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Abstract

Recent comprehensive next-generation genome and transcriptome analyses in lung cancer patients,
several clinical observations, and compelling evidence from mouse models of lung cancer have
uncovered a critical role for Notch signaling in the initiation and progression of Non-Small Cell
Lung Cancer (NSCLC). Notably, Rumi is a “protein O-glucosyltransferase” that regulates Notch
signaling through O-glucosylation of Notch receptors, and is the only enzymatic regulator whose
activity is required for both ligand-dependent and ligand-independent activation of Notch. We have
conducted a detailed study on RUMI’s involvement in NSCLC development and progression, and
have further explored the therapeutic potential of its targeting in NSCLC. We have determined that
Rumi is highly expressed in the alveolar and bronchiolar epithelia, including Club cells and
alveolar type I1 cells. Remarkably, RUM/ maps to the region of chromosome 3q that corresponds
to the major signature of neoplastic transformation in NSCLC, and is markedly amplified and
overexpressed in NSCLC tumors. Notably, RUMI expression levels are predictive of poor
prognosis and survival in NSCLC patients. Our data indicates that RUMI modulates Notch activity
in NSCLC cells, and that its silencing dramatically decreases cell proliferation, migration and
survival. RUMI downregulation causes severe cell cycle S-phase arrest, increases genome
instability, and induces late-apoptotic/non-apoptotic cell death. Our studies demonstrate that
RUMI is a novel negative prognostic factor with significant therapeutic potential in NSCLC,
which embodies particular relevance especially when considering that while current Notch
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inhibitory strategies target only ligand-dependent Notch activation, a large number of NSCLCs are
driven by ligand-independent Notch activity.
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Introduction

Notwithstanding the enormous progress made in the dissection of the signaling pathways
and networks governing lung development and carcinogenesis (Johnson et al., 2001; Richer
et al., 2015; Unni et al., 2015), and the substantial advances in the identification of lung
cancer driver mutations (Bauml et al., 2013; Luo and Lam, 2013; Thompson et al., 2016),
the precise molecular and cellular mechanisms triggering lung cancer initiation and
formation are not yet clearly understood. Remarkably, recent comprehensive next-generation
genome and transcriptome analyses in lung cancer patients (Campbell et al., 2016;
Schwaederle et al., 2015; Xu et al., 2016), numerous basic and clinical studies (Chang et al.,
2016; Dang et al., 2000; Donnem et al., 2010; Konishi et al., 2010; Kuramoto et al., 2012;
Linetal., 2010; Yang et al., 2011; Yuan et al., 2015), and compelling evidence from mouse
models of lung cancer (Ambrogio et al., 2016; Maraver et al., 2012; Osanyingbemi-Obidi et
al., 2011; Xu et al., 2014; Zheng et al., 2013) have uncovered a critical role for Notch
signaling in lung cancer initiation and progression.

Notch is an evolutionarily conserved cell-to-cell signaling pathway that is widely used by
metazoans during development and in the maintenance of adult homeostasis (Jafar-Nejad et
al., 2010; Kopan and llagan, 2009; Ntziachristos et al., 2014), and is crucial in the regulation
of important biological processes including cell proliferation, differentiation, asymmetric
cell division, cell fate specification, compartment boundary formation, and lateral inhibition
(Carlson and Conboy, 2007; Chiba, 2006; Fortini, 2009; Kopan and Ilagan, 2009; Regan et
al., 2013; Tien et al., 2009; Wang et al., 2009). In its canonical mode of activation, Notch
signaling is initiated when transmembrane Notch receptors (Notchl, 2, 3 and 4) on “signal-
receiving cells” interact with transmembrane ligands of the Delta (Delta-likel, 3 and 4) and
Serrate/Jagged (Jaggedl and 2) families on apposed “signal-sending cells” (Guruharsha et
al., 2012; Jafar-Nejad et al., 2010; Kopan and Ilagan, 2009). Upon ligand binding, Notch
receptors undergo a series of sequential proteolytical cleavages catalyzed by ADAM10/17
proteases (S2 site) and the y-secretase complex (S3/S4 sites), which, eventually, cause the
release of the Notch intracellular domain (NICD) and its consecutive translocation to the cell
nucleus, where it participates in a transcriptional activator complex along with CSL (Rbpjk)
and Mastermind proteins to activate the expression of downstream target genes (Guruharsha
etal., 2012; Jafar-Nejad et al., 2010; Kopan and Ilagan, 2009). Notably, the Notch pathway
is modulated at various levels including Notch receptor maturation and post-translational
modification, ligand binding, and proteolytical processing (Jafar-Nejad et al., 2010; Kopan
and llagan, 2009), and some of these regulatory mechanisms can be used as vulnerable
points to block Notch signaling activity in human malignancies (Purow, 2012). However,
current Notch inhibitory therapies have severe side effects (Krop et al., 2012; Schott et al.,
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2013; Tolcher et al., 2012), are poorly selective (Lleo, 2008), and target only canonical,
ligand-dependent Notch signaling.

While the presence of O-glucose glycans on the extracellular surface of Notch receptors has
been known for some time (Moloney et al., 2000), the biological significance of these
glycans on Notch activity was only recently established after the identification of Rumi in
Drosophila (Acar et al., 2008) and mice (Fernandez-Valdivia et al., 2011). Rumi (Poglutl) is
a CAP10 domain-containing, KDEL-like “protein O-glucosyltransferase” that resides in the
Endoplasmic Reticulum (Acar et al., 2008; Fernandez-Valdivia et al., 2011; Leonardi et al.,
2011; Takeuchi et al., 2011) and regulates Notch signaling through O-glucosylation of
specific serine residues located within discrete EGF repeats present in the extracellular
domain of Notch receptors (Acar et al., 2008; Fernandez-Valdivia et al., 2011; Leonardi et
al., 2011). Notably, Rumi is the sole enzyme capable of O-glucosylating Notch receptors in
humans (Fernandez-Valdivia et al., 2011; Takeuchi et al., 2011), and Notch receptors are the
main targets of Rumi (Acar et al., 2008; Fernandez-Valdivia et al., 2011; Leonardi et al.,
2011). Remarkably, Rumi regulates Notch signaling activity in a dosage-dependent manner
(Fernandez-Valdivia et al., 2011; Leonardi et al., 2011), and modulates canonical Notch
signaling at a molecular step mapped between ligand binding and the S3 cleavage (Acar et
al., 2008; Fernandez-Valdivia et al., 2011; Leonardi et al., 2011). Strikingly, Rumi is also
required for ligand-independent S2 cleavage activation of Notch (Leonardi et al., 2011), and
its inactivation is capable of suppressing both hyperactive, ligand-independent Notch
signaling activity and Notch activity-driven neoplastic cell growth (Leonardi et al., 2011).

