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Aberrant expression and function of PIWI-interacting RNAs (piRNAs) and piRNA-Likes
(pilRNAs or piR-Ls) have been reported in various cancers. The majority of current
reports have identified or assumed roles of these pilRNA that require association with
PIWI family proteins to affect either transposable element silencing or mRNA transcript
silencing through base pair matching. However, new reports are describing pilRNA
which are capable of regulating physiological and pathological conditions through
interactions with non-PIWI and non-PIWI-related proteins and whose interaction is
necessary for the function of the binding partner protein. Specific cases examined in lung
tissue have also found evidence that such interactions may be occurring at critical
phosphorylated residues on the target proteins and suggests an early mechanism through
which such interactions may occur. Therefore, we hypothesized that somatic expression
of piRNA and piRNA-Like non-coding RNAs play active and dynamic roles in the
progression of lung squamous cell and adenocarcinoma via phosphorylation-site
interactions of PIWI-independent mechanisms. We began our investigations with RNA
sequencing profiles of differentially expressed piRNA and pilRNA in lung somatic cells.
Guided by expression data, we explored the phenotype and mechanism of action of
potentially significant pilRNA species. We began with our study investigating a piR-L
species which induces chemoresistance to cisplatin-based therapy by inhibiting apoptosis

in lung squamous cell carcinoma. Next, we examined mitochondrial piRNA57125 which
associates with Far Upstream Element Binding Protein 1 (FUBP1) to promote lung
adenocarcinoma tumorigenesis. Finally, we performed a phosphorylation-wide sncRNA
screen which reveals Protein Functional Effector sncRNAs (pfeRNAs) in human lung
somatic cells. Collectively, these studies have supported the hypothesis that pilRNA and
pfeRNA do play critical roles in the progression of lung squamous cell and
adenocarcinomas and may, in fact, do so through phosphorylation-site interactions. As a
result of these studies, we have re-named these pilRNA as pfeRNA, a more
encompassing and descriptive terminology which is described below.
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Chapter 1: An evolving understanding of sncRNAs and potential novel effects in
cancer.
1.1.

Understanding non-coding RNAs

The first small non-coding RNA, lin-4, was discovered in genetic screens of nematodes in
19931. Since then, the biological diversity and importance of all small non-coding RNAs
(sncRNAs) has rapidly become apparent. Technical innovations in cloning, size
fractionation, next-generation sequencing, computational analysis, and in silico prediction
are revolutionizing our comprehension of sncRNA biology2 and have transformed it into
one of the most exciting and rapidly evolving areas of study with an astounding increase
in related publications. Researchers have since observed non-coding RNA (ncRNA)
functions in a whole host of biological processes including germ cell maintenance,
development, cell proliferation, cell death, metabolic regulation, maintenance of genetic
integrity, antiviral activity, epigenetic regulation, transcriptional regulation, and posttranscriptional regulation3-10. Until as recently as 2012, 97% of the genome was still
thought of as junk DNA – that which was not translated into protein and served no
biological relevance, though possibly having some ancient evolutionary significance3-10.
Thanks again to the technological innovations, especially around next-generation
sequencing and computational analysis, we have not only come to understand that nearly
the entire genome is biologically significant but that many of these sncRNA elements are
involved in dynamic processes throughout all tissues11-13.
1.2.

Diversity between ncRNA classes

The diversity of non-coding RNAs is impressive. Non-coding RNAs with lengths in excess
of 200nt are commonly referred to as long non-coding RNAs (lncRNAs) and include long
1

intergenic non-coding RNA (lincRNA), natural antisense transcripts (NATS), transcribed
ultra-conserved regions (T-UCR), and non-coding pseudogenes11-17. Non-coding RNAs
with lengths less than 200nt most commonly include small interfering RNA (siRNA),
microRNA (miRNA) and piwi-interacting RNA (piRNA) though also include tRNA
derived fragments (tRF), small nucleolar RNA (snoRNA), and sno-derived RNA (sdRNA).
Each class of non-coding RNA is now known to share many similar characteristics within
its gross size classification. For example, in the lncRNA class, lincRNAs and NATS
expression is known to correlate with, and in some cases is necessary for, processes related
to control of embryonic differentiation or embryogenesis, stem cell biology and cellular
development, apoptosis and cell cycle regulation18-29. In some cases, lincRNA have also
been described in roles as precursors for other types of ncRNA, such as microRNAs. In
one such case, a single exon of lncRNA H19 is used to synthesize miR-67530. Extensive
studies with siRNA and miRNA species repeatedly describe prominent roles which
associate with protein coding sequences while piRNA species are commonly described in
relation to genomic elements. As a prevalent characteristic, non-coding RNAs across all
sizes are generally accepted to demonstrate mechanisms of non-self-nucleic acid
interactions facilitated through Watson & Crick base pairing31. In each class, these
interactions are critical for their executed functions.
1.3.

Biogenesis: miRNA

Each ncRNA class is known to utilize a unique mechanism of biogenesis. Including their
processes of biogenesis, micro-RNAs (miRNAs) are the most well-studied and understood
class. Approximately 50% of mammalian miRNA are located within close proximity to
other miRNA, forming clusters and are transcribed as single polycistronic transcriptional
2

units32. In the first of four sequential steps, primary-miRNA (pri-miRNAs) sequences of
several kilobases are transcribed via the Polymerase II gene with a minority fraction
transcribed via Polymerase III. Pri-miRNAs are capped at their 5’ terminus and completed
with a poly-A tail similar to that of their mRNA counterparts. Base pair complementarity
within the sequence of the pri-miRNA promotes the formation of post-transcriptional
secondary structures in the form of a hairpin loop atop a ~33bp dsRNA stem flanked by
the remaining non-base-pair matched ssRNA strands32-33.
In the second sequential step, pri-miRNAs are engaged in nuclear processing via the
Drosha-DGCR8 complex, also known as the microprocessor complex. Both proteins
encode two tandem RNase III domains and a dsRNA-binding domain. The DGCR8 protein
interacts with the two ssRNA strands of the pri-miRNA as well as the dsRNA stem which
assists Drosha mediated cleavage ~11bp away from the ssRNA-dsRNA junction. Two
RNase III domains form an intramolecular dimer with one cleaving at the 3’ strand of
dsRNA while the other completes the cleavage at the 5’ strand with both cleavage events
generating a 2 nucleotide 3’ overhang32, 34-41. Release of the cleaved product generates the
intermediate pre-miRNA structure which still retains its hairpin loop.
In the third sequential event, pre-miRNA products are exported from the nucleus via
binding to XPO5 exportin, which cooperatively binds with the GTP-bound form of Ran in
the nucleus and finally releases the pre-miRNA cargo in the nucleus following hydrolysis
of GTP in the cytoplasm. The fourth event occurs when DICER binds to the pre-miRNA
structure in the cytoplasm where its two RNase III domains asymmetrically cleave the
dsRNA stem creating a ~22 nucleotide (nt) dsRNA duplex with 2 nucleotide (nt) 3’
overhangs. Although not required for final cleavage, the transactivation-response RNA
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binding protein (TRBP or TARBP2) associates with DICER during pre-miRNA cleavage
and has been shown to enhance DICER1 mediated fidelity in a subset of miRNAs. TRBP
is also known to serve as a physical bridge between DICER and the Argonaute (AGO1,
AGO2, AGO3, and AGO4). This bridge assembly then promotes the formation of the
miRISC complex, retaining a single guide strand of the mature miRNA for mRNA
degradation in electron dense cytoplasmic regions known as P-bodies32, 42-52.
1.4.

Biogenesis: piRNA and pilRNA

piRNAs have a relatively brief history, during which time a substantial amount of
information has come to light. piRNAs were originally discovered when profiling small
RNAs involved in the development of Drosophila melanogaster53-56. Their unique and
consistently larger size compared to their miRNAs counterparts delineated these 24-33nt
RNAs as a distinct species. Though it was not until more detailed investigations into their
involvement in the silencing of retrotransposable elements along with their interactions
with members of the PIWI protein family that this class of RNAs was renamed from repeat
associated small interfering RNAs (rasiRNAs) to PIWI-associated RNAs (piRNAs)57-61.
The biogenesis process of piRNAs has not been as exhaustively studied as miRNA
biogenesis but a considerable amount is never-the-less known. Unlike miRNA biogenesis,
the cytoplasmic processing by DICER is dispensable for piRNA biogenesis 53, 55, 62. In one
of the most significant deviations from miRNA biogenesis, piRNAs are processed from
single stranded RNA precursors primarily originating from intergenic or intronic genomic
sequences commonly centered on histones 54, 62-65. piRNA processing occurs through one
of two mechanisms which are distinguished as primary and secondary pathways and
discernable by the manner in which the piRNA 5’ end is generated. Although the
4

mechanism of precursor piRNA cleavage through the primary pathway is still yet to be
rigorously confirmed, the process of precursor piRNA cleavage through the secondary
pathway is fairly well established to occur via the PIWI proteins65-68. Never-the-less,
evidence suggests cleavage of precursors in the primary biogenesis pathway may occur via
the Zucchini (Zuc) protein – a predicted 5’ endonuclease65, 70. Again, miRNA processing
is known to occur through the DROSHA/DGCR8 microprocessor complex which does not
occur with piRNA biogenesis. However, piRNA biogenesis is still hypothesized to
generally model miRNA biogenesis mechanisms and utilize a variation of the
DROSHA/DGCR8 microprocessor complex. Evidence now suggests that Zuc is, in fact,
one such component in this analogous role. Zuc is now known to be involved in maturation
of the piRNA 5’ end and is now predicted to have a necessary role in 3’ end maturation in
conjunction with Aub/Ago3 cleavage71. Structural modeling of Zuc has also identified a
predicted sequence motif conferring phospholipase activity. This evidence has been
supported by further observations that Zuc associates with the mitochondrial membrane.
Zuc mitochondrial membrane association is thought to be necessary in the recruitment of
PIWI-related nuage or p-body components. Observations of Zuc deficient mice reveal
mitochondrial defects with some further predictions that loss of Zuc disrupts recruitment
of PIWI-related nuage or p-body components54, 72-75.
Prior to precursor cleavage, the RNAs are selected for processing. As this process is
described in Caenorhabditis elegans, 21U RNAs (synonymous with piRNAs) are encoded
from single piRNA sequences along with a conserved octamer sequence motif ~40 bp
upstream of the piRNA sequence76, 77. Precursor transcription is initiated with recognition
of the octamer sequence by transcription factors from the Forkhead (FKH) family and
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begins 2bp upstream of the final mature 5’ end77. In contrast to C. elegans, the majority of
other organisms generate multiple piRNA precursors from the transcription of single
stranded RNA of several kilobases in length54, 55, 61, 63, 78, 79. The nature of multiple piRNAs
with loci originating from the same transcribed precursor sequence is still relatively
unknown. Particularly, questions regarding specificity and selectivity of piRNA expression
remain to be answered. A similar question remains as to how piRNA precursor transcripts
are distinguished from other long RNA species such as mRNA and lncRNAs for piRNA
biogenesis. Additional questions about piRNA selectivity and even larger questions about
piRNA transcription and epigenetics also remain unanswered.
Although piRNA transcription mechanisms are still not fully understood, an emerging
feature of piRNA expression stems from their clustered loci, notably further localized
around histone regions subject to extensive epigenetic modification. Such modifications,
which, although still unclear, may result from suspected PIWI chromatin activity along
with additional heterochromatin factors such as HP1 and is further supported by evidence
of a role for PIWI in nuclear transcriptional gene silencing68, 80-84.
1.5.

Functions in transcript based silencing

As alluded to in their name, piRNAs are most prominently characterized by their
association and interaction with proteins of the PIWI family. From studies of rasiRNA
(now piRNA) in Drosophila melanogaster, it was discovered that rasiRNA were
associating with the Drosophila homologs of PIWI proteins (MILI and MIWI) in gamete
tissue and further observed to be necessary for spermatogenesis and other developmental
processes53-64. Observations from piRNA originating sources, called piRNA clusters, and
evidence describing PIWI protein capacity to repress non-self-sequences, such as
6

transposable elements (TE), implicates piRNAs as adaptive defense mechanisms used as
an evolutionary RNAi mechanism68. Aside from the observed functions of piRNA-PIWI
complexes inducing TE silencing, the manner in which piRNA are clustered in the genome
suggests that they were acquired in evolutionary swaths at times of genomic stress in
response to original viral incorporation of TEs such as Long Interspersed Nuclear Element
(LINEs) and Short Interspersed Nuclear Element (SINEs)68, aspects of which will not be
discussed here further.
Primary characterization of piRNAs is understood as their association with PIWI proteins
which allows non-self-sequence pairing of TEs such as LINEs and SINEs for control of
TE expression through silencing. In the case of transposable elements, multiple perfectly
base-pairing targeting piRNAs are produced in germline cells to effectively silence the TE
target – a general rule for most piRNA-target RNA interactions65. However, cases of
mismatched pairing have also been reported to successfully induce silencing85, 86. Since
then, discoveries of nearly identical classes of sncRNAs termed piRNA-like (pilRNA or
piRL) have identified non TE functions of, at least, pilRNA and possibly of piRNAs as
well. Evidence of non TE mechanisms is supported by observations of significant functions
in somatic tissues; functions originally disqualified by germline-only observations87-93.
Multiple studies now describe various non-TE silencing functions of piRNA and pilRNA,
most consistently acting through silencing mechanisms on the 3’ UTR of various mRNA
in a manner presumed similar to miRNA silencing89-97.
1.6.

piRNA-PIWI in diseases

Of course, with discoveries of somatic piRNA expression and functions, it was not long
before a multitude of links between aberrant piRNA-PIWI functions and disease were
7

described. Overall, PIWI misregulation has been attributed to aberrant somatic epigenetic
heterochromatin modifications, meiotic and mitotic disruptions, and perhaps most
prominently, tumorigenesis97. Following the first reported example of PIWI-induced
tumorigenesis, multiple similar instances have been recorded98-105. Returning focus back
to piRNA, this topic will not be discussed further.
Most examples of piRNA and pilRNA in cancers involve aberrant piRNA expression or
piRNAs altering target gene expression. A growing number of examples can be found in
each of breast106-110, cervical111, gastric112-114, kidney115-117, liver118,

119

, pancreatic2,

multiple myeloma120, and lung121-126 cancers. Left unexamined until recently, these
accumulating reports indicate that the piRNA and pilRNA sequences themselves could be
misregulated and compound aberrant biological processes downstream of their
mechanisms of action, a process not unlike many now well-known misregulated miRNAs.
If examined carefully, the underlying assumption for most reports of these misregulated
piRNAs in cancer is that the mechanism is de facto assumed to follow that of now well
established transcript based silencing mechanisms. Many of the previous examples may
very well follow that de facto mechanism – disrupting the target expression through
transcript based silencing, but still few reports have taken the important steps to prove
conclusively that the mechanisms observed are in fact transcript based silencing. One
example in particular reported a seminal departure in the field of non-small cell lung cancer
(NSCLC) caused by piRNA, pilRNA, and possibly other sncRNAs not acting through
transcript based silencing. This report described a piR-L (called piR-L-163) which was
discovered among several hundred differentially regulated piRNAs and piR-Ls. In
particular, piR-L-163 exhibited significant downregulation in squamous cell carcinoma

8

cell lines122. Evidence from this early report described association of the pilRNA with a
non-PIWI partner, in this case, complexed with a phospho-threonine residue on Moesin of
the p-ERM, the phosphorylation-status of which was critical for the association. As a coauthor on this publication, I was principally involved with determining what ultimate
biological effect this interaction was having in Human Bronchial Epithelial cells (HBE) as
SCC cell expression levels had been suppressed. Furthermore, I performed experiments to
examine the biological effects in HBE cells when the high levels of target piR-L-163 were
blocked by a reverse complementary DNA-oligomer (methods described beginning on
page 15). After thymidine synchronization of HBE4 cells and treating with Scramble or
Ant-163 oligonucleotides, cultures were harvested beginning 24 hours post treatment and
every 2 hours thereafter up to 48 hours post treatment122, I observed cell cycle impacts by
PI staining and flow cytometry analysis. Observations indicated cell cycle population shifts
which were congruent with an acceleration of cell cycle events 122. I further observed highly
dynamic distribution of piR-L-163 and pERM throughout various stages of mitosis which
were also co-localized in HBE4 cells fluorescently tagged with DIG-Ant-163 and anti-pERM122. Additional fluorescence co-localization experiments provided further evidence of
the association between piR-L-163 and p-ERM in Figure 1.1 and Figure 1.2 below.
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Figure 1.1: Dynamic piR-L-163 co-localization with p-ERM in HBE4 cells throughout
stages of mitosis. (a) Negative control stains of both piR-L-163 and p-ERM. (b) Both piRL-163 and p-ERM are membrane co-localized entering metaphase and are condensed to
the equatorial region between two separated sets of chromosomes until localizing around
the closing cell midbody with the completion of cytokinesis. Confocal images from
fluorescence labeled DIG-piR-L-163 and anti-p-ERM probes in HBE4 cells.
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Figure 1.2: Biological negative fluorescence co-localization controls in HBE4 cells. (a)
Cells were imaged in pro-metaphase showing that piR-L-163 interaction with p-ERM is
cell cycle dependent and dynamic and (b) that Moesin levels were not significantly altered
following blocking with Ant-163 (reverse complementary DNA-oligomer). Confocal
images from fluorescence labeled DIG-piR-L-163 and anti-p-ERM probes in HBE4 cells.
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Additional supporting evidence and published figures from this study performed by my
colleagues indicated that the interaction between piR-L-163 and p-ERM was, in fact,
biologically significant, acting through a critical Moesin phospho-threonine residue. These
investigations also discovered that the normally robust immunoprecipitation of the EBP50
and F-actin complex (involved in membrane dynamics and integrity) was grossly depleted
with Ant-163 oligo blocking, piR-L-163 sequence mutation, as well as pT-A mutation on
Moesin which disrupted the immunoprecipitation capacity of the p-ERM complex.
Phenotypically, this was observed as an increased capacity for both invasion and migration.
Though unpublished, we surmised the following preliminary model (Figure 1.3) of the piRL-163 role in regulating p-ERM association with both EBP50 and F-actin.

