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1. Introduction

1.1 Cancer metastasis

Cancer is the leading cause of mortality in most countries. In 2021, there is estimated
608,570 cancer deaths in the United States (Siegel et al., 2021). Up-to-date statistics
across Europeon countries reveal 4 million new cancer cases and 1.9 million cancer-
related mortality (Dyba et al., 2021). Data from the Surveillance, Epidemiology, and
End Results (SEER) program of the National Cancer Institute indicates that patients
diagnosed with metastatic diseases have extremely low overall 5-year survival rates
(Steeg, 2016, Siegel et al., 2021). Tumor metastasis is responsible for about 90% of

tumor related deaths (Esposito et al., 2021, Spano et al., 2012).

Metastasis is a hallmark of malignant disease with complex multistep processes
(Hanahan and Weinberg, 2011). Single circulating tumor cells (CTCs) or clusters
disseminate from primary lesions and interact with host cells, such as leukocytes,
platelets, etc. Cancer cells derived from metastatic lesion also show capabilities to
return into circulation, which terms as tumor cell recirculation (Pachmann, 2005) or
self-seeding (Kim et al., 2009). The recirculated tumor cells contribute to further
metastases and promote recurrence of cancer (Keller and Pantel, 2019). It is diffificult
for disseminated CTCs to reside in a distant organ due to the defense from immune
cells including macrophages, dendritic cells, natural killer cells and others (Hiam-
Galvez et al., 2021, Dianat-Moghadam et al., 2021). The metastatic niches arise after
metastasis-initiating cells (MICs) survive and gain the ability to regenerate tumors,
leading to final micrometastases and macrometastases in distant organs (Ganesh and
Massague, 2021). The metastatic niches with various components regulate MICs
dormancy and metastasis growth (Ganesh and Massague, 2021). Furthermore, MICs
are important for tumor treatment, because they are able to drive the resistance and

relapse of tumor metastases (Massague and Ganesh, 2021).
1
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Figure 1.

The inefficiency process of the invasion-metastasis cascade.
(A) The invasion-metastasis cascade. (Valastyan and Weinberg, 2011, pp.
276). (B) The inefficient multistages in the invasion-metastasis cascade.
(Valastyan and Weinberg, 2011, pp. 283).

Although the natural progression of metastasis varies among different malignant tumors,

they follow the principle of the invasion-metastasis cascade (Figure 1A) (Zhang et al.,

2009, Valastyan and Weinberg, 2011). CTCs represent an intermediate stage in the

process of tumor metastasis (Schuster et al., 2021). Single-cell profiling of CTCs

provides insights into cancer metastasis. In particular, CTCs are released from primary

lesions and disseminate into circulation, allowing the formation of macroscopic

metastases with stepwise progression (Keller and Pantel, 2019). Although CTCs are the



source of metastasis, only a tiny proportion of them eventually succeed in colonizing
distant organs (Figure 1B) (Taftaf et al., 2021, Valastyan and Weinberg, 2011). Over
80 % of cancer cells that escape from primary lesions are successful in extravasating.
Less than 3 % of those cells that exit the microcirculation are actually capable of
generating micrometastasis. The subsequent step is even much less efficient, that only
0.02 % of those surviving cells lead to macroscopic metastasis (Valastyan and
Weinberg, 2011). Metastatic colonization is the rate-limiting step in the invasion-

metastasis cascade. However, the mechanisms are still uncertain.

1.2 Post-transcriptional gene regulation

The central dogma of molecular biology was formulated in 1957 and published in 1958
by Francis Crick (Crick, 1970). DNA is replicated from existing DNA, that is DNA
replication. Then, the enzymes such as RNA polymerase and transcription factors (TF)
facilitate the production of messenger RNA (mRNA) by utilizing the information in
DNA, that is the process of transcription. The newly assembled pieces of RNA produce
DNA, which is the reverse transcription. The translate is the process that proteins are
synthesized by using mRNA (Cobb, 2017). The regulatory processes between
transcription and translation are known as post-transcriptional gene regulation,
controlling subsequent gene expression or degradation (Zhao et al., 2017). Post-
transcriptional gene regulation plays important roles in cell differentiation and
development (Zhao et al., 2017), immunity (Carpenter et al., 2014), cancer and other
diseases (Kim and Kyung Lee, 2012).

The conventional post-transcriptional gene regulation in eukaryotes includes 5° end
capping (Corbett, 2018, Jiao et al., 2013), 3° end polyadenylation (addition of poly(A)
tail) (Corbett, 2018, Ren et al., 2020), RNA splicing (Corbett, 2018, Witten and Ule,
2011), RNA editing (Behm and Ohman, 2016, Xu et al., 2022), mRNA stability

(McGary et al., 1997, Feigerlova and Battaglia-Hsu, 2017) and nuclear export (Reddy
3



et al., 2000, Li et al., 1999). 5’ end capping protects mRNA from degradation by 5’
exonuclease and contributes to ribosomal binding, assisting in the selection of the
correct mRNA that will be translated (Jiao et al., 2013, Shuman, 2002). 3° end
polyadenylation protects the mRNA from 3’ exonuclease to retain mRNA decay
(Slomovic and Schuster, 2011) and increases translation (Erson-Bensan and Can, 2016).
RNA splicing eliminates introns and noncoding regions to facilitate the transform from
precursor mRNAs transcript into mature mRNAs (Wilkinson et al., 2020, Cao et al.,
2020). RNA editing is an enzyme-catalyzed process such as addition or deletion of
uracil, that influences the localization, activity and stability of RNAs (Maydanovych
and Beal, 2006, Feigerlova and Battaglia-Hsu, 2017). The nuclear export of RNA is
important for gene expression. Different RNA species are synthesized in the nucleus
and are exported to the cytoplasm through the nuclear pore complexes (NPCs) (Stewart,
2010). For examples, small RNAs such as transfer RNA (tRNA) and microRNA
(miRNA) directly bind to export receptors for nuclear export. Large RNAs such as
ribosomal RNA (rRNA) and mRNA are exported by assembling into ribonucleoprotein
(RNP) complexes (Kohler and Hurt, 2007).

The central dogma of molecular biology has been refined since it was formulated (Cobb,
2017). The post-transcriptional gene regulation of mRNA is mainly driven by mRNA
interaction of RNA-binding proteins (RBPs) and non-coding RNAs (ncRNAs)
(Filipowicz et al., 2008, Briata and Gherzi, 2020, Franks et al., 2017). The ncRNAs
post-transcriptionally regulate mRNA degradation or mediate translational repression,
with different functional types including tRNA, rRNA and small RNA (miRNA, siRNA,
IncRNAs, piRNA, snoRNA, snRNA and others) (Filipowicz et al., 2008, Mattick and
Makunin, 2006). In addition, the distribution and stability of transcripts is post-
transcriptionally regulated by RBPs, which can modulate almost all processes of post-
transcriptional regulation in cells such as alternative splicing (Hu et al., 2020) or nuclear
export (Hsu et al., 2019) for RNA maturation, translocation, degradation and translation.

The nuclear polyadenylation complex containing RBP promotes RNA degradation by

4



the exosome (LaCava et al., 2005). RBPs also affect mRNA stability (McGary et al.,
1997) and participate in RNA editing (Xu et al., 2022),.

1.3 RNA-binding protein

RBPs are proteins that contain single or multiple globular RNA-binding domains
(RBDs) to bind RNAs and regulate the biological function of the bound RNAs (Hentze
etal., 2018). Some RBPs recognize mRNA at the 5’ cap or the 3’ poly(A) tail, and some
recognize the specific sequence motifs or secondary structures in mRNA (van
Kouwenhove et al., 2011). RBDs may include RNA-recognition motif (Hentze et al.,
2018), double-stranded RNA-binding motif (St Johnston et al., 1992), cold shock
domain (CSD) (Samsonova et al., 2021), zinc knuckles domain (ZKD) (Wang et al.,
2017), heterogeneous nuclear ribonucleoprotein (hnRNP) K homology domain (KH)
(Hentze et al., 2018) and DEAD box helicase domain (Hentze et al., 2018). RBPs
assemble in RNP complexes with mRNAs and ncRNAs (Kafasla et al., 2014).

RNA transcripts are instantly covered with RBPs as nuclear RNA emerges from RNA
polymerase, regulating biosynthesis (Lopez de Silanes et al., 2004), maturation
(Cuadrado et al., 2002), metabolism (Castello et al., 2015), transport (Gerstberger et al.,
2014), subcellular localization (Gerstberger et al., 2014) and stability (Mukherjee et al.,
2011) of RNA in cells. RBPs bind RNA with RNA-sequence specificity and affinity,
targeting mRNAs and plenty of functional ncRNAs such as miRNAs (Gerstberger et
al., 2014, Vos et al., 2019).

The Cancer Genome Atlas project reviewed dysregulation of RBPs in variety of cancer
(Kechavarzi and Janga, 2014). Furthermore, aberrant expression of RBPs is detected in
various human cancers, highly associated with advanced tumor stage and poor
prognosis (He et al., 2021). As an example, high levels of the RNA binding proteins

LIN28A and LIN28B are associated with malignant behaviors and poor prognosis of
5



cancer (Wang et al., 2015). Further, ERa (a potent non-canonical RBP) regulates post-
transcriptional expression of stress response genes by alternative splicing of XBPI,
which promotes cancer cell survival and maintains tamoxifen resistance in breast cancer
progression (Xu et al., 2021). TIP30, a tumor suppressor RBP, inhibits metastasis by
repressing  transcription of OPN through interaction with ETS-1 in

hepatocarcinogenesis (Zhang and Li, 2021).

1.4 Biogenesis and homeostasis of miRNA

MiRNAs are small non-coding RNAs of 20 to 22 nucleotides in length, regulating target
genes by base-pairing to partially complementary sites in the 3’ untranslated region (3’
UTR) of mRNA (Kasinath et al., 2006). The complementary binding sites in the 3’
UTR of mRNAs can be predicted for the interaction between miRNA and mRNA
(Didiano and Hobert, 2006, Bartel, 2009). Moreover, the stability of miRNAs is also
affected by ncRNAs (Chipman and Pasquinelli, 2019). For example, a rapid decay of
miR-7 is caused by pairing to IncRNA Cyrano through target-directed miRNA
degradation (TDMD) in mice (Chipman and Pasquinelli, 2019). MiRNAs regulate the
expression of numerous protein coding genes in the human genome that affect cellular
phenotype (Gosline et al., 2016). To date, roughly 1872 miRNA precursors are
annotated, encoding apropriate 2600 mature miRNAs in human (Hussen et al., 2021,
Plotnikova et al., 2019) and targeting around 5,300 human genes (Shenouda and Alahari,
2009).

The maturation of miRNA is a complicated process (Figure 2). The miRNA gene is
transcribed by RNA polymerase II to produce the primary miRNA (pri-miRNA) in the
nucleus, which includes a stem loop. Drosha, a class 2 ribonuclease (RNase) I1I enzyme,
cleaves pri-miRNA to generate the precursor miRNA (pre-miRNA), which is
transported to the cytoplasm via Exportin 5 (XPOS5). Then, the endoribonuclease Dicer

cleaves the stem loop of pre-miRNA, producing a double-stranded miRNA. The
6



complex that double-stranded miRNA couples to Argonaute (AGO) 2 is loaded into

RNA-induced silencing complex (RISC). After the passage strand is discarded, the

single-stranded miRNA partially complementary binds to the “seed region” of the 3’

UTR in mRNA. Then the target mRNA is inhibited, resulting in mRNA degradation or

translation repression (Rupaimoole et al., 2016).
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Figure 2. The complex process of miRNA production. RNA Pol II, RNA

polymerase II; pri-miRNA, primary miRNA; pre-miRNA, precursor
miRNA; XPOS5, Exportin 5; AGO 2, Argonaute 2; RISC, RNA-induced
silencing complex.

MiRNAs regulate target genes, that behave as ‘switch’, ‘tuning’ or ‘neutral’ regulation

(Flynt and Lai, 2008). MiRNAs negatively regulate target genes to an inconsequential
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level, which is known as ‘off’ switch (Hobert, 2004, Bartel and Chen, 2004). For
example, /in-4 reduces lin-14 and lin-28 lin-14 and let-7 silences lin-41 (Lee et al., 1993,
Reinhart et al., 2000). Tuning targets still have biological activity and function even in
presence of miRNAs (Flynt and Lai, 2008). These miRNAs can fine-tune a potential
class of mRNAs to optimize protein expression in particular cell types (Bartel and Chen,
2004). Neutral targets, that have no special impact on the cells, are involved in species-
specific regulatory interactions (Flynt and Lai, 2008). These miRNAs pair with mRNAs
occasionally, whereas the subsequent downregulation of protein is neutralized or

counteracted by feedback mechanisms (Bartel and Chen, 2004).

1.5 MiRNA in cancer

MiRNAs comprise one of the most abundant classes of regulatory genes during the
whole process of cancer development (Shenouda and Alahari, 2009). The dysregulation
of miRNAs is associated with tumorigenesis (Garo et al., 2021), progression and
metastasis (Huang et al., 2021, Shenouda and Alahari, 2009). Cancer associated
miRNAs, including oncogenic miRNAs (oncomiR) and tumor suppressor miRNAs
(Shenouda and Alahari, 2009), can serve as a driver of metastasis depending on their

target genes (Shi et al., 2010, Nicoloso et al., 2009).

OncomiRs promote tumorigenesis and improve malignant progression (Inoue and
Inazawa, 2021). As an example, miR-21 is found in a wide range of human cancer (Si
et al., 2007), which directly targets RAS/MEK/ERK pathways to drive tumorigenesis
and suppress apoptosis (Hatley et al., 2010). Oncogene miR-21 promoted invasion and
metastasis by targeting PDCD4 and maspin in metastatic breast cancer cells (Kim et al.,
2018). Inhibiton of miR-21 suppressed invasion of breast cancer cells and metastasis
formation in lungs (Zhu et al., 2008). miR-21 also downregulated J4M-A to activate
progression and metastasis in colorectal cancer (CRC) (Lampis et al., 2021). miR-9, a

second metastasis promoting miRNA, improved metastatis in breast cancer cells by
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targeting CDH1 in the presence of E-cadherin (Ma et al., 2010) and targeting L/FR in
the absence of E-cadherin (Chen et al., 2012). The miR-17-92 cluster (miR-17, miR-18a,
miR-19a, miR-19b-1, miR-20a, and miR-92-1) inhibits apoptosis and promotes
proliferation of cancer cells, and induces tumor angiogenesis (Mendell, 2008). It has
been reported that miR-17-92 negatively regulated c-myc by HIF-1a (Taguchi et al.,
2008).