In this research work, we used a combined approach utilizing gene and protein expression
analyses in murine and patient specimens, comprehensive association studies between
RUMI expression levels and Non-Small Cell Lung Cancer (NSCLC) patients’ progression
and survival, and gene silencing and cell functional assays in NSCLC cell culture systems to
define the involvement of RUMI in the development and prognosis of NSCLC as well as to
evaluate the therapeutic potential of its targeting.

Materials and Methods

Animals and cell lines

C57BL6/J mice were used for studies involving mouse specimens. For Rumi expression
analysis in developing lung, mouse embryos sections corresponding to embryonic stages
E11.5 to E18.5 were used. For Rumi expression analysis in adult lung, 8-week old mice
were sacrificed and the left lung collected for histology processing. A549 (ATCC CCL-185)
and H23 (ATCC, CRL-5800) cell lines were obtained from Dr. Jiang Wang and Dr. Meng-
Jer Lee, respectively, and were authenticated through Short Tandem Repeat (STR) DNA
profiling in Karmanos Cancer Institute’s Biobanking and Correlative Sciences Core. Cells
were grown in DMEM containing 10% fetal bovine serum. Puromycin was used as positive
selector for establishing stably-transfected cell lines, at 0.75 pg/ml for H23 cells and 1.5
ug/ml for A549. Animal studies were approved by our Institutional Animal Care and Use
Committee.
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Tissue microarrays

NSCLC tissue microarrays were obtained from US Biomax. For AQUA analysis and
patients’ progression and survival studies, Karmanos Cancer Institute NSCLC tissue
microarrays (KTMA) and Yale Cancer Center NSCLC tissue microarrays (YTMA) were
used.

cBioportal data mining analysis

Searches in cBioportal (Cerami et al., 2012; Gao et al., 2013) for RUM| genetic alterations
for human cancers were done using gene name POGLUT1. Searches were conducted for
cancer genomic data in 164 studies and the results from the top-20 studies showing the
highest frequency and absolute counts on genomic alterations in RUM/ were selected.

Antibodies, immunoreagents and shRNAs

Two different Rumi antibodies were used for expression analyses. A validated rabbit
polyclonal antibody against mouse Rumi (Fernandez-Valdivia et al., 2011) was used for
immunodetection of Rumi in murine specimens, and a rabbit polyclonal antibody against
mammalian Rumi (NBP1-90311, Novus Biologicals), and with reactivity to human RUMI
(Basmanav et al., 2014), was used in human samples. A rabbit polyclonal antibody was used
for detection of surfactant protein C (SP-C) (AB3786, EMD Millipore) and a goat
polyclonal antibody was used for Club cell secretory protein (CCSP) (sc-9772, Santa Cruz
Biotechnologies). Alexa488-conjugated donkey anti-rabbit (711-545-152), Alexa488-
conjugated donkey anti-goat (705-545-147), Cy3-conjugated donkey anti-rabbit
(711-165-152), and donkey anti-rabbit Fab-fragment (711-007-003) were obtained from
Jackson Immunoresearch. For AQUA analysis, the pan-Cytokeratin mouse antibody (clone
AE1/AE3, M3515) and the polymer-HRP anti-rabbit solution (K4011) were from DAKO
Cytomation, and the Alexa555-conjugated goat anti-mouse (821424) was from Life
Technologies. Non-target control MISSION shRNA (SHC002) and the two independent and
non-overlapping MISSION shRNAs directed against two distinct regions of the coding
sequence of human RUM/ mRNA (shRNA1, TRCN0000155317; shRNA2,
TRCNO0000151420) were from SIGMA. Plasmids containing the distinct ShRNAs were used
for transfection and subsequent generation of stably-transfected cell lines.

Immunohistochemistry, immunofluorescence, AQUA analysis

For immunohistochemistry and dual immunofluorescence stainings, antigen was retrieved
by heat-induced epitope retrieval in citrate buffer and sections were blocked with 3% normal
donkey serum. For immunohistochemistry experiments, Vectastain ABC kit (PK-4001,
Vector Laboratories) and ImmPACT DAB substrate (SK-4105, Vector Laboratories) were
used for chromogenic reactions along with hematoxylin counterstaining. Dual
immunofluorescence experiments were done sequentially, and two blocking steps with
normal rabbit serum and donkey anti-rabbit Fab fragments were done after the first
immunoreaction in Rumi and SP-C dual immunofluorescence experiments.

For Rumi immunofluorescence in cultured cells, 3x10° cells were plated in coverslips and
grown for 24h. Samples were fixed in 4% formaldehyde, permeabilized with 0.01% Triton
X-100, and blocked with 3% normal donkey serum. The coverslips were then incubated
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overnight with primary antibody followed by three washes in PBS and a 2h incubation with
the secondary antibody. Samples were mounted with Antifade Mounting Medium with
DAPI (H-1200, Vector Laboratories) and the images were acquired in a Leica microscope
using Spot Imaging Software 5.1 (Diagnostic Instruments).

Dual immunofluorescence stainings for AQUA analysis were done using heat-induced
epitope retrieval in citrate-based Unmasking Solution (H-3300, Vector Laboratories) and a
15-min incubation with Background Sniper (BS966, Biocare) for blocking unspecific
binding. RUMI and cytokeratin immunoreactions were done simultaneously, and RUMI was
detected using Cy5 tyramide chemistry (SAT705A001EA, Perkin-Elmer). Slides were
mounted in Prolong Gold antifade reagent with DAPI (P36931, Thermo Fisher) and allowed
to cure overnight before imaging acquisition. Tissue microarray slides were scanned and
core images were acquired and scored using an AQUA system (PM-2000, version 2.3.4.1,
Genoptix). Exported images were pseudocolored using green color for Alexa-555 signals
(cytokeratins staining) and red color for Cy5 signals (RUMI staining).

Statistical analyses for RUMI ’s prognostic role in NSCLC

RT-gPCR

The primary objective was to assess the independent prognostic role of RUMI in NSCLC
patients. The primary clinical endpoint was the Overall Survival (OS) defined as time from
diagnosis to death of any cause. The secondary clinical endpoint was the time to progression
(TTP) defined as time from diagnosis to documented date of progression or death due to
disease progression. Two independent cohorts, KTMA and YTMA, were used as training
and validation sets, respectively. Expression measurements from KTMA with AQUA were
dichotomized into high/low status and evaluated with log-rank tests for OS. The optimal cut-
off was defined as cut-off that resulted with the lowest log-rank Pvalue, and it was further
validated with multivariate Cox model in the training set and validation set adjusted for age,
gender, tumor stage, and histology. As tumor stage is a well-known prognostic factor,
Kaplan-Meier (KM) plot of OS in the validation set based on protein expression high/low
status was stratified on tumor stage. Associations between the protein high/low status and
baseline patient characteristics were tabulated and tested with Fisher’s exact test or
Wilcoxson test as appropriate. All statistical tests were two-sided and P values less than 0.05
were considered significant. Statistical analyses were performed using R v3.3 (The R
Foundation for Statistical Computing).

