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RESUMO

Pereira, T. F. Papel da proteína Ectodermal-neural cortex 1 (ENC1) na progressão
de glioma humano, identificação de um peptídeo internalizado por células de
glioblastoma humano e desenvolvimento de um método alternativo para gerar
curvas de crescimento celular. 2018. 86p. Tese - Programa de Pós-Graduação em
Bioquímica. Instituto de Química, Universidade de São Paulo, São Paulo.

Gliomas são a forma mais comum de malignidades primárias intracranianas,

dentre os quais os astrocitomas são os mais frequentes. A proteína Ectodermal-neural

cortex 1 (ENC1), também conhecida como Nuclear Restricted Protein/Brain (NRP/B), foi

primeiramente caracterizada como uma proteína que interage com o citoesqueleto por

meio de ligação à actina através de domínios Kelch-like, sendo relacionada com

diferenciação neuronal durante o desenvolvimento do sistema nervoso. O primeiro

capítulo desta tese descreve confirmação da capacidade supressora tumoral de ENC1

por abordagem de edição genômica, analisa a expressão de ENC1 em um conjunto de

amostras de pacientes com gliomas e correlaciona esses dados com tempo de

sobrevida geral e sobrevida livre de progressão tumoral nos pacientes, concluindo que

a expressão de ENC1 pode ser utilizada como um biomarcador da agressividade do

glioma. O segundo capítulo apresenta a identificação e caracterização in vitro do

peptídeo LHTNELQ, que foi selecionado pela metodologia de Phage display utilizando-

se de células de glioblastoma humano. Este novo peptídeo é capaz de internalizar-se

nestas células e figura como uma nova ferramenta para o desenvolvimento de

estratégias terapêuticas para glioblastomas. No terceiro capítulo propõe-se um método

alternativo para gerar curvas de crescimento celular de cultura aderente, o qual é

baseado no decaimento da fluorescência do reagente CFSE ao longo do tempo. Trata-



se de um método alternativo para a determinação de curvas de crescimento de culturas

aderentes, com menor variação entre as réplicas técnicas do que os métodos baseados

em contagem das células.

Palavras-chave: Proteína ectodermal-neural cortex 1 (ENC1); prognóstico clínico;

peptídeo LHTNELQ; peptídeo endereçado a glioblastoma humano; método

independente de contagem baseado em fluorescência; curvas de crescimento celular.



ABSTRACT

Pereira, T. F. Role of Ectodermal-neural cortex 1 protein in human glioma
progression, identification of a peptide internalized by human glioblastoma cells
and development of an alternative method to generate growth curves of adherent
cultures. 2018. 86p. PhD Thesis – Graduate Program in Biochemistry. Instituto de
Química, Universidade de São Paulo, São Paulo.

Gliomas are the most common form of primary intracranial malignancy, among

which astrocytomas are the most frequent. Ectodermal-cortex protein 1 (ENC 1), also

known as Nuclear Restricted Protein/Brain (NRP/B), was first characterized as a protein

which interacts with the cytoskeleton by binding to actin through Kelch-like domains,

being related to neural fate specification during development of the nervous system. The

first chapter of this thesis confirms ENC1 as a tumor suppression properties by a

genomic edition approach, analyses ENC1 expression in a set of patient glioma samples

and describes the correlation these data with patients survival and progression-free

survival, concluding that ENC1 expression may constitute a biomarker for glioma

aggressiveness. The second chapter refers to the identification and in vitro

characterization of the LHTNELQ peptide, which was selected by the Phage Display

method using human glioblastoma cells. This new peptide is able to be internalized by

these cells and features as a new tool for the development of glioma therapeutics. The

third chapter report an alternative method to generate growth curves of adherent cell

cultures, which is based on the CFSE fluorescence decay over time. It is an alternative

method to determine growth curves of cultured cells, with smaller variation among

technical replicates than that of counting-based methods.



Keywords: Ectodermal-neural cortex 1 protein (ENC1); patient prognosis; LHTNELQ

peptide; human glioblastoma targeted peptide; Counting-free fluorescence based

method; cell growth curve.
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1. General Introduction

The Central Nervous System (CNS) is the main responsible for integration of vital

functions in vertebrates, being sensitive to several biochemical stimuli from other organs

and accordingly reacting to stimuli, by orquestrating and integrating the entire biological

system. The CNS is constituted by several different cell types, four of which are mostly

responsible for the neural system operation (Zeisel et al. 2015).

Neuron is the cell type intrinsically responsible for signals transmission accross

the neural network, being supported by other cell types, which provide neurons a

healthy and favorable environment. Neurons are supported by oligodentrocytes in

electrical signals transmission. Oligodendrocytes are responsible for neurons axon

mielinization, which accelerates signal transmission accross the neural network. They

also have been observed to support neurons metabolism (Philips and Rothstein 2017).

Astrocytes are responsable for projecting their cytosol both around neuron axons and

vascular vessels, supporting neurons to access nutrients and eliminate metabolites

(Vasile, Dossi, and Rouach 2017). Microglia is a phagocytic cell, which is responsible for

protecting the CNS from external pathogenic threats (Wolf, Boddeke, and Kettenmann

2017). These three main cell types, together with others, such as ependymal cells,

Schwann cells and others, are called glia cells.

However, the occurrence of a tumor inside the CNS may threaten the harmony

developed by these four cell types and disturb neurological functions. Tumors inside the

CNS arise upon malignant transformation of CNS cells, most often astrocytes,

oligodentrocytes and stem cells (Ohgaki and Kleihues 2005).
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Gliomas are the most common tumor developed in the CNS, arising in a multistep

process, which involves sequential and cumulative genetic and epigenetic alterations

resulting from intrinsic and environmental factors (Omuro and DeAngelis 2013).

Moreover, other tumors may also occur, such as meningiomas, medulloblastoma,

pineocytoma and others.

Gliomas are classified by the World Health Organization (WHO) into four

histological grades, according to their degree of undifferentiation, anaplasia and

aggressiveness (Louis et al. 2016). Grade I is characterized by low proliferative

potential, high probability of cure upon surgical resection and rare evolution towards

higher grades tumors. Grade II also has low proliferative activity, however, it is

characterized by high invasiveness and usual recurrence after surgical resection. Grade

III gliomas display nuclear atypia and elevated mitotic levels. Grade IV is assigned to

cytologically malignant, mitotically active, necrosis-prone neoplasms, being usually

associated to a fatal outcome. Examples of grade IV neoplasms include glioblastoma,

most embryonal neoplasms and many sarcomas. They are mainly characterized by

widespread infiltration and propensity for cranialspinal dissemination (Louis et al. 2007).

Glioblastoma accounts for the majority (55.1%) of gliomas, being the most

common of all malignant CNS tumors (46.1%). While 94.2% of patients with pilocytic

astrocytoma (Grade I) reach five-years survival post diagnosis, this percentage

decreases to 5.1% for glioblastoma patients. The incidence of glioblastoma increases

with age, the highest rates occurring in the 75 to 84 years, being 1.6-fold higher in males

and 2-fold higher in caucasians as compared to African descendents (Ostrom et al.

2015).
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Glioblastoma was also called glioblastoma multiforme, a name which was

proposed and used for a long time because cells in these tumors vary in size and shape,

but this term is no longer in use.

According to the last WHO CNS tumors classification, the median overall survival

for glioblastoma patients after surgery, chemotherapy and radiotherapy is 15 months. In

10% of the glioblastoma cases, isocitrate dehydrogenase (IDH) is mutated conferring a

significatively higher life expectancy (31 months) (Louis et al. 2016).

Although IDH mutation has been related to a longer survival rate, it has also been

proposed as being responsible for driving grade II and III gliomas into glioblastoma.

