that

is necessary for progression into and out of mitosis (Gopinathan et al., 2011).

Unfortunately, the cell cycle is not as straightforward as textbook schemes
suggest. For instance, the majority of cells proliferate normally in embryos deleted for all
three CYCLIN Ds (D1, D2, D3) or CYCLIN Es (E1 and E2). These data suggest that
CYCLIN Ds can compensate for CYCLIN Es and vice versa. Knock out of all CYCLIN Ds
and CYCLIN Es together blocks proliferation in some of cells, but not in all of them. For
example, embryonic stem cells were able to divide normally, likely by implementing

CYCLIN A2 for CYCLIN Ds and CYCLIN Es functions (Pack, Daigh, & Meyer, 2019).



When cells exit cell cycle, they enter a so-called resting state, GO, that can differ
by factors that induce cell cycle arrest and by reversibility of cell cycle arrest. There are
reversible (quiescence) and irreversible (terminal differentiation and senescence) GO
states. Terminal differentiation occurs when cells differentiate to perform their specialized
functions and lose their ability to divide. For instance, neurons and cardiomyocytes are
highly specialized cells that perform vital functions in the body and can live for decades,
but they permanently lost their ability to re-enter cell cycle. Senescence happens due to
cell damage and stress, such as accumulated DNA damage, oncogene activation or
telomere shortening. Senescence is important during development of kidney and inner
ear, when some cells undergo senescence and get cleared. Cellular senescence is also
associated with aging as damage accumulates in cells over cell lifetime. On the other
hand, cells leave the cell cycle and enter quiescence when cells are devoid of growth
factors, reach high density, or lose cell-substrate adhesion. In these cases, in contrast to
senescence and terminal differentiation, quiescence can be reversed by addition of
growth factors, reduction of cell density or plating cells on a suitable substrate (Pack et

al., 2019; Terzi, Izmirli, & Gogebakan, 2016).

Mechanistically, cell cycle exit requires suppression of CDK and CYCLIN levels
and/or increase in CDK inhibitor protein (Jarnicki, Putoczki, & Ernst) levels. Low levels of
CDKs result in the absence of RB mono-phosphorylation at S807/811 that can be used
as a GO marker (Gookin et al., 2017). CKls are divided into two families: the CDK
interacting protein/kinase inhibitory protein family (CIP/KIP), which includes p21, p27, and
p57, and the inhibitor of kinase 4 (INK4) family that consists of p15, p16, p18, and p19.

CIP/KIP inhibits CDK4/6 and CDK2 complexes, and INK4 inhibits CDK4/6. CKIs get



activated under different conditions, e.g. p21 and p16 are often implicated in senescence.
DNA damage induces p53 activity, which in turn increases p21 and p16 transcription. P57
is important for cell cycle regulation during development (Besson, Dowdy, & Roberts,
2008). Quiescent states induced by serum starvation or contact inhibition lead to p27 level
increases (Besson et al., 2008). However, CKls cannot serve as definitive markers to
distinguish GO states as CKI expression and functions vary depending on cell type and

biological context (Terzi et al., 2016).
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Figure 1-2. Cell cycle phases with key molecular events.

Details in text.
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1.5. TRAF3

In addition to the mechanisms described above, there may be additional, unknown
processes by which epithelial cells control their density, and the goal of my dissertation
research was to screen for genes that are involved in such processes. | performed a
whole-genome screen that identified a novel regulator called TRAF3 (TNF Receptor
Associated Factor 3). TRAF3 had not previously been associated with cell density
dependent proliferation control, perhaps because its functions have been studied
predominantly in blood cells. TRAF3 is a negative regulator of multiple pathways critical

for lymphocyte proliferation and immune responses (Zapata et al., 2009).

TRAF3 is a member of the TRAF family of proteins and, like other TRAF proteins,
it has a C-terminal TRAF domain, which consists of an N-terminal coiled-coil region
(TRAF-N) and a C-terminal B-sandwich (TRAF-C) (Figure 1-2). This domain is
responsible for TRAF protein oligomerization into a trimeric structure, as well as protein-
protein interaction with different signaling molecules. The N-terminal part of TRAF
proteins contains a RING finger domain and zinc fingers. The RING finger domain is
important for ubiquitin ligase catalytic activity in E3 ubiquitin ligases. Many TRAF proteins
work as E3 ubiquitin ligases, but this function has been controversial for TRAF3. It serves
primarily as a scaffold protein mediating interaction of receptors with various downstream
effector proteins. TRAF3 works in conjunction with TRAF2 and clAP1/2, and the latter act
as E3 ligases (H. H. Park, 2018). However, there are emerging data that TRAF3 might
also function an E3 ligase towards itself in response to TLR activation. It is proposed that

activation of TRIF downstream TLRs induces TRAF3 K63-linked self-polyubiquitination,

12



which does not signal degradation, but instead, is required for recruitment of other

proteins and downstream signaling activation (Lin, Hostager, & Bishop, 2015).

When a ligand binds a receptor in the TNFR superfamily (Claudio, Brown, Park,
Wang, & Siebenlist, 2002; Coope et al., 2002; Dejardin et al., 2002; Hauer et al., 2005),
Toll-like receptors (TLRs) (Hacker et al., 2006; Hoebe & Beutler, 2006; Oganesyan et al.,
2006), NOD-like receptors (NLRs) (Guan et al., 2015), or RIG-I-like (RLRS) receptors
(Michallet et al., 2008), the TRAF3 complex is recruited to the receptor, and consequently
TRAF3 is targeted for degradation by clAP1/2, which allows activation of downstream
signaling. Pathways downstream of TRAF3 include the canonical and noncanonical NF-
kKB pathways (He et al., 2006; Ramakrishnan, Wang, & Wallach, 2004; Sun, 2017;
Zarnegar, Yamazaki, He, & Cheng, 2008), STAT3 (Lin, Yi, et al., 2015; Yi, Lin, Stunz, &

Bishop, 2014), and interferon pathway (Xie et al., 2011).
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Figure 1-3. TRAF family protein structure.

The illustration is adapted from (H. H. Park, 2018).
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1.6. NF-kB signaling pathway

As mentioned above, one of the prominent pathways downstream of TRAF3 is NF-
KB signaling. This pathway is present in almost all multicellular organisms and even in
some single cell protists and choanoflagellates. It plays an important role in development,
and in innate and adaptive immune responses (Sullivan et al., 2009; Williams & Gilmore,

2020).

In mammals, the NF-kB protein family of transcription factors is comprised of five
members: RELA (also known as p65), RELB, c-REL, NF-kB1 (p105) and NF-kB2 (p100).
The latter two are partially degraded into their active forms p50 and p52, respectively.
Activation of NF-kB proteins usually occurs via canonical and noncanonical branches of
the NF-kB pathway (Figure 1-3). NF-kB proteins are known to act as dimers. In general,
the canonical NF-kB pathway activates RELA:p50 or c-REL:p50 heterodimers, and the
noncanonical pathway activates a RELB:p52 heterodimer. However, other variants of
REL homo- and heterodimers can also form. Out of 15 possible dimers, 12 can form and
bind DNA (all permutations except for RelB:RelB, RelB:RelA, and RelB:cRel) (Mitchell,
Vargas, & Hoffmann, 2016). The dimers bind at kB sites upstream their target genes that

are distinct for different pairs of REL proteins.

Canonical NF-kB signaling is activated by a number of receptors, including TNFR1,
TLRs and IL1-R (Figure 1-3). Ligand binding of the above receptors induces activation of
TAK1 (TGFpB-activated kinase 1), which in turn activates IKKa/B/y (inhibitor of nuclear
factor kB kinase subunits a, B, and y. IKK y is also known as NEMO). IKK complex

phosphorylates IkB (inhibitor of nuclear factor kB) that sends it to proteasomal
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degradation. Under unstimulated conditions, kB inhibits RELA/p65 and p50 where p50
is coming from constitutive endoproteolysis of p105, which can also function as a pathway
inhibitor in complex with IkBy (Tao et al., 2014). However, pathway activation releases
RelA:p50 complex that enters the nucleus and activates target genes (Mitchell et al.,
2016)(Sun, 2017 #19). Although TRAF3 predominantly controls noncanonical NF-kB
pathway, loss of TRAF3 can also induce canonical NF-kB signaling via a NIK — IKKa axis

(Figure 1-2) (de Oliveira et al., 2016; Ramakrishnan et al., 2004; Zarnegar et al., 2008).

Knockout of canonical NF-kB signaling components results in embryonic lethality.
Canonical NF-kB signaling is critical for lung, liver, muscle, skeletal, skin, and neural
development, as well as dorso-ventral patterning (Espin-Palazon & Traver, 2016).
Canonical NF-kB signaling is also involved in immune responses to pathogens, and its
deregulation is observed in chronic inflammatory diseases such as rheumatoid arthritis,

inflammatory bowel disease, asthma, and psoriasis (Tak & Firestein, 2001).

In the noncanonical pathway (Figure 1-2), the TRAF3 complex constitutively
promotes proteasomal degradation of NIK, a kinase that activates the downstream
noncanonical NF-kB signaling cascade. Ligand recruitment to upstream TNF receptor
(TNFR) family (LTBR, BAFFR, RANK, TNFR2, FN14, OX40, CDA40, etc.) or non-TNFR
receptors (e.g. macrophage colony-stimulating factor receptor (MCSFR) and TLRS),
recruits TRAF3 to the receptor and results in TRAF3 polyubiquitylation by clAP1/2 and
consequent degradation. The loss of TRAF3 leads to increased NIK levels, and as a
result, NIK phosphorylates its downstream target IKKa, which in turn phosphorylates
p100. Phosphorylated p100 is polyubiquitylated and partially degraded to p52, which

enters the nucleus in association with RELB and regulates the transcription of target
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genes (Mitchell et al., 2016); Sun, 2017 #19). Besides generating p52, p100 proteasomal
processing is important for pathway activation since it depletes p100 which, in complex
with [kBJ, serves as an inhibitor for both the canonical and noncanonical NF-kB pathways

(Tao et al., 2014).
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Figure 1-4. Canonical and noncanonical NF-kB pathways.

Details in text.
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The noncanonical NF-kB pathway is implicated in lymphoid organ development,
osteoclastogenesis, B cell maturation, innate and adaptive immunity (Espin-Palazon &
Traver, 2016; Sun, 2017). The noncanonical NF-kB pathway is also involved in several
autoimmune and inflammatory diseases, for instance, rheumatoid arthritis, systemic
lupus erythematosus, and IgA nephropathy. It also has been implicated in pathogenesis

of metabolic syndrome and diabetes (Sun, 2017).

Besides being activated by ligands, the noncanonical NF-kB pathway can also be
directly activated by some viruses, for instance, HIV (Manches, Fernandez, Plumas,
Chaperot, & Bhardwaj, 2012), influenza A virus (Ruckle et al., 2012), and many others
(Struzik & Szulc-Dabrowska, 2019). It can also be activated by bacteria, such as
Helicobacter pylori, a bacterium associated with gastritis and cancer (Ohmae et al., 2005),
Legionella pneumophila, a bacterium infecting lung macrophages (Ge et al., 2009), and
Haemophilus influenzae, a bacterium infecting ear mucosa (Cho, Pak, Webster, Kurabi,
& Ryan, 2016). These data demonstrate that pathogens activate the noncanonical NF-kB

pathway both in immune and non-immune cells.

1.7. NF-kB signaling target genes

As mentioned above, NF-kB proteins form different dimers that activate or
suppress expression of unique gene sets. Since different dimers can bind DNA and
regulate gene transcription, it immensely complicates the identification of unique roles for
NF-kB protein in knockout animals or cell lines. Another level of complexity for studying

NF-kB target genes is added by variations of target gene signatures depending on cell
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type and stimuli. The literature has accumulated a lot of contradictory data on common

and unique target genes for different NF-kB proteins.

There is agreement in the literature that NF-kB proteins have a preferential DNA
consensus binding sequence in the enhancer regions of genes, which is 5'-
GGRNNYYCC-3', where R, Y and N are purine, pyrimidine and any nucleotide base,
respectively. Different NF-kB protein pairs have different preferences for central base
pairs. Also, there are some kB DNA sites that significantly deviate from the consensus

sequence (Mulero, Wang, Huxford, & Ghosh, 2019).

Under unstimulated conditions, most of the target genes remain inactive. However,
a small fraction of NF-kB proteins can still reach the nucleus and stimulate some
expression of target genes to support cell homeostasis (Mulero et al., 2019). When cells
get stimulated, NF-kB protein in nuclei dramatically increases, which results in increased

stimulation of target genes.

KB target genes that have been proven experimentally or predicted based on kB

target sequences are summarized in online sources (http://www.bu.edu/nf-kb/gene-

resources/target-genes/, https://maayanlab.cloud/Harmonizome/).

The noncanonical NF-kB pathway can stimulate various classes of genes,
including chemokines (e.g., CCL9, CCL22, CXCL13, CCL21, and CCL19), interferon
pathway genes, pro-proliferation genes (e.g. CYCLIN D1, D2, D3, c-MYC) anti-apoptotic
genes (BCL-XL, CIAP1, CIAP2, cFLIP), NF-kB pathway genes (NFKB2, NFKBIA,

NFKBIB, BCL3, etc.), and others (Annunziata et al., 2007; Bonizzi et al., 2004; de Oliveira
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et al., 2016; Demicco et al., 2005; Dolcet, Llobet, Pallares, & Matias-Guiu, 2005; Hoesel

& Schmid, 2013; Sasaki et al., 2008; Struzik & Szulc-Dabrowska, 2019).

Both canonical and noncanonical NF-kB pathway are involved in activation of the
Major histocompatibility complex MHC-I and 1l genes encoding glycoproteins. These are
synthesized either in most cells in a body (MHC-I) or specifically in immune cells (MHC-
II) and serve to present peptides on cell surface to immune cells (Struzik & Szulc-

Dabrowska, 2019).

1.8. Other TRAF3 dependent pathways

As mentioned before, TRAF3 participates in other molecular pathways besides
NF-kB signaling cascade (Figure 1-4). It participates in pathways downstream of pattern
recognition receptors (PRRs) that include TLRs, RLRs, and NLRs. PRRs are responsible
for innate immune response to infectious agents and cellular injury. They are activated by
molecules called pathogen-associated molecular patterns (PAMPS) that are derived from
infectious agents, or by molecules of endogenous origin named damage-associated

molecular patterns (DAMPS).