Total RNA was extracted using TRIZOL (Life Technologies) and RNeasy micro columns
(QIAGEN) following manufacturer instructions. RNA was quantified using a DeNovix
DS-11 nano spectrophotometer (DeNovix). Samples were diluted in nuclease-free water and
100 ng total RNA per well were used in RT-gPCR experiments using One-Step RT-gPCR
master mix (Life Technologies). Validated Tagman hydrolysis assays were obtained from
Life Technologies and included primers/probe sets for RUM/ (Hs00220308 _m1), HEY1
(Hs01114113 _m1l), HES2 (Hs00219505_m1) and 18S rRNA (4319413E). RT-qPCR
experiments were conducted in a Lightcycler 96 qPCR instrument (Roche) and Cq values
were automatically calculated by the instrument software without user intervention.
Obtained Cq values were used for estimating relative expression levels with the 27AACd
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method and using 18S rRNA as reference. Three independent biological replicates and two
independent technical replicates per experiment were used. Statistical analysis of the data
was performed using two-tail Student’s t-test.

Wound healing (scratch) assays

Cells (1x10° per well) were plated in 24-well plates and cultured until cells settled and were
confluent. A scratch in the cell monolayer was made with a 200 pl pipette tip and micro
photographs were taken, under phase contrast, immediately (Oh time-point) and 24h after
wounding. The area size of the wound was measured from the microphotographs and
compared appropriately. Three independent replicates per experiment were used. Statistical
analysis of the data was performed using two-tail Student’s t-test.

Cell proliferation and cell death assays

For cell proliferation assays, single cells (trypsinized and passed through a 35 um strainer)
were cultured in 6-well plates at a density of 17,000 cells/well. Cells were grown for 1 to 9
days, fixed with 4% formaldehyde in PBS for 15 min, and stained with 0.1% crystal violet
solution. After photographic documentation, 1 ml of 10% acetic acid was added to each well
and the resulting solution was diluted in water for determining absorbance at 590 nm.
Dilutions were made such that the absorbance of the sample with lowest transmittance
(highest absorbance) was below one. Annexin-V cell death apoptosis assays were done using
Annexin-V Dead Cell Apoptosis system (V13241, Life Technologies) and following
manufacturer instructions. Flow cytometry was carried out in a BD LSR Il flow cytometer
and data was analyzed with FlowJo v10 software (FlowJo). Three independent replicates per
experiment were used in these studies. Statistical analysis of the data was performed using
two-tail Student’s t-test.

Cell Cycle Analyses

For DAPI/EdU incorporation analysis, cells were grown in 6-well plates until 60-80%
confluency. Cells were administered with EdU (Click-iT EdU kit, C10425, Thermo) and
allowed to incorporate EdU for 2h, after which cells were fixed and labeled according to
manufacturer instructions. Flow cytometric analysis was carried out in a BD LSR Il flow
cytometer and FlowJo v10 software (FlowJo) was used for data analysis. For high-resolution
DAPI and DNA ploidy cell cycle analysis (DAPI assay/ModFit modeling), 1-5x108 single
cells were resuspended in paraformaldehyde-based fixation buffer (Click-iT EdU Kit,
C10425, Thermo) and fixed for 15 min. Fixed cells were stained with DAPI (1 mg/ml in
0.1% Triton X-100 in PBS), washed in PBS and analyzed with a BD LSR 1l flow cytometer
and ModFit LT v4.0 software (\Verity).

Results
Rumi is expressed in the alveolar and bronchiolar epithelia and its expression is
developmentally controlled

To begin exploring the role of Rumi in lung biology and function, we first performed a series
of immunohistochemistry experiments to determine Rumi expression patterns in the
developing and adult murine lung. Our Rumi immunohistochemistry studies in distinct
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embryonic and fetal lung developmental stages indicate that Rumi expression is dynamically
controlled in the developing lung epithelium. Specifically, we found that Rumi expression
becomes noticeable in the primitive lung epithelium at E11.5 late embryonic stage (Fig. 1A),
and that its expression progressively increases in both the proximal and distal endoderm-
derived lung epithelium during the pseudoglandular stage (E12.5-15.5). Interestingly, Rumi
expression levels do not follow a steady increase dynamics during the subsequent phases of
lung development. While Rumi levels reach a maximum at developmental stage E15.5, it
starts decreasing—though showing a relatively more scattered pattern in the distal lung—
during the canalicular (E15.5-E17.5) and saccular (E18.5) stages (Fig. 1A).

To determine the cellular pattern/profile of Rumi expression in the pulmonary epithelium,
we performed Rumi immunohistochemical experiments and colocalization studies in murine
adult lung. Our immunostainings indicated that Rumi was present in both the bronchiolar
and alveolar epithelia, and with a marked scattered expression pattern in the alveolar
parenchyma (Fig. 1B). Due to their important role in lung carcinogenesis (Cho et al., 2011;
Mainardi et al., 2014; Sutherland et al., 2014; Unni et al., 2015; Xu et al., 2012), we then
investigated whether among the cells expressing Rumi were alveolar type 11 cells and
bronchiolar Club cells (formerly Clara cells), for which we performed dual
immunofluorescence stainings with surfactant protein C (SP-C) and Club cell secretory
protein (CCSP). Our data on dual immunofluorescence stainings for Rumi and SP-C
revealed that cells stained positive for SP-C were also positive for Rumi (Fig. 1C), indicating
that Rumi is expressed in type Il pneumocytes. Notably, through this colocalization
experiment, it was evident that Rumi is not exclusively expressed in alveolar type Il cells
since there were also cells in the alveolar parenchyma that scored positive for Rumi but not
for SP-C (Fig. 1C). Our results on Rumi and CCSP dual immunofluorescence experiments
showed that cells stained positive for CCSP scored also positive for Rumi (Fig. 1D),
allowing us to conclude that Rumi is expressed in Club cells. Collectively, these studies
demonstrate that Rumi is expressed in both alveolar type Il cells and bronchiolar Club cells.