On the contrary, tumor suppressor miRNA is a class of miRNAs that promote anti-
tumor properties, negatively regulating oncogenes to improve the differentiation of
tumor cells or to suppress the maliganant behaviors (Salimimoghadam et al., 2021).
MiR-29 activates the tumor suppressor p353 by targeting p85a and CDC42, inducing
apoptosis of cancer cells (Salimimoghadam et al., 2021). Underexpression of tumor
suppressor miRNAs results in invasion and metastasis (Otmani and Lewalle, 2021). A
liver-specific tumor suppressor miRNA miR-122 is downregulated in liver cancers with
intrahepatic metastastasis. Restoration of miR-122 impedes intrahepatic metastasis by
regulating ADAM17 in hepatocellular carcinoma (HCC) (Tsai et al., 2009). MiR-140
inhibits tumor progression and liver metastasis by targeting BCL9/BCL2 axis in CRC
(Liu et al., 2021a). MiR-34a, a p53 target, is underexpressed in CD44" prostate cancer
cells. Overexpression of miR-34a represses clonogenic expansion and metastasis by
inhibiting CD44 (Liu et al., 2011). MiR-30a, as a tumor suppressor gene, suppresses
tumor development and metastasis by targeting metadherin in breast cancer (Zhang et

al., 2014).

MiRNA network functions as a regulator in tumor metastasis by regulating the
metastasis-associated genes or modifying epigenetic alterations (Zhang et al., 2010). In
2007, Li Ma and colleagues reported the dysregulation of miRNAs in tumor metastases
(Ma et al., 2007). They identified miRNA miR-10b, the first metastasis-associated
miRNA (metastamiR), highly expressed in metastatic cancer cells. The overexpression

of miR-10b increased the expression of pro-metastatic gene RHOC to promote lung
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metastases in non-metastatic cancer cell-derived orthotopic xenograft mice (Ma et al.,
2007). Hereafter, more and more experimental evidence has been achieved on the
significant roles of miRNAs in tumor metastasis (Kim et al., 2018). MiRNAs function
as both metastasic activators and suppressors by participating in various steps of
migration and invasion, particularly in cancer invasion-metastasis cascade (Le et al.,
2010, Li et al., 2021). MiRNAs can also modulate tumor microenvironment of
metastasis (Sole and Lawrie, 2021) and reprogram the formation of metastatic niche
(Zeng et al., 2018, Feng et al., 2019). In addition, identified miRNA signatures from
body fluids such as circulating blood (Cai et al., 2021) and urine (Aftab et al., 2021) are
used as potential non-invasive biomarkers for diagonosis and prognosis in different
types of cancer (Izumi et al., 2021). Prostasomes are extracellular vesicles derived from
the prostate, participating in tumor metastasis. The prostate cancer cells secret
prostasomes containing miRNAs to the extracellular environment (Valentino et al.,
2017). MiRNAs in plasma and serum microvesicles can potentially be utilized in the
diagnosis and prognosis of prostate cancer, such as miR-16, miR-34b, miR-92a, miR-

92b, miR-103, miR-107, miR-197 and miR-328. (Lodes et al., 2009).

1.6 Let-7 miRNA

The lethal-7 (let-7) family of microRNAs were first discovered as heterochronic
regulators in Caenorhabditis elegans (C. elegans), Drosophila (late larval stages),
zebrafish (48 hours after fertilization), and in annelids and molluscs (adult stages)
(Pasquinelli et al., 2000). It is well conserved in a variety of species (e.g., mammals)
and governs temporal transitions during development in phylogeny (Roush and Slack,
2008, Pasquinelli et al., 2000). In C. elegans, increase of let-7 leads to precocious
expression of adult fates during the larval stages, whereas let-7 deficiency results in
reiteration of larval cell fates during the adult stage (Reinhart et al., 2000). In humans,
the let-7 family includes let-7a, let-7b, let-7c, let-7d, let-7e, let-7f, let-7g, let-7i and

miR-98. They are abundantly expressed in embryonic and differentiated cells
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(Boyerinas et al., 2010). The high expression level of let-7 promotes differentiation in
both normal and tumor cells (Boyerinas et al., 2010). Let-7 deficiency may enhance
transformation from proliferative or differentiated normal cells to cancer stem cells

(CSCs) that are dedifferentiated (Bussing et al., 2008).

So far, let-7 is generally regarded as a tumor suppressor miRNA (Qian et al., 2011).
Decreased expression of let-7 is associated with lymph node metastasis and poor
prognosis (Bussing et al., 2008). Various oncogenes are targeted by let-7, such as RAS
(Shui et al., 2022), HMGA2, IMP-1 (Boyerinas et al., 2010), CDC34, ARID3A
(Boyerinas et al., 2008), MYC (Wang et al., 2015), LIN28B (Qian et al., 2011) and
others (Balzeau et al., 2017). The crosstalk between /let-7 and its targets contributes to
tumor progression (Wang et al., 2015, Kassam et al., 2013). For instance, let-7 targets
IGFIR and AKT2 to suppress the activity of PI3K/AKT pathway and targets RAS to the
activity of inhibit MAPK pathway (Wang et al., 2015). The expression of mature /et-
7s is attenuated or absent during tumorigenesis (Wang et al., 2015, Chen et al., 2011),
while transcripts of the primary /et-7 (pri-let-7) and the hairpin precursor let-7 (pre-let-
7) can be detected in undifferentiated cells (Bussing et al., 2008). This expression
pattern of /et-7 indicates distinct post-transcriptional regulation of mature /et-7, such as

RBPs-mediated regulation.

1.7 LIN28 and LIN28-mediated regulation

LIN28 was originally found in C. elegans (Ambros and Horvitz, 1984, Shyh-Chang and
Daley, 2013). Mammalian LIN28 highly expressed in embryonic stem cells (ESCs),
while decreases upon differentiation (Shyh-Chang and Daley, 2013). LIN28 family
includes homolog A (LIN28A) and homolog B (LIN28B) (Zhang et al., 2016). The
human LIN28A gene encodes for the 209-amino acid proteins, and LIN28B gene
encodes for the 250-amino acid proteins (Balzeau et al., 2017). LIN28A and LIN28B

share the RNA binding domains that are N-terminal CSD (Piskounova et al., 2011) and
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C-terminal ZKD (Cys-Cys-His-Cys [CCHC]-type CCHCx2) (Wang et al., 2017).
LIN28 CSD recognizes a (U)GAU motif and ZKD binds a GGAG-like element. Both
binding domains are involved in recognition of pre-let-7 through the terminal loop

structure (Ustianenko et al., 2018).

LIN28 regulates /et-7 expression (Figure 3). LIN28 recognizes and binds to the stem
loop of pri-let-7 and pre-let-7 to prevent the maturation of /et-7. In the absence of
LIN28, pre-let-7 will be processed properly, leading to high level of mature let-7
(Roush and Slack, 2008). In addition, LIN28 can recruit terminal uridylyltransferases
(TUTases) to pre-let-7 to block the cleavage by Dicer in cytoplasm (Heo et al., 2009),
initiating the degradation of let-7 precursors (Wang et al., 2017). TUTase4 is a
noncanonical poly (A) polymerase. LIN28 recognizes the GGAG motif to recruit
TUTase4, which acts as a uridylyl transferase for pre-let-7 to block Dicer processing

(Heo et al., 2009).

LIN28B is a homolog of LIN28 in humans. High expression of LIN28B is associated
with malignant behaviors and poor prognosis in cancer (Wang et al., 2015, Feng et al.,
2012). LIN28B/let-7 pathway modulates several hallmarks of cancer, including
proliferation, metabolism, cell death, invasion, and metastasis (Wang et al., 2015).
LIN28B promotes cell proliferation and maintains pluripotent cells by binding to
cyclinB and CDK4 in human and mouse ESCs (Xu et al., 2009). In human ESCs,
LIN28B enhances metabolism through interaction with glycolysis enzymes such as
HK1, PDHA1 and PDHB (Peng et al., 2011). The interaction of LIN28B and /ez-7 also
regulates cell apoptosis (Attali-Padael et al., 2021), induces the differentiation of CSCs
(Zhou et al., 2013) and contributes to the therapeutic sensitivity or resistance (Wang et
al., 2013). For example, overexpression of LIN28 suppresses radiation-induced
apoptosis in breast cancer cells, whereas LIN28-induced radioresistance can be
decreases by transfection of let-7a (Wang et al., 2013). LIN28 is associated with tumor

size and HER2 expression in breast cancer, and promotes cancer cell growth by
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regulating HER2 (Feng et al., 2012). Furthermore, the LIN28B//et-7 pathway regulates
invasion and metastasis via epithelial-mesenchymal transition (EMT) in various cancer
cells (Liu et al., 2013). Overexpression of LIN28B promotes angiogenesis and EMT in
KRAS-driven lung adenocarcinomas, inducing phosphor-AKT and nuclear ¢-MYC

expression (Meder et al., 2018).
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1.8 Cell-to-cell communication

Stephen Paget proposed that tumor metastasis depended on cross-talk between the
“seeds” and the “soil”, which is the conventional pathogenesis of tumor metastases
(Fidler, 2003). The “seed” represents disseminated tumor cells, and the “soil” indicates
the microenvironment of tumor metastasis (Fidler and Poste, 2008). The tumor
microenvironment is composed of cancerous and non-cancerous cells such as
fibroblasts, as well as molecules and mediators (Oktay et al., 2015). The interaction
between cancerous and neighbouring cells regulates metastatic processes through direct
cell-to-cell contact or non-contact procedures (O'Driscoll, 2015). In this process,
intercellular communication mediated by extracellular vesicles (EVs) plays an essential
role in the education of the metastatic microenvironment (Xu et al., 2018, Fares et al.,
2020). The metastatic tumor cell-derived EVs transfer bioactive cargoes and educate
the foreign microenvironment to promote the metastatic colonization and formation

(Peinado et al., 2017, Liu et al., 2017, Fares et al., 2020).

Cell-to-cell communication mediated by EVs in the microenvironment of distant organs
is important for pre-metastatic niche (PMN) formation and metastasis (Mathieu et al.,
2019). EVs, including microvesicles (Wang et al., 2014), exosomes (Feng et al., 2019),
ectosomes (O'Driscoll, 2015) and oncosomes (Di Vizio et al., 2012), are lipid bilayer-
enclosed extracellular particles that arise from the fusion of surface membrane
invaginations with the products of Golgi apparatus (Xu et al., 2018). Tumor-derived
EVs play an important role in intercellular communication between stromal and tumor
cells in both local and distant microenvironments (Becker et al., 2016). The circulating
EVs isolated from cancer patients have been identified to be related with metastasis or

relapse in clinic (Lener et al., 2015, Becker et al., 2016).

1.9 Exosomes and exosomal miRNAs
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Exosomes are intraluminal vesicles (ILVs) of multivesicular bodies (MVBs) with a
diameter of 30 nm to 150 nm (Becker et al., 2016). Exosomes are fused from cellular
membranes loading bioactive compounds including DNA, RNA, amino acids, protein,
metabolites and others to facilitate intercellular communication (Mathieu et al., 2019,
LeBleu and Kalluri, 2020). Exosomes can be released by a variety of cell types such as
cancer cells, epithelial cells, immune cells, neural stem cells and mesenchymal cells,
enabling intercellular communication (Kalluri and LeBleu, 2020). The transfer of
exosomal RNAs (mRNA, miRNA, IncRNA and others) between donor and recipient
cells modifies intercellular function and behavior (Becker et al., 2016, Matei et al., 2017)
(Mashouri et al., 2019). For example, tumor-derived exosomal miR-106b-5p activates
intercellular communication of EMT-CRC cell and tumor-associated macrophages
mediating CRC metastasis (Yang et al., 2021). Cancer-associated fibroblasts-derived
exosomal miR-500a increased metastasis by targeting USP28 in breast cancer cell
(Chen et al., 2021). Exosomal miR-210 from human colon cancer cells altered the
adhesive ability of neighboring metastatic cells by regulating the process between EMT

and mesenchymal-epithelial transition (MET) (Bigagli et al., 2016).

EVs, particularly exosomes, have received a great attention as non-invasive indicators
for diagnosis and prognosis of cancers (Hosseini et al., 2022). Tumour-derived cell-free
miRNAs are detected in body fluids including plasma, serum, urine and saliva, serving
as potential biomarkers for early diagnosis and predict prognosis in various cancers
such as gastrointestinal cancer, lung cancer and breast cancer (Schwarzenbach et al.,
2014). The major components of exosomal miRNAs derived from cancer cells include
pri-miRNAs, pre-miRNAs and mature miRNAs (Tran, 2016, Rupaimoole et al., 2016).
Let-7 is enriched in the extracellular exosomes derived from human stomach cancer
cells with high peritoneal-metastatic potential (AZ-P7a cell line) to maintain
invasiveness (Ohshima et al., 2010). Lez-7 transcripts is also identified in ovarian cancer
cells and corresponding exosomes, which is associated with invasive potential of

ovarian cancer cells (Kobayashi et al., 2014).

15



1.10 Aim of the work

Up to date, there is only little known about extracellular /et-7 in cancer biology.
Although the expression of let-7s was detected in tumor cell-derived exosomes, the
influence of intercellular transfer of let-7s through exosomes remains unclear. The aim
of this study is to generate simplified in vitro co-culture systems to simulate the

metastases and examine the roles of /ez-7 transfer in the metastatic niche.
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2. Materials and methods

2.1 Materials

2.1.1 Cells

BE2C (human neuroblastoma cell), Kelly (human neuroblastoma cell), CHP-212
(human neuroblastoma cell), PANC-1 (human pancreatic cancer cell), HDF (human
dermal fibroblasts), NIH 3T3 (mouse embryonic fibroblasts), AML12 (alpha mouse
liver cell) and HEK 293T (human embryonic kidney cell) cells were used in this
dissertation. LIN28B knockout (LIN28B KO) cell lines were generated based on
CRISPR Cas9/sgRNA system in BE2C, Kelly and PANC-1. LIN28B wildtype
(LIN28B KO+LIN28B WT) or mutant (LIN28B KO+LIN28B MUT) cell lines were
generated based on LIN28B KO cells. Dual-luciferase reporter (dual Luc, dLuc)
expressed cell lines were generated in BE2C, BE2C KO, Kelly, HDF and NIH 3T3.
HEK 293T was used for virus amplification and delivery of genome engineering,
including the production of lentivirus (LV), retrovirus (RV) and cytomegalovirus

(CMV). Parental and gene-edited cell lines are listed in Table 1.