Specific point mutations in isocitrate dehydrogenase 1 and 2 (IDH1 and IDH2) inactivate

wild-type enzymatic activity and convey a neomorphic function to yield D-2-

hydroxyglutarate (D-2HG), which accumulates at millimolar levels within tumors. D-2HG

can impact α-ketoglutarate-dependent dioxygenase activity and subsequently affect

various cellular functions in these cancers (Parker and Metallo 2015). Other important

genes for tumorigenesis, such as TERT, TP53, ATRX, EGFR and PTEN, were also

found to be mutated in glioblastomas, but none of them displays clinical implications as

important as IDH (Louis et al. 2016).

Gliomas were previously classified according to genomic alterations by Verhaak

and collaborators (2010) into four groups (classical, proneural, neural and

mesenchymal), but no clear correspondence was found with the WHO classification,

survival rates and therapeutical approaches.
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The current glioblastoma therapeutical approach is maximum tumor resection,

followed by radiation therapy and chemotherapy with temozolomide. Temozolomide, an

imidazotetrazine derivative of dacarbazine, is an oral alkylating agent which has relevant

penetration into the central nervous system. It has 96-100% bioavailability and promotes

methylation of the guanine O6 position (N7-guanine and N3 adenine). It was approved in

1999 for usage to combat malignant gliomas. Major toxicities include nausea and

myelosuppression (often low platelet counts) (Alifieris and Trafalis 2015). Considering

the short survival after diagnosis under the current treatment scheme, it is imperative to

seek for new approaches to develop new and effective therapies for glioblastoma.

A previous study from our group revealed that overexpression of Ectodermal-

neural Cortex 1 (ENC 1) in rat C6/ST1 glioma cells resulted in significant reduction of

the tumorigenic potential (Degaki, Demasi, and Sogayar 2009). However, little is known

about ENC1 in human tumors, especially regarding its clinical relevance. The first

chapter of this thesis evaluated ENC1 tumor suppressing properties in human

glioblastoma cells, analysed ENC1 expression during human glioma progression and

correlated ENC1 expression levels to patient prognosis.

In addition, this work also aimed at the development of a new approach for

glioblastoma therapeutics. Because of the difficulty to completely remove gliomas by

surgical resection, radiation and chemotherapy play a vital role in treatment of these

tumors. However, the effect of chemotherapy still remains unsatisfactory, due to several

limitations of the commonly used chemotherapeutic agents, such as systemic cytotoxic

effects and limited drug penetration, which is attributed to both the blood−brain barrier

and the blood−tumor barrier (Shi et al. 2015). Using the Phage Display methodology, the
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second chapter describes the identification of a human glioblastoma-penetrating

peptide, which may be used in further studies of targeted drug delivery therapeutics.

The Phage Display technology was developed by George Smith, from the

University of Missouri, who inserted foreign DNA fragments into gene III of the M13

filamentous bacteriophage, to create a fusion protein containing the foreign sequence

(G. P. Smith 1985). The fusion protein was incorporated into the virion, which retained

infectivity and displayed the foreign aminoacids sequence in an accessible form.

Combinatorial peptides, encoded by degenerate oligonucleotides, can be expressed at

the N-terminus of the major (i.e. 2,500 copies) or minor (i.e. five copies) capsid proteins

– pVIII or pIII, respectively – of bacteriophage M13 (Kay, Kurakin, and Hyde-

DeRuyscher 1998). Among several applications, Phage Display is a powerful tool for

identification of cell-penetrating peptides.

Peptides and proteins internalized by cells have been the subject of intensive

study in recent years, since translocation across the cell membrane is critical for drug

delivery and gene therapy. Significantly, the advent of Phage Display has provided a

powerful technique to confer this property to bacteriophage and, in the in vitro process,

to select for peptides or proteins which facilitate cell penetration, probably by triggering

receptor-mediated endocytosis (Gao et al. 2002).

The linkage between a polypeptide sequence expressed on the bacteriophage

surface and the DNA encoding that sequence allows the identification of the peptide and

facilitates rapid screening and identification of polypeptides with novel and desirable

properties. Since this method was developed, Phage Display has matured as a

widespread technology for harnessing the chemical and structural diversity of peptide
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and protein libraries and has revolutionized the discovery of molecules for many

endeavors in academia and industry (Gao et al. 2002).

Additionally, during the development of this thesis, the author was extensively

trained in cytometric techniques, which allowed him to conceive a side-project aimed at

the development of a fluorescence-based method to generate cell growth curves for

adherent cell cultures. The third chapter of this thesis describes this new method, which

is based on staining the cells with carboxyfluorescein diacetate succinimidyl ester

(CFSE) and monitoring the CFSE signal decay upon cell proliferation.
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2. Upregulation of tumor suppressor Ectodermal-neural cortex 1 protein (ENC1)

during human glioma progression is associated with unfavorable patient

prognosis.

2.1. Introduction

Gliomas are the most common form of primary intracranial malignancy. In terms

of etiology, gliomas most frequent arise from malignant astrocytes (astrocytomas), but

they can also arise from oligodentrocytes, ependymal cells and neural progenitor cells.

In terms of aggressiveness, the World Health Organization (WHO) classifies gliomas

into grades I through IV. Grade IV (Glioblastomas – GBM) display the worst prognosis

(15 months maximum life expectancy after diagnosis)(Sonabend, Ulasov, and Lesniak

2007; Louis et al. 2007), while grade I gliomas display a much favorable prognosis.

Unfortunately, GBM is the most frequent type of glioma.

Ectodermal-cortex protein 1 (ENC 1), also known as Nuclear Restricted

Protein/Brain (NRP/B), was first characterized as a protein which interacts with the

cytoskeleton by binding to actin through Kelch-like domains, being related to neural fate

specification during development of the nervous system (Hernandez et al. 1997). No

ENC1 expression is found in normal astrocytes and oligodendrocytes (T. A. Kim et al.

1998; Y. Zhang et al. 2015), however, high expression levels of this gene are found in

human glioblastoma (hGBM) (Liang et al. 2004).

ENC1 is a member of the Kelch superfamily, which consists of a large number of

structurally and functionally diverse proteins characterized by the presence of one or
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more Kelch-repeat domains. Kelch family members are involved in a number of cellular

and molecular processes such as cell migration, cytoskeleton organization, regulation of

cell morphology, protein degradation, and modulation of gene expression (Gupta and

Beggs 2014). In addition to Kelch-like domains, ENC1 displays a BTB/POZ-like domain

in the N-terminal. This domain has been proposed to mediate protein–protein

interactions associated with higher order structures involved in chromatin folding and

cytoskeleton organization (T. A. Kim et al. 1998).

Some studies have indicated that ENC1 displays tumor suppression properties

(Polyak et al. 1997; Choi et al. 2014; Degaki, Demasi, and Sogayar 2009). In this

context, p53 has been observed to upregulate ENC1 expression by transcriptional

regulation (Polyak et al. 1997) and to inhibit cell proliferation by inhibiting E2F-target

genes (Choi et al. 2014). Additionally, previous results from our group demonstrated that

overexpression of ENC1 mediated the reduction of tumorigenic properties of rat C6

glioma cells (Degaki, Demasi, and Sogayar 2009). On the other hand, ENC1 has also

been reported to promote tumor progression in ovarian cancer (Fan et al. 2018) and

colorectal carcinoma (Fujita et al. 2001). To our knowledge, ENC1 expression levels

during human glioma progression is yet to be addressed. Here, we confirmed ENC1

tumor suppression properties using a genomic random edition approach, analysed

ENC1 expression in a set of patient glioma samples and correlated these data with

patients survival and disease progression-free survival, concluding that ENC1

expression constitutes a biomarker for glioma aggressiveness.
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2.2. Materials and Methods

2.2.1. Cell culture

The U87MG human glioblastoma cell line was cultured in low glucose Dulbecco’s

modified Eagle’s medium (DMEM) containing 10% fetal bovine serum (FBS) and

antibiotics (25µg/mL ampicillin and 100µg/mL streptomycin), incubated at 37°C in a

humidified atmosphere containing 95% air/5% CO2.