In TLR pathway, pathogen-associated molecular patterns (PAMPS), such as viral
DNA or lipopolysaccharides (LPS), or damage-associated molecular patterns (DAMPS),
such as HMGB1, cellular DNA, RNA, or ECM fragments, bind TLRs. It leads to TLR
dimerization and recruitment of MyD88 (all TLRs except for TLR3) or TRIF (TLR3 and

TLR4) (Hacker, Tseng, & Karin, 2011; J. Q. Wang, Jeelall, Ferguson, & Horikawa, 2014).
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MyD88 recruits IRAK1, 2, 4, TRAF6, and TRAF3. TRAF3 undergoes
polyubiquitination by clAPs, which are activated by TRAF6. As a result of TRAF3
degradation, TBK1 and IKKe get activated and phosphorylate the transcription factor
interferon-regulatory factor 7 (IRF7) that induces interferon a (IFNa) gene transcription.
In case of TRIF dependent interferon activation, TRIF recruits TRAF3, which results in
non-degradative self-ubiquitination and subsequent activation of TBK1 and IKKe that
promote activation of transcription factor IRF3 inducing IFNB. (Hacker et al., 2011; J. Q.

Wang et al., 2014).

Interferons are cytokines that play an important role in innate immune response
against infectious agents by activating antigen presentation genes, by stimulating immune
cells and inducing cell death. IFNa and IFN are secreted from the cell and bind interferon
receptors that results in STAT1/2 phosphorylation. STAT1/2 in complex with IRF9
translocate to the nucleus and activate interferon stimulated genes (ISGs) that contribute
to cell defense against pathogens. MyD88 complex activation and TRAF3 degradation
can also activate MAP kinases (p38 and JNK), as well as TAK1 kinase that activated NF-
kKB pathway (Apelbaum, Yarden, Warszawski, Harari, & Schreiber, 2013; Stanifer,

Pervolaraki, & Boulant, 2019).

TRAF3 also participates in RLR signaling. Upon viral RNA recruitment, intracellular
RLRs dimerize and bind mitochondrial antiviral signaling protein (MAVS). MAVS recruits
TRAF3 and other proteins including other TRAFs, clAP1/2, TBK1, and IKKEe. It results in
IRF3/7, NF-kB, and AP-1 transcription factor activation that together contribute to antiviral
response. Similar cellular effects are induced by NLR receptor activation. NLRs are

intracellular receptors that sample PAMPs like bacterial peptidoglycans and toxins or
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DAMPs like ATP. Upon PAMP or DAMP binding, NLRs oligomerize and recruit RIP2
kinase, TRAF2, TRAF3, TRAF5, TRAF6, clAP1/2, and other proteins. It results in
activation of IRF7, the canonical NF-kB pathway, and IL183, IL18 and/or MAPK pathways

(Dhillon, Aleithan, Abdul-Sater, & Abdul-Sater, 2019; Xie, 2013).

In addition, it was shown that TRAF3 KO B cells have an increased IL-6 response.
IL-6 binds IL6-R and induces JAK dependent phosphorylation of STAT3, which in turn
translocates to the nucleus and induces target genes. However, TRAF3 limits IL-6
dependent STAT3 phosphorylation by recruiting the protein tyrosine phosphatase, non-
receptor type 22 (PTPN22). This recruitment results in reduced STAT3 activity that

ultimately restrains B cell maturation (Lin, Yi, et al., 2015).

TRAF3 has also been reported to localize in the nucleus in conjunction with
TRAF2. Nuclear TRAF3/TRAF2 induce polyubiquitination and degradation of cyclic AMP
response element binding protein (CREB), a pro-survival transcription factor. One of the
CREB target genes is an anti-apoptotic member of the Bcl-2 family Mcl-1 (Mambetsariev

et al., 2016).

The pathways described above are activated not only in immune cells, but in non-
hematopoietic cells as well. For decades, epithelial cells were perceived just as a physical
barrier to limit pathogen invasion, but recently they were recognized as important players
in primary responses to pathogens. Epithelial cells are fully equipped for an innate
immune response. They express TNFRs and PRRs that can activate NF-kB pathway,
antigen presentation, and interferon response pathway to counteract various types of

damage and infections (Ross & Herzberg, 2016).
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Figure 1-5. TRAF3 involvement in other pathways besides NF-kB pathway.

The role of TRAF3 in interferon pathway via TLRs (1a, 1b), RLRs (1c), NLRs(1d),

inhibition of CREB dependent transcription (2), inhibition of STAT3 pathway by

recruitment of PTPN22 phosphatase (3). Details in text.
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1.9. TRAF3 and TRAF3 dependent pathways in cancer

Loss of TRAF3 and/or abnormal activation of noncanonical NF-kB pathway is
widely observed in hematologic malignancies. Traf3 mutations are most common in
multiple myeloma, a malignancy of B lymphocytes, where Traf3 mutations are observed
in up to 20% of patients (Bishop, Stunz, & Hostager, 2018). Mutations are also observed
in solid tumors too although at a much smaller frequency. Traf3 is mutated at a rate of 3-
5% in different cancers of epithelial origin and low expression is associated with worse

outcomes (Nagy, Lanczky, Menyhart, & Gyorffy, 2018; Zhu et al., 2018).

NF-kB signaling is also associated with different cancers. Mutations and alterations
in NF-kB component activity were shown in B-cell and T-cell lymphomas and multiple
myelomas (Dolcet et al., 2005). It is also observed in solid cancers, including breast
cancer (Rojo et al., 2016; Sovak et al., 1997), lung cancer (Dimitrakopoulos et al., 2019),

pancreatic cancer (Wharry, Haines, Carroll, & May, 2009), and others.

Aberrant reduction of TRAF3 levels and activation of downstream pathways can
occur without genetic changes of TRAF3 or downstream pathway components. PAMPs
and DAMPs generated during chronic infection or tissue damage induce TLR activation
which in turn activates NF-kB signaling, STAT3, MAPK pathway, and other pathways that

contribute to cancer development (Pandey et al., 2015).

NF-kB signaling pathway can promote cancer using multiple mechanisms, for
instance, by promoting survival by expression of anti-apoptotic genes and proliferation by
inducing the expression of CYCLINs and c-MYC. It can promote metastasis by controlling

the expression of matrix metalloproteinase and cell adhesion genes. It can induce
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glycolytic enzyme expression while repressing mitochondrial genes thus promoting a
switch to glycolysis in malignant cells. It can also promote angiogenesis by VEGF
synthesis. NF-kB signaling pathway also has a prominent role in the inflammatory
response, and it is known that inflammation plays an important role in cancer

development (Perkins, 2012).

Aberrant STAT3 activation also contributes to cancer progression by upregulating
pro-survival Bcl-2 proteins, stimulating cell cycle proteins, inhibiting CKIls, and promoting
angiogenesis (Jarnicki et al., 2010). On the other hand, interferons and their downstream
targets STAT1/2 are classically associated with antitumor activity by promoting tumor cell
death, inhibiting cell cycle progression, and modulating antitumor immune response
(Parker, Rautela, & Hertzog, 2016). However, recent data show that interferon and
STAT1/2 can increase tumor cell resistance to genotoxic stress and stimulate tumor

growth (Khodarev, Roizman, & Weichselbaum, 2012).

1.10. Overview of the work presented in this dissertation

Epithelial cells maintain homeostatic cell density, at which they rarely proliferate.
This regulation is critical for normal tissue structure maintenance. However, mechanisms
of proliferation control at homeostatic cell density are not fully understood. It has been
recently appreciated that homeostatic cell density control is complex and involves multiple
molecular players. One of the major density control pathways, Hippo signaling pathway,
has a lot of components discovered over the past few years. In addition, Hippo-
independent mechanisms have also been recently discovered, such as the LLGL/p27 and

Z0O-1/ZONAB pathway. It is therefore highly possible that other Hippo pathway members
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and/or currently unknown Hippo-independent mechanisms exist. However, there has
been no systemic approach to screen for regulators of cell density dependent

proliferation.

In our study, we aimed to establish a strategy to discover genes controlling cell
density dependent proliferation. We designed and performed a whole genome

CRISPR/Cas9 KO screen that separated KO cells over-proliferating at high density.

My whole genome screen revealed a known regulator of cell density - Nf2 - that
activates Hippo signaling. Excitingly, we also enriched for Traf3 and Ube2m genes, which
were not previously known to be involved in density-dependent cell proliferation. We
focused on studying the mechanisms underlying over-proliferation at high density upon
loss of the TRAF3 protein. We found that the noncanonical NF-kB pathway is
constitutively activated upon TRAF3 loss, and it is necessary and sufficient for over-

proliferation at high density.

However, we did not know what allows TRAF3 KO cells over-proliferate at high
density. After a series of negative results, in which we demonstrated that TRAF3 KO cells
proliferate independently of YAP/TAZ, secretory molecules, and presence of CKIs, we
found that loss of TRAF3 at high density prevents cells from leaving the cell cycle to enter

GO.
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Il GENOME-WIDE CRISPR SCREEN IDENTIFIES NONCANONICAL NF-KB
SIGNALING AS A REGULATOR OF DENSITY-DEPENDENT
PROLIFERATION

Adapted from Fomicheva and Macara, “Genome-wide CRISPR screen identifies
noncanonical NF-kB signaling as a regulator of density-dependent proliferation”
(Fomicheva & Macara, 2020).

2.1. Abstract

Epithelial cells possess intrinsic mechanisms to maintain an appropriate cell
density for normal tissue morphogenesis and homeostasis. Defects in such mechanisms
likely contribute to hyperplasia and cancer initiation. To identify genes that regulate the
density-dependent proliferation of murine mammary epithelial cells, we developed a
fluorescence-activated cell sorting assay based on fluorescence ubiquitination cell cycle
indicator, which marks different stages of the cell cycle with distinct fluorophores. Using
this powerful assay, we performed a genome-wide CRISPR/Cas9 knockout screen,
selecting for cells that proliferate normally at low density but continue to divide at high
density. Unexpectedly, one top hit was Traf3, a negative regulator of NF-kB signaling that
has never previously been linked to density-dependent proliferation. We demonstrate that
loss of Traf3 specifically activates noncanonical NF-kB signaling. This in turn triggers an
innate immune response and drives cell division independently of known density-
dependent proliferation mechanisms, including YAP/TAZ signaling and cyclin-dependent

kinase inhibitors, by blocking entry into quiescence.
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2.2. Introduction

An important characteristic of epithelial cells is that, unlike fibroblasts, they do not
undergo contact inhibition but continue to proliferate at confluence. This behavior enables
the expansion of epithelial tissues during organismal growth without compromising the
barrier function created by intercellular junctions. Importantly, however, proliferation is not
indefinite but terminates at a preset cell density (Fomicheva et al., 2019). Stretching or
wounding an epithelial sheet, which reduces the cell density, can re-initiate cell division
(Aragona et al., 2013). Conversely, compression, which increases density, can result in
extrusion and apoptosis of cells so as to bring the epithelial layer back to its homeostatic
state (Eisenhoffer et al., 2012). This control mechanism that prevents tissue overgrowth
is essential for normal development, and it is lost in hyperplasia and in cancer. However,
the mechanisms that underlie homeostatic cell density maintenance remain incompletely

understood.

One system through which epithelial cells can respond to changes in density is the
Hippo pathway and its effectors YAP and TAZ. These transcriptional co-activators are
nuclear at low cell density or under conditions of high mechanical strain, but become
phosphorylated and are cytoplasmic (or junction-associated) and nonfunctional at high
density and/or low strain (Dupont et al., 2011). Independently of YAP/TAZ, however, the
polarity proteins LLGL1/2 can also control density-dependent proliferation, by inhibiting
proteasomal degradation of the cyclin-dependent kinase inhibitor CDKN1B (p27). Loss of
LLGL1/2 reduces the expression of p27, which is often upregulated at high cell density to

arrest proliferation (Yamashita et al., 2015). Numerous studies on Hippo/YAP have
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demonstrated the complexity of this pathway, and several novel Hippo pathway
components have been revealed over the past few years. In addition, as mentioned
previously, Hippo-independent mechanisms have also been recently reported, such as
the LLGL/p27 pathway. It is therefore likely that other Hippo pathway components and/or
currently unknown Hippo-independent signaling mechanisms exist, however no strategy

has been designed to identify such mechanisms.

With the goal of discovering novel factors that regulate epithelial homeostasis, we
developed a powerful new assay based on a fluorescence activated cell sorting (FACS)
approach that we integrated with a genome-wide CRISPR-Cas9 sgRNA knockout (KO)
screen to select for genes that are essential for cell cycle arrest at high density, but which
do not impact proliferation of cells below the threshold for arrest. The screen employs a
fluorescence ubiquitination cell cycle indicator (FUCCI) system to mark proliferating cells
in S/G2/M phases of cell cycle with a green fluorescent protein, and cells in G1/GO with
a red fluorescent protein (Sladitschek & Neveu, 2015). We found that mammary EpH4
epithelial cells robustly arrest in G1 or GO by 4 days post-confluency (DPC). When these
cells were transduced with a pooled whole-genome CRISPR KO library, and then sorted
4 DPC for cycling cells, we identified several candidate genes that may regulate cell
density-dependent proliferation activity. The top hit was Nf2 (also called Merlin), a known
tumor suppressor that negatively regulates YAP/TAZ, which validated our approach
(Petrilli & Fernandez-Valle, 2016). A second, unexpected hit was Traf3, a negative
regulator of NF-kB signaling, which has never previously been reported to regulate cell
density-dependent proliferation. We demonstrate that loss of Traf3 robustly and

specifically activates the noncanonical NF-kB pathway. This in turn triggers an innate
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immune response and cell autonomously drives cell division independently of both
YAP/TAZ signaling and cyclin-dependent kinase inhibitors, overriding these classical
mechanisms of density-dependent proliferation control and preventing cells at high

density from entering quiescence.