Table 1. Parental and gene-edited cell lines

Pool/

Cell line Genotype (LIN28B) let-7 At Tag
BE2C - low - -
BE2C-GFP - low pool GFP
BE2C-LIN28B KO knockout low pool GFP
BE2C-LIN28B KO knockout+wildtype high pool GFP
+LIN28B WT

BE2C-CTRL (0301) - low single clone GFP
BE2C-LIN28B KO knockout high single clone GFP
(0303)

BE2C-LIN28B KO knockout+wildtyp low pool GFP
+LIN28B WT

BE2C-dLUC dual-luciferase reporter  low pool -
BE2C-CTRL-dLUC dual-luciferase reporter low pool -
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BE2C-LIN28B KO- dual-luciferase reporter  high pool -
dLUC
Kelly - low - -
Kelly-CTRL (0201) - low single clone -
Kelly-LIN28B KO knockout high single clone -
(0202)
Kelly-dLUC dual-luciferase reporter  low pool -
CHP-212 - low - -
PANCI1-LIN28B KO  knockout low pool -
HDF - high - -
(relatively)
NIH 3T3 - high - -
NIH 3T3-RFP - high pool RFP
NIH 3T3-dLUC dual-luciferase reporter  high pool -
2.1.2 Cell culture reagents
The reagents for cell culture are listed in Table 2.
Table 2. Cell culture reagents
Reagent Cat. No. Supplier
DMEM, high glucose 41965-039 Gibco
Advanced DMEM/F-12 12634028 Gibco
DPBS, no calcium, no magnesium 14190-094 Gibco
Fetal Bovine Serum Superior S0615 Biochrom, Merck
Penicillin-Streptomycin-Glutamine (100X) 10378016 Gibco
Penicillin-Streptomycin DE17-603E Lonza
Trypsin/EDTA 10x 100ml BE02-007E Lonza
X-tremeGENE 9 DNA Transfection Reagent 06365787001  Roche
Opti-MEM reduced-serum medium 31985062 Gibco
Protamine sulfate for biochemistry 1101230005 Merck
Puromycin ant-pr-1 Invivogen
Blasticindin (solution) ant-bl-05 Invivogen
G418 G8168 Sigma-Aldrich
Plasmocin prophylactic ant-mpp Invivogen
Dual-Glo Luciferase Assay System E2940 Promega
Doxycycline hydrochloride D3447-500MG Sigma-Aldrich
DAPI D3571 Invitrogen
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Insert, 6 Well, PET 0.4um, TP 83.3930.041 Sarstedt
Insert, 6 Well, PET 1um, TP 83.3930.101 Sarstedt
Insert, 6 Well, PET 3um, TL 83.3930.300 Sarstedt
Insert, 6 Well, PET Sum, TL 83.3930.500 Sarstedt
Insert, 6 Well, PET 8um, TL 83.3930.800 Sarstedt
C-Chip Disposable Hemocytometer DHC-NO1 Incyto

2.1.3 Materials for mRNA and miRNA assays

The materials for mRNA and miRNA assays are listed in Table 3.

Table 3. Materials for mMRNA and miRNA assays

Reagent Cat. No. Supplier
QuantiTect SYBR Green PCR Kit 204143 Qiagen
miScript SYBR Green PCR Kit 218076 Qiagen
miScriptll RT Kit 218161 Qiagen
RNeasy Mini Kit (250) 74106 Qiagen
miRCURY LNA SYBR Green PCR Kit 339347 Qiagen
miRCURY LNA RT Kit 339340 Qiagen
miScript Primer Assay 218300 Qiagen
Hs Snord48 11 (MS00007511)

miScript Primer Assay 218300 Qiagen
Hs Snord68 11 (MS00033712)

miScript Primer Assay 218300 Qiagen
Hs RNU6-2 11 (MS00033740)

miScript Primer Assay 218300 Qiagen
Hs let-7g 2 (MS00008337)

miScript Primer Assay 218300 Qiagen
Hs let-7i 1 (MS00003157)

miScript Precursor Assay 3014105 Qiagen
Hs let-7b 1 PR (MP00000028)

miScript Precursor Assay 3014105 Qiagen
Hs let-7i 1 PR (MP00000077)
miRCURY LNA miRNA PCR Array 339317 Qiagen
Precursor Hs let-7g 1 (YCP1831343)

U6 snRNA miRCURY LNA miRNA PCR 339306 Qiagen
Assay (YP00203907)
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Snord68 miRCURY LNA miRNA PCR 339306 Qiagen
Assay (YP00203911)
hsa-let-7a-5p miRCURY LNA miRNA 339306 Qiagen
PCR Assay (YP00205727)
hsa-let-7b-5p miRCURY LNA miRNA 339306 Qiagen
PCR Assay (YP00204750)
hsa-let-7c-5p miRCURY LNA miRNA 339306 Qiagen
PCR Assay (YP00204767)
hsa-let-7d-5p miRCURY LNA miRNA 339306 Qiagen
PCR Assay (YP00204124)
hsa-let-7e-5p miRCURY LNA miRNA 339306 Qiagen
PCR Assay (YP00205711)

hsa-let-7f-5p miRCURY LNA miRNA 339306 Qiagen
PCR Assay (YP00204359)
hsa-let-7g-5p miRCURY LNA miRNA 339306 Qiagen
PCR Assay (YP00204565)

hsa-let-7i-5p miRCURY LNA miRNA 339306 Qiagen
PCR Assay (YP00204394)

dre-let-7h miRCURY LNA miRNA PCR 339306 Qiagen
Assay (YP02104276)

Trizol Reagent 15596018 Invitrogen
Buffer RWT 1067933 Qiagen
Buffer RPE 1018013 Qiagen
RNase AWAY™ Decontamination 10328011 Invitrogen
Reagent

DNAZap™ PCR DNA Degradation AM9890 Invitrogen
Solutions

Chloroform anhydrous 288306 Sigma-Aldrich
Ethanol 200 Proof BP2818-500 Fisher Bioreagents
TE, pH 8.0, RNase-free AM9849 Invitrogen

2.1.4 Materials for protein assays

The materials for protein assays are listed in Table 4.

Table 4. Materials for protein assays

Cat. No.
927-75001

Supplier
LI-COR

Reagent
Intercept® T20 (PBS) Antibody Diluent
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Intercept® (PBS) Blocking Buffer
Pierce™ BCA Protein Assay Kit
Halt™ Protease and Phosphatase
Inhibitor

Nupage Sample Reducing Agent
Nupage LDS Sample Buffer
Amersham™ ECL™ Rainbow™
Marker - Full range
Immobilon-FL PVDF Membrane
4-15% Mini-Protean TGX Precast Gels
10X Tris/Tricine/SDS Buffer
Thick Blot Filter Paper

927-70001
23227
78442

NP0009
NP0007

LI-COR
Thermo Fisher Scientific
Thermo Fisher Scientific

Thermo Fisher Scientific
Thermo Fisher Scientific

GERPNSOOE Merck

IPFL00005
4561085
1610744
1703932

Merck

BIO-RAD
BIO-RAD
BIO-RAD

2.1.5 Antibodies for protein assays

The antibodies for protein assays are listed in Table 5.

Table 5. Antibodies for protein assays

Antibody

LIN28B Antibody

CD9 Monoclonal Antibody (Ts9)
CD63 Monoclonal Antibody (Ts63)
IRDye® 800CW Goat anti-Mouse
IgG Secondary Antibody

IRDye® 680LT Goat anti-Rabbit
IgG Secondary Antibody

Rb pAb to alpha Tubulin

Cat. No.

#4196
10626D
10628D
926-32210

926-68021

ab4074

Supplier

Cell Signaling Technology
Invitrogen

Invitrogen

LI-COR Biosciences

LI-COR Biosciences

Abcam

2.1.6 Materials for exosome isolation

The materials for exosome isolation are listed in Table 6.

Table 6. Materials for exosome isolation
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Reagent Cat. No. Supplier

OptiPrep™ Density Gradient Medium 92339-11-2 Sigma-Aldrich
D1556-250ml

SeraMir Exosome RNA Purification Kit RA806TC System Biosciences

Total Exosome Isolation Reagent 4478359 Invitrogen

Total Exosome RNA & Protein Isolation 4478545 Invitrogen

Kit

UltraPure 1M Tris-HCL pH 7.5 15567027 Invitrogen

UltraPure™ DNase/ RNase-Free 10977035 Invitrogen

Distilled Water

Sucrose S0389 Sigma-Aldrich

11.2 mL, OptiSeal™ Polypropylene 362181 Beckman Coulter

Tube, 16 x 70mm

14 mL, Open-Top Thinwall Ultra-Clear 344060 Beckman Coulter

Tube, 14 X 95mm

2.1.7 Materials for molecular assays

The materials for molecular assays are listed in Table 7.

Table 7. Materials for molecular assays

Reagent Cat. No.  Supplier
pClneo-RL-/et7-perf 115367 Addgene
pClneo-RL-/et7-3xBulgeB 115368 Addgene
pClneo-RL-/et7-3xBulgeB-mut 115369 Addgene
psiCHECK2-/et-7 MT 78261 Addgene
psiCHECK2-/et-7 WT 78260 Addgene
pLenti-pHluorin M153R-CD63 172117 Addgene
pLenti-pHluorin M153R-CD63-mScarlet 172118 Addgene
gag/pol 14887 Addgene
lentiCRISPR v2 52961 Addgene
pBS-CMV-gagpol 35614 Addgene
pRRLsin-SV40 T antigen-IRES-mCherry 58993 Addgene
pBABE-puro-hTERT 1771 Addgene

One Shot™ Stbl13™ Chemically C737303  Thermo Fisher
Competent E. coli

One Shot™ TOP10 Chemically C404010  Invitrogen
Competent E. coli

ZymoPURE II Plasmid Maxiprep Kit D4202 Zymo Research
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Preps)

mutagenesis kit

ZR Plasmid Miniprep - Classic (100

Zymo-Gel Purification Kit
quikchange II XL site-directed

D4007
200521

D4015

Zymo Research

Zymo Research
Agilent

2.1.8 Experimental equipments

The main experimental equipments are listed in Table 8.

Table 8. Main experimental equipments

Equipment

LightCycler

Thermal Cyclers
Fluorometer
Spectrophotometer
Ultrocentrifuge
Centrifuge

Laboratory centrifuge
Laboratory centrifuge
CO; Incubator
Luminescence MultiMode
Microplate Reader
Multi-Detection Microplate
Reader

Microscope platform
Biosafety Cabinet
TermoMixer

Flow Cytometer

Cat. No.

LightCycler 480
Mastercycler Pro
Qubit 4
Nanodrop 2000
Optima LE-80K
KR 22

Heraeus Multifuge X3R

Mikro 200
BB 15
Spark 10M
Synergy HT

Axio Observer

MAXISAFE 20301

TermoMixer C
LSRII

Supplier

Roche

Eppendorf
Invitrogen
Thermo Scientific
Beckman Coulter
Jouan

Thermo Scientific
Hettich

Thermo Scientific
Tecan

BioTek

ZEISS

Thermo Scientific
Eppendorf

BD

2.2 Methods

2.2.1 Cell culture
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Human and murine cells were purchased from ATCC (Manassas, VA) and were
cultured at 37 °C in an atmosphere of 95% air and 5% CO». BE2C, Kelly and CHP-212
cells were cultured in Advanced Dulbecco’s Modified Eagle Medium/Ham’s F-12
medium (DMEM/F-12, Gibco) supplemented with 10% fetal bovine serum (Gibco) and
1% Penicillin-Streptomycin-Glutamin (Gibco, 100X). PANC-1, HDF, NIH 3T3,
AMLI12 and HEK 293T cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM, Gibco) supplemented with 10% fetal bovine serum (FBS, Gibco) and 1%

Penicillin-Streptomycin (P/S, Gibco). Cell culture media for different cell lines are

listed in Table 9.
Table 9. Cell culture medium
Cell line Medium FBS (%) P/S (%) Glutamine (%)
BE2C DMEM/F12 10 1 1
Kelly DMEM/F12 10 1 1
CHP-212 DMEM/F12 10 1 1
PANC-1 DMEM 10 1 =
HDF DMEM 10 1 -
NIH 3T3 DMEM 10 1 =
AMLI12 DMEM 10 1 -
HEK 293T DMEM 10 1 =

2.2.2 Viral packaging and production

HEK 293T cells were plated at a density of 11 x 10%in a 15 cm cell culture dish. The
plasmid DNA was transfected in HEK 293T cells by X-tremeGENE 9 DNA
Transfection Reagent (Roche) in Penicillin-Streptomycin free DMEM with 10% FBS.
24 h after transfection, changed 25 mL fresh medium containing 20% FBS. 12 h later,
changed 12.5 mL fresh medium containing 20% FBS. Another 12 h later, collected
supernantant containing virus and filtered through a 0.2 pum filter. Then changed
another 12.5 mL fresh medium containing 20% FBS. 12 h later, collected supernantant

containing virus and filtered through a 0.2 um filter. Virus suspensions were ready to
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use or freezed at -80 °C. The components for lentiviral packaging are listed in Table

10.

Table 10. Lentiviral packaging components

Reagent Amount
Opti-MEM 750 pL
Plasmid DNA 16.5 pg
pMD2.G 8.25 ug
pPAX?2 12.75 pg
Opti-MEM 750 pL
X-tremeGENE 9 90 uL
Incubation time 20 min

The components for retroviral packaging are listed in Table 11.

Table 11. Retroviral packaging components

Reagent Amount
Opti-MEM 750 uL
Plasmid DNA 12 pg
pMD2.G 6 ng
gag/pol 12 pg
Opti-MEM 750 uL
X-tremeGENE 9 90 uL
Incubation time 20 min

2.2.3 Generation of stable cell line with constitutive gene expression

Cells were plated at a density of 5 x 10% in a 10 ¢cm cell culture dish or 2 x 103 in a 6-
well plate. Cells were infected with 1 mL virus suspension by protamine sulfate (12
pg/mL). 16 h after virus infection, removed medium and washed with PBS for three
times. Cells were cultured with fresh medium for 24 h, and then selected by antibiotics.