2.2.2. Generation of ENC1-edited U87MG cell line

Target sites for the ENC1 N-terminal were screened using the CRISPR Design

platform (http://crispr.mit.edu). The small guide RNA (sgRNA) 5’

TTGACTATGCGTACTCCTCC 3’ was indicated as the lowest scored for off-targets

probability, being chosen to be cloned into the pSpCas9(BB)-2A-GFP vector (pX458;

Addgene; #48138). Cloning was carried out according to vector manufacturer´s

instructions and insertion of the sgRNA was confirmed by Sanger sequencing. The

U87MG human glioblastoma cells were transfected with this construct using

Lipofectamine, according to the manufacturer´s instructions. After 48h, eGFP-positive

cells  were sorted  using the FACS Aria II Cell Sorter (BD Biosciences).

2.2.3. T7 endonuclease assay

The ENC1 coding sequence was amplified by end-point PCR using genomic DNA

(gDNA) isolated from eGFP-positive sorted cells as template (F-

http://crispr.mit.edu
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ATGTCAGTCAGTGTGCATGAGAACC and R- TTAAGAAGGCAGATGTTTCC). The

amplified fragment was denatured by heating at 95°C for 5min and the heteroduplexes

were formed by cooling down to 85°C at 2°C/sec and then to 25°C at 0.1°C/sec. T7

endonuclease I digestion was carried out at 37° for 15min using 5U of T7 endonuclease

I (T7E1; New England BioLabs) in a final volume of 10µL. The reaction was stopped by

adding 1µL of 0.25 M EDTA. The digested heteroduplex was resolved in 1% agarose

gel.

2.2.4. Characterization of ENC1 random editions by Sanger sequencing

The ENC1 coding sequence was amplified by end-point PCR using gDNA

isolated from eGFP-positive sorted cells as template (F-

ATGTCAGTCAGTGTGCATGAGAACC and R- TTAAGAAGGCAGATGTTTCC). The

amplicon was purified, cloned into the pGEM-T Easy (Promega; #A3600) according to

manufacture´s instructions and transformed into competent XL1blue E. coli bacteria.

Colonies were ressuspended in 20µL of Luria-Bertani medium and 2uL of this bacterial

suspension was used in conventional PCR, with the same primers used to amplify

ENC1 from sorted U87MG gDNA. The PCR reaction was 10-fold diluted and used as

template for Sanger sequencing with the R – CACAAGCCTTTCATCCTCTGTCT primer.

2.2.5. Clonogenic potential assay

Cells were sequentially diluted and 2x102 cells were seeded onto 35mm plates in

triplicate. Plates were incubated for 14 days in culture medium under a humidified

atmosphere containing 5% CO2, at 37°C. Cell colonies were then fixed in 3.7%
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formaldehyde, stained with 1% crystal violet and manually counted.

2.2.6. Cell cycle assay

Cells were seeded in culture media onto 6-well plates (5x104 cells/well) in

triplicate and incubated overnight under culture conditions. The culture medium was

replaced by 0.5% FBS low glucose DMEM and cells were incubated for 72h. Cells were

then harvested and fixed in cold 70% ethanol for 30 min, washed with PBS and stained

for cell cycle analysis. Staining was carried out by incubation in staining medium

(500µg/mL propidium iodide; 0.1% Triton-X and 1µg/µL RNAse A) at 4°C for 30min,

followed by washing with PBS. Cells were analyzed in a FACS Aria II Cytometer (BD

Biosciences) and propidium iodide fluorescence was detected using the PE-channel.

2.2.7. Cell growth curves

Cells were seeded in culture medium onto 12-well plates (2x104 cells/well) in

duplicates and incubated overnight under culture conditions. The culture medium was

replaced for 0.5% FBS low glucose DMEM and cells were harvested each 48h during 10

days. Cells were then immediately fixed in 3.7% paraformaldehyde and kept at 4°C. All

samples were quantified together at the final of the experiment. The number of cells

present at each time point was determined using the Accuri C6 Cytometer (BD

Biosciences).

2.2.8. In vivo tumorigenic potential

Athymic BALB/c nude mice were randomly divided into two groups of four
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animals each. The animals were maintained in a sterile environment. Cages, bedding

and water were autoclaved, and animals were maintained on a daily 12h light/12h dark

cycle. The protocols were approved by the Animal Ethics Committee (CEUA 030/16)

and all the procedures were carried out according to the Brazilian Guidelines for

Research Animals Handling (CONCEA). Cells were subcutaneously injected (1.0×106

cells/mouse) in 100µl of FBS-free low-glucose DMEM medium. Tumor dimensions were

determined using a caliper, and the tumor volume was calculated as (the shortest

diameter)×(the longest diameter)×(the shortest diameter x 0.5) at the following time

points: 7, 14, 21, 28 and 31 days.

2.2.9. Analysis of ENC1 expression in patient glioma samples

RNA samples isolated from 75 human astrocytoma tumor samples were obtained

from the Human Brain Bank of the Department of Pathology, School of Medicine of the

University of São Paulo. Written informed consent for research purposes was obtained

and the Ethical Research Committee of the University of São Paulo, Brazil, approved

the procedure (CAPPesq 681/05; CONEP 830/01). The samples were from grade I

astrocytoma (15 samples), grade II astrocytoma (15 samples), grade III astrocytoma (15

samples) and grade IV astrocytoma/glioblastoma (30 samples). A sample (2µg) of total

RNA was used for cDNA synthesis using Super Script III (Life Technologies). ENC1

expression levels were analyzed using the ViiA 7 Real Time PCR equipment (Applied

Biosystems, Brazil). The specific primers for ENC1 amplification were F -

TGGAAACATCTGCCTTCTTAAATG and R – GGCCTCTCCGAAGTAGAAATCTC, and

the housekeeping genes were HPRT (F – TTTGTTGTAGGATATGCCCTTGACT and R
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– CTCAACTTGAACTCTCATCTTAGGCTTTGT) and GAPDH (F –

ACCCACTCCTCCACCTTTGA and R – CTGTTGCTGTAGCCAAATTCGT). The results

were calculated using the ΔCt method (Pfaffl 2001).