2.3. Results

2.3.1. A FUCCI-based screen for density-dependent cell cycle arrest

Our goal was to design a screen for the rapid and efficient selection of epithelial
cells that continue to proliferate inappropriately at high cell density. For the screen, we
needed to identify a cell line that retained epithelial features, including homeostatic
density control. We chose the murine EpH4 mammary epithelial cell line for this screen,
because EpH4 cells are highly polarized, form confluent epithelial sheets, and, most
importantly, we confirmed that they efficiently arrest at high density. We also needed a
tool to specifically identify and select cells that maintain proliferative activity at high
density. To distinguish cycling from non-cycling cells, we established a stable EpH4 line
that expresses ES-FUCCI, which labels cells in G1/G0 with mCherry and cells in S/G2/M
with mCitrine (Figure 2-1A) (Sladitschek & Neveu, 2015). As expected, the EpH4-FUCCI
cells remain proliferative at 1 DPC but very few cells cycle at high density, with only about
1% of cells expressing mCitrine at 4 DPC (Figure 2-1B, Figure 2-1 - Figure supplement

1A).
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Figure 2-1. Whole-genome screening for genes that inhibit proliferation at homeostatic

cell density.

(A) A Schematic of FUCCI color transitions through cell cycle. (B) EpH4-FUCCI stable
cell line grown at 1 and 4 DPC. (C) Whole-genome CRISPR KO screening strategy. (D)
Read count distribution for samples before sorting and after different rounds of sorting.
Data are logit transformed (f(p) = log2(p/1 - p) where p is the proportion of a given sgRNA
in the total number of sgRNAs in a sample). Color coding shows depleted sgRNAS in

blue, enriched sgRNAs in red and sgRNA with no enrichment in white. Gray shows lost
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sgRNAs. (E) Genes plotted based on their RRA enrichment score (3" sorting). (F) List of

genes with FDR below 0.25 and >= 3 sgRNAs enriched compared to control after 3" sort.
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We reasoned that the expression of any shRNA or sgRNA that disrupts expression
of a gene involved in density-dependent arrest could be identified by employing FACS to
enrich for green cells from an EpH4-FUCCI population grown to high density. To test this
concept, we used a shRNA lentiviral construct to deplete the cyclin-dependent kinase
inhibitor p27, which is known to be associated with cell cycle arrest post-confluency
(Yamashita et al., 2015). Quantitative PCR for the p27 transcript showed that ~60% of
p27 mMRNA was lost in cells expressing the p27 shRNA (Figure 2-1 - Figure supplement
1B) compared to EpH4-FUCCI cells expressing scrambled shRNA. The p27-depleted
cells display increased cell proliferation after 4 DPC, in contrast to cells expressing
scrambled shRNA (Figure 2-1 - Figure supplement 1A). As a proof-of-principle
experiment, we next mixed wild type (WT) EpH4-FUCCI cells and sh-p27 EpH4-FUCCI
cells at a 10:1 ratio (Figure 2-1 - Figure supplement 1C). The mixed cells were then plated
at a cell density of 100,000 cells/cm?, such that they reached confluency 24 hrs after
seeding. We grew the mixture of cells for 4 DPC and sorted mCitrine-positive (mCitrine+)
cells by FACS. After sorting, we isolated genomic DNA (gDNA) and performed gPCR
using primers against the puromycin gene, located in the lentiviral plasmid insert, to
assess the fraction of p27-depleted cells in the cell mixture. We observed an average of
1.4x and 3.5x enrichment of the puromycin gene after the 15t and 2" rounds of sorting,
respectively (Figure 2-1 - Figure supplement 1D). These data support the validity of our

screen design.

Based on these encouraging results, we proceeded to developing an EpH4-FUCCI
cell line, in which every cell has lost a single gene. We transduced EpH4-FUCCI cells

with the pooled GeCKO CRISPR v2 KO lentivirus library (Sanjana, Shalem, & Zhang,
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2014; Shalem et al., 2014). (Figure 2-1D). The library contains 6 sgRNAs against each of
20,611 genes, plus 1000 non-targeting controls, for a total of 130,209 sgRNAS. To ensure
that our EpH4-FUCCI cells would receive only 1 sgRNA on average, we transduced cells
with viruses at a multiplicity of infection (MOI) of 0.3. It is critical to maintain a large enough
cell population to ensure that all sgRNAs in the library are retained. Therefore, we aimed
to have 150-300 cells per sgRNA in each step of the screen. Based on these values,
6.7x107 EpH4-FUCCI cells were transduced to obtain about 2x107 cells that had acquired
viruses (~150 cells per sgRNA). Cells that were not infected with virus were eliminated
by puromycin selection. We plated the cells at 100,000 cells/cm? and grew them for 4
DPC. To maintain library representation, we sorted 4x107 cells (300 cells per sgRNA) by
FACS to select mCitrine+ cells. We re-grew cells for the next round of selection and for
gDNA isolation. In total, we performed three FAC sorts. We observed a steady increase
in the number of mCitrine+ cells after each round of FACS (Figure 2-1 - Figure
supplement 1E, F). Genomic DNA was purified, and integrated sgRNA cassettes were
amplified from the DNA by PCR, as described previously (Sanjana et al., 2014; Shalem
et al., 2014) (Figure 2-1 - Figure supplement 2A, B). A second PCR reaction attached
lllumina index primers (Figure 2-1 - Figure supplement 2A, C), and the pooled product

was then sequenced.

We used the MAGeCK program (W. Li, Xu, et al., 2014) to map sequencing reads
to the library (Figure 2-1E, Figure 2-1 - Figure supplement 2D, D’). Read count distribution
was relatively uniform in the control (unsorted) sample, with depletion of those sgRNAs
that target essential genes. After each round of selection, more sgRNAs were depleted,

but a small portion of sSgRNAs was highly enriched. We utilized the MAGeCK algorithm
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to find genes that were enriched after sorts compared to control. MAGeCK takes into
account changes in the abundance of all sgRNAs targeting a single gene, measured by
the robust ranking aggregation (RRA) score. The most enriched genes have the smallest
RRA scores (Figure 2-1F, Figure 2-1 - Figure supplement 2E, E’). We selected genes
with FDR below 0.25 and with 3 or more sgRNAs/gene selected (Figure 2-1G, Figure 2-

1 - Figure supplement 2F, F’).

2.3.2. The CRISPR screen identifies a component of the Hippo pathway, a
lymphocyte proliferation control factor and NEDD8-conjugating E2

enzyme

Interestingly, the top enriched target was Nf2/Merlin, which is a known tumor
suppressor gene and a regulator of Hippo signaling necessary for cell density control
(Petrilli & Fernandez-Valle, 2016). This hit, the sgRNAs for which were enriched by
>1000x above the control abundance, strongly validated our screening strategy. Two
unexpected hits were for the Traf3 and Ube2m (Ubcl12) genes (Figure 2-1G), which have

not previously been implicated in density-dependent cell cycle arrest.

TRAF3 (TNF Receptor Associated Factor 3) is critical for lymphocyte proliferation
control and immune responses (Zapata et al., 2009). It negatively regulates signaling
through multiple pathways, including the canonical and noncanonical NF-kB pathways

(He et al., 2006; Ramakrishnan et al., 2004; Sun, 2017; Zarnegar et al., 2008).

Deletions and mutations of TRAF3 are among the most common genetic
alterations in human B cell malignancies (Zhu et al., 2018). B cell-specific KO of the Traf3

gene in mice leads to increased B cell numbers and spontaneous lymphomas (Moore et
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al., 2012). Myeloid-specific Traf3 KO causes histiocytic sarcomas of macrophage origin
(Lalani et al., 2015). Therefore, TRAF3 is critical for the prevention of malignant growth
in blood cells; however, TRAF3 roles in epithelia have not yet been widely investigated,

despite its ubiquitous expression in mouse and human tissues (Yue et al., 2014).

A third hit from our screen was Ube2m (Ubiquitin Conjugating Enzyme E2 M, also
known as Ubcl2). UBE2M is a NEDDS8 conjugation E2 enzyme, which neddylates
CULLIN-RING ligases to stimulate their activity (Lydeard, Schulman, & Harper, 2013).
Interestingly, stress induces UBE2M expression and promotes its ubiquitylation of

UBEZ2F, the degradation of which can suppress cell proliferation (Zhou et al., 2018).

To confirm that loss of our top candidates indeed results in over-proliferation at
high density, we developed two new sgRNA CRISPR v2 plasmids per gene. The sgRNA
sequences were different from those in the GeCKO library. We transduced EpH4 cells
with these sgRNA lentiviruses and confirmed efficient KO of each gene by immunoblotting
for NF2, TRAF3 and UBE2M (Figure 2-2A-C’). To test if loss of the target genes leads to
a failure in cell cycle arrest at high density, we analyzed BrdU incorporation at 1 and 4
DPC. BrdU was added to cells for 1 hr, then cells were fixed and stained. When cells had
just reached a confluent state, we found that BrdU incorporation was similar for the non-
targeted sgRNA control (NT) and each of the KO cell lines, but that at high density the
KO cells incorporated more BrdU than did the NT control cells (Figure 2-2D). These
differences were statistically significant at high density, as determined by cytometric
analysis of BrdU+ cells (Figure 2-2E, F, Figure 2-2 - Figure supplement 1A). We also
observed that all three KO cell lines formed multiple layers at high density, while control

cells remained as a single, uniform layer (Figure 2-2G, H, Figure 2-2 - Figure supplement
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1B). Together, these data demonstrate that our screen successfully identified genes that
are essential for the restriction of proliferation at high cell density. Importantly, loss of

these genes has no effect on the cell cycle at lower densities.
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Figure 2-2. Validation of candidate genes identified from the screen.

(A) - (C) Immunoblots of NT control and NF2 (A), TRAF3 (B) and UBE2M (C) KO EpH4

cells for NF2, TRAF3 and UBE2M, respectively. a-tubulin or GAPDH was used as a
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loading control. (A’) - (C’) Quantification of NF2 (A’), TRAF3 (B’) and UBE2M (C’) levels
based on immunoblotting in (A) - (C). (A’) - (C’) Histograms show mean £ 1 s.d. (n=3). P
values were calculated by one-way ANOVA followed by Dunnett’s multiple comparisons
test. (D) NT control, NF2, TRAF3 and UBE2M KO cells grown for 1 or 4 DPC. BrdU was
added for 1 hr, then cells were fixed and stained for BrdU, with DAPI as a nuclear marker.
(E), (F) Cytometric analysis of NT control, NF2, TRAF3 and UBE2M KO cells stained for
BrdU to assess proliferation at 1 or 4 DPC, respectively. N=4 (E) and n=6 (F) Histograms
show mean £ 1 s.d. P values were calculated by one-way ANOVA followed by Dunnett’s
multiple comparisons test. (G) Control and KO cells stained with Hoechst dye. Confocal
images are depth color coded. The color code scale is shown below. (H) 5 fields of view
in 4 biological repeats were used to quantify the level of multilayering. Data shown as a
SuperPlot (Lord, Velle, Mullins, & Fritz-Laylin, 2020). P values were calculated by mixed

model two-way ANOVA.
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2.3.3. TRAF3 suppresses proliferation of mammary organoids, human
mammary epithelial cells and fibroblasts

Little is known about the function of TRAF3 in epithelial cells, and its role in density-
dependent cell cycle arrest has not been previously investigated. Interestingly, however,
genetic alterations in Traf3 occur in a variety of human epithelial cancers, though at a
level < 6% (Zhu et al.,, 2018). Low Traf3 mRNA expression is also associated with
significantly worse survival for lung and gastric cancer patients (Figure 2-2 - Figure
supplement 1C) (Nagy et al., 2018). Therefore, we focused on this gene for further

analysis.

To determine the generality of the phenotype induced by deletion of Traf3, we first
asked if the effects are confined to the EpH4 mammary epithelial line or are also important
in primary mammary tissue. To address this question, we used murine mammary
organoids, which recapitulate many aspects of normal morphogenesis of the mammary
gland (Ewald, Brenot, Duong, Chan, & Werb, 2008; Pasic et al., 2011). Mammary gland
ductal fragments were isolated from WT C3H mice, transduced with lentivirus, and then
grown as organoids in Matrigel culture, as described previously (Pasic et al., 2011)
(Figure 2-3A). As shown in Figure 2-3B, WT organoids form buds with hollow lumens, but
organoids lacking TRAF3 formed multilayered buds with small or no detectable lumens.
Additionally, staining for phospho-HISTONE H3 revealed a substantially higher mitotic
index in organoids deleted for Traf3, compared to organoids transduced with a control
sgRNA (Figure 2-3B, C), demonstrating that TRAF3 normally suppresses WT tissue

overgrowth.
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To extend our analysis across species, we transduced the normal human
mammary gland cell line MCF10A with sgRNAs designed to target human Traf3. Loss of
the gene product was confirmed by immunoblotting (Figure 2-3 - Figure supplement 1A,
A’). We assessed cell proliferation by immunofluorescence and cytometric analysis of
BrdU incorporation as described above, and found that, similar to EpH4 cells, MCF10a
TRAF3 KO cells, but not WT MCF10a cells, over-proliferate at high density (Figure 2-3 -

Figure supplement 1B, B’).

Finally, we determined if this role for TRAF3 is confined to epithelial cells, by
knocking out the gene in NIH 3T3 fibroblasts. Normally, these cells contact-inhibit at high
density. CRISPR KO of Traf3 (confirmed by Western blotting (Figure 2-3 - Figure
supplement 1D-D’)) promoted cell proliferation at high density as measured by cytometric
analysis of BrdU staining (Figure 2-3 - Figure supplement 1D-D’). These data suggest
that loss of TRAF3 broadly interferes with cell cycle arrest including cells of epithelial and

mesenchymal lineages.
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Figure 2-3. Loss of TRAF3 causes over-proliferation in primary mammary organoids.

(A) Primary mammary organoid experiment workflow. (B) Maximum intensity projection
of NT and TRAF3 KO1 mammary organoids stained for phospho-HISTONE H3 (pH3), E-
CADHERIN and DNA (Hoechst). Bottom panel — single confocal plane of NT and TRAF3
KO1 organoids. (C) Quantifications of the number of pH3-positive cells per organoid; 5-
10 organoids of comparable size were quantified per condition per repeat. Data shown

as a SuperPlot (n=3). P values were calculated by mixed model two-way ANOVA.
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2.3.4. Loss of TRAF3 activates noncanonical NF-kB signaling to promote over-
proliferation

How does TRAF3 regulate proliferation? We hypothesized that TRAF3 might be
involved in the same pathways as in blood cells, where it negatively regulates both the
canonical and noncanonical NF-kB pathways (He et al., 2006; Ramakrishnan et al., 2004;
Sun, 2017; Zarnegar et al., 2008). In the noncanonical pathway, TRAF3 constitutively
promotes proteasomal degradation of MAP3K14 (NIK), a kinase that is essential for
activation of the downstream signaling cascade. Ligand recruitment to an upstream
receptor triggers TRAF3 poly-ubiquitinylation and degradation. As a result, NIK levels
increase, and it phosphorylates its downstream target IKKa, which in turn phosphorylates
NFKB2 (p100). Phosphorylated pl00 is partially degraded to p52, which enters the
nucleus in association with RELB and regulates the transcription of target genes (Sun,

2017).

