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Abstract

Cancer is a disease of normal healthy cells that have accumulated genetic
aberrations that contribute to uncontrolled cell divisions. Generally, cancer cells
have acquired gain of function mutations in oncogenes that positively promote
cell proliferation and growth. Simultaneously, mutations in tumor suppressor
genes are frequently detected, allowing cells to evade cell cycle checkpoints,
resulting in the inhibition of cell death signals. Therefore, identifying genetic
abnormalities that promote tumor initiation and progression is imperative in the
development of targeted therapeutics. This thesis focuses on the role of
Argonaute-2 in promoting cellular transformation in mouse model systems,
highlighting novel oncogenic functions associated with AGO2 overexpression. In
short, we have determined that AGO2 overexpression promotes metastasis in an
autochthonous mouse model of non-small cell lung cancer while elevated AGO2
levels in B cells contribute to the initiation and maintenance of activated B cell-
like diffuse large B cell ymphoma (ABC-like DLBCL), both in the context of

KRAS activation and Tp53 deletion.
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Introduction
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In the following introduction, | will summarize our current understanding of the
function of the family of mammalian Argonaute proteins as it relates to microRNA
activity. Furthermore, | will describe the involvement of AGO2 in tumorigenesis
via both microRNA dependent and independent processes. This will build a
framework for understanding how the interaction between AGO2 and KRAS may
enhance pro-survival signals to promote cellular transformation and highlight the

dynamic role of AGO2 in cancer.

Discovery of Argonaute proteins

Argonaute (AGO) proteins are evolutionarily conserved and play a key
role in various RNA silencing pathways. These proteins can be found in a diverse
spectrum of species, including plants, fungi, yeast, flies and mammals. Though
highly conserved, gene duplications during evolution has been responsible for
high degrees of variability in terms of Ago homologs detected amongst species,
ranging from 1 Ago gene in fission yeast (Schizosaccharomyces pombe) to 27 in
the nematode worm (Caenorhabditis elegans) (Héck and Meister, 2008). Many of
these Argonaute genes have gained specialized functions associated with RNA
silencing, such as heterochromatin silencing, post-transcriptional silencing and
translational repression (Yigit et al., 2006; Hutvagner et al., 2008). Furthermore,
these Argonaute proteins can be phylogenetically divided into two subclasses,
Ago and Piwi, where the Piwi clade is restricted to germline (Carmell MA, 2002;

Peters and Meister, 2007).
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AGO proteins were initially discovered through genetic studies in
Arabidopsis Thaliana, where mutants were screened to identify genes that
affected the premature development of adult leaf traits (Hunter C, 2003). Prior to
this study, it was established that short non-coding RNAs were transcribed and
participated in antisense RNA-RNA interactions to facilitate post-transcriptional
gene silencing. The Ambros and Ruvkun groups found that these short 21-
nucleotide RNAs, later coined as microRNAs (miRNA), were important in
regulating gene expression of developmental genes in C. elegans, such as lin-
14, to facilitate proper transition from larval to adult stages by 3’'UTR dependent
MRNA repression (Lee RC, 1993; Reinhart et al., 2000).

Further studies of miRNA activity revealed that it is loaded into AGO,
which is part of a ribonucleoprotein protein complex now known as RNA-induced
silencing complex (RISC), that directs gene silencing dependent on the degree of
complimentary sequence between miRNAs and their target mRNAs (Hutvagner
and Zamore, 2002). Together, the discovery of AGO proteins and miRNAs
revealed a novel mechanism of fine-tuning gene expression programs important
for many cellular processes, including differentiation, that was more of a general

phenomenon than initially appreciated.

Structure of Argonaute proteins

AGO proteins are one of the essential components of RISC, where they
function to mediate gene silencing through either mMRNA decay and/or

translational repression (Bartel DP, 2009; Ghildiyal and Zamore, 2009). In the
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canonical RNA interference (RNAI) pathway, small RNA duplexes are processed
from longer RNA transcripts where they are loaded into AGO that is held in an
open conformation by heat shock protein 90 (HSP90) -mediated ATP hydrolysis.
Once single-stranded RNA (ssRNA) is loaded into AGO, HSP90 and other co-
chaperones leave RISC, resulting in a closed AGO conformation that is activated
for target repression (Meister G, 2013).

In the mammalian system, there are four Argonaute proteins in the Ago
clade. These 99 kDa proteins contain four distinct domains: N-terminal, MID,
PAZ, and PIWI domains (Sasaki T, 2003; Jinek M, 2009). They generally function
sequentially to guide small RNAs to their targets to promote RNA silencing.

The Joshua-Tor group was the first to crystallize the AGO protein from
Pyrococcus furiosus (Song J, 2004). This revealed a bilobal architecture where
the N-terminal and PAZ domain are linked to the MID and PIWI domains. Within
the PAZ domain, there are conserved aromatic residues that are known to bind
to 2nt 3’ overhang of small RNAs. The 5’ end of guide RNAs was later
discovered to bind to the MID domain through stacking interactions with a
conserved tyrosine residue in addition to an extensive hydrogen bond network
(Miyoshi T, 2016).

The tertiary fold of the PIWI domain resembles the structure of the RNase
H enzyme. However, of the four mammalian AGO proteins, only AGO2 exhibits
endonuclease activity. AGO2 contains the catalytic tetrad DEDX, where X is
usually an aspartic acid or histidine, that is responsible for target mMRNA

cleavage, referred to as “slicing” (Swarts et al. 2014). Intriguingly, restoration of
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this DEDX tetrad in other AGO proteins is not sufficient to induce slicing activity.
Recent studies suggests that the structural components of both the N-terminal
and PIWI domains contribute to slicing activity, as replacing the AGO1 N-terminal
domain with the AGO2 N-terminal domain activated AGO1 endonuclease activity

(Faehnle CR, 2013; Hauptmann J, 2014).

Role of Argonaute protein in microRNA processing and activity

A large percentage of genes in the human genome code for functional
proteins, referred to as protein-coding genes (Lander E, 2011). However, a
fraction of the genome contains ribosomal RNA genes and regulatory elements,
such as promoters and enhancers (Kobayashi T, 2011; Kellis et al., 2014).
However, in the last decade, we have come to appreciate that a significant
fraction of the genome code for functional RNAs that are not translated into
protein, termed non-coding RNAs (ncRNA). This class of RNAs includes long
non-coding RNAs (IncRNAs) and miRNAs (Cech and Steitz, 2014).

Well over 2,000 miRNAs have been identified in the human genome that
may contribute to coordinating gene expression programs to regulate numerous
biological processes (Griffiths-Jones S, 2008). Over 60% of the protein-coding
genes of the human genome contain at least one predicted miRNA binding site
(Friedman RC, 2009). The biogenesis of miRNAs is a multistep process, where
multiple enzymes work sequentially to process long miRNA precursor transcripts
into a mature ~22nt guide RNA. These mature miRNAs are loaded into

Argonaute, the most downstream component of the RNAIi pathway, to activate

14



target gene silencing via mMRNA degradation and/or translational repression (Ha
and Kim, 2014).

In the canonical miRNA biogenesis pathway, miRNAs are typically
transcribed by RNA Polymerase |l (RNAP II) from various regions of the genome,
including intergenic/intragenic regions and polycistronic clusters (Saini HK, 2007;
Axtell MJ, 2011). These small RNAs (sRNA) are initially transcribed into primary
miRNAs (pri-miRNA), where they are 3’ poly-adenylated and 5’ capped, similar to
protein-coding genes. The pri-miRNAs are able to fold upon itself due to
extensive complementary sequences that results in a long hairpin structure.
These hairpins are processed by the nuclear “microprocessor” complex,
minimally composed of DROSHA, an RNase lll enzyme, and DGCR8, an RNA-
binding protein that guides Drosha-mediated cleavage, into shorter hairpin
structures (pre-miRNAs) that are ~70 nucleotides in length (Denli AM, 2004; Kim
VN, 2009).

The pre-miRNAs contain a 5’ phosphate and ‘3 2nt overhang as a result of
DROSHA-mediated cleavage (Han et al., 2006). This hairpin structure is
recognized and exported out of the nucleus by Exportin-5 and RanGTP (Melo et
al., 2010). Once exported to the cytoplasm, DICER, another RNase Il enzyme,
further processes these pre-miRNAs into sSRNA duplexes that are ~22nt in length
(Hutvagner et al., 2001). TRBP, an RNA-binding protein, interacts with DICER to
accurately select the strand that will get preferentially loaded into activated
Argonaute, known as the guide strand. The preferential strand selection is based

off of thermodynamic stability and 5’ end structure of the sRNA duplex (Gu et al.
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Nucleus

Cytoplasm

Dicer miRNA
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Figure 1: Canonical microRNA biogenesis pathway. Pri-microRNA transcripts
are transcribed by RNAP Il and are initially processed by Drosha and DGCRS to
produce a ~70nt hairpin structure with a 2nt 3’ overhang. This hairpin in exported
out of the nucleus by Exportin 5 and is further processed by Dicer to produce a
22nt miRNA duplex, where 1 strand is preferentially loaded into Argonaute to

repress target expression.
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2001) (Figure 1). Though the mechanism of sSRNA unwinding in RISC is still not
fully understood, it has been demonstrated that the N-terminal domain of AGO1
and AGO2 display helicase-like activity to facilitate dissociation of the sRNA
duplex. This occurs through a conformational change that is induced in the
structure of Ago upon transfer of the sRNA duplex, where the N-terminal domain
“‘wedges” between the 2 sRNA strands to initiate unwinding (Wang et al., 2009;
Kwak and Tomari, 2012).

Once the guide strand is loaded into an Argonaute protein, the passenger
strand (miIRNA*) is released for C3PO-mediated degradation and the
ribonucleoprotein complex is activated to silence target mRNA transcripts (Liu et
al., 2009; Ha and Kim, 2014). Nucleotide positions 2-7, known as the “seed
region” of the mature miRNA, forms a helical structure between the MID and PAZ
domains of Argonaute proteins that allows for efficient scanning of target sites,
which are located primarily at the 3’ untranslated region (UTR) of cellular mRNAs
(Swarts et al., 2014). Notably, perfect pairing between the miRNA seed region
and target site is necessary to promote miRNA binding and activity (Friedman
RC, 2009).

The degree of complementation between the mature miRNA and target
sites determines the mode of RNA silencing. Perfect pairing results in AGO2-
mediated endonucleolytic cleavage of the mRNA transcript, which is dependent
on the Mg?* cofactor, while translational repression is favored from imperfect
pairing (Schwarz DS, 2004; Pasquinelli AE, 2012). Translational repression is

initiated by recruitment of the GW182/TNRC6 proteins to the tryptophan-binding

17



pockets of AGO. This interaction results in the recruitment of the CCR4-NOT
deadenylase complex that destabilizes the mRNA transcript via deadenylation.
The mRNA is immediately decapped by DCP2 and is subjected to 5’ to 3’
degradation by the XRN1 exonuclease (Rehwinkel J, 2005; Jonas S, 2015).

In an alternative model, there is evidence that AGO competes with elF4E,
a translation initiation factor, to repress translation. AGO contains sequence
homology to the 5’ cap binding sequence of elF4E and competition between
AGO and elF4E to bind to the m’G cap structure results in inhibition of ribosome
recruitment to initiate translation (Kiriakidou et al., 2007). It's currently unclear
how significant the contributions of dislodging elF4E binding is in the context of
MRNA destabilization and how it is coupled to GW182-mediated recruitment of

MRNA destabilization complexes.

Regulation of Argonaute proteins

Our current understanding of Argonaute regulation involves AGO2 post-
translational modifications and miRNA-dependent stability. The stability of AGO2
is largely dependent on hydroxylation of proline 700 by type | collagen prolyl-4-
hydroxylase (C-P4H). The physical interaction between AGO2 and C-P4H was
confirmed through mass spectrometry analysis. Missense mutations at proline
700 of AGO2 or genetic ablation of C-P4H in human U20S cells resulted in
reduced AGO2 stability and impaired RISC activity (Qi et al., 2008)

Furthermore, AGO2 turnover has been linked to LIN-41, a heterochronic

gene associated with translational regulation in mammals and C. elegans
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(Worringer et al., 2014). LIN-41 was demonstrated to function as an E3 ubiquitin
ligase and colocalized with AGO2 to P-bodies. In vitro studies revealed LIN-41
mediated ubiquitylation of AGO2 in embryonic stem cells (ESCs), which resulted
in AGO2 instability. This was confirmed by ectopic expression of LIN-41, which
reduced endogenous AGO2 expression, while AGO2 upregulation was detected
in LIN-41 loss-of-function mutants. Consequently, miRNA activity was
suppressed upon LIN-41 overexpression (Rybak et al., 2009).

MAPK signaling has also been implicated in the regulation of AGO2
function. Phosphorylation of AGO2 at serine 387 is associated with P-bodies
localization under normal cellular conditions. Upon activation of p38 MAPK with
either sodium arsenite or anisomycin, phosphorylation of S387-AGO2 was
significantly induced. However, inhibition of p38 MAPK reduced AGO2
localization to P-bodies and disrupted RISC activity (Zeng Y, 2008). Additionally,
stimulation of the EGFR/MAPK signaling pathway was demonstrated to elevate
total AGO2 levels in breast cancer cells. In this system, treatment with siEGFR or
the U1026 MEK inhibitor significantly reduced AGO2 expression (Adams BD,
2009). Although not tested, this suggests that MAPK mediates phosphorylation of
S387-AG02, resulting in AGO2 P-bodies localization, rationalizing increased
AGO?2 stability in MAPK activated transformed cells.

Finally, as Argonaute proteins are essential in promoting miRNA activity, it
is not surprising that the stability of AGO and miRNAs are interdependent. The
half-life of miRNAs was measured in conditions inhibiting transcription, such as

treatment with Actinomycin D, using AGO2 depleted cells and compared to wild
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type cells. As expected, the half-life was significantly reduced in AGO2 depleted
cells but was stabilized upon AGO2 reconstitution (Winter and Diederichs, 2011).
Conversely, depleting mature miRNAs in DICER knockout cells destabilized
AGO2 expression (Zamudio JR, 2014). Ectopic expression of miR-451, which
matures in a DICER-independent mechanism, rescued AGO?2 stability, which
was not detected using DICER-dependent miRNAs, such as miR-155. This
interdependent relationship is not exclusive to AGO2. Using mammalian and
drosophila systems, knocking oth miRNA biogenesis factors, including DICER,
results in reduced AGO1 expression as well. Ectopic expression of DICER-
dependent miRNAs was demonstrated to rescue AGO1 stability (Smibert P,

2013).

Differences among Argonautes

All mammalian Argonautes are well conserved and have diverged from a
single common ancestral gene (Valdmanis et al., 2011). Though these four AGO
orthologues are thought to share redundant functions, there are distinct features
of AGO2 that are unique from other AGO proteins. At the genetic level, AGO1,
AGO3, and AGO4 are arranged in tandem on chromosome 1 in humans while
AGO?2 is located on chromosome 8. In mice, there’s a similar arrangement where
AGO1, AGO3, and AGO3 are in tandem on chromosome 4 while AGO2 is on
chromosome 15.

There is a high degree of sequence conservation amongst the Argonaute

proteins at both the nucleic acid and amino acid level, but the subtle differences
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contribute largely to their differences in function and expression (Swarts et al.,
2014). For example, AGO1 and AGO2 are highly expressed in most mammalian
tissue and exhibit no tissue specificity associated with their expression pattern.
Conversely, AGO3 and AGO4 are expressed at significantly lower levels than
AGO1 and AGO2 at the mRNA level. Furthermore, AGO4 expression appears to
be restricted to germline, suggesting that there are differences in mature miRNA
affinity for this particular ortholog that regulate meiosis (Modzelewski AJ, 2012).
Important to note is that the study of individual AGO proteins using biochemical
techniques has been a challenge, largely owing to the high degree of
conservation at the protein level. This has resulted in limited commercially
available antibodies with high specificity to individual AGO proteins.

All AGO proteins are able to bind mature miRNAs with partial
complimentary sequences to their targets to initiate translational repression.
However, there’s a higher affinity for mature sRNAs with perfect complimentary
sequences to their target binding site associated with AGO2 (Meister et al.,
2004). As previously alluded, only AGO2 possesses endonuclease activity that
can cleave target mMRNAs from perfect pairing between small RNAs and their
target binding site. Additionally, there are miRNAs that are processed
independent of DICER and are reliant on AGO2 catalysis for processing. The
best characterized of this limited subset is miR-451, which is involved in
erythropoiesis. Once exported out of the nucleus, the miR-451 pre-miRNA
hairpin structure is loaded into AGO2 and is processed into a 22nt duplex to

activate RISC activity (Cheloufi S, 2010; Frohn et al., 2012).
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Localization of AGO2

Argonaute proteins have been well characterized for their cytoplasmic
functions in promoting the activity of miRNAs processed from the canonical
pathway. Phosphorylation of AGO2 at serine-387 affects its subcellular
localization to processing bodies (P-bodies), which are distinct foci associated
with mRNA turnover. Here, other RISC factors, such as GW182 and decapping
enzymes, are concentrated to facilitate miRNA-mediated target repression
(Parker and Sheth, 2007; Zeng Y, 2008). Moreover, phosphorylation of the highly
conserved tyrosine residue Y529 is strongly associated with P-bodies localization
as well. It has been demonstrated that mutating this residue to inhibit
phosphorylation results in a diffused cytoplasmic AGO expression pattern (Rudel
et al., 2010).

In plants, it is well established that AGO proteins promote cytoplasmic
RISC activity but a subset are also shuttled into the nucleus to engage in
transcriptional silencing (Meister G, 2013). For example, heterochromatic siRNAs
are loaded into cytoplasmic AGO4 prior to nuclear localization, where it engages
in epigenetic silencing via RNA-directed DNA methylation (Ye et al., 2012;
Schraivogel ad Meister, 2014). Nuclear AGO localization has also been
characterized in other eukaryotic organisms, such as flies and worms, but there
has been considerable debate about the nuclear presence and function of AGO
proteins in mammalian cells.

The Ul-Tei group was one of the first to detect the nuclear shuttling of

AGO proteins in human cells (Nishi K, 2013). In this study, they found that the
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human GW182 paralog, TNRC6A, has both a nuclear export signal (NES) in
addition to a nuclear localization signal (NLS). Through its cytoplasmic interaction
with AGO proteins, TNRCG6A facilitates shuttling of sSRNA-bound AGO to the
nucleus where it exhibits gene silencing activity. In subsequent studies using
HelLa cells, many other RNAi-associated factors were also found in the nucleus
through immunofluorescence microscopy and subcellular fractionation assays.
These factors, in addition to AGO2 and GW182, included DICER and TRBP.
Size exclusion chromatography and coimmunoprecipitation (colP) from nuclear
extracts confirmed that these nuclear RNAI factors form a RISC-like complex and
have been demonstrated to silence nuclear RNA transcripts. Moreover, nuclear
AGO2 appeared to be deficient in the loading of small RNA duplexes, consistent
with prior observations of cytoplasmic sSRNA loading. There are also RNAI-
associated factors that were not detected in the nuclear extracts, such as
HSP90, a chaperone that assists in loading of sSRNA duplexes into RISC. This
suggests that, in general, RISC factors that are associated with sSRNA loading
into AGO are restricted to the cytoplasmic space but the minimal components
necessary to activate RISC activity are present in both the nucleus and
cytoplasm (Gagnon KT, 2014).

Recently, AGO2 association with various intracellular organelles, such as
the mitochondria and endoplasmic reticulum membrane, has been detected in
human cells. Localization to these organelles has revealed novel AGOZ2 functions
that are currently not well characte\rized. In the mitochondria, an increase in

mitochondrial protein synthesis was evident during muscle cell differentiation.
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Here, a significant increase in miR-1 and AGO2 can be detected in the
mitochondria during myogenesis. Surprisingly, miR-1 and AGO2 stimulate, as
opposed to repress, translation of mitochondrial transcripts using a mechanism
that is not well understood. The lack of mitochondrial GW182 and differences in
the structure of mitochondrial RNA transcripts may provide insights into the
positive, rather than repressive, function of AGO2 in mitochondrial translation
(Zhang et al., 2014). Additionally, the interaction between AGO2 and oncogenic
factors at the endoplasmic reticulum membrane has been detected in various
human cancer cells (Shankar et al., 2016). This study demonstrated novel
oncogenic AGO2 functions that are still mechanistically unclear and requires
further investigation to characterize the role of AGO2 in malignant cells, which

will be discussed in subsequent sections.

AGO2 and microRNAs in cancer

Initial implications of AGO2 promoting tumor progression were in studies
of colon cancer in addition to head and neck squamous cell carcinoma (HNSCC)
in 2010 (Li L, 2010; Chang SS, 2010). In the study of colon cancer, AGO2 was
found to be upregulated in advanced colon tumors compared to adjacent normal
tissue. Here, a positive correlation between AGO2 expression and metastasis
was detected from immunophenotypic profiling of human tissue. In a separate
study, AGO2 DNA amplification and overexpression were detected from human
HNSCC tissue samples using comparative genomic hybridization (CGH) arrays

and mRNA microarrays, respectively. AGO2 was identified to have a functional
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role in the proliferation of HNSCC cell lines, demonstrated by siRNA-mediated
knockdown of AGO2, resulting in reduced proliferation rates of the cell lines
used. It is unclear from these studies whether modulations in miRNA activity, as
a consequence of AGO2 knockdown or overexpression, is the cause of
increased aggressiveness in these cancer types.

The mechanism of AGO2 promoting metastasis was further explored from
the Han group, where AGO2 overexpression was detected from tumors derived
from hepatocellular carcinoma (HCC) patients (Cheng N, 2013). From in vitro
assays, HCC cell lines exhibited increased cellular proliferation and colony
formation as a consequence of ectopic AGO2 expression. Interestingly, although
knockdown of AGO2 suppressed colony formation, there was no effect detected
with knockdown of DICER. This suggests a miRNA-independent role of AGO2 in
the progression of HCC.

Furthermore, transplantation of AGO2 overexpressed HCC cell lines
through subcutaneous and tail-vein injections in immunocompromised mice
resulted in increased tumor mass and metastases, respectively. Consistent with
this, chromatin immunoprecipitation (ChlP) revealed AGO2 was bound to the
promoter of focal adhesion kinase (FAK), a cytosolic protein involved in
promoting cell motility and metastasis. Here, AGO2 occupancy positively
correlated with an increase in FAK transcription. This was the first identified
mechanism that directly linked a miRNA-independent functional role of AGO2 in

promoting tumor progression.
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As perturbations in AGO2 expression affects pathological conditions, it is
reasonable to hypothesize that as a consequence miRNA maturation and activity
would be affected. To date, the function of many miRNAs have been well
characterized with respect to their role in development and cellular processes,
such as proliferation and differentiation. A large subset of these miRNAs are
dsyregulated in cancer, where there’s a selective pressure to promote activity of
oncogenic miRNAs and suppress those that stimulate cell cycle arrest and
apoptosis, such as the let-7 family of miRNAs (Hayes J, 2014).

In an early miRNA profiling study of a large subset of human cancers
using a bead-based flow cytometric approach, the expression of 217 miRNAs
were characterized from tumor tissue and compared to normal tissue (Lu et al.,
2015). There were two major revelations from this study. First, hierarchical
clustering of miRNA expression from all samples revealed that samples were
arranged in a very ordered fashion, where samples were grouped based off of
their developmental lineage. As an example, samples derived from colon, liver,
pancreas and stomach cancers clustered together, which were tissues of
embryonic endoderm origin. Second, in comparisons between miRNA expression
from tumor and normal tissues, it was evident that a general down-regulation of
miRNA expression was detected from tumor tissues compared to their normal
counterpart. Although this analysis suggests that miRNA downregulation is
common to most cancers, characterization of global miRNA levels must be

conducted in a diverse array of cancers to confirm this theory.
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Contrary to this study, miRNA expression was profiled from multiple
myeloma (MM) patients using whole genome microarray technology and
revealed a global increase in miRNA expression when compared to samples
derived from healthy patients (Zhou et al., 2010). As MM is a malignancy of
atypical plasma cells, this study isolated plasma cells from healthy and MM
patients based on CD138 expression, a plasma cell-specific marker, for
subsequent experiments. In addition to elevated miRNA levels, AGO2
overexpression was also detected from tumor cells, which was driven by gains in
AGO2 DNA copy number. Knockdown of AGO2 expression in MM cell lines
using shRNAs resulted in loss of cell viability and increased apoptosis. Moreover,
knockdown of DICER similarly resulted in a decrease in cell viability, suggesting
that these tumor cells with elevated AGO2 expression are sensitive to loss of
miRNA activity.

Recently, post-translational modifications of AGO2 was correlated with
increased metastasis and poor overall survival in breast cancer patients (Shen et
al., 2013). This was mediated through epidermal growth factor receptor (EGFR),
an oncogene involved in activating signaling cascades associated with cell
growth and proliferation. EGFR is frequently misregulated in breast cancer
patients, in addition to many other cancer types, where its increased activity can
result from gene ampilifications, oncogenic mutations or increased transcriptional
activity (Sharma SV, 2007). Intriguingly, EGFR is commonly upregulated in
hypoxic conditions, where it facilitates activation of hypoxia-inducible factors

(HIF) to promote angiogenesis (Salomon DS, 1995; Franovic et al., 2007).
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The Hung group detected an increase in endocytosis of EGFR into late
endosomal vesicles concentrated in the poorly vascularized core of malignant
breast tumors. This resulted in EGFR-mediated phosphorylation of tyrosine
residue Y393 of AGO2 prior to lysosomal degradation. This accumulation of p-
Y393-AGO2 resulted in reduced DICER-AGO?2 interaction. As a consequence,
long-loop structured precursor miRNAs, frequently associated with tumor
suppressive properties, are not processed into mature miRNAs, contributing to
the aggressive nature of this malignancy.

The phosphorylation of Y393-AGO2 has also been positively correlated
with oncogenic RAS-induced oxidative stress (Yang et al., 2014). In this context,
Protein tyrosine phosphatase 1B (PTP1B) was found to regulate the
dephosphorylation of Y383-AGO2, but PTP1B inactivation via H-Ras-induced
oxidation led to accumulation of p-Y393-AGO2 and reduced AGO2-DICER
interaction, consistent with previous studies. Although untested, it is likely that
through HIF repression of PTP 1B transcription, there is loss of p-Y393-AGO2
regulation as a result of EGFR upregulation (Suwaki et al., 2011).

Consistent with these findings, AGO2 was previous identified as an
essential factor during angiogenesis where it upregulates and stabilizes the
expression of pro-angiogenic miRNAs, such as the miR-17/92 cluster of miRNAs,
which are often overexpressed in a variety of cancer types to suppress apoptosis
(Concepcion CP, 2012; Wu et al., 2014). Overexpressing AGO2 in human
umbilical vein endothelial cells resulted in increased cell migration and tube

formation in vitro. Furthermore, overexpressing AGO2 in multiple myeloma cell
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lines in vivo accelerated blood vessel formation through stabilization of the pro-
angiogenic let-7 family members and miR-17/92 miRNAs while downregulating
miR-145, a tumor suppressor miRNA. As angiogenesis is a hallmark of tumor
progression, it is conceivable that AGO2 upregulation could enhance tumor
progression in various tumor models.

Together, these findings suggest that the consequences of AGO2
overexpression in transformed cells are diverse, which may reflect the

mechanism of cellular transformation unique to each cancer type.

Relationship between AGO2 and KRAS

Recent investigation into the protein interactome of RAS-driven cancers
revealed a surprising recurrent KRAS interacting protein, AGO2 (Shankar et al.,
2016). In this study, the Chinnaiyan group utilized various human pancreatic and
lung cancer cell lines to immunoprecipitate RAS, followed by mass spectrometry
analysis. This demonstrated that unique AGO2 peptides were detected in all
tested cell lines, independent of KRAS mutation status, and was validated
through colPs. To determine where KRAS and AGO2 co-localized intracellularly,
immunofluorescence microscopy and fractionation assays were performed.
Sucrose gradients demonstrated that mutant KRAS co-sedimented with AGO2
and microscopy revealed this complex was concentrated at the endoplasmic
reticulum. Moreover, this association was observed at other intracellular
perinuclear regions of the cells but the functional differences were not

characterized.
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The direct association between KRAS and AGO2 occurred at the switch Il
domain of KRAS, a region where effector molecules bind, and the N-terminal
domain AGO2 (Figure 2). More specifically, critical residues that facilitated this
interaction include Y64-KRAS, K112-AGO2, and E114-AGO2. Through
oncogenic Kras-Ago2 complex formation, a small RNA duplex unwinding assay
detected minimal single-stranded RNA molecules, indicative of decréased RISC
activity. This suggests that Kras-Ago2 complex formation inhibits miRNA
processing. Coincidentally, reduced RISC activity correlated with elevated
oncogenic Kras expression and increased PI3K signaling (Figure 5A).

Additionally, this interaction demonstrated promotion of cellular
transformation in NIH 3T3 cells, an immortalized mouse fibroblast cell line, from
in vitro foci formation assays and in vivo transplantations to assess tumor growth.
Mutations in the critical binding residues of either KRAS or AGO2 reduced the
oncogenic potential of KRAS, as observed by impediments in foci formation,
supporting the notion that this association promotes cellular transformation.
Previously, Y64-KRAS was identified as a critical, but not necessary, residue in
activating PI13K signaling to initiate T-lineage acute lymphoblastic leukemia (T-
ALL) in mice. This was demonstrated by transducing bone marrow derived T-
cells with various Kras mutants (Shieh et al., 2013). Disrupting the interaction
between KRAS®'?P and effector molecules at this tyrosine residue using second
site mutations resulted in a selective pressure for cells to activate PI3K signaling
cascades through alternative mechanisms, such as downregulation of PTEN, a

negative regulator of PI3K (Stambolic et al., 1998).
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Figure 2: Schematic displaying the regions critical for the physical interaction
between human AGO2 and KRAS. Notably, the switch Il domain of KRAS binds
to other effector molecules, such as PI3K, to activate signaling cascades
involved in cell growth and proliferation.
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S®120 mutations from this

Interestingly, sequencing tumors harboring Y64G-KRA
model revealed a recurrent de novo insertion in close proximity to the mutated
tyrosine residue, suggestive of a novel mechanism to circumvent the inhibition of
effector molecule association with KRAS to activate pro-tumorigenic signaling

pathways. It is important to note that the initiation of T-ALL was not detected in

conditions where only KRAS™ or KRAS'®¢ were ectopically expressed.

Discovery/Function of Kras

KRAS is a proto-oncogene that was first discovered in 1967 from studies
of acutely transforming retroviruses isolated from rats (Kirsten and Mayer, 1967).
Isolation of the Kirsten rat sarcoma virus demonstrated to transform cells in
culture and induced initiation of sarcomas in infected animals. It was later
determined that the gene responsible for the transforming properties of the
sarcoma virus was KRAS, which encodes a 21 kDa GTPase (Shih TY, 1979).

Similar to the other RAS subfamily members, HRAS and NRAS, the
KRAS mammalian homolog encodes a GTPase that functions as an early
regulator in many signaling transduction pathways controlling cell proliferation,
differentiation, growth and more (Dhillon AS, 2007; Pylayeva-Gupta Y, 2011).
Genetic alterations in the RAS genes resulting in their constitutive activation are
common in many human diseases, such as neurological disorders, but are most
frequent in cancer. These three RAS genes encode four distinct Ras proteins,
where KRAS4A and KRAS4B are alternative splice variants of the KRAS gene.

Although RAS is expressed in all cell lineages, there are differences in isoform
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expression that is attributed by tissue-specificity and developmental staging
(Castellano and Santos, 2011).

KRAS functions as binary switch that is either active when bound to GTP
or inactive when bound to GDP. The conversation between the two states is
regulated by the recruitment of guanine nucleotide exchange factors (GEFs) and
GTPase-activating proteins (GAPs) that either activate or inactive KRAS,
respectively (Milburn et al., 1990). Various effector molecules, such as
phosphoinositide 3-kinase (PI3K) or RAF kinases, bind to either the switch |
(amino acids 32-38) or switch Il (amino acids 60-67) domains of activated KRAS
to initiate downstream signaling cascades (Chen et al., 2013; DK, 2017).

Though KRAS is localized to many intracellular membrane surfaces, it is
primarily concentrated at the plasma membrane during steady state conditions
(Schmick et al., 2014). This is the result of the farnesylated and positively
charged basic residues of the C-terminus of KRAS that increases its affinity for
the negatively charged phospholipid heads of the plasma membrane. Here,
signals from various cell surface receptors, such as receptor tyrosine kinases
(RTKs), tightly regulate KRAS activity in normal physiological conditions, where
KRAS serves as a key component in linking extracellular signals to a complex
intracellular network of signal transduction pathways with extensive crosstalk

(Margolis and Skolnick, 1994; Hancock and Parton, 2005).
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Kras-associated signaling cascades

A large subset of effector molecules have been identified that bind to
KRAS to activate various signaling cascades that regulate important cellular
processes, such as cell cycle entry/progression and cellular differentiation. The
mitogen-activated protein kinases (MAPK) are prominent in RAS-mediated
signaling, where there are six distinct mammalian MAPK sets that are activated
by different stimuli and regulate cellular processes through distinct mechanisms
(Zhang and Liu, 2002).

One of the best characterized MAPK signaling pathway is the ERK1/2
pathway, which is estimated to be perturbed in ~1/3 of human cancers (Figure 3).
Various stimuli in the form of growth factors and cytokines can activate this
pathway, such as the binding of epidermal growth factor (EGF) to its receptor,
EGFR. This promotes the activation of KRAS with a GEF, such as SOS1, and
results in recruitment of RAF, which is a family of serine/threonine-specific
kinases, to the plasma membrane. This initiates the activation of a three-tier
kinase signaling cascade that involves phosphorylation of MAPK by MAPKK,
which is phosphorylated by MAPKKK (Pierce KL, 2001).