The optimal concentration for antibiotic selection is listed in Table 12.
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Table 12. Antibiotic selection concentration

Cellline  Puromycin Blasticidin G418/Neomycin
(ng/mL) (ng/mL) (ng/mL)

BE2C 2.5 10 800
Kelly 1.2 - 800
NIH3T3 2 4 500
HDF - 10 500

2.2.4 Cell co-culture

2.241 The generation of a dual-luciferase reporter-based co-culture

system

A dual-luciferase reporter-based co-culture system was generated. First, dual-luciferase
reporter constructs harboring eight fully complementary /et-7 target elements were
generated based on pmirGLO vector (Promega). Then we generated dual-luciferase
reporter stabley expressing recipient cells and performed co-culture with donor cells.
The luciferase activity was measured at day 3, 5 and 10 respectively. The renilla
luciferase was the testing reporter, which could be activated in the absence of let-7. The
firefly luciferase reporter was internal reference control. The co-cultured cells were

collected to measure the intercellular transfer of lez-7.

2.2.4.2 The generation of a microporous insert-based co-culture system

A microporous insert-based co-culture system was generated. The tissue culture-treated
(TC) inserts (Sarstedt) with a pore diameter of 1.0 pm or 3.0 um were validated to be
suitable for co-culture system for 6 well-plates (all pore sizes included 0.4 um, 1.0 um,
3.0 um, 5.0 um and 8.0 um). We plated recipient cells (e.g., dual-luciferase reporter
stabely expressing NIH 3T3 cell, NIH 3T3-dual Luc) in the bottom chambers and donor
cells (e.g., NIH 3T3, BE2C or Kelly) in the top inserts of 6-well plates. The recipient

and donor cells were collected to measure /et-7 transfer after co-culture for 5 days.
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2.2.4.3 The generation of a cell culture conditioned medium system

A cell culture conditioned medium system was generated. The recipient cells were
seeded at a density of 2 x 10 in 15 cm tissue dishes with 30 mL media for 3 days. The
supernantant (cell culture conditioned media, CCM) were collected and centrifuged at
300 gavg for 10 min at 4 °C respectively. After filtering with 0.22 um filter, the CCM
were ready to use. The donor cells were plated at a density of 25 x 10° in 6-well plates
and incubated with different CCM for 3 or 5 days. Fresh CCM were changed every 2

days. The recipient cells were collected to measure /e-7 transfer after co-culture.

2.2.4.4 The generation of an exosome-rich conditioned medium system

An exosome-rich conditioned medium system was generated. The recipient cells were
seeded at a density of 2 x 10% in 15 c¢m tissue dishes (8 dishes for each cell) with 15 mL
serum-free medium for 24 h. The supernantant (CCM) were collected and centrifuged
at 300 gavg for 10 min at 4 °C respectively. After filtering with 0.22 um filter, the CCM
were used for exosome isolation (see 2.2.4). The isolated exosomes were resuspended
and then exosome-rich CCM were ready to use. The donor cells were plated at a density
of 25 x 10% in 6-well plates and incubated with exosome-rich CCM for 5 days. Fresh
exosome-rich CCM were changed every 2 days. The recipient cells were collected to

measure /et-7 transfer after co-culture.

2.2.4.5 The generation of a fluorescence-based co-culture system

A fluorescence-based co-culture system was generaged between fibroblasts and tumor
cells. First, red fluorescent protein (RFP) expressing NIH 3T3 cells (NIH 3T3-RFP)
and green fluorescent protein (GFP) expressing BE2C cells (BE2C-GFP, BE2C-
LIN28B KO-GFP and BE2C-LIN28B KO+LIN28B WT-GFP) were generated. BE2C-
GFP at a density of 50 x 10* and NIH 3T3-RFP at a density of 50 x 10* were co-cutured.

Cell morphologies were dynamically observed under fluorescence microscopy.
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2.2.5 Cell-free exosome isolation
2.2.5.1 Exosome isolation with ultracentrifugation

We collocted sufficient CCM from cells (~100 mL for each sample) and performed
ultracentrifugation (UC) at 100,000 gavg for 90 min with NVT65 rotor at 4°C. The
supernatant was carefully removed, and crude exosome-containing pellets were
resuspended in ice-cold PBS and repeated ultracentrifugation at 100,000 gavg for 90 min

with NVT65 rotor at 4°C. Rotors applied for UC are listed in Table 10.

Table 13. Rotor application for UC (Beckman Coulter)

Step Rotor Speed Speed Duration Tm Centrifuge
() (rpm) (time) (°C)  tube

1 NVT65 100,000 40,000 90 min 4 OptiSeal

2 NVT65 100,000 40,000 90 min 4 OptiSeal

2.2.5.2 Exosome isolation with OptiPrep-UC

We collocted sufficient CCM from cells (~100 mL for each sample) and performed
ultracentrifugation at 100,000 gavg for 90 min with NVT65 rotor at 4°C. The supernatant
was carefully removed, and crude exosome-containing pellets were resuspended in ice-
cold PBS and repeated ultracentrifugation at 100,000 gave for 90 min with NVT65 rotor
at 4°C. Exosomes were purified using OptiPrep™ density gradient media at 100,000
Zavg (28,000 rpm) with SW40 rotor for 18 h (over night) at 4°C. Top layer media of 3~4
mL were removed and the four fractions (~3 mL for each fraction) were collected from
the top of the gradient respectively. The exosomes from each fraction were resuspended
in ice-cold PBS and ultracentrifuged at 100,000 gave (40,000 rpm) for 90 min with
NVT65 rotor at 4°C. The pure exosomes were collected after supernatant was removed.
Positive fractions were resuspended in ice-cold PBS and ultracentrifuged at 100,000
Zavg (40,000 rpm) for 90 min at 4°C with a NVT65 rotor. The final pellets were pure

exosomes and were ready to use.
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Table 14. Rotor application for OptiPrep-UC (Beckman Coulter)

Step  Rotor Speed Speed  Duration Tm Centrifuge
(2 (rpm)  (time) O tube

1 NVT65 100,000 40,000 90 min 4 OptiSeal

2 NVT65 100,000 40,000 90 min 4 OptiSeal

3 SW40 100,000 28,000 18h 4 Ultra-Clear

4 NVT65 100,000 40,000 90 min 4 OptiSeal

Briefly, a discontinuous iodixanol gradient was prepared by diluting a stock solution of
OptiPrep™ (60% w/v) with 0.25 M sucrose/10 mM Tris, pH 7.5 to generate 40%, 20%,
10% and 5% w/v iodixanol solutions (Lobb et al., 2015, Witwer et al., 2013). With care,
the discontinuous iodixanol gradient was generated by sequentially layering 3 mL each
of 40%, 20% and 10% (w/v) iodixanol solutions, followed by 2.5 mL of the 5%
iodixanol solution in 14 x 89 mm Ultra-Clear™ Beckman Coulter centrifuge tubes at
4°C overnight. Rotors applied for OptiPrep-UC are listed in Table 11. The components

of OptiPrep density gradient medium are listed in Table 12.

Table 15. OptiPrep density gradient medium preparation

Layer Iodixanol solution Volum
(%, W/V) (mL)

1 5 2.5

2 10 3

3 20 3

4 40 3

2.2.5.3 Exosome isolation with ExoQuick

CCM were collected and centrifuged at 3000 gavg for 15 minutes to remove cells and
cell debris. 5 ml media conbined with 1 ml ExoQuick-TC (System Biosciences) were
mixed well and placed at 4°C overnight. The supernatant was removed, and the
exosome pellets were collected following centrifugation at 13,000 rpm for 2 min.

Rotors applied for ExoQuick are listed in Table 13.
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Table 16. Rotor application for ExoQuick (Jouan)

Rotor Speed (rpm) Duration (time) Tm (°C)
AK 16-205 13,000 2 min 4

2.2.6 Exosomal RNA purification

RNA of exosomes pelleting by ExoQuick kit (System Biosciences) was extracted
following the instructions of SeraMir (System Biosciences). 350 pul LYSIS Buffer were
added into the exosome pellets and placed at room temperature for 5 min to allow
complete lysis. Adding 200ul of 100% Ethanol, the solution was transferred to spin
columns and centrifuged at 13,000 rpm for 1 min. The supernantant was discared and
the spin columns were washed by WASH Buffer twice. Then, discard flow-through and
centrifuged at 13,000 rpm for 2 min to dry. Discarded collection tube and assembled
spin column with a fresh, RNase-free 1.5ml elution tube. Added 30l ELUTION Buffer
directly to membrane in spin column and centrifuged at 2,000 rpm for 2 minutes to load
buffer in membrane. Increase speed to 13,000 rpm and centrifuge for 1 min to elutes
exoRNAs. 30-40ul exosome RNA were recovered and the concentration was measured

using with the Qubit 4 Fluorometer (Thermo Fisher Scientific).

2.2.7 Exosomal protein purification

Protein was extracted from exosomes pelleting by OptiPrep™ density gradient
ultracentrifugation. The exosome pellets were resuspended by RIPA buffer containing
Halt™ Protease and Phosphatase Inhibitor (100X, Thermo Fisher Scientific) and placed
on ice for 30 min for complete lysis. Centrifuged the lysate at 12,000 gayg for 15 minutes
and immediately transferred the supernatant to a fresh tube. The protein concentration
was measured by BCA Protein Assay kit (Thermo Fisher Scientific). The exosome
lysate was added with 4x Nupage LDS sample buffer (Invitrogen, Thermo Fisher
Scientific) and heated for 9 min at 95°C in thermocycler. The exosomal protein was
ready for immediate use, or stored at -20°C.
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2.2.8 Dual-luciferase reporter assays

2.2.8.1 Dual-luciferase reporter assays with reporter constructs stable

expression

Dual-luciferase reporter constructs were generated. The renilla luciferase reporter
construct contained 8 /let-7 binding sites, that could bind to /et-7 to inactivate the
luciferase reporter. The firefly luciferase reporter construct was reference control. Then
the dual-luciferase reporter constructs stably expressed cells were generated for the co-
culture assays. The luminescence activities of both firefly and renilla luciferase were
analyzed using Dual-Luciferase Reporter Assay System (Promega) following the
instruction. Cell pellets were resuspended by media and plated into 96-well plates (75
uL for each well). 75 uL Dual-Glo® Luciferase Assay Reagent was added to each well,
incubating at room temperature for 15 min. Measured firefly luminescence (control
reporter) intermittently (15 min, 30 min and 45 min respectively) using luminometer
instrument. Then added 75 pL Dual-Glo® Stop & Glo® Reagent to each well,
incubating at room temperature for 15 min. Measured Renilla (experimental reporter)
luminescence intermittently (15 min, 30 min and 45 min respectively) using
luminometer instrument. 5 technical replicates for each sample. Calculated ratio of

Renilla: firefly luminescence for each well.

2.2.8.2 Dual-luciferase reporter assays with luciferase reporter

transfection

The pClneo-RL-/et7-perf, pClneo-RL-/et7-3xBulgeB, pCIneo-RL-/et7-3xBulgeB-mut,
psiCHECK2-/et-7 MT and psiCHECK2-/et-7 WT constructs were purchased from
Addgene (see 2.1.7). Briefly, firefly luciferase reporter (reference control) and
luciferase renilla reporter (psiCHECK?2-/et-7 WT was used for co-culture assays) were
transfected in recipient cells by X-tremeGENE 9 DNA Transfection Reagent (Roche,

Sigma-Aldrich) simultaneously before luciferase reporter assay performing. The
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luminescence activities of both firefly and renilla luciferase were analyzed using Dual-

Luciferase Reporter Assay System (Promega) following the instruction (see 2.2.7.1).

2.2.9 Fluorescence-activated cell sorting

Briefly, cell co-culture was performed between NIH 3T3-RFP and BE2C-GFP
(parental BE2C-GFP, BE2C-LIN28B KO-GFP or BE2C-LIN28B KO+LIN28B WT-
GFP). After co-cultured, fluorescence-activated cell sorting (FACS) were performed
using Flow Cytometry to collect co-cultured NIH 3T3-RFP and BE2C-GFP

respectively. FACS-sorted cells were cultured or ready to use.

2.2.10 Real-time PCR
2.2.10.1 Real-time PCR of miRNA (miScript)

Tissue cells were homogenized in TRIzol Reagent (Invitrogen). Chloroform was added
to separate the homogenate into a clear upper aqueous layer, an interphase, and an
organic layer. The aqueous layer was collected to recover RNA using RNeasy Mini Kit
(Qiagen). First-strand cDNA was synthesized using miScriptll RT Kit (Qiagen). Real-
time PCR was performed using miScript SYBR Green PCR Kit (Qiagen). The
components for reverse transcription (RT) reaction (miScript, miRNA) are listed in

Table 14.

Table 17. RT reaction components (miScript, miRNA)

Component Volume / reaction
5x miScript HiSpec Buffer 4 ul

10x miScript Nucleics Mix 2ul

RNase-free water 8 ul

miScript Reverse Transcriptase Mix 1 pl

Template RNA Sul

Total volume 20 pl
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The procedures for RT reaction (miScript, miRNA) are listed in Table 15.

Table 18. RT procedure (miScript, miRNA)

Step Time Temperature
Reverse transcription step 60 min 37°C
Inactivation of reaction 5 min 95°C

Storage Hold 4°C

The components for real-time PCR (miScript, miRNA) are listed in Table 16.

Table 19. Real-time PCR reaction components (miScript, miRNA)

Component Volume / reaction (96-well)
2x QuantiTect SYBR Green 12.5pl

PCR Master Mix

10x miScript Universal Primer 2.5 pl

10x miScript Primer Assay 2.5 ul

RNase-free water Sul

Template cDNA 2.5 ul

Total volume 25 ul

The procedures for real-time PCR (miScript, miRNA) are listed in Table 17.

Table 20. Real-time PCR cycling conditions (miScript, miRNA)

Step Time Temperature

Initial activation 15 min 95°C

3-step cycling
Denaturation 15s 94°C
Annealing 30s 55°C
Extension 30s 70°C

Cycle number 45 cycles
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2.2.10.2 Real-time PCR of miRNA (miRCURY LNA)

Tissue cells were homogenized in TRIzol Reagent (Invitrogen). Chloroform was added
to separate the homogenate into a clear upper aqueous layer, an interphase, and an
organic layer. The aqueous layer was collected to recover RNA using RNeasy Mini Kit
(Qiagen). First-strand cDNA was synthesized using miRCURY LNA RT Kit (Qiagen).
Real-time PCR was performed using miRCURY LNA SYBR Green PCR Kit (Qiagen).
The components for RT reaction (miRCURY LNA, miRNA) are listed in Table 18.