To test if loss of TRAF3 activates noncanonical NF-kB signaling, we examined the
location of RELB in control and TRAF3 KO EpH4 cells and primary mammary gland
organoids (Figure 2-4A-C). As expected, RELB was predominantly cytoplasmic in control
cells and organoids. However, loss of TRAF3 caused a substantial nuclear accumulation,
indicative of noncanonical NF-kB activation. We also performed immunoblotting for
noncanonical NF-kB signaling components in control and TRAF3 KO cells at 1 and 4 DPC
(Figure 2-4D, E). TRAF3 KO cells at both 1 and 4 DPC had substantially increased NIK
levels and enhanced processing of p100 to p52 compared to NT control cells. However,

cell density differences had no impact on NIK, RELB, TRAF3 and p100/p52 protein levels.
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Therefore, TRAF3 KO leads to activation of noncanonical NF-kB signaling, but regulation

of these pathway components is independent of cell density.

Based on previous literature, we predicted that loss of TRAF3 could also stimulate
canonical NF-kB signaling (Figure 2-4F). IkB normally blocks RELA/p65 and p50 from
entering the nucleus, but activation of upstream kinases IKKa/f by phosphorylation
induces IkB phosphorylation and degradation (Ramakrishnan et al., 2004; Zarnegar et
al., 2008). Surprisingly, however, RELA/p65 did not accumulate in the nuclei of TRAF3
KO cells (Figure 2-4G). Immunoblotting for the canonical NF-kB pathway components
showed activation of IKKa/p phosphorylation at high density both in control and TRAF3
KO cells; but no IkB degradation was observed in control and TRAF3 KO cells either at
low or at high density (Figure 2-4H). Together, these data demonstrate that in mammary
epithelial cells, the loss of TRAF3 specifically activates noncanonical but not canonical

NF-kB signaling.

If TRAF3 affects cell proliferation via the noncanonical NF-kB pathway, then
deletion of p100 in TRAF3 KO cells should reduce proliferation to control levels (Figure
2-5A). To test this prediction, we generated a lentivector encoding a p100 sgRNA, plus

GFP as a selection marker.
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Figure 2-4. Loss of TRAF3 specifically activates noncanonical but not canonical NF-kB

pathway.

(A) Simplified schematic of noncanonical NF-kB pathway. TRAF3 sends NIK for

degradation. In the absence of TRAF3, NIK levels increase, and it activates the
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downstream cascade, resulting in increased p100 processing to p52. RELB/p52 enters
the nucleus where it regulates transcription of target genes. In experiments (B) — (C)
RELB localization was tested in NT and TRAF3 KO cells. (B) — (C) Fluorescence staining
of NT and TRAF3 KO1 EpH4 cells (B) and organoids (C) with anti-RELB antibodies and
DAPI. (B) — single confocal planes. (C) — maximum intensity projection. White boxed ROIs
are shown in enlarged images as single confocal planes. (D) Immunoblots of NT and
TRAF3 KOL1 lysates grown to 1 or 4 DPC probed for NIK, RELB, TRAF3 and actin as
loading control. (E) Immunoblots of NT and TRAF3 KOL1 lysates grown to 1 or 4 DPC
probed for p100/p52 and a-tubulin as loading control. (F) A schematic of TRAF3-
dependent activation of canonical NF-kB pathway. (G) Fluorescence staining of NT and
TRAF3 KOL1 cells with antibodies against p65 and with DAPI. (H) Western blotting of NT
and TRAF3 KO1 cells at 1 DPC and 4 DPC probed for components of canonical NF-kB

pathway and GAPDH as loading control.
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We transduced EpH4 cells with virus and isolated GFP+ cells by FACS.
Immunoblotting confirmed efficient knockout of p100 in NT control and TRAF3 KO cells
(Figure 2-5B, B’). Blotting also showed increased cleavage of p100 to p52 in TRAF3 KO
cells as compared to control cells (Figure 2-5B), and both bands were lost in cells
expressing the p100 sgRNA, confirming that the detected 52 kDa band is indeed the
product of pl100. We next grew cells to high density and analyzed pulsed BrdU
incorporation by flow cytometry. There was no significant difference between control and
NT/p100 KO cells, indicating that TRAF3 does not regulate cell cycling at low cell density.
The proliferation of TRAF3/p100 double KO cells was, however, substantially reduced
compared to TRAF3 KO cells (Figure 2-5 C, D) demonstrating that noncanonical NF-kB

signaling is required for the phenotype induced by loss of TRAF3.

As a further test, we knocked out the effector kinase NIK. Immunoblotting (Figure
2-5E, E’) revealed that, as expected, NIK is undetectable in NT control cells, but
accumulates in TRAF3 KO cells. However, expression was lost in TRAF3/NIK double KO
cells. Similar to p100 KO, deletion of NIK caused reduced proliferation in TRAF3 KO cells

(Figure 2-5F, G).

To further confirm that noncanonical NF-kB pathway is necessary for the high
density over-proliferation phenotype, we treated cells with BV6, a selective inhibitor of
IAP proteins. clAP1/2 is a part of the TRAF3 complex that degrades NIK. Therefore, we
predicted that treatment with BV6 would induce over-proliferation. We treated cells with
BV6 at low and high density (Figure 2-5H and |, respectively) and observed that BV6
treatment induces over-proliferation of NT cells at high density but not at low density, as

shown by cytometric analysis of BrdU staining (Figure 2-5H, I).
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We next asked if the noncanonical NF-kB pathway is sufficient to induce over-
proliferation. We cloned and over-expressed a mutant NIK protein lacking the TRAF3-
binding motif (NIK-AT3) (Liao, Zhang, Harhaj, & Sun, 2004), to prevent NIK degradation
(Figure 2-5J). Flow cytometry and immunofluorescent staining showed strong over-
proliferation of NT NIK-AT3 cells at 4 DPC compared to NT control cells (Figure 2-5K, L)
demonstrating that activation of noncanonical NF-kB pathway is sufficient for increased

proliferation at high density.

We conclude that TRAF3 normally suppresses proliferation at high cell density via
inhibition of the noncanonical NF-kB pathway but does not impact proliferation at lower
cell density. This pathway does not contribute to proliferation in WT EpH4 cells but is
constitutively activated by loss of TRAF3. Activation of noncanonical NF-kB pathway
downstream of TRAF3 is both necessary and sufficient for over-proliferation phenotype

at high density.
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Figure 2-5. Noncanonical NF-kB signaling is necessary and sufficient for over-

proliferation in TRAF3 KO cells.
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(A) Noncanonical NF-kB pathway schematic. Proteins shown in bold were manipulated
in this study. (B) Immunoblotting of NT and TRAF3 KOL1 cells transduced with pLVTHM
GFP NT or p100 sgRNAs. Blot was stained for p100/p52, TRAF3 and GAPDH (loading
control). (B’) Quantifications of Western blot (B), histogram shows mean £ 1 s.d. (n=3). P
values were calculated by Student’s t-test. (C) Cytometric analysis of NT and TRAF3 KO
cells transduced with pLVTHM GFP NT or p100 sgRNAs. Graph shows mean £ s.d. (n=4).
P values were calculated by one-way ANOVA followed by Tukey’s multiple comparisons
test. (D) NT and TRAF3 KOL1 cells transduced with pLVTHM GFP NT or p100 sgRNAs
were treated with BrdU at 4 DPC and immunostained for BrdU and DAPI. (E) Immunoblot
of NT and TRAF3 KOL1 cells transduced with NT, NIK KO1 or KO2. Blot was stained for
NIK, TRAF3 and GAPDH (loading control). (E’) Quantifications of Western blot (E)
Histogram shows mean = 1 s.d (n=3). P values were calculated by one-way ANOVA
followed by Tukey’s multiple comparisons test. (F) Cytometric analysis of NT cells and
TRAF3 KO1 cells transduced with control NT, NIK KO1 and KO2. Histogram shows mean
+ 1 s.d. (n=5). P values were calculated by one-way ANOVA followed by Tukey’s multiple
comparisons test. (G) NT and TRAF3 KO1 cells transduced with control NT, NIK KO1
and KO2 were treated with BrdU at 4 DPC and immunostained for BrdU and DAPI. (H),
(I) Cytometric analysis of NT and TRAF3 KO cells treated with 7 uM BV6 at low (H) and
high (I) density. Histogram shows mean + 1 s.d. (n=5 (H), n=6 (I)). P values were
calculated by one-way ANOVA followed by Dunnett's (H) or Tukey’'s (I) multiple
comparisons test (J) Immunoblot of NT, TRAF3 KO1 (positive control) and NT cells
expressing pWPI mScarlet NIK AT3. Blot was stained for NIK and GAPDH (loading

control). (K) Cytometric analysis of NT cells and NT pWPI mScarlet NIK AT3 cells.
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Histogram shows mean + 1 s.d. (n=6). P values were calculated by Student t-test. (L) NT
and NT pWPI mScarlet NIK AT3 cells were treated with BrdU at 4 DPC and

immunostained for BrdU and DAPI.
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2.3.5. Noncanonical NF-kB signaling activates an innate immune response

Our data show that the loss of TRAF3 results in increased levels of the transcription
factor p52, which is necessary for over-proliferation. However, gene expression changes
downstream of noncanonical NF-kB signaling have not been investigated in epithelia; nor
is it known which genes are targets of p52 in epithelial cells. Therefore, to identify
downstream effectors of TRAF3 and noncanonical NF-kB signaling, we performed
genome-wide transcriptomics analysis on NT control cells, TRAF3 KO, and TRAF3/p100
double KO cells. For these studies, we used our EpH4-FUCCI mammary epithelial cell
line, which was transduced with NT, Traf3, or Traf3 plus p100 sgRNA lentiviruses, and
sorted for G1/GO phase (mCherry+) cells (Figure 2-6A). This strategy eliminates indirect
gene expression differences reflective of the larger fraction of cycling (mCitrine+) cells

caused by loss of TRAF3 but will not remove constitutive changes in gene expression.

Two biological replicates of each cell line were processed, and fastq files were
analyzed using CLC Genomics Workbench and Ingenuity Pathway Analysis (IPA).
Differential gene expression was filtered for > 2-fold differences, FDR < 0.05.
Surprisingly, IPA did not detect any stimulation by TRAF3 KO of those signaling pathways
classically involved in proliferation, including PI3K/AKT, JNK, TGF-B, WNT and Hippo
(Figure 2-6B). There was, however, a dramatic induction of innate immune response
genes. Antigen presentation, interferon response genes and genes responsible for
foreign DNA and RNA recognition were strongly upregulated by deletion of TRAF3
(Figure 2-6B-E). Additionally, TRAF3 KO cells over-express adhesion molecules Icaml

and Vcaml that facilitate adhesion of recruited leukocytes (Figure 2-6F). Superoxide-
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producing NADPH-oxidase complex genes, which eliminate bacteria and fungi, were also
induced (Figure 2-6G), as were several chemokines and growth factors (Figure 2-6H),
but some genes that normally respond to pathogens, such as defensins, IL-8, and IL-17,

were not affected.

The comparison of TRAF3 KO and TRAF3/p100 double KO samples revealed that
not all pathways activated by TRAF3 KO could be reversed by blocking noncanonical NF-
kKB signaling. We found that p100 KO partially reduces antigen presentation gene
expression, the interferon response pathway, and foreign DNA and RNA recognition
genes (Figure 2-6B-E), but differential gene expression of other pathways was not
significantly changed. These data argue that antigen presentation, interferon pathways
and foreign DNA and RNA recognition genes are downstream targets of noncanonical
NF-kB signaling in mammary epithelial cells. However, none of these pathways are likely
to promote cell proliferation. Rather, the data suggest that noncanonical NF-kB signaling

instead suppresses signals that normally would cause cell cycle exit.
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Figure 2-6. Loss of TRAF3 in EpH4 cells induces immune response pathways.

(A) RNAseq experiment workflow. (B) Ingenuity Pathway Analysis (IPA) of RNAseq data

showing significant upregulation of pathways related to infection response in TRAF3 KO
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cells compared to NT control (top, pink bars), and significant reduction of these pathways
in TRAF3/p100 double KO cells compared to TRAF3 KO cells (bottom, blue bars).
Notably, Hippo signaling and other pathways that regulate proliferation were unchanged.
Threshold line is p<0.05. (C)-(H). Heatmaps comparing mRNA levels of antigen
presentation (C), interferon (D), foreign RNA and DNA recognition (E) pathway
components, adhesion molecules (F), NADPH-oxidase components (G), chemokines and
growth factors (H) between NT, TRAF3 KOl and TRAF3/p100 double KO in two
experimental repeats. NT, TRAF3 KO1 and TRAF3/p100 double KO are color-coded with
green, purple and light blue, respectively. Data are presented as log2 of transcripts per

million (TPM).
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2.3.6. Loss of TRAF3 does not affect YAP signaling

Hippo/YAP signaling is a key mechanism that prevents abnormal proliferation at
high density. Therefore, we tested whether the response to deletion of TRAF3 is
independent of this pathway. The transcriptional co-activator YAP, a downstream effector
of Hippo, is nuclear at low cell density and promotes cell cycling, but becomes
phosphorylated and is cytoplasmic at high density (Ma, Meng, Chen, & Guan, 2019).
Therefore, we asked if loss of TRAF3 induces YAP translocation to the nucleus. We
immunostained control, NF2 KO cells (positive control) and TRAF3 KO cells with anti-
YAP antibodies. In dense cultures, YAP was predominantly cytoplasmic in the NT control
cells, but nuclear in NF2 KO cells, as expected. However, deletion of TRAF3 did not
induce significant nuclear accumulation of YAP, as compared to the NT control (Figure 2-
7A, B). Moreover, comparison of expression profiles for conserved YAP target genes
(Cordenonsi et al., 2011) from our RNAseq data showed an absence of any significant
induction for more than 90% of conserved YAP target genes in TRAF3 KO cells compared
to the NT control (Figure 2-7C). We conclude, therefore, that TRAF3 loss promotes over-
proliferation independently of YAP, a major regulator of cell density-dependent

proliferation.
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Figure 2-7. YAP/TAZ signaling is not activated by loss of TRAF3.