RAF (MAPKKK) is activated by a combination of factors, including protein-
protein interaction with KRAS, dephosphorylation of the inhibitory site S259-RAF,
and phosphorylation of various activating sites at the N-terminal region, such as
S338-RAF (Dhillon AS, 2007). Once activated, RAF phosphorylates MEK1/2
(MAPKK), which then phosphorylates ERK1/2 (MAPK). Activating ERK1/2

activity results in phosphorylation of a large set of transcription factors that
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Figure 3: Basic schematic of RAS-associated signaling pathways, activated by
various effector molecules including RAF, PI3K, RAL-GDS, and PLCe.
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positively promote cell proliferation and growth, such as ¢c-FOS, STAT and ELK1.
Phosphorylation of these transcription factors results in the elevated
transcriptional response of genes involved in cell cycle entry and progression
(Downward J, 2003; Monje P, 2005).

Another main effector pathway of KRAS involves the activity of
phosphoinositide 3-kinase (PI13K), a heterodimeric lipid kinase that acts as a
signal transducer for a complex network of intracellular signaling pathways,
including the mTOR and NF-kB pathways, that regulate cell growth, survival and
metabolism (Sulciner et al., 1996; Pylayeva-Gupta Y, 2011). The family of PI3K
proteins is divided into 3 distinct classes based off of structure and substrate
specificity, where many of the different isoforms have divergent roles in cellular
signaling (Mellor P, 2011). Activation of Class | PI3Ks through RTKs or G protein-
coupled receptors (GPCR) involves the heterodimerization of the catalytic
subunit, p110, and regulatory subunit, p85. The p110 catalytic subunit has three
isoforms, each expressed from distinct genes, where the p110a and p110p
subunits are expressed in all tissue but p1108 is predominantly restricted to
leukocytes. The regulatory subunit, p85, has five isoforms, where three are splice
isoforms and the other two are expressed'from their own genes (Thorpe LM,
2015). As opposed to the role of Class | PI3Ks in cell signaling, Class Il and lll
PI3Ks have distinct roles in membrane-trafficking but are not as well
characterized (Jean and Kiger, 2014).

In normal physiological settings, PI3K activity is repressed through p85

inhibitory signals. When activated by extracellular signals via RTKs or GPCRs,
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P13K is recruited to the plasma membrane where p85-mediated repression is
relieved and the p110 subunit interacts with the switch Il domain of KRAS.
Subsequently, an active kinase signaling cascade is initiated, where PI3K
phosphorylates phosphatidylinositol (4,5) (PIP2), converting it into
phosphatidylinositol (3,4,5) (PIP3). As a result, PIP; acts as a secondary
messenger by interacting with the pleckstrin homology (PH) domain of AKT, a
serine/threonine-specific kinase, to initiate its phosphorylation. Once activated,
the kinase activity of AKT phosphorylates downstream effectors involved in the
NF-kB and/or mTOR pathways. Furthermore, an additional mode of regulation
through PTEN, a tumor suppressive phosphatase, is involved in the PI3K-AKT
signaling pathway, where it represses PI3K activity by dephosphorylating the 3'
phosphate of PIP; in the absence of extracellular signals (Vasudevan et al.
2004).

Nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB)
activity is stimulated by a diverse set of stimuli, many of which are involved in B
cell differentiation and function. There are five mammalian NF-kB subunits: NF-
kB1 (p50), NF-kB2 (p52), RelA (p65), RelB, c-Rel. Generally, NF-kB activity is
repressed by cytoplasmic inhibitor complexes (IkB) that masks the NLS
sequence of mature p50 and p52 subunits, which are processed from p105 and
p100, respectively, sequestering these inactive subunits in the cytoplasm.
Induction of this pathway involves IkB kinase (IKK) mediated phosphorylation of
the IkB complex, resulting in its ubiquitin-dependent degradation. Furthermore,

relief of this inhibitory complex promotes p50 heterodimerization with p65/c-Rel
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and/or p52 heterodimerization with RelB, which are parts of the canonical and
non-canonical NF-kB signaling pathways, respectively. The heterodimerized
complexes are able to translocate to the nucleus, where they bind to specific
DNA motifs to promote transcriptional activity of genes involved in inflammatory
responses, cell survival and proliferation. Additionally, all NF-kB subunits, with
the exception of RelB, are able to form homodimers but they are generally
associated with repressive functions (Dobrzanski P, 1993; Siggers et al., 2011).

Depending on the source of stimulus, the pathway responsible for NF-kB
activation is quite variable, such that numerous ligand:receptor interactions have
been identified that are able to activate the NF-kB transcription factors. NF-kB
activity induced by way of Ras signaling occurs primarily through the PI3K-AKT
signal transduction pathway, where AKT-mediated phosphorylation of
downstream effector molecules derepresses NF-kB function (Hussain et al.,
2012; Zhang Q, 2017). Thus, it is not surprising that NF-kB misregulation is
associated with many pathological conditions, such as cancer.

As demonstrated in a study of KRAS-driven pancreatic cancer using
mouse models, oncogenic Ras activity promoted cellular transformation by
activating NF-xB (Bang D, 2013). Intriguingly, both the canonical and non-
canonical pathways were activated. In this study, oncogenic Kras was
demonstrated to upregulate GSK-3q, a serine/threonine specific kinase, which
binds and stabilizes the TAK1/TAB complex, an uprstream regulator of IKK. In
this instance, IKK activation results in IkB ubiquitination and subsequent

proteasome-dependent degradation, promoting p50/p65 activity. Concurrently,
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GSK-3a upregulation increased p100 processing into the active p52 subunit in
these pancreatic cancer cells, resulting in significant nuclear localization of
activated NF-kB subunits, promoting transcriptional activation of anti-apoptotic
genes.

The intracellular signaling pathways are stimulated and regulated through
intricate mechanisms, involving extensive crosstalk and feedback mechanisms.
Therefore, dysregulation of various components can result in activation of the
same downstream signaling pathways. For example, in another study of Kras
activated pancreatic tumors, induction of mitochondrial reactive oxidative species
(mROS) triggers the activation of the ROS-receptive kinase Protein Kinase D1
(PKD1) (Liou et al., 2016). This resuits in NF-kB activation via PKD1-mediated
phosphorylation of the IKK complex, which promotes transcriptional activation of

genes involved in cell proliferation and survival, including EGFR.

Mutations in KRAS and TP53 in cancer

p53, often regarded as the guardian of the genome, is a potent tumor
suppressor that is activated by various cellular stresses, such as DNA damage.
Under normal physiological conditions, p53 protein expression is suppressed by
MDM?2, which functions as ubiquitin ligase to promote p53 degradation. Stress
signals induced in healthy cells repress MDM2 through many mechanisms,
including but not limited to DNA damaged induced MDM2 phosphorylation and
ARF-mediated sequestration of MDM2 to the nucleolus (Haupt Y, 1997; Weber

JD, 1999). Upon activation, p53 functions as a transcription factor, where it

39



regulates key genes involved in cellular processes such as cell cycle arrest or
apoptosis, by promoting transcription of p21 and pro-apoptotic BCL-2,
respectively.

Not surprisingly, TP53 is the most frequently mutated gene in human
cancers, where numerous genetic aberrations have been identified that
contributes to p53 loss-of-function (LOF) (Kastenhuber and Lowe, 2017). These
genetic alterations can range from missense mutations with dominant negative
effects to segmental loss of the gene. Generally, p53 deficiency results in
genomic instability due to inhibition of key DNA repair pathways and the inability
to initiate apoptosis (Murphy and Rosen, 2000). These are key features in the
initiation and progression of tumor development.

As TP53 is frequently mutated in cancer, it is not surprising that these
mutations co-occur with oncogenic KRAS mutations (Ciriello et al., 2013). The
most frequent KRAS mutations detected in cancer occur at codons 12, 13 and 61
(Scheffzek et al., 2007; Simanshu DK, 2017). Missense mutations at these
codons, with the exception of proline substitutions, result in constitutive activation
of KRAS, where hydrolysis of GTP is inhibited. It is thought that mutations at
these codons block the interaction between GAPs and Ras, preventing GAP-
mediated GTP hydrolysis. Additionally, codon 61 has been demonstrated through
biochemical reactions to play a critical role in the intrinsic GTPase activity of
KRAS, which supports the increased KRAS activity detected with mutations at
this residue. In terms of therapeutics, small molecule inhibitors targeting

oncogenic KRAS have been largely ineffective due to the lack of binding
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SC"12C mutations (Athuluri-Divakar et

pockets/cavities, with the exception of KRA
al., 2016). Consequently, a larger effort to inhibit oncogenic KRAS signaling has
been focused on the development of small molecules targeting RAS effector
molecules.

Non-small cell lung cancer (NSCLC), the most common subtype of lung
cancer, is an example of a malignancy where KRAS gain-of-function (GOF)
mutations often co-occur with TP53 LOF mutations (Skoulidis et al., 2015).
Although lung cancer is currently the second most frequently diagnosed cancer,
it is leading cause of cancer-related mortalities in the United States (Siegel RL,
2017). Even within the subtype of lung cancer, different combinations of driver
mutations have been identified, which speaks to the heterogeneity of cancer in
general. As there has been a general shift toward targeted therapeutic
approaches to combat cancer, it is imperative to understand the numerous
mechanisms that contribute to cellular mechanism for each subtype of cancer.

A feasible approach is the usage of mouse models to engineer genetic
alterations detected in human cancers and study their mechanistic and functional
consequences in the context of tumor initiation and progression. For example, a
widely used “KP” mouse model to study NSCLC involves the deletion of Tp53
and activation of oncogenic KRAS in a Cre recombinase-inducible system
(DuPage M, 2009). This model has been popular due to the striking resemblance
to the human form of the malignancy at the genetic, molecular and histological
levels. Notably, tumorigenesis can be initiated in this model with oncogenic

KRAS activation alone, but ablating p53 function simultaneously significantly
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accelerates tumor progression, where tumors are more rapidly initiated and
display features of advanced stage disease.

Additionally, novel genetic alterations can be introduced to investigate
their oncogenic or tumor suppressive effects in the KP background. Because
AGO2 amplifications are often detected in human NSCLC, this KP mouse model
can be manipulated to overexpress AGO2 via intratracheal administration of viral
particles to constitutively express Ago2 using an ectopic promoter, in addition to
the endogenously expressed Ago2 gene, to investigate whether AGO2

overexpression promotes cellular transformation (Figure 4) (Cerami et al., 2012).
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Figure 4: Summary chart displaying mutation status of individual NSLCL patients
(Cerami et al., 2012).
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TP53 mutations in B cell ymphomas

Mutations in TP53 are not only prevalent in solid tumors but they also
contribute to the malignant transformation of a wide range of liquid tumors,
including acute lymphoblastic leukemia (ALL) and diffuse large B cell lymphoma
(DLBCL) (Figure 5) (Cerami et al., 2012). It is estimated that nearly one-third of
all Burkitt lymphoma patients harbor TP53 mutations, promoting the
hyperproliferative nature of transformed B cells through pro-survival cues
(Schmitz R, 2014). Furthermore, inactivating mutations associated with
chromatin modifiers, such as EP300 and CREBBP, have been demonstrated to
result in defective acetylation-mediated activation of p53 and derepression of Bcl-
6, a gene critical in B cell maturation. In normal physiological settings, regulated
BCL-6 activity is vital in germinal center (GC) reactions by desensitizing GC B
cells to somatic hypermutations and class switching during B cell maturation.
This provides a permissive environment for DNA remodeling without activating
cell cycle arrest (Basso et al., 2009).

To understand the potency of p53-mediated tumor suppression, models of
p53 reactivation in established tumors have been used to study the p53 anti-
tumor response. The response is highly context dependent but in most cases
results in cell cycle arrest, senescence and apoptosis. In Eu-Myc mouse models
of B cell ymphomas, restoration of p53 function in established tumors resulted in
massive apoptosis; however, p53-resistant clones are always selected for
resulting in relapse (Martins CP, 2006). Understanding the synergistic effects

between loss of p53 function and other driver mutations promoting tumor
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Figure 5: TP53 genetic alteration frequencies from a diverse spectrum of

patients with blood-associated cancers (Cerami et al. 2012).
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progression and p53-resistance will help optimize p53-based cancer therapies.

B cell development

To understand the complexity of lymphomagenesis, it is crucial to
understand the coordinated processes that occur during normal B cell
maturation, where a series of checkpoints are in place to prevent the initiation of
autoimmune disease or cellular transformation arising from defected B cells. In a
healthy adult, hematopoietic stem cells (HSCs) reside in the bone marrow where
they engage in self-renewal and differentiation into a variety of immune cells,
including B-lymphocytes. B-lymphocytes primarily function in the adaptive
immune response, where they can be stimulated by foreign pathogens to
differentiate into antibody-secreting plasma cells or facilitate antigen presentation
to activate T-cell-mediated clearance of foreign molecules (Melchers F, 2015).

Once committed to the B cell lineage, HSCs initially undergo differentiation
into progenitor and precursor B cells, where they gain expression of key B cell
surface markers, such as B220 and CD19. Addition, these developing B celis
gain expression of IgM, the first class of immunoglobulin to appear on the surface
of B cells, displayed as a B cell receptor (BCR) (Nagasawa T, 2006). Immature B
cells are assessed for autoreactivity through early differentiation checkpoints.
Non-autoreactive B cells then escape the bone marrow into peripheral blood,
where they migrate to secondary lymphoid structures, such as the spleen. In the
spleen, B-lymphocytes primarily reside in the white pulp space, where they form

germinal centers (GC) upon antigen stimulation (Mebius and Kraal, 2005).
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Here, a very coordinated GC reaction takes place to gain specificity
toward the presented antigen. Although MYC, a frequently mutated transcription
factor involved in promoting cell cycle progression, is required for the formation of
germinal centers, BCL-6 suppresses MYC expression during the early onset of
GC reactions (Basso and Dalla-Favera, 2015). These proliferative B cells initially
reside in the dark zone of the GC, where activation-induced cytidine deaminase
(AID) mediates somatic hypermutations (SHM) in the variable regions of the
heavy and light chain genes (Muramatsu et al., 2000). To enhance their ability to
target presented antigens, B cells migrate from the dark zone to the light zone of
the germinal center, where they lose their proliferative capacity (Figure 10). Here,
AID mediates class switch recombination (CSR) of the heavy chain gene, from
IgM to either the IgG, IgA, or IgE isoforms. Class switching involves
rearrangement of the constant region of the heavy chain locus, which does not
affect the antibody specificity to antigen, but alters the mechanism of action.

With the guidance of helper T-cells, a checkpoint during the light zone
reaction assesses the overall antigen recognition capacity of B cells that have
undergone SHM and CSR. If further SHM are necessary to enhance recognition
to antigen, MYC expression is induced in a subset of light zone B cells to gain re-
entry into the dark zone. B cells with weak affinity toward antigen are signaled to
undergo cell death processes, such as apoptosis (Mayer et al., 2017). Once
antigen recognition is considered ideal, mature B cells are signaled to exit the
germinal center through NF-kB activation. Mature B cells destined to further

differentiate into either memory B cells or plasma cells migrate into the red pulp
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region of the spleen, primarily occupied by monocytes and macrophages, to filter
out antigens and cellular debris (Bronte and Pittet, 2014).

As mature B cells exit GC reactions to engage in terminal differentiation
into plasma cells, a drastic switch in the transcriptional program is induced,
where many general B cell markers are downregulated and key plasma cell
markers are induced. Initially, NF-kB activates MUM1, a splice isoform of IRF4, in
immature plasma cells, termed plasmablasts (Shapiro-Shelef and Calame,
2005). Plasmablasts are highly proliferative, retain the ability to present antigens
to T-cells and capable of producing and secreting large volumes of antibody
albeit less than mature plasma cells. The transition from plasmablast to mature
plasma cell requires expression of BLIMP1, the master regulator of plasma cell
differentiation. Normally, BCL-6 transcriptionally represses BLIMP1. Many
mechanisms have been described to relieve BCL-6-mediated repression in this
context, such as MUM1 suppression of BCL6 or MAPK-mediated BCL-6
phosphorylation, marking BCL-6 as a target for ubiquitin/proteasome-mediated
degradation (Niu H, 1998). With BLIMP1 activation in plasma cells, a distinct
transcriptional profile separates these cells apart from their precursors, where
signatures associated with cell proliferation and germinal center functions are
depleted (Shaffer et al., 2002).

It is evident that B cell development is a tightly orchestrated progression
involving multi-tiered regulators and stimuli. Maturation of B cells is far from being
a unidirectional process and involves many checkpoints to prevent progression of

abnormal or low-affinity B cells. Dysregulation of signaling pathways involved in
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B cell development can result in developmental arrest, thereby promoting
uncontrolled cell proliferation in a specific B cell state. Thus, the onset of
lymphomagenesis can give rise to a variety of lymphomas, dependent on the cell

of origin and mutation status of the transformed cell (Figure 6).

Role of AGO2 in hematopoiesis

As previously alluded, miRNAs play a major role during development by
regulating heterochronic genes. Impairments in miRNA biogenesis induced in
hematopoietic systems have demonstrated to trigger differentiation defects using
bone marrow cells derived from mice (O’Carroll et al., 2007). From studies of
reconstituting bone marrow cells into lethally irradiated mice, depletion of AGO2
in transferred bone marrow resulted in differentiation of cells into many
hematopoietic lineages in vivo, but drastic defects were noticeable from both
erythroid and B lymphoid lineages. FACs analysis of cells derived from various
lymphoid tissues revealed that B cells were unable to differentiate into precursor
B cells. As a consequence, this impaired their ability to migrate into peripheral
blood and migrate to secondary lymphoid tissue. This is not surprising as many
miRNAs have been identified to be essential in hematopoiesis, such as miR-150
and miR-155, and depleting AGO2 would presumably diminish the function of
those miRNAs (Chen CZ, 2004; Rodriguez et al., 2007). Retroviral restoration of
AGO2 expression in the AGO2-depleted bone marrow cells rescued the
differentiation defects observed from the Ago2” transplantation, confirming

AGO2-dependency for proper B cell maturation.
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Figure 6: Schematic of B cell development. Also shown is the origin of each
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Interestingly, the transplantation of bone marrow cells engineered with
slicer-deficient Ago2 mutations, which results in the loss of endonucleolytic
activity, recapitulated the results from transfer of wild-type Ago2 bone marrow
cells. In both conditions, defects in erythroid and B cell development were not
observed. Additionally, transplantation of bone marrow cells with either Ago7 or
Ago4 ablation resulted in mice surviving to adulthood without any noticeable
developmental defects (Martinez and Busslinger, 2007). This argues that
silencing of target transcripts through AGO2-mediated translational repression
and/or mRNA destabilization is essential to promote proper B cell maturation but

slicing activity is dispensable.

Genetically engineered mouse models

Cancer is the second leading cause of deaths worldwide. Although we
have major strides in cancer therapeutics, ranging from non-specific combination
chemotherapy regimens to targeted small molecule therapies, the fact that all
cancers are incredibly heterogeneous in terms of their genetic aberrations and
mechanisms of cellular transformation reflect the large variability in patient
responses to each form of therapy. One of the most effective approaches in
studying the initiation and progression of specific tumor types is the usage of
genetically engineered mouse models (GEMMs) (Talmadge JE, 2006).

GEMMs offer many advantages in studying human cancers due to their
extensive genomic similarities to the human genome and anatomical

organization that resembles the human body plan. Additionally, the life cycle of
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mice makes them conducive to mammalian studies as their gestation period is
roughly 3 weeks and each female gives birth to an average litter size of 8,
depending on genetic and environmental factors. The small size of the laboratory
mouse, mus musculus, makes it manageable to house large quantities of
cohorts, which is advantageous in studies requiring large numbers of replicates
and conditions (Frese and Tuveson, 2007).

Over the years, there has been increased sophistication with generating
mouse models to improve many aspects of cancer studies. Features that are
constantly improved on include initiating tumors that recapitulate the human form
of the disease on the genetic, molecular and histological levels and developing
tools to accelerate the process of engineering genetic mutations, such as
optimization of CRISPR/Cas9 technology for in vivo studies (Cong et al., 2013,;
Xue et al., 2014). Recently, large efforts to optimize the CRISPR/Cas9 genome
editing system have resulted in much more rapidly produced mouse models that
are highly specific in terms of targeted genomic editing. This system utilizes two
specific elements: guide RNAs (gRNAs) that contain complimentary sequences
to specific genomic regions and an endonuclease, Cas9, that co-localizes with
the gRNA to introduce a cut in the targeted DNA sequence. This activates the
intrinsic DNA machinery to repair the nicked DNA, resulting in genetic alterations
such as indels via error-prone non-homologous end joining (NHEJ) (Sanchez-
Rivera et al., 2014).

There are two main classes of GEMMs, the endogenous and transgenic

models. In the endogenous model, mutations introduced in mouse embryonic
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stem cells (ESCs) can be engineered to express dominant-negative forms of
tumor suppressor genes, LOF variants, or oncogenes through the endogenous
promoter (Figure 7A). These genetically altered ESCs can then be transferred
into blastocysts, which are subsequently transplanted into pseudopregnant
female mice. This process gives rise to chimeric mice, allowing for further
crosses to generate mice with desired genotypes (Eakin and Hadjantonakis,
2006; Longenecker and Kulkarni, 2009). However, the disadvantage with this
system is that the germline alterations will likely be constitutively expressed
systemically, which can result in developmental defects or embryonic lethality.
The advent of the conditional system relieves many of these concerns by
allowing for spatial and temporal control over the expression of the genetically
modified genes. One of the most widely used conditional models utilizes the Cre-
Lox system, which takes advantage of inverted DNA repeat elements (LoxP
sites) that are recognized by Cre recombinase (Figure 7B) (Orban PC, 1992).
LoxP sites are engineered between DNA sequences of interest, allowing for Cre
recombinase-mediated catalysis, resulting in either deletion or inversion of the
intervening sequences depending on the orientation of the LoxP sites. For
‘instance, to prevent systemic activation of the oncogenic Kras®'? allele, a STOP
cassette engineered between the promoter and first exon of Kras®'?? inhibits
transcription of this oncogenic allele (DuPage M, 2009). Furthermore, LoxP sites
oriented in the same direction can be introduced to flank the STOP cassette
(LSL), allowing for Cre-mediated deletion, resulting in constitutive activation of

the mutant Kras allele. Notably, mice can only be heterozygous for the
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Figure 7: Endogenous mouse models. (A) Germline endogenous models where
selectable markers replace exons to generate knockouts or point mutations are
introduced into exons using knockin alleles. (B) Conditional alleles are used to
express mutant endogenous genes in a tissue specific and temporally regulated
manner. This is usually accomplished by integrating DNA motifs recognized by
specific recombinases to recombine DNA sequences. Arrowheads represent
LoxP sites, circle represents STOP cassette and asterisks denote mutations.

53



ESEG12D allele since Kras is an essential gene during embryonic

oncogenic Kras
development. This recombineering technique is also applicable to ablating tumor
suppressor gene function. In many cases, this is achieved by introducing
homozygous loxP sites flanking exons encoding regions critical to protein
function or resulting in nonsense-mediated MRNA decay (NMD) (Méréy and
Heyd, 2007).

Cre recombinase can be induced to mediate recombination of loxP sites
using multiple methods, but it is commonly expressed using an ectopic promoter
introduced by way of viral infection, a key feature in many transgenic mouse
models. Alternatively, Cre recombinase can be introduced into the mouse
germline, where its expression is regulated by a tissue specific promoter or drug-
inducible promoter (Lewandoski M, 2001).

In the second class of GEMMs, ectopic promoters are used to express
genes of interest, including site-specific recombinases, oncogenes or dominant-
negative tumor suppressor genes (Figure 8A). These transgenes are often
introduced into mouse models by way of viral infections using either lentiviruses
or adenoviruses (Merentie et al., 2016). Transgenes can be expressed using a
variety of constitutive promoters, including but not limited to pGK and CMV,
tissue-specific promoters, including lung specific SPC, and inducible promoters,
such as tetracycline-inducible systems.

There are various forms of the tetracycline-inducible promoter, such as the
Tet-on and Tet-off systems (Figure 8B) (Gossen et al., 1995). In the Tet-off

system, a tetracycline transactivator (tTA) protein is expressed, where it binds
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Figure 8: Transgenic GEMMs. (A) Transgenes that are driven by a constitutive
promoter (TGP) are introduced via germline or random viral integration. (B)
Expression of transgene (Tg) is temporally regulated using an inducible promoter
(P), such as the Tet-on or Tet-off systems.
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the tetracycline responsive element (TRE), composed of Tet operator (TetO)
sequences followed by a minimal promoter, that is placed upstream of the gene
of interest. Here, tTA binds to the TetO sequence resulting in transcriptional
activation of the gene. Transcription of this gene is suppressed in this system by
addition of doxycycline, a tetracycline derivative that binds to tTA, thereby
inhibiting tTA binding to the TRE sequence.

The Tet-on system is more commonly used, where it takes advantage of a
reverse tetracycline-controlled transactivator (rtTA), which does not bind to TRE
sequences in the absence of doxycycline. This inducible system is a powerful
tool in cancer studies, as it allows for temporal activation or inactivation of
specific genes to investigate its role in many aspects of tumor development, such
as tumor initiation and progression.

An additional type of mouse model involves the transplantation of
genetically engineered cancer cells into immunocompromised mice through
either subcutaneous or intravenous administration (McClatchey Al, 1999).
Subcutaneous injection of tumor cells into the flanks of mice assays for
perturbations in tumor progression by comparing various conditions that are
altered either genetically or by drug administration. Here, comparisons of tumor
size, histological features and presence of metastases are used to assess the
degree of tumorigenicity in each condition.

The mouse model involving intravenous administration of tumor cells is
frequently utilized in studying various core features of metastasis in addition to

lymphomagenesis. The features of metastasis commonly analyzed with this
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assay include the ability for tumor cells derived from solid tumors to circulate,
extravasate out of blood vessels and colonize distant organs. Furthermore, tail
vein injection of genetically altered lymphocytes is a method of assessing
variations in B- or T cell development, as well as their ability to initiate
lymphomagenesis (Reddy P, 2008). In many instances, this method requires the
usage of immunocompromised mice to prevent graft rejection. Commonly used
immunocompromised mice include “nude” mice that carry germline genetic
alterations that ablate thymic function or irradiated mice. The hematopoietic
system is always mitotically active, resulting in hypersensitivity to irradiation

treatment.
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Chapter 2

AGO2 overexpression in KP lung
adenocarcinomas promotes metastasis
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Abstract

AGO?2 is an essential component of the RISC complex that facilitates
microRNA-mediated silencing of target transcripts. While misregulation of
microRNAs is a common feature across the vast majority of cancer types, recent
cancer genome studies suggest uncharacterized AGO2 functions in the
progression of select human cancers, such as NSCLC. High throughput genomic
studies reveal frequent alterations in AGO2 copy number from NSCLC, which is
associated with AGO2 upregulation. Here, we use a previously established KP
mouse model to initiate NSCLC to study the effects of AGO2 overexpression iri
the context of KRAS activation and p53 deletion. In the absence of exogenous
AGO2, high-grade tumors express ~25% higher levels of AGO2 protein
compared to adjacent normal lung tissue and benign tumors. Furthermore, our
results indicate that inducing AGO2 overexpression promotes the development of
advanced stage disease by accelerating tumor progression and increasing cell
motility and invasiveness, thereby providing insight into uncharacterized

oncogenic functions of AGO2.

Introduction

The family of Argonaute proteins are evolutionarily well-conserved
between species (Drinnenberg et al., 2009). These proteins are integral
components of the cytosolic RNA-induced silencing complex (RISC) where they
promote microRNA (miRNA) processing and activity. Of the four mammalian

Argonaute proteins, Argonaute-2 (AGO2) is unique due to its ubiquitous
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expression and catalytic RNase H domain (Song JJ, 2004; Jinek and Doudna,
2009). Consequently, AGO2-bound miRNAs repress their targets through mRNA
destabilization and/or translation repression (Huntzinger and Izaurralde, 2011).

Well over 2,000 miRNAs have been identified in the human genome that
may contribute to coordinating gene expression programs to regulate many
biological processes, such as cell proliferation, differentiation, and apoptosis
(Griffiths-Jones S, 2008). Over 60% of the protein-coding genes of the human
genome contain at least one predicted 3’ UTR miRNA binding site (Friedman RC,
2009). Thus abnormal perturbations in miRNA activity can have profound
deleterious effects on normal cellular functions, some of which contribute to
tumorigenesis (Calin et al., 2002; Eis et al., 2005).

Misregulation of miRNAs is a common feature across the vast majority of
cancer types. In the context of cancer, miRNAs that are aberrantly
downregulated typically target genes that are associated with cell proliferation
and growth while those that are upregulated are associated with genes that have
tumor suppressive properties. The family of let-7 miRNAs is an example of tumor
suppressive miRNAs that are often downregulated in a variety of cancers,
including non-small cell lung cancer (NSCLC). They are known to target many
oncogenes, including HMGAZ2 and KRAS, contributing to the stem-like properties
of tumor cells (Lu et al., 2005; Kumar MS, 2007, Bussing |, 2008).

Alterations in miRNA activity can be attributed to numerous factors,
including dysregulation of transcription or mutations in components of the RNA

interference (RNAI) pathway that affect miRNA processing (O’'Donnell KA, 2005;
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Lin and Gregory, 2015). For example, previous work from mouse model systems
has demonstrated that loss of a single copy of DICER1, an RNase Il enzyme
involved in processing miRNA hairpin structures, in transformed cells provide a
selective advantage for growth of lung adenocarcinomas (LUAD) but complete
loss of DICER1 was not observed (Kumar et al., 2009; Ravi et al., 2012). This
suggests that a select population of microRNAs is crucial for general cellular
functions and that DICER1 has tumor suppressor properties, which favors the
haploinsufficient state in tumor cells.

Though misregulation of many components of the RNAi pathway have
been well studied in various cancers, only recent studies have emerged
implicating an oncogenic role for AGO2. Studies of breast cancer models have
identified MAPK signaling as an important regulator of increased AGO2
expression (Adams BD, 2009). Interestingly, AGO2 has been recently associated
with advanced stage breast cancer. More specifically, the poorly vascularized
region of tumors was shown to modulate miRNA processing via increased
association between EGFR and AGO2. This results in the EGFR-mediated
phosphorylation of Y393-AGO2, impairing the interaction between DICER1 and
AGO2. Precursor miRNAs with short stem-loop structures were preferentially
selected for in this context, many of which targeted tumor suppressor genes
(Shen et al., 2013).

In normal physiological conditions, the stability of AGO2 is highly
dependent on the expression of mMiRNAs (Martinez and Gregory, 2013).

Interestingly, miRNA profiling in a diverse array of human cancers has suggested
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a general downregulation of mMiRNAs (Lu et al., 2005). This is perplexing as
AGO2 expression is generally upregulated in many cancers and has been
implicated in tumor progression (Li L, 2010; Cheng N, 2012; Vaksman O, 2012;
Zhang et al., 2013). Furthermore, datasets from The Cancer Genome Atlas
(TCGA) show that AGO2 gene amplification events are common in NSCLC
patients, which is also associated with elevated AGO2 expression (Figure 1A)
(Cerami et al., 2012). This dichotomy between microRNA and AGO2 expression
suggests that there may be microRNA-independent AGO2 functions in
transformed cells.

These discoveries demonstrate that AGO2 is a dynamic protein and
further characterization is required to determine how misregulation of AGO2 in
transformed cells affects its function and localization. To this end, we sought to
determine how AGO2 overexpression in NSCLC impacts tumor progression
using a genetically engineered mouse model of human lung adenocarcinomas
(LUAD). In this model, lung tumors are initiated by inducing KRAS activation and
Tp53 deletion in lung epithelial cells through lentiviral infection administered
intratracheally (DuPage M, 2009). To characterize the biological effects of AGO2
overexpression, lentiviral constructs were modified to introduce a doxycycline-

inducible Ago2 cDNA.
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Results
AGO2 is upregulated in malignant lung tumors

We initially sought to profile the protein expression pattern of AGO2 in
various grades of lung adenocarcinomas derived from mice. Lung tumors were
initiated in Kras"5-¢"2%*: Tp53™ (KP) mice by infecting them with lentivirus to
constitutively express Cre recombinase via intratracheal inhalation. This resulted
in the activation of oncogenic KRAS and homozygous deletion of tumor
suppressor Tp53 primarily in lung epithelial cells. Mice were sacrificed 24 wk
post-lentiviral administration.

Hematoxylin and eosin (H&E) staining of cross sections from lung tissue
revealed various grades of lung tumors developed, ranging from grade 1 (benign)
to grade 4 (malignant). Similar to human lung adenocarcinomas, AGO2 protein
expression appeared to be upregulated in high-grade tumors compared to both
adjacent normal tissue and low-grade lung tumors (Figures 1B). Western blot
analysis confirmed that there was approximately 25% increase in AGO2 protein
in grade 3 lung tumors compared to adjacent normal tissue (Figure 1C).

To determine whether AGO2 expression fluctuates between metastases
and their primary tumors, we utilized previously generated LUAD cell lines
derived from metastases (Met) and their primary tumor of origin (Tmet) (Winslow
et al., 2011). Metastases were traced back to their tumor of origin based off of
lentiviral integration sites. Ago2 expression was evaluated from two independent
pair of tumors via gqPCR. Ago2 levels were consistently upregulated in Met cell

lines compared to Tmets (Figure 1D). Together, these results suggest that AGO2
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Figure 1: AGO2 expression is elevated in high-grade lung tumors. (A) AGO2
copy number variations (CNV) was plotted against AGO2 mRNA expression for
tumors from lung adenocarcinoma patients (Cerami et al., 2013). (B)
Hematoxylin & eosin (H&E) staining was used to confirm lung tumor grades (top
panel) and AGO2 protein expression was evaluated using immunohistochemistry
(IHC) (bottom panel). (C) AGO2 protein expression from normal lung tissue was
compared to a grade 3 lung tumor with western blot analysis. Tubulin was used
as a loading control. (D) gPCR was used to analyze Ago2 expression from two
pairs of KP cell lines, comparing cell lines generated from a metastatic tumor
(Met) to its primary lung tumor (Tmet).
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overexpression facilitates the transition between benign to malignant states,

contributing to tumor dedifferentiation and metastasis.

Overexpressing AGO2 increases cell motility in KP lung tumor cells

Given that AGO2 is upregulated in advanced tumors, we sought to explore
the functional consequences of AGO2 overexpression in KP lung
adenocarcinoma tumor cells. These KP cell lines were derived from primary lung
tumors and transduced in vitro, where lentiviral integration of a Tet-inducible
FLAG-HA-tagged Ago2 construct allowed for AGO2 overexpression in the
presence of doxycycline, now referred to as KPR cells.