Figure 1.3: A hypothesized model of the role of piR-L-163 (denoted here as piRNA-163)
associating with EBP50 and F-actin. Evidence from publication indicates that piR-L-163
association with p-Moesin in the p-ERM complex was necessary for the association of pERM with both EBP50 and F-Actin.
1.7.

Discussion

This study122 was an important foundation for the entire following body of work. Key
observations taken away from this seminal report included: 1) piRNA and pilRNA
12

differential expression profiles were observed in human bronchial epithelial and lung
squamous cell carcinoma in a setting independent of significantly detectable PIWI family
protein levels – an observation that suggested potential mechanisms independent of
common PIWI-mediated transcript silencing based. 2) A pilRNA was found to directly
associate with non-PIWI proteins at phosphorylated residues critical for function of the
immediate protein, its protein complex, and even downstream complex associations;
associations which were significant enough to affect phenotypic changes in tumorigenesis
through invasion and migration capacities. 3) We had a profile of several hundred piRNA
and pilRNA species identified in the initial RNAseq experiments – at least 550 of which
exhibited significant differential expression in squamous cell carcinoma (SCC) and
adenocarcinomas (ADC) compared to human bronchial epithelial (HBE). 4) Among our
newly discovered piRNA and pilRNA lung non-small cell lung cancer (NSCLC) profiles,
it may be possible to distinguish key species which have biologically significant roles in
tumorigenesis of SCC and ADC. 5) Some composition of the identified and differentially
expressed piRNA and pilRNA may lead to clinically relevant NSCLC signatures for both
SCC and ADC.
From these collective observations, I was able to formulate an overall hypothesis for my
doctoral studies. I hypothesized that somatic expression of piRNA and piRNA-like
non-coding RNAs play active and dynamic roles in the progression of lung squamous
cell and adenocarcinoma via phosphorylation-site interactions of PIWI-independent
mechanisms.
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1.8.

Methods

Cell culture
Human NSCLC cell lines H157, H226, H596, SK-MES-1, H522, H1437, H1792 and
H1944 were obtained from ATCC (Manassas, VA, USA) and cultured in RPMI 1640 with
10% FBS (Sigma-Aldrich). Human HBE cell lines (HBE2, HBE3 and HBE4) were
provided by Dr. John D. Minna (University of Texas Southwestern Medical Cancer, Dallas,
Texas) and cultured in Keratinocyte-SFM with L-Glutamine, prequalified human
recombinant Epidermal Growth Factor and Bovine Pituitary Extract (BPE) (Life
Technology). All the cell lines were genotyped for their authentication (the test was done
on October 24, 2014). Mycoplasma contamination was regularly tested and the cells were
routinely treated to prevent mycoplasma growth.
Cell cycle analysis
Flow Cytometry (Becton Dickinson) was performed as described previously127. Cells were
synchronized in growth factor-free Keratinocyte-SFM with 2mM Thymidine (Catalog
No.T1895, Sigma-Aldrich) for 24 hrs. Four hours after transfection, culture medium was
replaced by complete Keratinocyte-SFM supplemented with L-Glutamine, prequalified
human recombinant EGF 1-53 and BPE. Cells were harvested at different time points,
washed in phosphate buffer saline (PBS), fixed with ice cold 70% ethanol, and strained in
PI/RNase solution (BD Pharmigen). The samples were analyzed on a FACScan flow
cytometer in combination with BD lysis software (Becton Dickinson).
Fluorescence In Situ Hybridization (FISH) and Immunofluorescence Staining
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Chamber slides (Fisher Scientific) with cells seeded for fluorescence in situ hybridization
were fixed with 4% paraformaldehyde and 5% trichloroacetic acid (TCA) for 30 min.
Slides and cells were washed twice in PBS (Corning Cellgro), incubated cells in 40µg/ml
Protein Kinase K (Roche) at 37°C for 5 min. Reactions were terminated with 0.2% Glycine
(USB) for 1 min, washed slides twice in PBST (0.1% Triton X-100 in PBS). After warming
the pre-hybridization buffer (50% Formamide, 1×SCC, 0.5 µg/ml yeast RNA, and
1×Denhardt solution) to 40°C, slides incubated in pre-hybridization buffer at 40°C for 2
hrs. Hybridization buffer (ENZO) was prepared with a final density of 5pmol/100ul DIGlabeled probes (/5'DigN/GGTCAGAGAATCAAAGTAACATCATGATAT-3’). Probe
solution was added to the chambers and slides were incubated overnight at 37°C. Probe
solution was washed from slides with 2×SCC, 1×SCC and 0.2×SCC for 30 min,
respectively and then slides were blocked in PBST with 5% goat serum (Vector) at RT for
2 hrs. Anti-p-ERM primary antibody (1:400) or anti-Moesin antibody (1:500) was prepared
in 2.5% goat serum in PBST and added to chambers for overnight incubation at 4°C. Slides
were then washed in PBST five times for 15 min each. DyLight 594 anti-DIG (1:500,
Catalog No. DI-7594, Vector) and FITC anti-Rabbit (1:500, Catalog No. FI-1000, Vector)
were prepared in 2.5% goat serum in PBST with both added to the chambers and incubated
on slides for 2 hrs in the dark at RT. Slides were again washed in PBST three times for 15
min each, chambers from removed slides, and the slides were coverslip sealed using
mounting medium with DAPI for fluorescence (Vector). Images were acquired using
ZEISS LSM 700 (Oberkochen, Germany).
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Chapter 2: A piRNA-like small RNA induces chemoresistance to cisplatin-based
therapy by inhibiting apoptosis in lung squamous cell carcinoma 1
2.1.

Abstract

Lung cancer is the leading cause of cancer-related death worldwide. Although advanced
drugs have benefited patients, therapeutic success has largely been hampered due to rapid
development of resistance. Here, we reported that PIWI-interacting RNAs Likes (piR-Ls),
a novel type of functional sncRNAs, played key roles in chemoresistance to cisplatin
(CDDP)-based chemotherapy in lung squamous cell carcinoma (LSCC). piR-L-138 was
upregulated upon CDDP-based chemotherapy both in LSCC cells and in patient-derived
xenograft (PDX) LSCC models; further, targeting the upregulated piR-L-138 led to
increased apoptosis in CDDP-treated LSCC cells and LSCC xenograft mice treated with
CDDP. In addition, piR-L-138 directly interacted with p60-MDM2 and inhibited CDDPactivated apoptosis in p53-mutated LSCC. Together, we found that piR-L-138 expression
increased upon CDDP-based chemotherapy, confirmed the enhanced sensitivity of LSCC
to agents by targeting the upregulated piR-L-138 both in vitro and in vivo, and revealed
mechanisms underlying piR-L-138 in chemoresistance, bolstering a new emerging clinical
modality where novel functional piR-Ls provide potential strategies to overcome
chemoresistance for patients with LSCC.

1 Wang Y, Gable T, Ma MZ, Clark D, Zhao J, Zhang Y, Liu W, Mao L, Mei Y, A piRNA-like small RNA
induces chemoresistance to cisplatin-based therapy by inhibiting apoptosis in lung squamous cell
carcinoma, Molecular Therapy: Nucleic Acid (2017), doi: 10.1016/ j.omtn.2017.01.003.
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2.2.

Introduction

Lung cancer is the leading cause of cancer-related death worldwide. About 85% of lung
cancers are non-small cell lung cancer (NSCLC) with lung adenocarcinoma (LADC) and
lung squamous cell carcinoma (LSCC) as the major subtypes of NSCLC.128,

129

While

encouraging targeted therapies have dramatically afforded benefits to patients with LADC,
few therapeutic targets have been validated for patients with LSCC. 130, 131, 132 To date, the
treatment options for patients with LSCC are limited and platinum-based chemotherapy is
still the gold standard for first-line treatment; however, some LSCC are intrinsically
resistant to chemotherapy. Virtually all cases, including initial responders, rapidly develop
chemoresistance,

133-136

which, in absence of alternative therapies, leads to an overall 5-

year survival rate less than 20%. Therefore, a better understanding of the molecular
determinants of LSCC resistance to chemotherapy is a critically important step to
overcome the chemoresistance currently responsible for the dismal survival rates of
patients with LSCC.
We recently reported for the first time that PIWI-interacting RNA Likes (piR-Ls), a type
of functional small non-coding RNAs (sncRNAs), played critical roles in NSCLC
tumorigenesis and differentiation. 122 We have profiled piR-Ls expression in normal human
bronchial epithelial (HBE) and NSCLC cells, and we found that LSCC, LADC and HBE
could be clearly clustered together on the expression patters of all piR-Ls.122 We also found
piR-Ls were aberrantly differentially expressed between NSCLC and HBE as well as
between LSCC and LADC subtypes. Using filtered log fold change =1 and false discovery
rate <0.05 as criteria, we found that there were 7 piR-Ls which could distinguish LSCC
from both LADC and HBE,

122

indicating these 7 piR-Ls were LSCC-related piR-Ls. In
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this study, we observed the effects of LSCC-related piR-Ls in resistance caused by CDDPbased chemotherapeutic agents commonly used for patients with LSCC. Characteristically,
we found that piR-L-138 was upregulated upon CDDP-based chemotherapy both in vitro
and in vivo, and further, we found that targeting the upregulated piR-L-138 resulted in an
enhanced sensitivity of LSCC to CDDP-based chemotherapy both in vitro and in vivo,
indicating that piR-L-138 is a key contributor to CDDP-based chemoresistance and
targeting piR-L-138 could be a potential strategy to overcome chemoresistance for patients
with LSCC.
2.3.

Results

LSCC-related piR-L-138 is upregulated upon CDDP-based chemotherapy both in
vitro and in vivo
To determine if LSCC-related piR-Ls play roles in chemoresistance, we analyzed the
relationships between their expression levels and the sensitivities to the gold standard firstline platinum-based chemotherapy. Given that CDDP is the backbone of the platinumbased chemotherapy which is defined as combination with a platinum compound (cisplatin
or carboplatin) and 1 of the 4 chemotherapy agents (gemcitabine, docetaxel, paclitaxel and
vinorelbine), we evaluated expression levels of the LSCC-related piR-Ls to these agents
commonly used for patients with NSCLC. From which, we observed that LSCC-related
piR-Ls were upregulated upon treatment with CDDP agents (Figure 2.1). To further
identify if these piR-Ls were LSCC-related sncRNAs, we also observed both LSCC-related
and non-LSCC-related piR-Ls in 4 LSCC as well as in 4 LADC cell lines (Figure 2.1), and
piR-Ls levels were measured in cells treated with CDDP, gemcitabine, docetaxel and their
corresponding control solutions (PBS or DMSO) at the concentration of IC50 for 24 hours
(Table 2.1 and Figure 2.2).
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Relative fold change
in piR-L expression
levels

piR-L expression levels in LSCC cells
post CDDP treatment

Relative fold change
in piR-L expression
levels

piR-L expression levels in LADC cells
post CDDP treatment

Figure 2.1: Effect of CDDP on piR-L expression in lung cancer cells. Relative fold change
of expression levels of LSCC-related piR-Ls in LSCC and LADC following 24 hours
treatment with CDDP. (A) Relative expression levels of LSCC-related piR-Ls in LSCC
analyzed by qPCR post treatment with CDDP. Panel (A) performed by Yuyan Wang (B)
Relative expression levels of LSCC-related piR-Ls in LADC analyzed by qPCR post
treatment with CDDP. Panel (B) performed by Yuyan Wang and Tyler Gable. Expression
levels in cells treated with the corresponding control solutions (PBS or DMSO) were used
as baseline controls. Values are averages of three independent replicates, and error bars
represent mean ± SEM and * indicates P < 0.05, ** indicates P < 0.01, and *** indicates
P < 0.001.
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Among piR-Ls upon these chemotherapeutic agents, we observed a significantly consistent
and substantial increase of piR-L-138 levels in all 4 LSCC cells treated with CDDP,
gemcitabine, or docetaxel (Figure 2.3A), indicating that piR-L-138 was upregulated upon
CDDP-based chemotherapy in vitro. In contrast, neither piR-L-138 in all 4 LADC nor any
non-LSCC-related piR-Ls in all 4 LSCC were observed to show an obviously consistent
and substantial increase upon CDDP, gemcitabine or docetaxel treatments (Figure 2.1B),
indicating the up-regulated piR-L-138 was LSCC-related, which was consistent with the
data obtained using RNA-seq (Figure 2.3B) as we reported previously.122 Together, these
results suggest that LSCC-related piR-L-138 is upregulated upon CDDP-based
chemotherapy in vitro.
To determine if the upregulated piR-L138 upon CDDP-based chemotherapy was
a cell culture artifact, we analyzed its
expression

levels

in

patient-derived

xenograft (PDX) tumors developed from
tissues of patients with LSCC and LADC,
which were used in our previously

Table 2.1: IC50 (µM) of cisplatin in
NSCLC
Cell line
IC50
H157
80
SKMES-1
10
H596
30
H226
40
H1944
100
H1792
50
H1437
50
H522
45