(A) NT, NF2 KO1 and TRAF3 KOl cells stained for YAP and DAPI. (B) Quantifications of

nuclear to cytoplasmic YAP ratio in NT, NF2 KO1 and TRAF3 KO1 cells. Measurements

were of at least 12 fields of view per condition per experimental replicate, and the average

ratio was calculated. Data are presented as a SuperPlot (n=3). P values were calculated

by mixed model two-way ANOVA. (C) Conserved YAP/TAZ gene signature expression in

TRAF3 KO1 cells shown as fold differences between NT control and TRAF3 KO1.

Dashed threshold line is based on 2x increase in gene expression.

2.3.7. The TRAF3 KO cell over-proliferation phenotype is cell autonomous

Our RNAseq data showed that several secreted factors including chemokines and

growth factors (Figure 2-6H) are induced by loss of TRAF3, and we hypothesized that
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these factors might be secreted and trigger over-proliferation at high density in
neighboring cells. To test this possibility, we labeled NT control cells with GFP and,
separately, control or TRAF3 KO cells with mScarlet, then mixed red and green cells (NT
+ TRAF3 KO, or NT + NT) at a 1:1 ratio, and after 4 DPC stained them for the proliferation
marker KI-67 and DAPI (Figure 2-7 - Figure supplement 1A). Cytokines released from the
TRAF3 KO cells could then, in principle, stimulate proliferation of surrounding NT (GFP+)
control cells. However, there was no significant difference in the fraction of KI-67+ cells
between NT GFP cells mixed with NT mScarlet and NT GFP cells mixed with TRAF3 KO
mScarlet cells (Figure 2-7 - Figure supplement 1B). These data strongly argue that the
over-proliferation phenotype is cell autonomous and is not a consequence of secreted

cytokines or other factors.

2.3.8. Loss of TRAF3 does not affect the levels of cyclin-dependent kinase
inhibitors (CKIs)

The p27 CKI has been reported to inhibit density-dependent proliferation in
response to changes in LLGL1/2 expression (Yamashita et al., 2015). Moreover, we
demonstrated that sShRNA knockdown of p27 can promote cell proliferation in EpH4 cells
(Figure 2-1B, C, Figure 2-1 - Figure supplement 1A, B). Therefore, we asked if the
noncanonical NF-kB pathway suppresses CKI induction at high cell density. We
immunoblotted for p27 and other CKIs including CDKN1A (p21), CDKN2C (p18) and
CDKNZ2D (p19), in subconfluent and dense (4 DPC) cultures of NT, NT/p100 KO, TRAF3
KO1, and TRAF3/p100 double KO cells (Figure 2-7 - Figure supplement 2A-C). p21

levels were low in cells at low density, but were high in all dense cultures, irrespective of
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TRAF3 or p100 expression. No significant changes in any of the other CKls we tested
were detected at low versus high cell density, or in the absence of TRAF3 or p100 (Figure
2-7 - Figure supplement 2A’-C’). These data argue that noncanonical NF-kB signaling

overrides the ability of these CKis to induce cell cycle arrest in EpH4 cells.

2.3.9. Loss of TRAF3 blocks cells from entering GO

It was previously shown that TRAF3 induces over-proliferation by triggering
CYCLIN D1 expression (Demicco et al., 2005; S. G. Park, Chung, Kang, Kim, & Jung,
2006); (Rocha, Martin, Meek, & Perkins, 2003; Zhang, Warren, Shoemaker, & Ip, 2007);
(Cao et al., 2001). We analyzed CYCLIN D1 in dense TRAF3 KO cells compared to NT
cells by immunofluorescence. Indeed, we observed a small increase of CYCLIN D1 levels

in TRAF3 KO cells compared to control (Figure 2-8A, B).

We hypothesized that loss of TRAF3 prevents cells from entering the GO quiescent
state. Through this mechanism loss of TRAF3 should give a proliferative advantage to
cells not only at high density, but also under other challenging conditions, such as
starvation, that also promote entry into GO. To test this idea, we grew NT and TRAF3 KO
cells in normal medium or medium devoid of FBS (Figure 2-8C). We observed no
difference in proliferation between NT and TRAF3 KO cells in normal medium after 1
DPC. However, starvation decreased proliferation in control cells but not in TRAF3 KO

cells. These data suggest that loss of TRAF3 prevents cells from entering GO.

To further explore this possibility, we labeled control and TRAF3 KO cells with

markers to differentiate quiescent and cycling cells. Cells exiting the cell cycle and
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entering GO are known to have very low CDK2 activity. To determine if loss of TRAF3
prevents entry into GO, we used a previously validated biosensor, DHB-mVenus, which
can quantitatively reveal CDK2 activity in live cells based on its distribution between the
nucleus (GO/G1) and cytoplasm (G2/M) (Figure 2-8D) (Gookin et al., 2017; Spencer et
al., 2013). As shown in Figure 2-8E and F, at high density control cells enter quiescence,
with almost exclusive nuclear localization of the biosensor. In contrast, cells lacking
TRAF3 show an increased percent of cytoplasmic DHB-mVenus localization at high

density, consistent with them continuing in cycle instead of entering quiescence.

Finally, we stained the cells for phospho-Rb (Ser807/811). The retinoblastoma
protein is a central regulator of the cell cycle, and becomes dephosphorylated in GO, but
is progressively phosphorylated and inactivated as cells leave GO and move through G1
into S phase (Figure 2-8D) (Gookin et al., 2017; Spencer et al., 2013). Rb phosphorylation
was very low in NT control at high density but loss of TRAF3 induced a dramatic increase
in phospho-Rb positive cells (Figure 2-8E, G). Together, these data strongly argue that
the key effect of loss of TRAF3 is a failure to enter GO under conditions that normally

promote quiescence.
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Figure 2-8. Loss of TRAF3 prevents cells from entering GO.

(A) NT and TRAF3 KO1 cells stained for CYCLIN D1 and DAPI. (B) Quantifications of
CYCLIN D1 positive cells in NT and TRAF3 KO cells. Data are presented as a SuperPlot
(n=3). P value was calculated by mixed model two-way ANOVA. (C) NT and TRAF3 KO1
cells grown for 24 hrs in regular media or media without FBS (starved) were treated with

BrdU and analyzed by flow cytometry. (D) A schematic of DHB-mVenus and phospho-RB
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S807/811 localization at different phases of cell cycle. (E) NT and TRAF3 KOL1 cells stably
expressing DHB-mVenus were grown to 4 DPC and stained for phospho-RB S807/811
and DAPI. (F) Quantifications of cells with non-nuclear DHB-mVenus localization. Data
are presented as a SuperPlot (n=4). P value was calculated by mixed model two-way
ANOVA. (G) Quantification of phospho-RB positive cells. Data are presented as a

SuperPlot (n=4). P value was calculated by mixed model two-way ANOVA.
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2.4. Discussion

Epithelial cells possess intrinsic mechanisms to achieve and maintain an
appropriate cell density, which is essential for normal tissue morphogenesis and
maintenance (Fomicheva et al., 2019). Mechanisms of homeostatic cell density
establishment are not fully understood. One of the most recognized pathways controlling
cell density-dependent proliferation is the Hippo/YAP signaling pathway (Dupont et al.,
2011). However, there are other mechanisms that control cell density independently from
Hippo/YAP; for instance, LLGL1/2 controls p27 levels in a density-dependent manner
(Yamashita et al., 2015). With the goal of identifying novel components that control
homeostatic cell density, we used an unbiased genome-wide CRISPR KO screen, in
which we selected for cells that over-proliferate at high density. We uncovered a known
(NF2) and two novel (TRAF3 and UBE2M) regulators of epithelial cell density. Loss of
any of these genes results in increased cell proliferation at high density and multilayering

of cells; however, proliferation at low cell density remains unaltered.

TRAF3 was of particular interest because this protein is essential for blood cell
expansion and regulation of the immune response, but its functions in other tissues still
remain unclear, although it is ubiquitously expressed (Yue et al., 2014). We discovered
that loss of TRAF3 results in cell overgrowth in both mouse and human mammary gland
cell lines, and mesenchymal cells (NIH 3T3 fibroblasts) as well as in primary mouse
mammary gland organoids. We interrogated the mechanism of TRAF3-dependent
proliferation control in mammary gland epithelial cells (Figure 2-9) and found that loss of

TRAF3 specifically activates the noncanonical branch of NF-kB signaling, while having
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no effect on canonical NF-kB signaling. We further discovered that the noncanonical

pathway is necessary for over-proliferation at high density in cells lacking TRAF3.

Our RNAseq data revealed that loss of TRAF3 does not induce the transcription
of classical proliferation pathway components, including YAP/TAZ, PISK/AKT, MAPK,
TGF-B and WNT signaling. We also demonstrated that over-proliferation caused by loss
of TRAF3 is cell autonomous, as control cells did not over-proliferate when co-cultured
with TRAF3 KO cells. Together, these data suggest that noncanonical NF-kB signaling
does not positively drive proliferation but instead suppresses the ability of cells to exit the
cell cycle. One key exit mechanism operates through induction of cyclin-dependent
kinase inhibitors. For instance, in some epithelial cells p27 levels increase with density
and high levels of p27 inhibit cell proliferation (Yamashita et al., 2015). However, we found
no differences in levels of p27 or other CKis (p21, p19 and p18) in cells lacking TRAF3
versus control EpH4 cells, although p21 levels do increase with increased cell density.
Therefore, either EpH4 cells do not respond to CKIs or constitutive activation of the
noncanonical NF-kB pathway overrides CKIl-mediated cell cycle exit. Nonetheless, our
data demonstrate that loss of TRAF3 prevents cells from entering quiescent state GO as

shown by increased CDK2 activity and RB phosphorylation.

RNAseq analysis revealed that loss of TRAF3 leads to the activation of immune
response pathways, at least in part through noncanonical NF-kB signaling. Activated
genes include antigen presentation, interferon response pathways, and genes
responsible for foreign DNA and RNA recognition. Expression of these genes was
reduced when p100 was deleted in theTRAF3 KO cells. However, certain genes induced

in the TRAF3 KO cells, including adhesion molecules, superoxide-producing enzymes
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and chemokines, were not reduced by deletion of p100. These data reveal that a
mechanism-independent of noncanonical NF-kB signaling can drive gene expression

responses activated by loss of TRAF3.

The literature suggests that the loss or reduction of Traf3 expression or activation
of noncanonical NF-kB signaling might be important for hyperplasia in response to
infection or contribute to cancer development. Itis known that epithelial cells can respond
to infection by mounting an innate immune response. The noncanonical NF-kB pathway
can be activated by contact with pathogens, and bronchial, intestinal, and mammary
gland epithelia can each express a variety of innate immune factors that protect the
organisms against infectious agents and attract immune cells (Philpott, Girardin, &
Sansonetti, 2001; Strandberg et al., 2005). H. pylori, a bacterium associated with the
development of gastritis and gastric cancer, activates noncanonical NF-kB signaling in a
stomach epithelial cell line, and in H. pylori-associated gastritis (Feige, Vieth, Sokolova,
Tager, & Naumann, 2018). Moreover, activation of the noncanonical NF-kB pathway in
response to infection correlates with hyperplasia of the ear mucosa following otitis

infection, although the mechanism was not investigated (Cho et al., 2016).

As discussed above, Traf3 is mutated, though at low frequency, in different
cancers of epithelial origin (Zhu et al., 2018), and low expression is associated with worse
outcomes. Noncanonical NF-kB signaling is also associated with different epithelial
cancers, including breast cancer (Rojo et al., 2016; Sovak et al., 1997) and lung cancer
(Dimitrakopoulos et al., 2019). Further work will be required to determine the impact of

this pathway in cancer development.
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Figure 2-9. Model for the role of TRAF3 in density-dependent proliferation.

Cells at high density rarely proliferate (on the left). They have active Hippo signaling (YAP
is cytoplasmic), and inactive canonical NF-kB (p65/p50 is cytoplasmic) and noncanonical
NF-kB signaling (NIK is low, p100 is not processed to p52, RELB is cytoplasmic). Upon
loss of TRAF3, Hippo and canonical NF-kB signaling remain unaltered, but noncanonical
NF-kB signaling is activated (on the right). NIK levels rise in the absence of TRAF3,
activates the downstream cascade, resulting in increased p100 processing to p52. The
RELB/p52 complex activates innate immune response genes, including antigen
presentation and interferon pathway components. It also overrides CKIs, induces CYCLIN

D1 expression and prevents entering GO as shown by increased number of cells with
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active CDK2 and phosphorylated RB. Altogether it results in cell over-proliferation at high

density.
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2.5.

Table 1. Key Resources Table.