Transduced KP cells were single-cell sorted in hygromycin-containing
media to select for KPR tumor cells with successful lentiviral integration.
Immunofluorescence of HA-tagged AGO2 confirmed doxycycline-inducible
expression of exogenous AGO2 in multiple clones (Figure 2A). To quantify the
level of AGO2 overexpression in the presence of doxycycline, we used a
fluorescence-based western blot approach. This demonstrated a two-fold
increase in total AGO2 expression in the presence of 1ug/mL doxycycline (Figure
2B).

To explore the effects of AGO2 overexpression on cell proliferation rates,
we quantified the doubling time of KPR cells in the presence and absence of
doxycycline. Surprisingly, there was no difference detected in the doubling time

of AGO2 overexpressed KPR cells compared to controls (Figure 2C).
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Next, we investigated whether AGO2 overexpression affects cell invasion
or migration by using a transwell-based system in the presence and absence of
Matrigel, respectively. In the absence of Matrigel, there was a significant increase
in cell migration of AGO2 overexpressed KPR cells compared to cells cultured in
the absence of doxycycline (Figure 2D). Furthermore, the ability of AGO2
overexpressed KPR cells to migrate through the reconstituted basement
membrane was significantly enhanced compared to their controls, showing
increased invasiveness (Figure 2E). These results suggest that upregulation of

AGO2 promote metastasis in the KP LUAD mouse model.

78



KPR -Dox KPR +Dox KPR +Dox KPR +Dox
M~
<t
({e]
5]
=
(T
4]
>
I
<
=
Q=
i&s
IoGE
B. 48 .
KPR (LUAD) - Proliferation
-Dox  1pg/mL 2.5 yg/mL
=041
a0 = :I;_ ¥
Ago2 5 o
E
= 104
=
0 L ] Ll
ol I~
D. E
KPR (LUAD) - Migration KPR (LUAD) - Invasion
P tt. . .
- 15+ - % B +Dox
il= -
£ 4o+ ©
o £
(&) o
05 o
2
©
(44
o0 N X o o
& +
27 L N =

Figure 2: Overexpressing Ago2 in vitro promotes cell migration and invasion. (A)
Immunofluorescence was used to analyze Ago2 localization and detect HA-
tagged Ago2 from doxycycline-treated KPR cells. (B) Western blot was used to
confirm Ago2 overexpression in KPR cells. Hsp90 was used as a loading control.
(C) The proliferation rate was measured using Xcelligence on KPR cells in the
presence or absence of doxycycline. (D) Cell migration was measured using an
Xcelligence transwell assay, using KPR cells in the presence and absence of
doxycycline. (E) The rate of invasion was measured using an Xcelligence
transwell assay, using KPR cells in the presence or absence of doxycycline.
Wells coated with matrigel (+MG) was used to assess cell invasion.
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KPR lung tumors are significantly more advanced than KP tumors

Because results from in vitro models do not always recapitulate
phenotypes produced from in vivo environments, we chose to overexpress AGO?2
in the KPR autochthonous mouse model to investigate its effect on tumor
progression and metastasis (Figure 3A). In this model, KPR mice were generated
by crossing KP mice to mice harboring a transgenic CAG-rtTA allele. KP mice
with germline-introduced CAG-rtTA (KPR) allowed for doxycycline-induced
expression of TRE-regulated genes. For this study, KPR and KP mice were
infected with lentivirus, administered through intratracheal inhalation, to co-
express Cre recombinase and doxycycline-inducible AGO2. This promotes in
vivo transduction of epithelial cells lining the lungs. Additionally, both cohorts of
mice were fed doxycycline-containing food where only KPR infected cells were
expected to overexpress AGO2.

H&E stains from lung cross-sections collected at 20 wk post-lentiviral
delivery revealed no significant difference in tumor burden between KPR and KP
mice. Furthermore, the number of tumors detected from KPR mice was similar to
those from KP mice, suggesting that AGO2 overexpression neither affects the
initiation of lung tumors nor the proliferation rate of these tumor cells (Figure 3B).
Interestingly, there was a significant shift in the grades of tumors that developed.
Tumors derived from KPR mice appeared more aggressive as determined by
increased dedifferentiated and pleomorphic features compared to KP tumors,

(Figure 3C).
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To confirm these findings, KPR cells were transplanted subcutaneously in
the flanks of nude mice. These mice were divided into two conditions, where one
group was fed doxycycline-containing food while the second group was fed
normal chow. The size of the tumors was measured during a 6 wk time-course.
Consistent with our previous in vitro and in vivo findings, we did not detect a

proliferative advantage in lung tumor cells overexpressing AGO2 (Figure 3D).
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Figure 3: Development of advanced lung tumors is favored with AGO2
overexpression. (A) Schematic of initiating lung tumors from autochthonous KPR
mouse model. Lentivirus co-expressing Cre recombinase and doxycycline-
inducible AGO2 was administered via intratracheal inhalation. KP mice were
used as a control for doxycycline-induced effects (n=6 per group). (B) Tumor
burden was measured from H&E stained lung cross-sections collected 20 wk
after virus delivery. (C) Lung tumors were graded from a 1 (benign) to 4
(malignant) scale. The number of tumors for each grade was quantified from
KPR and KP mice. A single metastasis from kidney tissue was detected from a
KPR mouse. (D) KPR cells were transplanted into nude mice via subcutaneous
injection. Mice were maintained in the presence and absence of doxycycline-
containing food. Tumor size was measured weekly using a caliper.
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Tumor cells are more invasive with AGO2 overexpression

Our results thus far suggest that AGO2 overexpression in KP lung tumor
cells promote the transition between benign to malignant tumor states. To this
end, we sought to determine whether AGO2 overexpression increases the rate of
metastasis via intravenous delivery of KPR cells in immunocompromised mice.
This mode of cell transplantation serves as a readout for metastasis as it assays
the ability of cells to extravasate out of the blood vessels and colonize distant
organs. Here, we evaluated the number of lung tumor nodules detected as the
lung capillary bed is initially encountered through tail-vein injection. These KPR
cells harbored a transgene to express a tdTomato fluorescent reporter, allowing
for ex vivo quantification of colonized tumor cells.

Fluorescent imaging of the lungs revealed colonization of tdTomato-
expressing tumor cells from mice in both the doxycycline-containing food and
normal diet conditions (Figure 4A). However, there was a significant difference in
the number of surface tumors detected. In the condition where mice were fed
doxycycline-containing food, AGO2 overexpression was induced in transplanted
KPR cells. Here, there was an increase in the number of tumor nodules detected
compared to control (Figure 4B). This result is consistent with our previous
findings that show AGO2 overexpressed tumor cells promote cell invasion in the

context of KRAS activation and Tp53 deletion.
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Figure 4: Increased metastases formed with AGO2 overexpression in vivo. (A)
Fluorescent imaging of tdTomato-expressing KPR tumor cells from lung tissue
harvested from nude mice. KPR cells were transplanted via tail-vein injection and
mice were either fed normal food (top panels) or doxycycline-containing food
(bottom panels). (B) The number of surface tumors detected from the lungs was
quantified from ex vivo imaging (-Dox: n=5; +Dox: n=5).
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MAPK signaling enhanced in AGO2 overexpressed KP tumors

Previous studies have identified the MAPK signaling pathway as a critical
component of malignant transformation in the KP NSCLC mouse model (Feldser
DM et al., 2010). As our results indicate that AGO2 upregulation promotes the
progression toward advanced grade tumors, we sought to profile ERK1/2
(MAPK) activity in different stages of KP lung tumor development using IHC. This
revealed a significant increase in the phosphorylation of ERK1/2 during the
transition between grade 2 and grade 3 tumors, which represents the malignant
transformation event (Figure 5A). This is consistent with the notion of MAPK
signaling being an essential component of lung tumor progression in this system
and together with our previous results, suggests that constitutive AGO2
overexpression enhances MAPK activity at earlier stages, thereby accelerating
tumor progression.

Similarly, we sought to profile the phosphorylation of AKT during tumor
progression since PI3K activity is also stimulated through KRAS activation.
Intriguingly, the activity of this pathway is active during all stages of tumor
development but is dampened during malignant transformation (Figure 5B).
Therefore, the anti-correlation between MAPK and PI3K activity during lung
tumor progression shows that MAPK signaling is the dominant effector pathway
promoting advanced stage tumors while PI3K signaling is more critical for tumor
initiation, which has been previously described in the KP model (Gupta et al.,

2007).
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Figure 5: Anti-correlation between MAPK and PI3K signaling during lung tumor
progression. (A) pERK1/2 expression was assessed through IHC to measure
relative MAPK activity from low grade to high grade lung tumors in Ago2
overexpressed conditions. (B) Relative pAKT expression was assessed through
IHC as a readout for relative PI3K activity from lung tumors at different stages
during tumor progression. All tissue was harvested from KPR mice infected with
lentivirus delivered through intratracheal inhalation.
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Discussion

We investigated the biological effects of AGO2 overexpression in lung
adenocarcinomas in the context of KRAS activation and Tp53 deletion.
Overexpressing AGO2 in established KP LUAD cell lines resulted in an increase
in cell migration and invasion in both in vitro and in vivo settings using transwell
and transplantation assays, respectively. Strikingly, variations in cell doubling
rates were not observed with perturbations in AGO2 levels. Hence, AGO2
upregulation in this system predominantly enhances metastatic characteristics of
lung tumor cells without noticeable changes in proliferation rates.

Consistent with these findings, ectopic expression of AGO2 in infected
cells from the KP autochthonous model accelerated tumor progression with no
observable differences in tumor burden. In KPR mice, the development of high-
grade lung tumors was enhanced in comparison to tumors initiated from KP
control mice. This suggests that elevated AGO2 expression promotes the
transition from a benign lesion to a malignant tumor. This was further supported
by our observation that increased metastases developed from transplantation of
KPR lung tumor cells into nude mice in the presence of doxycycline. Consistent
with these findings, AGO2 was previously reported to upregulate focal adhesion
kinase (FAK) expression in a model of hepatocellular carcinoma, resulting in
enhanced metastasis in this model (Cheng N, 2013). This suggests that AGO2
perturbs the transcriptional program of tumor cells to disrupt cell-cell adhesion.

The canonical functions of AGO2 have been well established in the

context of miRNA-mediated gene regulation. It is plausible that AGO2
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overexpression in the described KP LUAD model promotes activity of oncogenic
mMiRNAs to facilitate the progression from benign to aggressive tumor state.
However, as many miRNAs have been found to be generally downregulated in
human cancers, including NSCLC, the notion that there are miRNA-independent
functions of AGO?2 is both provocative and plausible (Lu et al., 2005).

It was recently reported that an engagement between KRAS and AGO?2 in
a panel of lung and pancreatic cell lines promotes cellular transformation
(Shankar et al., 2016). This interaction was found to upregulate signaling
pathways involved in cell growth, including the PI3K signaling cascade. If this is a
general phenomenon in KRAS-driven cancers, this provides novel insight into the
mechanism of AGO2 overexpression in promoting advanced stage cancers.

In a related study, a recent genome-wide loss-of-function screen using
shRNA libraries had been conducted to identify dependencies for cancer cell
survival. This screen revealed heightened sensitivity to AGO2 knockdown from a
variety of cancer cell lines, specifcally in the context of KRAS and TP53
mutations. However, sensitivity to AGO2 depletion was not observed in cancer
cell lines with mutually exclusive mutations in either KRAS or TP53 (Tsherniak et
al., 2017). Moreover, AGO2 dependent cancers were generally found to be co-
dependent on TWIST1, which is a transcription factor involved in promoting
metastasis (Figure 6A). This further supports the synergistic effects of activating
Kras mutations, Tp53 ablation and AGO2 overexpression involved in cellular

transformation in our KP mouse model.
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Figure 6: Association between AGO2 dysregulation and malignant
transformation. (A) Top 10 AGO2 co-dependent genes were identified from a
LOF screen in 501 cancer cell lines using gonome-wide shRNA library
(Tsherniak et al., 2017). (B) IHC demonstrates that p-Y394-AGO2 is
predominantly expressed in high-grade lung tumors. Cross sections of lung

tissue derived from KP mice were pathologically graded and were subsequently
stained for p-Y394-AGO2.
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Although the association between AGO2 and key features of metastasis is
substantial, the mechanism that links AGO2 upregulation to promoting cell
migration and invasion is still unclear. We have demonstrated an increase in
MAPK signaling associated with malignant transformation in AGO2
overexpressed lung tumors, consistent with previous reports of MAPK
dependency for lung tumor progression (Feldser et al., 2010). It is also peculiar
that there is a strong correlation between MAPK activity and p-Y394-AGO2
expression during tumor progression (Figure 6B). Accumulation of p-Y394-AGO2
also appeared to be predominantly nuclear. Coincidentally, p38 MAPK activity
has been demonstrated to promote phosphorylation of serine 387 of AGO2,
resulting in AGO2 localization to processing bodies (p-bodies), which is involved
in facilitating miRNA-mediated mRNA destabilization (Zeng Y, 2008). As MAPK
signaling is enhanced during tumor progression in our system, it is conceivable
that activated MAPK mediates phosphorylation of Y394-AGO2, resulting in its
nuclear localization where it promotes a transcriptional response favoring tumor
dedifferentiation and/or metastasis. Notably, it is currently unclear whether
phosphorylation of this tyrosine residue affects AGO2 binding to KRAS.

The post-translational modification of Y393-AGO2, the human equivalent
of Y394-AGO2 in mice, has previously been attributed to the progression of
pathological conditions. For example, accumulation of p-Y393-AGO2 has been
associated with poor prognosis of EGFR-driven breast cancer patients, where
phosphorylation of tyrosine 393 reduces DICER1-AGO?2 interactions, thereby

negatively affecting miRNA processing (Shen et al., 2013). Here, miRNAs with
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long stem-loop hairpin structures were disfavored for AGOZ loading. These
specific miIRNAs were generally associated with tumor suppressive functions,
revealing a novel mechanism of post-transcriptional regulation favored by cancer
cells through AGO2 dysregulation. Though we did -not assay the functional
cohsequences of AGO2 phosphorylation in KP lung tumor cells, these studies
implicate a broad advantage of AGO2 overexpression to promote tumor
progression, by promoting enhanced KRAS signaling and/or miRNA
dysregulation.

In conclusion, we have identified an oncogenic function for AGO2 in our
KP mouse model of human NSCLC, where AGO2 overexpression promotes
metastasis. Because targeting oncogenic KRAS has been a therapeutic
challenge due to structural limitations, identifying novel KRAS effector molecules
to impede oncogenic signaling has been appealing. This study demonstrates a
critical role for AGO2 function in a KRAS-driven malignancy, supporting further
efforts to characterize the AGO2-KRAS association and identify novel

approaches to suppress Kras activation.
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Experimental Procedures

Cell Culture

Mouse lung adenocarcinoma cell lines were derived from plucked tumors. These
cells were homogenized and then plated on 10cm cell culture-treated plates in
DMEM media supplemented with 10% fetal bovine serum (FBS), L-Glutamine
and pen/strep. All cells were grown at 37°C with 5% CO,. All experiments using
doxycycline to induce Ago2 overexpression was used at a concentration of 2.5
pg/mL unless noted.

Lentiviral Constructs

GMAP-compatible pLL3 lentiviral backbone was previously engineered to
generate viral constructs via Gibson Assembly® with the folliowing construction:
backbone-pA-gA-pB-gB. TRE promoter was amplified from a DNA template with
“promoter A” (pA) Gibson homology arms (Clontech, #R040A), purified from 1%
agarose gels and gel-extracted (Macherey-Nagel, #740609.50). Tandem FLAG
and HA tags were engineered onto the N-terminus of mMAGO2 via PCR from
cDNA templates derived from mouse embryonic stem cells. PCR primers were
designed with “gene A” (gA) Gibson homology arms. PCR products were purified
from 0.7% agarose gels and gel-extracted. pGK was amplified from DNA
templates with “promoter B” (pB) Gibson homology arms, purified from 1%
agarose gel and gel-extracted. Cre recombinase was amplified with “gene B”
(gB) Gibson homology arms, purified from a 0.8% agarose gel and gel-extracted.
Gibson Assembly was performed by first preparing 5X isothermal assembly
reaction buffer (0.5M Tris-HCI pH7.5, 50mM MgCl,, 1mM dNTPs, 50mM DTT,
1.5g PEG-8000, 20mg NAD, and bring up to 6mL with nuclease-free water).
Isothermal master mix was then prepared by combining 320uL 5X isothermal
assembly reaction buffer, 1.2uL T5 exonuclease (NEB®, #M0363L), 20uL
Phusion polymerase (NEB®, #M0530L), 160uL Taq ligase (NEB®, #M0208L),
and 700pL nuclease-free water. 4L inserts (5.7 x 10 pmol each of
pA,gA,pB,gB) and 1uL of 50ng digested-backbone (BsrGl/Pmel-digested
lentiviral backbone) were added to 15uL isothermal master mix and incubated at
50°C for 1 hour. These reactions were then transformed into competent bacteria
(Thermo Scientific™, #C737303), grown at 30°C for 20 hours, and screened with
Sanger sequencing. pSLIK-hygro (Addgene, #25737) lentiviral backbone was
used to clone in mAgo2, which was PCR amplified with 5’ EcoRI and 3’ Notl
restriction sites. PCR products were purified and extracted with the above
protocol. All primers used are listed in primers table in supplemental materials.

Virus Production and Titering

To produce lentiviruses, we passaged and split 293T cells onto 15cm tissue
culture-treated plates until they reached 70% confluency. We co-transfected
these 293T with 10ug lentiviral constructs, 7.5ug delta8.2 and 2.5ug VSV-G
packaging plasmids, and 75uL TransIT-LT1 (Mirus Bio, #MIR2300). Media was
changed on the following day with 15mL fresh media (DMEM, 10% FBS, 2mM L-
Glutamine). Supernatant was collected 48 and 72 hours post-transfection and
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run through 0.45um syringe filter (Pall Corporation, #4184). Virus was
concentrated at 25,000 r.p.m. for 90 minutes at 4°C and resuspended in 200pL
Gibco™ Opti-MEM™ (Thermo Scientific™, #31985070). Virus was titered by
infecting Green-Go cells with serial dilutions of virus. Green-go cells were
generated by transducing 3TZ cells with a bicistronic retrovirus containing an
LTR promoter-driven inverted GFP sequence, flanked by two sets of
incompatible loxP sites. Viral titers were calculated based off of Cre-mediated
GFP-expression.

Immunofluorescence

A sterile coverslip (VWR, #48383-042) was placed into each well of a 12-well
plate. 25,000 cells were seeded into each well and allow for cells to adhere
overnight at 37°C with 5% CO,. Media was aspirated and cells washed 2x with
PBS. Ice cold methanol:acetone (1:1) was added for 10min at -20°C. Wells were
washed with PBS and blocked with PNB Blocking Reagent (PerkinElmer,
#FP1020) at room temperature for 1 h. Blocking reagent was removed and fixed
cells were incubated with primary antibody (diluted in PNB blocking reagent)
overnight at 4°C. Cells were washed 5x with PBS and incubated with secondary
antibody at room temperature for 1 h. Wells were washed 5x with PBS and
coverslips were mounted onto slides with mounting medium containing DAPI
(Vector Laboratories, #H-1200). Slides were stored in the dark at 4°C until ready
to image. All antibodies used are listed in antibodies table in supplemental
materials.

Proliferation, migration and invasion assays

To assay for cell proliferation rates, KPR cells were diluted in media, either
containing or lacking doxycycline, at a concentration of 100 cells/uL. 100uL of
media was added to each well of the proliferation plates (ACEA Biosciences Inc,
#05469830001) and incubated at room temperature for 30 m to equilibrate. The
background reading was measured on the xCELLigence RTCA DP apparatus
(ACEA Biosciences Inc, #00380601050). 100uL of diluted cells were added to
each well and incubated at room temperature for 30 minutes. Plates were
mounted on xCELLigence RTCP DP at 37°C with 5% CO, and the proliferation
analysis was initiated, where impedance measurements were taken every 15 m
for 48 h. Wells plated without cells were used as negative controls. Cell doubling
time was calculated.

To assay for cell migration and invasion, KPR cells were diluted in serum-free
media (SFM), either containing or lacking doxycycline, at a concentration of 250
cells/uL. Matrigel® (Corning, #354230) was diluted to a concentration of 800
pug/mL and 50uL was added to wells in the upper chamber intended for cell
invasion measurements (ACEA Biosciences Inc, #05665817001). 30puL of
Matrigel® was removed from each well and the upper chamber was incubated at
37°C for 4 h. 160uL of media was added to each well of the bottom chamber of
the transwell plate. SFM was added to wells in the bottom chamber as negative
controls for cell migration/invasion. The upper chamber was attached to the
bottom chamber. 25uL of SFM was added to each well of the upper chamber and
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incubated at 37°C for 1 h to equilibrate plate. The background reading was
measured on the xCELLigence RTCA DP (ACEA Biosciences Inc,
#00380601050). 100uL of diluted cells were added to each well and incubated at
room temperature for 30 minutes. Plates were mounted on xCELLigence RTCP
DP at 37°C with 5% CO; and migration/invasion analysis was started, where
measurements were taken every 15 m for 24 h.

Histology and IHC

Tissues were fixed in zinc formalin (Polysciences, Inc., #21516) overnight at
room temperature. They were then transferred to 70% ethanol prior to paraffin
embedding. Sections were stained with Hematoxylin and Eosin (H&E) on the
Varistain Gemini automated slide stainer (Thermo Shandon). IHC was performed
with 5um-thick sections. Tissues were blocked with Dako Dual Endogenous
Enzyme-Blocking Reagent (Agilent Technologies, #5200389-2) and stained
using the ImmPRESS '™ HRP Polymer Reagents and DAB staining kit (Vector
Laboratories, #SK-4100). All antibodies used are listed in antibodies table in
supplemental materials.

Western Blotting

Cells were lysed with RIPA supplemented with protease inhibitor cocktail (Roche,
#04693159001), Benzonase® nuclease (Sigma, #E8263) and Halt phosphatase
inhibitor cocktail (Thermo Scientific™, #78420). Protein %sates were quantified
using Pierce™ BCA™ Protein Assay (Thermo Scientific™, #23225). Samples
and Kaleidoscope ladder (Bio-Rad, #161-0375) were prepared in NUPAGE®
loading buffer (Thermo Scientific™, #NP0007) and reducing agent (Thermo
Scientific™, #NP0004) and boiled for 5 minutes at 95°C followed by 2-minute
incubation on ice. Western blotting was performed using the Xcell II® Blot
Module (Thermo Scientific™). Proteins were run on NuPAGE™ 4-12% Bis-Tris
protein gels (Thermo Scientific™, #NP0321BOX) and then transferred to
nitrocellulose membrane for LI-COR fluorescent imaging (LI-COR® Biosciences,
#926-31092). Membranes were blocked in Odyssey® Blocking Buffer (LI-COR®,
#927-40000) incubated with primary antibodies overnight at 4°C with rocking.
Membranes were washed 3x with PBST, 5 minutes each, and incubated in
secondary antibody for 1 hour at room temperature with rocking. Membranes
were washed 4x with PBST and exposed/developed. All antibodies used are
listed in antibodies table in supplemental materials.

qRT-PCR

Total RNA from cells were TRIzol-extracted (Thermo Scientific™, #15596026).
For mRNA gRT-PCR, total RNA was converted to cDNA using M-MLV (Thermo
Scientific™, #28025013) and Oligo d(T) (Gene Link™, #26-4000-05). In each
gRT-PCR reaction, we added 10ng cDNA, 1X Tagman probe mix (Thermo
Scientific™, #4331182), and 1X TagMan™ Fast Advanced Master Mix (Thermo
Scientific™, #4444556). These samples were amplified and analyzed on the
Roche LightCycler® 480 instrument. Gene expression was normalized to B-Actin
(Thermo Scientific™, #4453320).

94



Tumor models

All animal studies described in this study were approved by the MIT institutional
Animal Care and Use Committee. All animals were maintained on a mixed
C57BL/6J x 129SvJ genetic background. KP mice were previously developed by
engineering transcriptional and translational stop elements, flanked by loxP sites,
into the first intron of the endogenous K-ras gene. Furthermore, these mice
contain an oncogenic mutation in K-ras, where a glycine to aspartic acid mutation
in present at codon 12, and conditional “floxed” p53 alleles between exons two
through ten to constitutively activate K-ras and mimic loss of p53 function upon
Cre-mediate recombination, respectively. These KP mice were then crossed to
the Ai9 Cre reporter mice harboring loxP-flanked STOP cassette preventing
transcription of a CAG-promoter driven tdTomato fluorophore at the ROSA26
locus. These KP tdTomato reporter mice were then crossed to Cre reporter mice
generated from Inder Verma'’s laboratory harboring loxP-flanked STOP cassette
preventing transcription of luciferase at the ROSA26 locus. These
KP(tdTom/Luc) reporter mice were then crossed to CAGs-rtTA3 mice generated
from Scott Lowe’s laboratory to enable a conditional expression system in the
presence of doxycycline.

The generated KP reporter mice used for our studies either harbored or lacked
the ntTA3 transgene, allowing us to control for doxycycline-specific effects. In the
autochthonous setting, we delivered 8.0 x10° infectious particles of our lentiviral
construct via intratracheal inhalation to each mouse that was briefly anesthetized
with isoflorane. These mice were placed on doxycycline food to induce Ago2
overexpression in transduced cells harboring rtTA allele.

For subcutaneous injections, KP lung adenocarcinoma cells were diluted using
cold PBS to a concentration of 1,000 cells/uL. 100uL of cells were injected into
the flanks of nude mice (The Jackson Laboratory, #007850) and monitored for
tumor growth.

For intravenous injections, KP lung adenocarcinoma cells were diluted using cold
PBS to a concentration of 1,000 cells/pL. 100uL of cells were injected into the tail
vein of nude mice and sacrificed 4 wk post-transplantation.

Statistical Analysis

Student’s t-test was used for all measurements of tumor burden and IHC
quantifications. All error bars denote s.e.m.
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Supplemental Materials

Antibody VendorlCatang Assay(s) D|Iut|on
i ~ CellSignaling L '
""""Techmlegy&BQYS Jio o WNBAHE T 1&&@!12@0}

Cell Signaling

HA Technology/3724S IHC 1:500

Hsp90 = BD Biosciences/610418 ~ W.B.  1:10000

phospho-Y394- Cell Signaling

AgoZ Technology/N A IHC 1pg/mL

:;phesth-AK'E’ TeehholegyM%GS . HE . 1200
Cell Signaling

phospho-ERK1/2 Technology/4370S IHC 1:400

Tubulin  Abcam/ab6046 . .WB 1580

Table 1: List of antlbodles used.

Primer Orlentatlon Sequence
FHmAgo2 @ F CGCGAATTCATGTACTCGGGAGC

FHmAgo2 R GCGGCGGCCGCTCAAGCAAAG

.AGGCCTCGGGATTCCTAGGAACAGCGGI I ICA
AGCAAAGTACATGGTGCGCAGTGTGTC o

AAACGATCGCACAGCTAGCGTTCGAGTI’AGTGA |
CTTACGF'.‘.\.TT\CTCQAGQC A.

&.CCGéTTAAGCTGTAGCGCTAATGTCGGGTCTCC |
N CGGAGATGAGGAAGAGG

| AGAGTAATT’”CA’ACCCCA \AACAACAACGTTTCTAA
Cre gB R TCGCCATCTTCCAGCAG

Table 2: List of primers used.
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Chapter 3

A novel mouse model of ABC-like DLBCL
initiated by oncogenic KRAS and
overexpression of AGO2

This chapter is adapted from the following manuscript in preparation:

Thai KK, Louissaint Jr A, Suzuki H, Bhutkar A, Sharp PA, and Jacks T. A novel
mouse model of ABC DLBCL initiated by oncogenic KRAS and overexpression of
AGO2. In preparation.

The work in this chapter had contributions from Vasilena Gocheva and Yadira
Soto-Feliciano, who provided assistance with mouse procedures, Abner
Louissaint Jr. and Roderick T. Bronson, who provided pathology consultations on
mouse tissue, and Hiroshi Sazuki and Arjun Bhutkar, who provided assistance
with computational analysis of sequencing data. KT designed and performed all
experiments.
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Abstract

Activated B cell (ABC) lymphoma is an aggressive form of diffuse large B cell
lymphoma (DLBCL). Here, we describe a mouse model resembling ABC DLBCL
made by overexpressing AGO2 in the context of oncogenic Kras mutation and
p53 inactivation. These animals develop B cell ymphomas that display abnormal
plasmablastic features. We demonstrate that cellular transformation in this
system is facilitated by the physical interaction between AGO2 and KRAS.
Disruption of this interaction via expression of KRAS-binding AGO2 mutant
proteins resulted in proliferation defects and loss of cell viability. Furthermore,
ectopic AGO2 expression enhanced activity of KRAS-mediated signaling
pathways, including NF-kB, which is often stimulated in ABC DLBCL.
Downregulation of AGO2 resulted in loss of survival signals and induction of cell
death. These results demonstrate a novel mechanism to induce
lymphomagenesis through a functional interaction between KRAS and AGO2

and provide a novel model for the study of an ABC-like DLBCL.
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Introduction

Several genes encoding components of the RNAi machinery have been found to
be mutated in various human cancers, including DROSHA and DICER1 (Lin et
al., 2010; Lin S and Gregory RI, 2015). Mutations in these genes have been
documented to alter gene expression programs via improper microRNA (miRNA)
processing and are associated with uncontrolled cell proliferation and tumor
growth (Kumar et al., 2007; Ravi et al., 2012; Wegert et al., 2015). By contrast,
the involvement of members of the Argonaute family of proteins in cancer has
been less well studied.

In mammals, four Argonaute (AGO) proteins are highly conserved and
serve as critical components of the RNAIi pathway (Drinnenberg et al., 2009).
Their primary function under normal physiological conditions is to regulate gene
expression programs that affect various biological processes, such as cell
proliferation and differentiation, by guiding small RNAs to the 3’'UTRs of their
mRNA targets. As members of the RNA-induced silencing complex (RISC), AGO
proteins promote target suppression through either mRNA destabilization and/or
translational repression (Ambros 2004, Baek 2008; Bartel 2009).

Of these four AGO orthologues, AGO?2 is the only member that is
ubiquitously expressed in mammalian tissues and possesses catalytic activity for
transcript destabilization, termed “slicing” (Liu et al., 2004). Ago2 is an essential
gene in the mouse and plays an important role in development and maintenance
of cell identity by, for instance, regulating hematopoiesis and B cell

differentiation, respectively, in a microRNA-dependent manner (O’Carroll et al.,
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2007; Su et al., 2008). Despite the weli-characterized role of AGO2 in the
canonical RNAi pathway, little is known about how misregulation of AGO2
impacts pathological conditions.

AGO2 was previously identified to play a key role in tumorigenesis by
facilitating activity of oncogenic microRNAs (Calin et al., 2002; Eis et al., 2005).
However, AGO2 has also been shown to have distinct functions, some of which
are microRNA-independent, in various human cancers. For example, in breast
cancer, hypoxia in the core of high-grade tumors was found to enhance the
association between EGFR and AGO2. This resulted in EGFR-mediated
phosphorylation of AGO2-Y393, which inhibited loading of microRNAs with tumor
suppressive properties due to AGO2 structural differences. The elevated level of
p-AGO2-Y393 correlated with overall poor survival of breast cancer patients
(Shen at al., 2013). In a separate study, the phosphorylation state of AGO2-Y393
was found to be regulated by protein tyrosine phosphate 1B (PTP1B) in
oncogenic H-Ras-expressing fibroblasts (Yang et al., 2014).

Recently, a direct interaction between KRAS and AGO2 has been
reported in oncogenic KRAS-driven cancers, such as numerous lung and
pancreatic cancer cell lines. This interaction was found to occur on the
endoplasmic reticulum, between the switch || domain of KRAS and the N-
terminal domain of AGO2. Engagement of KRAS with AGO2 reduced RISC
activity and promoted stabilization of oncogenic KRAS. Furthermore, the
association between KRAS and AGO2 resulted in enhanced PI3K signaling and

promoted cellular transformation (Shankar at al., 2016).
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Activation of oncogenic KRAS typically results in enhanced activity of
many signaling cascades, including MAPK signaling (Drosten et al., 2010).
Interestingly, the MAPK signaling pathway has been implicated in the regulation
of AGO2 expression in transformed cells, including breast cancer models.
Elevated AGO2 expression in this model is associated with enhanced cell
proliferation and migratory ability (Adams et al., 2009).

AGO2 overexpression has been reported in many other human cancer
types, such as colon cancer and hepatocellular carcinoma. This upregulation of
AGO2 has been implicated in affecting tumor development and metastasis in
vivo (Li et al., 2010; Vaksman et al., 2012). Additionally, many cancer types have
been documented to have AGQO2-associated copy number alterations, including
multiple myeloma (MM), hepatocellular carcinoma and non-small cell lung cancer
(NSCLC). For example, over 50% of lung adenocarcinomas (LUAD) have copy
number alterations affecting the AGO2 locus, primarily as a result of gene
amplification events (Figure S1A) (Cerami et al., 2013). These copy number
alterations are significantly associated with poor disease outcome (Zhou et al.,
2010, Cheng et al., 2013).

As AGO?2 is commonly overexpressed in many human cancers and recent
reports suggests that it has novel oncogenic properties, we sought to investigate
the role of AGO2 overexpression in tumor progression. We initially utilized a
genetically engineered “KP” autochthonous mouse model of human LUAD. The

LSL-G12D

KP mice harbor a heterozygous Kras allele as well as homozygous

“floxed” Tp53 alleles. Expression of viral-mediated Cre recombinase in these
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lung epithelial cells results in activation of oncogenic KRAS and elimination of
p53 function (DuPage et al., 2009). This KP model was modified to incorporate
conditional overexpression of AGO2.

AGO2 overexpression in this system had the unexpected effect of
initiating a B cell lymphoma with abnormal plasmablastic features, resembling
ABC DLBCL, in these animals. We demonstrate that constitutive KRAS activation
and AGO2 overexpression together stimulate downstream signaling cascades to
promote cell survival in a lymphoid malignancy. Additionally, AGO2
downregulation resulted in a dampening of these signals, changes in cell identity

and initiation of cell death.