2.2.10. Public data in silico analysis

The in silico analysis was carried out using the R2: Genomics Analysis and

Visualization Platform (https://hgserver1.amc.nl/cgi-bin/r2/main.cgi). ENC1 expression in

different glioma grades was assessed using the public database “Tumor Glioma –

French – 284 – MAS5.0 – u133p2” and the analysis of patient overall survival and

disease progression-free survival was based on the “Tumor Glioblastoma – TCGA – 540

– MAS5.0 – u133a” database. For survival curves, we considered the median of ENC1

expression as the cut-off for patient segregation into high e low expression.
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2.3. Results

Previous studies have addressed ENC1 functional properties by gain and loss of

function mediated by lentiviral overexpression and interference RNA approaches

(Polyak et al. 1997; T. A. Kim et al. 1998; Choi et al. 2014). Alternatively, in this work,

we decided to address the ENC1 functional analysis of human glioma using the

CRISPR/Cas9 genomic edition. U87-MG human glioblastoma cell line was used to

generate a population of ENC1 gene edited cells. The sgRNA was designed to target

the ENC1 N-terminal (Figure 1A). Transfected cells were sorted based on GFP

expression by flow cytometry (Figure 1B). Cas9-mediated double strand breaks

triggered error-prone DNA repair, leading to random insertions and deletions in the

ENC1 coding sequence, abrogating ENC1 expression due to changes in the mRNA

frameshift. The edition was confirmed by the endonuclease assay (Figure 1C). The

presence of two distinct bans in the transfected cell sample revealed the presence of

genomic edition. Considering the off-target sites listed by the CRISPR Design platform,

the most likely site (chr3:+64037846) was screened for off-target edition by the

endonuclease assay, and no off-target edition was observed, as shown by the presence

of a single band in agarose gel (Figure 1D). Finally, the ENC1 coding sequence was

screened to characterize in more details the genomic edition resulted from

CRISPR/Cas9 activity, confirming the presence of random insertions and deletions in

targeted region (Figure 1E).
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Figure 1. Generation and characterization of ENC1 edited U87MG cells. (A) An ENC1 N-
terminal targeted sgRNA was cloned into the pX458 CRISPR/Cas9 vector and transfected into
U87MG cells. (B) Sorting of transfected cells (48h post-transfection) according to the eGFP
reporter protein from pX458 vector. (C) Endonuclease assay on ENC1 coding sequence
amplified from transfected and non-transfected cells. (D) Endonuclease assay on the most
probable site for off-target edition (chr3:+64037846) according to the CRISPR design software
(www.crispr.mit.edu). (E) Analysis of ENC1 coding sequence amplified from transfected cells.

The tumorigenic properties of U87MG-edited cells was compared to the wild type

cell line. ENC1 random editions increased the clonogenic potential of U87MG cells

www.crispr.mit.edu
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(Figures 2A and B; 23 parental colonies versus 47 ENC1 knockout colonies), decreased

the percentage of cells in G1-phase of cell cycle (Figures 2C and D; 82% parental cells

versus 68% ENC1 knockout cells), increased the in vitro proliferative properties of

U87MG cells (Figure 2E; 400,717 parental cells versus 731,992 ENC1 knockout cells at

time point 240h) and, accordingly, increased the in vivo tumorigenic potential of U87MG

cells to grow as subcutaneous tumors in Balb/c nude mice (Figure 2F; 549 mm³ parental

cells versus 1154 mm³ ENC1 knockout cells – tumor volume 31 days after inoculation).

Taken together, these data obtained by a new approach (ENC1 genomic random

edition) confirms the previous findings regarding ENC1 as a protein with tumor

suppression properties.
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Figure 2. Functional analysis of ENC1 random edition U87MG cells. (A) Clonogenic
potential of ENC1 knockout U87MG cells. Results are shown as the mean ± SEM of four
independent experiments. * p<0.05 by paired T test.  (B) Representative image of clonogenic
assays. (C) Cell cycle analysis of ENC1 knockout U87MG cells. Results are shown as the mean
± SEM of three independent experiments. * p<0.05 by two-way ANOVA test. (D) Representative
DNA content plot from cell cycle analysis. (E) Growth curve of ENC1 knockout U87MG cells.
Results are shown as the mean ± SEM of three independent experiments. * p<0.05  and ***
p<0.001 by two-way ANOVA test. (F) In vivo tumorigenic assay. Tumors were measured at 7,
14, 21, 28 and 31 days. Four animals were injected with each cell line. Results are shown as the
mean ± SEM of two independent experiments. *** p<0.001 by two-way ANOVA test.

Next, we used a tumor panel of 75 glioma patients to investigate how ENC1

expression is modulated during glioma progression. This panel comprised samples of
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pilocytic astrocytoma (glioma grade I), glioma grade II, glioma grade III and glioblastoma

(glioma grade IV; Figure 3A), according to the World Health Organization classification

of tumors of the Central Nervous System (Louis et al. 2016). Pilocytic astrocytomas

usually have a circumscribed growth pattern, lack IDH gene family alterations and

frequently display BRAF alterations. In addition, patients bearing this tumor type have

good prognosis, being considered to be cured after tumor resection. Compared to

pilocytic astrocytomas, tumor diffusiveness properties are strikingly increased in grades

II to IV, also known as diffuse gliomas (Louis et al. 2016). As shown in figure 3B, diffuse

gliomas express higher levels of ENC1, when compared to pilocytic astrocytomas. We

addressed this same question using a public database of 284 glioma patents, with the

same pattern being observed (Figure 3C).
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Figure 3. Analysis of ENC1 expression in different glioma grades and respective clinical
relevance. (A and B) Assessment of ENC1 levels during glioma progression by qRT-PC using a
cohort of 75 patients. GAPDH and HPRT were used as housekeeping genes. ** p<0.01 by one-
way ANOVA test. (C) Assessment of ENC1 levels using a cohort of 276 patients from the
“Tumor Glioma – French – 284 – MAS5.0 – u133p2” public dataset. * p<0.05, ** p<0.01 and ***
p<0.001 by one-way ANOVA test. (D) Overall survival and (E) progression-free survival analysis
in a cohort of 540 glioblastoma patients “Tumor Glioblastoma – TCGA – 540 – MAS5.0 –
u133a”. Curves were plotted using the R2: Genomics Analysis and Visualization Platform
(https://hgserver1.amc.nl/cgi-bin/r2/main.cgi) using the median of expression values as the cut-
off for patient segregation into high and low expression groups.
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Considering the tumor suppressing properties of ENC1 (Figure 2), it is possible

that  upregulation of ENC1 expression occurs in an attempt to recover normal cellular

proliferation rates. Therefore, we hypothesized that ENC1 levels could feature as a

reporter for tumor aggressiveness, and approached this hypothesis by analyzing

whether (or not) ENC1 levels are associated to patients survival. We used a public

dataset of 540 glioblastoma samples to plot overall survival and disease progression-

free survival curves as a function of ENC1 expression levels. As expected, according to

our hypothesis, half of the patients with higher ENC1 expression displayed shorter

overall survival and disease progression-free survival, in comparison to the lower

expression half (Figures 3D and E).



34

2.4. Discussion

The Ectodermal-neural Cortex 1 (ENC1) gene, also called Nuclear Restricted

Protein/Brain (NRP/B), was first identified in murine as being expressed during early

gastrulation in the prospective neuro-ectodermal region of the epiblast (Hernandez et al.

1997), and, later on, the human orthologue was identified  in neurons and observed to

be absent in human astrocytes (Hernandez et al. 1998; T. A. Kim et al. 1998). However,

aberrant ENC1 expression has been reported in gliomas originated from astrocytes

(Liang et al. 2004; Hernandez et al. 1998) and tumors of different origins, such as

human pituitary adenomas (Feng et al. 2014), colorectal carcinomas (Fujita et al. 2001),

ovarian cancer (Fan et al. 2018), medulloblastoma (Yokota et al. 2004), breast cancer

(Seng et al. 2007) and leukemia (Hammarsund et al. 2004).

The role of ENC1 in tumorigenesis is controversial in the scientific literature.

ENC1 has been demonstrated to display tumor suppression properties in cervical

carcinoma (Choi et al. 2014) and glioma (Degaki, Demasi, and Sogayar 2009; Liang et

al. 2004; T.-A. Kim et al. 2000). The molecular mechanisms supporting this role involves

upregulation of ENC1 expression by p53 (Polyak et al. 1997), the capacity of the ENC1

protein to bind to the hypo-phosphorylated form of the retinoblastoma protein (T. A. Kim

et al. 1998) and its ability to act as a transcriptional reppressor of E2F-mediated

transcriptional activity (Choi et al. 2014). On the other hand, other studies have

observed that ENC1 promotes tumor progression in ovarian cancer (Fan et al. 2018)

and colorectal carcinoma (Fujita et al. 2001). The molecular mechanism proposed by

the authors were related to decreasing cellular ROS levels (Fan et al. 2018) and

suppressing cellular differentiation (Fujita et al. 2001). Despite this controversy, little is
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known about how ENC1 expression is modulated throughout glioma tumor progression

and to what extent ENC1 expression is relevant to clinical aspects in patients.