Materials and methods

Reagent Designation Source or Identifiers Additional
(species) or reference information

resource

Recombinant Gecko v2 KO | Sanjana etal, | CAT:

DNA reagent Pooled 2014, PMID: 100000005

(Mus Library 25075903; 2

musculus) Addgene

Recombinant Scrambled Sigma CAT:

DNA reagent control MISSION SHCO016-

(Mus SshRNA shrna library 1EA

musculus)

Recombinant The p27 Sigma CAT:

DNA reagent ShRNA MISSION TRCNOO0OO

(Mus shrna library 287390

musculus)

Recombinant P27-gPCR- This paper N/A TCAAACGTGAGAG

DNA reagent FWD primer TGTCTAACG

(Mus

musculus)

Recombinant P27- gPCR- | This paper N/A CCGGGCCGAAGA

DNA reagent REV primer GATTTCTG

(Mus

musculus)

Recombinant Puromycin- This paper N/A CTGCAAGAACTCT

DNA reagent gPCR-FWD TCCTCACG

(Mus primer

musculus)
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Recombinant Puromycin- This paper N/A GGGAACCGCTCA
DNA reagent gPCR-REV ACTCGG

(Mus primer

musculus)

Recombinant Control non- | This paper N/A GCGAGGTATTCG
DNA reagent targeting (NT) GCTCCGCG

(Mus SgRNA

musculus)

Recombinant Nf2 sgRNA This paper N/A CGAGATGGAGTTC
DNA reagent KO1 AACTGCG

(Mus

musculus)

Recombinant Nf2 sgRNA This paper N/A ATACTGCAGTCCA
DNA reagent KO2 AAGAACC

(Mus

musculus)

Recombinant Traf3 sgRNA | This paper N/A GTGCTCGTGCCG
DNA reagent KO1 GAGCAAGG

(Mus

musculus)

Recombinant Traf3 sgRNA | This paper N/A TGGCCCTTCAGGT
DNA reagent KO2 CTACTGT

(Mus

musculus)

Recombinant Ube2m This paper N/A GCGCAGCTCCGG
DNA reagent SgRNA KO1 ATTCAGAA

(Mus

musculus)

Recombinant Ube2m This paper N/A GAGTCGGCCGGC
DNA reagent SgRNA KO2 GGCACCAA

(Mus
musculus)
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Recombinant Nfkb2/p100 This paper N/A CTGAGCGTGATAA
DNA reagent SgRNA KO1 ATGACGT
(Mus
musculus)
Recombinant Nfkb2/p100 This paper N/A CTGTTCCACAATC
DNA reagent SgRNA KO2 ACCAGAT
(Mus
musculus)
Recombinant Map3k14/NIK | This paper N/A TCAGAGCGCATTT
DNA reagent SgRNA KO1 TCATCGC
(Mus
musculus)
Recombinant Map3k14/NIK | This paper N/A GTCGAGGCAGTA
DNA reagent SgRNA KO2 CCGGTCGC
(Mus
musculus)
Recombinant Traf3 sgRNA | This paper N/A AGATTCGCGACTA
DNA reagent KO1 CAAGCGG
(Homo
sapiens)
Recombinant Traf3 sgRNA | This paper N/A CCTCACATGTTTG
DNA reagent KO2 CTCTCGC
(Homo
sapiens)
Recombinant DHB-mVenus | Spencer et CAT:
DNA reagent al., 2013, 136461,
(Homo PMID: RRID:
sapiens) 240750009; Addgene_1
Addgene 36461
Recombinant ES-FUCCI Sladitschek CAT:
DNA reagent and Neveu, 62451,
(synthetic) 2015, PMID: RRID:
25909630; Addgene_6
Addgene 2451
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Recombinant pWPI- This paper N/A Mouse NIK with
DNA reagent mScarlet NIK- deleted TRAF3
(Mus AT3 binding motif (amino
musculus) acids 78-84) cloned
into pWPI-mScarlet
vector
Antibody Anti- CST CAT: 1:750, WB
NF2/MERLIN 6995S,
(rabbit RRID:
monoclonal) AB_108287
09
Antibody Anti-TRAF3 Santa Cruz CAT: sc- 1:200, WB
(mouse 6933,
monoclonal) RRID:
AB_628390
Antibody Anti-UBE2M Proteintech CAT: 1:500, WB
(rabbit 14520-1-AP
polyclonal)
Antibody Anti-NF-kB2 | CST CAT: 4882, | 1:750, WB
p100/p52 RRID:
(rabbit AB_106955
polyclonal) 37
Antibody Anti-NIK CST CAT: 1:500, WB
(rabbit 4994S,
polyclonal) RRID:
AB_229742
2
Antibody Anti-RELB Abcam CAT: 1:1000, WB; 1:300,
(rabbit ab180127 IF
monoclonal)
Antibody Anti-NF-kB CST CAT: 9936, | 1:1000, WB
Pathway RRID:
Sampler Kit AB 561197
Antibody
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Antibody Anti- BD CAT: 1:1000, WB
CDKN1B/p27 | Transduction 610241,
(rabbit Laboratories RRID:
polyclonal) AB_ 610241
Antibody Anti-p21 Invitrogen CAT: ma5- | 1:1000, WB
(mouse 14353,
monoclonal) RRID:
AB_109868
34
Antibody Anti-p19 Santa Cruz CAT: sc- 1:200, WB
(rabbit 1063,
polyclonal) RRID:
AB_207886
5
Antibody Anti-p18 Santa Cruz CAT: sc- 1:200, WB
(rabbit 1064,
polyclonal) RRID:
AB_207872
9
Antibody Anti-GAPDH | CST CAT: 1:2000, WB
(rabbit 2118S,
monoclonal) RRID:
AB_ 561053
Antibody Anti-a-tubulin | Sigma-Aldrich | CAT: T- 1:4000, WB
(mouse 9026,
monoclonal) RRID:
AB_477593
Antibody Anti-actin Sigma-Aldrich | CAT: 1:4000, WB
(mouse A4700,
monoclonal) RRID:
AB_476730
Antibody Anti-BrdU Abcam CAT: 1:800, IF, Flow
antibodies ab6326,
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(rat RRID:
monoclonal) AB 305426
Antibody Anti-YAP Novus CAT: 1:200, IF
(rabbit Biologicals NB110-
polyclonal) 58358,
RRID:
AB_922796
Antibody Phospho-RB | CST CAT: 1:1000, IF
Ser807/811 8516S,
(rabbit RRID:
monoclonal) AB_ 111786
58
Antibody Anti-CYCLIN | Invitrogen CAT: MA5- | 1:50, IF
D1 (mouse 11387,
monoclonal) RRID:
AB_109870
96
Antibody Anti-KI-67 Invitrogen CAT: 18- 1.70, IF
(rabbit 01917,
polyclonal) RRID:AB_8
6661
Antibody Anti- CST CAT: 1:300, IF
Phospho- 9706S,
HISTONE H3 RRID:AB_3
(Ser10) 31748
(mouse
monoclonal)
Antibody Anti-E- Thermo Fisher | CAT: 14- 1:500, IF
CADHERIN Scientific 3249-80,
(rat RRID:AB_1
monoclonal) 210459
Fluorescent Hoechst Life CAT: 62249 | 1:1000, IF
dye 33342 Technologies
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https://scicrunch.org/resolver/AB_86661
https://scicrunch.org/resolver/AB_86661
https://scicrunch.org/resolver/AB_331748
https://scicrunch.org/resolver/AB_331748
https://scicrunch.org/resolver/AB_1210459
https://scicrunch.org/resolver/AB_1210459

Fluorescent DAPI Sigma-Aldrich | CAT: 1:500, IF
dye 422801
Fluorescent DRAQS CST CAT: 4084 | 1:1000, IF
dye
Cell line (Mus EpH4 Dr. Jurgen Identity verified by
musculus) Knoblich, rnaseq, DNA
Institute of sequencing and
Molecular immunofluorescent
Biotechnology, staining for epithelial
Vienna, markers
Austria
Cell line (Homo | HEK293T ATCC RRID:
sapiens) CVvCL_0063
Cell line (Homo | MCF10a ATCC RRID:
sapiens) CVCL_0598
Cell line (Mus | NIH 3T3 ATCC RRID:
musculus) CVCL_0594
Strain (Mus C3H/HeNCrl | Charles River | CAT:
musculus) Laboratories CRL:025,
RRID:
IMSR_CRL:
025
Chemical BV6 Apexbio Cat: B4653
compound,
drug
Software GraphPad Graphpad RRID:SCR_
Prism 002798
Software CLC Qiagen RRID:SCR_
Genomics 011853
Workbench
Software Ingenuity Qiagen RRID:SCR_
Pathway 008653
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Analysis
(Qiagen)
Software Fiji is just N/A RRID:SCR_
ImageJ 002285
Software MAGeCK Lietal., 2014, | N/A
software pmid:
25476604

2.5.1. Whole-genome CRISPR KO screen

Mouse CRISPR GeCKO v2 Knockout Pooled Library (Sanjana et al., 2014;
Shalem et al., 2014) was purchased from Addgene. The library was amplified according
to the developer’s protocol (Sanjana et al., 2014; Shalem et al., 2014). Library lentiviruses
were produced as described below. EpH4-FUCCI cells transduced with the library were
grown for 10 d to allow time for gene-editing and depletion of the target proteins. The cells
were then seeded at 100,000 cells/cm? and cultured for 4 d, then trypsinized with 0.25%
Trypsin (Gibco) and 4x107 cells (about 300 cells per sgRNA) were sorted on a FACSAria
[l for mCitrine+ (proliferating) cells. This population was replated, expanded, and resorted
for mCitrine+ cells. This process was repeated for a total of three sorts. Genomic DNA
from 4x107 cells before sorting, and after the 15t, 2" and 3" rounds of sorting was purified
using Blood & Cell Culture DNA Midi Kit (Qiagen). The sgRNA sequences were PCR
amplified (26 x100ul reactions) from genomic DNA (~260 pg) using adaptor primers
developed by the Zhang laboratory. The products of the first PCR reactions were
amplified again with Illumina index primers to add barcodes and Illumina adaptors. The

products of this reaction were purified and sequenced on a Novaseq instrument. We
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utilized MAGeCK software (W. Li, Xu, et al., 2014) to analyze the fastq files. A read count

distribution graph was generated using RStudio.

2.5.2. Plasmid constructs and primers

ES-FUCCI (plasmid # 62451 (Sladitschek & Neveu, 2015)) and DHB-mVenus
(plasmid #136461 (Spencer et al., 2013)) were purchased from Addgene. The p27 shRNA
clone TRCN0000287390 in pLKO1 was obtained from the Sigma MISSION shRNA
library. p27 knockdown was tested by qPCR and compared to cells transduced with

a scrambled non-targeting control shRNA (Figure 2-1 - source data 2).

The sgRNAs used in this study are listed in the Key Resources Table (Table 1).
SgRNAs were cloned into lentiCRISPR v2 vector at the BsmBI restriction site using Zhang
lab protocol (Sanjana et al., 2014; Shalem et al., 2014). p100 sgRNAs were cloned into
a modified pLVTHM GFP vector between Clal and Mlul sites or into lentiCRISPR v2

vector.

Deletion of TRAF3 binding motif (amino acids 78-84) from wildtype NIK cDNA was
performed by site-directed mutagenesis. NIK-AT3 cDNA was cloned into the pWPI

mScarlet vector between BamHI and Ascl sites.

2.5.3. Cell culture, lentiviral transductions, transfections and chemicals

EpH4 cells were obtained from Dr. Jurgen Knoblich (Institute of Molecular
Biotechnology, Vienna, Austria). HEK293T, MCF10a, and NIH 3T3 were obtained from

the ATCC. EpH4, NIH 3T3 and HEK293T cells were cultured in DMEM (Gibco)
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supplemented with 10% fetal bovine serum (Atlanta Biologicals), and 1x
penicillin/streptomycin (Life Technologies). MCF10a cells were cultured in DMEM/F12
media (Gibco) supplemented with 5% Horse Serum (Gibco), EGF 20 ng/ml (Sigma),
hydrocortisone 0.5 mg/ml (Sigma), cholera toxin 100 ng/ml (MP Biomedicals), insulin 10
pug/ml (Sigma), and 1x penicillin/streptomycin (Life Technologies). EpH4 cells were
seeded at 100,000 cells/cm? and cultured for 1 or 4 d. MCF10a cells were seeded at
100,000 cells/cm? and cultured for 5 d. Lentiviruses were produced by calcium phosphate
transfection of HEK293T cells with lentivectors and lentiviral packaging vectors psPAX2
and pMD2.G. Lentiviruses were collected and concentrated 48 hrs after transduction,
utilizing Amicon centrifugal filter units. EpH4 and MCF10a cells were transduced by
lentiviruses by shaking cells and viruses in suspension at 400 rpm, 37°C for 1 hr.
Transduced cells were selected by puromycin (CRISPR v2 vectors) or FACS (pWPI
mScarlet, pLVTHM GFP and DHB-mVenus vectors). EpH4 cells used for mixing
experiments were NT pWPI mScarlet, NT pLVTHM GFP, and Traf3 KO1 pWPI mScarlet.

SMAC mimetic BV6 was purchased from ApexBio (B4653).

To develop the EpH4 ES-FUCCI stable cell line we linearized the ES-FUCCI vector
with Asel and transduced cells using Xfect (Clontech) according to the manufacturer’s
protocol. Cells were selected with 300 pg/mL Hygromycin followed by FAC sorting of

mCitrine+ and/or mCherry+ cells.

2.5.4. Flow cytometry analysis

Cells were treated with 3 pg/ml BrdU (Sigma-Aldrich) for 1 hr, then washed in

sterile PBS and trypsinized. Trypsin was blocked with complete medium plus 50 pg/mL
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DNase to reduce clumping of cells. Cells were pelleted, incubated in 5 mM EDTA in PBS
on ice for 10 min and fixed in 4% paraformaldehyde for 15 min at room temperature. BrdU
incorporation was detected after treatment with 2N HCI for 20 min at 37°C, washing with
1.5 M Na2B407, blocking in Western Blocking reagent (Roche) and staining with anti-
BrdU antibodies (1:800, Abcam, ab6326). Cells were analyzed using a Fortessa flow

cytometer and analyzed using FlowJo.

2.5.5. Immunoblotting

Cells were lysed in buffer containing 0.1% Triton-X100, 20mM HEPES (pH 7.4),
50mM NaCl, and 2mM EDTA supplemented with a protease inhibitor cocktail (Roche),
Calyculin A, and PhosStop phosphatase inhibitors (Roche). Cell lysates were briefly
sonicated and centrifuged at 16,100 g for 10 min. After centrifugation, the soluble fraction
was boiled with SDS sample buffer for 5 min. Antibodies used for Western blotting are

listed in the Key Resources Table (Table 1).

2.5.6. Immunofluorescence staining, image acquisition and analysis

Cells were grown on LabTek Il chamber slides (Thermo Scientific) for the indicated times
and fixed with 4% paraformaldehyde at room temperature for 15 min. Cells were
permeabilized with 0.2% Triton X-100, blocked in 1xWestern Blocking Reagent (Roche)
and labeled for IF imaging. Primary antibodies used for IF are listed in the Key Resources
Table (Table 1). Secondary labelling was performed using Alexa Fluor secondary
antibodies (1:500-1:1000, Life Technologies). Samples were mounted using Fluoromount

G (Electron Microscopy Sciences). Laser scanning confocal images were acquired using
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20x/0.75 Plan Apo or 100x/1.40 Plan Apo oil immersion objectives on a Nikon AlR
inverted confocal microscope (Nikon Instruments Inc). Epifluorescence images were
acquired using an EVOS FL inverted microscope (Life Technologies). Fiji software was

used for post-acquisition processing.