Table 21. RT reaction components (miRCURY LNA, miRNA)

Component Volume / reaction

5x miRCURY RT Reaction Buffer 2 pl
10x miRCURY RT Enzyme Mix 1 ul

RNase-free water Sul
Template RNA (5 ng/pl) 2ul
Total volume 10 ul

The procedures for RT reaction (miRCURY LNA, miRNA) are listed in Table 19.

Table 22. RT procedure (miRCURY LNA, miRNA)

Step Time Temperature
Reverse transcription step 60 min 42°C
Inactivation of reaction 5 min 95°C

Storage Hold 4°C

The components for real-time PCR (miRCURY LNA, miRNA) are listed in Table 20.

Table 23. Real-time PCR reaction components (miRCURY LNA, miRNA)
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Component Volume / reaction (96-well)
2x miRCURY SYBR® Green Master Mix 5 ul

Resuspended PCR primer mix 1wl
RNase-free water 1wl
Template cDNA 3ul
Total volume 10 ul

The procedures for real-time PCR (miRCURY LNA, miRNA) are listed in Table 21.

Table 24. Real-time PCR cycling conditions (miRCURY LNA, miRNA)

Step Time Temperature

PCR Initial activation step 2 min 95°C

2-step cycling
Denaturation 10s 95°C
Combined annealing/ 60 s 56°C
extension

Number of cycles 45 cycles

Melting curve analysis 60°C - 95°C

2.2.10.3 Real-time PCR of total RNA

Tissue cells were homogenized in TRIzol Reagent (Invitrogen). Chloroform was added
to separate the homogenate into a clear upper aqueous layer, an interphase, and an
organic layer. The aqueous layer was collected to recover RNA using RNeasy Mini Kit
(Qiagen). First-strand cDNA was synthesized using miScriptll RT Kit (Qiagen). Real-
time PCR was performed using miScript SYBR Green PCR Kit (Qiagen). The

components for RT reaction (miScript, total RNA) are listed in Table 22.

Table 25. RT reaction components (miScript, total RNA)

Component Volume / reaction
5x miScript HiFlex Buffer 4 ul
10x miScript Nucleics Mix 2ul
RNase-free water 8 ul
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miScript Reverse Transcriptase Mix 1 pl
Template RNA Sul
Total volume 20 pl

The procedures for RT reaction (miScript, total RNA) are listed in Table 23.

Table 26. RT procedure (miScript, total RNA)

Step Time Temperature
Reverse transcription step 60 min 37°C
Inactivation of reaction 5 min 95°C

Storage Hold 4°C

The components for real-time PCR (miScript, total RNA) are listed in Table 24.

Table 27. Real-time PCR reaction components (miScript, total RNA)

Component Volume / reaction (96-well)
2x QuantiTect SYBR Green 12.5 pl

PCR Master Mix

Forward Primer 2.5 ul

Reverse Primer 2.5 ul

RNase-free water Sul

Template cDNA 2.5 ul

Total volume 25 ul

The procedures for real-time PCR (miScript, total RNA) are listed in Table 25.

Table 28. Real-time PCR cycling conditions (miScript, total RNA)

Step Time Temperature

Initial activation 15 min 95°C

3-step cycling
Denaturation 15s 94°C
Annealing 30s 55°C
Extension 30s 70°C
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Cycle number 45 cycles

2.2.11 Western blot of total protein

Total proteins were extracted from cells using RIPA buffer with Halt™ Protease and
Phosphatase Inhibitor (100X, Thermo Fisher Scientific) and placed on ice for 30 min
for complete lysis. Centrifuged the lysate at 12,000 gayg for 15 minutes and immediately
transferred the supernatant to a fresh tube. The protein concentration was determined
by BCA Protein Assay kit (Thermo Fisher Scientific). The cell lysate was added with
4x Nupage LDS sample buffer (Invitrogen, Thermo Fisher Scientific) and heated for 9
min at 95°C in thermocycler. Loaded samples into Mini-Protean TGX Precast Gels (4-
15%, BIO-RAD). Protein gel electrophoresis was performed with SDS running buffer
and then transferred to polyvinylidene fluoride (PVDF) membrane in protein transfer
buffer. Next, the membrane was incubated with primary antibodies at 4 °C overnight,
followed by blocked using Intercept® (PBS) Blocking Buffer (LI-COR). After washing
four times with PBST, the membrane was incubated with secondary antibodies at room
temperature for 1 h. After washing four times with PBST, western blots were imaged

on Odyssey Imaging System (LI-COR).

2.2.12 Statistical analysis

Statistical analysis was performed using SPSS 21.0 software (SPSS Inc.). Data between
two groups were compared by using Student’s t-test. Two-way ANOVA analysis was
used for the comparison between multiple groups. The values are expressed as the mean
+ standard deviation of at least three independent experiments. P < (.05 was statistically

different. Graphs were plotted using GraphPad Prism 9.0 (GraphPad Software Inc.).
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3. Results

3.1 Let-7 levels alter in an in vitro co-culture system

3.1.1 The differential expression of let-7 in normal and tumor cells

To evaluate let-7 microRNA family expression, we collected a variety of cell lines,
including the alpha mouse liver cell (AML12), mouse embryonic fibroblasts (NIH 3T3),
human dermal fibroblasts (HDF), and human neuroblastoma cells (BE2C, Kelly and
CHP-212). Real-time PCR was performed to measure relative expression of let-7 and
demonstrated that let-7a (Figure 4A) and let-7g (Figure 4B) were strongly expressed
in NIH 3T3 in comparison to BE2C (P < 0.0001), Kelly (P < 0.0001) and CHP-212 (P
<0.0001). The results also showed that let-7a (Figure 4A) and /et-7g (Figure 4B) were
highly expressed in HDF compared to Kelly (P < 0.0001).
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Figure 4. The differential expression of let-7 in normal and tumor cells.
(A) The relative expression of let-7a was examined by real-time PCR in
normal and tumor cells. (B) The relative expression of /let-7g was
examined by real-time PCR in normal and tumor cells. **** P <(0.0001.

3.1.2 The generation of a dual-luciferase reporter-based co-culture

system

38



In order to elucidate the /et-7 transfer between cells, we designed and generated a dual-
luciferase reporter-based co-culture system. We generated constitutive expression of
dual-luciferase reporter with let-7 target binding sites (Figure SA) in NIH 3T3 (NIH
3T3-dual Luc), Kelly (Kelly-dual Luc) and BE2C (BE2C-dual Luc) cells. Renilla
luciferase was the testing reporter having /et-7 binding sites, which was activated in the
absence of let-7. The presence of let-7 inactivatd the reporter by blocking renilla
luciferase translation (Figure 5B). The firefly luciferase reporter was internal reference
control. The dual-luciferase reporter-based co-culture system was used to examine the

alteration of let-7s during in vitro co-culture (Figure 5C).
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Figure 5. The generation of a dual-luciferase reporter-based co-culture
system. (A) The map of pmirGLO dual-luciferase miRNA target
expression vector. (B) The schematic diagram of activated/inactivated
mechanism of a constitutively expressing dual-luciferase reporter system
with let-7 binding sites based on pmirGLO vector. (C) The generation of
a dual-luciferase reporter-based co-culture system.
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We co-cultured Kelly-dual Luc with either NIH 3T3 or Kelly and measured dual-
luciferase reporter activities respectively. The results showed that luciferase reporter
activities were reduced in Kelly-dual Luc co-cultured with Kelly for 3 and 5 days in
comparison to co-culture with NIH 3T3 (Figure 6A). Then we performed co-culture
between NIH 3T3-dual Luc and either NIH 3T3 or BE2C and found that the luciferase
activity of recipient NIH 3T3 was dramatically decreased after co-culturing with BE2C
in comparison to NIH 3T3 for 5 (P < 0.0001) and 10 (P < 0.0001) days (Figure 6B).
These results indicated that /et-7 levels in recipient cells were increased during co-
culture with tumor cells (Kelly and BE2C) compared to embryonic fibroblasts (NIH
3T3). Hereby, we successfully generated a dual-luciferase reporter-based co-culture

system in vitro.
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Figure 6. The measurement of luminescence activity in co-culture. (A)
The measurement of luciferase activities in co-culture of NIH 3T3 and
Kelly cells for 3, 5 and 10 days. Dual-luciferase reporters were expressed
in Kelly with /et-7 binding sites. The experiment was independently
performed once with five technical replicates. (B) The measurement of
luciferase activity in co-culture of NIH 3T3 and BE2C cells for 0, 5 and
10 days. Dual-luciferase reporters were expressed in NIH 3T3 with let-7
binding sites. The experiments were independently performed three times
with five technical replicates for each biological replicate. **** P <
0.0001; ns, no significant difference.
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3.1.3 The measurement of /et-7 levels in the co-culture system

We performed further co-culture assays to investigate the alteration of let-7 levels
during co-culture. The expression level of /et-7i was validated by real-time PCR in
input cells, which confirmed that /ez-7i was abundently expressed in NIH 3T3 compared
to BE2C cells (Figure 7A, P < 0.001). BE2C-dual Luc and either NIH 3T3 or BE2C
were co-cultured for 3 and 5 days respectively. The results of luminescence
measurement indicated that the activity of luciferase reporter in recipient BE2C was
significantly diminished after co-culturing with donor BE2C compared to donor NIH
3T3 for 3 (P <0.001) and 5 (P < 0.01) days (Figure 7B). Then, we performed co-
culture between NIH 3T3-dual Luc and either NIH 3T3 or BE2C. Correspondingly, the
activity of luciferase reporter in recipient NIH 3T3 was significantly decreased after
co-culturing with donor BE2C compared to donor NIH 3T3 for 3 (P <0.001) and 5 (P
< 0.0001) days (Figure 7C). As a result, /et-7 levels of recipient cells were augmented

during co-culture with donor BE2C compared to donor NIH 3T3.
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Figure 7. The alteration of let-7 levels during co-culture between NIH
3T3 and BE2C. (A) The relative expression of /et-7i in input BE2C and
NIH 3T3 cells respectively by real-time PCR. (B) The measurement of
luciferase activity in co-culture of NIH 3T3 and BE2C cells for 0, 3 and
5 days. Dual-luciferase reporters were expressed in BE2C with /let-7
binding sites. (C) The measurement of luciferase activity in co-culture of
NIH 3T3 and BE2C cells for 0, 3 and 5 days. Dual-luciferase reporters
were expressed in NIH 3T3 with /et-7 binding sites. All experiments were
independently performed three times with five technical replicates for
each biological replicate. ** P < 0.01; *** P <0.001; **** P <0.0001;
n.s, no significant difference.
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We also validated the expression level of let-7a by real-time PCR in input cells and
comfirmed that /et-7a was highly expressed in NIH 3T3 compared to Kelly cells
(Figure 8A, P <0.0001). Kelly-dual Luc were co-cultured with either NIH 3T3 or Kelly
for 5 days. The results of luminescence measurement indicated that the activity of
luciferase reporter in recipient Kelly was significantly diminished after co-culturing
with donor Kelly compared to donor NIH 3T3 for 3 days (Figure 8B, P < 0.0001).
Then we co-culture NIH 3T3-dual Luc with either NIH 3T3 or Kelly. Correspondingly,
the activity of luciferase reporter in recipient NIH 3T3 was significantly decreased after
co-culturing with donor Kelly compared to donor NIH 3T3 for 3 days (Figure 8C, P <
0.0001). Thus, let-7 levels of recipient cells were elevated during co-culture with donor

Kelly compared to donor NIH 3T3.
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Figure 8. The alteration of /let-7 levels during co-culture between NIH
3T3 and Kelly. (A) The relative expression of /et-7a in input NIH 3T3
and Kelly cells respectively by real-time PCR. (B) The measurement of
luciferase activity in co-culture of NIH 3T3 and Kelly cells for 0 and 5
days. Dual-luciferase reporters were expressed in Kelly with /et-7 binding
sites. (C) The measurement of luciferase activity in co-culture of NIH
3T3 and Kelly cells for 0 and 5 days. Dual-luciferase reporters were
expressed in NIH 3T3 with /et-7 binding sites. All experiments were
independently performed three times with five technical replicates for
each biological replicate. **** P <(0.0001; n.s, no significant difference.
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After all, considerring that NIH 3T3 cells are mouse embryonic fibroblasts, we repeated
the co-culture assays using HDF cells, which are human fibroblasts. We measured the
expression levels of /et-7 by real-time PCR in input cells and validated that let-7a (P <
0.001) and /et-7g (P < 0.001) were highly expressed in HDF compared to Kelly cells
(Figure 9A). Then we performed co-culture assays and found that the activity of
luciferase reporter in recipient Kelly was significantly diminished after co-culturing
with donor Kelly compared to donor HDF for 3 (P <0.001), 4 (P <0.0001) and 5 (P <
0.0001) days (Figure 9B). As a result, let-7 levels of recipient cells were augmented

during co-culture with donor Kelly compared to donor HDF.
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Figure 9. The alteration of /et-7 levels during co-culture between HDF
and Kelly. (A) The relative expression of /et-7a and let-7g in input HDF
and Kelly cells respectively by real-time PCR. (B) The measurement of
luciferase activity in co-culture of HDF and Kelly cells for 3, 4 and 5 days.
Dual-luciferase reporters were expressed in Kelly with /et-7 binding sites.
All experiments were independently performed three times with five
technical replicates for each biological replicate. **** P <(0.0001.

3.1.4 Paragraph summary

In this section, the results showed that the expression levels of /e-7 miRNAs were
significantly differential between normal and tumor cells. We generated a dual-
luciferase reporter-based co-culture system to elucidate the altered level of let-7

between fibroblasts and tumor cells in vitro. The results from cell co-culture
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demonstrated that /et-7 levels of recipient cells, regardless of the initiating expression
level of mature let-7s, were increased during co-culture with low /et-7 expressing donor
cells (BE2C and Kelly) compared to high /et-7 expressing donor cells (NIH 3T3 and
HDF).

3.2 Non-contact co-culture leads to alteration of /let-7 levels

3.2.1 The generation of a microporous insert-based co-culture system

In order to explore the alteration of /et-7 levels due to intercellular contact or non-
contact during co-culture, we generated a non-contact co-culture system based on
microporous inserts (Figure 10). We plated donor cells onto the top microporous inserts,
while seeded dual-Luc expressing cells in the bottom chambers as recipient cells. After
co-cultre for 3 or 5 days, the recipient cells were harvested for the measurement of the

luciferase reporter activity.