RUMI is amplified and highly overexpressed in Non-Small Cell Lung Cancer

To investigate the possible implication of RUMI in NSCLC, we searched for recurrent
chromosomal aberrations in NSCLC and the presence of genomic alterations in RUM/ in
NSCLC. Remarkably, our searches indicate that RUM/ maps to chromosome 3¢13.33 (Fig.
2A), which is within a region that corresponds to the major signature of neoplastic
transformation in NSCLC (Balsara, 1997; Perterson, 1997), suggesting that RUM/ could
thus be implicated in NSCLC development. Accordingly, our inquiries in biorepository
databases of genomic alterations in human cancers (Cerami et al., 2012; Gao et al., 2013)
indicated that the frequency of RUM/ amplifications is markedly high in NSCLC, including,
in particular, the Squamous Cell Carcinoma subtype (Fig. 2A). Indeed, so far the largest
number of cases in which RUM/ amplifications have been found correspond to NSCLC (Fig.
2B).

To confirm this genomic data, we decided to examine the expression of RUMI in NSCLC
tumor subtypes. Our RUMI immunohistochemical analyses in NSCLC microarray panels
containing 142 tissue cores indicate that, in comparison to normal lung parenchyma, RUMI
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is significantly elevated in NSCLC. Concretely, we found that RUMI levels were
significantly increased by 2-3 fold in distinct subtypes of NSCLC including adenocarcinoma
(2.4 fold), squamous cell carcinoma (3.2 fold), adenosquamous cell carcinoma (3.2 fold),
bronchioalveolar carcinoma (3.1 fold), and large cell carcinoma (2.4 fold) (Fig. 2C). Of
note, this observed relative increase in the expression of RUMI in tumor cells was also
noticed with respect to tumor-surrounding stromal tissue, and many mitotically active cells
seen in tumors displayed high levels of RUMI expression (Fig. 2C). Together, these results
indicate that RUM!/ is markedly amplified and overexpressed in NSCLC tumors.

RUMI is a novel negative prognostic marker in NSCLC

To further evaluate the potential predictive value of RUMI in NSCLC we performed an
assessment of RUMI expression in lung adenocarcinoma and squamous cell carcinoma
tumor types and determined its association with patients’ prognosis and survival. We used a
fluorescence-based immunohistochemistry method combined with automated quantitative
analysis (AQUA) for assessing RUMI expression levels in Karmanos Cancer Institute
NSCLC training tissue microarrays (KTMA) and Yale Cancer Center NSCLC validation
tissue microarrays (YTMA) (representative images in Fig. 3A, B). We identified an optimal
threshold from KTMA for the primary endpoint OS (AQUA=11,134) from this training data,
and it was afterwards validated with Cox multivariable model with OS and TTP (see Fig. 3C
and below). As can be seen in the table inscribed in Figure 3C, patients with high levels of
RUMI expression in the KTMA cohort had worse OS prognosis, with a statistically
significant increase in the hazard ratio (HR) value (HR=1.81, 95% CI (1.08 to 3.01),
P=0.023). Critically, these results were further validated in the YTMA cohort, where patients
with high RUMI expression also show worse OS prognosis (HR=2.89, 95% CI (1.17 to
7.16), P=0.022). Importantly, we found no association between the high/low status of RUMI
and known prognostic factors (Fig. S2A, B), indicating that RUMI is, indeed, an
independent prognostic factor in lung adenocarcinoma and lung squamous cell carcinoma.

To conduct a more in-depth scrutiny of our data, we also performed a stratified KM analysis
for RUMI expression and OS in the validation YTMA cohort (Fig. 3D). Notably, our results
in this study indicated that while the Median OS for Stage | patients and low RUMI
expression was 7.757 years 95% ClI (4.74 ~NA), the Median OS for Stage | patients and
high RUMI expression was 2.66 years 95% CI (2.14 ~NA). Likewise, whereas Stage >I
patients with low RUMI expression had a Median OS of 2.11 years 95% CI (1.75 ~ 4.91),
Stage >I patients with high RUMI expression had a Median OS of 0.711 years 95% ClI
(NA~NA) (Fig. 3D). In congruity, our results reveal that patients with high RUMI levels in
the TNM Stage | group have a statistically significant increase in HR (2.71, £=0.039) with
respect to patients with low RUMI levels, and that patients with high RUMI levels in the
TNM Stage >1 group had a highly statistically significant increase in HR (11.99, £=0.005) in
comparison to patients with low levels of RUMI expression (Fig. 3D). Furthermore, our
multivariable Cox analysis for TTP in KTMA indicates that patients with high levels of
RUMI expression have a highly significant increased HR of 2.32 (95% CI (1.48 to 4.27),
P=0.008) compared to patients with low levels of RUMI. Taken together, our data indicates
that RUMI expression levels have a strong predictive value for disease progression and poor
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survival, and affirmatively supports the utility of RUMI as novel biomarker in the prognosis
of lung adenocarcinoma and lung squamous cell carcinoma.

RUMI regulates Notch signaling activity in NSCLC cells

Given that Rumi has been shown to modulate Notch signaling activity (Acar et al., 2008;
Fernandez-Valdivia et al., 2011; Leonardi et al., 2011), and considering recent findings
demonstrating Notch signaling involvement and requirement in NSCLC development (Allen
etal., 2011; Ambrogio et al., 2016; Licciulli et al., 2013; Maraver et al., 2012; Xu et al.,
2014; Zheng et al., 2013), we decided to investigate RUMI’s regulation of Notch activity in
NSCLC cell lines. To this end, we employed an RNAi-mediated RUM!/ genetic silencing
approach combined with Notch signaling readout evaluation in A549 and H23 NSCLC cells
(Fig. 4). We first performed validation of several ShRNAs directed against the coding region
of human RUM/I mRNA, which resulted in the identification of two distinct ShRNAs
(onwards referred to as ShRNA1 and shRNA?2) that effectively silence RUMI/ expression
(Fig. S3). Our RT-gPCR and immunofluorescence analyses indicate that these ShRNAs were
effective in silencing RUMI/ in both A549 and H23 NSCLC cells, as evidenced by the highly
statistically significant decrease (65.6% by shRNA1 and 74.7% by shRNA2) in RUM/
mMRNA levels in A549 cells (Fig. 4A), and the marked absence of RUMI immunoreactivity
in H23 cells (Fig. 4B). As expected, RUM/ knockdown in A549 cells resulted in a highly
significant decrease in transcript levels of Notch effectors HEYZ (61.3% by shRNA1 and
70.7% by shRNA2), and HESZ (60.2% by shRNA1 and 53.9% by shRNAZ2), thus indicating
that RUM/ silencing downregulates Notch signaling activity in these cells (Fig. 4A).
Similarly, RUM!/ silencing in H23 cells caused significant and highly significant decreases in
MRNA levels of Notch downstream targets HEYZ (46.3% by sShRNA1 and 44.2% by
shRNA2), and HES2 (43.3% by shRNA1 and 37.3% by shRNA2) (Fig. 4C). In conclusion,
these results indicate that RUMI silencing could effectively inhibit Notch signaling activity
in NSCLC cell lines.