Fiji Temporal Color Code function (fire color scale) was used for depth color coding
of cells for visualization of multilayering. To measure the percent of multilayering in KO
cells, we used Fiji software to process confocal image stacks of cells that had been grown
to high density and stained for a nuclear marker. A single slice above the monolayer
(about 8 um above the center of the nuclei in the first layer of cells) was processed using
Gaussian blur and Threshold to create a binary mask. It was analyzed using Measure
particles function to determine the percent of total area that is above the monolayer. Data

were collected for 5 fields of view in 3 biological repeats.

Nuclear/cytoplasmic ratio of YAP was measured using the ImageJ Intensity Ratio
Nuclei CytoplasmTool:

(https://github.com/MontpellierRessourcesimagerie/imagej macros and scripts/wiki/Int

ensity-Ratio-Nuclei-Cytoplasm-Tool).

2.5.7. Real-time gPCR

Total RNA was extracted with TRIzol (Life Technologies). cDNA was reverse
transcribed using the SuperScript Il First-Strand Synthesis System (Invitrogen). gPCR
was performed with triplicate replicates on a BioRad CFX96 Thermocycler and analyzed

using the AACt method. Expression levels were calculated relative to Gapdh. p27 levels
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were assessed using p27 primers. The primers are listed in the Key Resources Table
(Table 1). The enrichment of cells containing sh-p27 after FACS was assessed using
puromycin resistance gene primers, because the Puro cassette was integrated into the

cell genome together with the p27 shRNA.

2.5.8. RNA sequencing

NT, TRAF3 KO1 and TRAF3/p100 double KO EpH4-FUCCI cells were sorted for
non-proliferating cells (mCherry+) by FACS. RNA from NT, TRAF3 KO1 and TRAF3/p100
double KO cells from 2 experimental repeats was isolated using the RNeasy Mini Kit
(Qiagen). RNA quality control was performed using a 2100 Bioanalyzer (Agilent
Technologies). Samples had RNA integrity numbers in the range 8.1-9.3. Sequencing
was performed using the NovaSeq 6000 Sequencing System (lllumina, San Diego, CA).
Data were processed and analyzed with CLC Genomics Workbench and Ingenuity

Pathway Analysis (Qiagen).

2.5.9. Mouse mammary gland organoids

Mammary glands were isolated from 8-week-old C3H mice as described previously
(Pasic et al., 2011). Cells were then briefly treated with 0.25% Trypsin and filtered through
a 40 um strainer. Primary mammary cells were transduced with lentiCRISPR v2 NT
control and Traf3 KO1 and grown for 8 d in 50% Matrigel (Corning) supplemented with
Organoid Growth Medium (DMEM/F12 (Gibco), 5 ng/mL EGF (Sigma), 3 ng/mL mFGF2
(R&D Systems), 1xITS (Millipore Sigma)). Then organoids were then fixed with PFA and

immunostained. All mouse experimental procedures were approved by Vanderbilt
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Institutional Animal Care and Use Committee; IACUC protocol number M1800045, Exp:

04/26/2021.

2.5.10. Statistical analysis

Data were tested for normality by Shapiro-Wilk test and then analyzed by Student’s
t-test, one-way ANOVA, or mixed model two-way ANOVA statistical test using GraphPad
Prism software. When using ANOVA, post hoc analysis was done using Tukey or Dunnett
multiple comparison tests. All statistical analysis was considered significant at p<0.05.
Data presented as SuperPlots (Lord et al., 2020) combine individual measurements
(small dots color-coded for each replicate), mean values for each replicate (large dots

color-coded for each replicate), and mean + std.

2.5.11. Data availability

All data that support the findings of this study are available within the article and
its Supplementary Information, or from the authors upon reasonable request. RNAseq

data have been submitted to the GEO repository (accession number GSE147767).

2.5.12. Acknowledgements

This work was supported by NCI grant R35CA132898 to I.G.M. We would like to
thank members of the Macara lab for their valuable feedback, as well as Christian de
Caestecker, Christian Meyer and Daria Episheva for the help with processing Illumina

data for the CRISPR screen. We also thank Vivian Gama and Edward Levine for sharing

82



antibodies. Flow Cytometry experiments were performed in the VMC Flow Cytometry
Shared Resource; lllumina sequencing and RNA-seq were performed by Vanderbilt
Technologies for Advanced Genomics. These resources are supported by the Vanderbilt
Ingram Cancer Center (P30 CA68485) and the Vanderbilt Digestive Disease Research

Center (DK058404).

83



2.5. Supplementary figures
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Figure 2-1 - Figure supplement 1. Proof of principle experiments for the whole-genome

screen.
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(A) Sorting of EpH4-FUCCI cells by FACS. The number of mCitrine+ cells is increased
by depletion of p27. (B) p27 mRNA level in p27 KD cells relative to scrambled control
cells measured by qPCR. (C) Strategy for proof-of-principle experiments. (D) Enrichment
of sh-p27 after 15t and 2" round of sorting, compared to sh-p27 content before FACS,
measured by gPCR. Histogram shows mean = 1 s.d. (n=3 technical repeats) (E) Imaging
of EpH4-FUCCI cells at 4 DPC before sorting and after different rounds of sorting. (F)
Gating for sorting EpH4-FUCCI cells by FACS. The number of mCitrine+ cells increases

after each round of sorting.
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Figure 2-1 - Figure supplement 2. sgRNA sequence PCR for NGS and sequence

processing.

(A) Schematic of PCR reactions aimed to amplify sgRNA containing fragments from
gDNA (PCR1) and attach Illlumina primers (PCR2) for NGS. (B) The agarose gel with
DNA amplified from gDNA of control samples and samples after different rounds of sorting
(PCR1). (C) An agarose gel with PCR2 products for the 3rd sorting sample with different
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lllumina primer pairs shown as an example of PCR2 reaction products. (D) The number
of lost sgRNA (zero counts) and Gini index in samples before sorting and after different
rounds of sorting. (D’) Total number of reads, number of mapped reads and the fraction
of mapped reads in samples before sorting and after different rounds of sorting. (E), (E’)
RRA score plots for samples after 15t and 2" sorts, respectively. (F), (F’) The list of genes
with FDR below 0.25 and more or equal to three sgRNAs enriched compared to control

after 15t and 2"9 sort, respectively.
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Figure 2-2 - Figure supplement 1. BrdU+ cell cytometry gates and cancer survival based

on Traf3 expression level.

(A) Flow cytometry gating for cells stained for BrdU. (B) Control and KO cells stained by
phalloidin and Hoechst. Top panel shows xz view. (C) Kaplan-Meier plots show overall
survival in all lung and gastric cancer based on Traf3 expression level. Red and black

curves reflect patients with high and low Traf3 expression, respectively.
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Figure 2-3 - Figure supplement 1. Loss of TRAF3 in MCF10a and NIH 3T3 cells causes

over-proliferation.

90



(A) Immunoblotting of NT and TRAF3 KO MCF10a cells for TRAF3. GAPDH was used
as a loading control. (A’) Quantifications of TRAF3 levels based on Western blots (A)
Histogram shows mean + 1 s.d. (n=3). P values were calculated by one-way ANOVA
followed by Dunnett’'s multiple comparisons test. (B) Cytometric analysis of NT control
and TRAF3 KO MCF10a cells stained for BrdU to assess proliferation at 5 DPC.
Histogram shows mean = 1 s.d. (n=3). P values were calculated by one-way ANOVA
followed by Dunnett’s multiple comparisons test. (B’) NT control and TRAF3 KO MCF10a
cells at 5 DPC were treated and stained for BrdU and DAPI as nuclear marker. (C)
Immunoblotting of NT and TRAF3 KO NIH 3T3 cells for TRAF3. actin was used as a
loading control. (C’) Quantifications of TRAF3 levels based on Western blots (C)
Histogram shows mean + 1 s.d. (n=3). P values were calculated by Student t-test. (D)
Cytometric analysis of NT control and TRAF3 KO NIH 3T3 cells stained for BrdU to
assess proliferation at 4 DPC. Histogram shows mean = 1 s.d. (n=3). P values were
calculated by Student t-test. (D’) NT control and TRAF3 KO NIH 3T3 cells at 4 DPC were

treated and stained for BrdU and DAPI as nuclear marker.
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Figure 2-7 - Figure supplement 1. TRAF3 KO cells over-proliferate cell autonomously.

(A) NT and TRAF3 KOL1 cells labeled with GFP or mScarlet were mixed at a 1:1 ratio (NT
GFP + NT mScarlet, NT GFP + TRAF3 KO1 mScarlet), and grown to 4 DPC. Cells were
stained for KI-67 and DAPI. (B) Quantifications of NT GFP cell proliferation in mixture with
NT mScarlet or TRAF3 KO1 mScarlet. Proliferation was measured as percent of KI-67-
positive cells to the total number of NT GFP cells. Data are presented as a SuperPlot

(n=3). P value was calculated by mixed model two-way ANOVA.
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Figure 2-7 - Figure supplement 2. Loss of Traf3 does not affect CKIl levels.

(A) Immunoblotting for p21 in sparse NT cells, dense NT, TRAF3 KO1, NT/p100 KO and
TRAF3/p100 double KO cells. GAPDH was used as a loading control. (B) Western
blotting for p27 and p18 in sparse NT cells, dense NT, TRAF3 KO1, NT/p100 KO and
TRAF3/p100 double KO cells. GAPDH was used as a loading control. (C) Western
blotting for p19 in sparse NT cells, dense NT, TRAF3 KO1, NT/p100 KO and TRAF3/p100
double KO cells. GAPDH was used as a loading control. (A’)-(C’) Quantifications of the
blots (A)-(C). N=4 for blots (A) and (B). N=3 for blot (C) Histograms show mean + 1 s.d.

P values were calculated by one-way ANOVA followed by Dunnett’s multiple comparisons

test.
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Il. CONCLUSIONS

We designed and performed a whole-genome CRISPR KO screen to find novel
regulators of density-dependent proliferation in epithelia. We found a known regulator of
cell density, NF2, that controls cell proliferation via Hippo signaling. We also found novel
regulators of density dependent proliferation — TRAF3 and UBE2M. We confirmed by
individual CRISPR KOs that loss of these candidate proteins indeed caused over-
proliferation at high density. KO cells proliferated normally at lower densities confirming

that hit proteins affect cell proliferation specifically at high density.

We further focused on studying mechanisms of TRAF3 dependent proliferation.
First, we knocked out TRAF3 in other cell lines, human mammary gland MCF10a and
mouse fibroblast cells NIH 3T3, and confirmed that TRAF3 KO over-proliferation
phenotype is not specific to the mouse mammary gland cell line EpH4. These data
demonstrated that TRAF3 KO induces over-proliferation not only in epithelial cells, but
also in cells of mesenchymal origin. Further, we showed that loss of TRAF3 induces
noncanonical NF-kB activation and over-proliferation in primary mammary gland
organoids. This is a very important result showing that phenotype observed in TRAF3

loss is not an artifact observed only in immortalized cell lines.

Next, we found that loss of TRAF3 activates the noncanonical NF-kB pathway but
not canonical NF-kB signaling. We demonstrated that the noncanonical NF-kB pathway
is necessary for the over-proliferation phenotype because loss of a key component, p100

or NIK, restores normal growth control. Importantly, we showed that noncanonical NF-kB
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signaling is sufficient for increased cell division at high density since overexpression of a

nondegradable version of NIK recapitulates over-proliferation phenotype.

We showed by RNAseq that loss of TRAF3 induces the antigen-presentation and
interferon pathways, which can be reversed by pl1l00 KO. Over-proliferation at high
density occurs in a cell autonomous manner and independently of Hippo signaling, which
is the major known density regulator. TRAF3 KO cells override CKI activity, have
increased CYCLIN D1 levels, and do not exit the cell cycle, as shown by increased CDK2

activity and mono-phosphorylation of RB at Ser807/811.

95



IV. UNPUBLISHED DATA AND FUTURE DIRECTIONS

4.1. Considerations for future screens

We performed a whole-genome screen, in which we utilized the GeCKO whole-
genome CRISPR KO library from the Broad Institute (MA). We transduced cells with this
library at an MOI (0.3) such that statistically most cells would acquire either no sgRNAs
or only a single sgRNA. We used a coverage of 150 cells per single sgRNA to prevent
random loss of sgRNAs during the screen. We grew cells to 4 DPC and sorted for cells
that proliferated at high density. Then we regrew cells and sorted them again to further
enrich for candidate genes. We collected data from three sorts and compared them with

control cells (before sort) to find novel regulators of density-dependent proliferation.

If we performed this screen again to find more candidate genes, we would improve
a few things in the screen design. We would use a new generation CRISPR KO Brie
library that is claimed to have a higher KO efficiency and less off-target activity (Doench
et al., 2016). Also, we would not sort the cells three times because the top hits were
already enriched after the first sort and, importantly, after the first sort we selected a small
population of CRISPR KO cells with a limited number of sgRNAs. For this reason,
subsequent sorts did not provide much additional information. Moreover, the repeated
sorts might enrich for false positives that were randomly enriched in the first round. A
better design would be to perform three independent experimental repeats, each sorting
the initial CRISPR KO population. This screen design would allow us to rule out false
positives that could arise in one experimental repeat but not in all of them. On the other

hand, we would find more true hits that are mildly selected in all three repeats, while in
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our single repeat screen we could only rely on hits that were highly enriched compared

to control.

Modifications to the screen might also include sensitizing mutations, for instance
by altering the expression of redundant Hippo regulators; or reversing the assay to try
and identify genes that when deleted result in arrest before the cells reach high density.

However, these approaches all have associated technical difficulties.

A CRISPR KO whole-genome screen is a labor-intensive but extremely powerful
approach if it is thoroughly designed and executed. The screen must be done at a high
scale (150 — 300 cells per sgRNA, total of 20-40 million cells for GeCKO library) with a
freshly transduced cell population (about 7 days after transduction to allow the sgRNAs
to introduce KO) to avoid the loss of sgRNAs. Another key aspect of the screen is a
development of an efficient method to select for candidate genes. Therefore, the selection
method must be verified in proof-of-principle experiments before it is applied for the

screen.