published study.137 The PDX tumors were from the mice untreated or treated with CDDPbased chemotherapy (CDDP plus gemcitabine) for 8 and 28 days, respectively. We
observed that piR-L-138 levels were significantly increased in the tumors derived from
LSCC tissues (patient numbers UMB410 and MDA2131-11) at both time points after the
mice had been treated with CDDP-based chemotherapy for 8 and 28 days (Figures 2.3C
and 2.3D). On the contrary, piR-L-138 showed an obvious downregulation in tumors
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derived from LADC tissues (patient number MDA2131-1) at both time points after the
mice had been treated with CDDP-based chemotherapy for 8 and 28 days (Figure 2.3E),
suggesting that piR-L-138 is induced upon CDDP-based chemotherapy in tumors
developed from LSCC in vivo.
Next, we wanted to identify roles of the upregulated piR-L-138 in chemo resistance of
LSCC. Given that CDDP is the backbone agent of platinum-based chemotherapy for
patients with NSCLC, we then used CDDP as the representative agent to verify roles of
piR-L-138 in chemoresistance.
Targeting piR-L-138 enhanced CDDP-induced apoptosis in LSCC cells
To determine if the CDDP-induced piR-L-138 played functional roles in vitro, we used
DNA oligonucleotides which were complementary to piR-L-138 as antisense (Anti-138)
for blocking piR-L-138, as the complementary RNA oligonucleotides could trigger short
interfering RNA-like response.31, 137 Targeting piR-L-138 followed by CDDP treatment in
two LSCC representative cell lines of H157 and SKMES-1, we found that blocking piRL-138 resulted in a decreased cell viability (Figure 2.4A), which was caused by an
increased apoptotic cell population represented by a substantial increase of the sub-G1
population (Figures 2.4B, 2.5A, 2.5B and 2.5C). In addition, cells treated with Anti-138
showed a significantly increased percentage of Annexin-V positive cells, cleaved Capase3 and cleaved PARP in both H157 and SKMES-1 cells (Figures 2.4C, 2.6A, 2.6B and
2.6C), further confirming that targeting piR-L-138 increase the sensitivity of LSCC cells
to CDDP in vitro.
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Figure 2.2: Dose responses of NSCLC cell lines to CDDP. (A) Response curves of LSCC
cells to different concentrations of CDDP. Cell viability was measured by MTT assay 24
hours after CDDP treatment. (B) Response curves of LADC cells to different
concentrations of CDDP. Cell viability was measured by MTT assay 24 hours after CDDP
treatment. Panel (A&B) performed by Tyler Gable and Yuyan Wang. (C) Morphological
changes of H157 and SKEMS-1 (SK) cells treated with different chemotherapeutic agents
at 24 hours post treatment. Imaged at IC50 (Table 2.1) Images taken by Yuyan Wang.
Values are averages of three independent replicates, and error bars represent mean ± SEM.
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Figure 2.3: LSCC-related piR-L-138 was upregulated upon CDDP-based chemotherapy
both in vitro and in vivo. (A) qRT-PCR analysis of expression levels of piR-L-138
increased by multiple log folds over non-treated cells upon CDDP, gemcitabine or
docetaxel treatment after 24 hours in 4 LSCC cell lines. piR-L-138 expression levels in
cells treated with the corresponding diluent control solutions (PBS or DMSO) were used
as baseline controls. Panel (A) performed by Tyler Gable and Yuyan Wang. (B) Log 2 Fold
Change (LFC) of piR-L-138 from RNA-seq. (C-E) piR-L-138 was induced upon CDDPbased chemotherapy in LSCC tumors but not in LADC tumors in PDX models. Panel (BE) performed by Yuping Mei and Yuyan Wang. All values are acquired by qRT-PCR
analysis and averages of three independent replicates, the error bars reflect mean ± SEM,
and * indicates P < 0.05, ** indicates P < 0.01, and *** indicates P < 0.001.
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Figure 2.4: Targeting piR-L-138 enhanced CDDP induced apoptosis in LSCC cells. (A)
MTT viability assays of LSCC lines. Blocking of the upregulated piR-L-138 upon CDDP
decreased cell viability. (B) PI cell cycle analysis via flow cytometry also shows increased
sub-G1 population. (C) Apoptosis analysis via PI-AnnexinV stain also indicates increased
Annexin-V positive percentage (upper right quadrents), and cleaved Caspase-3 and cleaved
PARP by western blot. Experiments performed by Yuyan Wang with assistance from Tyler
Gable for panel (C). All values are averages of three independent replicates, the error bars
reflect mean ± SEM, and ** indicates P < 0.01 (See also in Figure 2.5 and 2.6).
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Figure 2.5: Targeting piR-L-138 enhanced CDDP increased %<G1 in LSCC cells when
measured by PI staining and flow cytometry. (A) Experimental controls for flow cytometer
analysis gating for PI content. (B) Targeting the upregulated piR-L-138 by CDDP induced
increased sub-G1 population. Experiments performed by Yuyan Wang. All values are
averages of three independent replicates, the error bars reflect mean ± SEM, and * indicates
P < 0.05, and ** indicates P < 0.01.
Targeting piR-L-138 enhanced CDDP induced apoptosis in vivo
To further confirm roles of CDDP-induced piR-L-138 in apoptosis, we used tumor
xenograft model to determine if targeting piR-L-138 can enhance CDDP-induced cell
apoptosis of tumors developed from H157 cells inoculated in Nu/Nu mice. H157 cells were
inoculated into mice, tumors at least 5mm in diameter were considered established, and all
tumors were confirmed by pathology examination (Figure 2.7A, right column).
An intraperitoneal (i.p.) CDDP injection was given on day 1 followed by an intratumoral
(i.t.) injection of Scr or Anti-138 oligonucleotides formulated with MaxSuppressor in vivo
RNALancerII 13 on day of 3, 7, 10, 14, and 16, respectively. Compared to tumors formed
in untreated mice and that in treated mice with CDDP plus Scr, tumors in mice treated with
CDDP plus Anti-138 were significantly smaller (Figure 2.7A, panels 1 and 2, and growth
curves), indicating targeting piR-L-138 inhibited tumor growth. Further, compared to
tumors treated with CDDP and Scr control, tumors treated with CDDP plus Anti-138
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exhibited higher expression of cleaved caspase 3 (Figure 2.7B), indicating targeting piRL-138 enhanced CDDP-induced cell apoptosis in tumors. In addition, we found that tumor
areas which showed high concentrated Anti-138 also showed high levels of cleaved
caspase-3 and cleaved PARP (Figures 2.7C and 2.7D), further conforming that blocking
CDDP up-regulated piR-L-138 accelerates CDDP-induced apoptosis of tumors derived
from LSCC cells.
piR-L-138 directly interacts with p60-MDM2
Finally, we want to decipher the potential mechanisms underlying CDDP-induced piR-L138 in chemoresistance. Given that CDDP-induced piR-L-138 inhibits apoptosis and that
these two LSCC representative cell lines harbor p53 mutations,139 we then hypothesized
that piR-L-138 could be involved in regulating functions of mouse double minute 2
homolog (MDM2). MDM2 and its three isoforms (90, 75, and 60 KD) are E3 Ubiquitin
ligase members have been implicated in p53-independent apoptosis as well as in
chemoresistance.

140-142

In reaction to DNA damage molecular modifications such as

phosphorylation or MDM2 pro-form cleavage allow relief of p53 from the inhibitory
effects of MDM2 and allow proper DNA damage response. To test our hypothesis, we
measured expression levels of total MDM2 and its cleaved isoforms after blocking and
ectopic expression of piR-L-138, respectively. As shown in Figure 2.8A, blocking piR-L138 increased full length MDM2 and decreased 60 KD cleaved isoform (referred to
hereafter as p60-MDM2) upon CDDP treatment, and in contrast, ectopic expression of piRL-138 decreased total MDM2 and increased p60-MDM2 upon CDDP treatment (Figure
2.8B), indicating that roles of piR-L-138 in apoptosis inhibition was related to p60 MDM2.
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Figure 2.6: Percentages of Annexin-V-positive cells before and after piR-L-138 blocking
in H157 (A) and SKMES-1 (B) cells treated with CDDP analyzed by flow cytometry.
Experimental controls for detecting Anexin-V levels in H157 (C) and in SKMES-1 cells
(D). Experiment performed by Yuyan Wang. All values are averages of three independent
replicates, the error bars reflect mean ± SEM, and * indicates P < 0.05.
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Figure 2.7: Targeting piR-L-138 enhanced CDDP-mediated apoptosis in xenograft tumor
model. (A) Representative animals, tumors, and HE stained sections from N=6 mice
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cohorts with different treatments. Tumors were grown to a diameter of 5mm before
beginning CDDP treatment (or no CDDP) at day 0. Growth curves represent tumors treated
with CDDP on day 0 followed by intratumoral Scr and Anti-138 injections. Each
measurement of a tumor’s growth was normalized to its own pre-treatment size on day 0
and represented as overall fold change. Untreated growth curve is not shown due to its
excessive growth rate which distorts scale of graph for treatment arms. (B) Lung SCC
tumor sections stained by IHC with anti-cleaved caspase 3 or DIG-Anti-138 following a
treatment combination of CDDP and Scr or CDDP and anti-138. Panel (A&B) xenograft
work performed by Mark Ma and Yuyan Wang, with IHC staining performed by Yuyan
Wang and Tyler Gable. (C) Immunofluorescence stained cleaved caspase-3 (Red) and
Anti-138 (Green) in tumor sections of animals treated with CDDP and Anti-138 (left panels
are the 10 times magnified images of right panels). Immunofluorescence performed by
Tyler Gable. (D) Intensities of cleaved caspase-3 signals in tumor regions with high
(>20,000 pixels) and low (≤20,000 pixels) Anti-138 signals (20 regions for each category).
Levels of cleaved Caspase-3 and cleaved PARP of tumors with different treatments were
determined by Western blot analysis. All values are averages of four independent tumor
arears, error bars represent mean ± SEM, and * indicates P < 0.05, *** indicates p<0.001.
Strikingly, however, we observed that a reduced p60-MDM2 was accompanied with an
increase of its Serine-166 phosphorylation, and that an increased p60-MDM2 was
accompanied with a decrease of its Serine-166 phosphorylation (Figures 2.8A and 2.8B).
Based on the positive relationship between piR-L-138 and p60-MDM2, a negative
correlation with Serine-166-p60-MDM2, and our experiences in this type of sncRNAs, 137
we hypothesized that piR-L-138 could directly bind to p60-MDM2 to play roles in
apoptosis.
To determine if piR-L-138 had its function through direct interaction with p60-MDM2,
biotin-conjugated piR-L-138 RNA oligonucleotides was used as a bait to pull down its
potential binding proteins in CDDP-treated H157 and SKEMS-1 cells. We found that p60MDM2 was readily detectable in the pulled down products using bio-piR-L-138 but not in
the products of bio-Scr RNAs control (Figure 2.8C), indicating that piR-L-138 bound to
p60-MDM2.
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Figure 2.8: piR-L-138 interacts with p60 MDM2. Levels of total, cleaved p60-MDM2 and
p- cleaved p60-MDM2 in cells with blocking (A) and ectopic expression (B) of piR-L-138,
respectively were analyzed by western blot. (C) Pull-down experiment using biotin
immobilized Scr RNA or piR-L-138 beads followed by Western blot to detect cleaved p60MDM2 in CDDP treated cells. (D) Immunoprecipitation experiment using either IgG or an
anti-p60-MDM2 antibody followed by RT-PCR to detect piR-L-138 in CDDP treated SCC
cells. Panel (A-D) performed by Yuyan Wang and Yuping Mei. (E) Co-localization of piRL-138 and p60-MDM2 labeled with DIG-Anti-138 and anti-p60-MDM2 respectively were
analyzed in HBE4 cells, H157 and SKMES-1 cells untreated or treated with CDDP as
indicated by fluorescence in situ hybridization (FISH) analysis. Panel (E) performed by
Tyler Gable.
To confirm the interaction of piR-L-138 and p60-MDM2, we performed immunoprecipitation (IP) assay using an anti-p60-MDM2 antibody followed by RT-PCR using
primers specific for piR-L-138. While piR-L-138 was not detectable in the IP products of
a control IgG antibody, piR-L-138 was easily detected in the products using the anti-p60MDM2 antibody (Figure 2.8D).
To further validate the interaction between piR-L-138 and p60-MDM2 at individual cell
level, we performed fluorescence in situ hybridization (FISH) assay using a digoxin (DIG)labelled DNA probe complimentary to piR-L-138 and anti-p60-MDM2 antibody. We first
tested the probes in HBE4 cells which express high level of piR-L-138 to ensure the
sensitivity and specificity of the piR-L-138 probe and p60-MDM2 antibody (Figures 2.3B
and 2.8E), and we then measured their distribution upon CDDP. We found that both piRL-138 and p60-MDM2 were predominantly co-localized at perinuclear area when
unchallenged and showed an enhanced and polarized perinuclear pattern upon CDDP
treatment in both H157 and SKMES-1cells (Figure 2.8E). Together, these results suggest
that piR-L-138 directly interacts with the p60-MDM2 and response to CDDP treatment in
p53-mutated LSCC H157 and SKMES-1 cells.
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2.4.

Discussion

piRNAs have been identified to play roles in transposon silencing, heterochromatin
modification and germ cell maintenance.124, 144 Owing to our limited knowledge regarding
their biogenesis, most studies focused on their functions in renewal of germ line cells and
development.63,

86, 145, 146

Their potential roles in somatic tissues particularly in

pathogenesis such as tumorigenesis, while poorly studied, have recently been
recognized.122, 124, 144, 147
In our recently published study, we demonstrated the presence of a type of functional
sncRNA class which has certain similarity with piRNAs but expressed in somatic lung
bronchial epithelial cells and we termed them as piR-Ls.122 Importantly, piR-Ls not only
showed differentially expressed patterns among normal HBE, LSCC and LADC, but also
played key roles in fundamental biological activities of HBE, LSCC and LADC through
directly binding to their targeted phosphorylated proteins,122 suggesting a biological role
of piRNA-Ls in lung tumorigenesis and possibly as deterring factors of cellular behaviors
for individual tumors. Because little has been studied about this type of sncRNAs, we
explored the potential impact of piR-Ls in chemoresistance to the gold standard first-line
platinum-based chemotherapy for treating NSCLC patient in this study.
Based on the expression levels of a piR-L which could distinguish a certain type of lung
cancer from all other subtypes, we optimized a panel of LSCC-related and LADC-related
piR-Ls, respectively. Our initial intention was to identify an association between these
LSCC-/LADC- related piR-Ls and sensitivity to the chemotherapeutic agents commonly
used for patients with NSCLC. We firstly focused on LSCC because few therapeutic targets
validated for patients with LSCC.5 We observed some relationships between piR-Ls and
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the sensitivities to agents, characteristically, piR-L-138 was found to be consistently and
substantially upregulated after CDDP-based chemotherapy treatment in LSCC cell lines.
The results that piR-L-138 was significantly down-regulated in LSCC, could distinguish
LSCC from both HBE and LADC, and consistently upregulated by CDDP-based agents
suggested piR-L-138 might play a critical role in CDDP-based chemotherapy in LSCC. It
is important to note that the upregulation of piR-L-138 was not only observed in LSCC cell
lines but also in the PDX LSCC models treated with CDDP-based regimen, indicating the
effect also occurs in LSCC tissues in vivo.
Our results clearly showed that the upregulated piR-L-138 was critical in protecting LSCC
cells from CDDP-induced apoptosis and that inhibiting piR-L-138 enhanced CDDPmediated apoptosis, suggesting targeting piR-L-138 as a strategy to boost CDDP efficacy
for patients with LSCC. However, a major challenge of using nucleotide-based treatment
strategy is the delivery. Our study provided a proof of concept result for the potential use
of Anti-138 to enhance CDDP-mediated apoptosis of LSCC cells in vivo because we were
using local injection with sub-optimal dose, which produced only modest anti-tumor
activity. We were, therefore, focusing on determining if Anti-138 increased apoptosis at
the sites of Anti-138 injection by analyzing tumor tissue sections for cleaved caspase-3 and
cleaved PARP which are indicators of apoptosis. The concept was supported by the close
relationship between higher levels of cleaved caspase-3 and cleaved PARP and higher
concentrated Anti-138 (Figure 3).
We identified a mechanism underlying chemoresistance caused by CDDP-based
chemotherapy for patients with LSCC, where the functional piR-L-138 is upregulated by
CDDP-based agents, interacts with p60-MDM2 to inhibit apoptosis, and targeting its
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upregulation increases LSCC sensitivity to chemo agents, indicating that piR-L-138 is a
key contributor to CDDP-based chemoresistance and targeting piR-L-138 could be a
strategy to overcome chemoresistance for patients with LSCC. In our previous study, we
have shown that piR-L-163 could directly bind and regulate phosphorylated protein’s
activities.122 In this study, we explored the possibility that piR-L-138 directly interacts with
p60-MDM2 isoform upon CDDP treatment in LSCC cells. The direct interaction between
piR-L-138 and p60-MDM2 was demonstrated by immunoprecipitation, piR-L-138 specific
pull-down, and immunofluorescence co-localization assays. While p60-MDM2 was
reported to be induced in p53-wild-type148-151, we identified that the upregulated piR-L138 upon CDDP-based chemotherapy inhibited CDDP-induced apoptosis by interacting
with the p60-MDM2 in p53-mutated LSCC cells. Strikingly and interestingly, we found
that there was a negative correlation between p60-MDM2 and its Serine-166
phosphorylation (Figure 2.8A), indicating a possibility that the interaction of piR-L-138
and p60-MDM2 could inhibit its phosphorylation to enhance apoptosis. Also, there could
be a totally unknown mechanism underlying p60-MDM2 and Serine-166-p60-MDM2 in
regulating apoptosis by chemotherapy in p53-mutated LSCC cells. In addition, further
studies are necessary to determine how piR-L-138 impacts p60-MDM2 phosphorylation.
2.5.