Porous insert-based co-culture system

Figure 10. The generation of a microporous insert-based co-culture
system. The schematic diagram of a microporous insert-based co-
culture system. Donor cells were plated onto the top microporous inserts
and recipient cells were seeded in the bottom chambers respectively. The
donor and recipient cells could be co-cultured without contact.
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3.2.2 The assessment of let-7 levels during non-contact co-culture

We plated recipient NIH 3T3-dual Luc in the bottom chambers of 6-well plates and
plated either donor NIH 3T3 or BE2C cells onto the top microporous inserts (Figure
11A). After co-culturing for 5 days, the recipient cells were collected, and the luciferase
activities were measured (Figure 11B). The results demonstrated that the luciferase
activity of recipient NIH 3T3-dual Luc (bottom chambers) was significantly reduced
during non-contact co-culture with donor BE2C (top inserts) compared to donor NIH

3T3 (top inserts) via microporous inserts of 1.0 um (P <0.01) and 3.0 pm (P < 0.01).
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Figure 11. The assessment of /et-7 levels in the non-contact co-culture
of NIH 3T3 and BE2C. (A) The schematic diagram of a microporous
insert-based co-culture system. The donor NIH 3T3 or BE2C cells were
plated onto the top microporous inserts (1.0 pm and 3.0 pm). The
recipient NIH 3T3-dual Luc cells were seeded in the bottom chambers.
Dual-luciferase reporters were expressed in NIH 3T3 with /et-7 binding
sites. (B) The measurement of luciferase activity of recipient NIH 3713
after co-culturing with donor NIH 3T3 or donor BE2C for 5 days. The
experiments were independently performed three times with five
technical replicates for each biological replicate. ** P < 0.01; n.s, no
significant difference.

In addition, we plated recipient NIH 3T3-dual Luc in the bottom chambers of 6-well
plates and plated donor NIH 3T3 or Kelly cells onto the top microporous inserts (Figure
12A). After co-culturing for 5 days, the recipient cells were collected, and the luciferase
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activities were measured (Figure 12B). The results demonstrated that the luciferase
activity of recipient NIH 3T3-dual Luc (bottom chambers) was significantly reduced
during non-contact co-culture with donor Kelly (top inserts) compared to donor NIH
3T3 (top inserts) via microporous inserts of 1.0 um (P < 0.05). As a result, the /et-7
levels in recipient NIH 3T3 cells were augmented during non-contact co-culture with
donor tumor cells (BE2C and Kelly) compared to donor embryonic fibroblasts (NIH
3T3).
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Figure 12. The assessment of /et-7 levels in the non-contact co-culture
of NIH 3T3 and Kelly. (A) The schematic diagram of a microporous
insert-based co-culture system. The donor NIH 3T3 or Kelly cells were
plated onto the top microporous inserts (1.0 um). The recipient NIH 3T3-
dual Luc cells were seeded in the bottom chambers. Dual-luciferase
reporters were expressed in NIH 3T3 with let-7 binding sites. (B) The
measurement of luciferase activity of recipient NIH 3T3 after co-
culturing with donor NIH 3T3 or donor Kelly for 5 days. The experiments
were independently performed three times with five technical replicates
for each biological replicate. * P < 0.05; n.s, no significant difference.

3.2.3 Paragraph summary

In this section, we generated a microporous insert-based co-culture system to explore
the alteration of let-7 levels due to intercellular contact or non-contact during co-culture.

In the non-contact co-culture system, the /et-7 levels in recipient NIH 3T3 cells were
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increased during non-contact co-culture with donor tumor cells (BE2C and Kelly)
compared to donor embryonic fibroblasts (NIH 3T3). These results indicated that the

alteration of /et-7 levels during cell co-culture was in a non-contact manner.

3.3 LIN28B-dependent alteration of let-7 expression during co-

culture

3.3.1 The generation of LIN28B knockout cells

We generated LIN28B knockout (LIN28B KO) based on CRISPR/Cas9 system in
BE2C and Kelly cells respectively. After sorted by FACS, we collected single clones
of GFP-positive BE2C and Kelly cells, as well as control cells. GFP-positive BE2C and
Kelly cells were the candidates of LIN28B KO cells. Western blot was performed to
validate the efficiency of LIN28B KO in BE2C (Figure 13A) and Kelly (Figure 13B)

cells.

o
X B )
E 2 x @
5 Z e g
= ©
o o o
TUBULIN _--\50 kDa TUBULIN [ s 50 kDa
LIN28B h |28 kDa LIN28B 28 kDa
BE2C Kelly

Figure 13. The generation of CRISPR/Cas9-mediated LIN28B KO cells. (A)
The measurement of LIN28B expression at protein level in parental and
LIN28B KO BE2C cells. (B) The measurement of LIN28B expression at
protein level in parental and LIN28B KO Kelly cells. TUBULIN was
used as internal reference control.

47



3.3.2 LIN28B-dependent alteration of /et-7 expression during contact co-

culture

We generated constitutive dual luciferase reporter expression in LIN28B KO BE2C
(LIN28B KO BE2C-dual Luc) and control BE2C (CTRL BE2C-dual Luc) cells. We
validated the expression levels of /et-7s by real-time PCR in input cells. Let-7b, let-7g
and let-7i were highly expressed in LIN28B KO BE2C-dual Luc compared to CTRL
BE2C-dual Luc cells (Figure 14A). CTRL BE2C-dual Luc or LIN28B KO BE2C-dual
Luc was co-cultured with NIH 3T3 for 3, 5 and 10 days. The results of the luminescence
measurement indicated that luciferase reporter activity was decreased in LIN28B KO
BE2C-dual Luc compared to CTRL BE2C-dual Luc after co-culture with NIH 3T3
(Figure 14B).
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Figure 14. The measurement of luminescence activity in co-culture. (A)
The measurement of let-7 b, let-7g and let-7i expression in input CTRL
BE2C-dual Luc and LIN28B KO BE2C-dual Luc cells by real-time PCR.
(B) The measurement of luciferase activity in co-culture of NIH 3T3 with
either CTRL BE2C-dual Luc or LIN28B KO BE2C-dual Luc for 3, 5 and
10 days. Dual-luciferase reporters were expressed in CTRL BE2C and
LIN28B KO BE2C with let-7 binding sites. The experiment was
independently performed once with five technical replicates.
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3.3.3 LIN28B-dependent alteration of /et-7 expression during non-contact

co-culture
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Figure 15. LIN28B-mediated /et-7 transfer in the non-contact co-culture
system. (A) The measurement of /et-7g expression in donor Kelly (top
inserts) and donor LIN28B KO Kelly (top inserts). (B) The measurement
of let-7i expression in donor Kelly (top inserts) and donor LIN28B KO
Kelly (top inserts). (C) The measurement of let-7g expression in recipient
LIN28B KO Kelly (bottom chambers) co-cultured with parental or
LIN28B KO Kelly. (D) The measurement of let-7i expression in recipient
LIN28B KO Kelly (bottom chambers) co-cultured with parental or
LIN28B KO Kelly. The experiments were independently performed three
times. * P <0.05; ** P<0.01; **** P<0.0001.
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We also performed microporous insert-based co-culture between parental Kelly and
LIN28B knockout Kelly (LIN28B KO Kelly). LIN28B KO Kelly cells were seeded in
the bottom chambers as recipient cells. Parental or LIN28B KO Kelly cells were
respectively plated onto the top microporous inserts (1.0 um) as donor cells. After co-
culturing for 5 days, we collected recipient and donor cells to measure relative
expression of let-7s, respectively. The results demonstrated that LIN28B KO increased
the expression of let-7g (Figure 15A, P < 0.01) and /et-7i (Figure 15B, P <0.0001) in
donor cells (top inserts) compared to parental Kelly (top inserts). However, the
expression levels of let-7g (Figure 15C, P < 0.01) and /et-7i (Figure 15D, P < 0.05)
were significantly decreased in recipient cells (bottom chambers) co-cultured with
donor LIN28B KO Kelly (top inserts) compared to recipient cells (bottom chambers)
co-cultured with donor parental Kelly (top inserts). As a result, /et-7 levels were altered

in cell co-culture, which might be mediated by LIN28B.

3.3.4 Paragraph summary

In this section, we generated LIN28B KO cells and perfermed intercellular contact and
non-contact co-culture to evaluate the expression level of let-7s. The results indicated
that the expression levels of /et-7s in recipient cells (LIN28B KO Kelly) were reduced

after co-culturing with donor LIN28B KO Kelly compared to donor parental Kelly.

3.4 The incubation of tumor cells with LIN28B KO-conditioned

medium results in an increase of let-7 level

3.4.1 The generation of a cell culture-conditioned medium system

In order to investigate LIN28B-mediated intercellular transfer of let-7 in cell-to-cell
communication, we generated a cell culture-conditioned medium system. Cell culture-

conditioned media (CCM) were collected from donor cells after culturing for 3 days
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(Figure 16A). Centrifugation was performed to remove cell debris (Figure 16B). Then

recipient cells were incubated with CCM to evaluate let-7 levels (Figure 16C).

A B C
Donor cells Conditioned medium system

Parent i\lsgim;/j' /C/ f*\) </,,\) </ ,,\/\” }
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Figure 16. The workflow of cell culture-conditioned medium assay. (A)
The preparation and collection of CCM. (B) The centrifugation to remove
cell debris. (C) The generation of CCM system.

3.4.2 The examination of LIN28B-mediated /et-7 level in the cell-culture

conditioned medium system

We plated parental BE2C and LIN28B KO BE2C as donor cells for three days, and
then collected CCM respectively. The expression of LIN28B and /et-7i was measured
at RNA level in input cells before CCM assay was performed. The results from real-
time PCR showed that LIN28B was downregulated (Figure 17A) while let-7i was
upregulated (Figure 17B) in LIN28B KO BE2C compared to parental BE2C. LIN28B
KO BE2C-dual Luc was prepared in 6-well plates as recipient cells and incubated with
CCM from either parental BE2C (CCM-BE2C parent) or LIN28B KO BE2C (CCM-
BE2C-LIN28B KO) cells. The luciferase activities were measured at day 3 and day 5.
The results demonstrated that luciferase activity of recipient LIN28B KO BE2C-dual
Luc incubated with CCM-BE2C parent was significantly decreased compared to
recipient cells incubated with CCM-BE2C-LIN28B KO (Figure 17C). The results from
CCM assays implicated that LIN28B KO reduced /et-7 secretion from BE2C cells.
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Figure 17. The examination of LIN28B-mediated /et-7 level in CCM
system. (A) The relative expression of LIN28B in input BE2C and
LIN28B KO BE2C cells. (B) The relative expression of let-7i in input
BE2C and LIN28B KO BE2C cells. (C) The measurement of luciferase
activity in LIN28B KO BE2C-dual Luc with CCM incubation for 3 and
5 days. Dual-luciferase reporters were expressed in recipient LIN28B KO
BE2C with /let-7 binding sites. The experiments were independently
performed three times. **** P <(.0001.

In order to avoid the biological function of /et-7 binding sites per se in constitutive dual
luciferase reporters, we then performed transient transfection of both renilla luciferase
reporter psiCHECK2-/et-7-WT (construct with a complementary /et-7 target element)
and firefly luciferase reporter (reference control) into recipient cells incubated with

CCM to evaluate let-7 levels.

We plated parental Kelly and LIN28B KO Kelly as donor cells for three days, and then
collected CCM respectively. The expression of LIN28B and /et-7i was measured at
RNA level in input cells before CCM assay was performed. The results from real-time
PCR showed that LIN28B was downregulated (Figure 18A) while /let-7i was
upregulated (Figure 18B) in LIN28B KO Kelly compared to parental Kelly. Kelly was
plated in 6-well plates as recipient cells and incubated with CCM from either parental
Kelly (CCM-Kelly parent) or LIN28B KO Kelly (CCM-Kelly-LIN28B KO) cells for 5

days. Both renilla and firefly luciferase reporters were transfected into recipient Kelly
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cells incubated with CCM to evaluate let-7 transfer. Then the luciferase activities were

measured. The results demonstrated that luciferase activity of recipient Kelly incubated

with CCM-Kelly parent was significantly reduced compared to recipient cells incubated

with CCM-Kelly-LIN28B KO (Figure 18C).
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The luciferase activity of LIN28B knockout and control cells in
cell culture-conditioned medium assay. (A) The relative
expression of LIN28B in input Kelly and LIN28B KO Kelly cells. (B)
The relative expression of /et-7i in input Kelly and LIN28B KO Kelly
cells. (C) The measurement of luciferase activity in CCM incubated
recipient Kelly with transfection of renilla (psiCHECK2-/et-7-WT) and
firefly luciferase reporters at day 5. The renilla luciferase reporter
construnct had a fully complementary /et-7 target element (psiCHECK2-
let-7-WT). The firefly luciferase reporter construnct was used as
reference control. The experiments were independently performed three
times. **** P <(.0001.

3.4.3 Paragraph summary

In this section, we collected CCM from donor cells to incubate recipient cells.

Compared to CCM from LIN28B KO cells, CCM from parental cells resulted in a

significant decrease of luciferase activity in recipient cells. The results from these CCM

assays demonstrated that LIN28B KO reduced /et-7 secretion from donor BE2C and

Kelly cells.
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3.5 The investigation of let-7 transfer via cell-free exosomes

3.5.1 The exosomes collection from serum-free conditional medium

In oder to elucidate the intercellular transfer of let-7, we isolated extracellular vesicles,

identified exosomes and performed exosome-rich cell

co-culture. We collected

sufficient conditional media (~100 mL for each sample) from cells (Figure 19A). After

performing OptiPrep-ultracentrifugation, we isolated four fractions (F1, F2, F3 and F4)

of pure cell-free exosomes respectively (Figure 19B).
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Figure 19.

The workflow of exosomes collection from serum-free

conditional medium. (A) Cells were cultured with serum-free media
in 15 cm plates for 24 h. Then the conditional media were collected for
ultracentrifugation using Beckman system. (B) The workflow of cell-free
exosome isolation with Backman ultracentrifuge.
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3.5.2 The validation of exosomal markers.

We identified exosomes by measuring the exosomal biomarkers at protein level. We
performed western blot in pure exosomes from each fraction and found that CD9 and
CD63 were expressed in exosomes of fraction 2 (F2) and fraction 3 (F3) (Figure 20A).
LIN28B and TUBULIN did not show expression in any fractions (Figure 20B). This

indicated successful isolation of exosomes from serum-free cell culture medium.