In the present study, we first evaluated the influence of ENC1 expression in

glioma tumorigenesis. Classical functional genomic analysis is based on gain and loss

of function approaches. Although these approaches have been proposed to yield

complementary information, gain of function experiments, mediated by gene

overexpression, are known to be prone to artefact phenotypes (Moriya 2015; Ma et al.

2010). On the other hand, loss of function experiments are expected to deliver more

functionally relevant results. In the ENC1 scientific literature, loss of function

experiments have been carried out by targeting protein synthesis at the transcriptional

level (knockdown), using interfering oligodesoxynucleotides (T. A. Kim et al. 1998),

small interfering RNA (Fan et al. 2018) and  short hairpin RNA (Choi et al. 2014).

Considering the controversy in the literature, we set up to design a loss of function

strategy based on different approach, by generating a CRISPR/Cas9-mediated ENC1

randomly edited U87MG cell line (Figure 1), confirming ENC1 tumor suppression

properties in glioblastoma (Figure 2).

We next analyzed how ENC1 expression is modulated during glioma progression.

Gliomas are classified into grades I trough IV by the World Health Organization (Louis et

al. 2016; Louis et al. 2007). Grade I displays the best prognosis, while grade IV

(glioblastoma) is the most aggressive and malignant lesion. We used a panel of 75

glioma patient samples to analyze how ENC1 expression is modulated during tumor

progression. The expression of ENC1 was observed to be upregulated as glioma
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aggressiveness increases, which was confirmed by a larger cohort of patients using

public database (Figures 3A and B).

The occurrence of loss of function mutations in tumor suppressor genes has been

reported as the main cause for tumor suppressors failure (Lee 2018; Greenblatt et al.

1994; Rosen and Pishvaian 2014). We investigated the mutational status of ENC1 using

the Catalogue of Somatic Mutations in Cancer (COSMIC;

https://cancer.sanger.ac.uk/cosmic), with no relevant incidence of mutations being

identified for ENC1 in glioma patient samples (4 mutations in 1,863 samples; 0.21%).

Upregulation of tumor suppressor genes during tumor progression has been suggested

as an attempt to restore proliferative control (Huynh 2004) and has already been

observed for other tumor suppression genes in different cancer types, such as p53 in

gallbladder cancer (Ghosh et al. 2013), MyoD in medulloblastoma (Dey et al. 2013) and

pRb2 in hepatocellular carcinoma (Huynh 2004).

After finding that ENC1 levels correlate with the degree of tumor aggressiveness,

we analyzed whether this correlation would associate to patients prognosis. Using a

public dataset of 540 glioma patients, we observed that half of the patients with higher

ENC1 expression have statistically shorter overall survival (Figure 3D) and disease

progression-free survival (Figure 3E). Accordingly, low expression of ENC1 has been

associated to a favorable prognosis in ovarian cancer (Fan et al. 2018).
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2.5. Conclusions

In conclusion, our studies on ENC1 and human glioma progression show that:

(a) ENC1 displays tumor suppression properties in U87MG human glioma cell line; (b)

ENC1 expression is upregulated during human glioma progression; (c) ENC1

expression may be used as a biomarker for glioblastoma patients prognosis.
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3. Identification and in vitro characterization of a novel peptide internalized by

human glioblastoma cells.

3.1. Introduction

Gliomas are the most common malignancy in the brain. Glioblastoma (GBM)

represents 81% of all glioma cases (Ostrom et al. 2014) and shows the most aggressive

phenotype with very poor average patient life expectancy (15 months) in 90% of the

cases (Louis et al. 2016). The current first-line treatment for GBM is tumor resection,

followed by adjuvant radiotherapy and chemotherapy, including the DNA alkylating

agent temozolomide (Omuro and DeAngelis 2013). Proposed non-surgical options to

tackle this malignancy include immunotherapy (Platten et al. 2016), targeted gene

therapy (Oka et al. 2016), biotechnological devices (Chan et al. 2016), drug-carrying

lipossomes (Wei et al. 2015) and  nanopolymers (Zou et al. 2016). However, these

pharmaceutical approaches fail to reach therapeutic concentrations within intracranial

tumors but build their circulating concentration high enough to induce systemic adverse

events (Lesniak and Brem 2004). The systemic cytotoxic effects and limited drug

penetration arise from the blood−brain barrier and the blood−tumor barrier (Shi et al.

2015; Staquicini et al. 2011). Therefore, development of brain tumor therapy is

constrained by the lack of alternative approaches for effective drug delivery to tumor

cells.

Among targeted drug delivery approaches, peptides and proteins that can target

and internalize into specific cell types represent a key avenue for the development of
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novel treatment options (Zahid and Robbins 2015). In particular, the phage display

technology has been extensively used and represents a powerful tool for identification of

functional peptides in both normal and pathological conditions (Arap et al. 2004; Cardó-

Vila et al. 2008; Zahid and Robbins 2012; Zahid and Robbins 2015; Kay, Kurakin, and

Hyde-DeRuyscher 1998; Wu et al. 2016). The match between the displayed peptide and

the corresponding DNA coding sequence permits fast identification of the peptide

sequence, which provides a rapid screening platform for selection. Since its inception

and subsequent improvements, (G. P. Smith 1985), phage display has become a

widespread technology to explore the chemical and structural diversity of polypeptide

combinations and their properties (Gao et al. 2002).

Using targeted peptides and proteins has enabled the development of therapeutic

strategies based on tumor-targeted drug delivery. The delivered payloads include anti-

tumor drugs, such as doxorubicin (L. Zhang et al. 2016) and paclitaxel (Liu et al. 2015),

nucleic acids like iRNA (Wang et al. 2015; An et al. 2015), vectors for gene therapy

(Hajitou et al. 2006), functional biomolecules, such as a pro-apoptotic peptides activated

upon internalization (Ellerby et al. 1999; Pasqualini et al. 2015; Arap et al. 2004) and

gene delivery hybrid systems, such as the adeno-associated virus/phage hybrid vector

(AAVP) (Hajitou et al. 2006; Staquicini et al. 2011; T. L. Smith et al. 2016). However,

despite past and recent efforts, options for glioma treatment still lack any approved

target delivery therapy. We describe the identification and in vitro characterization of a

novel peptide endowed with human glioma cells internalization properties, which may

serve as an important tool to develop innovative targeted strategies in glioma

therapeutics.
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4. Materials and Methods

4.1.1. Cell culture

Human glioblastoma (hGBM) cell lines (A172, T98G, U251, LN229, LN308 and

LN428) were cultured in Dulbecco Modified Eagle’s Medium (DMEM) containing 10%

fetal bovine serum (FBS) and antibiotics at 37°C in a humidified atmosphere of 95% air

and 5% CO2. U87MG cells were cultured in low glucose DMEM under the same

conditions.

4.1.2. Biopanning

To minimize non-specific interactions, hGBM cells (U87MG, A172 and U251;

2x106 cells) were first incubated for 1h at 37°C in 30% FBS DMEM followed by 2h

incubation in 0.5% FBS DMEM containing 2x1011 TU of phage particles from the M13KE

phage display library (NEB; E8120S). Cells were thoroughly washed five times with 5%

BSA in PBS and once with TRIS/Glycine buffer (pH 2.2) to eliminate non-internalized

phage clones. Cells were collected by trypsinization, washed with PBS and disrupted by

freeze and thaw cycles followed by physical disruption with an insulin syringe (0,45 x

13mm). Recovered phage clones were amplified, purified and titrated. After three rounds

of selection, the recovered phage clones were sequenced to reveal the selected and

enriched peptide sequences.