Materials and Methods

Cell culture and oligonucleotides
Human NSCLC cell lines H157, H226, H596, SK-MES-1, H522, H1437, H1792 and
H1944 were obtained from ATCC (Manassas, VA, USA) and cultured in RPMI 1640 with
10% FBS (Sigma-Aldrich). Human HBE cell lines (HBE2, HBE3 and HBE4) were
provided by Dr. John D. Minna (University of Texas Southwestern Medical Cancer, Dallas,
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Texas) and cultured in Keratinocyte-SFM with L-Glutamine, prequalified human
recombinant Epidermal Growth Factor and Bovine Pituitary Extract (BPE) (Life
Technology). All the cell lines are recently genotyped for their authentication and routinely
treated to prevent mycoplasma growth. All DNA or RNA oligonucleotides were
synthesized in Integrated DNA Technologies (IDT).
Cell transfection
Cell transfection was performed as previously described.122,

127

In brief, transfection

experiments were performed by using Opti-MEM medium and Lipofectamine 3000
(Invitrogen) for DNA oligonucleotides or Lipofectamine RNAiMAX (Invitrogen) for RNA
oligonucleotides according to the manufacturer's instructions. .
sncRNAs extraction, reverse transcription, PCR and real time PCR
sncRNAs extraction, reverse transcription, PCR and real time PCR were performed as
previously described.10 In brief, we used adaptors for sncRNA ligation, genome specific
primer (GSP) for reverse transcription, and specific primers for target piR-Ls amplification.
The adaptor (/5′rapp/5′-CTGTAGGCACCATCAAT-/3′ddc/3’) with both 5′ and 3′
modification; GSP (5′-CAAGCAGAAGACGGCATACGAATTGATGGTGCCTACAG3’); the common reverse primer (5′-CAAGCAGAAGACGGCATACGA-3′) and piR-L138 specific forward primer (5’-ACTTTAGCTCTAGAATTACTCTGAGAC-3’) were
used. The Amplification conditions were denaturation at 95°C for 30 s (5 min for the first
cycle), annealing at 60 °C for 20 s and extension at 72 °C for 20 s in 25 cycles for PCR and
in 40 cycles for real time PCR.
Chemotherapeutic drug preparation
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A stock solution of Cisplatin (Sigma) was dissolved in PBS to a concentration of
1.7mmol/L (0.5mg/ml); a stock solution of Docetaxel (Enzo Life Sciences) was dissolved
in Dimethyl sulfoxide (DMSO) to a concentration of 10μmol/L (8μg/ml); and a stock
solution of Gemcitabine (Gimzar, Lilly) was dissolved in PBS to a concentration of
10mmol/L (3mg/ml). All working solution was freshly prepared in cell culture medium to
the needed concentration.
Cell viability and IC50 determination
Cell viability assay and IC50 were determined by 3-(4,5-dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide (MTT, Life Technologies) assay as we performed
previously,122, 151, 127 and IC50 was defined as the drug concentration that was required for
50% inhibition.
Use of Anti-138 for blocking piR-L-138 expression
To avoid triggering uncertain siRNA effects122,
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, we used complementary DNA

oligonucleotides as antagonists targeting piR-L-138, the sequence was
5’- AGGTCTCAGAGTAATTCTAGAGCTAAAGT-3’ and corresponding scrambled
sequence

was

5’-GATACCAGGGACATACGCTTGATCCTAGC-3’.

Transfection

experiments were performed by using Opti-MEM medium and Lipofectamine 3000
(Invitrogen) and the final concentration is 100nM.
Cell cycle and apoptosis analysis
Cell cycle and apoptosis analyses were performed as previously described.122, 127 In brief,
cell cycle distribution and FITC Annexin V/PI (BD Pharmigen) for apoptosis assay were
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analyzed by flow cytometry (Becton Dickinson), and DNA content and percentage of
apoptosis cells were analyzed on a FACScan Flow cytometer in combination with BD lysis
software (Becton-Dickinson).
Western blot and Antibodies
Primary antibodies used were: anti-cleaved PARP (1:1,000, Clone Asp214, Catalog No.
9541s, Cell Signaling), anti-MDM2 (1:200, Clone N-20, Lot. L099, Catalog No. 813, Cell
Signaling), anti-β-actin (1:1,000, Catalog No. A228, Sigma-Aldrich), Human/Mouse
Cleaved Caspase-3 (Asp175) Antibody (1:1,000, Catalog No. MAB835, R&D system),
and anti-PARP (1:1,000, Catalog No.9546, Cell Signaling). Secondary antibodies included
Goat anti Mouse (1:5,000, Catalog No. 31160, Pierce), and Goat anti Rabbit (1:5,000,
Catalog No. 31460, Pierce).

122, 127, 137

Protein extraction from cells was performed as

described previously122; and protein extraction from formalin-fixed paraffin-embedded
(FFPE)-embedded tissues using Qproteome FFPE Tissue Kit (Cat No. 37623, Qiagen)
according to the instruction.
Pull down analysis and Immunoprecipitation (IP)
We followed the steps for sncRNAs pull down analysis and IP as we performed previously,
122

and the specific sequences were as following:

piR-L-138 /5’Biosg/AGGTCTCAGAGTAATTCTAGAGCTAAAGT-3’
Control /5’Biosg/GAUACCAAGGACAUACGCUUAUGCAUGCUA-3’
Immunohistochemistry (IHC)
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IHC was performed as we described previously.122, 137 Tumor samples were fixed in 10%
neutral formalin and embedded in paraffin, sections were prepared in less than 5mm in
thick, deparaffinized in Xylene and rehydrated. For Hematoxylin and eosin (HandE)
staining: slides were processed for HandE staining according to our routine protocols.
Fluorescence in situ hybridization (FISH) and Immunofluorescence Staining
Cell chamber slides (Fisher Scientific) were fixed with 4% paraformaldehyde (PFA) for
half an hour at room temperature (RT), fissure slides were deparaffinized and rehydrated
using standard protocols. 122,

137

Slides were incubated with 40μg/ml Protein Kinase K

(Roche) at 37°C for 5 min followed by termination reaction in 0.2% Glycine (Affymetrix
USB) for 1 min before processed to pre-hybridization buffer (50% Formamide, 1×SCC,
0.5 μg/ml yeast RNA, and 1×Denhardt solution) at 40°C for 2hr. Probes for piR-L-138 and
Anti-138 were:
piR-L-138: /5'DigN/AGGTCTCAGAGTAATTCTAGAGCTAAAGT-3’
Anti-138: /5'DigN/ACTTTAGCTCTAGAATTACTCTGAG-3’
Hybridization buffer (ENZO) with DIG-labeled probes was added to the slides and
incubated overnight at 37°C. Slides were then washed in 2×SCC, 1×SCC and 0.2×SCC for
10 min followed with blocking in PBST with 5% goat serum (Vector) at RT for 2 h. Slides
were then incubated with primary antibodies MDM2 (1:500) or cleaved Caspase3 (1:1000)
at 4°C overnight. Slides were again washed in 2×SCC, 1×SCC and 0.2×SCC for 10 min
followed with blocking in PBST with 5% goat serum (Vector) at RT for 2 h. Finally slides
were incubated in 2.5% goat serum with DyLight 594 anti-DIG (1:500, Catalog No. DI7594, Vector), or FITC anti-Rabbit (1:750, Catalo No. FI-1000, Vector) for 2 h in dark at
RT. Slides were sealed using mounting medium with DAPI for fluorescence (Vector) and
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prepared for scanning. Images were using ZEISS LSM 700 for scanning slides with cell
lines of HBE4, H157 and SKMES-1, (Oberkochen, Germany); and for scanning tumor
tissues slides, slides were scanned by Cytation 3 Cell Imaging Multi-Mode Reader
(Bioteck) and analyzed BioTek’s new Gen5™ software, the high and the low staining were
distinguished by pixels of 20,000 as the cutoff, and 20 paired lesions were calculated.
Animal Models
Tumor tissues used to determine piR-L-138 expression levels were from patient-derived
NSCLC xenograft models we already prepared in our previously study.

137

For xenograft

mice models: 5 × 106 H157 cells in 100 μl culture medium were inoculated into the lower
back and anterior chest of 6- to 8-week-old female athymic nude (Nu/Nu) mice, which are
developmentally defective of thymic epithelium and lack of cell-mediated immunity (i.e.
immune deficient), according to the protocols approved by Institutional Animal Care and
Use Committees (IACUC No.120901). Tumors reached at least 5mm in diameter were
considered established. The tumor sizes were measured twice a week and tumor volumes
were calculated using the formula (π/6) x length (L) x width (W) x height (H) of tumors
where L and W represent the longest and shortest tumor dimensions, respectively. Each
established tumor model was confirmed by pathology examination. An intraperitoneal
(i.p.) CDDP (1 mg/kg body weight/week) injection was given on day 1 followed by an
intratumoral (i.t.) injection of Scramble or Ant-138 DNA oligo formulated with
MaxSuppressor in vivo RNALancerII (BIOO Scientific, Inc. Austin, TX) at 3 μg/20μl on
day of 4, 7, 11, 14, respectively. Six mice were used for each treatment group and each
treatment and observation period lasted for 16 days.
Statistical analysis
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Statistical analysis will be performed with GraphPad Prism 6 (GraphPad Software).
Significance of the difference between groups will be calculated by Student’s unpaired ttest as we did before,

122, 127, 137

two-way ANOVA (Tukey’s and Bonferroni’s multiple

comparison test). Welch’s corrections will be used when variances between groups are
unequal. The results reported as mean ± SEM, p < 0.05 is considered as statistically
significant.

40

Chapter 3: Mitochondrial piRNA57125 associates with Far Upstream Element
Binding Protein 1 (FUBP1) to promote lung adenocarcinoma tumorigenesis1
3.1.

Abstract

Background: Lung cancer is the leading cause of cancer-related death worldwide, and a
better understanding of the molecular determinants in lung tumorigenesis and cancer
development could provide new potential therapeutic targets for improving the dismal
survival rates of patients with lung cancer. Here we found that mitochondrial PIWIinteracting RNA 57125 (mtpiR-57125) played key roles in tumorigenesis and cancer
development of lung adenocarcinoma (ADC). Methods: We examined the effects of
piRNA and piRNA-Likes on lung adenocarcinoma cell line viability and used liquid
chromatography–tandem mass spectrometry analysis and reverse immunoprecipitation
assay to identify critical interacting protein partners known to drive tumorigenesis. We
further correlated our findings to clinical staging of lung adenocarcinoma tumor cores by
IHC staining. Results: We found that the expression level of mtpiR-57125 was upregulated
in ADC compared to that of squamous cell carcinoma and normal human bronchial
epithelial cells and that blocking the upregulated mtpiR-57125 resulted in significant
decreases in cell viability of ADC cells. Furthermore, we determined that mtpiR-57125
bound to Far Upstream Element Binding Protein 1 (FUBP1). In addition, we confirmed
that both mtpiR-57125 and FUBP1 expression correlated to stages and lympho-node
metastasis in patients with ADC. Conclusion: We revealed novel functions of
mitochondrial piRNAs in ADC, providing potential molecules for developing diagnostics
and targeted therapy to improve the dismal survival rate of patients with ADC.

1 Tyler Gable, Yuyan Wang, David Clark, Li Mao, Yuping Mei Mitochondrial piRNA57125 associates
with Far Upstream Element Binding Protein 1 (FUBP1) to promote lung adenocarcinoma tumorigenesis.
In review with Cancer Treatment Communications
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3.2.

Introduction

Lung cancer is the leading cause of cancer-related death worldwide128, 129. About 85% of
human lung cancers are non-small cell lung cancer (NSCLC) with adenocarcinoma (ADC)
and squamous cell carcinoma (SCC) as the major subtypes of NSCLC128,

129

. While

encouraging new targeted therapies have dramatically afforded benefits to patients with
ADC by targeting oncogenic drivers such as EGFR, ALK, RET, ROS1, etc., each targeted
therapy can only address a limited percentage of patients131, 152-155. Therefore, a better
understanding of the molecular determinants in ADC tumorigenesis and cancer
development could provide new therapeutic targets to improve the dismal survival rates of
patients with ADC.
We have reported expression profiles of PIWI-interacting RNAs (piRNAs) and piRNAsLikes (piR-Ls) in chromosomal and mitochondrial genomes in normal lung cells and
NSCLC cells122, and deciphered mechanisms underlying piRNAs/piR-Ls in lung somatic
cells’ basic biological activities including cell viability, migration and invasion abilities.
Given that mitochondria was reported to be involved in ADC cancer progression156-158, we
then focused on mitochondrial piRNAs and piR-Ls to determine the specific roles of these
mitochondrial sncRNAs in ADC tumorigenesis and cancer development. Using filtered
Log fold change =1 and false discovery rate <0.05, we observed 8 mitochondrial
piRNAs/piR-Ls differentially expressed in ADC. We screened effects of these 8
differentially expressed mitochondrial piRNAs and piR-Ls on basic cellular activities of
ADC cells, and we found that mitochondrial piR-57125 (mtpiR-57125) played important
roles in activities of ADC cells. We then deciphered the mechanisms underlying its roles
in ADC and found that mtpiR-57125 regulated Far Upstream Element Binding Protein 1

42

(FUBP1). Further, we observed that expression levels of piR57125 and FUBP1 correlated
to advances in grade of lung adenocarcinomas. Thus, we revealed functions of mtpiRNAs
in ADC, providing novel targets to be potential therapeutic targets for treatment strategy
for patients with ADC.
3.3.

Results

Differentially expressed mitochondrial piRNAs and piR-Ls in ADC
We profiled piRNAs and piR-Ls expression in 11 cell lines including 3 human bronchial
epithelial cell lines (HBE: HBE2, HBE3 and HBE4), 4 SCC (H157, H226, H596 and SKMES-1) and 4 ADC (H522, H1437, H1792 and H 1944). From the piRNA and piR-L
expression profiles in the 11 cell lines, we identified differentially expressed mitochondrial
piRNAs and piR-Ls between NSCLC (ADC or SCC) and HBE cell lines. Using filtered
Log fold change =1 and false discovery rate < 0.05, we observed 8 mitochondrial piRNAs
and piR-Ls differentially expressed in ADC (Figure 3.1a). We next computed Log2 foldchanges (LFC) of each differentially expressed mitochondrial piRNAs and piR-Ls of 4
ADC and 4 SCC related to that of 3 HBE respectively, we found significantly different
expression levels among ADC, SCC and HBE (Figure 3.1b), suggesting potential roles of
these piRNAs and piR-Ls in ADC and SCC.
mtpiR-57125 plays key function in basic biological activities of ADC cells
Given that all 8 differentially expressed mitochondrial piRNAs and piR-Ls were
upregulated in ADC (Figure 3.1), we choose to examine their roles in basic activities of
ADC cells to determine their functions in ADC tumorigenesis and cancer development. To
avoid triggering small RNA interference response122,

159

, we used the DNA

oligonucleotides complementary to piRNAs/piR-Ls (Anti-oligo nucleotides) as the
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blocking agent. We then screened effects of these differentially expressed mitochondrial
piRNAs and piR-Ls in cell viability of ADC cell lines. Results showed that blocking
mtpiR-57125 significantly decreased cell viability of both representative ADC cell lines of
A549 and H522, indicating that mtpiR-57125 play roles in maintaining cell viability in
ADC cells (Figure 3.2a).