4.2. What mechanisms underlie UBE2M and ROCK2 proliferation control?

We found multiple hits in our whole-genome CRISPR/Cas9 screen for factors
controlling cell density dependent proliferation, including novel factors TRAF3 and
UBE2M. In our study, we focused on TRAF3-dependent mechanisms that restrict over-
proliferation at high density. However, the mechanisms underlying UBE2M density-
dependent proliferation control were not investigated. As mentioned before, UBE2M is a

NEDDS8 conjugation E2 ligase, which neddylates CULLIN-RING E3 ligases and other
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targets to facilitate their activity (Lydeard et al., 2013). Interestingly, the neddylation
pathway was shown to be overactivate in some human cancers. Paradoxically, however,
under stressed conditions, UBE2M promotes ubiquitylation of UBE2F, the degradation of
which can suppress cell proliferation (Zhou et al., 2018). Other recent work suggested
that UBE2M KD reduced proliferation in lung cancer cells by triggering G2 phase cell
cycle arrest. Loss of UBE2M inhibited CULLIN ligases, which in turn led to accumulation
of CULLIN ligase substrates — CKls p21, p27, and WEEL (L. Li et al., 2019). Therefore, it
is unclear why in our screen the deletion of UBEM2 caused over-proliferation instead of
inhibition. It would be of interest to test the impact of UBEM2 loss on UBEZ2F levels and

CK1 levels in mammary epithelial cells.

In addition, we investigated the phenotypes for knock outs of Rock2 (Rho
associated coiled-coil containing protein kinase 2) and/or KIhl29 (Kelch Like Family
Member 29), the hits #2 and #6 from our third round of selection in the screen,
respectively. ROCK2 is a kinase that plays an important role in organization of actin
cytoskeleton and has multiple substrates. One of the classical substrates is myosin light
chain, phosphorylation of which promotes actin contraction (Julian & Olson, 2014).
KLHL29 is a protein with unknown functions. Other members of KLHL protein family are
transcription factors or are involved in ubiquitination (Dhanoa, Cogliati, Satish, Bruford, &

Friedman, 2013).

We observed that ROCK2 KO cells have a trend to over-proliferate at 4 DPC
compared to control (Figure 4-1A). Interestingly, we did not observe overcrowding and/or
multilayering in ROCK2 KO cells at 4 DPC (Figure 4-1B). ROCK2 cells might even have

lower density than control. It is possible that ROCK2 KO cells get extruded and die, such
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that the adherent cells do not reach homeostatic cell density and, as a result, they keep
proliferating. We observed no differences in proliferation for KLHL29 KO cells, which

suggests that it was a false positive hit (Figure 4-1A).
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Figure 4-1. Validation of additional hit genes found in whole-genome screen.

A. Quantifications of percent of KI-67 positive cells in ROCK2 and KLHL29 KO cells. B.

Hoechst stained NT and ROCK2 KO cells, xy and xz projections.
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4.3. What are the mechanisms of multilayering in TRAF3 KO cells?

TRAF3 KO cells over-proliferate and multilayer at high density. We asked what are
the mechanisms that allow TRAF3 KO cells escape the monolayer. One well-established
mechanism of epithelial cell multilayering is perturbation of cell division orientation.
Normally, the epithelial cell mitotic spindle is oriented in the same plane as the epithelial
monolayer. Perturbation of mitotic spindle orientation mechanisms leads to a randomized
directionality of cell division. As a result, one of the daughter cells that divided in the plane
perpendicular to the monolayer will reside above the monolayer and could contribute to

the formation of multiple layers (Zheng et al., 2010).

To test whether TRAF3 KO cells have perturbed directionality of cell proliferation, we
fixed cells at 2 DPC when cells start getting dense. We stained cells for DAPI, Phalloidin,
and PERICENTRIN (centrosomal marker) to clearly see the angle of mitotic spindles in
control and KO cells (Figure 4-2). However, we did not observe any differences between
control and TRAF3 KO cells: both control and KO cell lines divided in the plane of the

monolayer.

Alternatively, TRAF3 KO cells can multilayer because of physical constraints. TRAF3
KO cells do not arrest, and if their numbers exceed the maximal number that can fit in
one plane physical forces might cause extrusion of some of the cells from the monolayer

to relieve mechanical pressure (Saw et al., 2017).
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Figure 4-2. Mitotic spindle orientation in NT control and TRAF3 KO cells.

NT and TRAF3 KO cells were stained for DAPI, PERICENTRIN and Phalloidin. xy and xz

projections are shown.
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4.4. Additional studies are needed to expand our understanding of NF-kB

pathway involvement in density control

We performed extensive studies of the role of NF-kB signaling in density-
dependent proliferation downstream of TRAF3 (Figure 4-3). However, our examination of
the NF-kB literature and experimental work showed the immense complexity of this
pathway. There are a lot of questions that remain to be answered about the role of TRAF3

and NF-kB signaling in density dependent growth control.

We showed by using a clAP inhibitor and TRAF3 CRISPR KO, respectively that
clAP1/2 and TRAF3 are necessary for arresting cell proliferation at high density.
However, overexpression of TRAF3 in TRAF3 KO cells did not rescue the over-
proliferation phenotype (Figure 4-4). We cloned our top hit genes Nf2, Traf3 and Ube2m
in pWPI mScarlet vector and then over-expressed them in NF2 KO, TRAF3 KO and
UBE2M KO cells, respectively (Figure 4-4A-C). As a control we used KO cells transduced
with empty pWPI mScarlet vector. Overexpression of NF2 rescued over-proliferation in
NF2 KO cells. However, overexpression of TRAF3 and UBE2M had no effect on KO cells

(Figure 4-4D).

It is likely that the levels of TRAF3 are critical for the correct cellular outputs
because previous research demonstrated that over-expression of TRAF3 in mice resulted
in the same phenotype as TRAF3 KO in mice (Zapata et al., 2009). To efficiently rescue
the WT phenotype in TRAF3 KO cells we would probably need to express TRAF3 at a

lower dosage, close to endogenous WT levels.
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Figure 4-3. Studies of the role of non-canonical NF-kB pathway in over-proliferation at

high density.

N —an experiment, showing necessity of the protein for the phenotype; S —an experiment,
showing sufficiency of the protein for the phenotype. Experiments that did not work or

showed negative results are shown in bold. Details in text.
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Figure 4-4. Overexpression of hit genes in respective KO cell lines. Overexpression of

p52 in EpH4 cells.

(A)-(C) Western blots of lysates from control, NF2, TRAF3, and UBE2M KO cells, as well
as KO cells overexpressing NF2, TRAF3, or UBE2M. (D) Control, KO, and KO cell lines
overexpressing hit genes were grown to 4 DPC and stained for Hoechst and KI-67. Cells
expressing empty or overexpression vector also express mScarlet. (E) EpH4 (negative

control), EpH4 Cas9-Flag (positive control), and EpH4 p52-Flag cells stained with anti-
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Flag antibody. (F) Cytometric analysis of control and p52-Flag expressing cells grown to

4 DPC and stained for BrdU. n=2.

106



We also showed the necessity of NIK and p100 for over-expression phenotype in
TRAF3 KO cells. Importantly, we demonstrated that over-expression of non-degradable
NIK is sufficient to recapitulate over-proliferation phenotype observed in TRAF3 KO cells.
However, attempts to over-express p52 (p52 cFlag pcDNA3, Addgene plasmid # 20019)
showed no over-proliferation phenotype although p52 was successfully expressed in
EpH4 cells as shown by Flag staining of p52-Flag cells (Figure 4-4). REL proteins can
form different dimers that can act as transcriptional activators and repressors. p52-p52
dimers were shown to have transcriptional repressor function (T. Li et al., 2010; V. Y.
Wang et al., 2012). In addition, p100 is still present in p52-expressing cell line. It is known
that p100 suppresses non-canonical NF-kB pathway by sequestering RELB in the
cytoplasm (Novack, 2011; Solan, Miyoshi, Carmona, Bren, & Paya, 2002). Therefore, to
successfully force constitutive activation of non-canonical NF-kB signaling we would need
to KO p100 and express p52 in a dose-controlled way. The simpler solution was to
overexpress NIK, which we successfully did by cloning and expressing the mutant NIK

lacking its TRAF3 binding domain to allow NIK to escape degradation.

Another standing question is under what physiological conditions TRAF3 is degraded.
We performed preliminary testing of two ligands that might induce TRAF3 degradation —
HMGB1 and Lymphotoxin-B (LT-B). Unfortunately, we observed no activation of
noncanonical NF-kB signaling when we treated cells with either of these ligands (not
shown). Other PAMPs, DAMPs, and TNFRs should be tested to shed light on the

upstream signals that induce cell over-proliferation at high density.
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4.5. Further studies are needed to understand the role of genes upregulated by
TRAF3 loss

We studied the downstream effects of TRAF3 loss. We found that TRAF3 deletion
prevents cells from entering GO. We also showed that it happens cell autonomously, and
independently of the Hippo pathway and CKIs. We also performed RNAseq analysis to
identify which genes are changed upon TRAF3 loss, and expression of which of them can
be reversed by p100 KO. However, we did not identify any target genes that are clearly
associated with cell cycle regulation. Additionally, we found that expression of some
genes activated in TRAF3 KO cells was not rescued by p100 KO. Most likely this result
is a consequence of activation by TRAF3 of other pathways besides noncanonical NF-kB
signaling (discussed in Introduction chapter). If we performed RNAseq on EpH4 cells
expressing non-degradable mutant of NIK, we would get a gene signature that is more

specific for noncanonical NF-kB pathway activation.

RNAseq data revealed that the interferon pathway is induced in TRAF3 KO cells.
This pathway is known to trigger cell death (Apelbaum et al., 2013). Indeed, during
culturing of TRAF3 KO cells we observed that they have increased cell death compared
to control. We immunostained cells with an apoptotic marker CASPASE 3 and found that
TRAF3 KO cells have increased number of CASPASE 3 positive cells compared to
control (Figure 4-5). Thus, both cell proliferation and increased cell death are observed in
TRAF3 KO cells. Proliferation overbalances cell death since we observe increased cell
density (i.e. number of cells) in TRAF3 KO cells compared to control cells. It would be
interesting to investigate what is the physiological role of inducing both proliferation and
death simultaneously in the same cell.
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Figure 4-5. Comparing the number of apoptotic cells in NT control and TRAF3 KO cells.

CASPASE 3

NT and TRAF3 KO cells were grown to 4 DPC, fixed and stained for Hoechst and

CASPASE 3.
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4.6. The role of TRAF3 in epithelial density control in vivo

It would be an important and intriguing project to study whether loss of TRAF3 in
epithelial cells in vivo also induces over-proliferation. Studies of whole body TRAF3 KO
mice did not report epithelial defects. However, these studies focused on blood cell
development and functions therefore epithelial cells were not tested. In addition, TRAF3
KO mice died within 10 days after birth (Xu, Cheng, & Baltimore, 1996). It is possible that
longer time is needed to observe benign or malignant growth in epithelial TRAF3 KO cells.
To prevent mouse early death, researchers used conditional TRAF3 KO in myeloid cells,
however, to our knowledge, no epithelial-specific TRAF3 KO mice were developed. It
would be interesting to knock out TRAF3 in skin or mammary gland and test whether they

would have increased proliferation.

A quicker approach to test TRAF3 KO phenotype in vivo is to perform mammary
gland transplantation assay (Figure 4-6). For this assay, we would transduce freshly
isolated primary mouse mammary gland cells with NT control vector or TRAF3 sgRNA
vector. After a few days, we would stain a part of the cells with RELB to confirm TRAF3
KO. Our organoid data showed that, similar to EpH4 cell line, primary mammary gland
cells have cytoplasmic RELB, but it translocates to the nucleus upon TRAF3 KO. Then
we would transplant cells to cleared fat pads of donor mice. After mammary glands regrow
for 6 weeks, we would isolate mammary glands and stain them for Carmine Alum to
examine overall mammary gland morphology. TRAF3 KO glands might have thickened

or excessive branches or disorganized growth of mammary gland cells.
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Figure 4-6. The schematic of mammary gland transplantation assay to test the phenotype

of TRAF3 KO mammary glands.

Details in text.
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We would also stain mammary glands for proliferation marker phospho-HISTONE
3 (pH3), as well as KERATIN 8 and 14 (K8 and K14, luminal and myoepithelial markers,
respectively) to test for changes in lineage specification and/or morphology, such as

ductal overgrowth or lumen filling.

We performed a preliminary mammary gland transplantation assay using C3H
mouse line since it was empirically shown to have an efficient mammary gland outgrowth.
However, we observed poor outgrowth in our experiment, especially in mammary fat pads
injected with TRAF3 KO cells. It is possible that TRAF3 KO cells survive worse that NT
control cells because TRAF3 KO cells have activated immune pathways and get
eliminated by the mouse immune system. If we reproducibly observe that control cells
regrow a mammary gland, but TRAF3 KO cells fail to do so, we will perform this
experiment in NSG (NOD scid gamma) mice that lack both the innate and adaptive
immunity response. We expect to see that TRAF3 KO cells will not be eliminated in NSG
mice, and we will be able to compare mammary gland morphology and proliferation rate

in control and TRAF3 KO glands.

Besides experimental KO of TRAF3, it would be extremely interesting to study
what kind of infections and/or damage of epithelial cells would result in TRAF3 loss and
whether it would lead to increased cell division. There were a few studies showing
activation of noncanonical NF-kB signaling pathway with subsequent overgrowth of
epithelial cells in H. pylori stomach infection, as well as otitis infection (Cho et al., 2016;
Feige et al., 2018). It would be interesting to test if infections of mammary gland would
induce TRAF3 loss and subsequent prevention of exiting cell cycle. It is also not clear

what is a physiological role of over-proliferation in damaged tissues. Further studies are
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needed to better understand the role of TRAF3 and its downstream targets in epithelial

cells in vivo.

4.7. Concluding remarks

We developed a novel approach to screen for proteins controlling cell density
dependent proliferation. We found novel regulators of density control, TRAF3 and
UBE2M. We studied the mechanisms of TRAF3 dependent proliferation and found that
loss of TRAF3 induces activation of noncanonical NF-kB signaling pathway, which in turn
triggers an innate immune response, overrides Hippo signaling and CKls, and cell
autonomously prevents cells at high density from entering quiescence. More studies both
in vitro and in vivo are needed to better understand the molecular pathways activated by

the loss of TRAF3 protein.
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