RUMI is required for cell proliferation, migration and survival in NSCLC

Having demonstrated Notch signaling inhibition through RUM] silencing, we next explored
the effects of RUM/ knockdown on cell function in NSCLC cell lines. Our data on crystal
violet assays indicate that RUM/ silencing dramatically affects cell proliferation of A549
cells (Fig. 5A, B). Concisely, we observed that in comparison to A549 Non-target control
cells, 1.9-fold and 2.5-fold differences in absorbance levels (proportional to cell number)
were seen in RUM/-silenced cells (with either ShRNA1 or 2) at 7- and 9-day time-points,
respectively (Fig. 5A, B).

To investigate the potential cellular mechanism underlying the observed cell proliferation
defects in RUMI deficient NSCLC cells, we performed DAPI and DAPI/EdU incorporation
assays in RUMI-silenced A549 cells along with high-resolution DAPI/DNA ploidy cell
cycle analysis in RUM/-silenced H23 NSCLC cells. The results of our DAPI and DAPI/EdU
incorporation experiments clearly show that RUM/ knockdown causes a severe S-phase
arrest in A549 cells (Fig. 5C, D and Fig. S4A, B), with a highly statistically significant
increase in the fraction of cells actively incorporating EdU into their DNA, from 28.1% in
Non-target control cells to 39.7% and 48.2% in RUM |/-silenced cells with ShRNA1 and
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shRNAZ2, respectively (Fig. 5D). It is important to note that the requirement of RUMI’s
function in cell cycle progression was also observed in H23 cells (Fig. 5E, F), which,
similarly to what was shown for A549 cells, show a statistically significant increase in the
proportion of total S-phase arrested cells (46.4% in ShRNA1 and 42.3% in ShRNA2
compared to 40.1% in Non-target ShRNA) (Fig. 5F). Interestingly, in H23 cells, a further
marked aneuploid genomic instability was also observed upon RUM/ knockdown (modeled
as aneuploid, Anl, in Fig. 5E), and the fraction of S-phase arrested cells was significantly
higher also when analyzed separately in both cycling cells (algorithmically modeled as
diploid, Dip, in Fig. 5E to facilitate comparison) and further aneuploid cells with increased
DNA content (modeled as Anl in Fig 5E) (Fig. S4C, D), indicating that RUM/ deficiency
prevents cells from division and causes an accumulation of cells undergoing DNA synthesis
and increasing their DNA content. Given that cell proliferation defects can also be explained
by changes in cell death rate, we also conducted cell apoptosis assays in A549 RUM /-
silenced cells. Interestingly, our Annexin-V/propidium iodide assays showed that RUM/
silencing did not result in increased numbers of cells undergoing early apoptosis (Fig. 5G),
but, nevertheless, caused a strikingly distinguishable increase in the fraction of cells
undergoing late-apoptotic/non-apoptotic cell death (Fig. 5G, H), with a statistically
significant 2.5% in shRNA1-stably transfected cells and a highly statistically significant
2.4% in shRNA2-stably transfected cells compared to 1.7% in Non-target control A549 cells
(Fig. 5H).

To further investigate the effects that decreased RUMI expression has on NSCLC cell
function, we also studied cell migration using wound healing assays in A549 and H23
RUMI-silenced cells. Our data in these studies manifestly show that RUMI silencing results
in a marked impairment on cell migration in both H23 and A549 cells (Fig. 51, J and Fig.
SAE, F). We observed that while H23 Non-target control cells covered 71% of the wounded
area after a 24-hour time interval, RUM/-silenced cells covered only 30% (shRNAZ1) and
46% (shRNA2) (Fig. 51, J). Similarly, our data on A549 cells, indicates that a statistically
significant difference in the wound healing capacity is exhibited in RUM/ knockdown cells
(42% in shRNA1 and 46% in sShRNA2) compared to Non-target control cells (78%) (Fig.
S4E, F). All together, our results demonstrate that RUMI function is required for NSCLC
cell proliferation, genome stability, migration and survival.

Discussion

Studies on Notch signaling’s role in lung morphogenesis indicate that this pathway primarily
controls cell fate decisions (Morimoto et al., 2010; Morimoto et al., 2012; Tsao et al., 2009)
and is necessary for proper alveolar formation (Tsao et al., 2016; Zhang et al., 2013).
Targeted inactivation of either Rbpjk or Jaggedl in the pulmonary epithelium results in
alveolarization and septation defects (Xu et al., 2010; Zhang et al., 2013), and Notch2 is
required for alveolar type Il cell proliferation and maturation (Tsao et al., 2016). Moreover,
Shh-Cre-directed deletion of Notch regulator Pofutl (protein O-fucosyltransferase 1) causes
a marked decrease in type Il cell proliferation and failure in alveolarization accompanied by
emphysematous enlargement of the distal airspaces (Tsao et al., 2016). Within this context,
our findings indicating that central Notch signaling regulator Rumi is markedly and
dynamically expressed in the pulmonary epithelium, could plausibly support a role for this
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enzymatic modulator in the control of Notch activity during lung morphogenesis and in the
maintenance of adult lung homoeostasis. Our results clearly indicate that Rumi is expressed
in the developing lung epithelium, becoming noticeable at E11.5 and progressively
increasing until E15.5, a stage at which a marked peak in its expression is observed.
Interestingly, it should be pointed out that Notch receptors, as well as Notch ligands DII1
and Jagged1, have also been observed to become progressively expressed from E11.5
onwards (Ito et al., 2000; Taichman et al., 2002), although, and in contrast to Rumi, their
expression levels steadily increase to adulthood (Ito et al., 2000; Taichman et al., 2002).
Nonetheless, our data also indicates that Rumi expression becomes seemingly more
restricted to the proximal and/or bronchiolar epithelium during late stages of fetal
development (E16.5 - E18.5), and acquiring a more scattered pattern in the distal lung
which, while could compound precise assertion of its levels in the developing lung, could
also, conceivably, relate these differing observations. Noticeably, our immunostainings in
murine adult lung showed that Rumi is expressed in Club cells and type 11 pneumocytes,
although the expression on these latter cells in the alveolar parenchyma was not exclusive
and other cell types like type | pneumocytes and myofibroblasts could also be expressing
Rumi. Of importance, it is shown that Notch1 over-activation in SP-C-expressing cells
results in mucous metaplasia and reduction of ciliated cells (Guseh et al., 2009), and that
Notch signaling abrogation disrupts Club cell fate specification, causing an imbalance
towards the generation of ciliated cells (Morimoto et al., 2010; Morimoto et al., 2012; Tsao
et al., 2016; Tsao et al., 2009; Zhang et al., 2013). While our studies in this subject are
limited and cannot provide an assessment of Rumi’s function on type Il cells or Club cells,
our data from gene silencing experiments in A549 and H23 lung cancer cells showing a
requirement for RUMI in Notch activity and cell proliferation and survival, could certainly
support the notion that RUMI could be exerting a functional role in these cell populations.
Future work with cell-targeted Rumi gain- and loss-of-function studies will be necessary to
ascribe its Notch regulatory role in type 11 cells and Club cells and determine its functional
importance in lung development and homeostasis.