Figure 3.1: Differentially expressed mitochondrial piRNAs and piR-Ls in ADC and HBE
cell lines (ADC: H522, H1944, H137, H1792 and HBE2-4). (a) Log 2 fold change (LFC)
of differentially expressed mitochondrial piRNAs and piR-Ls. Expression levels were
analyzed by RNAseq following small RNA isolations and adapter ligations. Results were
filtered by minimum Log fold change =1 and false discovery rate < 0.05. Experiments
performed by Tyler Gable and Yuping Mei.
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Figure 3.2: mtpiR-57125 plays key function in basic viability and proliferation of ADC
cells. (a) Effects of blocking mtpiR-57125 in cell viability of A549 and H522 cells.
Analysis by MTT assay 24 hours post treatment. (b) Representative images from colony
formation assay using A549 cells stained with crystal violet. Blocking mtpiR-57125 led to
decreases in both size and numbers of colonies of A549. All values are averages of five
independent replicates, error bars represent mean s.d. and P=0.03 and P<0.0001.
To confirm that effects of blocking mtpiR-57125 on basic viability and proliferation of
ADC cells, we then examined effects of mtpiR-57125 in cell colony formation. As shown
in Figure 3.2b, mtpiR-57125 blocking resulted in decreases in both colony number and
colony size, confirming that mtpiR-57125 promotes cell growth in ADC cells.
mtpiR-57125 binds to FUBP1
Because of mtpiR-57125’s effects on cell viability and proliferation, we suspected that
mtpiR-57125 had its roles through interaction with protein. To identify potential mtpiR57125 interacting proteins, biotin-conjugated mtpiR-57125 RNA oligonucleotides were
used as a bait to pull down potential cellular binding protein in A549 cells. Compared with
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proteins pulled down using scrambled control RNA, we identified one protein band
predominantly found in the mtpiR-57125 pull-down products (Figure 3.3a). Liquid
chromatography–tandem mass spectrometry (LC-MS/MS) analysis revealed Far Upstream
Element Binding Protein 1 (FUBP1) as the major protein component with 8 peptides
(Figure 3.3a), suggesting that mtpiR-57125 binds to FUBP1 in A549 cells.
FUBP1 is a transcriptional enhancer with RNA binding and some reported helicase activity
which operates several hundreds or thousand of bases upstream of a gene promoter site. It
functions by cleaving a single strand of DNA backbone and allowing an unraveling of
supercoiled tension resulting from torsion strain induced by transcriptional activities at
regional promoter sites160. FUBP1 is known to act in conjunction with TFIIH and FIR
proteins for complementary repressive functionalities 161. In addition to its DNA binding
capacities mediated by its four internal KH domains, FUBP1 has also been reported to
exhibit RNA binding capacity though only in a manner which complements its DNA
binding mechanisms173.
To confirm the binding between mtpiR-57125 and FUBP1, we performed
immunoprecipitation (IP) assay using anti-FUBP1 antibody followed by RT-PCR using
primers specific for mtpiR-57125. While mtpiR-57125 was not detectable in the IP
products using control immunoglobulin G (IgG) antibody, mtpiR-57125 was readily
detected in the IP products using an antibody specific for FUBP1 (Figure 3.3b). These
results confirm that mtpiR-57125 binds to FUBP1.
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Figure 3.3: mtpiR-57125 binds to FUBP1. (a) Pulled-down proteins from A549 cell lysates
with biotinylated scrambled RNA or mtpiR-57125. Arrow indicates differentially
precipitated band and peptides of FUBP1 detected by LS-MS/MS. (b) mtpiR-57125
detected by qRT-PCR in RNA extracted and adapter labeled from IP products using control
IgG antibody and an antibody specific for FUBP1, respectively. Gel purification and MSID
performed with the assistance of David Clark.
Both mtpiR-57125 and FUBP1 correlate to stages and lympho-node metastasis in
patients with ADC.
To further confirm roles of mtpiR-57125 and FUBP1 in ADC, we analyzed the relationship
of their expression levels and ADC development in tumor cores of 75 and 50 patients,
respectively, with different stages and lymph node metastasis conditions. We performed In
Situ hybridization of a digoxigenin-conjugated DNA probe against piR51725 and stained
with alkaline phosphatase and NBT/BCIP substrate, performed immunohistochemistry of
FUBP1 stained with peroxidase substrate Nickle-DAB, and used ImageScope software
from the Aperio suite to quantify NBT/BCIP and DAB staining. For both mitpiR-57125
and FUBP1 quantitative imaging analysis, we set the lower limit of detection for weak
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staining according to the weakest staining core (NAT) and set the upper limit of detection
according to the strongest staining core (Tumor). The upper limit of detection was reduced
by one grayscale value to eliminate erroneous inclusion of saturated pixels and a space of
2 grayscale values was created between the lower limit of detection and negative pixels.
Strong staining threshold was set as the approximately upper 50% of the pixel detection
range that matched visual stratification thresholds. A significant increase in stain intensity
and composition correlated with increasing tumor grade and lymph node metastasis status
was shown in both mtpiR-57125 and FUBP1 (Figure 3.4 and 3.5). The observed increases
in BCIP and DAB staining were absent in staining of matched normal adjacent tumor
(NAT) cores, indicating that the increased staining was a true correlation with ADC as
expected (Figure 3.4 and 3.5).
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Figure 3.4 IHC mtpiR-57125 staining in ADC cores. (a) DIG-mtpiR-57125 staining was
performed on tumor micro arrays containing 150 normal-tumor matched ADC cores
representing tumor grades T1-T3 and lymph node status N0-N2. Staining intensity was
analyzed by a pixel count and color deconvolution algorithm in the ImageScope software
suite designed to analyze histological and cytological stains. Graph represents ratio of
strong mtpiR-57125 staining in ADC cores with different tumor grades and lymph node
metastasis statuses. (b) Representative tumor cores from each tumor grade after DIGmtpiR57125 staining visualized by DIG-Alkaline Phosphatase-NBT/BICP staining.
49

A

Lymph Status
Tumor Grade

B

Figure 3.5: IHC FUBP1 staining in ADC cores. (a) FUBP1 staining was performed on
tumor micro arrays containing 75 normal-tumor matched ADC cores representing tumor
grades T1-T4 and lymph node status N0-N2. Staining intensity was analyzed by a pixel
count and color deconvolution algorithm in the ImageScope software suite designed to
analyze histological and cytological stains. Graph represents ratio of strong FUBP1
staining in ADC cores with different tumor grades and lymph node metastasis statuses. (b)
Representative tumor cores from each tumor grade after Nickel-DAB staining.
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3.4.

Discussion

piRNAs are key elements in directing Piwi-dependent transposon silencing,
heterochromatin modification and germ cell maintenance65, 162, 163. While their roles and
mechanisms in tumorigenesis and cancer development still remain largely unknown97, 122,
124, 126, 164

105, 165

, there are reports of aberrant PIWI mechanisms in somatic tumorigenesis98, 99, 101-

. Several studies have begun to examine the mechanisms of piRNA tumorigenesis

from the piRNA perspective, but most have still done so under the auspices of a
corresponding PIWI component106, 107, 111. However, the collective examples of this mtpiR57125 and those piR-Ls from our previous reports122,

123

provide evidence that these

sncRNAs play critical roles in regulation and biological functional of their target proteins.
A significant implication derived from these results is the possibility that mtpiR-57125 is
acting in this role independent of any PIWI member. While any one of the PIWI members
may be involved at some other point in this process, it remains to be confirmed if any of
the 4 PIWI proteins actually plays a role in the phenomenon described here.
Differential expression profiles suggest that piRNA and piR–Ls may have important
functions in the biology of NSCLC. In prior studies we have demonstrated that piRNAs
and piR-Ls had previously unknown functions in lung somatic cells122, 123. These species
have all exhibited pro-neoplastic biological functions with altered expression. In this study
we observed the differentially expressed mitochondrial piRNAs and piR-Ls affecting cell
viability of ADC cells and found that mtpiR-57125 played key roles in maintaining
viability and proliferation of ADC cells. To decipher specific mechanisms underlying
mtpiR-57125 in ADC, we used pull down and LS/MS-MS assays, observing FUBP1 as the
enriched target protein, and used reverse IP to further confirm their interaction.
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Although FUBP1 is predominantly a trans-acting element of ssDNA FUSE elements, there
are reports of single strand (ssRNA) associations through its KH3 and KH4 domains166, 167,
173

. This revelation may seem to nullify the significance of FUBP1 association with mtpiR-

57125 until we distinguish that such reports describe FUBP1 associations with mRNA,
who’s presence or absence have no reported bearing on the function, nor the activity, nor
stability of the FUBP1 trans-element. Additional preliminary data suggests it is possible
that mtpiR-57125 association with FUBP1 has an entirely different significance, where
mtpiR-57125 sequestration and/or blocking leads to loss of the target protein. The
utilitarian and critical nature of FUBP1 at nodes of multiple complex biological processes
is suggestive that loss or blocking of mtpiR-57125 may significantly impact tumorigenesis
from one or more avenues. Our data further indicates that levels of both mtpiR-57125 and
FUBP1 correlate to tumor stages and lymph node metastasis in patients with ADC and
suggests that further investigations should examine the ability of mtpiR-57125 and FUBP1
promote ADC progression in vivo.
3.5.

Conclusion and Clinical Practice Points

MtpiR-57125 correlation with clinical ADC tumor stages and metastasis further suggests
that future studies may elucidate a reasonable therapeutic modality, possibly suited as a
frontline companion therapy. There are early indications in the field of piRNAs and
piRNA-likes that indicate promising utility and accuracy in diagnosing clinical stages of
cancer, lung adenocarcinoma in this particular example. It remains to be determined if
mtpiR-57125 could serve as a viable diagnostic biomarker as has been implicated for other
piRNA-likes elucidated in our previous studies122,

123

. The culmination of our data

presented here does not exhaustively delineate the mechanisms of mtpiR-57125 nor its
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comprehensive regulatory function acting through FUBP1. Yet, we anticipate continued
clinical examination of mtpiR-57125 will precisely delineate the relationship between
tissue expression and ADC tumor progression, possibly confirming yet another relevant
clinical biomarker for non-small cell lung adenocarcinoma.
3.6.

Methods

Cell culture and oligonucleotides
Human lung adenocarcinoma (LADC) of non-small cell lung cancer (NSCLC) cell lines
(A549 and H522, H1944, H1792, and H1437) were obtained from ATCC (Manassas, VA,
USA) and were cultured in DMEM with 10% FBS (Sigma-Aldrich). Human bronchial
epithelial (HBE) cell lines (HBE2, HBE3 and HBE4) were provided by Dr. John D. Minna
(University of Texas Southwestern Medical Cancer, Dallas, Texas) and cultured in
Keratinocyte-SFM with L-Glutamine, prequalified human recombinant Epidermal Growth
Factor 1-53 (EGF 1-53) and Bovine Pituitary Extract (BPE) (Life Technologies). All cell
lines are recently genotyped for their authentication. Mycoplasma contamination is
regularly tested and the cells are routinely treated to prevent mycoplasma growth. DNA
and RNA oligonucleotides were listed in Table 3.1.
Table 3.1: specific information for oligonucleotides
Name

Sequence (5' to 3')

3' adaptor

/5’rapp/CTGTAGGCACCATCAAT/3’ddc/

Gene specific primer (GSP)

TGGTCGTGGTTGTAGTCCG

Common reverse primer

CAAGCAGAAGACGGCATACGA

U6F primer

ATGACACGCAAATTCGTGAA

IP scrambled RNA

/5'Biosg/rArUrCrGrUrCrGrGrCrCrGrArUrAr
CrGrUrArArCrGrArUrUrU
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IP mtpiR-57125 target RNA

/5'Biosg/rTrGrGrTrCrGrTrGrGrTrTrGrTrArG
rTrCrCrGrTrGrCrGrArGrArA

(Con) Scramble block - DNA

AUCGUCGGCCGAUACGUAACGAUUU

Ant-mtpiR57125 Target block - DNA

TGGTCGTGGTTGTAGTCCGTGCGAGAA

mtpiR-57125 probe

5'DigN/TGGTCGTGGTTGTAGTCCGTGCG
AGAA-3’

Table continued from page 53.
Cell transfection
Cell transfection was performed as we previously described122, 127. In brief, transfection
experiments were performed by using Opti-MEM medium and Lipofectamine 3000
(Invitrogen) for DNA oligonucleotides and plasmid, or using Lipofectamine RNAiMAX
(Invitrogen) for small non-coding RNA (sncRNA) oligonucleotides according to the
manufacturer's instructions.
sncRNA extraction and purification
For sncRNA extraction from cells, mirVanaTM miRNA isolation kit (Ambion) was used
as we previously described122.
Reverse Transcription (RT)-PCR for sncRNAs
To amplify sncRNAs, including piRNAs, successfully and specifically, we added an
adaptor to the 3’ end. This process included Adaptor Ligation, RT and PCR, and was
performed as we previously described with minor modifications122, 168, 169.
For sncRNAs 3’ adaptor ligation, we used the adaptor (Table 3.1) with both 5’ and 3’
modification, which ensures the efficient and correct ligation.
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1) Mixed 1μl (10pmol, ~55ng) of RNA 3’ adaptor and 4.2μl (~100ng- 150ng) of Purified
sncRNAs in a 1.5ml EP tube.
2) Incubated at 72°C for 2 min, then placed on ice immediately and kept it on ice for at
least 1 min.
3) Added the following reagents (New England Biolabs) to the above tube:
10× RNA ligase buffer 0.8μl
RNase inhibitor 1μl
Single strand RNA ligase 1μl
4) Mixed well and incubated at 37 °C for 1 hr, then terminated the reaction at 65°C for 15
min.
For RT, we used SuperScriptTM III First-Strand Synthesis System for RT-PCR
(Invitrogen). Gene specific primer (GSP, Table 3.1) was used for revers transcription and
RT was performed according to the manufacturer's instructions.
For PCR, we used a common reverse primer and a primers specific for individual sncRNAs
(Table 3.1). Amplification conditions were denaturation at 95°C for 30 s (5 min for the first
cycle), annealing at 60°C for 20 s and extension at 72°C for 20 s (2 min for the last cycle)
for 25 cycles.
Immune Precipitation (IP)
We did IP as we previously described with minor modifications122.
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For piR-57125 precipitation, rabbit anti-FUBP1 antibody (catalog No. PA5-28061,
Invitrogen) was used. For detection, mouse anti-FUBP1 antibody (catalog No.
H00008880-M01, Abnova) was used. Specific steps were as follows:
Protein A/G agarose beads (Sigma-Aldrich) were saturated with anti-FUBP1 or anti-IgG
at 4°C for 4 hrs, centrifuged at 2,000 rcf for 5 min, and discarded the upper aqueous phase.
Protein extracts were prepared from cells using lysis buffer (50mM Tris-cl, pH7.6, 150mM
NaCl, 50mM KCl, 1.0% Triton X-100, with protease and phosphatase inhibitors) and were
pre-cleared using protein A/G agarose at 4°C for 2 hrs, centrifuged at 2,000 rcf for 5min,
and transferred the upper aqueous phase to the above tubes with agarose beads saturated
by antibody. IP reactions were kept rotating overnight at 4°C, centrifuged at 2,000 rcf for
5 min, and washed the beads with lysis buffer twice. Total RNAs were extracted from beads
using Trizol Reagent (Life Technologies). RNAs were precipitated by filling the tube with
isopropanol, precipitated at -80°C until it was frozen followed by pelleting sncRNA at
20,000 rcf at 4°C for 40 min, washing once with 70% cold ethanol, and dissolving the
pellet with Nuclease-free water.
For IP using RNAs oligonucleotides:
Synthesized biotin-labeled RNA oligonucleotides were used for pull down potential targets
and scrambled sequences were used as controls (Table 3.1). Protein extracts were prepared
from 1×107 cells for each treatment using lysis buffer as above and pre-cleared with
streptavidin beads (Sigma-Aldrich), then the supernatant was incubated with streptavidin
beads which were saturated with biotin-labeled single-strand oligonucleotides for 16 hr at
4°C with rotation. After incubation, the biotin-labeled oligonucleotide-coupled
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streptavidin beads were washed four times with lysis buffer. Samples were denatured in
SDS loading buffer before running on a SDS–acrylamide gel.
Mass spectrometry
We analyzed the target proteins by LS-MS/MS as we previously described122, 127.
Cell viability assay
Cell viability was determined by MTT assay as we previously described122, 127, reagent was
added into cells and incubated at culture condition for 4 h to allow cells to convert MTT to
Formazan, Formazan crystals were solubilized in DMSO and the absorbance signal was
measured at (562Ex). Each experiment was performed three times independently.
RNA Expression Assay
Quantitative PCR was performed on Reverse-Transcription cDNA products of RNA
extracts using RT2 SYBR-green ROX Master Mix (Cat. No. 330521, Qiagen) along with
GSP and Common Reverse Primer to the ligated 3’ Adapter (Table 3.1).
Western blot and antibodies
Cells were lysed in buffer (See IP) on ice after washing in cold PBS twice and centrifuging
at 11,000g for 10 min at 4 °C. Protein in supernatant was quantified using bicinchoninic
acid (BCA) protein assay kit (Thermo Scientific) and denatured in SDS loading buffer in
boiling water, loaded and ran on 4-20% SDS–polyacrylamide gel electrophoresis gel and
transferred to nitrocellulose membrane 0.45µm (BioRad). Membrane was incubated with
primary antibody overnight at 4 °C after blocking with fat-free milk (Bio-Rad), washed in
PBS with 0.1% Tween® 20 (PBST) and incubated corresponding secondary antibody for
1 h at room temperature. Blots were developed using SuperSignal west pico
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chemiluminescent substrate (Thermo Scientific). Primary antibodies used were as follows:
anti-β-actin (1:5000, catalogue No. A228, Sigma-Aldrich), anti-FUBP1 (1:2000, catalog
No. H00008880-M01, Abnova). Secondary antibodies used were as follows: HRP-goat
anti-mouse (1:5000, catalogue no. 31160, Pierce) and HRP-goat anti-rabbit (1:5000,
catalogue no. 31460, Pierce).
Bioinformatics analysis
The sequencing reads for each of samples were converted to FASTA format files. These
FASTA files were utilized to identify a set of unique sequences for each sample using an
auxiliary script from the miRDeep2 software package170. While collapsing the reads (to
ensure that each read only occurs once), the copy number for a single read was computed
and normalized for depth of sequencing. Using in-house Perl scripts, we filtered the list of
unique reads for each sample to only retain those reads with a normalized copy number ≥
20 reads per 7 million sequences. In addition to the library depth, the reads were also
filtered on sequence length to exclude reads with sequence lengths < 26bp resulting in a
set of 1,986 sequences from 6 samples. The normalized copy number values were used as
surrogates for the expression of the RNA sequences in each of the 9 samples. The unique
set of sequences were then aligned to the human reference (build hg38) using the Bowtie
(v0.12.9) alignment software package170, in order to determine the genomic loci for each
of the RNA sequences. Based on the genomic loci, the RNA sequences were categorized
as exonic, intronic and intergenic features. RNA sequences that aligned to protein coding
regions of the human genome were further excluded. Intronic and intergenic sncRNAs
were further classified into known tRNAs, rRNAs, miRNAs, lincRNAs, piRNAs and other
known types of small non-coding RNAs. sncRNAs that did not overlap with any of the
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known types of sncRNAs were classified as potential novel sncRNAs. These known and
novel sncRNAs were then utilized to identify differential expression between the HBE and
SCC cell types for each IP target respectively. DESeq172, an R package, to quantify and
detect differential expression, was utilized for the analysis of differentially expressed
known and novel sncRNAs. DESeq was utilized to normalize the read counts for the
sncRNA sequences and subsequently identify significant differentially expressed sncRNAs
using a false discovery rate (FDR) ≤ 0.05 and ≥ 2X fold-change between conditions. The
selected differentially expressed sncRNAs were utilized for downstream visualization and
analysis.
Attached Colony Formation
Cells were transfected with Ant-Control or Ant-mtpiR57125 for 36 hours. Cells were
harvested and re-suspended in DMEM without transfection agent. Cells were plated in
10cm plates to create standard growth curves ranging from 50, 100, 150, 200, 250, 500,
1000, 1500, 2000 cells plated. Cells were left in DMEM to attach for 12 hours after
standard curve plating. After 12 hours of attachment, media was replaced and cells were
maintained in DMEM transfection agent media. Cells were grown for 12 days with media
and transfection agent changed every 4 days. Colonies were fixed with 4% PFA for 1hr at
RT, washed and then stained for 5min in crystal violet. Excess crystal violet was washed
away in PBS X3 NLT 15min with one final wash in PBS overnight.
Immunohistochemistry
Paraffin-embedded Lung Tumor (adenocarcinoma) slides were purchased from BioChain
(Cat. No. T2235152-1 and T2235152). Paraffin-embedded Lung Tumor Microarray
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(adenocarcinoma) slides were purchased from BioMax (Cat. No. LC10013, HLugAde150Sur-01, and HLug-Ade150Sur-02). Protein targets were immune-stained with antiFUBP1 (catalog No. H00008880-M01, Abnova) followed by VectaStain Elite ABC HRP
and ImmPACT-DAB kits (Vector Labs, Cat. No. PK-7800 and Cat. No. SK-4100, SK4105). RNA targets were hybridized with Digoxigenin (DIG) conjugated DNA
oligonucleotides (Table 3.1) followed by immune-detection with mouse anti-DIG APconjugate (Cat. No. AB119345, Abcam) and chromogen development of NBT/BCIP
substrate (Cat. No. 34042, Invitrogen). Immunohistochemistry was performed as follows:
1) Paraffin-embedded slides were melted and then dissolved in xylene solution followed
by graded ethanol hydration. In the case of final antibody HRP-conjugates, endogenous
peroxidase activity was blocked with 3% H2O2 in 95% ethanol for 30 minutes at RT.
Hydration was completed in dH20 for 15 minutes.
2) Formalin fixed slides were permeablized in antigen retrieval buffer (10mM Citric Acid,
pH 6.0, 0.005% Tween-20) at near boil for 20 min.
3) For HRP stains, slides were blocked according to VectaStain protocols. For AP stains,
slides were blocked in pre-hybridization buffer (see FISH protocol) containing yeast RNA.
IHC quantification
Immunohistochemistry stains for both FUBP1 and piR57125 targets were analyzed in
Image Scope software. Images from both stains were annotated using the default settings
in the Image Scope software. Finalized annotations were analyzed by the Positive Pixel
Count v9 algorithm and results exported to excel for analysis and graphical rendering.
Algorithm settings for the FUBP1-DAB stain (brown) were as follows: Hue Value = 0.1,
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Hue Width = 0.5, Iwp(High) =254, Iwp(Low)/Ip(High) = 185, Ip(Low)/Isp(High) = 100,
Isp(Low) = 0, Inp(High) = -2. Algorithm settings for the piR57125_NBT-BCIP stain (blue)
were as follows: Hue Value = 0.66, Hue Width = 0.5, Iwp(High) =254, Iwp(Low)/Ip(High)
= 185, Ip(Low)/Isp(High) = 145, Isp(Low) = 28, Inp(High) = -2.
Statistical analysis
The results reported as mean±s.d. indicated in the data sets were analyzed using Student’s
t-test under the assumption of equal variance for comparisons. All tests were determined
by unpaired two-sided tests and P values <0.05 were considered statistically significant.
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Chapter 4: A phosphorylation-wide sncRNA screen reveals Protein Functional
Effector sncRNAs (pfeRNAs) in human lung somatic cells1
4.1.