4.1.3. Internalization assay

hGBM cells (1x105) were blocked in 30% FBS DMEM for 1h at 37°C before

incubation with targeted phage (1x109 TU) in 2% FBS DMEM. Cells were thoroughly
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washed five times with 5% BSA in PBS and once with TRIS/Glycine buffer (pH 2.2) to

eliminate non-internalized phage particles. Cells were collected by trypsinization,

washed with PBS and disrupted by freeze and thaw cycles followed by physical

disruption. The cell lysates were incubated with host bacteria ER2738 for phage titration.

4.1.4. Phage binding assay

U87MG cells (1x105) were incubated with phage particles (1x109 TU) in 2% BSA

DMEM on ice for 2h. Bound phage particles were quantified using the Biopanning and

Rapid Analysis of Selective Interactive Ligands (BRASIL) method (Giordano et al. 2001)

4.1.5. Immunofluorescence microscopy

U87MG cells were plated onto 8-well slide chambers (Lab-Tek; 3x104 cells/well),

blocked for 1h at 37°C in 30% FBS DMEM and incubated overnight with phage (1x109

TU) in 2% FBS DMEM at 37°C. Cells were thoroughly washed with 5% BSA in PBS and

TRIS/Glycine buffer (pH 2.2) followed by fixation in 4% paraformaldehyde and

permeabilization in 0.2% Triton X-100 in PBS. Phage particles were immunostained with

rabbit anti-Fd phage antibody (Sigma, 1:500 dilution) and Cy3-conjugated anti-rabbit

secondary antibody (Jackson Laboratories, 1:300 dilution). Images were acquired using

the Nikon Eclipse Ti2 fluorescence microscope, and images were analyzed using the

NIS-Elements AR4.20.01 acquisition software.
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4.1.6. Alanine scanning

Seven mutated clones were generated by site-directed mutagenesis. Each of the

seven original amino acid residues of the LHTNELQ peptide sequence were individually

replaced with alanine (A). Phage internalization assays were conducted as described

previously. Primers used for site-directed mutagenesis were as follows:

L1A-F GGGCTTGTGCGCATACTAATGAGCTGCAGTGCGGGGCCGCTG;

L1A-RCGGCCCCGCACTGCAGCTCATTAGTATGCGCACAAGCCCCGT;

H2A-F GGGCTTGTCTTGCGACTAATGAGCTGCAGTGCGGGGCCGCTG;

H2A-R CGGCCCCGCACTGCAGCTCATTAGTCGCAAGACAAGCCCCGT;

T3A-F GGGCTTGTCTTCATGCGAATGAGCTGCAGTGCGGGGCCGCTG;

T3A-R CGGCCCCGCACTGCAGCTCATTCGCATGAAGACAAGCCCCGT;

N4A-F GGGCTTGTCTTCATACTGCGGAGCTGCAGTGCGGGGCCGCTG;

N4A-R CGGCCCCGCACTGCAGCTCCGCAGTATGAAGACAAGCCCCGT;

E5A-F GGGCTTGTCTTCATACTAATGCGCTGCAGTGCGGGGCCGCTG;

E5A-R CGGCCCCGCACTGCAGCGCATTAGTATGAAGACAAGCCCCGT;

L6A-F GGGCTTGTCTTCATACTAATGAGGCGCAGTGCGGGGCCGCTG;

L6A-R CGGCCCCGCACTGCGCCTCATTAGTATGAAGACAAGCCCCGT;

Q7A-F GGGCTTGTCTTCATACTAATGAGCTGGCGTGCGGGGCCGCTG;

Q7A-R CGGCCCCGCACGCCAGCTCATTAGTATGAAGACAAGCCCCGT.

4.1.7. Competition assay

Binding assays were performed as described previously in presence of increasing

concentrations of the synthetic LHTNELQ cyclic peptide (CPC).

4.1.8. Statistical analysis

Experimental results were analyzed by ANOVA, unless otherwise specified.
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4.2. Results

Our biopanning strategy was designed to enable the selection of internalizing

peptides while minimizing the recovery of surface-bound particles (Figure 1A). The first

round was performed with 2x1010 phage particles of a cyclic 7-mer M13 phage peptide

display library (NEB; E8120S), which represents approximately 16-fold library coverage

(1.28x109 possible sequences). The phage input in the second and third rounds were

the same (2x1010 TU).

Independent biopannings were performed on A172, U251 and U87MG cells.

Phage particles recovered from the second and third rounds of selection were

quantitated to determine enrichment of internalizing clones. Whereas selections on

U251 and U87MG cells did not produce enriched peptides, we observed a 4.6 fold

increase in the number of phage particles recovered from A172 cells (2,000 recovered

phage in the first round and 9,200 in the second round), a result strongly suggesting

selection of targeted internalizing peptides (Figure 1B). The peptides LHTNELQ,

MAPDSRV, LAPKTKT and the peptide SHMEYPR (containing the enriched motif SHM)

were highly enriched and therefore selected for further characterization (Figure 1C).

The LHTNELQ phage displayed a striking incidence among phage clones

selected after three rounds of biopanning on A172 cells, covering 36% of sequenced

clones (Figure 1B). The LHTNELQ phage showed an outstanding 37-fold higher level of

internalization level compared to the insertless phage, while the MAPDSRV, LAPKTKT

and SHMEYPR phage clones presented only 1,2-, 1,8- and 1,8-fold higher levels.

Selecting the LHTNELQ phage was key for the observed recovery enrichment (4.6-fold)

from the second to the third rounds of biopanning.
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Figure 1. Selection of human glioblastoma internalizing peptides by in vitro biopanning.
(A) Phage particles displaying cyclic random heptapeptide were incubated with hGBM cell lines.
Biopanning was independently carried out on A172, U87MG and U251 cells. Cells were
disrupted and internalized phage clones were recovered, amplified, purified, titered and used as
input phage in two additional rounds. The input phage was the same during all rounds (2x1010

TU). The phage output from the second and third rounds were titered in order to assess the
recovery enrichment. The first round output was not titered to avoid losing unique clones. The
third round phage output was sequenced  to reveal the peptide sequences. (B) Enrichment of
phage recovery from the second to the third round in biopanning on A172 cell. The number of
phage particles recovered increased 4.6-fold, suggesting the selection of an internalizing clone.
(C) Peptide sequence of 44 phage clones selected in the biopanning on A172 cells. The
LHTNELQ sequence covered 36% of the sequencing output (16/44). The underlined sequence
reveals a motif (SHME) which is present in different peptide sequences.
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Internalization of the selected peptides was confirmed in A172 cells (Figure 2A;

LHTNELQ internalization was 37-fold higher than insertless phage; MAPDSRV 1.2 fold;

LAPKTKT 1.8 fold; SHMEYPR 1.8 fold). In particular, the peptide LHTNELQ showed an

outstanding internalization compared to the others. When tested against several other

hGBM cell lines, the peptide LHTNELQ showed specificity to A172 and U87MG cells

(Figure 2B; LHTNELQ internalization in T98G cells – 262 phage particles; A172 – 3,564;

U87MG – 4,063; LN229 – 175; LN308 – 150; LN428 - 88).