Exosome Exosome Exosome

F1 F2 F3 F4 F1 F2 F3 F4 F1 F2 F3 F4

CD63 55 kDa TUBULIN 55 kDa

CD9

Figure 20. The validation of exosomal markers. (A) The measurement of
exosome markers CD63 (55 kDa) and CD9 (25 kDa) in four fractions of
isolated exosomes by western blot. (B) The measurement of TUBULIN
(55 kDa) and LIN28B (28 kDa) in four fractions of isolated exosomes by
western blot.

3.5.3 Exosome-rich conditioned medium assay

Donor parental and LIN28B KO cells were cultured in serum-free medium for 24 h
(Figure 21A). CCM were collected respectively and isolated exosomes by
ultracentrifugation to obtain exosome-rich conditioned media (Figure 21B). Recipient
cells with dual-luciferase reporter expression were prepared in 6-well plates with
density of 25 x 10°. Then we incubated recipient cells with either exosome-rich CCM-
BE2C or exosome-rich CCM-BE2C-LIN28B KO for 5 days, and then measured the

luciferase activities (Figure 21C).
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Figure 21. Exosome-rich conditioned medium assay. (A) The preparation of
serum-free conditioned media from parental and LIN28B KO BE2C cells.
(B) The isolation of cell-free exosomes derived from parental and

LIN28B KO BE2C cells by ultracentrifugation. (C) The generation of
exosome-rich CCM assays.
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Figure 22. The measurement of exosomal markers in cell-free exosomes.
(A) The measurement of exosomal marker CD9 (25 kDa) in cells and
cell-free exosomes derived from parental and LIN28B KO BE2C cells
isolated by ultracentrifugation. (B) The measurement of LIN28B (28 kDa)
and TUBULIN (55 kDa) in cells and cell-free exosomes derived from
parental and LIN28B KO BE2C cells isolated by ultracentrifugation.
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We collected exosome pellets to measure exosomal marker CD9 at protein level. The
results demonstrated that CD9 was highly expressed in input parental and LIN28B KO
BE2C cells and isolated exosomes derived from parental and LIN28B KO BE2C cells
(Figure 22A). Meanwhile, we tested for LIN28B expression and found that LIN28B
was expressed in input parental BE2C cells, while being abscent in LIN28B KO BE2C
cells as well as in isolated exosomes derived from control and LIN28B KO BE2C

(Figure 22B).

3.5.4 LIN28B-mediated intercellular transfer of pre-let-7 via exosomes
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Figure 23. The examination of /et-7 transfer in exosome-rich CCM assay.
(A) The measurement of luciferase activity in LIN28B KO PANCI1-dual
Luc incubated by exosome-rich CCM from parental BE2C and LIN28B
KO BE2C cells. Dual-luciferase reporters were expressed in LIN28B KO
PANCI with /et-7 binding sites. The experiments were independently
performed six times with five technical replicates for each biological
replicate. (B) The expression of mature let-7s in cell-free exosomes
derived from parental BE2C and LIN28B KO BE2C cells. Exo-CCM,
exosome-rich conditioned medium. **** P <(.0001.

We cultivated parental BE2C and LIN28B KO BE2C cells in serum-free medium for

24 h. CCMs were collected respectively and isolated exosomes by ultracentrifugation
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to obtain exosome-rich conditioned media. We generated LIN28B KO PANCI1 with
dual-luciferase reporter expression (LIN28B KO PANCI-dual Luc) and incubated
recipient cells with either exosome-rich CCM-BE2C or exosome-rich CCM-BE2C-
LIN28B KO for 5 days. At the end of the exosome-rich CCM assay, the luciferase
activity was measured to evaluate the intercellular transfer of let-7. The results
demonstrated that luciferase activity of LIN28B KO PANCI-dual Luc cells was
significantly reduced after incubation with parental BE2C-derived exosome-rich CCM
compared to LIN28B KO BE2C-derived exosome-rich CCM (Figure 23A). We
measured relative expression of mature /et-7s in cell-free exosomes and found most
mature /et-7s highly expressed in exosomes derived from LIN28B KO BE2C compared
to parental BE2C cells (Figure 23B).
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Figure 24. The expression of precursor let-7s in exosomes. (A) The
expression of pre-let-7b and pre-let-7i in cell-free exosomes derived from
parental BE2C and LIN28B KO BE2C cells isolated by
ExoQuick/SeraMir kit. (B) The expression of pre-let-7b and pre-let-7i in
parental and LIN28B KO BE2C cells. (C) The expression of pre-let-7b
and pre-let-7i in parental and LIN28B KO Kelly cells. The experiments
were independently performed three times. Exo-CCM, exosome-rich
conditioned medium. * P < 0.05; ** P < (0.01; *** P < 0.001; n.s, no
significant difference.
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We recovered RNA from exosomes derived from parental BE2C and LIN28B KO
BE2C cells by using ExoQuick SeraMir kit and performed real-time PCR. The results
demonstrated that LIN28B KO dramatically decreased the expression levels of
precursor let-7b and precursor let-7i in exosomes (Figure 24A). Further, we extracted
RNA from input cells to measure intracellular pre-/et-7 and found that pre-let-7b was
significantly upregulated by LIN28B KO in both BE2C (Figure 24B) and Kelly
(Figure 24C) cells.

3.5.5 Paragraph summary

In this section, we isolated cell-free exosomes and performed exosome-rich CCM
assays to elucidate the intercellular transfer of /et-7. We found that the let-7 levels of
recipient cells were significantly elevated after incubation with CCM derived from
parental BE2C compared to LIN28B KO BE2C. We measured both mature and
precursor let-7s in exosomes and found that the expression of pre-let-7 was
significantly decreased in exosomes derived from LIN28B KO cells, even mature /et-
7s were upregulated. LIN28B might mediate intercellular transfer of let-7 via exosomes

in cell-to-cell communication.

3.6 The observation of cell morphology regulated by LIN28B

3.6.1 The generation of LIN28B overexpressing cells

In order to observe the cell morphology regulated by LIN28B, we reexpressed LIN28B
expression in LIN28B KO BE2C cells (LIN28B KO + LIN28B WT). Western blot was

performed to confirm the efficiency of LIN28B overexpression (Figure 25).
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Figure 25. Reexpression of LIN28B in LIN28B KO BE2C cells. The
generation of LIN28B expression in LIN28B KO BE2C cells. KO,
knockout; WT, wildtype. TUBULIN was used as internal reference
control.

3.6.2 The generation of a fluorescence-based co-culture system

Fibroblasts are an integral part of the metastatic microenvironment. In order to simulate
metastatic tumor microenvironment in vitro, we generated a fluorescence-based co-
culture system with fibroblasts and tumor cells. We generated green fluorescent protein
(GFP) expressing BE2C cells (BE2C-LIN28B CTRL-GFP, BE2C-LIN28B KO-GFP
and BE2C-LIN28B KO+LIN28B WT-GFP cells) and red fluorescent protein (RFP)
expressing NIH 3T3 cells (NIH 3T3-RFP). Then we co-cultured BE2C and NIH 3T3
cells at a density of 25 x 103 for each cell line in 6-well plates (Figure 26A) and
performed live cell imaging of co-culture through fluorescence microscopy (Figure
26B). LIN28B KO BE2C cells displayed a stem cell-like morphology, whereas parental
BE2C and BE2C-LIN28B KO+LIN28B WT cells had a compact shape.
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Figure 26. The generation of fluorescence-based co-culture system. (A)
The schematic diagram of fluorescence-based co-culture system. (B) Live
cell imaging of co-culture through fluorescence microscopy. Cells were
distinguished based on fluorescence. GFP represented BE2C cells and
RFP represented NIH 3T3 cells.

3.6.3 Live cell imaging in fluorescence-based co-culture system

We observed the morphology of living cells using fluorescence microscopy daily
(Figure 27). Cells were distinguished based on fluorescence, with GFP representing
BE2C cells and RFP representing NIH 3T3 cells. BE2C cells exhibited a cobblestone-
like morphology. However, LIN28B KO BE2C cells displayed a spindle-like
morphology. On the contrary, LIN28B was reexpressed in LIN28B KO BE2C cells
(BE2C-LIN28B KO+LIN28B WT) and reversed cells to a cobblestone-like
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morphology. LIN28B deficiency resulted in a significant increase in /et-7 expression,

whereas LIN28B overexpression suppessed /et-7 expression.

BE2C (GFP) NIH 3T3 (RFP)

LIN28B KO
+ LIN28B WT LIN28B KO Parent

Neuroblastoma cells Fibroblast cells

Figure 27. Live cell imaging in a fluorescence-based co-culture system.
The observation of cell morphology in fluorescence-based co-culture
system between BE2C and NIH 3T3 cells. GFP represented BE2C cells
and RFP represented NIH 3T3 cells.

3.6.4 Paragraph summary

In this section, we explored a fluorescence-based co-culture system. We generated
BE2C cell lines constitutively expressing GFP, and NIH 3T3 cell line constitutively
expressing RFP. Then we plated NIH 3T3-RFP with BE2C-GFP. During the co-culture,

we observed the cell morphology controlled by LIN28B expression.



4. Discussion

Tumor suppressor miRNA Jet-7 serves as a potential player in cancer physiology, but
could potentially be used for treatment of cancer (Bussing et al., 2008, Zhang et al.,
2020). However, the role of let-7 microRNA transfer in the metastatic niche remains
unclear. In this dissertation, we measured the relative expression of /et-7 in both tumor
and normal cells and found that /et-7 was strongly expressed in mouse embryonic
fibroblasts NIH 3T3 in comparison to human neuroblastoma cells BE2C, Kelly and
CHP-212. In addition, let-7 was highly expressed in human dermal fibroblasts HDF
compared to human neuroblastoma cell Kelly. The expression levels of /et-7 miRNAs
were significantly differential between normal and tumor cells. Our results are
consistent with published results that lez-7 highly expresses in embryonic cells, while

decreases in tumor cells (Boyerinas et al., 2010, Divisato et al., 2020).

Tumor metastasis to distant organs is a a hallmark of most cancers (Hanahan and
Weinberg, 2011). The majority of cancer deaths are caused by distant metastasis of
tumor cells (Esposito et al., 2021). Metastatic dissemination has generally been defined
as the final stage in multistep tumor progression (Bergers and Fendt, 2021, Campbell
etal., 2010). In general, there is an invasion-metastasis cascade in metastasis that tumor
cells disseminate from local neoplasma to distant organs (Nguyen et al., 2009) and
subsequently educate foreign microenvironment to develop metastases (Zhang et al.,
2009, Valastyan and Weinberg, 2011, Tannock and Hickman, 2016). It has been
demonstrated that fibroblastic cells derived from normal tissues could enhance tumor
phenotypes such as metastasis (Hanahan and Weinberg, 2011) . In order to investigate
the roles of /et-7 in metastatic niche, we established a simplified in vitro cell co-culture
system of fibroblasts and tumor cells to simulate metastatic tumor microenvironment.
We generated a dual-luciferase reporter-based co-culture system based on either a
constitutively expressed dual-luciferase reporter construct, or the transfection of firefly

and renilla luciferase reporters. Our previous hypothesis was that /et-7 levels in
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recipient cells should be increased after co-culture with donor cells with high let-7
expression. However, the results of direct cell co-culture assays are opposite to what
we expected. NIH 3T3 has a high level of let-7 expression in comparison to BE2C and
Kelly cells. However, it was surprising that recipient cells did not show higher let-7
level after co-culture with high let-7 expressing donor fibroblasts NIH 3T3, HDF. On
the contrary, let-7 levels in recipient cells were increased during co-culture with low

let-7 expressing donor neuroblastoma cells BE2C and Kelly.

To clarify whether the alterations of /et-7 levels were independent of direct cell contact
or non-contact behavior, we generated a microporous insert-based non-contact co-
culture system. We seeded recipient embryonic fibroblasts NIH 3T3 with constitutively
expressed dual-luciferase reporters in the bottom chambers and plated donor cells onto
the top microporous inserts. The results of the non-contact co-culture indicated that /ez-
7 levels in recipient cells was elevated during non-contact co-culture with donor
neuroblastoma cells BE2C or Kelly compared to donor embryonic fibroblasts NIH 3T3.
These results demonstrated that the alterations of /et-7 levels were independent of direct

cell contact.

So far, the direct contact co-culture and non-contact co-culture systems consistently
illustrated that /et-7 level altered during co-culture. There might be a unique regulatory
mechanism to control the alteration of /let-7 level in the co-culture system. We would
like to overexpress let-7s in donor cells to investigate the roles of let-7 during co-culture.
Let-7 mimics only upregulate mature /et-7s that might lose the effects of precursor /let-
7s. RNA-binding protein LIN28B recognizes and binds the stem loop of primary and
precursor let-7s to prevent the maturation of let-7 (Roush and Slack, 2008). Thus, we
knocked out LIN28B to regulate let-7 expression in neuroblastoma cells. We found that
the expression level of let-7 in recipient cells was diminished after co-culturing with
donor malignant neuroblastoma cell lines in the absence of LIN28B by performing

intercellular contact and non-contact co-culture.
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These results provided us a hint there might be let-7 transfer during cell co-culture.
Thus, we further generated a CCM system to test the cell-free let-7 transfer via
extracellular supernatant. The incubation with extracellular supernatant derived from
donor neuroblastoma cells in the absence of LIN28B led to a decrease of let-7 levels in
recipient cells. MiRNAs can be transferred between neighbouring cells via extracellular
exosomes (Ghoshal et al., 2021). Subsequently, we isolated four fractions (F1, F2, F3
and F4) of cell-free exosomes by performing OptiPrep-ultracentrifugation. CD9 and
CD63 are the exosomal markers which are commonly used for the identification of
exosomes (Mathieu et al., 2021). Thus, we detected the expression of exosomal markers
CD9 and CD63 at protein level and found that the pure exosomes were enriched in
fractions that CD9 and CD63 highly expressed. We collected enriched exosomes to
further generate an exosome-rich CCM system. We found that /et-7 levels in recipient
cells were diminished after incubation with exosome-rich CCM derived from donor
neuroblastoma cells in the absence of LIN28B. These results point towards intercellular

transfer of /et-7 via cell-free exosomes.