Abstract

We recently reported that PIWI-interacting RNAs likes (piR-Ls) could regulate functions
of their interacting phosphorylated proteins (p-Proteins). Except for writers (kinases) and
erasers (phosphatases), functional efficacy of p-Proteins in the context of their readers
(protein or nucleic acid based) remains unknown. We therefore reasoned there was a type
of sncRNAs that could regulate functional capacities of p-Proteins. Here, we profiled
sncRNAs interacting with phosphorylated -Ser, -Thr and -Tyr residues in 3 HBE and 4
lung SCC cell lines, and investigated effects and mechanisms of phosphorylated-residueinteracting sncRNAs. Our results demonstrated sncRNAs regulating functional efficacy of
p-Proteins and we thus identified them as Protein Functional Effector sncRNAs
(pfeRNAs). pfeRNAs were between 26 to 50 nucleotides in length, shared some core
sequences and showed distinctive expression patterns between HBE and SCC cells. Core
sequence 417 (CS417), up-regulated in all 4 SCC cells, bound directly to p-Nucleolin
(NCL), which was dependent on the key elements CGCG of CS417 and p-Ser619 of NCL.
The CS417/p-NCL interaction was critical for functional efficacy of p-NCL in promoting
viability of lung normal and cancer cells. Thus, we revealed a novel type of pfeRNAs
controlling functional efficacy of p-Proteins in lung somatic cells.

1 Tyler Gable*, Yuyan Wang*, David Clark, Priti Kumari, Amol Carl Shetty, Li Mao, Yuping Mei A
phosphorylation-wide sncRNA screen reveals Protein Functional Effector sncRNAs (pfeRNAs) in human
lung somatic cells. Accepted for publication in Cancer Letters doi: 10.1016/j.canlet.2017.03.017
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4.2.

Introduction

Our previous examination of piRNAs in lung somatic cells revealed piR-Ls that regulate
functions of the interacting p-Proteins by directly binding to target p-Proteins122. The
interaction of piR-Ls/p-Proteins played key roles in viability and proliferation of lung
normal and cancer cells1. Furthermore, lung tumorigenesis and cancer development are
fundamentally regulated by abnormally activated or inactivated phosphorylation signaling
pathways174-177. For example, deletion/mutation of epidermal growth factor receptor
(EGFR) exon 19, which encodes a part of the kinase domain responsible for its catalytic
activity, plays a key role in NSCLC progression and is a therapeutic target for patients with
lung cancer178-180. Recently, encouraging targeted therapies have dramatically afforded
benefits to patients with lung cancer by targeting this and other key molecules involved in
regulating phosphorylation signaling pathways130, 181, 182. However, dramatic differences
have been observed in intrinsic and acquired resistance as well as in clinical outcomes of
patients who harbor the same deletion/mutation to the same targeted therapy treatment24,
183-186

, raising the question whether unknown mechanisms regulating functional efficacy of

p-Proteins exist and highlighting the possibility that other approaches to identifying
functional effectors of p-Proteins may be required to address such mechanisms. In addition,
the status of p-Proteins in a cell is maintained by a reversible post-translational
modification at residues of Ser, Thr and Tyr, and is mainly balanced by writers (kinases)
and erasers (phosphatases). Cell signaling orchestrated by p-Ser, p-Thr and p-Tyr residues
is crucial not only to fundamental biological activities such as growth, division,
differentiation and development, but also to physiological and pathological conditions
including tumorigenesis, cancer progression and drug resistance187-190. While multiple
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mechanisms have been revealed to decipher specificity of a writer191-193 and/or an eraser194196

on a certain target p-Protein, how functional efficacy of a p-Protein is regulated to have

functions on its readers still remains unknown. We, therefore, reasoned that there was a
type of sncRNA that could regulate functional efficacy of the bound p-Proteins in lung
cancer and wanted to explore how functional efficacy of p-Proteins was regulated.
In this chapter, we dissect mechanisms underlying previously unknown effectors
regulating functional efficacy of p-Proteins on their readers. To do this, we used
phosphorylation-wide sncRNAs deep sequencing to profile all sncRNAs interacting with
p-Ser, p-Thr and p-Tyr residues of proteins in lung normal and cancer cells. We revealed
new sncRNA sequences by bioinformatics and biostatistics analyses; and we observed a
clear cluster of lung normal and cancer cells by expression patterns of these
phosphorylated-residue-interacting sncRNAs. We also determined roles of a core sequence
and deciphered its particular molecular characteristics on its target. Furthermore, we
evaluated effects of the core sequence on its target and found that it regulated functional
efficacy of its target by directly binding to the target. Given that these phosphorylatedresidue-interacting sncRNAs were identified from p-Proteins and had effects on functional
efficacy of p-Proteins, we refer to them as Protein Functional Effector sncRNAs (pfeRNA).
Our results identify that pfeRNAs, a novel type of functional sncRNA, are necessary for pProteins to efficiently function in lung normal and cancer cells, providing further
understanding of potential mechanisms regulating p-Proteins in lung tumorigenesis and
cancer differentiation.

64

4.3.

Results

A pooled phosphorylation-wide sncRNAs deep sequencing
To reveal potential phosphorylated-residue-interacting sncRNAs, we used antibodies
specifically targeting proteins with p-Ser, p-Thr and/or p-Tyr residues to IP p-Proteins’
interacting sncRNAs in 7 cell lines including 3 HBE and 4 SCC cell lines. To compare
objectively and evenly, we pooled the same amount of protein lysis in the same volume for
each type cell (Figures 4.1a-c), and equally divided the pooled protein lysis into three units
to IP proteins with p-Ser, p-Thr and p-Tyr residues, respectively (Figures 4.1d and e). We
then ligated the extracted RNAs with adaptors in both 3’ and 5’ ends (Figures 4.1f-h). To
identify the cell-type source of each sncRNA, we used a unique Illumina index for each
treatment (Figures 4.1i and j, Table 4.1). To determine expression levels of each sncRNA
between HBE and SCC, we pooled the same quantity of PCR products for purification in
a single-nucleotide resolution gel (Figure 4.1k). Finally we processed the purified
sncRNAs library for Illumina True small RNA-seq (Figures 4.1l and m). After reads and
sequences were post-processed, normalized, identified, blasted and filtered, we used copy
numbers of mapped data to assemble and quantify each sncRNA (Figure 4.2). All
sequences were deposited in the GEO database at the National Center for Biotechnology
Information.
Genomic distribution and length characteristics of phosphorylated-residueinteracting sncRNAs
A total of 1986 unique phosphorylated-residue-interacting sncRNAs were called based on
≥20 reads of each individual sncRNA in each treatment (Figure 4.3a), showing much more
abundant compared to piRNAs and piR-Ls, which we identified in lung normal and cancer
cells1. Similar with piRNAs and piR-Ls, >50% of the phosphorylated-residue-interacting
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sncRNAs reads mapped to >2% loci in the human genome sequences (Figure 4.3b),
indicating that phosphorylated-residue-interacting sncRNAs reads captured a nontrivial
portion of sncRNA diversity.
Of the 1986 sncRNAs, 1128 (57%) were matched in the NCBI and 858 (43%) were novel
(Supplementary Table 4.1). These sncRNAs were processed from exons, introns and
intergenic regions (Figure 4.4), and distributed unevenly in mitochondrial and
chromosomal genomes with a bias on chromosomes 1 and 21 (Figure 4.3c), showing
different genomic distribution with piRNAs and piR-Ls, which we identified in HBE and
lung cancer cells1. Also, different from length distribution of all other types of sncRNAs,
phosphorylated-residue-interacting sncRNAs were among 26 to 50 nucleotides (nt) with
two predominant peaks at 32 and 50 nt (Figure 4.3d), a size range longer than micro RNAs
(miRNAs)197, piRNAs124, piR-Ls122 and small interference RNAs (siRNAs)198, and much
shorter than small nucleolar RNAs (snoRNAs)199.
Expression patterns and potential biological roles of phosphorylated-residueinteracting sncRNAs in HBE and SCC cells
It was interesting for us to see that the majority of sncRNAs were shared by proteins
containing any one of the residues p-Tyr, p-Ser and p-Thr in a certain type of somatic cell
line (Figure 4.5a), confirming the fact that a protein may contain multiple phosphorylated
residues of p-Tyr, p-Ser and/or p-Thr192, 200-202. The shared sncRNAs also suggested the
conservative nature of interactions between sncRNAs and their bound p-Proteins. It was
also intriguing for us to find that p-Thr-related sncRNAs was the most abundant in both
HBE and SCC (Figure 4.5a), which suggests that p-Thr residue interacting sncRNAs are
either more plentiful and/or have and increased interaction affinity to p-Thr residues.
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Figure 4.1: Flowchart for preparing a phosphorylated-residue-interacting sncRNAs library
for deep sequencing. (a) Specific cell lines for phosphorylation-wide sncRNAs library
preparation. (b-c) Cells were lysed and equal proteins in the same volumes were pooled.
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(d-e) The pooled protein lysis was equally divided for IP using antibodies targeting p-Ser,
p-Tyr and p-Thr residues, respectively. (f) RNAs were extracted from IP products. (g-h)
Adaptors ligation. (i-j) RNAs with adaptors were processed for reverser transcription and
polymerase chain reaction (PCR) using primers with unique index sequence (Table 1). (k)
PCR products were equally pooled and run in single-nucleotide resolution gel. (l-m)
Targets bands were purified and processed for illumine Midseq. Experiments performed
by Yuping Mei