Figure 2. Screening of lead phage clones and analysis of the LHTNELQ phage
internalization in different human glioblastoma cell lines. (A) Phage clones displaying the
four lead peptide sequences, obtained by biopanning, were individually incubated for 2h with
A172 cells. Cells were thoroughly washed and internalized phage was recovered by cell
disruption. The LHTNELQ phage internalization was about 37-fold higher than the insertless
phage. Results are shown after normalization as the mean ± SEM.*** p<0.001. (B) Screening of
LHTNELQ phage internalization in different human glioblastoma cell lines. Phage incubation
was carried out overnight. LHTNELQ was able to mediate phage internalization in A172 and
U87MG cells. Results are shown as the mean ± SEM. *** p<0.001.
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Next, we used the BRASIL method to assess binding of the peptide LHTNELQ to

the surface of U87MG cells, and internalization after removal of unbound particles

(Figure 3A; 3,592 insertless phage particles versus 33,486 LHTNELQ phage particles).

We observed a 10-fold increase in the number of internalized LHTNELQ-phage

compared to the control inserless phage (Figure 3B; 1,167 LHTNELQ phage particles

recovered from non-disrupted cells versus 12,333 from disrupted cells), a result

confirmed by immunofluorescence staining of internalized phage particles (Figure 3C).

Internalization was also time-dependent, with no saturation observed up to 24h (Figure

3D; 525 internalized phage particles after 10min incubation; 1,050 after 30min; 2,650

after 1h; 6,300 after 4h; 30,467 after 8h and 86,667 after 24h). Additionaly, we used

alanine scanning to investigate the individual contribution of each amino acid of the

peptide LHTNELQ to its internalization and observed that binding and internalization are

highly dependent on amino acids L1, T, N, E and L6. The amino acid H had no apparent

contribution to peptide internalization (Figure 4; LHTNELQ - 100% internalization;

AHTNELQ – 14%; LATNELQ – 91%; LHANELQ – 14%; LHTAELQ – 10%; LHTNALQ –

11%; LHTNEAQ – 11%; LHTNELA – 41%).
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Figure 3. LHTNELQ phage binding and internalization properties in U87MG cells. (A)
LHTNELQ phage binding was approached using the BRASIL assay. Phage was incubated with
the cells for 2h in ice and unbound phage particles were then eliminated by centrifugation
through an organic phase. Results are shown as the mean ± SEM. *** p<0.001 by paired T test.
(B) LHTNELQ phage was incubated overnight with the cells. After washing, phage was
recovered and titered from disrupted or non-disrupted cells. The number of recovered phage
particles increased approximately 10.6-fold when cells were disrupted. Results are shown as the
mean ± SEM. *** p<0.001 by two-way ANOVA followed by Bonferroni’s test. (C) LHTNELQ
phage was incubated overnight with the cells and phage internalization was addressed by anti-
phage immunofluorescence. (D) LHTNELQ phage was incubated with the cells for different
periods and cells were then washed and disrupted for phage recovery. The LHTNELQ phage is
internalized in a time-dependent manner. No uptake saturation was observed in 24h.
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Figure 4. Screening of functional domain in LHTNELQ sequence. Each residue in the
LQTNELQ sequence was mutated and the resulting phage clones were tested for internalization
in U87MG cells upon overnight incubation. LHTNELQ phage internalization is independent of H2
residues and partially impaired by mutation of Q7. The other residues are essential for efficient
internalization. Results are shown as the mean ± SEM. *** p<0.001.

Finally, because random mutations can occur in the phage genome during phage

amplification to cause alterations in phage binding and internalization, we used the

fUSE5 system to show that internalization induced by the peptide LHTNELQ is not

dependent on the M13KE phage backbone (Figure 5A; Fd phage backbone 9.3 fold

compared to the insertless phage; M13KE backbone 8.8 fold compared to the insertless

phage). Moreover, the synthetic LHTNELQ cyclic peptide impaired LHTNELQ phage

internalization, confirming that targeted phage internalization is dependent of displayed

LHTNELQ peptide (Figure B; No peptide 100%; 50µg/mL synthetic peptide – 66%;

100µg/mL – 64% and 300µg/mL – 57%). Taken together, these results identify and

characterize a peptide that is efficiently internalized into hGBM cells, and shows promise

as a new tool for glioma therapeutic development.



49

Figure 5 . Analysis of LHTNELQ-dependent phage internalization. (A) Cloning of the
LHTNELQ coding sequence was carried out using both Fd and M13KE phage backbones.
LHTNELQ mediated internalization was observed in both systems. Results are shown as the
mean ± SEM. *** p<0.001 by paired T test. (B) Phage competition assays revealed that
LHTNELQ phage internalization was decreased by cyclic LHTNELQ synthetic peptide,
suggesting that the LHTNELQ domain mediates phage internalization by binding to an unknown
cell surface protein. Results are shown as the mean ± SEM. * p<0.05 and ** p<0.01.
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4.3. Discussion

Glioma-specific penetrating peptides represent a unique and promising

alternative therapeutic approach to this deadly tumor. Since 2015, at least five clinical

trials using targeted nanoparticles have been initiated, with the hope that this next

generation of therapeutics will improve the lives of glioma patients. Here, we report the

identification and characterization of the peptide LHTNELQ, a glioma-targeted peptide

with robust internalizing properties of potential use for clinical applications.

Because internalization of the LHTNELQ-phage was partially inhibited by the

synthetic corresponding peptide, we speculate that cell internalization is likely to occur

due to binding to a cell surface receptor. Indeed, a BLAST search analysis suggested

the peptide LHTNELQ may mimic binding partners of proteins highly present in brain

cells, such as cullin-9 and nitric oxide synthase brain isoform. Nevertheless, several

brain-internalizing peptides (such as angiopep-2 (Mei et al. 2014; Wang et al. 2015), Tat

(Zheng et al. 2015), uPA-ACPP (B. Zhang et al. 2015), poly-arginine(Liu et al. 2016),

LNP (Yao et al. 2015), T7 (Bi et al. 2016), Pen (Cates et al. 2016), RGD (Shi et al.

2015), iRGD (Sugahara et al. 2009) and iNGR (Alberici et al. 2013)) have been

considered for drug development. Whether the new peptides described here will

eventually serve as delivery vehicles to brain tumors remains an open question, and the

objective of further investigation.

Saturation may occur due to low number of targeted cell surface proteins

(receptor) or slow receptor turnover. The absence of saturation indicates that LHTNELQ

mediated phage internalization efficiency. These results suggests that high phage

concentrations can accumulate intracellularly over longer period of time. This important
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feature of peptides reveals the utility of the candidate peptide for developing targeted

drug-delivery strategies. (Figure 3D).

Competition assays usually result in a striking phage recovery abrogation after

phage incubation with high concentrations of the synthetic peptide. However, we did not

observe this in our assay, suggesting that the displayed peptide is more efficiently

internalized than the synthetic peptide, even when the synthetic peptide is abundant. We

conclude that a pentameric conformation of the peptides fused to the PIII may improve

the efficiency of phage interaction with the receptor compared to the synthetic

monomeric peptide. Based on this observation, we believe the use of PIII-displayed

LHTNELQ peptide on adeno-associated virus/phage hybrid vector (AAVP) (Hajitou et al.

2006; Staquicini et al. 2011; T. L. Smith et al. 2016) may empower AAVP particles for an

efficient targeted internalization in human gliomas. AAVP has shown to be very efficient

to mediate coding sequences integration into cancer cells genome. However, targeting

specificity and efficiency is crucial to avoid undesired gene integration events and we

believe LHTNELQ displayed peptide may be an important tool for this purpose.
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4.4. Conclusions

These results identify and characterize a peptide that is efficiently internalized into

hGBM cells, and shows promise as a new tool for glioma therapeutic development.
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5. Counting-free fluorescence-based method to generate growth curves of

adherent cell cultures.