Results

Overexpression of AGO2 induces lymphomagenesis in KP autochthonous
mouse model

We first set out to test the effects of AGO2 overexpression in LUAD. To this end,
we generated a doxycycline-inducible, epitope tagged Ago2 (FLAG-HA-AGO2)
lentivirus co-expressing Cre recombinase. In this study, KP mice carried a
germline transmitted CAG-rtTA transgene (KPR mice) for induction of
doxycycline-regulated transcription from the lentiviral-integrated Ago2 cDNA.
Intratracheal administration of this virus in KPR mice resulted in deletion of Tp53,
constitutive activation of oncogenic KRAS, and doxycycline-regulated AGO2
6LSL-thomato;LSL—

overexpression. These mice also carried reporter alleles, Rosa2

Luciferase - allowing for in vivo monitoring of Cre-expressing cells. In parallel, KP
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mice lacking the rtTA allele were used to control for doxycycline-induced effects
(Figure 1A).

Initially, we hypothesized that AGO2 overexpression in this system would
accelerate lung tumor progression by taking into account our previous findings.
From in vitro transwell experiments, an increase in cell migration and invasion
were detected in AGO2 overexpressed KP LUAD cell lines over control (Figure
S1B). Moreover, intravenous administration of these cell lines into
immunocompromised mice resulted in an increase in tumor cell colonization of
lung tissue in conditions with ectopic AGO2 expression (Figure S1C). These
findings imply a functional role for AGO2 upregulation in promoting tumor
progression by enhancing features associated with metastasis.

At week 4 post-infection in the presence of doxycycline, an increase in
tdTomato-positive cells in circulation was detected from peripheral blood of KPR
mice as compared to KP control (Figure 1B). In vivo imaging of these mice
revealed a significant increase in luciferase signal at distant organ sites of KPR
mice, suggesting AGO2 overexpression affects cell motility and promotes
metastasis (Figure S1D). Furthermore, KPR mice displayed phenotypes
associated with advanced stage cancer, such as weight loss and hunched
posture, which was not seen in the control group. This suggested an acceleration
of tumor progression with AGO2 overexpression, but upon sacrifice we detected
no difference in lung tumor burden between KP and KPR mice (Figure S1E).
However, a noticeable shift in tumor grades was detected, where malignant

transformation was favored in KPR mice, consistent with our initial hypothesis of
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Figure 1. AGO2 overexpression in KP autochthonous model induces
lymphomagenesis. (A) An autochthonous mouse model to overexpress AGO2 in
a doxycycline-inducible system. Delivery of lentivirus via intratracheal inhalation
resulted in Cre-mediated recombination of KRAS"S-¢"22** and Tp53™" primarily in
lung epithelial cells. Cre-expressing cells overexpress AGO2 in mice harboring
CAG-rtTA transgene (KPR mice) in the presence of doxycycline. KP mice were
used as controls for doxycycline-induced effects. (B) Peripheral blood was
collected via retro-orbital bleeding and analyzed for tdTomato-expressing cells
from KPR (n=8) and KP mice (n=6) 16 wk after lentiviral delivery. (C) Lung
tumors were scored for histological grade (1/2= benign; 3/4=malignant). (D) Mass
and size of spleen and lymph nodes (LN), respectively, were measured in KPR
mice (spleen: n=8; LN: n=56) and compared to KP mice (spleen: n=6; LN: n=40)
at 20 wk post-lentiviral delivery. (E) Haematoxylin and eosin (H&E) staining
showed an effacement of lymphoid tissue with prominent lymphoid infiltrates. (F)
AGO2 expression was analyzed from cross sections of KPR and KP mouse
tissue using IHC. (G) Splenocytes were harvested from KPR and KP mice
cultured in vitro. Western blot analysis was used to determine protein expression
of total AGO2 and HA-tagged AGO2 from these splenocytes. Enolase was used
as a loading control. (H) Ki-67 staining using IHC was quantified to determine the
proliferation index of lymphocytes from KPR mice (n=6) compared to KP mice
(n=4). *p<0.05, **p<0.01.
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AGO2 accelerating lung tumor progression (Figure 1C).

Surprisingly, full necropsy of all KPR mice revealed significantly enlarged
secondary lymphoid organs, such as spleen and various lymph nodes, that were
not observed in the KP control mice (Figures 1D and S1F). Histology displayed
effacement of these lymphoid structures as well as infiltration of other distant
organ sites, including kidneys, due to massive expansion of lymphocytes (Figure
1E). Moreover, we detected extensive infiltration of adipose tissue by lymphoid
aggregates in KPR mice, consistent with lymphoid malignancy. Conversely, all
KP mice displayed normal lymphoid tissue and lymphoid infiltrates were not
observed in distant organs.

To determine whether these expanding lymphocyte populations displayed
AGO2 overexpression, we used immunohistochemistry (IHC) and western blot
analysis. We detected an increase in AGO2-expressing lymphocytes from cross-
sections of lymphoid tissue of KPR mice compared to KP control group (Figures
1F and S1G). At the time of sacrifice, splenocytes were also harvested from both
KP and KPR mice. The virally introduced HA-tagged AGO2 protein was only
detected in KPR splenocytes in the presence of doxycycline, suggesting
lymphocytes were transduced in vivo via intratracheal administration of the virus.
Doxycycline-induced AGO2 expression resulted in a two-fold increase in total
AGO2 expression in KPR cells. Predictably, the epitope tagged AGOZ2 protein
was not detectable in KP splenocytes (Figure 1G).

As secondary lymphoid structures were enlarged and many non-lymphoid

tissue displayed notable lymphocyte infiltration, we sought to compare the
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proliferation index of splenocytes between KP and KPR mice. Unlike KP control,
the majority of KPR lymphocytes stained positively for Ki-67, with a proliferation
fraction of over 40%. Additionally, many of these cells were actively undergoing
mitosis as detected by phospho-H3 staining (Figures 1H and S1H), confirming
the hyperplastic phenotype. Together, the extensive infiltration of nodal and
extranodal tissues by lymphoid infiltrates expressing HA-tagged AGO2 and high
proliferation fraction are consistent with lymphomagenesis resulting from AGO2

overexpression in the context of activated KRAS and Tp53 deletion.

Overexpression of AGO2 induces ABC-like DLBCL with plasmablastic
features

Closer examination of KPR lymphoid aggregates revealed the infiltrates
consisted of a heterogeneous proliferative lymphoplasmacytic cell population.
These infiltrates were predominated by medium-sized to large abnormal
lymphocytes with scant to moderate cytoplasm and vesicular nuclei. These
abnormal cells frequently had eccentric nuclei with coarse to vesicular chromatin
and moderate to abundant cytoplasm with perinuclear clearing, consistent with
plasmablastic cells. The infiltrates also included numerous maturing plasma cells,
with frequent intracytoplasmic and intranuclear inclusions, such as Russell
bodies and Dutcher bodies, respectively, indicative of defective antibody
secretion (Figures 2A and S2A). Immunoglobulin isotyping of these abnormal
plasmablastic cells in culture confirm that they were defective in antibody

secretion (Figure 2B).
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IHC and flow cytometry (FACS) showed that a large population of the KPR
lymphocytic infiltrates were B220-expressing B cells and included abundant
CD138-positive cells, confirming plasmacytic differentiation (Figures 2C and
S2B). The majority of these abnormal lymphocytes were also positive for IRF4-
encoded MUM1 protein, an early regulator of plasma cell differentiation that is
often expressed in multiple myeloma (MM) and plasmablastic lymphoma (PBL)
patients (Figure S2C) (Vega et al., 2005). Moreover, the vast majority of these
proliferative infiltrates were negative for CD3, consistent with a B cell specific
malignancy (Figure S2D). KP splenocytes derived from control mice displayed a
normal fraction of B220- and CD138-expressing cells expected of healthy mice,
confirming that the plasmacytic differentiation phenotype occurred exclusively in
the doxycycline-treated KPR mice (Colovai et al., 2004).

Given the high percentage of abnormal plasma cells, we sought to assess the
lymphoplasmacytic infiltrates for evidence of clonality using stains for
kappa/lambda immunoglobulin light chains. The majority of the KPR mice (10/14)
showed expansion of lambda-positive cells, while the remaining KPR mice
harbored infiltrates with kappa light chain restriction. This preferential selection
for light chain isoforms is consistent with a clonal expansion originating from a
small subset of neoplastic cells (Figure S2E).

The combination of the morphology and immunophenotype of these
hyperproliferative cells were consistent with a plasmablastic neoplasm
phenotypically resembling human ABC DLBCL with plasmablastic features. To

confirm that the hyperplastic KPR lymphocytes were tumorigenic, we
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Figure 2. Mice develop an ABC-like DLBCL phenotype from AGO2
overexpression in autochthonous model. (A) H&E staining of a KPR kidney
cross-section (yellow circles= Mott cells; white circles= plasma cells with Russell
bodies; blue arrows= large neoplastic cells with vesicular nuclei and open
chromatin; green arrows= large neoplastic cells with scant cytoplasm). (B) An
ELISA-based approach for mouse immunoglobulin isotyping was used to
determine levels of antibody secretion (positive control= premixed Ig control
mixture; negative control= wash buffer; WT plasma celis= cell culture medium
from WT CD138-expressing plasma cells grown overnight). Cell culture medium
was collected from KPR cell lines grown in the presence of doxycycline. (C)
Serial cross-sections of tissue from KP and KPR mice at 20 wk after lentiviral
administration were analyzed for expression of B220 (B cell specific marker) and
CD138 (plasma-cell specific marker) with IHC (Bottom panels) in addition to H&E
staining (top panel). (D) Splenocytes from KP and KPR mice were transplanted
into recipient sublethally irradiated mice. Histology and H&E staining at 18 wk
post-transplantation was used to assess the extent of tissue effacement and
lymphocytic infiltration from KPR and KP splenocytes in the presence of
doxycycline.

113



transplanted these cells into sublethally-irradiated recipient mice. Transplantation
in the presence of doxycycline resulted in the development of a similar ABC-like
DLBCL neoplasm in recipient mice, confirming that AGO2 overexpression in this
setting leads to tumorigenesis and gives rise to an aggressive lymphoma (Figure
2D). Moreover, these lymphoid neoplasms were predominantly CD10-negative,

consistent with an activated B cell malignancy (Figure S2F) (Hans et al., 2004).

Transplanting AGO2 overexpressed B lymphocytes into irradiated mice
induced an ABC-like DLBCL phenotype

To develop a more robust model of ABC DLBCL involving overexpression of
AGO2, we investigated the effects of direct infection of early stage B cells from
KPR mice. B220-positive B cells were isolated from bone marrow of healthy KPR
mice harboring the Rosa26-S--1dTomatolLSL-Luciferase ranqrter allele. These bone
marrow-derived, B220-positive lymphocytes were retrovirally transduced in vitro
with a vector that co-expressed Cre recombinase and a doxycycline-inducible
AgoZ2 construct (Figure 3A). Following infection, tdTomato-positive populations
were isolated through FACS for subsequent studies.

TdTomato-positive cells were subsequently passaged in tissue culture in
the presence and absence of doxycycline. As expected, continual passaging of
primary B-lymphocytes in medium lacking doxycycline led to a gradual decline in
cell viability in the absence of IL-7, stem cell factor (SCF) and stromal feeder
cells. However, a population of the KPR lymphocytes expanded under these

conditions in vitro in the presence of doxycycline, where the percentage of
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propidium iodide (Pl)-negative cells exceeded that of Pl-positive cells after two
weeks in culture (Figure S3A). This suggested the combination of KRAS
activation, Tp53 deletion and AGO2 overexpression might be sufficient to
maintain cell viability or transform B-lymphocytes in vitro.

The dependency on AGO2 overexpression for cell survival was tested
further by passaging KPR cells that were derived in the presence of doxycycline
in medium lacking the drug. At day 3 post-doxycycline withdrawal, KPR
lymphocytes failed to survive as determined by PI staining. However, these cells
continued to proliferate with minimal cell death detected in the presence of
doxycycline (Figure 3B). Thus the transduced KPR lymphocytes were dependent
on AGO2 overexpression for survival.

In parallel, tdTomato-positive KPR lymphocytes were transferred into
sublethally irradiated mice via intravenous injection to test for tumorigenicity.
Transplantation of these KPR cells into recipient mice fed doxycycline-containing
food recapitulated the ABC-like DLBCL phenotype observed from the KPR
autochthonous model. Luciferase-expressing lymphocytes expanded well in vivo
and exhibited both hyperproliferation and extensive infiltration of nodal and
extranodal tissues (Figures 3C and S3B). Moreover, prominent populations of td-
Tomato-expressing splenocytes were detected from doxycycline-treated mice,
demonstrating engraftment of transplanted lymphocytes (Figure S3C). In the
absence of doxycycline, transplanted mice appeared to be healthy and showed

no signs of lymphocytic hyperproliferation.
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Figure 3. Transfer of AGO2 overexpressed B cells into mice induces ABC-like
DLBCL phenotype. (A) A transplant mouse model to overexpress AGO2 in a
doxycycline-inducible system to initiate lymphomagenesis. In vitro retroviral-
mediated transduction of B220-expressing primary KPR bone marrow resulted in
Cre-mediated recombination of Kras-S-¢122"* p53M and Rosa26-S-tdTom/LSL-Luc
TdTomato-expressing cells were sorted and subsequently transplanted into
recipient sublethally irradiated mice. These mice were divided into two cohorts:
doxycycline-containing food and regular food. (B) KPR lymphocytes dependent
on AGO2 overexpression were passaged into +/- doxycycline conditions. Pl
staining was used to monitor for cell death at 1 and 3 d after cells were
passaged. (C) H&E staining from sections of tissue from mice transplanted with
KPR lymphocytes and treated with doxycycline at 20 wk after transplantation. (D)
Splenocytes derived from mice (either treated or untreated with doxycycline)
were compared with FACS analysis based on B220 and CD138 expression. (E)
AGO2 overexpression-dependent KPR cells were sorted into distinct populations
based on B220 and CD138 expression and subsequently transferred into
recipient sublethally irradiated mice that were fed doxycycline-containing food.
Survival curve from this transplantation revealed two tumorigenic populations:
B220°*/CD138" and DN.
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To confirm that the hyperproliferative population of B cells were derived
from the transplanted KPR cells, we isolated splenocytes from recipient mice and
performed FACS analysis to detect tdTomato-expressing cells. As expected, the
majority of splenocytes harvested from doxycycline-treated mice were tdTomato-
positive but were not detected from the untreated condition (Figure S3C). This
iIndicated that the transplanted KPR cells were successfully seeded in recipient
mice and expanded well in vivo only in the AGO2-overexpressed condition.

Unlike the control mice on regular chow, we observed that mice on
doxycycline treatment to induce AGO2 overexpression led to B cells with
plasmacytic differentiation. FACS analysis for CD138 and B220 demonstrated
that a prominent population of splenic B cells co-expressed CD138 and low
levels of B220 (B220°%), characteristic of plasmablastic cells. As expected, many
of these CD138-expressing cells also expressed IRF4 (Figure S3D).
Interestingly, the population of terminally differentiated plasma cells, as
characterized by CD138-positive and B220"*® expression, was significantly lower
than the immature plasma cells, suggesting that the tumorigenic cells were
arrested in the plasmablastic stage of B cell development, consistent with ABC
DLBCL (Figures 3D and S3D).

Subsequent transplantation of lymphoma cells induced with AGO2
overexpression into recipient animals caused rapid death of the recipient mice
compared to both the parental tumor-bearing mice and control mice not treated
with doxycycline (Figure S3E), suggesting the presence of an aggressive clonal

population. To address the clonality of these cells, we used a Ju4 probe to
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analyze VDJ recombination events via Southern blotting (Zhu et al., 1996). This
analysis revealed that the KPR lymphomas were clonal, as a unique VDJ
recombination event was detected in each sample. Predominant VDJ
recombination events were not detected in the control cell lines generated from a
heterogeneous population of wild type (WT) splenocytes (Figure S3F).

We next sought to determine the tumorigenic potential of distinct
subpopulations of lymphoma cells based off of immunophenotyping. KPR
lymphoma cells were sorted into four gates based on B220 and CD138
expression (Figure S3G). Both CD138*/B220"" and “double negative” (DN)
populations were able to proliferate in culture in the presence of doxycycline, but
neither the B220"9" and CD138*/B220"™ populations expanded in vitro under the
conditions tested (Figure S3H).

To confirm the tumorigenicity of these sorted populations, we transferred
them into recipient mice and monitored for expansion in vivo. As expected, both
the CD138(+)/B220"°" and DN populations were tumorigenic as transferring them
into recipient mice resulted in reduced survival compared to both the B220"9"
and mature plasma cell populations (Figure 3E). Interestingly, although all
recipient animals that developed lymphoma presented with an ABC-like DLBCL
phenotype, the DN population of cells appeared to produce a more aggressive
form of the disease than the CD138%/B220'" population. This further confirmed
that a diverse spectrum of abnormal plasmablasts was present with distinct

subpopulations displaying greater tumorigenicity than others.
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Withdrawal of AGO2 overexpression perturbs arrest in plasmablastic stage
and promotes apoptosis

We confirmed that outgrowth of KPR tumor cell lines were depleted of p53
protein as a consequence of Cre-mediated recombination prior to in vivo
transplantation (Figure S4A). As withdrawal of doxycycline from the AGO2
overexpression-dependent tumor cells resulted in significant cell death, we
sought to determine the mechanism promoting their loss of viability. FACS
analysis with Annexin V and PI revealed that reduced AGO2 expression resulted
in a dramatic increase in cell death 48 h. post-doxycycline withdrawal, where a
prominent population lost viability via apoptosis (Figure 4A). Caspase-3 activity
and PARP1 cleavage, indicative of apoptotic cells, were detectable in the
doxycycline-withdrawn KPR cells, corroborating loss of cellular viability (Figures
4B and S4B).

Interestingly, downregulation of exogenous AGO2 expression also
affected the differentiation state of the plasmablastic tumor cells. The majority of
cells overexpressing AGO2 were CD19-positive and expressed low levels of
B220, but two distinct populations of cells emerged upon withdrawal of
doxycycline. One population was CD197/B220"", resembling the expression
profile of mature plasma cells, and the second population was CD19*/B220"¢",
resembling mature B-lymphocytes (Figure 4C). Furthermore, there was a
dramatic reduction in the abundance of IRF4-expressing cells upon doxycycline
withdrawal (Figure 4D). These data suggests that Ago2 overexpression causes

arrest in the highly proliferative plasmablastic stage, and withdrawal of
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Figure 4. Loss of Ago2 overexpression perturbs block in plasmablastic stage and
promotes cell death. (A) Apoptosis analysis using Annexin V and PI staining was
used on two Ago2 overexpression-dependent KPR lymphoma cell lines (KT584
and KT591) in the presence and absence of doxycycline. (B) Caspase-3 staining
on KPR cells at 0, 24, 48, and 72 h after doxycycline withdrawal was used to
confirm the initiation of apoptosis. (C) KPR cell lines were analyzed for CD19
expression using FACs analysis. (D) Irf4 expression was examined from KPR
cells to determine population of cells exhibiting plasmacytic differentiation. (E)
The kinetics of gene expression changes of specific B cell (B220, CD19, Pax3,
CD79a) and plasma cell markers (CD138, Irf4) were analyzed with FACS
analysis. With the exception of Irf4, changes in expression of these markers do
not occur until after 24 h of doxycycline withdrawal.
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doxycycline relieved this differentiation block, resulting in cell death.

To explore the kinetics of the resumption of differentiation following loss of
AGO2 overexpression, expression of various B cell markers were characterized
in a time course during doxycycline withdrawal. There appeared to be minimal
changes after 24 h of doxycycline withdrawal regarding B220 and CD138
expression, but a large shift toward CD19-negative cells was noted, in agreement
with terminally differentiated plasma cells. Interestingly, KPR lymphoma cells
appeared to be predominantly PAX5-negative, an early B cell marker often
misregulated in DLBCL, and no changes were detected upon doxycycline
withdrawal. Furthermore, there was a slight shift toward a cell population with
lower CD79a expression, suggesting a decrease in BCR signaling with loss of
ectopic AGO2 expression (Figure 4E). These findings are consistent with the
immunophenotype of human ABC DLBCL (Castillo et al., 2015).

Inactivation of BLIMP1, the master regulator of plasma cell differentiation,
is a common feature in ABC DLBCL. Homozygous deletion of BLIMP1 is
frequently detected from these patients (Mandelbaum et al., 2010). However, as
we overexpressed AGO2 in our system, we reasoned that inactivation of BLIMP1
could be caused by miRNA-mediated repression. We first analyzed expression of
let-7a and miR-9-5p, both of which are predicted to target Blimp1 based off of
seed binding sites, in KPR cells in the presence and absence of doxycycline.
KPR cells treated with doxycycline expressed high levels of both of these
miRNAs, but they were downregulated upon withdrawal of doxycycline (Figure

S4C). This suggests that KPR cells were arrested in the plasmablastic stage
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primarily through miRNA-mediated repression of Blimp1, and this differentiation
block was relieved upon loss of exogenous AGO2. Furthermore, miR-148a, a
positive regulator of Blimp1, was upregulated upon withdrawal of exogenous
AGO2 (Figure S4C). These findings suggests that overexpression of AGO2 in
KPR cells enhance activity of a subset of miRNAs responsible for blocking

terminal differentiation into plasma cells.

Lymphoma cells are dependent on interaction between AGO2 and
oncogenic KRAS for cell survival
Based on the results of Shankar et al. (2016) on the physical and functional
interaction between AGO2 and oncogenic KRAS, we investigated whether this
mechanism might underlie the effects of AGO2 overexpression in this system.
Co-immunoprecipitation (ColP) showed that AGO2-KRAS complexes could be
detected in the AGO2 overexpressing lymphoma cells (Figures 5A and S5A). As
this physical interaction facilitated cellular transformation in various solid tumor
systems, we sought to evaluate whether upregulation of AGO2 affects signaling
pathways downstream of KRAS. With AGO2 overexpression, we detected active
signaling from both the MAPK and PI3K pathways (Figure 5B). Upon doxycycline
withdrawal, there was a significant decrease in activity of both pathways,
consistent with these pathways being crucial for cell survival in the AGO2
overexpressing cells.

To determine whether this interaction was necessary to promote cell

proliferation and survival in this system, we generated KRAs binding deficient

123



KT591 KP LA KP LA KT591 KT591
+Dox +Dox -Dox +Dox -Dox
N N N N S\o
'\0\ \0\ \6\0 '\6’\ \Q\o
N &_\ &\ \.}\\ \.)\\

N
Pigc KX paco2 K @ & ¢ & ¢ & ¢

AGO2 AGO2

KRAS

Ras Signaling
- 15 B +Dox
o 10
a
&
©°
Ly
-ERK1/2 mTOR N <
P & Q_@f & L <9
CETFSL
T QR <
p-MEK1/2 p-mTOR
Tubulin
C. WT Ago2 K113A Ago2 E115A Ago2 D670A Ago?2
ax10P o 15210 = 310 = :fg&"
= exity 10%10 o 2x107 o
ﬁ a1 o
¥ 21 o 50x10F o 12107 o
0 v T . 0.0 0
5 1 2 3 4 5 [ 1 2 3 4 5 0 1 2 3 4 5
anto’ 6x10 = g1t/
g 3107 o Slida 62107
'; 20107 o a=107
1510 o 2674 2107
0 e — 0 — 0 T— 0 ——p—
1 - ) 3 4 5 0 1 2 3 4 5 0 1 > ] 3 4 5 0 1 2 3 4 5
Day Day Day Day

124



Figure 5. KPR lymphocytes are dependent on the AGO2-KRAS complex for cell
survival. (A) The interaction between KRAs and AGO2 was assessed in KPR
cells (KT591) by AGO2 immunoprecipitation (IP) followed by immunoblotting
(AGO2, KRAS). Protein extract from a KP lung adenocarcinoma was used as a
positive control for KRAS. An IgG IP control was used to test for antibody
specificity. (B) MAPK, PI3K, and mTOR signaling was analyzed with western
blotting using KPR cells in the presence and absence of doxycycline.
Quantification of effector proteins (n=6) showed a significant increase in activity
from all 3 signaling pathways when AGO2 is overexpressed (n=6). (C) The
dependency on the AGO2-KRAS complex to promote cell survival was explored
by generating KRAS-binding AGO2 mutants (K113A and E115A). The slicer-
deficient AGO2 mutant (D670A) was used here as a WT AGO2 mimic. These
cMyc-tagged mutants, in addition to the WT isoform of AGO2, were constitutively
expressed with a pGK promoter in KPR lymphoma cells in both the presence and
absence of doxycycline.
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AGO2 mutants. Shankar et al. (2016) previously reported critical amino acid
residues for AGO2-KRAS binding in human cancer cell lines. We confirmed that
mutations of these residues, K113A and E115A, in our mouse system perturb the
AGO2-KRAS interaction (Figure 5SB). Additionally, the AGO2 slicer mutant,
D670A, which lacks catalytic RNase activity, was generated as a control to mimic
the wild type AGO?2 interaction with KRAS. Doxycycline-inducible AGO2 tumor-
derived cell lines were infected in vitro with a lentiviral construct that
overexpressed wild type or mutant AGO2 protein (PGK-cMyc-AGO2-EF S-
Venus); the virus encodes Venus as a marker of transduced cells, allowing for
FACS sorting of Venus-positive populations for subsequent functional studies.
The dependency on the AGO2-KRAS interaction to promote cellular
survival was tested by sorting Venus-expressing cells into medium containing or
lacking doxycycline, in which populations maintained on doxycycline continually
expressed the doxycycline-inducible wild type isoform of AGO2 in addition to the
various constitutively expressed AGO2 variants (WT, K113A, E115A, D670A).
Intriguingly, in the absence of doxycycline, tumor cells overexpressing KRAS-
binding deficient AGO2 mutants exhibited proliferation defects by day 1 of
doxycycline withdrawal and ultimately failed to survive (Figure S5D). By contrast,
overexpression of either WT-AGO2 or D670A-AGO2 rescued cell survival in the
absence of doxycycline (Figures 5C). These data suggest that the AGO2-KRAS
interaction is critical to promote cellular transformation and survival in our model
system. Of note, we confirmed that the various AGO2 mutants could be detected

in the absence of doxycycline in the proliferating tumor cells (Figure SSE).
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Oncogenic KRAS and AGO2 interaction potentiate NF-kB signaling to
promote plasmacytic differentiation

NF-kB activation plays an integral role in promoting B cell differentiation
and cellular transformation in the context of ABC DLBCL (Dauvis et al., 2001).
Because the AGO2-overexpressing tumor cells had a plasmablastic phenotype,
we investigated whether regulation of NF-kB signaling was involved in the
increased proliferation and defect in differentiation described above. To this end,
we investigated specific components of the NF-kB signaling pathway critical for
plasma cell differentiation. Transcriptionally, these lymphoma cells expressed
relatively high levels of Nfkb2 and Irf4, but failed to express Blimp1, the master
regulator of plasma cell differentiation (Figure 6A) (Pasqualucci et al., 2006).
To determine the specific subunits of the NF-kB complex that are active in the
lymphoma cells, we used an ELISA-based technique to quantitate their levels in
cellular extracts derived from KPR cells in the presence and absence of
doxycycline. There was an increase in activity of NF-kB in the AGO2-
overexpressing lymphoma cells, associated with activation of p52 and Rel-B
specifically (Figures 6B and S6A). These two subunits are known to
Heterodimerize and translocate to the nucleus when activated through the non-
canonical NF-kB signaling pathway. Interestingly, miR-155, a miRNA highly
expressed in many DLBCL and involved in stimulating NF-kB activity, was
upregulated upon AGO2 overexpression (Figure S6B) (Kluiver et al., 2005). This
suggests that ectopic expression of AGO2 stabilizes miR-155 to promote pro-

survival signals.
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Figure 6. Interaction between oncogenic KRAS and AGO2 promotes NF-kB
activation. (A) Relative expression of various components of NF-kB pathway
involved in plasmacytic differentiation was analyzed with gqPCR. RNA from
control cells (sorted populations of WT lymphocytes) were harvested from
healthy mice and compared to RNA from AGO2 overexpressed lymphoma cell
lines. (B) Activity of NF-kB subunits was measured by an ELISA assay. Whole
cell extracts were harvested from KPR cell lines in the presence and absence of
doxycycline. Raji extract and buffer were used as positive and negative controls,
respectively. (C) Western blot analysis was used to compare levels of p100
processing in doxycycline withdrawn (24 h) KPR cells. These cells constitutively
overexpress various isoforms of AGO2 (WT, K113A, E115A, D670A). (D) Whole
cell extracts from KT591 cell lines overexpressing various AGO2 isoforms (WT,
K113A, E115A, and D670A) were used to determine the activity of NF-kB
subunits using an ELISA assay. These cells were grown in the absence of
doxycycline for 24 h.
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As the NF-kB signaling pathway has been found to be stimulated through
activated KRAS signaling, we suspected that overexpressing AGO2 might be
amplifying signal transduction pathways downstream of KRAS to activate specific
NF-kB subunits (Bang et al., 2013). Expression of the KRAS-binding deficient
AGO2 mutants, K113A and E115A, in the absence of doxycycline resulted in
reduction in p100 processing into the active p52 NF-kB subunit (Figure 6C). In
agreement with this, activity of both the p52 and Rel-B subunits were decreased
with overexpression of the K113A and E115A AGO2 mutant proteins. By
contrast, constitutive expression of both the wild type AGO2 and D670A AGO2
mutant proteins in the absence of doxycycline maintained relatively high levels of
activated p52 and Rel-B subunits (Figure 6D). This suggests activation of NF-«kB

in this system is predominantly regulated by the KRAS/AGO2 complex.

AGO2 upregulation in KRAS-driven cancer is generally advantageous to
maintain pro-survival signals

To determine the impact of AGO2 overexpression on the transcriptome of KPR
tumor cells, we performed RNA-seq on AGO2 overexpression-dependent cell
lines in the presence and absence of doxycycline. RNA-seq analysis revealed a
few distinct gene expression profiles determined by independent component
analysis (ICA), including a strong transcriptional signature that separates
biological replicates independent of doxycycline-induced AGO2 overexpression,
referred to as “signature 1” (Figure 7A). This suggests a high degree of

heterogeneity between KPR cell lines. Nevertheless, we focused on “signature
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3,” which represented a set of genes that were upregulated in doxycycline—'
treated KPR cells compared to controls. This signature contained gene sets
associated with mitosis, oncogenic KRAS-driven cancers, and B cell
differentiation (Figure 7B). Furthermore, we detected upregulation of genes in
KPR cells ectopically expressing AGO2 that are often misregulated in human
cancers, such as FOS and ATF5. These transcription factors are typically
activated through the PI3K and MAPK signaling pathways to promote cell
proliferation and survival (Figure 7C), suggesting that their enhanced activity is
facilitated by the KRAS-AGO?2 interaction (Shaulian and Karin, 2001; Greene et
al., 2009).

The dependency on AGO2 to promote KRAS-mediated cellular
transformation was further supported from a LOF screen performed on 501
human cancer cell lines using an shRNA library (Tsherniak et al., 2017). This
study demonstrated that cancer cells harboring both KRAS and TP53 mutations
were generally hypersensitive to depletion of AGO2, but not AGO1, AGO3, or
AGO4 (Figure 7D). Moreover, this dependency was evident by grouping cell lines
used in the study by cancer type, where KRAS mutant cancer cell lines showed
slight sensitivity to AGO2 depletion but cell viability was significantly impaired in
the KRAS/TP53 double mutant cancer cells (Figure 7E). Consistent with our
findings from the KPR mouse model, genes that were co-dependent on AGO2
expression for survival were significantly associated with gene sets upregulated
in KRAS-mutant cancer cells (Figure 7F). These activated KRAS gene sets were

not statistically significant when compared to AGO1, AGO3, or AGO4
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Figure 7. AGO2 dependency is associated with KRAS/TP53 mutant cancer cells.
(A) RNA-seq analysis of KPR cell lines (KT223 and K591) in the presence and
absence of doxycycline revealed distinct gene expression profiles using
independent principle component analysis. (B) Signature 3 was associated with
gene sets involved in oncogenic Kras signaling, mitosis and B cell differentiation
via GSEA analysis. (C) MA plot revealed genes that were differentially expressed
based off of log2-fold changes. ATF5 and FOS were significantly upregulated in
AGO2-overexpressed conditions. (D) AGOZ2 depletion score was calculated from
a LOF screen on 501 cell lines, categorized by KRAS and TP53 mutation status.
(E) GSEA analysis comparing genes found to be dependent on individual AGO
proteins from LOF screen to a gene set associated with upregulated genes in
mutant KRAS pancreatic cancer cells. (F) Cancer cell lines of the NSCLC,
multiple myeloma and ovarian cancer types were separated by their KRAS and
TP53 mutation status. The AGO2 depletion score was calculated for each.
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dependency.

Together, these results suggest that overexpressing AGOZ2 in B-
lymphocytes, in the context of oncogenic Kras mutation and Tp53 deletion,
causes arrest in the plasmablastic stage of B cell development and enhances
cellular transformation. The interaction between AGO2 and oncogenic KRAS
appear to facilitate activation of downstream pathways, including NF-kB
signaling, that is instrumental in promoting cell proliferation, differentiation, and
survival (Figure 8). However, the plasticity of these cellular processes was
demonstrated upon withdrawal of ectopic AGO2, whereby cell death signals were

induced in KPR tumor cells.

Discussion

AGO?2 is frequently amplified and overexpressed in various human cancers, but
its role in tumor progression has been incompletely characterized. Our study
demonstrates the oncogenic effect of AGO2 overexpression in the initiation and
progression of a B cell malignancy in mice that phenotypically resembles human
ABC DLBCL. We confirmed that AGO2 overexpression in B lymphocytes
resulted in cellular transformation by developing a transplantation model to
induce oncogenic KRAS activity, Tp53 deletion and ectopic AGO2 expression in
bone marrow-derived B cells. Histology and FACS analysis of lymphoid
aggregates derived from recipient mice revealed extensive plasmacytic

differentiation, consisting largely of abnormal plasmablasts, associated with
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Figure 8. Model of mechanism of cellular transformation in p53-deficient B-
lymphocytes with Ago2 overexpression and oncogenic Kras activation.
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AGO2 overexpression. The ABC-like DLBCL phenotype was dependent on the
physical interaction between KRAS and AGO2.