Figure 4.2: Bioinformatic workflow for RNAseq results. RNAseq reads were
bioinfomatically filtered to identify differentially expressed or enriched species. This work
flow represents the process which allowed the generation of Figures 4.3, 4.4, and 4.5.
Bioinformatics analysis performed by University of Maryland Institute of Genome
Sciences Core Facility.
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Figure 4.3: Genomic distribution and length characteristics of phosphorylated-residueinteracting sncRNAs. (a) Total and aligned (mapped to full human genome sequence Hg19)
reads in HBE and SCC cell lines. (b) Percentage of the mapped reads distributed in different
loci of human genome sequences. (c) Number of mapped reads distributed to the
mitochondrial and chromosomal genomes (d) Length distribution of phosphorylatedresidue-interacting sncRNAs determined by sequencing length. Bioinformatics analysis
performed by University of Maryland Institute of Genome Sciences Core Facility.
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Figure 4.4: Extent of genomic features (exon, intron, intergenic) represented by sncRNAs
identified in p-Ser, p-Tyr, and p-Thr immunoprecipitations and subsequent RNAseq. I.e.
above 90% of HBE intron features were represented in the RNAseq of p-Ser IP while just
above 40% of SCC intron features were represented. Stratified by corresponding phosphoresidue, cell type, and finally by feature/source (exon, intron, intergenic). Bioinformatics
analysis performed by University of Maryland Institute of Genome Sciences Core Facility.
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Figure 4.5: Expression patterns of phosphorylated-residue-interacting sncRNAs in HBE
and SCC. (a) Specific numbers of sncRNAs interacting with p-Tyr-, p-Ser- and p-Thrresidues of p-Proteins in HBE (left) and SCC (right) , respectively. (b) Shared and unique
p-Tyr-, p-Ser- and p-Thr-interacting sncRNAs between HBE and SCC, respectively. (c)
Unsupervised hierarchy clustering analysis on the expression pattern of phosphorylatedresidue-interacting sncRNAs in HBE and SCC. Analysis performed by Tyler Gable and
Yuping Mei.
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However, if we compared p-Tyr-, p-Ser- and p-Thr-related sncRNAs between these two
types of cells (Figure 4.5b), we saw a significant difference in phosphorylated-residueinteracting sncRNAs between HBE and SCC, indicating that differentially expressed
phosphorylated-residue-interacting sncRNAs may have potential biological roles in lung
normal and cancer cells.
To determine their potential biological roles, expression patterns of phosphorylatedresidue-interacting sncRNAs were used in an unsupervised hierarchy clustering analysis
for all seven cell lines. Because among the seven cell lines, three (HBE2, HBE3 and HBE4)
derived from normal cells and four (H157, H226, H596 and SKMES-1) from patients with
lung SCC, we could examine expression patterns between HBE and SCC. As shown in
Figure 4.5c, the expression patterns of phosphorylated-residue-interacting sncRNAs were
in fact able to clearly separate SCC from HBE, further indicating that phosphorylatedresidue-interacting sncRNAs may play potential biological roles in lung tumorigenesis and
SCC differentiation.
Core sequences of phosphorylated-residue-interacting sncRNAs clusters
We observed there were sequences shared among phosphorylated-residue-interacting
sncRNAs. Given that these sequences were uncharacterized, we referred to their shared
sequences as core sequences and classified the sncRNAs sharing a core sequence as a
cluster. A total of 436 core sequences (therefore 436 clusters) among these phosphorylatedresidue-interacting sncRNAs were observed, and a core sequence was shared by 3, 4 or 5
sncRNAs that had different sequences in 5’ and/or 3’ end(s) (Supplementary Table 4.2).
The existences of core sequences could imply their important biological roles and/or
unknown universal rules underlying phosphorylated-residue-interacting sncRNAs on pProteins.
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Phosphorylated-residue-interacting sncRNAs are Protein Functional Effector
sncRNAs (pfeRNAs)
We then observed consequences in basic viability of cells by manipulating levels of the
core sequences to determine their potential biological roles in lung normal and cancer cells.
We focused on core sequence 417 (CS417) (Table 4.1) that was up-regulated in SCC
(Figure 4.6a). We first wanted to know effects of blocking CS417 in both H157 and H226
cells with higher levels of endogenous CS417 (Figure 4.6a). To avoid trigging siRNA
effect122, 159, we used DNA oligonucleotides complementary to CS417 for blocking. We
observed that CS417 blocking led to a significant decrease in cell viability (Figure 4.6b)
by inducing apoptosis (Figures 4.6c and 4.6d) in both H157 and H226 cells. To further
confirm the roles in cell viability, we determined effects of CS417 ectopic expression in
HBE cells which expressed low levels of endogenous CS417 (Figure 4.6a), and we found
that CS417 overexpression resulted in an obviously enhanced cell viability in both HBE2
and HBE3 cells (Figure 4.6e). Together, these results suggest that phosphorylated-residueinteracting sncRNAs play key roles in viability and proliferation of lung normal and cancer
cells. Given phosphorylated-residue-interacting sncRNAs identified in IP products of pProteins, we could hypothesis that these sncRNAs have their roles in cellular activities by
regulating functions of p-Proteins. Given phosphorylated-residue-interacting sncRNAs
without kinase domains, we could know that these sncRNAs could not be writers or erasers
of p-Proteins. We, therefore, referred these phosphorylated-residue-interacting sncRNAs
as Protein Functional Effector sncRNAs (pfeRNAs) and wanted to evaluate their effects
and decipher mechanisms regulating functional efficacy of p-Proteins to confirm they are
effectors of p-Proteins.
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Figure 4.6: CS417 plays key roles in cell viability in lung normal and SCC cells. (a)
Expression levels of cluster 417 sncRNAs in HBE and SCC cells. (b) Cell viability
following CS417 blocking measured by MTT, (c) Apoptosis analysis by Annexin V and
PI staining following CS417 blocking measured by flow cytometry and (d) levels of
cleaved Caspase-3 and cleaved PARP of cells transfected with scrambled control and
CS417-blocking nucleotides in H157 and H226 cells. (e) MTT cell viability assay of cells
treated with scrambled control and CS417 RNA nucleotides (over expression) in HBE2
and HBE3. All values are averages of three independent replicates, the error bars reflect
mean s.d., and ‘*’ indicates P<0.01 by Student’s t-test. Experiments performed by Tyler
Gable and Yuping Mei.
pfeRNAs directly bind to phosphorylated residues through key elements

To decipher the common mechanisms underlying pfeRNA cluster 417 in basic cellular
activities, we used biotin-conjugated CS417 oligonucleotides to pull down the potential
target(s), and we observed a band predominantly presented in pull down products of CS417
but not of control oligonucleotides in both H157 and H226 cells (Figure 4.7a). We thus
processed this band for Liquid chromatography-tandem mass spectrometry (LC-MS/MS)
analysis and revealed Nucleolin (NCL) as the target showing 15 identified peptides
including a peptide with p-Ser619 (Figures 4.7a and Figure 4.8a). Nucleolin (NCL) is a
multifunctional protein that actively participates in rDNA transcription and translocation
of rRNA, interacts with G-quadruplex structures in the promoter regions of c-Myc, 5’
untranslated regions and various mRNAs and microprocessor machinery in microRNA
biogenesis.203 Based on results above and the fact that pfeRNAs were from IP products of
proteins with p-Ser, p-Thr and p-Tyr residues, we could hypothesize that p-Ser619 of NCL
could be critical to their interaction. To test our hypothesis, we mutated green fluorescence
protein (GFP) tagged NCL wild type (pGFP-NCL-WT)203 Ser619 to Ala619 (NCL
mutation, pGFP-NCL-M), which could not be phosphorylated (Figure 4.8b). We then used
H596 cells that expressed low levels of endogenous NCL (Figure 4.7b) to verify if the core
sequence could be detectable in IP products of cells transfected with pGFP-con, pGFP75

NCL-WT or pGFP-NCL-M, respectively. We found that CS417 was readily detected in
the IP products of cells transfected with pGFP-NCL-WT not from cells transfected with
pGFP-NCL-M or pGFP-con (Figure 4.7c), thereby suggesting that p-Ser619 of NCL is
critical for its interaction with CS417.
We next wanted to determine key elements of the CS417 for its binding to pSer619-NCL.
We first analyzed CS417 and found two potential key conserved elements of CGCG and
CCCG which could be critical for protein interaction (Figure 4.8c). We thus generated
CS417-WT and two mutations (M1 and M2, Figure 4.8c) and transfected them into cells
with pGFP-NCL-WT or pGFP-NCL-M, respectively (Figure 4.7d). While CS417-WT
band was clearly seen in the IP products of cells transfected with pGFP-NCL-WT + CS417WT (lane 1), there was no M1 trace in cells transfected with pGFP-NCL-WT+M1 (lane 2),
indicating CGCG was critical for the interaction. Although the quantity of M2 was
decreased in IP products of cells treated with pGFP-NCL-WT+M2 (lane 3), the M2 band
was still easily seen, suggesting that CCCG had a certain but not a key impact on the
interaction. Again, CS417-WT could not be detectable in IP products of cells treated with
pGFP-NCL-M+CS417-WT (lane 4), further confirming that p-Ser619 was indispensable
for the interaction. Together, these findings suggest that key elements CGCG of CS417
and p-Ser619 of NCL are critical for their interaction.
pfeRNAs regulate functional efficacy of their target p-Protein
While the phosphorylation status of Ser619 on NCL has been reported204, 205, its function
still remains unknown. Based on the facts that NCL is involved in cell viability and cell
apoptosis206-209, that CS417 was identified to have effect on cell viability and cell apoptosis
(Figure 4.6), and that the interaction of CS417 and NCL was through p-Ser619, we
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reasoned that p-Ser619 of NCL might have critical function in cell viability. Therefore, we
transfected H596 cells (expressing low levels of endogenous NCL, Figure 4.7b) with
plasmids of pGFP-con, pGFP-NCL-WT or pGFP-NCL-M to determine if p-Ser619 was
necessary for NCL in cell viability. Results suggested that pGFP-NCL-WT but not pGFPcon or pGFP-NCL-M could induce a significant increase in cell viability (Figures 4.9a and
b, columns 1, 2 and 3), indicating critical roles of p-Ser619 for NCL in cell viability.
To evaluate effects of CS417 on functional efficacy of pSer619-NCL in cell viability, we
used increasing concentrations (20, 40, 80 and 120 nM) of CS417 in cells transfected with
NCL-WT to evaluate effects of NCL on cell viability. Compared to cells treated with NCLWT only, cells treated with NCL-WT+20nM CS417 exhibited an significantly higher
viability (Figure 4.9b columns 2 and 4), indicating that CS417 enhanced functions of NCLWT. Furthermore, the functional consequences of NCL-WT on cell viability showed a
positive relationship with CS417 concentrations ranging from 20~80nM, confirming the
effects of CS417 on functional efficacy of NCL-WT in cell viability (Figure 4.9b columns
4, 5 and 6). There was no difference in the viability of cells treated with 80nM and 120nM
of CS417 (Figure 4.9b columns 6 and 7), suggesting that 80nM CS417 could saturate 1µg
NCL-WT for H596 cells in a well of 6-well plate. Furthermore, compared to cells treated
with NCL-WT only, cells treated with NCL-WT+CS417 M1 showed no changes in cell
viability, further confirming that the critical roles of CGCG of CS417 on functional
efficacy of NCL-WT in cell viability (Figure 4.9b columns 2, 7 and 8).
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Figure 4.7. Key elements p-Ser619 of NCL and CGCG of CS417 are critical for the
interaction. (a) Pulled-down proteins of cell lysates using biotinylated scrambled and
CS417 RNA nucleotides, respectively. Arrows indicated the differently presented band and
specific peptides of NCL. p-Ser691 is highlighted in red. (b) Endogenous protein and
mRNAs of NCL in 4 SCC cell lines. (c) p-Ser619 of NCL was critical for its interaction
with CS417. (D) CGCG were key elements for CS417 binding to NCL. Experiments
performed by Tyler Gable and Yuping Mei with gel purification and MSID performed with
the assistance of David Clark.
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Figure 4.8: Key elements of CS417 and nucleolin interaction. (a) Peptide mapping of liquid
chromatography-tandem mass spectrometry (LC-MS/MS) analysis showing 15 identified
peptides of Nucleolin (NCL) as the target including a peptide with p-Ser619. (b) point
mutation of green fluoresce protein (GFP) tagged NCL wild type (pGFP-NCL-WT) Ser619
to Ala619 (NCL mutation, pGFP-NCL-M), which could not be phosphorylated. (c)
Bioinformatic identification of two potential key elements of CGCG and CCCG that could
be critical for protein interaction. Core sequences were synthesized to generate two
mutations (M1 and M2) for transfection into cells with pGFP-NCL-WT or pGFP-NCL-M.
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Figure 4.9: pfeRNAs regulate functional efficacy of their target p-Proteins. (a) Levels of
wild-type and mutated NCL of H596 cells transfected with pGFP-NCL-WT and pGFPNCL-M plasmid, respectively. (b) Effects of wild-type and mutated NCL on cell viability
at different concentrations of CS417 and its M1. (c) Cell viability of cells treated with
control and CS417 RNA nucleotides in the conditions with or without NCL knockdown.
Experiments performed by Yuyan Wang and Yuping Mei.
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In addition, a simultaneous NCL knockdown abrogated almost all effects of CS417 ectopic
expression (Figure 4.9c), confirming that CS417 had its roles in cell viability through NCL.
Together, these results suggest that functional efficacy of pSer619-NCL in cell viability is
regulated by CS417.
4.4.

Discussion

Based on the expression profiles and roles of piRNAs and piR-Ls in HBE, SCC and
adenocarcinoma (ADC) we reported recently122, our initial intention was to identify
phosphorylation-related sncRNAs in SCC for understanding specific molecules affecting
basic biological activities of SCC. We focused on SCC in consideration of the fact that
encouraging new targeted therapies have dramatically afforded benefits to patients with
ADC recently; however, few validated therapeutic targets have been discovered to benefit
patients with SCC128, 210, which contributes to the overall 5-year survival rate of SCC (all
stages combined) of less than 20%

129, 132, 210, 211

. Thus, we intended to explore specific

molecules affecting basic biological activities of lung SCC cells to provide potential
therapeutic targets for reducing the dismal survival rate of patients with SCC. Given that
abnormally (in)activated phosphorylation signaling pathways have been identified in lung
cancer progression174-177, and that our previous examination revealed piR-Ls which could
bind to p-Proteins and regulate functions of p-Proteins in lung somatic cells122, we
therefore, reasoned if there was a type of sncRNAs which could affect functions of pProteins to play key roles in basic biological activities of lung SCC cells.
We used phosphorylation-wide sncRNA deep sequencing to profile pfeRNAs, and we
revealed that pfeRNAs show their own unique characteristics in sequences, specific length,
genomic distribution, expression patterns, and functional manner as follows: (1) Novel
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pfeRNAs sequences are disclosed (Supplementary Table 4.1); (2) Although both piR-Ls1
and pfeRNAs are processed from exons, introns and intergenic regions, pfeRNAs are most
abundant in Chromosomes 1 and 21(Figures 4.3c and d) instead of Chromosome 6 for piRLs122; (3) pfeRNAs are distributed among 26-50 nt (Figures 4.3d), showing lengths longer
than miRNAs197, piRNAs124, piR-Ls122, and siRNAs198, and much shorter than
snoRNAs199; (4) Different from other known types of sncRNAs to have functions in basepairing manner, pfeRNAs could directly interact with their targets by binding to the
phosphorylated residues through their key elements1 (Figure 4.7); and (5) There are core
sequences shared among pfeRNAs (Supplementary Table 4.2). While we still do not
understand the reasons for the existence of core sequences, we hypothesized that there is
an evolutionary mandate for pfeRNAs regulating functional activities of p-Proteins that
needs to be identified in our future studies.
To evaluate roles of pfeRNAs in lung normal and cancer cells, we focused on a cluster of
pfeRNAs, 417 which were up-regulated in 4 SCC compare to levels in 3 HBE (Figure
4.6a). We observed the effects of CS417 on basic activities by its blocking and ectopic
expression, and we found important roles of CS417 in cell viability (Figures 4.6b-e). We
next determined the target and deciphered the specific mechanisms underlying roles of
CS417, and we found that CS417 bound to its target p-NCL through their key elements
pSer619 and CGCG, which we confirmed by point mutations of both CS417 and pSer619NCL (Figure 4.7). We also evaluated the effects of their interaction on functions of p-NCL
using a series of functional experimental analyses, and we concluded that CS417 controlled
functional efficacy of pSer619-NCL on cell viability (Figure 4.9). Thus, the results of
pfeRNAs controlling functional efficacy of p-Proteins could provide a possible explanation
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for difference in targeted-therapy-induced resistance and clinical outcomes of patients who
harbor the same mutation.
sncRNAs have been known to exploit the power of base pairing to have important roles at
levels of transcription, RNA processing and translation212. Here we reveal a type of
functional pfeRNAs that are key effectors of p-Proteins’ functions in basic biological
activities of normal lung and cancer cells by directly binding to p-Proteins. This is different
from the functional manner in base pairing, raising the intriguing possibility that functions
of p-Proteins are still controlled by sncRNAs molecules with the likely exception for
writers (kinases) and erasers (phosphatases).
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4.5.