The involvement of Notch signaling in lung carcinogenesis was first recognized when a
somatic chromosomal translocation t(15;19), causing overexpression of the Nofch3 gene,
was discovered in poorly differentiated aggressive lung carcinoma (Dang et al., 2000).
Remarkably, activating mutations in Notch1 heterodimerization and PEST domains have
been found in 10% NSCLCs (Westhoff et al., 2009), and elevated Notch3 expression has
been shown to occur in 30-40% of primary lung tumors (Haruki et al., 2005). Moreover, loss
of Numb, a negative regulator of Notch, is found in 30% of NSCLC cases, and targeted
overexpression of the activated form of Notch1 (N1ICD) in the pulmonary epithelium causes
alveolar hyperplasia and adenoma formation (Allen et al., 2011). In this study, we have
found that RUM/ is markedly amplified and overexpressed in several subtypes of NSCLC
tumors, and that its expression levels significantly correlate with poor prognosis in TTP and
OS in lung adenocarcinoma and lung squamous cell carcinoma patients. In this respect, we
would first like to highlight the realization that RUMF's chromosomal location in 3q13.33,
and its amplification observed in NSCLCs in the cBioportal repository, seemingly
corresponded to precognizant observations on comparative genomic hybridization analyses
indicating that chromosome 3q13-qgter is a region frequently altered in NSCLCs (Balsara et
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al., 1997; Petersen et al., 1997), with specific marked amplifications in 3q13, 3926 and
3028-qter (Balsara et al., 1997). Secondly, we would like to point out that our results on
protein expression analyses in various NSCLC tissue microarrays highly correlate with the
above-mentioned genomic data and, thus, not only define RUM/ as a novel amplified and
overexpressed gene in NSCLC, but also very much confirm 3g13-gter as a major region for
malignant transformation in NSCLC. Finally, we would like to emphasize the significance of
our findings on RUMI’s impact on patients’ disease progression and OS, where increased
levels of RUMI expression are associated with significantly elevated HRs, even within
subgroups of TNM Stage | and TNM Stage >1, where the HRs reach dramatic values of 2.71
and 11.99, respectively, and the Median OS times are of only 2.11 and 0.711 years, and,
thus, confirm RUMI’s usefulness as a novel biomarker in NSCLC prognosis and survival. Of
importance, previous studies on gene expression association analyses in NSCLC have also
found significant correlations between expression and/or activation of Notch pathway
components, including Notchl, Notch3, DII4 and Jaggedl, and worsen patients’ disease
progression and survival (Campbell et al., 2016; Chang et al., 2016; Donnem et al., 2010; Xu
etal., 2016; Yuan et al., 2015; Zhou et al., 2013). In this respect, we could say that our work
not only serves to reaffirm an association between Notch signaling activity and NSCLC
development and poor prognosis, but, importantly, also allows us to conclude that RUMI is a
novel strong independent prognostic factor for accelerated disease progression and poor
survival in NSCLC patients.

Notch signaling inhibition has recently emerged as a novel therapeutic modality to treat
human malignancies, and a number of clinical trials with Notch activity inhibitors in patients
with solid tumors have shown that pharmacological inhibition of Notch is a promising
therapeutic strategy (Krop et al., 2012; Schott et al., 2013; Tolcher et al., 2012). Moreover, it
is known that Notch3 blockade impairs the self-renewal capacity of CD24*1TGB4*Notchh
NSCLC tumor-initiating cells (Zheng et al., 2013), and that Notch activity is required for
Kras-induced adenocarcinoma development (Allen et al., 2011; Licciulli et al., 2013;
Maraver et al., 2012; Xu et al., 2014). Strikingly, inactivation of presenilins 1 and 2,
disruption of the canonical Notch activation-mediator Rbgjk, or pharmacological inhibition
of the y-secretase complex, all exert a suppressive effect on Kras-driven lung
adenocarcinoma development (Maraver et al., 2012). Our present work on RUMI’s
regulation of Notch signaling in NSCLC cell lines indicates that RUMI is clearly required
for Notch signaling activation, and that in its absence marked defects in cell proliferation,
migration, genome stability, and survival are displayed. Consequently, our results are in line
with the idea that RUMI, and hence Notch signaling, has a tumor growth-promoting role in
NSCLC, and that targeting RUMI could possibly offer a novel therapeutic avenue for
attaining Notch signaling inhibition in NSCLCs. In this respect, it is important to note that
while regulatory nodes controlling Notch activity are currently being used as vulnerable
points to block Notch signaling activation (Purow, 2012), with strategies including small
molecule y-secretase inhibitors and blocking antibodies against Notch receptors or ligands
(Brennan and Clarke, 2013; Purow, 2012), these therapies are notorious for showing severe
side effects, having poor selectivity, and targeting only ligand-dependent Notch signaling
activity (Krop et al., 2012; Lleo, 2008; Schott et al., 2013; Tolcher et al., 2012). In this
aspect, Rumi has been shown to not only act as an essential enzyme for canonical Notch
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signaling activity (Acar et al., 2008; Fernandez-Valdivia et al., 2011; Leonardi et al., 2011),
but also to be critical for ligand-independent S2 cleavage activation of Notch receptors
(Leonardi et al., 2011). Furthermore, Rumi inactivation has been shown to be effective in
suppressing both oncogenic Notch®-NR hyperactivity and Notch activity-driven neoplastic
cell growth (Leonardi et al., 2011), which, in the context of NSCLC is of particular
importance, especially considering that many NSCLCs are driven by ligand-independent
Notch activity (Westhoff et al., 2009). In conclusion, our observations indicate that RUMI
could conceivably be an actionable driver in NSCLC, and that its targeting could entail great
therapeutic potential not only for Notch activity-driven NSCLCs, but also for the devising of
future synthetic lethality-based combinational therapies.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Rumi isexpressed in both alveolar typell cellsand bronchiolar Club cells, and its
expression isdynamically controlled during lung mor phogenesis