This pathological condition was initially detected using the KP
autochthonous mouse model, where virus was administered via intratracheal
inhalation to infect lung epithelial cell. Thus, the initiation of lymphomagenesis
was unexpected. We suspect that escape of lentiviral particles into local draining
lymph nodes resulted in transformed B lymphocytes in vivo.

We have confirmed that cellular transformation in our model is dependent
on the physical interaction between AGO2 and KRAS, suggesting a mechanism
exploited by cancer cells to efficiently enhance oncogenic signaling pathways
and dysregulate miRNA activity. This notion is further supported by the defect in
MiRNA processing resulting from the KRAS-AGO2 complex, which was
characterized in prior studies (Shen et al., 2013). Previous reports have also
demonstrated that the N-terminal domain of AGO2, critical for KRAS binding,
plays an important role in RNA duplex unwinding (Kwak and Tomari, 2012).
Impediment of this domain through KRAS binding has been implicated in
perturbation of miRNA processing and is associated with enhanced cell
proliferation (Shankar et al., 2016).

Moreover, the KRAS-AGO?2 interaction stimulated activity of signaling
pathways frequently perturbed in human ABC DLBCL, including the PI3K and
NF-kB signaling cascades. Loss of AGO2 overexpression resulted in a decrease
in activity of these pathways and, consequently, initiation of cell death primarily

through apoptotic cues. Consistent with this observation, amino acid residue Y64
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of KRAS, the direct binding site of AGO2, was previously identified to bind to
other effector molecules, such as PI3K, to promote hematopoietic malignancies
(Shieh et al., 2013; Shankar et al., 2016). Missense mutations at this tyrosine
residue resulted in a significant decrease in cellular transformation. Together, this
implicates AGO2 in being an important KRAS regulator that broadly enhances
oncogenic signaling pathways.

Although human ABC DLBCL is known to be heterogeneous in terms of
mode of NF-kB activation, most are largely reliant on constitutive B cell receptor
(BCR) signaling (Wilson et al., 2015). To this end, it is not surprising that
Ibrutinib, a small molecule that targets Bruton’s tyrosine kinase, is clinically
effective in treating ABC DLBCL. Here, we describe a distinct mechanism where
activation of the non-canonical NF-kB signaling pathway is mediated by
interaction between KRAS and AGO2. Though the precise mechanism of NF-kB
activation is unclear in this model, oncogenic KRAS has been documented to
activate both canonical and non-canonical NF-kB via GSK-3a stabilization in
other cancer models (Bang et al., 2013). Though activating KRAS mutations are
only detected in approximately 5% of all human lymphoid malignancies, it is
possible that oncogenic KRAS activity is advantageous in a specific subset of
lymphomas, including ABC DLBCL (Pylayeva-Gupta et al., 2011).

KRAS was recently shown to be critical for B cell lymphopoiesis (Chen et
al., 2016). Hematopoietic-specific deletion of Kras impaired early B cell
development and late B cell maturation. This specific KRAS requirement for

development of B- but not T-cells may partly explain the occurrence of an
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aggressive B cell lymphoma in this model system. Furthermore, KRAS is
essential for activation of the Raf-1/MEK/ERK pathway induced by BCR in
mature B cells. Thus, while KRAS mutation is infrequent in newly diagnosed
DLBCL patients, the AGO2-KRAS axis may also mimic chronic activation of BCR
signaling by promoting constitutive NF-kB activation, thereby leading to a
phenotype resembling ABC DLBCL (Pylayeva-Gupta et al., 2011; Reddy et al.,
2017). Additionally, given the frequent AGO2 amplification and KRAS mutation
detected in multiple myeloma, the AGO2-KRAS pathway may have broad
pathogenic impacts in B cell malignancies with post-germinal center phenotypes.

We also report an increase in MAPK signaling as a function of AGO2
overexpression. Despite a low frequency of perturbation of this specific pathway
in many human lymphomas, MAPK signaling has been reported to promote B
cell differentiation via BCL6-targeted degradation (Niu et al., 1998). As Bcl6 is
downregulated in the KPR lymphomas described here, AGO2-enhanced MAPK
signaling could partially be responsible for the preference for an ABC-like
lymphoma.

BLIMP1, the master regulator of plasma cell differentiation, is frequently
inactivated through homozygous deletion and LOF mutations in human ABC
DLBCL patients (Mandelbaum et al., 2010). It is mechanistically unclear how
expression of BLIMP1 is inhibited in the KPR lymphomas. As AGO2 is
overexpressed in the KPR model, the possibility of miRNA-mediated repression

of BLIMP1 is intriguing.
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Finally, our data demonstrates that oncogenic KRAS and AGO2
overexpression promotes an ABC-like lymphoma in the context of p53 deficiency.
p53 LOF mutations occur in a fraction of human DLBCL cases, many of which
are found from relapsed patients (Ichikawa et al., 1997). To this end, it would not
be surprising that p53 inactivation is a necessary prerequisite in B cell
transformation involving KRAS activation and AGO2 overexpression. In addition,
the sensitivity of human cancer cell lines carrying KRAS and TP53 mutations to
shRNA-mediated inhibition of AGO2 also supports a functional role of p53
mutation in promoting dependency on AGO2 expression.

ABC lymphoma is an aggressive subtype of human DLBCL, where
neoplastic plasmablasts are prevented from terminally differentiating. There are
well-characterized differences in the gene expression profiles between germinal
center B cell like DLBCL and ABC DLBCL. Consequently, conventional
therapeutic strategies for GCB DLBCL have remained largely ineffective to treat
ABC DLBCL patients. The mouse model of an aggressive lymphoma with
plasmablastic features described here could be used to gain insight into
oncogenic mechanisms in this disease state, which could be useful in designing

new treatments for human ABC DLBCL.
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Experimental Procedures

Cell Culture

Mouse cell lines were generated from lymphocytes derived from both
splenocytes and bone marrow. For primary cell cultures, we initially harvested
and expanded stromal cells to plate primary lymphocytes on top of. We
harvested bone marrow from healthy mice into Roswell Park Memorial Institute
(RPMI) media supplemented with penicillin/streptomycin (pen/strep). The cells
were filtered through a 70um cell strainer (Fisher Scientific®, #08-771-2) and
pelleted at 1500 R.P.M for 5 m. After media removal, we lysed red blood cells
(RBCs) in 5mL ACK lysis buffer (Thermo Scientific™, #A1049201) for 1.5 m and
then inactivated it with 45mL sterile PBS. These cells were then plated on 10cm
cell culture-treated plates in RPMI media supplemented with 10% fetal bovine
serum (FBS), 2mM L-Glutamine, and pen/strep. Media was replaced every day
to remove non-adherent cells and monitored for expansion of adherent stromal
cells. Once stromal cells reached confluency, they were split once onto 6-well
tissue culture treated plates. Primary B220-expressing lymphocytes of interest,
derived from bone marrow, were sorted for and plated on top of stromal feeder
cells in B cell media (Dulbecco’s Modified Eagle Medium (DMEM), Iscove’s
Modified Dulbecco’s Medium (IMDM), 50uM B-mercaptoethanol (BME), 10%
FBS, 2mM L-Glutamine, pen/strep, 10ng/mL recombinant murine SCF, 10ng/mL
recombinant murine IL-7). These lymphocytes were transduced in vitro via
spinfection in the presence of 8ug/mL polybrene (EMD Millipore, #TR-1003-G)
and 1mL retrovirus at 1500g for 1 hour at room temperature. Cells were
transferred to a new plate the following day, as polybrene is toxic to lymphocytes,
and allowed to expand in culture in the presence of SCF and IL-7. For tumor cells
from transplant model, splenocytes were harvested into RPMI media
supplemented with pen/strep. The cells were homogenized and filtered through a
70pm cell strainer and pelleted at 1500 R.P.M for 5 m. After media removal, we
lysed RBCs and cells were resuspended in B cell media and subsequently plated
onto tissue culture treated plates without stromal cells. All cells were grown at
37°C with 5% CO;in the presence of doxycycline (Sigma, #D9891). All
experiments using cells in doxycycline-withdrawal conditions were collected at 48
h unless noted.

Lentiviral and Retroviral Constructs

GMAP-compatible pLL3 lentiviral and MSCV retroviral backbones were
previously engineered to generate viral constructs via Gibson Assembly® with
the following construction: backbone-pA-gA-pB-gB. TRE and pGK promoters
were amplified from DNA templates with “promoter A” (pA) Gibson homology
arms (Clontech, #R040A), purified from 1% agarose gels and gel-extracted
(Macherey-Nagel, #740609.50). FLAG-HA and cMyc tags were independently
engineered onto the N-terminus of MAGO2 via PCR from cDNA templates
derived from mouse embryonic stem cells. PCR primers were designed with
“‘gene A” (gA) Gibson homology arms. PCR products were purified from 0.7%
agarose gels and gel-extracted. pGK and EFS were amplified from DNA
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templates with “promoter B” (pB) Gibson homology arms, purified from 1%
agarose gels and gel-extracted. Cre recombinase and Venus were amplified with
“‘gene B’ (gB) Gibson homology arms, purified from 0.8% and 1% agarose gels,
respectively, and gel-extracted. Gibson Assembly was performed by first
preparing 5X isothermal assembly reaction buffer (0.5M Tris-HCI pH7.5, 50mM
MgClz, TmM dNTPs, 50mM DTT, 1.5g PEG-8000, 20mg NAD, and bring up to
6mL with nuclease-free water). Isothermal master mix was then prepared by
combining 320uL 5X isothermal assembly reaction buffer, 1.2uL T5 exonuclease
(NEB®, #M0363L), 20uL Phusion polymerase (NEB®, #M0530L), 160uL Taq
ligase (NEB®, #M0208L), and 700uL nuclease-free water. 4L inserts (5.7 x 10
pmol each of pA,gA,pB,gB) and 1uL of 50ng digested-backbone (BsrGl/Pmel-
digested lentiviral backbone or Pmel-digested retroviral backbone) were added to
15uL isothermal master mix and incubated at 50°C for 1 hour. These reactions
were then transformed into competent bacteria (Thermo Scientific™, #C737303),
grown at 30°C for 20 hours, and screened with Sanger sequencing. All primers
used are listed in primer table.

pSLIK-hygro (Addgene, #25737) lentiviral backbone was used to clone in FLAG-
HA-mAgo2, which was PCR amplified with 5’ EcoRI and 3' Notl restriction sites.
PCR products were purified and extracted with the above protocol. All primers
used are listed in primers table in supplemental materials.

Migration and invasion assay

To assay for cell migration and invasion, KP LUAD cells were diluted in serum-
free media (SFM), either containing or lacking doxycycline, at a concentration of
250 cells/pL. Matrigel® (Corning, #354230) was diluted to a concentration of 800
pg/mL and 50uL was added to wells in the upper chamber intended for cell
invasion measurements (ACEA Biosciences Inc, #05665817001). 30uL of
Matrigel® was removed from each well and the upper chamber was incubated at
37°C for 4 h. 160uL of media was added to each well of the bottom chamber of
the transwell plate. SFM was added to wells in the bottom chamber as negative
controls for cell migration/invasion. The upper chamber was attached to the
bottom chamber. 25uL of SFM was added to each well of the upper chamber and
incubated at 37°C for 1 h to equilibrate plate. The background reading was
measured on the xCELLigence RTCA DP (ACEA Biosciences Inc,
#00380601050). 100uL of diluted cells were added to each well and incubated at
room temperature for 30 minutes. Plates were mounted on xCELLigence RTCP
DP at 37°C with 5% CO; and migration/invasion analysis was started, where
measurements were taken every 15 m for 24 h.

Site-directed Mutagenesis

To generate Ago2 mutants, we designed primers that contained point mutations
that would introduce missense mutations of interest. We used PCR to amplify the
mutant construct from our lentiviral plasmid containing the WT AGO2 sequence
by incorporating 1ng WT AGO2 template, 200nM mutagenic primers (F/R), 5uL
10X Pfu Buffer, 1uL Turbo PfuTurbo DNA Polymerase (Agilent Technologies,
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#600410), 200nM dNTPs, and nuclease-free water to bring reaction up to 50uL.
PCR products were digested with 1uL Dpnl (NEB®, #R0176S) for 1 hour to
remove WT AGO2 templates and digested templates were transformed into
competent bacterial cells. Transformed cells were selected for ampicillin
resistance and mutants were screened with Sanger sequencing.

Virus Production and Titering

To produce lentiviruses, we passaged and split 293T cells onto 15cm tissue
culture-treated plates until they reached 70% confluency. We co-transfected
these 293T with 10ug lentiviral constructs, 7.5ug delta8.2 and 2.5ug VSV-G
packaging plasmids, and 75uL TransIT-LT1 (Mirus Bio, #MiIR2300). Media was
changed on the following day with 15mL fresh media (DMEM, 10% FBS, 2mM L-
Glutamine). Supernatant was collected 48 and 72 hours post-transfection and
run through a 0.45um syringe filter (Pall Corporation, #4184). Virus was
concentrated at 25,000 r.p.m. for 1.5 h at 4°C and resuspended in 200uL
Gibco™ Opti-MEM™ (Thermo Scientific™, #31985070). Virus was titered by
infecting Green-Go cells with serial dilutions of virus. Green-go cells were
generated by transducing 3TZ cells with a bicistronic retrovirus containing an
LTR promoter-driven inverted GFP sequence, flanked by two sets of
incompatible loxP sites. Viral titers were calculated based off of Cre-mediated
GFP-expression. To produce retroviruses, we transfected helper-free Phoenix
cells plated on 10cm tissue culture-treated plates with 10ug retroviral constructs
and 20uL TransIT-LT1 (Mirus Bio, #MIR2300). Media was changed on the
following day with 8mL fresh media (DMEM, 10% FBS, 2mM L-Glutamine).
Supernatant was collected 48 and 72 hours post-transfection and run through
0.45um syringe filter.

Histology and IHC

Tissues were fixed in zinc formalin (Polysciences, Inc., #21516) overnight at
room temperature. They were then transferred to 70% ethanol prior to paraffin
embedding. Sections were stained with Hematoxylin and Eosin (H&E) on the
Varistain Gemini automated slide stainer (Thermo Shandon). IHC was performed
with 5um-thick sections. Tissues were blocked with Dako Dual Endogenous
Enzyme-Blocking Reagent (Agilent Technologies, #5200389-2) and stained
using the ImMmPRESS ™ HRP Polymer Reagents and DAB staining kit (Vector
Laboratories, #SK-4100). All antibodies with used are listed in antibodies table in
supplemental materials.

Mouse lg Isotyping

All cell lines were cultured overnight before collecting supernatant for
immunoglobulin isotyping.10uL of media was collected for each isotyping
reaction. Analysis of relative abundance of each Ig isotype was determined using
the Ig Isotyping Mouse Instant ELISA™ Kit (Thermo Scientific™, #88-50660-22).

Western Blotting
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Cells were lysed with RIPA supplemented with protease inhibitor cocktail (Roche,
#04693159001), Benzonase® nuclease (Sigma, #E8263) and Halt phosphatase
inhibitor cocktail (Thermo Scientific™, #78420). Protein 1I%Isates were quantified
using Pierce™ BCA™ Protein Assay (Thermo Scientific™, #23225). Samples
and Kaleidoscope ladder (Bio-Rad, #161-0375) were prepared in NUPAGE®
loading buffer (Thermo Scientific™, #NP0007) and reducing agent (Thermo
Scientific™, #NP0004) and boiled for 5 minutes at 95°C followed by 2-minute
incubation on ice. Western blotting was performed using the Xcell lI® Blot
Module (Thermo Scientific™). Proteins were run on NuPAGE™ 4-12% Bis-Tris
protein gels (Thermo Scientific™, #NP0321BOX) and then transferred to either
PVDF membrane for film exposure (Merck Millipore Ltd., IPVH00010) or
nitrocellulose membrane for LI-COR fluorescent imaging (LI-COR® Biosciences,
#926-31092). Membranes were blocked in 5% milk for PVDF or Odyssey®
Blocking Buffer (LI-COR®, #927-40000) for nitrocellulose and incubated with
primary antibodies overnight at 4°C with rocking. Membranes were washed 3x
with PBST, 5 minutes each, and incubated in secondary antibody for 1 hour at
room temperature with rocking. Membranes were washed 4x with PBST and
exposed/developed.

Southern Blotting

gDNA was extracted from cell pellets that were resuspended in lysis buffer
(100mM Tris pH8.5, 5mM EDTA, 0.2% SDS, 200mM NacCl, 100ug/mL Proteinase
K). Pellets were incubated overnight at 37°C with gentle agitation. The following
day, we added 1 volume of isopropanol and incubated the tubes on a shaker at
room temperature for 4 hours. The gDNA webs were transferred to a new tube
with 100uL TE (10mM Tris pH7.5, 0.1mM EDTA) and gently agitated overnight at
55°C. gDNA was quantified with the Thermo Scientific'™ NanoDrop the following
day and 10ug of gDNA was digested with EcoRI for 2 hours (NEB, #3101S).
Digested samples, and ladder (NEB®, #N3014S), were run on a 0.8% agarose
gel (Thermo Scientific™, #16500500). The gel was run at 25 volts overnight at
4°C. Gel was imaged on Kodak Gel Logic Imaging System to ensure efficient
digestion and separation of gDNA. The gel was then incubated in 2 volumes of
0.25N HCL for 15 minutes with gentle shaking, rinsed 2x with distilled water, and
transferred to 2 volumes of 0.4N NaOH for 15 minutes with gentle shaking. The
gel was then transferred to an assembled transfer apparatus consisting on pre-
wet Whatman filter paper and Hybond XL membrane (GE Life Sciences,
#RPN2020S) in 0.4N NaOH. gDNA was transferred overnight at room
temperature and membranes were prehybridized in ULTRAhyb®-Oligo Buffer
(Thermo Scientific™, #AM8663) at 42°C with rotation for 30 minutes. Ju4 probe
was labeled with... Radiolabeled probes were added to prehybridized membrane
overnight at 42°C. The membrane was washed 3x with wash buffer (2X SSC,
0.5% SDS) at 42°C with rotation. Membrane was exposed overnight on a
phosphor screen (GE Healthcare/Molecular Dynamics, #2670) and scanned on
the GE Typhoon TRIO imager.

Co-Immunoprecipitation
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Cells were lysed with modified RIPA (10mM Tris pH 7.4, 150mM NacCl, 1%
Triton-X, 0.1% SDS, 1mM EDTA) supplemented with protease inhibitor cocktail,
Benzonase® nuclease and phosphatase inhibitor cocktail (Thermo Scientific™ .
#78420). Protein lysates were quantified using Pierce™ BCA™ Protein Assay.
20uL Protein G Dynabeads™ (Thermo Scientific™, #10003D) was prepared per
sample at 4°C. First, beads were washed 3x with 0.5% BSA and primary
antibodies were conjugated to beads overnight in 0.5% BSA at 4°C. We washed
antibody-conjugated beads 3x with 0.5% BSA and 1x with modified RIPA. Beads
were resuspended in 50uL modified RIPA for every 10uL beads used. We added
500ug protein lysate to antibody-conjugated beads and it was incubated
overnight at 4°C with rotation. 10% of the lysate was aliquotted and frozen for
input. We removed 10% supernatant for flowthrough the following day and
washed beads 4x with modified RIPA. We resuspended beads in NUPAGE®
loading buffer and reducing agent. Input and flowthrough samples were also
prepared in NUPAGE® loading buffer and reducing agent. Samples and ladder
were boiled for 5 minutes at 95°C followed by 2-minute incubation on ice.
Western blotting procedure is described above.

gRT-PCR

Total RNA from cells were TRIzol-extracted (Thermo Scientific™, #15596026).
For mRNA gRT-PCR, total RNA was converted to cDNA using M-MLV (Thermo
Scientific™, #28025013) and Oligo d(T) (Gene Link™, #26-4000-05). In each
gRT-PCR reaction, we added 10ng cDNA, 200nM forward and reverse primers,
and KAPA SYBR FAST (KAPA Biosystems, #KK4611). These samples were
amplified and analyzed on the Roche LightCycler® 480 instrument. Gene
expression was normalized to B-Actin. For miRNA gRT-PCR, we prepared
miRNA templates from 400ng total RNA using miR-X™ miRNA First Strand
Synthesis Kit (TaKaRa, #638313). In each 10uL qRT-PCR reaction, we added
4L template, 200nM miRNA-specific primer, 0.2uL mRQ 3’ primer, and SuL
SYBR Advantage Premix (Clontech, #638314). These samples were amplified
and analyzed on the Roche LightCycler® 480 instrument. miRNA expression
was normalized to U6. U6 primer set is supplied in Clontech SYBR kit.

RNA-Seq

Total RNA from cells was extracted with Qiagen RNeasy Plus Micro kit (Qiagen,
#74034). RNA concentration and quality was assessed with Agilent BioAnalyzer.
50ng of total RNA was used in each library preparation reaction, using KAPA
RNA Hyperprep Kit with RiboErase (KAPA Biosystems, #KK8560). Each sample
was prepared with a unique barcode (KAPA, #KK8712). Library concentration
and quality was assessed with Agilent BioAnalyzer, pooled and loaded onto
lllumina HiSeq 2000 for single-end sequencing.

Flow Cytometry
To stain for cell surface markers, cells were isolated and washed with 1X sterile

PBS. Cells were resuspended in FACS Buffer (10% FBS in PBS) and
fluorophore-conjugated primary antibodies were added and incubated on ice for
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30 minutes. The cells were spun down at 350g for 5 minutes and resuspended in
appropriate volume of FACS buffer to analyze on BD LSR 1l Flow Cytometer.

To stain for intracellular proteins, we used the BD Transcription Factor Buffer Set
(BD Biosciences, #562725). We initially stained the cells with 1L fixable viability
dye (BD Biosciences, #562247) in 1mL PBS for 10 minutes at room temperature.
We then washed the cells with FACS buffer and resuspended the cells in 1mL 1X
Fix/Perm buffer. The samples were vortexed for 3 s and incubated at 4°C in the
dark for 40 m. 1mL 1X perm/wash buffer was directly added to the samples and
centrifuged for 6 m at 350g. The supernatant was discarded and cells were
washed with 2mL perm/wash buffer. Primary antibody was added to each sample
in 100uL wash/perm buffer and incubated at 4°C for 40 m. The samples were
vortexed briefly and washed with 2mL wash/perm buffer. The cells were
resuspended in 100uL wash/perm buffer with fluorophore-conjugated secondary
antibody. Samples were incubated at 4°C for 40 m in the dark. The cells were
washed with 2mL wash/perm buffer and the cells were resuspended in 350uL
FACS buffer. Samples were analyzed on the BD LSR Il Flow Cytometer.

Cell viability
Dead cells were detected with propidium iodide (Thermo Scientific™,
#P1304MP) and trypan blue (Thermo Scientific™, #15250061) staining.

Apoptosis Assay

Cells were washed 2x with cold PBS and resuspended in 1X binding buffer (BD
Biosciences, #556547). 5uL of Annexin V (FITC) antibody and 5uL of Pl were
added to each sample and incubated for 15 minutes at RT in the dark. 400pL of
1X binding buffer was added to each tube and cells were analyzed by flow
cytometry.

NF-kB Activity Assay

Whole cell extract from cell lines were extracted using Complete Lysis Buffer
from TransAM® NF-kB family kit (Active Motif, #43296). Concentration of whole
cell extracts were determined using Pierce™ BCA™ Protein Assay. Analysis of
active p50, p52, p65 and RelB subunits were assessed with the TransAM® NF-
kB family kit (Active Motif, #43296).

In Vivo luciferase imaging

Mice were given 100uL D-Luciferin (PerkinElmer, #122799) via intraperitoneal
injection. They were then subjected to mild anesthesia for 10 m with isoflurane
inhalation (Southern Anesthesia Surgical Inc., #001725CS) before
bioluminescence imaging on the PerkinElmer IVIS imaging System. Luciferase
signals were analyzed with Living Image Software.

Retro-orbital bleeding
Mice were subjected to mild anesthesia via isoflurane inhalation (Southern
Anesthesia Surgical Inc., #001725CS). Retro-orbital bleeding was performed

using heparinized blood collecting tubes (Fisher Scientific®, #02-668-10).
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Collected blood (~150uL per mouse) was placed into tubes containing 100uL
3.2% sodium citrate to prevent coagulation. We then added 500uL RPMI media
and underlayed the samples with 500uL Histopaque (Sigma Aldrich, #10771-
100mL). Samples were centrifuged for 20 minutes at 670g to pellet red blood
cells. The mononuclear cells were harvested at the interface and tdTomato+ cells
were detected with EMD Millipore Guava® easyCyte Flow Cytometer.

Tumor models

All animal studies described in this study were approved by the MIT institutional
Animal Care and Use Committee. All animals were maintained on a mixed
C57BL/6J x 129SvJ genetic background. KP mice were previously developed by
engineering transcriptional and translational stop elements, flanked by loxP sites,
into the first intron of the endogenous K-ras gene. Furthermore, these mice
contained an oncogenic mutation in K-ras, where a glycine to aspartic acid
mutation in present at codon 12, and conditional “floxed” p53 alleles between
exons two through ten to constitutively activate K-ras and mimic loss of p53
function upon Cre-mediate recombination, respectively. These KP mice were
then crossed to the Ai9 Cre reporter mice harboring loxP-flanked STOP cassette
preventing transcription of a CAG-promoter driven tdTomato fluorophore at the
ROSAZ26 locus. These KP tdTomato reporter mice were then crossed to Cre
reporter mice generated from Inder Verma’s laboratory harboring loxP-flanked
STOP cassette preventing transcription of luciferase at the ROSA26 locus.
These KP(tdTom/Luc) reporter mice were then crossed to CAGs-rtTA3 mice
generated from Scott Lowe’s laboratory to enable a conditional expression
system in the presence of doxycycline.

The generated KP reporter mice used for our studies either harbored or lacked
the rtTA3 transgene, allowing us to control for doxycycline-induced effects. In the
autochthonous setting, we delivered 8.0 x10° infectious particles of our lentiviral
construct via intratracheal inhalation to each mouse that was briefly anesthetized
with isoflorane. These mice were placed on doxycycline food to induce Ago2
overexpression from in vivo transduced cells. In the transplant model, we
isolated B220-positive lymphocytes from bone marrow of the KP reporter mice
harboring the rtTA transgene and transduced them in vitro with our retroviral
construct as described above. The tdTomato-positive cells were selected for
using the BD FACSAria™ Ill sorter. We sublethally irradiated F1 mice (C57BL/6J
x 129SvJ) and transferred 400,000 tdTomato-positive cells to each mouse 16 h
post-irradiation via tail-vein injection. Mice were split into +/- doxycycline
conditions. For intravenous injection of KP LUAD into immunocompromised mice
(The Jackson Laboratory, #007850), cells were diluted using cold PBS to a
concentration of 1,000 cells/uL. 100uL of cells were injected into the tail vein of
nude mice and sacrificed 4 wk post-transplantation.

Statistical Analysis

Student’s t-test was used for all measurements of tumor burden and IHC
quantifications. All error bars denote s.e.m.
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Figure $1. AGO2 overexpression in KP autochthonous model induces
lymphomagenesis. (A) TCGA datasets were analyzed via cBioPortal to quantify
AGO2 CNV from NSCLC patients (Cerami et al., 2013). (B) A KP lung
adenocarcinoma (LUAD) cell line was infected with lentivirus (pSLIK vector) to
overexpress AGO2 in a doxycycline-inducible system. Rate of cell migration was
measured in the presence and absence of both Matrigel and doxycycline. (C)
The number of surface tumors from lung tissue was quantified 4 wk after
intravenous administration of the previously described LUAD cell line into
immunocompromised mice in the presence and absence of doxycycline. (D)
Luciferase imaging of KP and KPR mice at 16 wk after lentivirus delivery. (E)
Tumor burden and number of initiated lung tumors (n=6) were quantified from
cross sections of lung tissue from KP and KPR mice. (F) Quantification of lymph
node sizes from KPR and KP mice were calculated using cross sections of
tissue. (G) AGO2 protein expression was assessed with IHC from spleens and
lymph nodes of KP (Spleen: n=3; LN: n=9) and KPR (Spleen: n=3; LN: n=16)
mice. The percentage of AGO2-expressing cells from each tissue was quantified.
(H) The number of KPR and KP lymphocytes actively in mitosis was assessed by
phospho-H3 staining using IHC from cross sections of spleens 22 wk after
infection. *p<0.05, **p<0.01.
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Figure S2. Mice develop an ABC-like DLBCL phenotype from AGO2
overexpression in autochthonous model. (A) Morphological features of
hyperplastic lymphocytes were examined with high magnification of H&E stains
from a spleen cross-section (yellow circles= Mott cells; blue arrows= large
neoplastic cells with vesicular nuclei and open chromatin; green arrows= large
neoplastic cells with scant cytoplasm). (B) The population of B220- and CD138-
expressing splenocytes derived from KP and KPR mice were analyzed with
FACs analysis. Cells were harvested 22 wk after infection. (C) IRF4 protein
expression was analyzed with IHC from cross-sections of various tissues from
KPR and KP mice. (D) CD3 expression was assessed with IHC to identify T-cells
from tissue of KPR and KP mice. (E) Clonal expansion of B-lymphocytes was
examined with kappa and lambda staining on serial cross sections of various
tissues (spleen, lymph node, kidney and lung) using IHC. (F) Expression of CD10
was analyzed with IHC. Normal kidney tissue was used as a positive control for
CD10 (CD10-negative tumor (T) is adjacent to normal kidney (N) tissue).
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Figure S3. Transplantation of AGO2 overexpressed B-lymphocytes into mice
induces ABC-like DLBCL phenotype. (A) Cell death was detected by PI staining
and FACS analysis. KPR (KT223 and KT591) and KP (KT301 and KT302) cells
were collected at 0, 10 and 18 d after doxycycline withdrawal. (B) FACS analysis
of tdTomato-expressing splenocytes harvested from recipient mice. (C)
Luciferase imaging was used to monitor transplanted KPR cells in vivo in the
presence and absence of doxycycline-containing food at 10 wk post-
transplantation. (D) Expression pattern of B220, CD138 and IRF4 were analyzed
from abnormal lymphoid tissue of KPR recipient mice fed doxycycline. (E)
Splenocytes derived from KPR recipient mice that were fed doxycycline-
containing food were passaged in vivo to determine their tumorigenicity in the
presence (n=3) or absence (n=3) of doxycycline. A survival curve was generated.
(F) Southern blot analysis was used to determine the clonality of KPR lymphoma
cell lines using a Ju4 probe. Genomic DNA isolated from wild type splenocytes
was used as a control. (G) KPR cells were FACS sorted into four distinct
populations: B220"9" CD138+, CD138+/B220-°", and double negative (DN). (H)
KPR lymphoma cells were initially sorted into 4 distinct populations based on
B220 and CD138 expression (CD138+, B220™", CD138+/B220"°" and double
negative (DN)). These sorted cells were passaged either in the presence or
absence of doxycycline. Here, B220 and CD138 expression was reassessed for
each population after 1 wk using FACS analysis.
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Figure S4. Loss of AGO2 overexpression perturbs block in plasmablastic stage
and promotes cell death. (A) Loss of p53 from KPR cell lines was confirmed with
western blotting. WT splenocytes was used as a positive control. Enolase was
used as a loading control. (B) PARP1 cleavage in KPR cells was detected using
western blot. These cells were either grown in the presence of doxycycline or
subjected to doxycycline withdrawal for 24, 48 or 72 h before harvesting protein
lysate. WT splenocytes were either UV-treated or untreated to induce DNA
damage as positive and negative controls, respectively. Tubulin was used as a
loading control and total AGO2 expression was assessed. (C) Expression of let-
7a, miR-9-5p and miR-148a were analyzed with qPCR and normalized to U6.
Immature B cells and Plasma cells were FACS sorted and used as controls. Fold
enrichment was normalized to miRNA expression from plasma cells. KT591D,
KT223D and KT1220D were maintained on doxycycline.
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Figure $5. KPR lymphocytes are dependent on the AGO2-KRAS complex for
cell survival. (A) Immunoprecipitation (IP) of RAS followed by immunoblotting
(AGO2, KRAS, Ras) using protein extract from KT591 cells in the presence and
absence of doxycycline. Protein extract from a KP lung adenocarcinoma (KP
L.A.) cell line with the genotypes Ago2** or Ago2” were used as positive and
negative controls, respectively, for KRAS and AGO2. (B) IP of cMyc-epitope tag
followed by immunoblotting (AGO2, KRAS) using protein extract from KT591
constitutively expressing various cMyc-AGO2 isoforms (WT, K113A, E115A,
D670A). (C) The percentage of viable KT591 cells was measured using Trypan
blue staining at 0, 1, 2, 3 and 4 d in the presence and absence of doxycycline.
(D) Various cMyc-tagged AGO2 isoforms were constitutively expressed in KT591
cells in the presence of doxycycline. Western blotting was used to confirm
expression of these cMyc-tagged AGO2 isoforms. Enolase was used as a
loading control.
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Figure S6. Interaction between oncogenic KRAS and AGO2 promote NF-kB
activation. (A) Concentration of activated NF-kB subunits was measured by an
ELISA assay. Whole cell extracts from KPR cell lines in the presence and
absence of doxycycline were compared. Raji extract and buffer were used as
positive and negative controls, respectively. A standard curve was generated
using known amounts of recombinant p50 (10, 5, 2.5, 1.25, 0.624, 0.312, 0.156
and 0 ng/well). (B) Expression of miR-155 was analyzed with gPCR and
normalized to U6. Immature B cells and Plasma cells were FACS sorted and
used as controls. Fold enrichment was normalized to miRNA expression from
plasma cells. KT591D, KT223D and KT1220D were maintained on doxycycline.
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Primer

Name Orientation Sequence
GAPDH* = F - GGTCCTCAGTGTAGCCCAAG
GAPDH* R AATGTGTCCGTCGTGGATCT
Bcl-6* - F GACGTTGTCATCGTGGTGAG
Bcl-6* R GGTTGCATTTCAACTGGTCA
Blimp1 F  TCCAGAGAGGAGTTCCACCA
Blimp1 R ACACAAGAAGTTCCTGGTTGGC
mAgo2 gA F ' f-%QTGTAQTSGGGAGCcchcccei'rCTTGc
GACCCGACATTAGCGCTACAGCTTAAGCGGAC
Cre gB F CATGCCCAAGAAGAAGAGG
o AGAGTAATTCAACCCCAAACAACAACGTTTCTA
Cre gB R ATCGCCATCTTCCAGCAG
AAACCGCTGTTCCTAGGAATCCCGAGGCCTTC
EFS pB F GAGTGGCTCCGGTGCCCG
- - CCGCTTAAGCTGTAGCGCTAATGTCGGGTCCC
EFS pB R GCGTCACGACACCTGTG
FHmMAgo2 F CGCGAATTCATGTACTCGGGAGC
FHmMAgo2 'R - GCGGCGGCCGCTCAAGCAAAG
CTAACTCGAACGCTAGCTGTGCGATCGTTTGC
GACTAGTCCACCATGGACTACAAGGACGACGA
FH-mAgo2 TGACAAGTACCCTTATGACGTGCCCGATTACG
gA F CTTACTCGGGAGCCGGCCCCG
FH-mAgo2 . AGGCCTCGGGATTCCTAGGAACAGCGGTTTTC
as R AAGCAAAGTACATGGTGCGCAGTGTGTC
let-7a* F ACT ATA CAA CCT ACT ACC TCA
miR-9-5p* = F ~ TCATAC AGC TAG ATAACC AAAGA
miR-148a* r ACAAAGTTCTGTAGTGCACTGA
miR-155* E CCCCTATCACAATTAGCATTAA
Mum1 F GAGAGAAGCAGAGGATGCCC
‘Mum1 'R - TGTGGACTTGAACCCTGTGG
Myc* F AGCTGTTTGAAGGCTGGATT
Myc* R AATAGGGCTGTACGGAGTCG
NF-kB2 | F GTTGAGAAGCCTGGTGGACA
NF-kB2 = R  CGGGTCTCAGGACCTITIC . .
GATCAGTGTGAGGGAGTGTAAAGCTGGT‘ITAT
pGK pA - TCTACCGGGTAGGGGAGG
el  AAACGH ;'ECGCAGA@G&Q{:GTTQGAG;@. AGTCCC'-
R - GGAGATGAGGA -
AAACCGCTGTTCCTAGGAATCCCGAGGCCTAT
pGK pB F TCTACCGGGTAGGGGAGG
PGK pB R CCGCTTAAGCTGTAGCGCTAATGTCGGGTCTC
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CCGGAGATGAGGAAGAGG
GATCAGTGTGAG GGAGTGTAAAGCTGGTTTCG

TRE pA 3 ACGGTITCGATATGTCGAG
: AAACGATCGCACAGCTAGCGTTCGAGTTAGTG
TRE pA . R ACTTACGIATTCTCCAGGC

Table 1: List of primers used.