Materials and Methods

Cell culture and oligonucleotides
The detailed information of H157, H226, H596, SKMES-1, HBE2, HBE3 and HBE4 were
previously described 122.
Cell transfection, sncRNAs extraction and purification, and Reverse transcription
polymerase chain reaction (RT-PCR) for sncRNAs
Cell transfection, sncRNAs extraction and purification, and RT-PCR for sncRNAs were
performed as we previously described122, and the adaptor with both 5’ and 3’ modification
and Gene specific primer (Table 4.1).
Table 4.1: specific information for synthetic oligonucleotides
Name
Sequence (5’to 3’)
3’ adaptor

/5’rapp/CTGTAGGCACCATCAAT/3’ddc/

Gene specific primer (GSP)

CAAGCAGAAGACGGCATACGAATTGATGGTGC
CTACAG

common reverse primer

CAAGCAGAAGACGGCATACGA

U6F

ATGACACGCAAATTCGTGAA

IP scrambled RNAs

/5’Biosg/rArUrCrGrUrCrGrGrCrCrGrArUrArCrGrUr
ArArCrGrArUrUrU

IP core sequence

/5'Biosg/rCrUrCrUrCrArCrCrGrCrCrGrCrGrGrCrCrCr
GrGrGrUrUrCrG

CS417 RNA WT

rCrUrCrUrCrArCrCrGrCrCrGrCrGrGrCrCrCrGrGrGr
UrUrCrG

CS417 RNA M1

rCrUrCrUrCrArCrCrGrCrArUrUrArGrCrCrCrGrGrGr
UrUrCrG

CS417 RNA M2

rCrUrCrUrCrArCrCrGrCrCrGrCrGrGrArUrUrArGrGr
UrUrCrG

CS417 RNA con

rArUrCrGrUrCrGrGrCrCrGrArUrArCrGrUrArArCrGr
ArUrUrU
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AntiCS417 WT

CGAACCCGGGCCGCGGCGGTGAGAG

AntiCS417 M1

CGAACCCGGGCATTAGCGGTGAGAG

AntiCS417 M2

CGAACCATTACCGCGGCGGTGAGAG

AntiCS417 con

GATACCAGGGACATACGCTTGATCCT

CS417 WT primer

CTCTCACCGCCGCGGCCC

CS417 M1 primer

GTACCTCTCACCGCATT

CS417 M2 primer

CTCTCACCGCCGCGGATT

NCL619MF1

AAAGGCCTGTCTGAGGATACCACT

NCL619MF2

GGTTTTGTAGACTTCAACGTGAGGAGGAT

NCL619MR1

CCACCTTCACCCTTAGGTTTGGCCCA

NCL619MR2

TCAGTTATCTAGATCCGGTGGATCC

NCL1 for seq and QF

AAGCACCTGGAAAACGAAAGA

NCL2 for seq

AGAGGTGGAAAGAATAGCACTTG

NCL QR

AAAGCCGTAGTCGGTTCTGTG

NCLsiF

rUrCrGrUrCrArUrArCrCrUrCrArGrArArGrArArUrU

NCLsiR

rUrUrCrUrUrCrUrGrArGrGrUrArUrGrArCrGrArUrU

Table continued from page 84
Preparation of sncRNAs for sequencing
As shown in Figure 4.1, adaptors containing barcodes were added to extracted sncRNAs
from IP products, amplification was performed according to instructions of True® Small
RNA kit (Illumina), and RNA-seq was performed using Illumina sequencer in the
University of Maryland Institute for Genome Sciences.
Plasmids
pGFP-NCL-WT and pGFP empty vector control (pGFP-con) was purchased from Addgene
(https://www.addgene.org). pGFP-NCL-M point mutation was constructed by site directed
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mutagenesis from pGFP-NCL-WT using specific primer sequences located in
Supplementary Table 3.
Immune Precipitation (IP) and Pull Down
Phospho-Threonine antibody (catalog No. 9381, Cell Signaling), phospho-Tyrosine
antibody (catalog No. 9411, Cell Signaling) and phospho-Serine antibody (catalog No.
4911M, Invitrogen) were used for phosphorylated-residue-interacting sncRNAs library
preparation, and GFP (catalog No. G1544, Sigma-Aldrich) antibody was used for detection
the interaction of the CS and NCL. IP and Pull down using RNAs oligonucleotides as we
described before122, 127, 213.
Mass spectrometry
Target band was processed and the processed samples were analyzed using a nanoscale
reversed-phase LC using an Xtreme Simple nanoLC system (CVC/Q24 MicroTech), and
fully tryptic peptides with up to two missed cleavages and charge-state-dependent crosscorrelation scores were ≥2.5, 3.0 and 3.5 for 2+, 3+ and 4+ peptides, respectively as we
previously described122, 127, 213.
Cell viability assay and Annexin V-FITC Apoptosis assay
Cell viability was determined by CellTiter-Blue assay according to kit instructions and the
fluorescent signal was measured at (560Ex/590Em); and FITC Annexin V/propidium iodide
for apoptosis analysis was performed using FITC Annexin V Apoptosis Detection Kit I
(Becton Dickinson) according to its instructions as we previously described122, 127, 213.
RNA interference
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The specific small interference RNA sequences targeting NCL and the corresponding
controls are listed in Table 4.1.
Western blot and antibodies
Primary antibodies used were as follows: anti-β-actin (1:5,000, catalogue No. A228,
Sigma-Aldrich), anti-phospho-Threonine (1:1000, catalog No. 9381, Cell Signaling),
phospho-Tyrosine antibody (1:1000, catalog No. 9411, Cell Signaling), phospho-Serine
antibody (1:1000, catalog No. 4911M, Invitrogen), cleaved PARP (1:1000, catalog No.
9541, Cell Signaling), Caspase 3 (0.5mg/ml, catalogue No. 622701, Biolegend), GFP
(1:1000, catalog No. G1546, Sigma-Aldrich). Secondary antibodies used were as follows:
goat anti-mouse (1:2,500, catalogue no. 31160, Pierce) and goat anti-rabbit (1:2,500,
catalogue No. 31460, Pierce).
Statistical analysis
The results reported as mean ± s.d. indicated in the data sets were analyzed using Student’s
t-test under the assumption of equal variance for comparisons. All tests were determined
by unpaired two-sided tests and P values <0.05 were considered statistically significant122,
127, 213

.

Bioinformatics analysis
The sequencing reads were utilized to identify a set of unique sequences for each sample
using an auxiliary script from the miRDeep2 software package214, the unique set of
sequences were then aligned to the human reference (build hg38) using the Bowtie
(v0.12.9) alignment software package to determine the genomic loci for each RNA
sequence170, and DESeq was utilized for the analysis of differentially expressed known and
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novel sncRNAs172. The selected differentially expressed sncRNAs were utilized for
downstream visualization and analysis as we did before122.
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Chapter 5: piRNA and pfeRNA in lung cancer: Summary and potential clinical
applications
5.1.

Summary of thesis work

I have examined somatic expression of piRNA and pilRNA non-coding RNAs and
discovered active and dynamic roles in the progression of lung squamous cell and
adenocarcinoma presented in three different examples. My first example from Chapter 2
provided evidence that piR-L-138 was significantly upregulated in lung squamous cell
carcinoma as a result of platinum-based chemotherapy, that Ant-138 targeting (blocking)
piR-L-138 enhanced cisplatin mediated apoptosis in xenograft tumor models, and that piRL-138 interacts with p60 MDM2. My second example from Chapter 3 provided evidence
that mtpiR-57125 was significantly upregulated in lung adenocarcinoma, that Ant-57125
targeting significantly reduced ADC cell viability, and that mtpiR-57125 likely interacts
with the transcriptional enhancer FUBP1. However, evidence of the exact mechanism of
mtpiR-57125 biological phenotype and interaction with FUBP1 was never fully elucidated.
My third example from Chapter 4 provided evidence of a profile of core pfeRNA sequences
that were differentially expressed in SCC and preferentially precipitated with
phosphorylated proteins. Further investigation found that one such core sequence
precipitates a Nucleolin binding partner and that Ant-CS targeting was able to significantly
affect SCC viability independently or in conjunction with the Nucleolin binding partner.
My collective work presented in this thesis does not indicate that all functions of piRNA
and piR-Ls in NSCLC occurred via phosphorylation site interactions with their target
proteins. However, all cases were shown to occur independent of PIWI mechanisms.
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The work presented in this thesis does in fact support the ultimate tenant of my thesis
hypothesis; that somatic expression of piRNA and piRNA-Like non-coding RNAs play
active and dynamic roles in the progression of lung squamous cell and adenocarcinoma via
mechanisms independent of PIWI associations. Evidence in one case, but not all three,
concluded that such interactions were mediated by phosphorylation site interactions.
Although phosphorylation site interactions were not conclusively shown in two examples,
the possibility of such interactions was never actually disproven.
5.2.

pfeRNA exhibit novel biological functions and mechanisms

Our findings are most significant in that they describe a piRNA, piR-Ls and our newly
described pfeRNAs as a class of sncRNA which directly associates with and regulates
protein functions that affect dynamic biological processes and manifest in physiological
and pathological phenotypes which may promote tumorigenesis. More so, this work
provides some of the first reported evidence of alternative mechanisms for piRNA,
pilRNA, and now pfeRNA in cancer. This work suggests that it is inaccurate and
insufficient to view and conceive the roles of these sncRNAs as only involved in transcript
based silencing.
Our findings significantly challenge established notions that piR-Ls are only affecting
cellular processes through transcript based silencing when complexed with PIWI or
Aub/Ago proteins. In fact, each of the cases examined previously were done so in the
absence of significant PIWI levels – a critical component necessary to follow the
hypothesis of transcript silencing mechanisms. Further evidence suggests that it is most
proper to describe this class as protein functional effector RNAs or pfeRNAs – a name that
construes their ability to regulate protein function and not necessarily all other
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comprehensive aspects of regulation. pfeRNA are also an even more accurate description
than our original classification as small protein regulatory RNA or sprRNA (avoiding the
possibility of misconstruing that they only regulate small proteins, which is not so). In
summary of what we know about pfeRNA: 1) pfeRNA were discovered by deep
sequencing and could not be matched in any existing data resources such as NCBI,
sncRNAs resources or any RNA data resources, and neither could they be predicated by
any existing in silico tools. 2) pfeRNAs are distributed from 26 to 50 nucleotides (nt) 121,
which are much longer than miRNAs (around 22 nt), siRNAs (19-25 nt) and piRNAs (2632 nt) and are much shorter than snoRNAs (60-300 nt)126. 3) Some pfeRNAs have 2’-Omethylation in the 3’ prime. 4) pfeRNAs were identified in somatic cells. 5) pfeRNAs share
core sequences. A core sequence could be shared by 3, 4 or 5 pfeRNAs which had different
sequences in their 5’ and/or 3’ end(s). 6) pfeRNA have functional binding mechanisms
different from other sncRNAs such as miRNA, siRNA, piRNA, or snoRNA. 7) pfeRNA
have not been observed to degrade their targets and may, in fact, enhance their target’s
function.
5.3.

Considerations for future investigations

This work strongly suggests that future investigations into the functions of piRNA, piR-L,
and/or pfeRNA should do so with the understanding that there are alternative and highly
probable protein functional effects that should be considered which are not related to
transcript based silencing mechanisms. While silencing based studies are still vital to our
understanding of many sncRNAs, they should no longer be assumed as the de facto reality
and equal investigational merit should be given to protein functional effects. It may even
be prudent for future investigations to perform exclusionary experiments before claiming
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that a given piRNA or pilRNA mechanism IS silencing and IS NOT protein functional or
vice versa. This thesis work examined a select group of prominent cases out of a field of
several hundred potentials. It is unlikely that the work represented here is exhaustive of
these specific cases; indeed there are many more dozens and perhaps hundreds of species
of yet unexamined RNAs that will yield biologically interesting and significant results.
Perhaps the broadest value of these studies is not necessarily in their individual biological
mechanisms or minor phenotypes, but rather in their collective predictive and prognostic
disease indications.
5.4.

Utility in screening, diagnostics, prediction and prognosis.

A number of reports have now found robust expression of many nucleic acid classes
circulating in whole blood, plasma, urine, lymph fluid and even fecal matter124, 215-219.
There are a myriad of efforts currently underway to take advantage of circulating
biomarkers such as these for screening and diagnostic assays covering a suite of
indications, NSCLC among them. Such biomarker screens are in development with the
intent of replacing other invasive screening and diagnostic methods or simply improving
detection sensitivities and specificities over existing techniques. The first and currently the
only commercially available product, Cologuard, has already received FDA approval and
scheduled CMS reimbursement review. Cologuard utilizes cell-free DNA (cfDAN), which
is extracted from fecal matter and sequenced to identify early colorectal cancer. With the
goal of eventually replacing unnecessary colonoscopies, Cologuard is already showing log
fold sensitivity and increased specificity over current techniques – a theme common to
many similar technologies in development. FDA approvals for another half dozen
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companies targeting different sample sources and different indications are all currently
under review.
It has recently been proposed that answering the question “are piRNAs ectopically
expressed in cancer?”220 is of vital importance to understanding a passenger versus driver
significance in tumorigenesis. While we cannot yet generally conclude driver versus
passenger status for all piRNA, pilRNA, or pfeRNA in all cancers, this thesis presents
evidence that suggests that at least pfeRNA are ectopically expressed in NSCLC and
regulate significant biological phenotypes. Considered in the same manner as a variety of
current efforts to develop various circulating biomarker screens and diagnostics, the
examples examined in this thesis have the potential to support clinical development efforts
for screening and diagnostics from circulating pfeRNA in whole blood and serum. The
seminal report for this body of work122 established a set of intellectual property claims that
are the foundation of my ongoing attempts to develop pfeRNA screening and diagnostic
biomarkers for early stage lung cancer detection in collaboration with the technology
inventor. Collectively, over 1000 clinical samples originating from patient matched normal
lung tissue, whole blood and serum have been examined for expression of 11 different
sncRNA signatures (1 housekeeping RNA, 5 ADC pfeRNA signatures and 5 SCC pfeRNA
signatures). Alone, any single RNA signature is subject to wide expression disparity
between various patient samples and therefore is open to a wider range of false-positives.
But evidence in preparation for FDA approval suggests that utilizing a collection of at least
3 of 5 signatures sufficiently reduces and mostly eliminates false-positives through
population overlap. Additional modeling predicts statistically significant improvements in
false-positive confidence for each additional signature that is required to call out a positive
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result. FDA approval for commercial development requires processing approximately
10,000 patient matched samples in order to clinically validate and correlate circulating
pfeRNA expression profiles with SCC and ADC staging. In parallel with current regulatory
approval efforts, new expression analyses of pfeRNA previously identified from in vitro
assays are now being examined in patient matched clinical samples and are expected to
identify additional biomarkers suitable for inclusion.
In the reality of new technology adoption practices in clinical settings, a complex array of
obstacles must be addressed. New technologies are rarely if ever clinically adopted simply
because they are a biomedical marvel. Every new technology must not only provide a
biomedical gain over existing practices but must also do so within the economic and
regulatory limitations of the overall healthcare system. In the case of pfeRNA applications,
it seems ideal to position the technology as an annual blood or other liquid biopsy screen
for which every individual in the healthcare system would be monitored for baseline
variations in pfeRNA signatures, signatures which are predictive and possibly prognostic
for early onset of NSCLC (SCC and/or ADC) – akin to original intentions behind
monitoring prostate specific antigen (PSA) levels predicting prostate cancer in men. While
regulatory considerations for screening technologies are far less complex than those for the
average diagnostic and especially less complex than therapeutics, the intended clinical
entry application is almost certainly far too broad to gain traction. Virtually every
technological innovation (biomedical or otherwise) which successfully achieves clinical
adoption does so through concerted focus on one single problem or niche which it can solve
with extreme competence. In our efforts to develop pfeRNA technology for clinical use,
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we have examined a range of value propositions and identified two promising clinical
applications that warrant further investigations.
The first potential clinical niche complements Center for Medicaid Services (CMS)
screening guidelines for patients at high-risk of developing lung cancer. Current lung
cancer screening guidelines instruct clinicians to adopt diagnostic decision trees that
heavily rely on annual low-dose computed tomography (LDCT) as a frontline technique
(Figure 5.1) 122, 221-224.

biopsy or
surgical
excision

Clinical adoption of ncRNA screens
1) Early Market
2) Established Market

LDCT every
3-12 mo

small nodule

LDCT
annually
until age 74

low suspicion

highest
risk
patients

LDCT
scan

consider
PET/CT

large nodule

high
suspicion

biopsy or
surgical
excision

annual
LDCT until
age 74

no nodule

Figure 5.1: Simplified decision tree (grey boxes and black arrows) taken from CMS lung
cancer screening guidelines for at risk populations. Red lines indicate likely points of
interception for pfeRNA technology in the current CMS guidelines and decision trees in 1)
early market (clinical) applications which may prevent secondary and tertiary LDCT and
hopefully unnecessary biopsies and 2) established market (clinical) applications which may
eventually completely overtake LDCT as a means of screening and diagnosing patients at
high-risk of lung cancer as defined by CMS.
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To its benefit, LDCT has many significant clinical attributes. Among them, it possesses
extremely high imaging sensitivity but unfortunately suffers from egregiously low
specificity. In reality, as many of 95% of small nodules detected by LDCT will be falsepositives as well as 23.3% of overall nodules examined by LDCT9-12. A growing number
of reports and clinicians dissatisfied with non-specific screening techniques are now
exploring the use of various circulating biomarkers as replacements for current screening
and diagnostic practices. Although more recent entrants into such clinical and commercial
investigations, pfeRNA appear well suited to take advantage of such applications. Efforts
to develop a viable clinical complement and eventually replacement to LDCT are
underway and seem certain to establish their place in clinical practice.
A second potential clinical niche for pfeRNA technology would seek to establish some
profile of pfeRNA(s) as predictive and prognostic biomarkers for current therapeutic
modalities. pfeRNA-138 (or piR-L-138 as discussed in chapter 2) is one such candidate as
a companion diagnostic to CDDP therapy in LSCC. However, additional investigations are
underway following the hypothesis that there does exists a profile of pfeRNA(s) which are
either predictive and/or prognostic for PDL1 therapies. Clinicians who prescribe PDL1
therapies currently do not have any viable means of monitoring or predicting treatment
outcomes as PD1 and PDL1 levels are not correlative to response. Opdivo, owned by
Bristol-Myers Squibb, and Keytruda, owned by Merck, are both PDL1 monoclonal
antibodies in wide use and currently approved for indications of unresectable or metastatic
melanoma, metastatic non-small cell lung cancer, renal cell carcinoma, classical Hodgkin
lymphoma, head and neck squamous cell carcinoma, and urothelial carcinoma; all of which
may in fact correlate with predictive and/or prognostic pfeRNA profiles.
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6.1.

Appendix

Data from RNAseq included as supplementary data included as appendix file in ProQuest
(Supplementary Tables 4.1 and 4.2)
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