(A) Rumi immunohistochemistry stainings in distinct embryonic and fetal lung
developmental stages showing dynamic expression of Rumi (brown staining) in the lung
epithelium. Rumi expression becomes noticeable during the late embryonic stage of lung
development (E11.5) and is mostly restricted to the endoderm-derived epithelium. Rumi
levels gradually increase during the pseudoglandular stage (E12.5 — E15.5) in both the
proximal and distal epithelium, and reach high levels of expression at E15.5 developmental
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stage, a key developmental window marked by pronounced branching morphogenesis. Rumi
is expressed in the proximal and distal lung epithelium during the canalicular (E15.5 -
E17.5) and saccular (E18.5) stages, and its expression becomes more pronounced in the
proximal epithelium. Scale bar, 50 um. (B) Rumi immunochistochemical staining showing
Rumi expression (brown color) in the bronchiolar (black arrows in middle image) and
alveolar (red arrows in right image) epithelia. The blue and red rectangles in the low-
magnification image (left) correspond, respectively, to the regions displayed at high
magnification in the middle and right images. Scale bars, 50 pm. (C) Dual
immunofluorescence staining for Rumi and surfactant protein C (SP-C) demonstrating that
Rumi is expressed in type Il pneumocytes (yellow signal in overlaid co-localization image).
DIC, Differential Interference Contrast. Scale bar, 10 pm. (D) Rumi and Club cell secretory
protein (CCSP) dual immunofluorescence staining showing that Rumi is expressed in
bronchiolar Club cells (yellow signal in the overlaid co-localization image). Scale bar, 10
pm.

J Cell Physiol. Author manuscript; available in PMC 2019 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Chammaa et al.

A

Fra

Alteration Frequency

Cancer fype
Mutation dats
CHA data

Intensity
%] w EY

-

B —
— —
-:— L
"
) | —
T :
m _
T :
| — n
¢ N W
-
==
T
T
=
o mm
T
T
Count =
P a H -3 B 2 B8 2 &
 — —

Page 20

|
| o
1000000000000000000 ol 0000000000000 4
- - - - - - - - - - * - - - CNA data - - - - - - - - - - - - -
'%‘ [ ‘Q < - fi7} - -&‘ o - T A
%f%@:}faﬁﬁ?’% SANAALERARAY SAEARAA 35”35%2% SAARY
z RN ,) % 0! 3, %
\%: %Y 3377 R * %g‘sﬁ % BART LT R AN %Y ‘ﬁ‘”
% % Y 3, % P ®
s, ) ) 5,
-Mwalio; W Celetion W Ampiification [l Multiple alterations W Mutation .Deleﬁon B Amplification [ Multiple alterations

P<001 41 peoot 41 P<00
P<0.01 é\B 3\3 -‘3\3 .53
¢ 2 2, g2 g 5
Q [4/] (] o]
— L - -
£ £ £ £
NL Ad NL Sq NL Ad-Sq NL Br NL La

Figure 2. RUMI isamplified and highly expressed in Non-Small Cell Lung Cancer
(A) Cross-cancer genomic alteration graph for RUM/ from 164 independent studies

indicating strong correlation of RUM/ amplification frequency with lung squamous cell
carcinoma (arrows in bars 3 and 4) and, in general, NSCLC (arrow in bar 12). Only the
top-20 studies showing the highest numbers of RUM]/ alterations are displayed. The inset
chromosome 3 diagram shows the location of RUMI/ (red bar) in 3913.33. (B) Cross-cancer
genomic alteration summary for RUM/ from 164 independent studies indicating total
number of cases per genetic alteration. Note that RUM/ amplification is observed in greater
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numbers in NSCLC (arrow in bar 1) and, in particular, in lung squamous cell carcinoma
(arrows in bars 4 and 6). Genetic alterations mining include mutation, deletion, amplification
or multiple alterations. Data was obtained from the cBioportal for cancer genomics (http://
www.chioportal.org/public-portal/, Memorial Sloan-Kettering Cancer Center, NY, NY) and
GeneCards (http://www.genecards.org/, Weizmann Institute of Science, Rehovot, Israel). (C)
RUMI immunohistochemistry experiments showing high levels of RUMI expression in
distinct sub-types of Non-Small Cell Lung Cancer (NSCLC) tumors. A polyclonal antibody
against RUMI (Basmanav et al., 2014) was used to perform immunodetection of RUMI in
three independent lung cancer tumor microarrays (US Biomax) containing cores of the
indicated NSCLC subtypes. The green rectangles in the top microphotographs correspond to
the regions shown at high magnification in the microphotographs below. Note the intense
RUMI signal in tumor cells compared to adjacent stromal regions. Also, note the presence of
actively dividing cells with partially-condensed nuclei in the regions marked by strong
RUMI immunoreactivity. The graphs in the bottom show RUMI immunostaining intensity
score averages = SEM for the corresponding NSCLC tumor subtypes against normal lung.
Obtained intensity scores were: lung adenocarcinoma, 2.4 fold; squamous cell carcinoma,
3.2 fold; adenosquamous cell carcinoma, 3.2 fold; bronchioalveolar carcinoma, 3.1 fold;
large cell carcinoma, 2.4 fold. The comparative score averages in the graphs were
normalized to allow visualization of RUMI expression level fold change in distinct NSCLC
tumors compared to normal lung tissue. NL, Normal Lung; Ad, Adenocarcinoma; Sq,
Squamous Cell Carcinoma; Ad-Sqg, Adenosquamous Cell Carcinoma; Br, Bronchioalveolar
Carcinoma; La, Large Cell Carcinoma. Scale bars, 50 pm.
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Figure 3. RUMI isa strong negative prognostic factor in NSCLC
(A) Representative images of Automated Quantitative Analysis (AQUA) for RUMI

expression (red fluorescence) in adenocarcinoma (N=97) and squamous cell carcinoma
(N=131) cores performed in Karmanos Cancer Institute’s NSCLC Tissue Microarrays
(KTMA). A pan-cytokeratin antibody (DAKO AEL/AES3, green fluorescence) was used for
immunotyping. Nuclei were stained with DAPI. The regions marked by yellow squares are
shown at high magnification in the second row microphotographs. Scale bars are 100 um for
top images and 20 pm for bottom images. (B) Representative images of AQUA analyses for
validation of RUMI expression in adenocarcinoma (N=118) and squamous cell carcinoma
(N=37) cores performed in Yale Cancer Center’s NSCLC Tissue Microarrays (YTMA). A
pan-cytokeratin antibody (DAKO AE1/AE3, green fluorescence) was used for
immunotyping. Nuclei were stained with DAPI. Staining conditions and AQUA imaging and
analysis parameters were identical to the ones used for KTMA slides. The regions marked
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by yellow squares are shown at high magnification in the second row microphotographs.
Scale bars are 100 pm for top images and 20 um for bottom images. (C) Table displaying the
results of Multivariable Cox model analysis for KTMA training data and YTMA validation
data. Note the strong association between high levels of RUMI expression and increased
hazard ratio (HR) in both KTMA (P=0.023) and YTMA (P=0.022). CI, Confidence Interval.
(D) Kaplan-Meier (KM) plot of Overall Survival (OS) on validation data YTMA stratified
on stage, using the optimal cutoff of high/low RUMI expression identified from training data
KTMA. Median OS for Stage | and low expression was 7.757 years 95%CI (4.74 ~NA);
Median OS for Stage | and high expression was 2.66 years 95%CI (2.14 ~NA); Median OS
for Stage >1 and low expression was 2.11 years 95%CI (1.75 ~ 4.91); Median OS for Stage
>| and high expression was 0.711 years 95%CI (NA~NA). Patients with high RUMI
expression had worse prognosis.
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Figure4. RUMI silencing inhibits Notch signaling in NSCL C cells
(A) RNAi-mediated RUM/ knockdown in A549 cells demonstrating effective RUM/