Antibody VendorICatalog Assay(s) Dilution
e Cell Signaling : W.B./IHC/ 1:1000/1:200/
Ago2 TechnoiogylZBWS 49 . 198
Cell Signaling
Akt Technology/2920S W.B. 1:2000
B220 eBioscience/14-0452-82  |HC 1:100
B220-Pacific Blue BD Bioscience/103227 FACS 1:400
B220-PerCP Cy5.5  BD Bioscience/552771 FACS  1:400
CD79a-BVv421 BD Biosceience/562852 FACS 1:200
CD138 Abcam/ab104803 IHC 6ug/mL
CD138-APC BD Bioscience/558626 FACS 1:200
CD19-FITC BD Bioscience/115506 FACS 1:400
CD3 Abcam/ab5690 IHC 1:150
o ‘ Cell Signaling o :
Cleaved-PARP Technology/9544S W.B. 1:2000
Cell Signaling
cMyc—epltope tag Technology/22788 W.B./IP 1:1000/1:200
. __Cellsignaling s
Eno&ase ' ‘Technology/3810S WE 11080
Cell Signaling
ERK1/2 Technology/9107S W.B. 1:1000
o Abcam/ab171870 B i
HA Roche/ 1 1 867423001 W.B. 200ng/mL
Kappa nghtCham»' . e .
HRP . = .NQWSIN37549 . HE - 2@0
Ki-67 _Abcamlab15580 IHC 1:500
Kras ‘Bio &e’”hnafogylsc-w | "WB. 1:200
Thermo Scientific/PA5-
Lambda nght Chaln 16651 IHC 1:100
. CeliShmaing S e
-MEK’!IZ 'Teehnoiogyi4694$ - WB - 1:1000
Cell Signaling
mTOR Technology/29838 W.B. 1:1000
e SdHEEAC - ©
Mum1/Irf4 Abcam/ab‘i 04803 B 1:125/1:100
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P53

Parp
Paxs

phospho—AKT

ﬂhosphe-ERK*l 12:'-'

phospho H3

phosph@mamxz  Technology/915
Cell Slgnallng

phospho-mTor
phospho-yH2A X
Scal-PE
Total H2AX
Total Ras
Tubulin

Cell Signaling
Technology/2524S
Ceﬂs&gnahng

Cell Slgnallng

Technology/95428

.:*‘Cell Slgnallng )

Technologyl40608

- Cell Signaling

Technology/4370S
Cell Signaling
Technology19701

Technology/5536S
Millipore/05-636
eBioscience/15-5981-81
Cell Slgnalmg =
T@thaiogyl?ﬁfﬁ

Cell Signaling
Technology/3965S
Abcam/ab6046

W.B.

W.B.

~ WB.
:'?Wih.x:?

e

W.B.
W.B.
FACS
W;__B. '_

W.B./IP
W.B.

11000

11000

1: ‘1000

1:1000
1:1000

1:200

11000 _

1:1000
1:1000
1:400

1:4000

1:1000/1:50
1500

Table 2: List of pnmers used.

162



References

Adam BD, Claffey KP, White BA. 2009. Argonaute-2 Expression is Regulated by
Epidermal Growth Factor Receptor and Mitogen-Activated Protein Kinase
Signaling and Correlates with a Transformed Phenotype in Breast Cancer
Cells. Endocrinology 150: 14-23.

Ambros V. 2004. The functions of animal microRNAs. Nature 431: 350-355.

Baek D, Villén J, Shin C, Camargo FD, Gygi SP, Bartel DP. 2008. The
impact of microRNAs on protein output. Nature 455: 64-71.

Bang D, Wilson W, Ryan M, Yen JJ, Baldwin AS. 2013. GSK-3a Promotes
Oncogenic KRAS function in Pancreatic Cancer via TAK1-TAB
Stabilization and Regulation of Non-Canonical NF-kB. Cancer Discov 3:
690-703.

Bartel DP. 2009. MicroRNAs: target recognition and regulatory functions. Cell
136: 215-233.

Calin GA, Dumitru CD, Shimizu M, Bichi R, Zupo S, Noch et al. 2002. Frequent
deletions and down-regulation of micro-RNA genes miR15 and miR16 at
13914 in chronic lymphocytic leukemia. Proc. Natl Acad Sci. USA 99:
156524-15529.

Castillo JJ, Bibas Michele, Miranda RN. 2015. The biology and treatment of
plasmablastic lymphoma. Blood 125: 2323-2330.

Cerami E, Gao J, Dogrusoz U, Gross BE, Sumer SO, Aksoy BU et al. 2013. The
cBio Cancer Genomics Portal: An Open Platform for Exploring
Multidimentional Cancer Genomics Data. Cancer Discov 2: 401.

ChenY, Zheng Y, You X, Yu M, Fu G, Su X et al. 2016. Kras is Critical for B Cell
Lymphopoiesis. J Immunol 196: 1678-1685.

Cheng N, Li Y, Han Z. 2013. Argonaute2 Promotes Metastasis by Way of Up-
regulating Focal Adhesion Kinase Expression in Hepatocellular
Carcinoma. Hepatology 57: 1906-1918.

Colovai Al, Giatzikis C, Ho EK, Faroogi M, Suciu-Foca N, Cattoretti G et al. 2004.
Flow cytometry analysis of normal and reactive spleen. Mod Pathol 17:
918-927.

Davis RE, Brown KD, Siebenlist U, Staudt LM. 2001. Constitutive nuclear factor

kappa B activity is required for survival of activated B Cell-like diffuse large
B cell lymphoma cells. J Exp Med 194: 1861-1874.

163



Drinnenberg IA, Weinberg DE, Xie KT, Mower JP, Wolfe KH, Fink GR et al.
2009. RNAI in budding yeast. Science 326: 544-550.

Drosten M, Dhawahir A, Sum EY, Urosevic J, Lechuga CG, Esteban LM et al.
2010. Genetic analysis of Ras signaling signaling pathways in cell
proliferation, migration and survival. EMBO J 29: 1091-1104.

DuPage M, Dooley AL, Jacks T. 2009. Conditional mouse lung cancer models
using adenoviral or lentiviral delivery of Cre recombinase. Nat Protoc 4:
1063-1072.

Eis PS, Tam W, Sun L, Chadburn A, Li Z, Gomez MF et al. 2005. Accumulation
of miR-155 and B/C RNA in human B cell lymphomas. Proc. Natl. Acad.
Sci. USA 102: 3627-3632.

Greene LA, Lee HY, Angelastro JM. 2009. The transcription factor ATF5: role in
neuraldevelopment and neural tumors. J Neurochem 108: 11-22.

Hans CP, Weisenburger DD, Greiner TC, Gascoyne RD, Delabie J, Ott G et al.
2004. Confirmation of the molecular classification of diffuse large B cell
lymphoma by immunohistochemistry using a tissue microarray. Blood 103:
275-282.

Ichikawa A, Kinoshita T, Watanabe T, Kato H, Nagai H, Tsushita K et al. 1997.
Mutations of the p53 gene as a prognostic factor in aggressive B cell
lymphoma. N Engl J Med 337: 529-534.

Kluiver J, Poppema S, de Jong D, Blokzijl T, Harms G, Jacobs S et al. 2005. BIC
and miR-155 are highly expressed in Hodgkin, primary mediastinal and
diffuse large B cell lymphomas. J Pathol 207: 243-249.

Kumar MS, Lu J, Mercer KL, Golub TR, Jacks T. 2007. Impaired microRNA
processing enhances cellular transformation and tumorigenesis. Nat
Genet 39: 673-677.

Kwak PB and Tomari Y. 2012. The N domain of Argonaute drives duplex
unwinding during RISC assembly. Nat Struct Mol Biol 19: 145-152.

LiL, Yu C, Gao H, Li Y. 2010. Argonaute proteins: potential biomarkers for
human colon cancer. BMC cancer 10: 38.

Lin R, Lin Y, Chen J, Kuo H, Chen Y, Diccianni MB et al. 2010. microRNA
Signature and Expression of Dicer and Drosha Can Predict Prognosis and
Delineate Risk groups in Neuroblastoma. Cancer Res 70: 7841-7850.

Lin S, Gregory RI. 2015. 2015. MicroRNA biogenesis pathways in cancer. Nat

164



Rev Cancer 15: 321-333.

Liu J, Carmell MA, Rivas FV, Marsden CG, Thomson JM, Song J et al. 2004.
Argonaute2 is the Catalytic Engine of Mammalian RNAI. Science 305:
1437-1441).

Niu H, Ye BH, and Dalla-Favera R. 1998. Antigen receptor signaling induces
MAP kinase-mediated phosphorylation and degradation of the BCL-6
transcription factor. Genes & Dev 12: 1953-1961.

O’Carroll D, Mecklenbrauker |, Das PP, Santana A, Koenig U, Enright AJ et al.
2007. A Slicer-independent role for Argonaute 2 in hematopoiesis and the
microRNA pathway. Genes & Dev 21: 1999-2004.

Pasqualucci L, Compagno M, Houldsworth J, Monti S, Grunn A, Nandula SV et
al. 2006. Inactivation of the PRDM1/BLIMP1 gene in diffuse large B cell
lymphoma. JEM 203: 311-317.

Pylayeva-Gupta Y, Grabocka E, Bar-Sagi D. 2011. RAS oncogenes: weaving a
tumorigenic web. Nat Rev Cancer 11: 761-774.

Ravi A, Gurtan AM, Kumar MS, Bhutkar A, Chin C, Lu V et al. 2012. Proliferation
and Tumorigenesis of a Murine Sarcoma Cell Line in the Absence of
DICER1. Cancer Cell 21: 848-855.

Reddy A, Zhang J, Davis NS, Moffitt AB, Love CL, Waldrop A et al. 2017.
Genetic and Functional Drivers of Diffuse Large B Cell Lymphoma. Cell
171: 481-494.

Shankar S, Pitchiaya S, Malik R, Kothari V, Hosono Y, Yocum AK et al. 2016.
KRAS engages AGO2 to Enhance Cellular Transformation. Cell Rep 14:
1-14.

Shaulian E and Karin M. 2001. AP-1 in cell proliferation and survival. Oncogene
20: 2390-2400.

Shen J, Xia W, Khotskaya YB, Huo L, Nakanishi K, Lim S et al. 2013. EGFR
modulates microRNA maturation in response to hypoxia through
phosphorylation of AGO2. Nature 497: 383 -387.

Shieh A, Ward Af, Donlan KL, Hardin-Theobald ER, Xu J, Mullighan CG et al.
2013. Defective K-Ras oncoproteins overcome impaired effector activation
to initiate leukemia in vivo. Blood 121: 4884-4893.

Su H, Trombly MI, Chen J, Wang X. 2008. Essential and overlapping functions

165



for mammalian Argonautes in microRNA silencing. Genes & Dev 23: 304-
317.

Tsherniak A, Vazquez F, Montgomery PG, Weir BA, Kyrukov G, Cowley GS et al.
2017. Defining a Cancer Dependency Map. Cell 170: 564-576.

Vaksman O, Hetland TE, Trope CG, Reich R, Davidson B. 2012. Argonaute,
Dicer and Drosha are up-regulated along tumor progression in serious
ovarian carcinoma. Hum Pathol 43: 2062-2069.

Vega F, Chang C, Medeiros LJ, Udden MM, Cho-Vega JH, Lau C et al. 2005.
Plasmablastic lymphomas and plasmablastic plasma cell myelomas have
nearly identical immunophenotypic profiles. Mod Pathol 18: 806-815.

Wegert J, Ishaque N, Vardapour R, Geérg C, Gu Z, Bieg M et al. 2015. Mutations
in the SIX1/2 pathway and the DROSHA/DGCR8 miRNA microprocessor
complex underlie blastemal type Wilms tumors. Cancer Cell 27: 298-311.

Wilson WH, Young RM, Schmitz R, Yang Y, Pittaluga S, Wright G et al. 2015.
Targeting B cell receptor signaling with ibrutinib in diffuse large B cell
lymphoma. Nat Med 21: 922-926.

Yang M, Haase AD, Huang F, Coulis G, Rivera KD, Dickinson BC et al. 2014.
Dephosphorylation of Tyrosine 393 in Argonaute 2 by Protein Tyrosine
Phosphatase 1B Regulates Gene Silencing in Oncogenic RAS-induced
Senescence. Mols Cell 55: 782-790.

Zhou Y, Chen L, Barlogie B, Stephens O, Wu X, Williams DR. et al. 2010. High-
risk myeloma is associated with global elevation of miRNAs and
overexpression of EIF2C2/AGO2. PNAS 107: 7904-7909.

Zhu C, Bogue MA, Lim DS, Hasty P, Roth DB. 1996. Ku86-deficient mice exhibit

severe combined immunodeficiency and defective processing of V(D)J
recombination intermediates. Cell 86: 379-389.

166



Chapter 4

Discussion and Future Directions

167



In this thesis, we investigated the role of AGO2 in promoting tumor
progression in two mouse models of KRAS-activated and Tp53-deleted cancers.
In the case of non-small cell lung cancer (NSCLC), we determined that AGO2
overexpression plays a prominent role in the progression, but not initiation, of
NSCLC. From in vitro assays, AGO2 overexpression promoted cell motility and
invasiveness, but had no effect on cell doubling rates. Consistently, in vivo
studies ectopically expressing AGO2 did not enhance the lung tumor burden, but
promoted malignancy transformation of initiated tumors and increased the
capacity of tumor cells to invade and colonize distant tissues. Additionally, we
generated a novel mouse model to initiate an ABC-DLBCL-like malignancy using
a transplantation approach. We thoroughly characterized this model,
demonstrating that AGO2 overexpression-induced cellular transformation results
in the arrest of transformed cells in the hyperproliferative plasmablastic stage of
B cell development. In this system, we have identified that the KRAS-AGO2
interaction, enhanced through AGO2 overexpression, is essential in inducing pro-
survival signals through multiple pathways. Moreover, we have provided
evidence that the KRAS and AGO2 dependency is possibly a general

phenomenon that occurs in many cancer types.

Uncovering novel oncogenic AGO2 functions in promoting tumor
progression

Given that miRNA dysregulation frequently contributes to tumorigenesis
and cancer progression and elevated AGO2 expression is detected in many

types of human malignancies, we reasoned that overexpressing AGO2 with
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common driver mutations could accelerate tumor progression in our mouse
models (lorio and Croce, 2012; Cerami et al., 2013). In the KP mouse model of
NSCLC, we determined that overexpressing AGO2 enhances the ability of
established tumor cell lines to migrate and colonize distant tissues. Similarly,
initiated tumors from the KP autochthonous model frequently developed into
malignant lesions in AGO2 overexpressed conditions compared to control mice.
Therefore, it would be interesting to explore the dependency on AGO2
overexpression in promoting metastasis. Here, | propose to initiate lung tumors in
the KP autochthonous model with doxycycline-inducible AGO2 overexpression
using a low viral titer. At week 8 post lentiviral delivery, half of the animals are
switched to regular food to withdraw ectopic AGO2. Based on previous results, |
hypothesize that animals maintained on doxycycline food will develop metastatic
tumors at a higher frequency than animals with doxycycline withdrawal.
Moreover, since lung tumors can be inititated and progress in conditions where
only endogenous AGO?2 is expressed, | reason that withdrawal of ectopic AGO2
from established tumors will have negligible effects on tumor regression.
Interestingly, human cancer cells, such as NSCLC cell lines, that were
dependent on AGO2 for survival were commonly co-dependent on TWIST1, a
positive regulator of metastasis (Yang et al., 2004). Together, these results argue
that elevated AGO2 expression in lung tumor cells promotes metastasis but the
mechanism that facilitates this is still unclear. There are a couple of plausible
mechanisms that could contribute to this AGO2 overexpressed phenotype. First,

since it has been well established that high Nkx2-1, Foxa2, and Cdx2 expression
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in KP lung tumors work synergistically to inhibit lung adenocarcinoma metastasis,
it is possible that elevated AGO2 expression preferentially stabilizes miRNAs that
target these specific transcription factors (Li et al., 2015). In doing so, the
transcriptional profile of these tumor cells would be altered to favor a metastasis
program. Alternatively, upregulation of AGO2 in this system could enhance its
physical interaction with KRAS, thereby promoting activation of signal
transduction pathways required to rewire transcriptional circuits to favor
metastasis.

In our novel B cell transplantable mouse model to induce
lymphomagenesis via AGO2 overexpression, we have identified that the
interaction between oncogenic KRAS and AGO2 is important in promoting
cellular transformation. We demonstrated that overexpressing KRAS-binding
AGO2 mutant proteins does not rescue cell survival in KPR tumor cells that are
depleted of ectopically expressed wild type AGO2. Although this does not prove
that miRNA-independent AGO2 functions are solely responsible for facilitating
malignant transformation in this system, it does suggest that the physical
interaction between AGO2 and KRAS is crucial in promoting cellular
transformation by altering the protein interactome of both molecules.

Interestingly, Shankar et al. (2016) has demonstrated that KRAS and
AGO2 primarily co-localize to various organelle membranes of various human
cancer cell lines, with a significant fraction of this complex detected at the
endoplasmic reticulum. This opens the possibility for novel interactions between

the KRAS-AGO2 complex with other signaling molecules to enhance cell
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proliferation and survival. To explore this further in our system, we could perform
co-localization experiments using immunofluorescence microscopy and
fractionation techniques to determine the intracellular localization pattern of this
complex. Additionally, it would be informative to identify changes in the KRAS
protein interactome of KPR tumor cells via IP-mass spectrometry in the presence
and absence of doxycycline. This could reveal additional KRAS effector
molecules to help elucidate novel mechanisms contributing to the tumorigenicity

of the KPR cell lines induced by AGO2 upregulation.

Upregulation of AGO2 cooperatively activates signaling pathways involved
in cell proliferation and survival with oncogenic KRAS

As a consequence of ectopic AGO2 expression in KPR tumor cells in our
activated B cell-like lymphoma mouse model, we detected a significant increase
in activity of multiple signaling pathways, including NF-kB. Using KRAS-binding
AGO2 mutants, we have demonstrated that the KRAS-AGO2 complex is at least
partially responsible for elevated NF-kB signaling. Here, a reduction in specific
activated NF-kB subunits, p52 and Rel-B, were detected with loss of ectopically
expressed wild type AGO2. Given that NF-«kB activity often promotes cell
proliferation and anti-apoptotic signals, these results suggest that the physical
interaction between KRAS and AGO2 enhances cellular transformation through
NF-kB activity in this system (Guttridge et al., 1999; Hoesel and Schmid, 2013).
However, we have also detected increased activity of additional KRAS-regulated

pathways, including the PI3K-mTOR and MAPK signaling cascades. This opens
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the possibility of crosstalk between multiple signaling pathways that
synergistically contribute to malignant transformation in the context of AGO2
overexpression.

One approach to identify which pathways are essential for cell survival in
this system would be to use a genome-scale RNAI screening strategy
(Possemato et al. 2011). With this strategy, a lentivirally delivered genome-wide
shRNA library consisting of multiples shRNAs targeting each gene could be used
to infect AGO2 overexpressed KPR cells. Here, we can determine which genes
exhibit the highest sensitivity to their suppression by analyzing the depletion of
each shRNA in all screened KPR cell lines. Subsequently, drug-based inhibitors
targeting these identified genes can be used to confirm KPR cell sensitivity to
their suppression and, hence, elucidate essential pathways that AGO2

overexpressed KPR cells are dependent on for cell proliferation and survival.

Exploring the synergistic effects of AGO2 overexpression, KRAS activation
and Tp53 deletion

In both the NSCLC and ABC-like DLCBC mouse models used, we
investigated the role of AGO2 overexpression in KRAS activated and Tp53
deleted tumor cells. We have identified that the physical interaction between
AGO2 and KRAS is essential in promoting cell proliferation and survival in AGO2
overexpressed lymphoma cell lines. However, the dependency on p53 ablation
has yet to be explored in this system. We have provided evidence of a general

dependency on AGO2 expression in KRAS and TP53 mutant human cancer cell
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lines, including those of the NSCLC subtype (Tsherniak et al., 2017). Thus, |
hypothesize that the phenotypes observed with AGO2 overexpression in both
KP-associated mouse models is dependent on Tp53 deletion. To ascertain this
notion, we can explore the effects of AGO2 overexpression on lung tumor
development and metastasis in a Kras"*-¢"2?"*:p53** autochthonous mouse
model. Similarly, the consequences of ectopic expression of AGO2 on B cell
lymphoma initiation and maintenance can be explored using B cells derived from

LSL-G12D/+;p53+/+ mice.

bone marrow of Kras
Establishing clinical relevance of AGO2 overexpressed ABC-like DLBCL
mouse model

DLBCL is the most common subtype of non-Hodgkin lymphoma.
Based on previous molecular characterization, there are two major subtypes of
DLBCL: germinal center B cell (GCB) and activated B cell (ABC) DLBCL (Lenz et
al., 2008). Both standard and aggressive forms of chemotherapeutic regimens
have been fairly successful in treating a wide range of GCB DLBCL patients but
have remained largely ineffective in treating those diagnosed with ABC DLBCL
(Rosenwald et al., 2002). Hence, ABC DLBCL is associated with substantially
worse prognosis and outcome. Currently, there are no well-established mouse
models of ABC DLBCL to study the molecular mechanisms that contribute to the
initiation and progression of this malignancy. As expected, lack of understanding
of the genetic and molecular components that promote ABC DLBCL makes it

difficult to develop effective therapies against this aggressive lymphoma subtype.
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In this thesis, we have used ectopic expression of AGO2 in KRAS
activated and Tp53 deleted B cells to initiate lymphomagenesis, resulting in a
malignancy that resembles human ABC DLBCL based off of histological and
molecular features. Nevertheless, to use this novel mouse model to gain insights
into the mechanisms that contribute to the human form of the disease, we must
compare genetic and transcriptional aberrations between our KPR lymphoma cell
lines to tumor cells originating from ABC DLBCL patients. In the event that both
oncogenic KRAS mutations and AGO2 ampilifications are detected from patient
samples, our ABC-like DLBCL mouse model could be used to identify novel
targets for targeted cancer therapies that could be effective in treating these

select patients.

Differentiating ABC DLBCL from plasmablastic lymphoma

As previously alluded, hematopoietic malignancies are highly complex due
to the extensive subtypes classified by their cell of origin and histological and
molecular features. Both ABC DLBCL and plasmablastic lymphoma (PBL) are
post-germinal center lymphomas associated with tumorigenic plasmablastic cells.
ABC DLBCL is charactized by the arrest of tumorigenic cells in the plasmablastic
stage of B cell development; however, PBL is associated with “late” plasmablasts
that are capable of terminally differentiating into plasma cells (Lenz G and Staudt
LM, 2010; Said JW, 2013). Because there is a lack of understanding of the
molecular and genetic features of human PBL due to this malignancy’s rarity, it is

occasionally difficult to distinguish PBL from ABC DLBCL.
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To date, immunophenotyping a small subset of PBL patients has revealed
that PBL is positive for CD138 and BLIMP1. Though not always the case, PBL is
also generally positive for CD79a, MUM1, and CD10 and negative for PAX5,
BCL-6 and CD20. Similarly, ABC DLBCL is negative for BCL-6 and generally
positive for CD138, but not always the case. Because ABC DLBCL is associated
with “early” plasmablasts, which requires NF-xB activation to exit GC reactions,
incapable of terminally differentiating, it is positive for MUM1/IRF4 and negative
for BLIMP1, the master regulator of plasma cell differentiation (Vega F et al.,
2005; Lenz G and Staudt LM, 2010; Castillo JJ et al., 2015; Said JW, 2013;
Harmon CM and Smith LB, 2016).

In our B cell ymphoma mouse model inititated by AGO2 overexpression,
histology revealed a vef'y heterogenous population of abnormal plasmablasts and
plasma cells with features that commonly found in both ABC DLBCL and PBL.
We also provided evidence that these lymphoid neoplasms were predominantly
negative for BCL-6, CD10, and BLIMP1, which is characteristic of ABC DLBCL.
However, FACS analysis revealed a large subset of tumorigenic cells that were
positive for IRF4 but only approximately 50% of these cells were positive for
CD138. Together, these data suggest that AGO2 overexpression in KP B cells

initiated an ABC-like DLBCL with plasmablastic features found in PBL.
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Chapter 5

Appendix

The work in this chapter is adapted with permission from the following
manuscript:

JnBaptiste CK, Gurtan AM, Thai KK, Lu V, Bhutkar A, Su MJ, Rotem A, Jacks T
and Sharp PA. 2017. Dicer loss and recovery induces an oncogenic switch
driven by transcriptional activation of the oncofetal Imp1-3 family. Genes & Dev
31: 674-687.

CKJ designed the study. CKJ, AMG, KKT, VL, MJS and AR performed
experiments. AB provided computational support. CKJ wrote the manuscript with
input from all authors.
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Abstract

miRNAs are post-transcriptional regulators of gene expression critical for
organismal viability. Changes in miRNA activity are common in cancer, but how
these changes relate to subsequent alterations in transcription and the process
of tumorigenesis is not well understood. Here, we report a deep transcriptional,
oncogenic network regulated by miRNAs. We present analysis of the gene
expression and phenotypic changes associated with global miRNA restoration in
miRNA-deficient fibroblasts. This analysis uncovers a miRNA-repressed network
containing oncofetal genes Imp1-3 that is upregulated primarily transcriptionally
greater than 100-fold upon Dicer loss and is resistant to re-silencing by complete
restoration of miRNA activity. This Dicer-resistant epigenetic switch confers

tumorigenicity to these cells. Let-7 targets Imp1-3 are required for this
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tumorigenicity and feed back to reinforce and sustain expression of the
oncogenic network. Together, these Dicer-resistant genes constitute an mRNA
expression signature that is present in numerous human cancers and is

associated with poor survival.

Introduction

MicroRNAs (miRNAs) are an abundant class of noncoding RNAs that
repress gene expression typically ~2-fold through target degradation and/or
translational inhibition (Baek et al. 2008; Bartel 2009; Ghildiyal and Zamore
2009). miRNAs regulate many processes, including development (Bernstein et
al. 2003; Wienholds et al. 2003), differentiation (Kanellopoulou et al. 2005; Xu et
al. 2009), apoptosis (Cimmino et al. 2005; Harfe BD 2005), and proliferation

(Wang et al. 2008).

Consistent with such broad influence, miRNA deregulation is commonly
observed in cancer, with both oncogenic and tumor suppressive roles having
been reported (Ventura and Jacks 2009; Lin and Gregory 2015). Let-7 miRNAs
comprise a tumor suppressor family that is downregulated in multiple cancers
and correlates inversely with patient survival (Calin 2004; Takamizawa et al.
2004; Boyerinas et al. 2010; Nguyen et al. 2014; Kugel et al. 2016; Manier et al.
2016; Powers et al. 2016). Underlying the potent tumor suppressor activity of let-

7 is repression of well-established oncogenic mRNAs such as Lin-28, Hmgaz2,
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Myc, Ras and the Igf2 mRNA-binding protein family Imp1-3 (Johnson et al. 2005:

Lee and Dutta 2007; Sampson et al. 2007; Boyerinas et al. 2008).

Imp1, Imp2, Imp3 (Imp1-3) are an RNA-binding protein (RBP) family that
control RNA localization, stability and translation (Bell et al. 2013). Along with
Hmga2 and Lin-28, Imp1-3 are categorized as oncofetal genes, defined based on
their high expression during embryogenesis and re-expression in diverse cancer
types, where they collectively promote stemness, proliferation, invasion and
metastasis (Boyerinas et al. 2008; Janiszewska et al. 2012; Gurtan et al. 2013;
Nishino et al. 2013; Degrauwe et al. 2016). Let-7 and its oncofetal targets have
been studied intensely in cancer and several mechanisms for neutralizing let-7
activity have emergéd. Besides genetic deletion (Calin 2004), biogenesis of let-7
is suppressed by Lin-28, another developmentally regulated RNA-binding protein
(RBP) family (Viswanathan et al. 2008; Molenaar et al. 2012; Madison et al.
2013). Furthermore, alternative 3’'UTR usage by Imp1 and Hmga2 promotes
transformation (Mayr C 2007.; Mayr and Bartel 2009). A more recent study
described a novel mechanism in neuroblastoma, where excessive amplification
of Myc mRNA might sponge let-7 activity away from other targets (Powers et al.
2016). Additionally, Imp1-3 may sequester Hmga2, Lin-28 and other mRNA
targets by directly binding let-7 target sites to impede miRNA activity or modulate
the association of transcripts with RISC (Jonson et al. 2014; Busch et al. 2016;
Degrauwe et al. 2016; Ennajdaoui et al. 2016). Thus, in cancer, inhibition of let-7
activity and extensive co-regulation among its oncofetal targets are thought to

synergize to promote oncogenesis.
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Beyond perturbation of individual miRNAs in cancer, global miRNA
deregulation through impairment of the miRNA processing machinery drives
tumor development (Melo et al. 2009; Melo et al. 2010; Walz et al. 2015; Wegert
et al. 2015). Mouse models have demonstrated that global miRNA loss through
reduced Dicer expression promotes tumorigenesis (Kumar et al. 2007; Kumar et
al. 2009). In humans, germline or somatic Dicer mutations predispose patients to
cancer and are collectively defined as Dicer1 syndrome (Foulkes et al. 2014).
Germline loss of function mutations in Dicer have been identified in pediatric
pleuropulmonary and pituitary blastomas, familial cystic nephroma, and Wilms’
tumor (Hill DA 2009.; Bahubeshi et al. 2010; Foulkes et al. 2011; de Kock et al.
2014). Hypomorphic somatic mutations in Dicer, primarily altering its catalytic
residues are associated with multiple cancer types (Heravi-Moussavi A 2012.;

Rakheja et al. 2014; Chen et al. 2015).

It is unclear why a global reduction in miRNAs promotes cancer (Heravi-
Moussavi A 2012.; Chen et al. 2015). Here, we use a cell-based model of miRNA
loss and subsequent reconstitution to identify miRNA-regulated gene networks
and characterize their effects on tumorigenesis. In immortalized Dicer null
mesenchymal stem cells, a fibroblast cell type, we restored global miRNA
expression and subsequent post-transcriptional activity by stably re-expressing
Dicer. Although post-transcriptional repression by let-7 and other miRNAs is
restored, there persists a gene signature of transcriptionally upregulated
oncogenes, including the let-7-regulated Imp1-3 family, whose de-repression is

largely resistant to Dicer and let-7 restoration. These Dicer-rescued cells are
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highly tumorigenic, consistent with expression of this oncogenic signature.
Expression of this oncogenic network is reinforced in a feedback loop by three of
its members, namely Imp1-3. Demonstrating clinical relevance, this set of
irreversibly activated miRNA targets is associated with poor survival in cancer

patients.
Results

hsDicer restores global miRNA expression in Dicer null fibroblasts

Previously, we reported the generation of SV40-Large T immortalized,
Dicer wild-type and Dicer null mesenchymal stem cells (KO-MSCs) as a model
system for delineating gene networks regulated by miRNAs (Ravi et al. 2012).
miRNA loss through Dicer deletion results in dramatic upregulation of known
oncofetal let-7 targets, such as Hmga2 and Imp1-3, that are highly expressed in
both embryos and tumors. Beyond loss of miRNA mediated post-transcriptional
repression, these genes exhibit evidence of transcriptional upregulation (Gurtan

et al. 2013; Gosline et al. 2016).