Furthermore, we measured the expression of mature /et-7s in neuroblastoma cell-
derived exosomes. Most mature /et-7s highly expressed in exosomes derived from
LIN28B KO BE2C compared to parental BE2C cells. However, these results couldn’t
explain our previous results that lez-7 levels in recipient cells were decreased during co-
culture with LIN28B absent donor cells. Therefore, we further measured the pre-let-7s
in neuroblastoma cell-derived exosomes. Interestingly, the expressions of pre-let-7s
were diminished in exosomes derived from LIN28B absent neuroblastoma cells
compared to parental cells. We also examined that the intracellular expressions of pre-
let-7b were upregulated in the absence of LIN28B in neuroblastoma cells. We also
observed cell morphology by generating a fluorescence-based co-culture system
through fluorescence microscopy. Parental BE2C cells exhibited a cobblestone cell-like

morphology, whereas LIN28B KO BE2C cells displayed a spindle-like morphology.
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Once LIN28B was reexpressed in LIN28B KO BE2C, cells were reversed to a
cobblestone-like morphology. LIN28B deficiency resulted in a significant increase in
let-7 expression, whereas LIN28B overexpression suppessed let-7 expression. These
results hint that LIN28B expression may mediates morphological alteration in in vitro

cell co-culture. These results indicated an important role of LIN28B in this process.

Over the past three decades, advanced sequencing technologies have greatly facilitated
the Human Genome Project (HGP) to achieve a wealth of research results, revealing
the molecular signature of many cancers (Rood and Regev, 2021, Lander et al., 2001,
Venter et al., 2001). The development and application of molecular-targeted agents for
cancer has been progressed from the bench to the bed, guiding both scientific
researchers and clinicians (Stratton et al., 2009, Rood and Regev, 2021). In recent years,
miRNA-based therapeutics have been applicated against tumor (Inoue and Inazawa,
2021). For example, Inoue and Inazawa reported a double-stranded miR-634 mimic
promoted the antitumor effects of cisplatin in esophageal squamous cell carcinoma cells
and xenograft mice (Inoue and Inazawa, 2021, Fujiwara et al., 2015). Overexpression
of miR-634 induced cell apoptotic death in cutaneous squamous cell carcinoma (A431),
pancreatic cancer (BxPC-3) and breast cancer (MDA-MB-468) cell lines (Inoue and
Inazawa, 2021). Gokita et al. developed a lipid nanoparticle (LNP) mediated delivery
of synthetic ds-miR-634 mimic (miR-634-LNP). The administration of miR-634-LNP
resulted in anti-tumor effects in pancreatic cancer-derived xenograft mice (Gokita et al.,
2020). Inoue et al. also formulated a therapeutic ointment incorporating ds-miR-634
mimics (miR-634 ointment) that improved the efficacy of EGFR inhibitors gefitinib in
cutaneous squamous cell carcinoma (Inoue et al., 2020). In addition, the safety, activity
and efficacy of tumor suppressor miRNAs-related agents has been studied by Phase 1/2
clinical trials such as the treatment of miR-16 mimic-loaded minicells targeted to EGFR
(Clinical trial registration: NCT02369198, ACTRN12614001248651) in patients with
recurrent malignant pleural mesothelioma (van Zandwijk et al., 2017) and the

administration of a liposomal miR-34a mimic MRX34 (Clinical trial registration:
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NCTO01829971) with solid tumors (Beg et al., 2017, Hong et al., 2020). These remind
us that replacement of tumor suppressor miRNAs has therapeutic potential, and the

tumor suppressor miRNAs are expected to be a prospective drug seed for cancer therapy

(Kwok et al., 2017, Reid et al., 2016).

Let-7s may serve as appealing potential therapeutic candidates for cancer, particularly
in cancers that underexpress let-7s (Barh et al., 2010) such as CRC, breast cancer and
neuroblastoma (Powers et al., 2016). In CRC, let-7e enhanced the radiosensitivity of
CRC cells by directly targeting IGFIR (Samadi et al., 2019). Let-7f promoted
chemotherapeutic resistance by repressing p53 (Tie et al., 2018). Overexpression of /et-
7a, let-7b, and let-7i by transfected with miRNA mimics inhibited cell proliferation and
induced cell apoptosis in ER-positive breast cancer cells (Zhao et al., 2011). Restoration
of let-7 in tumor-initiating cells from breast cancers via let-7-lentivirus inhibited
tumorogenesis and metastasis in NOD/SCID mice (Yu et al., 2007). Systemic delivery
of let-7 mimics Using a neutral lipid emulsion reduced tumor burden in KRAS-
activated autochthonous non-small cell lung cancer mice (Trang et al., 2011). Although
miRNA mimic-based replacement therapy with /es-7 attempts to be effective (Barh et
al., 2010, Gilles and Slack, 2018), there are still some potential problems such as the
specificity and efficiency of delivery, the instability of mimics and the control of
mimics release (Mizuno et al., 2018, Bussing et al., 2008). Transfection of synthesized
let-7 mimics only rescues the expression of specific mature let-7 (Kuhn et al., 2008). In
this project, we regulated let-7s expression by modifying the expression of LIN28B
instead of directly utilizing /et-7 mimics, so that we could detect almost all mature /et-
7s (let-7a, let-7b, let-7c, let-7d, let-7e, let-7f, let-7g, let-7i and miR-98), as well as the

precursor /et-7s.

MiRNAs are involved in cell-to-cell communication, which is essential for pre-
metastatic niche formation in tumor microenvironment of metastasis (Mathieu et al.,

2019, Becker et al., 2016, Matei et al., 2017). During the process of PMN formation
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and metastasis, cell-to-cell communication via extracellular vesicles (exosomes and
microvesicles, efc.) between primary tumor cells and the microenvironment of distant
organs plays crucial effects, which transfers bioactive contents including miRNAs
between cells. The tumor progression is not only autonomous with genetic mutations,
but also a non-autonomous process under the influence of the tumor microenvironment.
It is reported that oncogenic niche cells trigger neighboring cells and metastasis,
contributing to the progression and recurrence of tumor (Enomoto et al., 2015, Hanahan
and Weinberg, 2011). Let-7a was elevated in serum EVs from CRC patients and was
enriched in CRC cell-derived EVs. Forced expression of /et-7a transfected by miRNA
mimics suppressed EV secretion by regulating mitochondrial oxidative
phosphorylation through LIN28/SDHA pathway in CRC cells (Liu et al., 2021b).
Ohshima et al. revealed that /et-7s were enriched in the exosomes from metastatic
gastric cancer cells. Metastatic gastric cancer cells release let-7s via exosomes into the
extracellular environment to maintain their oncogenesis (Ohshima et al., 2010). These
literatures support our findings that /et-7 may transfer between cells via cell-free

€X0S0omes.

Kobayashi et al. pointed out that /et-7 transcripts were detected in ovarian cancer cells
and corresponding exosomes. They found that /et-7 low expressed in high invasive
tumour cell SKOV-3 compared to low invasive tumour cell OVCAR-3, whereas let-7
transcripts were more plentiful in SKOV-3-derived exosomes compared to OVCAR-3-
derived exosomes (Kobayashi et al., 2014). Although they demonstrated that the
releases of exosomes correlated with invasive potential of tumor cells, they did not
explore the molecular mechanism in their reserach. In our project, we found the
expression of precursor /et-7s was significantly reduced in cell-free exosomes in the
absence of LIN28B, that points towards an important role of LIN28B in this process.
We also measured the expression of exosomal protein. However, LIN28B and
TUBULIN did not show expression in neuroblastoma cell-derived exosomes. Zhang et

al. suggested that the exosomes derived from pancreatic cancer cells enhanced the
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recruitment of cancer-associated fibroblasts and improved the formation of metastases
(Zhang et al., 2019). Zhang et al. demonstrated that exosomes from pancreatic cancer
cells transfered exosomal LIN28B protein into the recipient cells to activate the
LIN28B/let-77HMGA2/PDGFB pathway (Zhang et al., 2019). The differential
expression of LIN28B protein in exosomes derived from different tumor cells imply

that exosomal protein transfer may be cell type-dependent.

We conducted literature research about /et-7 secretion via EVs and found only mature
let-7s were examined in those studies (Zhang et al., 2019, Kobayashi et al., 2014,
Ohshima et al., 2010). In our study, we indicated that lez-7 levels in recipient cells were
decreased during co-culture with LIN28B absent donor cells. We isolated cell-free
exosomes and found that most mature /ez-7s highly expressed in exosomes derived from
LIN28B-deficient neuroblastoma cells, which couldn’t explain our previous results.
Thus, we further measured the pre-/et-7s in the corresponding exosomes and found that
the expressions of pre-let-7s were diminished in exosomes derived from LIN28B-
deficient neuroblastoma cells. It is known that TUTase4 acts as the uridylyl transferase
of pre-let-7. LIN28 can recognize a tetra-nucleotide sequence motif to recruit TUTase4
to pre-let-7. TUTase4 can block the cleavage by Dicer by adding an oligouridine tail to
pre-let-7 (Wang et al., 2017). Moreover, it is reported that 3’ end uridylation is
significantly increased in exosomes compared to corresponding cells (Koppers-Lalic et
al., 2014). Therefore, LIN28B may mediate intercellular transfer of let-7 via exosomes

in cell-to-cell communication.

In conclusion, we examined the roles of /et-7 transfer by establishing simplified cell
co-culture systems to simulate the metastatic niche in vitro. Interestingly, let-7 levels
in recipient cells were increased after co-culturing with low /et-7 expressing tumor cells
compared to high /et-7 expressing embryonic fibroblasts. In addition, let-7 levels in
recipient cells were diminished after co-culturing with donor malignant neuroblastoma

cell lines in the absence of LIN28B. The alterations of /et-7s activities were independent
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of direct cell contact. Furthermore, let-7 levels in recipient cells were downregulated
after incubation with CCM and exosome-rich CCM derived from LIN28B-deficient
BE2C. The expression of precursor let-7s was significantly reduced in cell-free
exosomes in the absence of LIN28B pointing towards an important role of LIN28B in
this process. Taken together, our results indicate an active let-7 transfer in the
micrometastatic niche with LIN28B as a potential mediator. Nevertheless, investigation
of LIN28B-dependent /et-7 transfer in tumor-bearing mouse models remains to be

further explored.
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5. Summary

Metastasis is a hallmark of malignant disease and still accounts for the majority of
cancer related deaths. The term metastasis describes a multistep process. One of the
most important steps is the formation of micrometastases in the distant soil. The
intercellular transfer of cellular bioactive compounds, like mRNAs and miRNAs, has
emerged as an important factor within this process. Tumor suppressor microRNA let-7
serves as a potential player in cancer physiology, but could potentially be used for
treatment of cancer. However, the role of let-7 microRNA transfer in the metastatic
niche remains unknown. In this dissertation, I examined the roles of let-7 transfer by
establishing simplified cell co-culture systems to simulate the metastatic niche in vitro.
Dual-luciferase reporter-based contact and non-contact co-culture systems were
generated to investigate /et-7 level during co-culture of fibroblasts and tumor cells.
Interestingly, /et-7 level in recipient cells (NIH 3T3, BE2C and Kelly) was increased
after co-culturing with low /e#-7 expressing tumor cells (BE2C and Kelly) compared to
high let-7 expressing embryonic fibroblasts (NIH 3T3). In addition, let-7 level in
recipient cells (LIN28B KO Kelly) was diminished after co-culturing with donor
malignant neuroblastoma cell lines in the absence of LIN28B. The alterations of /et-7s
activities were independent of direct cell contact. Furthermore, /et-7 levels in recipient
cells (LIN28B KO BE2C and LIN28B KO PANCI1) were downregulated after
incubation with cell culture-conditioned media (CCM) and exosome-rich CCM derived
from LIN28B KO BE2C compared to parental BE2C. The expression of precursor let-
7s was significantly reduced in cell-free exosomes in the absence of LIN28B pointing
towards an important role of LIN28B in this process. These results indicate an active

let-7 transfer in the micrometastatic niche with LIN28B as a potential mediator.
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6. Zusammenfassung

Die Metastasierung ist ein Hauptmerkmal bosartiger Erkrankungen und ist nach wie
vor fiir die Mehrzahl der krebsbedingten Todesfélle verantwortlich. Der Begriff
Metastasierung beschreibt einen mehrstufigen Prozess. Einer der wichtigsten Schritte
ist die Ausbildung von Mikrometastasen im entfernten Organ. Der interzelluldre
Transfer bioaktiver Verbindungen, wie mRNAs und miRNAs, hat sich als wichtiger
Faktor in diesem Prozess herausgestellt. Die Tumorsuppressor-microRNA /et-7 ist ein
potenzieller Akteur in der Krebsphysiologie, kdnnte aber auch zur Behandlung von
Krebs eingesetzt werden. Die Rolle von let-7 im miRNA-Transfer in der metastatischen
Nische ist noch nicht geklért. In dieser Dissertation untersuchte ich die Rolle des let-7-
Transfers, indem ich vereinfachte Zell-Ko-Kultur-Systeme entwickelte, um die
metastatische Nische in vitro zu simulieren. Es wurden kontakt- und kontaktlose Ko-
Kultur-Systeme mit Dual-Luciferase-Reporter entwickelt, um die /et-7-Spiegel
wihrend der Ko-Kultur von Fibroblasten und Tumorzellen zu untersuchen.
Interessanterweise waren die /et-7-Spiegel in Empfangerzellen (NIH 3T3, BE2C und
Kelly) nach der Ko-Kultur mit niedrig /et-7-exprimierenden Tumorzellen (BE2C und
Kelly) im Vergleich zu hoch exprimierenden embryonalen Fibroblasten (NIH 3T3)
erhoht. Dartiber hinaus war die /et-7-Konzentration in Empfangerzellen (LIN28B KO
Kelly) nach Ko-Kultivierung mit malignen Neuroblastom-Zelllinien in Abwesenheit
von LIN28B vermindert. Die Verdnderungen der /et-7-Aktivititen waren unabhéngig
vom direkten Zellkontakt. Dariiber hinaus wurden die /et-7-Spiegel in Empfingerzellen
(LIN28B KO BE2C wund LIN28B KO PANCIl) nach Inkubation mit
zellkulturkonditioniertem Medium (CCM) und exosomenreichem CCM aus LIN28B
KO BE2C im Vergleich zu Wildtyp BE2C herunterreguliert. Die Expression von pre-
let-7s war in zellfreien Exosomen in Abwesenheit von LIN28B deutlich reduziert, was
auf eine wichtige Rolle von LIN28B in diesem Prozess hindeutet. Diese Ergebnisse
deuten auf einen aktiven Transfer der miRNA /et-7 in der mikrometastatischen Nische

hin, wobei sich LIN28B als potenzieller Vermittler darstellt.
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