NT shRNA1 shRNA2

silencing and Notch signaling inhibition by two independent and non-overlapping RUMI-
targeted shRNAs. RUM/ knockdown effectively silences RUMI expression and inhibits
Notch signaling activity, as evidenced, respectively, by the significant decrease in mMRNA

levels of RUM/ and Notch downstream targets HEYZ and HESZ. (B) RNAi-mediated

RUMI

knockdown and immunofluorescence experiments demonstrating effective RUMI silencing
in H23 cells. Note that these ShRNA data also confirms specificity of the antibody used for
human RUMI immunodetection. Scale bar, 30 pm. (C) shRNA-mediated RUM/ knockdown
effectively inhibits Notch signaling activation in H23 cells, as evidenced by the significant

decrease in mRNA levels of Notch downstream effectors HE'YZ and HESZ. RT-qPCR

experiments were performed using Tagman assays for human RUM/I, HEY1 and HESZ?
genes and the 2724C0 method using 18S rRNA as reference. Data shown as mean + SD.
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Figure 5. RUMI silencing inhibits cell proliferation, migration and survival in NSCLC cell lines

(A) RUMI knockdown and crystal violet cell proliferation experiments in A549 NSCLC
cells demonstrating that RUM/ silencing dramatically decreases cell proliferation. Two
independent and non-overlapping shRNAs targeting human RUMI/ and three biological
samples per knockdown assay were used. NT, non-target control. (B) Quantification and
statistical analysis of crystal violet assays demonstrating that RUM/ silencing causes a
highly significant decrease (/<0.01, two-tail t-test, mean x SD) in cell proliferation in A549
cells. (C) Cell cycle analysis (DAPI/EdU incorporation assay) experiments demonstrating
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that RNAi-mediated RUM/ knockdown causes a dramatic S-phase arrest in A549 NSCLC
cells. (D) Quantification of total S-phase cell fraction in DAPI/EdU assays demonstrating
that RUM/ silencing causes a highly significant (A<0.01, two-tail t-test, mean + SD) increase
in the total S-phase fraction (measured by EdU incorporation) in A549 NSCLC cells. (E)
High resolution DAPI and DNA ploidy cell cycle analysis (DAPI assay and ModFit
modeling) demonstrating that RUM/ silencing causes a marked S-phase arrest and increased
genome instability in H23 NSCLC cells. Note that in comparison to Non-target control H23
cells, RUM/-silenced cells display not only S-phase arrest (compare the curves indicated by
black arrows) during their cell cycle progression (algorithmically modeled as diploid cell
cycle for comparative purposes, Dip S in graphs), but also display a further marked
aneuploidy as evidenced by the striking appearing of single cells containing twice the
amount of DNA (algorithmically modeled as aneuploid cell cycle for comparative purposes,
Anl in graphs) and undergoing cell cycle progression (see curves corresponding to Anl G1,
Anl G2 and Anl S in graphs). Notably, these further aneuploid cells also display a marked
S-phase arrest (see regions indicated by light blue arrows between RUM/-silenced and
control cells). (F) Quantification and statistical analysis of the flow cytometry experiments
in control and RUMI-silenced H23 cells indicating that RUM/ knockdown causes a
pronounced increase in the total S-phase fraction (DAPI/ModFit modeling). Note that this
marked increase is highly statistically significant for shsRNA1 (P<0.01, two-tail t-test, mean
+ SD) and statistically significant for sShRNA2 (/<0.05, two-tail t-test, mean + SD).
Importantly, the S-phase arrest displayed by H23 RUM/-silenced cells is statistically
significant not only when evaluated as total S-phase, but also when quantified separately for
either N-ploid cells (algorithmically modeled as diploid for comparative purposes, Dip in
graphs) and further aneuploid cells (modeled and aneuploid Anl) (Fig. S4C, D). (G)
Representative flow cytometry plots of Annexin-V/propidium iodide (PI) assays in control
and RUM /-silenced A549 cells. Note that RUM/ knockdown causes a pronounced increase
in late-apoptotic/non-apoptotic cell death (Annexin-V*P1*, Q6 quadrant) without
significantly affecting the fraction of cells undergoing early apoptosis (Annexin-V*PI~, Q7
quadrant). (H) Quantification and statistical analysis of Annexin-V/PI flow cytometry
experiments indicating that ShRNA-mediated RUM/ silencing causes a marked increase in
the fraction of cells undergoing late-apoptotic/non-apoptotic cell death. Note that this
pronounced increase is statistically significant in cells stably transfected with shRNA1
(P<0.05, two-tail t-test, mean = SEM) and highly statistically significant in cells stably
transfected with sShRNA2 (P<0.01, two-tail t-test, mean £ SEM). (1) Scratch assay
experiments in control and RUMI-silenced H23 cells demonstrating that RUM/ knockdown
causes a marked decrease in cell migration. (J) Quantification and statistical analysis of the
filled scratch area demonstrating that RUM/ silencing markedly decreases cell migration in
H23 NSCLC cells. Note that this marked decrease is statistically significant for cells
expressing ShRNA2 (P<0.05, two-tail t-test, mean + SEM) and highly statistically significant
for cells expressing shRNAL (A<0.01, two-tail t-test, mean = SEM).

J Cell Physiol. Author manuscript; available in PMC 2019 December 01.



	Abstract
	Introduction
	Materials and Methods
	Animals and cell lines
	Tissue microarrays
	cBioportal data mining analysis
	Antibodies, immunoreagents and shRNAs
	Immunohistochemistry, immunofluorescence, AQUA analysis
	Statistical analyses for RUMI ’s prognostic role in NSCLC
	RT-qPCR
	Wound healing (scratch) assays
	Cell proliferation and cell death assays
	Cell Cycle Analyses

	Results
	Rumi is expressed in the alveolar and bronchiolar epithelia and its expression is developmentally controlled
	RUMI is amplified and highly overexpressed in Non-Small Cell Lung Cancer
	RUMI is a novel negative prognostic marker in NSCLC
	RUMI regulates Notch signaling activity in NSCLC cells
	RUMI is required for cell proliferation, migration and survival in NSCLC

	Discussion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5