To investigate the reversibility of previously observed post-transcriptional
and transcriptional changes resulting from global miRNA loss, we expressed
human Dicer (hsDicer) in monoclonal KO-MSCs wherein the endogenous murine
Dicer had previously been ablated (Dicer” in Fig. 1A). Specifically, we HA-Flag-
epitope tagged and cloned wild-type hsDicer into a retroviral construct, infected
KO-MSCs and selected with puromycin for a heterogeneous population of cells.

Introduction of Dicer was well tolerated with no evidence of cell death due to re-

183



expression of miRNAs. Protein analysis on these stable lines indicated robust
expression of both the tag and hsDicer (Fig. 1B). Northern blots on two
monoclonal cell lines (independently isolated from the stable heterogeneous
populations) revealed abundant expression of highly expressed miRNAs
including let-7c and miR-22 in the parental, wild-type MSCs expressing an empty
vector (WT Vec). These miRNAs are undetectable in the corresponding KO-
MSCs (KO Vec in Fig. 1B) but stable expression of wild-type hsDicer resulted in
levels of mature miRNAs similar to the parental wild-type (Fig. 1B). Thus, hsDicer
was stably expressed and functional in processing murine pre-miRNAs to mature

miRNAs.

To globally profile the miRNAs expressed across these cell lines, we performed
sequencing of the small RNA population (small RNA-seq) on each independent
clone. We observed strong reproducibility between the clones (Fig. 1A, 1B). On
average, mature miRNAs comprised 20% of all reads in wild-type cells but only
1% in the Dicer nulls, demonstrating depletion of mature miRNAs globally
(Supplemental Fig. 1C). Consistent with the northern blot results, expression of
wild-type hsDicer restored mature miRNAs to levels comparable to wild-type cells
(18% of all reads; Supplemental Fig. 1B). Greater than 250 miRNAs were
detectable in both wild-type clones at a threshold of at least 5 reads per million.
The 10 most abundant miRNAs included miR-143, miR-100, miR-22 and multiple
members of the let-7 family. Upon collapsing by seeds, the let-7 family was most

abundant, constituting on average 37% of reads mapping to miRNAs.
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Fig. 1. hsDicer rescues murine miRNA expression. (A) Schematized
experimental design. Wild-type human Dicer (hsDicer) was HA-Flag epitope
tagged at the N-terminus and cloned into pMMP-Puro, a puromycin resistant
vector. SV40-Large T immortalized Dicer” or Dicer” cells were infected with virus
encoding the empty vector or HA-Flag-hsDicer, drug selected and passaged prior
to experiments. (B) Upper panel: western blot analysis across the heterogeneous
population of resistant cells. P107 is shown as a loading control. Lower panel:
representative northern blot analysis across a set of monoclonal lines isolated by
low density seeding from the heterogeneous population of resistant cells. U6 is
shown as a loading control. (C) Global miRNA profile comparison between WT
Vec and hsDicer. miRNAs collapsed by TargetScan family. The indicated values
are normalized average expression counts across both replicates within each
condition (2 wild-type clones, 2 hsDicer clones). Black line: y=x; red line: line of
best fit. (D) Normalized expression counts for the 12 TargetScan miRNA families
that show significant Ago2 crosslinking at their target sites over background
(Bosson et al. 2014). Adjusted p-value =1 for all comparisons.
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We then directly compared the wild-type and hsDicer reconstituted miRNA
libraries using DE-Seq (Anders and Huber 2010). The expression of miRNA
families was largely restored to wild-type levels (Fig. 1C). The variation between
wild type and hsDicer observed at lowly/ non-expressed miRNAs was not
statistically significant, and globally, only 3 small RNAs could be assessed as
significantly different. These 3 are all low abundance and together constitute less
than 0.5% of the miRNA population (Supplemental Fig. 1D). Notably, let-7, the
most abundant seed family was almost identically expressed between wild type
and hsDicer (Fig. 1B, D). To consider other dominant seeds, we evaluated the 12
most active miRNA seeds in MSCs, as defined by statistically significant,
genome wide Ago2 dependent crosslinking (iCLIP) at their target sites (Bosson
et al. 2014). Importantly, these 12 families were all completely restored at the
mature miRNA level with hsDicer reconstitution (Fig. 1D; p=n.s.). Together, these
results show that stable wild-type hsDicer expression in a Dicer” background
returns the mature miRNA expression profile to the parental wild-type (Dicer™)

state.
hsDicer expression completely reconstitutes endogenous miRNA activity

To determine if mMiRNAs generated by hsDicer mediate repression of
mRNA targets, we used a previously reported two-color fluorescent reporter
(Mukherji et al. 2011; Wilusz et al. 2012) to compare post-transcriptional miRNA
activity between parental wild-type and hsDicer. A bi-directional promoter drives
the expression of mCherry containing miRNA binding sites in its 3’'UTR, and non-

targeted eYFP that serves as an internal control (Fig. 2A). We measured the
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repression mediated by miRNAs representing a range of expressions. In WT Vec
cells, compared to a non-targeted mCherry control (‘0x’), the addition of miRNA
binding sites resulted in an average of 1.3 fold repression for the lowly expressed
miR-24 and 5.3 fold repression for the more abundant let-7 (Fig. 2A).
Remarkably, we observed 1.2 and 5.5 fold repression for these miRNAs
respectively in wild-type hsDicer expressing cells (Fig. 2A). These results are
consistent across the second population of clones (data not shown). Hence, the
levels of repression across all tested miRNAs are not statistically different
between WT Vec and hsDicer expressing cells (p-value=0.71; Fig. 2A).
Furthermore, there was negligible repression of the reporters in KO Vec cells

confirming that these cells are indeed miRNA deficient (Fig. 2A).

We next examined whether the above results could be extended to
endogenous targets. To do so, we carried out mMRNA sequencing (mMRNA-seq) on
polyA-selected total RNA isolated from both clones of each cell type. We
detected just under 13,000 genes expressed across all conditions. A pairwise
comparison of the transcriptomes of WT Vec and KO Vec identified a population
of 1,524 differentially expressed genes that exhibited a median upregulation of
~3-fold and downregulation of ~3.6-fold (Supplemental Fig. 2A). The degree of
change occurring with Dicer loss showed a strong and significant correlation to
previously reported expression changes in MSCs (Supplemental Fig. 2B) (Gurtan
et al. 2013). Gene set enrichment analysis (Subramanian et al. 2005) confirmed
that the most upregulated genes were enriched for targets of ‘active’ miRNAs

(Supplemental Fig. 2C).
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Fig. 2. hsDicer expression recovers miRNA activity. (A) Upper panel:
schematic of dual color reporter used to assay miRNA repression. The 3'UTR of
mCherry contains imperfect complementary sites to the miRNA of interest. The
let-7c sequence is shown in purple. Lower panel: After transfecting with the
reporter, flow cytometry was used to measure mCherry and eYFP levels. For
each cell type, fold repression is relative to the non-targeted Ox reporter. Data
shown is the mean and standard deviation of three independent experiments. P-
values calculated by paired Students t-test. (B) Scatter plot of the median change
in expression of miRNA targets relative to control genes matched for 3' UTR
length, GC content, and expression. Each point represents conserved targets of
a single TargetScan miRNA family. miRNA expression is based on the average
WT Vec expression reported in this study. Only expressed miRNAs are shown.
Blue indicates significant change (Wilcoxon rank sum p<0.05), while red
indicates not significant. (C) Doxorubicin induced apoptosis measured by
caspase-3 cleavage. Mean +S.E.M. of three independent experiments indicated.
P-values calculated by unpaired Students t-test. (*) P< 0.05. (n.s) not significant.

188



To perform a more miRNA-focused comparison of cell based activity on
endogenous targets, we derived empirical cumulative distributive functions for
TargetScan miRNA families expressed in WT Vec cells. Upon loss of Dicer,
conserved targets of most miRNAs were upregulated, with let-7 showing the
most significant change (Fig. 2B; miRNAs whose targets significantly change
statistically are shown in blue). The significant upregulation indicates strong
silencing of targets in the wild-type state. HsDicer expression in the Dicer
knockout background resulted in significant repression of conserved targets (Fig.
2B) indicating that the restored miRNAs were highly active. Notably, targets of
more abundant and ‘active’ miRNA seeds (such as let-7, miR-17, miR-199 and
miR-30) that showed significant upregulation upon Dicer loss, exhibited
comparable median downregulation with hsDicer. Hence, hsDicer
comprehensively restores miRNA activity on endogenous targets to a degree

comparable to the parental wild-type state.

Finally, as miRNAs are known to buffer changes due to environmental
stress (Leung and Sharp 2010), we tested for Dicer dependent changes in stress
response by treating the cells with the DNA damaging agent doxorubicin. KO Vec
cells were highly sensitive to this drug compared to WT Vec (p<0.05; Fig. 2C).
Expression of hsDicer in KO cells completely rescued the doxorubicin-induced
cell death at all concentrations tested, such that the response between WT Vec
and hsDicer was indistinguishable (p=0.77; Fig. 2C). Together, these results

demonstrate that on a global scale, hsDicer expression completely restores
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miRNA post-transcriptional activity, which in turn is sufficient to rescue miRNA

loss-induced stress defects.
let-7 oncofetal targets remain activated after restoration of Dicer

Next, we examined the expression of oncofetal targets reported previously
to contribute to the let-7 signature in Dicer KO MSCs (Gurtan et al. 2013). Since
our data indicates full reconstitution of miRNA expression and activity, we
hypothesized that the expression of these targets would revert to levels observed
in WT Vec. Quantitative-PCR analysis showed a dramatic upregulation of Imp
family proteins upon Dicer loss, from 45-fold for Imp2 to upwards of 200-fold for
Imp1 and Imp3 (Fig. 3A). Hmga2, an additional let-7 oncofetal target that is often
correlated with Imp2-3 in expression, was upregulated to a lesser degree (~17-
fold, Fig. 3A). These fold changes are consistent with the RNA-seq results

(Supplemental Fig. 3A).

Surprisingly, restoration of miRNA activity with introduction of hsDicer only
marginally downregulated Imp mRNA expression relative to KO Vec levels (Fig.
3A). Imp mRNAs that were upregulated 45 to 200-fold, were only suppressed 2
to 4-fold with restoration of miRNA activity. Less dramatically, Hmga2 mRNA
which increased 17-fold with loss of miRNAs was suppressed by 4-fold upon
restoration with hsDicer. At the protein level, western blot analysis mirrored the

MRNA results. While Hmga2 was very lowly expressed and the Imp family was
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Fig. 3. Despite miRNA rescue, let-7 oncofetal targets remain activated. (A)
gPCR analysis of four let-7 regulated oncofetal genes. Note the logarithmic
scale. For each gene, expression is relative to WT Vec levels. Data are plotted
as the mean * s.e.m of four or more independent experiments. (B) Western blot
analysis of the oncofetal gene set. HA-tag is used to indicate hsDicer expression.
Actin is used as a loading control. (C) Normalized read counts for H3K4me3 and
H3K36me3 marks at the Imp2 locus across the three cell lines. Within each
chromatin mark, all conditions are set to the same scale. Flanking genes are
shown as controls. Arrowheads indicate transcription start sites (TSS).
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undetectable in WT Vec, all four genes showed robust protein expression in KO
Vec cells (Fig. 3B). Subsequent to miRNA rescue with hsDicer, Imp1 Imp2 and
Imp3 all showed a partial reduction consistent with the typical post-transcriptional
repression by miRNAs. Importantly, even after restoration of miRNA activity, all
three genes were highly expressed compared to original wild-type cells (Fig. 3B).
In contrast, Hmga2 protein expression was more significantly repressed than the
Imp family. This is consistent with the mRNA results, where in hsDicer cells,
Hmga2 was only ~4-fold more highly expressed than in WT Vec (Fig. 3A;

Supplemental Fig. 3A).

The inability of complete miRNA reconstitution to revert Imp gene
expression suggests that somatic Dicer loss activates a self-sustaining,
‘oncofetal dependent’ state. This possibility is consistent with our previous
studies showing major transcriptional changes occurring at these loci upon Dicer
loss (Gurtan et al. 2013; Gosline et al. 2016). Hence, we evaluated the
transcriptional state at these loci through chromatin immunoprecipitation followed
by massively parallel DNA sequencing (ChIP-Seq) on H3K4me3 and H3K36me3
modifications. Upon inspection of the Imp2 locus, we observed increased
H3K4me3 near the transcription start site (TSS) and H3K36me3 towards the 3’
end of the gene body in KO Vec compared to WT Vec cells (Fig. 3C). Intriguingly,
add-back of hsDicer effected negligible change from the KO condition, indicating
that there was ‘miRNA resistant’ transcriptional activity across this locus in
hsDicer cells compared to the WT Vec. As a control comparison, the flanking

gene Senp2 was indistinguishable across all three conditions for both
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modifications (Fig. 3C). These results indicate a targeted, miRNA-resistant

transcriptional activation of Imp2 upon Dicer loss.

This trend was observed for the other Imp family members but not for
Hmga2, which showed no evidence of Dicer-dependent transcriptional changes
(Supplemental Fig. 3B-D). As mentioned above, the degree of upregulation for
Hmga2 at the mRNA level was substantially less than that of the other oncofetal
targets. Given that the Hmga2 3'UTR has seven let-7 seed matches (of which six
are conserved) we speculate that the 17-fold upregulation is primarily due to
multiplicative or cooperative post-transcriptional miRNA effects (Doench et al.
2003; Grimson et al. 2007; Saetrom et al. 2007). For the other oncofetal targets
however, we propose that transcriptional changes upon Dicer loss account for

v

most of their upregulation (beyond direct miRNA effects on mRNA stability) and

this change is not reversed upon restoration of miRNA activity.

Transcriptomic profiling reveals a larger, miRNA-resistant gene expression

signature

We tested whether the irreversible behavior of the oncofetal let-7 targets
Imp1-3 was part of a more global phenomenon. To do this, we used an
unsupervised blind source separation approach employing Independent
Component Analysis (ICA) (Hyvarinen and Oja 2000) to identify distinct gene
expression signatures. We have previously used this approach to elucidate
cancer-associated gene signatures in lung adenocarcinoma (Li et al. 2015;
Dimitrova et al. 2016; Papagiannakopoulos et al. 2016). ICA provides the ability

to detect statistically independent gene expression signatures within the context
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of the entire dataset (i.e. across all samples), as opposed to performing multiple,
pair-wise differential expression analyses. When applied to the mRNA-Seq data
across all cell lines, ICA identified two significant and biologically relevant
signatures (p= 0.01; Fig. 4A): signature 1 reflects a pattern of gene upregulation
in both KO Vec and hsDicer conditions relative to parental wild-type, while
signature 2 indicates a pattern of higher gene expression in miRNA deficient

conditions relative to miRNA competent ones (Fig. 4A).

gPCR analysis of a sampling of signature 1 correlated genes (z-score >3)
confirmed that hsDicer reconstitution did not revert their expression to wild-type
levels (Fig. 4B). In contrast, signature 2 related genes showed near complete
rescue to wild-type expression levels (Fig. 4C). As such, hereafter signature 1
and signature 2 will be referred to as miRNA-resistant and miRNA-sensitive
respectively. Consistent with the observations for the Imp1-3 family, as a group,
the miRNA-resistant genes were dramatically upregulated upon Dicer loss,
significantly more so than miRNA-sensitive genes (Fig. 4D). Upon quantification
of the ChlIP-Seq signal at promoters, we observed that the miRNA-resistant
genes exhibited significantly higher gains in H3K4me3 than reversible genes
(Fig. 4E; compare 2" and 3™ box plots) when Dicer was originally lost in these
cells. With hsDicer addback, there was no significant reduction in H3K4me3 at
the miRNA-resistant genes (compare 2™ to 5™ box plots), while H3K4me3 at the
miRNA-sensitive genes were significantly reduced (compare 3™ to 6" box plots)
(Fig. 4E). A similar trend was observed for H3K36me3 in the body of genes (Fig.

4F).
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Fig. 4. ldentification of a high-confidence miRNA-resistant gene signature.
(A) Heatmap depicting two independent, statistically significant gene signatures
detected in the RNA-Seq expression dataset using ICA. Sig. 1 represents an
expression pattern of genes up-regulated in KO Vec and hsDicer conditions
relative to WT Vec. Sig. 2 represents genes that are down-regulated to WT Vec
levels upon introduction of hsDicer. (B) qPCR validation of ‘irreversible’ or
‘miRNA-resistant’ genes identified from signature 1 (Sig 1) and (C) ‘reversible’ or
‘miRNA-sensitive’ genes identified from signature 2 (Sig 2). Results are plotted
relative to WT Vec levels. Bars represent mean * SEM. of at least 3
independent experiments. (D) Box and whisker plots of normalized RNA-Seq
expression fold changes for all expressed genes (n = 12834), Sig 1 correlated
genes (n = 87) and Sig 2 correlated genes (n = 112). (E-F) Same as in (D) but for
fold changes in normalized counts for gene associated H3K4me3 peaks (E) and
H3K36me peaks (F). Whiskers represent 10"-90" percentile and all other points
are shown as individual dots. The p-values were calculated by Mann Whitney-U
test. (**) P<0.01; (***) P<0.0001; (n.s) not significant. (G) Overlap of Signature 1
correlated genes and genes with a log2 fold change of at least 1.4 in H3K4me3
peak counts near their transcription start sites. The H3K4me3 criteria is satisfied
by both KO Vec WT Vec and hsDicer/WT Vec comparisons. High-confidence
miRNA-resitant genes are listed. Hypergeometric test’s p-value indicated.
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Thus, ICA uncovered a broader miRNA-resistant gene set beyond Imp1-3,
which exhibits dramatic upregulation upon Dicer loss followed by incomplete
repression to wild-type expression. Our results indicate that increased
transcription (measured through ChlP-Seq) strongly correlates to this resistance
(Fig 4D-F). Therefore, we defined a ‘high-confidence’ set of miRNA-resistant
genes due to changes in transcription using our combined datasets. We
overlapped the set of genes defined by ICA (Signature 1; z-score >3; n=87) with
genes that show a log2 change of at least 1.4-fold in their associated H3K4me3
peaks in both KO Vec and hsDicer compared to WT Vec (KO Vec/WT Vec 2 1.4
and hsDicer/WT Vec 2 1.4; n = 139). This analysis identified a set of 28 genes
that we designate as ‘high-confidence miRNA-resistant’ genes (Fig. 4G). In
contrast, an overlap using miRNA-sensitive genes (Signature 2; z-score >3;
n=112) with the same H3K4me3 gene set was insignificant and only contained 3
genes (p=0.12; data not shown). These results indicate that transcriptional

activation is a feature of miRNA-resistant genes.
miRNA restoration confers a stably inherited transformed phenotype

The high confidence miRNA-resistant signature includes let-7 regulated
oncogenes that are elevated dramatically in various cancers and function to
promote tumor growth, drug-resistance and metastasis (Tessier et al. 2004;
Boyerinas et al. 2008; Samanta et al. 2013). Thus, we examined whether re-
expression of hsDicer and hence miRNAs in Dicer KO cells resulted in a
tumorigenic phenotype. In a soft agar assay, hsDicer cells exhibited significant

growth potential not observed for WT Vec and KO Vec cells (Fig. 5A). These
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results suggest that hsDicer cells acquired properties of anchorage-independent
growth and anoikis resistance, which could possibly contribute to tumorigenicity
in vivo. To directly test this possibility, we performed subcutaneous injections of
WT Vec, KO Vec and hsDicer cells into the flank of immune-compromised mice.
Strikingly, we observed 100% incidence of tumor formation with hsDicer cells, but
none for WT Vec or KO Vec (p= 3e-07; Fig. 5B). Histopathological analysis of
the tumors indicated undifferentiated sarcomas, which is consistent with the
mesenchymal origin of these cells (Fig. 5C).

To confirm that the tumors were of hsDicer cell origin, we generated cell
lines from five tumors and confirmed absence of endogenous murine Dicer via
PCR genotyping (Supplemental Fig. 4A). Furthermore, the tumor cells were all
puromycin resistant due to the vector containing hsDicer (data not shown) and
strongly expressed let-7 and other mature miRNAs, thereby confirming the
retention of hsDicer in vivo (Supplemental Fig. 4B). Importantly, a sampling of a
subset of miRNA-resistant genes indicates that they were highly expressed in all
the tumor cell lines (Supplemental Fig. 4C-D). Thus, we conclude that the
observed tumors developed from hsDicer cells.

Our results indicate that only hsDicer cells are tumorigenic despite the fact
that KO Vec cells also have high expression of Imp1-3 and other high confidence
miRNA-resistant genes. To evaluate whether miRNA deficiency adversely
impacted growth of KO Vec cells, we measured doubling times and apoptosis for

each genotype. KO Vec cells exhibited a significantly slower doubling, while
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Fig. 5. miRNA restoration through hsDicer expression transforms MSCs.
(A) Colony formation of MSCs after ~15 days of growth in agarose containing
media. Representative 4x brightfield images for each genotype are shown.
Colonies were counted by eye in 5 random fields for 3 independent experiments.
Data are plotted as the mean t S.E.M. Student’s t-test p-value indicated. (B)
Frequency of tumor formation by the three parental MSC cell lines 8 weeks after
injection of 10° cells into the flank of immune-compromised mice. (C)
Representative hematoxylin and eosin staining of an hsDicer tumor section at
20x magnification. Scale bar represents 200um. (D) Proliferation assay indicating
the mean * S.E.M. of 2 experiments with 2 replicates each. (E) Apoptosis
assayed by capase-3 cleavage. Mean and standard deviation are plotted. P-
values calculated by Student’s t-test. (*) P<0.05; (**) P<0.01; (***) P<0.0001;
(n.s) not significant. (F) Kaplan-Meier survival analysis of TCGA pancreatic
adenocarcinoma (PAAD) patients stratified by their correlation score with the
high-confidence miRNA-resistant signature (|z] > 0.5 extremes of score
distribution, n=46 most correlated, n=28 least correlated). Patients with most
correlated gene expression scores (red) exhibit significantly reduced survival
times compared to least-correlated patients (blue). See supplementary methods
for details. (G) Results of univariate and multivariable Cox proportional hazards
model on overall survival in the TCGA pancreatic adenocarcinoma cohort (all
patients). The high-confidence miRNA-resistant signature is found to be
independently prognostic within the cohort of TCGA PAAD patients.
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hsDicer completely rescued this phenotype (Fig. 5D). In addition, KO Vec cells
exhibited an elevated basal apoptosis at high culture density compared to WT
Vec and hsDicer (Fig. 5E). In vivo, these combined defects are probably
deleterious to KO Vec cells and dominate over any oncogenic potential.
The high-confidence miRNA-resistant gene set is a pan-cancer signature

To assess the relevance of high expression levels of this high-confidence
miRNA-resistant network that is enriched in oncofetal genes, we first queried the
cBioPortal database (Cerami et al. 2012). A cross-cancer analysis revealed a
high degree of alterations in this gene set in breast, lung, bladder, and pancreatic
cancers (Supplemental Fig. 4E). Notably, these alterations were predominantly
amplifications, suggesting oncogenic activity that is important for human
malignancy. To address this more directly, we examined whether the high-
confidence miRNA-resistant gene signature could provide prognostic information
relevant to human cancer. Using gene expression profiles and clinical information
from the Cancer Genome Atlas’ (TCGA; cancergenome.nih.gov) pancreatic
adenocarcinoma (PAAD) cohort, we found the signature to be strongly correlated
with clinical outcome: high expression was significantly associated with worse
survival in Kaplan-Meier analysis comparing patients at the extremes of the
signature correlation score distribution (|z] > 0.5; log-rank P < 0.0005; Fig. 5F).
Furthermore, increasing signature correlation score was also associated with
poor prognosis across all patients in the cohort (Hazard ratio = 1.51) in a Cox
proportional hazards model while controlling for various other clinical covariates

(Fig. 5G), suggesting that this signature is independently prognostic in PAAD. To
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assess the pan-cancer relevance of this signature, we investigated additional
cancer types within the TCGA dataset. Strikingly, this signature is also
significantly correlated with reduced survival across other solid cancers (lung,
kidney and glioblastomal/low-grade glioma; Supplemental Fig. 4F), indicating that
upregulation of this high-confidence miRNA-resistant gene set is a more general
feature of human cancers.
Co-targeted disruption of Imp1-3 adversely impacts hsDicer tumorigenicity
The miRNA-resistant signature identified in this study is almost certainly
oncogenic in human cancer. However, it is unclear whether a core subset of
these genes is primarily responsible for the tumorigenicity of the hsDicer cells. To
investigate this, we focused on the Imp family because Imp1-3 are not expressed
in most adult tissues, and are often de novo activated in cancers. To test whether
loss of any Imp member would negatively affect tumorigenesis, we used the
CRISPR-Cas9 system to generate individual knockouts of Imp1-3 in hsDicer cells
and propagated two independent clones of each knockout cell line. Western blot
analysis indicated complete loss of the individual Imp proteins in the targeted
clones and the results of genomic DNA sequencing were consistent with a loss of
the reading frame (Fig. 6A; data not shown). However, each Imp knockout
retained robust expression of the remaining two family members suggesting a
lack of co-regulation. We then evaluated the potential of the Imp knockouts to
grow in vitro via the soft agar assay. Individual loss of Imp1-3 in hsDicer cells did
not confer any meaningful reduction in colony formation (Fig. 6B; Supplemental

Fig. 5A). As an alternative measure of tumorigenic potential, we used the Growth
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in Low Attachment assay (GILA) which has been shown to capture aspects of
transformation that could be missed by soft agar growth (Rotem et al. 2015). We
validated that GILA recapitulated the soft agar results; only hsDicer cells were
able to grow over a 7-day time course in GILA (Supplemental Fig. 5B). In
contrast, WT Vec and KO Vec cells underwent anoikis despite exhibiting strong
growth under normal adherent conditions (Supplemental Fig. 5B and data not
shown). Consistent with the soft agar results, individual knockouts of Imp1-3 did
not dramatically reduce cellular growth via GILA (Fig. 6C). Hence, our data
indicate that loss of any one Imp family member on the background of the
endogenous expression of the other two Imp proteins is not sufficient to abrogate
the tumorigenic properties of hsDicer cells.

Given this result, we next explored the effects of simultaneous loss of all
three Imp proteins in the hsDicer condition. We isolated two independent clones
of these triple knockout cells, designated Imp”®, and confirmed loss of function by
western blot and genomic DNA sequencing (Fig. 6D and Supplemental Fig. 5C).
These clones exhibited a significant reduction in the number of colonies formed
in soft agar as compared to the hsDicer cells from which they were derived (Fig.
8E). Similarly, the growth of both Imp®® clones was severely compromised in the
low adherent conditions of the GILA assay (Fig. 6F). To extend these results in
vivo, we performed subcutaneous tumor formation assays in immune-
compromised mice, injecting the parental hsDicer cells and Imp”3 cells on the left
and right flanks respectively of each mouse. hsDicer derived tumors first

appeared after 28 days compared to 35 days for Imp®* (Fig. 6G). Imp”° cells
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Fig. 6. Combined loss of Imp1-3 greatly impairs tumorigenicity in vivo. (A)
Western blot of lysates derived from CRISPR-Cas9 generated Imp knockout
cells. Two independent clones of each knockout cell type are indicated. Left
panel: Imp1 knockouts (the upper band is the specific band), middle panel: Imp2
knockouts, right panel: Imp3 knockouts. Vinculin is used as a loading control. (B)
Quantification of soft agar colony counts from the cell lines depicted in A. Data
are plotted as the mean + s.e.m. (C) Growth time course of cells in GILA assay.
The ATP yield at each time point is a measure of cell viability. Data are plotted as
the mean + standard deviation (n=3). (D) Western blot of whole cell lysates from
two independent clones of CRISPR-Cas9 generated Imp1-3 triple knockout
(Imp?°) cells. Actin is used as a loading control. (E) Quantification of soft agar
colony counts from the cell lines depicted in D. Representative brightfield soft
agar images for each genotype is shown at 4x magnification. (F) Same as in C
but for Imp*® cells. (G) Cumulative fraction of injected sites where tumors formed
as a function of time. Each mouse from this cohort was subcutaneously injected
with two cell types: hsDicer cells on the left flank and Imp*® cells on the right flank
(n =10). (H) Kinetics of subcutaneous tumor growth for hsDicer and Imp*® derived
tumors. (*) p < 0.05 from paired Wilcoxon signed rank test. (I) Representative
image depicting gross subcutaneous tumor sizes at the experimental end point
(64 days post-injection). Black and yellow arrowheads indicate site of hsDicer or
Imp®® cell injection respectively (J) Heatmap of the 302 genes differentially
expressed between hsDicer and Imp®® cells. For each gene (each row),
normalized gene expression is z-score standardized. (K) GSEA enrichment plots
for the high-confidence miRNA-resistant (left panel) and ICA-derived signature 1
(right panel) signatures. Genes are ranked according to descending (Imp*%/
hsDicer) log2-fold change such that most downregulated genes are skewed to
the right of the plot. Nominal p-values and FDR g-values are indicated. (L)
Heatmap depicting gene-by-gene spearman correlation coefficients in tumor
samples of pancreatic adenocarcinoma (PAAD) patients from TCGA. Depicted
genes are the leading-edge core genes driving the enrichment of ICA signature 1
in K above. (M) Summary table for GSEA results showing enriched gene sets
from the MSigDB curated or hallmark gene set collections. Genes downregulated
with Imp1-3 loss are significantly enriched for gene sets associated with
pseudopodia, cancer, anoikis and inflammation associated signaling.
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required ~42 days to form tumors at 50% of the sites of injection, while 90% of
sites injected with hsDicer cells had formed tumors at that time point (Fig. 6G).
To better assess this difference in tumorigenicity, we measured the growth of
tumors with time. The Imp®® tumors that formed grew at a significantly reduced
rate, ultimately resulting in dramatically stunted tumors when compared to the
parental hsDicer tumors (p<0.05; Fig. 6H, 6l1). Histologically, the Imp™3 tumors
were undifferentiated sarcomas with pleomorphic nuclei, similar to hsDicer
derived tumors (data not shown). Altogether, these data demonstrate that the
combined activation of the Imp family is important for the oncogenic switch
acquired by Dicer rescued cells and that additional miRNA-resistant genes may
contribute to rtumorigenesis.
Imp1-3 reinforce expression of miRNA-resistant genes

To understand the mechanism by which combined loss of Imp1-3 effects
this reduced tumorigenicity, we used poly(A) selected RNA-Seq to analyze the
steady state mRNA levels in Imp®®and the parental hsDicer cells. Upon loss of
Imp1-3 proteins, 302 genes were significantly differentially expressed (fold
change 2 2, FDR = 0.05). 207 genes were upregulated compared to hsDicer with
a median fold change of 2.9, while 95 genes were downregulated ~6-fold on
average (Fig. 6J, Supplemental Fig. 5D). First, we queried whether loss of Imp1-
3 predominantly affected other members of the high-confidence miRNA-resistant
signature. Only 5 genes from this signature were significantly differentially
expressed (Supplemental Fig. 5E), and globally, these were not biased to either

the highly up- or down- regulated genes (Fig. 6K). Given this result, we extended
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the analysis to include the larger set of miRNA-resistant genes from which the
high-confidence set had been derived (ICA signature 1, z>3, n=87; Fig. 4G).
GSEA revealed that ICA signature 1 associated genes were significantly
enriched among genes downregulated by Imp1-3 loss, 12 of which met the
significance threshold for differential expression and of these, 11 decreased in
expression (exception being Msin) (Fig. 6K; Supplemental Fig. 5F). This
indicates that majority of the genes that were strongly upregulated in KO Vec and
hsDicer cells, but yet lacked transcriptional activation, were stabilized by
expression of Imp1-3.

We then examined the GSEA leading-edge subset, which constitutes the
core group of genes accounting for this enrichment and reflects the genes most
biologically important for the phenotype of interest (in this case Imp1-3 loss), and
noticed a strong contribution from high-confidence miRNA-resistant genes.
Consistent with expression changes being specific to Imp1-3 activity, in all, 10 of
the 44 genes comprising the leading-edge have been implicated as direct Imp1-3
targets (statistically significant signal in either CLIP or RIP data sets) across
studies in pluripotent stem and pancreatic cancer cells (Taniuchi et al. 2014;
Conway et al. 2016; Ennajdaoui et al. 2016). This included, but was not limited to
components of the high-confidence miRNA-resistant signature that we found to
be prognostic in human cancers: Sox11, Traf1, FIrt2. However, the leading-edge
gene set was also populated by oncogenes that have not been formally linked
with Imp1-3, such as Plag1 and Fzd6. To explore potentially novel relationships,

we assessed expression patterns of leading-edge genes in cancer. Slpi, Plag1
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and Fzd6 showed strong correlation with Imp1-3 family members in pancreatic
tumors (Fig. 6L) and this trend was consistent in kidney and lung tumors as well
(Supplemental Fig. 5G-H). This observation implicates Slpi, Plag1 and Fzd6 as
genuine downstream effectors of Imp1-3 oncogenic activity in our cell system,
and in human cancers. In summary, in hsDicer cells, Imp1-3 primarily sustain a
post-transcriptional upregulation of miRNA-resistant genes populated by likely
direct Imp targets and other oncogenes.

Finally, we broadened our analysis to investigate externally annotated
gene sets from the Molecular Signature Database (MSigDB) (Liberzon et al.
2011). This unbiased approach implicated multiple biological pathways as being
perturbed upon Imp1-3 loss. For genes upregulated in Imp”?, few gene sets were
enriched, among which a coherent biological theme was not apparent. However,
among downregulated genes, there was significant enrichment for transcripts
localized to pseudopodia, consistent with previously described roles for Imp1 and
Imp3 (Stohr et al. 2012; Taniuchi et al. 2014; Ennajdaoui et al. 2016), as well as
genes important for avoiding anoikis, and various signaling and cancer pathways
(Fig. 6M). In all, this analysis confirmed that the expression changes downstream
of Imp1-3 loss are concordant with genes and biological processes with

established importance in cancer.
Discussion

We have demonstrated that loss of Dicer results in upregulation of a

subset of miRNA targets that are transcriptionally activated and are not re-
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silenced upon reconstitution of miRNA expression. The expression of this
miRNA-resistant gene set is reinforced by at least three of its members, Imp1-3,
and is self-sustaining. The miRNA-resistant signature was observed in
independently derived clones of Dicer restored cells. More important and
surprising, these clones were tumorigenic in contrast to their progenitors. Finally,
the miRNA-resistant gene set is associated with poor patient prognosis across
multiple cancers.
Irreversible upregulation of oncofetal targets of let-7

Previous work has demonstrated that the most dramatic changes in gene
expression upon loss of the post-transcriptional activity of miRNAs in MSCs
surprisingly occur at the transcriptional level (Gosline et al. 2016). This dramatic
transcription activation was documented as an increase in nascent RNAs, as
assessed through intronic reads, and as well as a corresponding increase in the
H3K4me3 and H3K36me3 chromatin modifications (Gosline et al. 2016). We
have now extended these findings by showing that rescue of miRNA expression
and activity restored the vast majority of changes that occurred with Dicer loss
but failed to suppress the transcriptional activation of a core oncogenic gene set,
including Imp1-3. The inability of restored miRNAs to completely suppress this
oncogenic signature is surprising and reveals important principles regarding the
functional organization of miRNAs in gene-expression networks. For example,
the let-7-targeted genes Imp1-3, are highly expressed during early embryonic
development, but their expression dramatically declines in a window that

coincides with induction of mature let-7. It is unknown whether their repression is
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driven solely by let-7-mediated post-transcriptional activity, or whether loss/gain
of transcriptional regulators acts on them redundantly to facilitate complete
silencing in differentiated tissues (Zhu et al. 2011; Nguyen et al. 2014). Our study
demonstrates that despite the fact that sole loss of miRNA activity is sufficient for
Imp1-3 transcriptional activation, rescue of this post-transcriptional layer of
regulation cannot significantly re-silence these genes. This state is distinct from
induction of a pluripotent state characterized by expression of Oct4, Sox2 and
Lin-28, which are not expressed in any of these MSC related cells. Thus, loss of
miRNA activity in MSCs activates components that are epigenetically resistant to
complete restoration of miRNA expression.
Transcriptional and post-transcriptional regulation in an epigenetic switch
The observation that the cells expressing the miRNA-resistant set of
genes are highly malignant, whereas their progenitor wild-type cells before loss
and restoration of Dicer are not, suggests epigenetic activation of an oncogenic
program. A stable inheritance of an acquired transformed phenotype has been
described elsewhere (lliopoulos et al. 2009). That study elucidated a positive
feedback loop between transcriptional (NF-kB regulation of IL-6) and post-
transcriptional (Lin-28b, let-7) regulators as key components underlying
maintenance of transformation. However, neither Lin-28 paralogue are
expressed in the MSCs. Furthermore, extensive perturbation of candidate
transcriptional factors identified by computational approaches did not identify the
key mediators of the miRNA-resistant signature’s induction (Gosline et al. 2016).

While the complete mechanism underlying the switch described in this system is
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unknown, the positive feedback loop involving Imp1-3 that is activated by
temporary loss of Dicer partially underlies this phenomenon.

Reinforcement of sustained oncogene expression by Imp1-3 RNA-binding
proteins

Disruption of let-7 regulation of oncofetal targets (Imp1-3, Hmga2, Lin-28)
is an important aspect of oncogenesis and is achieved through a variety of
mechanisms. Let-7 may be genetically deleted or suppressed by Lin-28 (Calin
2004, Viswanathan et al. 2008; Viswanathan et al. 2009), let-7 activity may be
sponged (Powers et al. 2016), and alternative 3'UTR usage may mediate escape
of let-7 mediated repression (Mayr et al. 2007; Mayr and Bartel 2009). Based on
the above observations on the activation of Imp1-3 in our model system,
simultaneous elevated expression of multiple Imp proteins through transcriptional
activation may be an additional mechanism overriding let-7 activity. This
mechanism is probably independent of observations that Imp1-3 activity
converges on post-transcriptionally opposing let-7 and other miRNAs (Jonson et
al. 2014; Sheen et al. 2015; Busch et al. 2016). Post-transcriptional silencing by
let-7 is fully active in these tumorigenic cells.

There has been a concerted effort towards understanding the
mechanisms through which Imp1-3 exert oncogenic effects by use of pull-down
experiments to characterize their ‘RNA-interactomes’ (Hafner et al. 2013;
Taniuchi et al. 2014; Conway et al. 2016; Ennajdaoui et al. 2016). Our work
complements such studies by investigating the gene expression changes and

functional outcomes downstream of simultaneous inactivation of all Imp
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paralogues, and places Imp1-3 at the core of an oncogenic switch. The pro-
tumorigenic phenotype of hsDicer cells was only impaired with combined Imp1-3
loss and not by loss of the individual members, suggesting strong functional
redundancy among this family. This observation is consistent with reports of
overlapping mRNA binding as well as auto-regulation by Imp1-3 (Conway et al.
2016; Ennajdaoui et al. 2016). Additionally, we identified Plag1, Fzd6 and Slpi as
novel possible downstream effectors of Imp1-3. These oncogenes belonged to
the miRNA-resistant signature, were strongly downregulated by Imp1-3 loss, and
exhibited correlated expression ambngst themselves as well as with Imp1-3 in
various human cancers.

In summary, we described an oncogenic switch involving the conversion
of non-transformed fibroblasts to stable, transformed cells, by toggling the activity
of miRNAs off and on. Future studies will enhance our understanding of the

underlying mechanism and role of Imp1-3 in oncogenic networks.
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Materials and Methods

All sequencing data are available under Gene Expression Omnibus accession
number GSE.

Cell culture
Mesenchymal stem cells were cultured at 37°C with 5% CO, in Alpha-
MEM supplemented with penicillin/streptomycin and 10% fetal bovine serum.

Protein analysis

Cells were harvested in RIPA supplemented with protease inhibitor
cocktail (Roche) and samples were diluted in Laemilli buffer with DTT. Samples
were electrophoresed using the Nu-PAGE Bis-Tris Electrophoresis System (Life
Technologies) as per the manufacturer's instructions and transferred to a
polyvinylidene fluoride (PVDF) or nitrocellulose membrane in a Mini Trans-Blot
wet transfer apparatus (Bio-Rad). Membranes were blocked in 5% milk in TBST
(for ECL based detection) or Odyssey blocking buffer (for Licor based detection).
Primary antibody incubation was performed overnight and samples were
detected on film using ECL (Perkin Elmer) or visualized using Odyssey (Licor).

The Imp1-3 polyclonal antibodies were obtained from MBL International
(catalogue #: RNOO7P, RNOO8P, RNOO09P), anti-Hmga2 from Cell Signaling
(catalogue #: 5269), anti-p107 and anti-Actin from SantaCruz Biotechnology
(catalogue #: sc-318, sc-130656), anti-HA and anti-Vinculin from Sigma-Aldrich
(catalogue #: 11867423001, V9131), and anti-Dicer from Bethyl laboratories
(catalogue #: A301-936A).

gPCR

Total RNA was isolated using Trizol or the RNeasy mini kit (Qiagen)
following the manufacturer's instructions, treated with the TURBO DNA-free kit
(Life Technologies), and reverse transcribed with Oligo(dT) primers using
Superscript Il (Life Technologies). QPCR reactions on resulting cDNAs were
performed using Power SYBR Green (Life Technologies) run on an Applied
Biosystems 7500 Real-Time PCR instrument. QPCR primers are listed in
Supplemental Table.

Northern blot

Total RNA was separated on a 12% polyacrylamide/Urea/TBE gel
(Sequagel, National Diagnostics) and transferred to a HyBond N+ membrane
(GE Healthcare) using the TransBlot SD Semi-dry Transfer System (Biorad).
RNA was then UV crosslinked to the membrane. DNA oligo probes perfectly
complementary to the miRNAs of interest were y-*?P end labeled using T4
polynucleotide kinase (New England Biolabs) and purified using lllustra G-25
MicroSpin columns (GE Healthcare). Membranes were pre-hybridized in
ULTRAHyb Oligo (Ambion) at 42°C for at least 30 min and then hybridized with a
radiolabeled DNA probe overnight at 42°C. Blots were washed twice for 30 min
with 2xSSC and 0.5% SDS prewarmed to 42°C. RNA was visualized by
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exposure to phosphor screens and then imaged on a Storm scanner (Molecular
Dynamics).

Animal work

All animal work was performed under the guidelines of the MIT Division of
Comparative Medicine, with protocols approved by the MIT Committee for Animal
Care, and were consistent with the Guide for the Care and Use of Laboratory
Animals, National Research Council, 1996 (Institutional Animal Welfare
Assurance no. A-3125-01).

Soft agar assay

Cells were suspended in 0.4% SeaPlague agarose (Lonza) in complete
DMEM, and seeded over a first layer of 0.8% agarose in complete DMEM. 2x10°*-
4x10* cells were seeded per well of a 6 well plate and cells were seeded in
triplicate for each cell type. Cells were grown at 37°C and 5% CO, and colonies
were counted 2-3 weeks after seeding. For each replicate, 5 random fields were
captured by light microscopy at 4x magnification, and the number of colonies in
each field was counted manually by eye.

GILA

Subconfluent cells were trypsinized, counted and seeded at 1,000 cells
per well of a 96-well plate in 100ul of cell culture media on ultra low-attachment,
round-bottom plates (catalogue #: 7007, Corning). Cells were cultured at 37°C
with 5% CO,, and at the respective time points, plates were transferred to -80° in
order to freeze the cell suspension. At the completion of the time course, cells
were assayed for ATP content as a proxy of cell viability, using the CellTiter-Glo
luminescent cell viability assay (Promega) according to the previously described
protocol (Rotem et al. 2015).
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Supplemental Fig. 1. Restoration of miRNA expression through hsDicer. (A, B)
Comparison of normalized miRNA counts between the 2 independently isolated clones
each for WT vec and hsDicer. (C) Small RNA library composition for each cell type.
Numbers indicated are averaged across the 2 libraries for each genotype. (D) Same as in
Fig. 1C. Gray indicates non-expressed miRNAs (<5 RPM in WT Vec), yellow indicates
the 3 differentially expressed miRNAs (Adj. p-value < 0.05), and blue indicates all other

miRNAs. Red line: y=x.
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Supplemental Fig. 2. Effects of miRNA loss on gene expression. (A) Fold change
waterfall plot for genes differentially expressed between WT Vec and KO Vec cells
(FDR < 0.05; fold change > 2 in either direction). Dotted horizontal lines represent
median up and downregulation. (B) Scatter plot comparing fold changes reported in this
study (y-axis) for differentially expressed genes from (A) to a previous report (Gurtan et
al., 2013) (x-axis) with wild-type and knockout cells transfected with a non-targeting
siRNA (siCtrl). Pearson correlation and p-value are indicated. (C) GSEA enrichment
plots indicate that the most upregulated genes in KO Vec are enriched for targets of miR-
17, miR-27 and let-7. Genes are ordered from left to right with decreasing fold change.
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RNA-Seq analysis of let-7
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Supplemental Fig. 3. Transcriptional profiling of let-7 oncofetal targets. (A) Log2
RNA-Seq expression of four let-7 regulated oncofetal genes. For each gene, expression is
relative to WT Vec levels. (B-D) Normalized read counts for H3K4me3 and H3K36me3
marks at the Impl, Imp3 and Hmga2 loci. Within each chromatin mark, WT Vec, KO
Vec and hsDicer are all set to the same scale. Flanking genes are shown as controls.

Arrowheads indicate transcription start sites (TSS).
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Supplemental Fig. 4. miRNA-resistant genes remain expressed in subcutaneous
tumors — related to Figure 5. (A) PCR genotyping of hsDicer subcutaneous tumor
derived cell lines shows recombination of the floxed alleles. V6.5: Embryonic stem cells
not containing floxed alleles used as a control. (B) Northern blot analysis of tumor
derived cell lines indicates robust expression of mature miRNAs. mY1 is used as a
loading control. (C) western blot and (D) qPCR analyses also confirm high expression for

a panel of irreversible genes. Bars represent mean and standard deviation of 3
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independent experiments. In all cases, WT Vec, KO Vec and hsDicer are the parental cell
lines, while T1-T7 are cell lines derived from hsDicer tumors. (E) Pan-cancer alteration
profile of the high-confidence miRNA-resistant gene signature using cBioPortal. The
cancer types are indicated. Lung sq: Lung Squamous Cell Carcinoma; Pan-Lung: pan non
small cell lung cancer; Breast-ACC: Adenoid Cystic Carcinoma of the Breast; GBM:
Glioblastoma Multiforme. (F) Kaplan-Meier survival analysis for patients with higher
correlation (red) of the high-confidence miRNA-resistant signature in KIPAN (pan
kidney, |z| > 0.5 extremes of score distribution), LUAD (lung adenocarcinoma, [z| > 1.25)
and GBMLGG (pan glioma, , |z| > 0.5) cohorts compared to patients with lower signature

correlation scores (blue).
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Sequence

Name

Name Sequence

MC93 CATGACTCTTCAACTCAAACT
MC9o4 CCTGACAGTGACGGTCCAAAG

ML AGCATEGEGECACCCTORICCIEE

Name Sqe

let-7c AACCATACAACCTACTACCTCA
miR-22 ACAGTTCTTCAACTGGCAGCTT
miR-29b AACACTGATTTCAAATGGTGCTA
miR-19b TCAGTTTTGCATGGATTTGCACA
miR-16 CGCCAATATTTACGTGCTGCTA
mY1l AAGGGGGGAAAGTGTAGAACAGGA
U6 I GCTAATCTTCT! CTGTATCGTTCCAATTTTAGTATATGTGCTGCCG7

Impl SG1 TCATCGCCCAGTGCTCGTCG
Imp2 SG1 CTGGTCGGGGTAGTCCACGA
Imp2 SG3 CCGTCACCGCCGACGACCTC
Imp3 5G1 ACGCGTAGCCCGTCTTCACC
Imp3 SG2 ACTTTCCAGGTCCGCGGGGC

Imp3 SG3 AGACACTTTCCAGGTCCGCG

- evequence

Forward Sequence
Tmeml176a  GAGCAGCAGCACCCAGATAC TCTCGGAGATGATGTCTGTCA
Tmem176b  GTGCAGAGAGTACCTGAACATG GGAAGCCACAGACACAACAA
Foxal GTAGGACATGTTGAAGGAAGCC CATGAGAGCAACGACTGGAAC
Sox11 TCCTCTTTATCCTGACCGCC TTCGAGTTCCCCGACTACTG
Trafl ATCACGATGAAGAGGGACAGG AGATCACCAATGTCACCAAGC
Impl ACCACCAGAAACACCTGACTCCAA ATTCTTCCCTGGGCCTTGAACTGA
Imp2 AGCCTGTGCCAATGCTGAGATAGA TTAGCCCTGGGATCAGATTGGCTT
Imp3 TCTGACTCAGGTAAAGCAGCACCA TGAGCCTTTACTTCCGCCTTGACT
Gentd CATGTCCTGCAGTTCCATTG GGGAACCTGTTCCTCACAAA
Rdh10 ACGAGTCTCTGAGCCATGAG GTCACGATGTACATGAGGCG
Zfyve26 GAGCTGAGCACAAGTACTTCAG AGGTTGAACATGAGTACCACCT
Ncoa3 GCGCACTCACAATAGTTCCA GGCCTGGCTTTGAAGACATA
Hmga2 TCACTTGGGTGGGTTCATTGGGTA TGTCAGCCTTGAAGCATCGGAGAT

Table 1: List of primers used.
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Supplemental Fig. 5. Simultaneous expression of Imp-3 drives the oncogenic switch
— related to Figure 6. (A) Representative brightfield soft agar images at 4x
magnification for each clone of Impl, Imp2 and Imp3 single knockout cells. (B) GILA
assay on the WT Vec, KO Vec and hsDicer cell lines. Only hsDicer cells are able to grow
over a 6-day time course in GILA, consistent with their ability to grow and form colonies
in soft agar. Data are plotted as the mean + standard deviation (n=3). (C) Genomic PCR
product sequencing at the Impl-3 loci in Imp® cells. WT designates the wild type
sequence. The 20-nucleotide target sequence is indicated in green; and the PAM is shov?n
in blue. Red dashes denote deletions, red nucleotides denote insertions, and parentheses
indicate whether that particular allele is recovered from both or either Imp?’ clone. (D)
Waterfall plot of log2-fold changes (Imp*’/ hsDicer) for differentially expressed genes
(FDR < 0.05 and fold change > 2 in either direction). Dashed horizontal lines represent
median up and downregulation. (E) Five genes belonging to the high-confidence
miRNA-resistant signature (discovered in Fig. 4G) are significantly differentially
expressed between Imp®’ and hsDicer cells. (F) Overlap of Imp?’ and hsDicer differentially
expressed genes with ICA signature 1 associated genes. (G-H) Heatmap depicting gene-
by-gene spearman correlation coefficients (of leading-edge genes) in tumor samples of
(G) cervical kidney renal papillary cell carcinoma (KIRP) and (H) lung adenocarcinoma
(LUAD) patients from TCGA.
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Supplementary Material and Methods

Expression plasmid construction and cell line generation

Wild-type human Dicer (hsDicer) was PCR-amplified from pCAGGs-Flag-
hsDicer (Addgene plasmid # 41584) using Forward: 5’-
AAAAACATGTTATACCCATACGACGTACCAGATTACGCTGACTACAAAGACG
ATGACGAC-3’ and reverse: S5S-AAAAAAAAACATGTTCAGCTATTGGGAACC
TGAGGTTG -3° primers. An HA-Flag tandem epitope was encoded within the 5°
forward primer used for amplification. A single N-terminal leucine residue precedes the
HA-Flag tag. Similarly, hsDicer is preceded by a single leucine residue after the flag
epitope. HA-Flag-hsDicer was subcloned into the Ncol sites of the retroviral vector
pMMP-Puro. Phoenix packaging cells were transfected with either an empty pMMP-Puro
retroviral vector plasmid or the equivalent vector with the hsDicer insert using
Lipofectamine 2000 (Invitrogen). Viral supernatants were cleared with a 0.45 um syringe
filter and concentrated using Ultracel 100K centrifugal filter units (Millipore). MSCs at
subconfluency were infected with viral supernantant supplemented with 8ug of polybrene
(Sigma). Stably transduced lines were selected and maintained in alpha-MEM containing
2.5pg/ml puromycin (Life Technologies). After a heterogenous population of puromycin
resistant cells grew out, cells were seeded at low density and two monoclonal lines were
isolated per genotype.

Dual color miRNA reporter assay

The bidirectional pTRE-Tight-BI (Clontech) eYFP and mCherry reporter
construct has been previously described (Mukherji et al. 2011). Oligonucleotides
encoding target sites for miR-24, miR-29b, miR-31 and let-7c were synthesized by IDT
and inserted into the 3> UTR of mCherry using HindIll and Sall cloning sites. The
sequences are provided in Supplemental Table S7. Each miRNA target is imperfectly
complementary across nucleotides 9-11 and consists of 2 tandem sites separated by a 6-
nucleotide spacer. MSCs were seeded at 10,000 cells per well of a 96-well plate, and the
next day were transfected with equivalent amounts (100ng each) of the reporter plasmid
and rtTA using Lipofectamine 2000. At the time of transfection, the media was changed
to complete Alpha-MEM supplemented with 2mg/ml doxycycline (Sigma). FACS
measurements were taken on a LSR II HTS instrument (BD Biosciences) 24 hrs post-
transfection and population averages of mCherry and eYFP intensities were used for
determining the fold repression.

Doxorubicin and apoptosis assays

For basal apoptosis analysis, MSCs were seeded at 80,000 cells per well of a 12
well plate. Cells were harvested for analysis 4 days later. The cell culture media was
harvested and after washing, was pooled with the PBS supernatant to collect floating
cells. Wells were trypsinized, quenched with cell culture media and then cells were
harvested by centrifugation and added to the pool of floating cells. The combined cell
suspension was washed in cold PBS and harvested via centrifugation. Apoptosis was
assayed using the Active Caspase3-FITC kit (BD Biosciences) following the
manufacturer’s protocol. The percentage of FITC stained cells was measured by an LSR
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IT machine (BD Biosciences).

For Doxorubicin induced stress analysis, MSCs were seeded at 10000 cells per
well of a 96 well plate. The next day, cells were treated with Alpha-MEM supplemented
with Doxorubicin at the indicated concentrations. Cells were harvested approximately 24
hours post drug treatment. Analysis of cell death was carried out as described above for
the basal apoptosis assay.

PCR genotyping

Cells were genotyped for Dicer status as previously described (Harfe BD 2005).
Briefly, genomic DNA was isolated using QuickExtract (catalogue # QEO0905T,
Epicenter) following the manufacturer’s protocol. Genomic DNA was then PCR
amplified using the following primer mix in a 2:1:1 ratio respectively- MC93, MC9%4,
MC113 with a mouse genotyping kit from KAPA Biosystems (catalogue #: KK5621).
See Supplemental Table S7 for primer sequences. PCR products were analyzed on a 2%
agarose gel. The endogenous wild-type allele yields a product of ~350bp, the floxed
allele yields a product of ~420bp, and the deletion allele yields a product of ~470bp.

Doubling time

For calculating cell-doubling times, we used the xCELLigence system (Acea
Biosciences) for the real-time monitoring of cell proliferation and viability. Cell index
(CI- an arbitrary unit reflecting the electronic cell-sensor impedance) measurements were
performed according to the manufacturer’s instructions. Briefly, background impedance
of 100ul of the cell culture media alone in the E-plate was first determined. Then, sub-
confluent cells were trypsinized, counted by hematocytometer and resuspended at 25,000
cells/ml. 100ul of the cell suspension was added to each well. The plate was shaken
gently to disperse the cells, then left to stand for 30 minutes in the tissue culture hood at
room temperature. The E-plate was then transferred to the xCELLigence instrument and
the CI (as a measure of cell proliferation) was monitored at 15-minute intervals over 4
days. Normalized cell index were plotted against incubation time and doubling times
were determined based on a linear part of the cell index/ proliferation curve using the
RTCA-integrated software of the xCELLigence system.

Subcutaneous injections & Histology

Subconfluent Dicer wild-type, Dicer knockout and hsDicer rescued cells were
harvested with trypsin and washed in cold PBS. After centrifugation, cells were
resuspended at 1x10° cells/ 100ul PBS. 100ul of the cell suspension was subcutaneously
injected into the flanks of six week old Nu/J nude female mice.

Eight weeks post injection, mice were sacrificed via CO, asphyxiation. Excised
tumors were fixed in 4% paraformaldehyde, transferred to 70% ethanol, and then
embedded in paraffin. Tumors were then sectioned and stained with hematoxylin and
eosin, and analysis for tumor type was performed by a pathologist (R.T.B.). Some tumors
were trypsinized and replated in Alpha-MEM to generate secondary cell lines.

For the tumorigenicity comparison of hsDicer and Imp®® cells, 1x10° cells were
injected into the left flank or the right flank respectively of the same nude mouse. A total
of 10 mice were used in this cohort. Mice were monitored weekly for appearance of
tumors. From initial appearance, tumors were measured manually using calipers by the
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same investigator throughout the entire time course. Tumor volume was calculated as
follows: volume = Y(length x width?).

CRISPR/Cas9 knockouts

Impl-3 targeting guide RNAs were designed using the MIT Optimized CRISPR
design tool (http:/crispr.mit.edu). Using protocols from http:/crispr.genome-
engineering.org, these guides were subsequently cloned into a Cas9/gRNA co-expressing
construct (PX458, Addgene plasmid # 48138). hsDicer cells were transfected with the
plasmid and ~72 hours later were single cell sorted into a 96 well plate based on GFP
signal on an Ariall sorter. Single cell clones were expanded, screened via western blot
and genomic PCR for successful knockouts, and two validated clones were subsequently
used for experiments. For the Imp2 and Imp3 single knockout cells, the two clones used
were derived from different sgRNAs. For the triple knockout cells, plasmids targeting all
three Imp proteins were co-transfected into cells. In all knockouts, gRNAs were targeted
to the first exons of the respective gene. Oligonucleotides used for gRNA cloning are
listed in Supplemental Table S7.

For genomic characterization of the knockouts, we PCR amplified the locus of
interest using primers listed in Supplemental Table S7. Blunt-end PCR products were
either directly sequenced, or were first topocloned (ThermoFisher), propagated in
bacteria, then mini-prepped and Sanger sequenced.

Survival Analyses

The high-confidence miRNA-resistant gene signature derived from RNA-seq
analysis was used to score expression profiles of individual TCGA tumors
(http://cancergenome.nih.gov/) in the indicated datasets using a single sample enrichment
approach (Barbie et al. 2009). Tumors were stratified based on the standardized score and
extremes of the score distribution (at various z-thresholds) were compared for differences
in survival times using the Kaplan-Meier methodology. Additionally, the Cox
proportional hazards regression model was used to analyze the prognostic value of the
high-confidence miRNA-resistant signature across all patients in the TCGA pancreatic
adenocarcinoma cohort, in the context of additional clinical covariates. Hazard ratio
proportionality assumptions for the Cox regression model were validated by testing for
all interactions simultaneously (p = 0.611). Interactions between the signature score and
other significant covariates (age, number of lymph nodes) were tested using a likelihood
ratio test (LRT) to contrast a model consisting of both covariates against another model
consisting of both covariates plus an interaction term. All survival analyses were
performed using the survival package in R.

Impl-3 downstream gene expression correlations

RSEM RNASeqV2 Level3 normalized mRNA-Seq expression datasets were
downloaded from the Broad Institute TCGA Genome Data Analysis Center (2016):
Firehose 2016_01_ 28 run, Broad Institute of MIT and Harvard. doi:10.7908/C11GOKM9
via the URL: https://gdac.broadinstitute.org. The datasets were filtered to restrict it to
tumor-derived expression values for the GSEA leading-edge genes from Figure 6K.
Genes with an upper quartile value across all tumor samples of less than 10 were filtered
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out, normalized expression was log transformed, and then gene-by-gene Spearman
correlations were calculated in the R programming language. Heatmaps were generated
using the corrplot package in R.

miRNA cloning, sequencing and quantitation

From MSCs, total RNA was isolated using Trizol (Life Technologies) and then
20pg was electrophoresed on a 10% denaturing polyacrylamide gel. Small RNAs in the
range of 15-65nt were excised (deliberately avoiding the dominant tRNA band). DNA
libraries from this size selected RNA population was then generated using the NEBNext
Multiplex Small RNA Library Prep Set for Illumina, following the manufacturer’s
instructions (New England Biolabs).

Multiplexed sequencing reads from an Illumina HiSeq 2000 instrument were
bucketed by sample barcode and processed using the FASTX-Toolkit (from the
laboratory of Gregory Hannon: hitp://hannonlab.cshl.edu/fastx_toolkit/index.html) to
strip adapters. Clipped reads less than 10bp were dropped form downstream analyses.
Within each individual library, the remaining reads were aggregated by sequence
identity. Processed reads were first mapped to mouse mature miRNA sequences
annotated in miRBase release 19 (http://www.mirbase.org/), using the Bowtie short read
alignment tool (Langmead et al. 2009) allowing for unique and repeat alignments with up
to a single base pair mismatch per alignment. Reads that did not align to mature micro-
RNA sequences were similarly mapped to micro-RNA hairpin sequences where possible,
allowing for up to two mismatches per alignment. Individual miRNA mapped reads were
summarized by TargetScan microRNA family (Lewis et al. 2005). Differential analysis
for miRNA family counts was performed using DESeq (Anders and Huber 2010).

mRNA-Seq analysis

For the first mRNA sequencing dataset (across WT Vec, KO Vec and hsDicer
cells), total RNA was isolated with an RNeasy Kit (Qiagen). Samples were DNase
treated, and submitted to the BioMicroCenter at M.L.T. for library preparation (Illumina
Tru-Seq protocol ) and sequencing (Illumina HiSeq 2000; 51nt single end reads). For the
second mRNA-Seq dataset (on triple knockout cells as well as the parental hsDicer cells),
total RNA was isolated using Trizol and DNase treated with the TURBO DNA-free kit.
RNA was then phenol chloroform extracted and analyzed for quality on an Agilent 2100
Bioanalyzer. 1 pg of total RNA with a RIN above 9, was then used as input for library
preparation with poly(A) selection, using Illumina’s TruSeq Stranded mRNA Library
Preparation Kit and protocol. The final libraries were sequenced on a NextSeq 500
machine (75/75 paired end reads).

[llumina HiSeq 2000 or NextSeq 500 reads were mapped to the UCSC mm9
mouse genome build (http://genome.ucsc.edu/) using RSEM (Li and Dewey 2011). For
consistency, reads from the second mRNA-Seq run were trimmed down to Slnts using
the FASTX-Trimmer tool from the laboratory of Gregory Hannon. Raw estimated
expression counts were upper-quartile normalized to a count of 1000 (Bullard et al.,
2010) and log2 transformed. Independent Component Analysis (ICA) was used to
identify statistically significant (Mann-Whitney-Wilcoxon test) and biologically relevant
signatures that characterize the global gene expression profiles of these samples, as
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described previously (Li et al. 2015; Dimitrova et al. 2016; Papagiannakopoulos ¢t al.
2016). The R implementation of the core Joint Approximate Diagonalization of
Eigenmatrices algorithm (JADE) (Nordhausen et al., 2012; Rutledge and Jouan-Rimbaud
Bouveresse, 2013; Biton et al., 2013) was used along with custom R utilities.

For pairwise comparisons of RNA-seq samples, reads were mapped using RSEM
as before, and differential expression analyses were performed using using EBSeq v1.12
(Leng et al. 2013). For EBSeq, we used the default settings of the EBTest function
allowing the algorithm to filter out genes with 0 reads across all conditions. Genes were
called differentially expressed if they changed atleast 2-fold in either direction and also
had a PPDE of >0.95. Gene set enrichment analysis (GSEA) (Subramanian et al. 2005)
was carried out using the pre-ranked mode filtering out gene sets larger than 2000 from
the Hallmark or C2 Curated gene sets of the Molecular Signature Database Collection
(http://software.broadinstitute.org/gsea/msigdb). For testing enrichment of our custom
signatures, we added them to the larger set of C2 Curated or Hallmark gene sets and
performed GSEA as before. All analyses were conducted in the R Statistical

Programming language (http://www.r-project.org/).

ChIP-Seq library preparation

Chromatin immunoprecipitation (ChIP) was performed as described previously
(Gurtan et al. 2013). Briefly, ~ 50 million MSCs were cross-linked for 10 minutes by the
addition of 1/10 of the cell culture volume of 11% formaldehyde solution. The cross-
linking was quenched by addition of 1/20 the volume of 2.5M glycine. Cross-linked cells
were washed 2x with PBS, pelleted and stored at -80°C.

Cross-linked cells were lysed with LB1, and washed with LB2 then resuspended
and sonicated in LB3. Samples were sonicated for 14-16 minutes total with a Qsonica
Q700 sonicator using a 1/8” microtip and %" coupler, in 2 minute cycles of 5 seconds on
5 seconds off. The initial 2 minutes were done at 30% amplitude and the remaining time
was done in sets of 2 minutes at 65% amplitude, with 1 minute rests in between.
Sonicated lysates were cleared and incubated overnight at 4°C with Dynal Protein G
magnetic beads that had been previously conjugated with Sug of the respective antibody
(H3K4me3- Millipore 07-473; H3K36me3 -Abcam ab9050-100). Beads were then
washed twice in LB3, once in LB3 supplemented with 500 mM NaCl, once in LiCl
buffer, and once with TE + 50 mM NaCl. Bound complexes were eluted in elution buffer
at 65°C for 15 minutes. Cross-links were reversed overnight at 65°C. RNA and protein
were digested using RNAse A and Proteinase K respectively, and DNA was purified with
phenol chloroform extraction and ethanol precipitation. Barcoded libraries were prepared

and sequenced on Illumina HiSeq 2000 (single end, 45nt reads). Relevant buffer recipes
are listed below and a detailed library preparation protocol is available upon request

LBI1 (50mM HEPES-KOH pH 7.5, 140mM NaCl, ImM EDTA, 10% Glycerol, 0.5% NP-40, 0.25% Triton
X-100)

LB2 (10mM Tris-HC1 pH 8.0, 200mM NaCl, ImM EDTA, 0.5mM EGTA)

LB3 (50mM Tris pH 8, 140mM NaCl, ImM EDTA, 1% Triton X-100, 0.1% SDS, 0.1% Na-deoxycholate)
LiCl Buffer (10mM Tris-HCI pH 8.0, 250mM LiCl, ImM EDTA, 1% NP-40)

Elution Buffer (50mM Tris-HCI, pH 8.0, 10mM EDTA, 1% SDS)
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ChIP-Seq alignments, peak calling and quantification

Reads were de-multiplexed based on library barcodes and mapped to mouse
genome mm9 using bowtie (Langmead et al. 2009) requiring unique mapping with at
most two mismatches (-n 2 -m 1 —best—strata). Mapped reads were collapsed, and for
each histone ChIP the same number of reads was randomly sampled from the
corresponding whole cell extract (WCE) input control libraries to match sequencing
depth. For example: WT Vec H3K4me3 ChIP and the respective WT Vec WCE were
reduced to the same read depth. For each ChIP in a particular cell type, peaks were called
relative to the matching genotype’s WCE using MACS (Zhang et al. 2008) with default
settings and a P-value threshold of le-8. Significant H3K4me3 peaks were assigned to
genes if they occurred within +/- 2Kb of the transcription start site and significant
H3K36me3 peaks were assigned if they overlapped with the gene body (transcription
start- transcription end).

For analysis of histone modifications across different cell types, we used
MANorm (Shao et al. 2012), a method for quantitative comparison of ChIP-Seq datasets.
MANorm normalizes the raw read counts across the two samples in a comparison, and
the read density in common peaks are presumed to reflect the scaling relationship of
ChIP-Seq signals between two samples. MANorm outputs an M-value, which represents
the log2 fold change of normalized reads across the two conditions, as well as a p-value.
The log2 fold change in H3K4me3 ChIP signal (for significant peaks called by MACS as
described above) was calculated for each pair-wise comparison (KO Vec vs WT Vec and
hsDicer vs WT Vec) using the default settings of the MANorm script. Since all peaks
input into MANorm were significantly called by MACS (over the respective WCE), we
disregarded MANorm’s output p-values and instead filtered peaks and their associated
genes solely based on M-value >=1.4. In case of any one gene having more than 1
associated H3K4me3 peak, we assigned the peak with the largest M-value to that gene.
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