5.1. Introduction

In vitro cell culturing allowed the establishment of a number of cell lines from

different organisms, developmental stages and disease samples. Currently, questions

posed in several biomedical sciences fields may be answered using the outstanding

platform of in vitro proliferating cells (Stacey 2012). Moreover, cell culturing may be used

to produce recombinant molecules, since in vitro proliferating cells of different origins

have been essential for the development of biopharmaceuticals in the Biotechnology

industry (Kantardjieff and Zhou 2013; Marx 2012). The most classical tool to investigate

in vitro cell proliferation is the cell growth curve.

Three steps may be described in cell growth curves, namely: Lag, Log and

Stationary phases. The Lag phase is an adaptive step, with cell proliferation ensuing at

increasing rates until cells reach the maximum proliferation rate, when the Log phase

starts. During this phase, the number of cells grows exponentially and the growth rate is

constant. Later on, the number of cells reaches saturation, the proliferation rate

decreases, and the number of cells stop increasing as a consequence of limitations,

such as: substrate exhaustion, product inhibition or growth inhibition by cell-to-cell

contact, thereby defining the stationary phase (Freshney 2010). The cell growth curve is

commonly plotted as the number of cells as a function of time, depicting a sigmoid curve

from which it is possible to calculate the doubling time, also referred to as generation
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time, expressing the period of time necessary for the number of cells to double, during

the log phase, under specific culture conditions.

Different approaches may be used to assess cell proliferation in vitro.

Incorporation of nucleoside-analogues, such as tritiated thymidine (3H-TdR) and 5-

Bromo-2′-deoxyuridine (BrdU), is used to identify cells which are in the S phase of the

cell cycle. Proteins associated with the cell cycle, such as Ki-67, phosphorylated-histone

H3 and proliferating cell nuclear antigen (PCNA), are also used as cell proliferation

reporters. In addition, cytoplasmic proliferation dyes, such as carboxyfluorescein

diacetate succinimidyl ester (CFSE) and the cell trace violet (ThermoFisher Scientific,

Cambridge, MA) have been employed to track proliferating cells (Romar, Kupper, and

Divito 2016).

CFSE is a cell-permeant non-fluorescent pro-dye. Once the molecule is inside the

cell, its acetate group is cleaved by cellular esterases and the resulting green

fluorescent carboxyfluorescein molecule is no longer membrane permeable, binding to

free amine groups through the succinimidyl ester group, which generates covalent dye-

protein conjugates. CFSE was employed, in 1994, as a cell tracker, to identify

proliferating lymphocytes after a stimulus (Lyons and Parish 1994).  When stimulated,

lymphocytes proliferate, with each daughter cell receiving half the CFSE content present

in the mother cell. CFSE has become a powerful tool in the Immunology field (Benjamin

J C Quah and Parish 2012; Ben J C Quah, Warren, and Parish 2007; Rabah et al.

2001). Later on, CFSE was used to analyze the interference of drugs  in cell lines

proliferation (Chang et al. 2002; Rabah et al. 2001) and their doubling time (Chung et al.

2017).
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Despite the fact that different technical approaches have been developed for cell

proliferation analysis, the cell growth curve remains as a crucial tool to reveal the

proliferative characteristic of cell cultures in vitro, such as the transition from Lag to Log

and Stationary phases. The most classical approach to generate growth curves is by

counting cells using the Neubauer chamber, however, this is quite laborious and

variable, therefore, automated cell counters were introduced to facilitate and accelerate

the cell counting process. Furthermore, some flow cytometers were adapted to count, in

addition to analyzing cells. To the best of our knowledge, there are no alternative

methods to generate adherent cells growth curves other than those based on absolute

cell number determination. The accuracy in the conventional counting-based method is

dependent on a precise determination of total number of cells, which is affected by

disrupted cells, doublets and clumps formation and by cell loss during harvesting. Here,

we propose a new method to plot growth curves, based on CFSE fluorescence signal,

named counting-free florescence-based method (CFFM), which relies on following up

the CFSE signal decay upon cell proliferation, being independent of total number of cells

determination,  thus eliminating the above mentioned interferences.



56

5.2. Materials and Methods

5.2.1. Cell culture

Human embryonic kidney cells (HEK 293 cell line, ATCC CLR-1573, Rockville,

MD) were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Gibco, MD, USA)

supplemented with 10% fetal bovine serum (FBS; Vitrocell, São Paulo, Brazil).  Cells

were cultured at 37°C under a humidified atmosphere containing 95% air/5% CO2.

5.2.2. Cells staining with CFSE

Cells were labeled using the CellTraceTM CFSE Cell Proliferation Kit (Thermo

Fisher Scientific, Waltham, MA, USA; C34554), according to the manufacturer’s

instructions, with a few modifications. Cells (1x106) were washed with PBSA (PBS

without calcium and magnesium), ressuspended in CFSE solution in PBSA (5µM CFSE

– 1 mL final volume) and incubated for 20min at 37°C on a side-to-side shaker. A

volume (9 mL) of 10% FBS DMEM was then added and the cells were incubated for

5min at 37°C in a side-to-side shaker in order to allow free CFSE to bind to serum

proteins and improve free CFSE elimination. Labeled cells were centrifuged,

ressuspended in 10% FBS DMEM and seeded for the growth curve experiment.

5.2.3. Growth curves

CFSE stained cells (5×104) were seeded onto 35mm wells in 10% FBS DMEM,

with culture medium change every other day. Triplicate wells were harvested by

trypsinization at the indicated time points and the cells were fixed in 1mL final volume of
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3.7% formaldehyde. Growth curves were generated using four different approaches,

namely: manual cell counting using the Neubauer Chamber, automatic cell counting

using the Coulter Counter Analyzer (Beckman Coulter), automatic cell counting using

the Accuri C6 Cytometer (BD Biosciences) and analysis of CFSE signal decay, also

using the Accuri C6 Cytometer (BD Biosciences).

5.2.4. Manual cell counting using the Neubauer Chamber.

According to the manufacturer’s instructions, a sample (10µL) of the cell

suspension from each sample was loaded into the Neubauer chamber. The number of

cells present in the four external quadrants of the chamber was counted and the mean

was calculated and multiplied by 104 to yield the number of cells per milliliter. Highly

concentrated samples were properly diluted to adjust the cell concentration to 10-100

cells per quadrant.

5.2.5. Automatic cell counting using the Z2 Coulter Counter Analyzer

(Beckman Coulter)

The equipment was set to detect particles from 9 to 27μm and to take the sample

dilution into account. An aliquot (100 µL) from each sample was diluted in PBS buffer

and loaded into the equipment. The output values were delivered as the number of cells

per milliliter.

5.2.6. Automatic cell counting using the Accuri C6 Cytometer (BD Biosciences)



58

An end point acquisition stop was set at 100µL for absolute cell counting. Cells

were gated apart from debris in an SSC-A x FCS-A plot and the number of events were

multiplied by 10 to yield the total number of cells per milliliter.

5.2.7. CFSE signal measurement using the Accuri C6 Cytometer (BD

Biosciences)

Cells were gated apart from debris in a SSC-A x FCS-A plot. Single cells were

then gated apart from the doublets and clumps in a FCS-H x FSC-A plot. An end point

acquisition stop was set at 4,000 events inside the single cells gate, from which the

CFSE median fluorescence intensity (MFI) was determined. The MFI values were

plotted as a function of time to analyze the kinetics of CFSE decay. Next, the inverse of

MFI (values were raised to the power of -1; MFI-1) was plotted as a function of time in

order to change the plot from descendent exponential into an ascendant exponential.

5.2.8. Doubling time calculation

The cell specific growth rate (µ) was determined from the slope of the natural

logarithm of cell count or MFI-1 as a function of time and doubling time (DT) using the

formula [DT = ln 2 / µ] (Castilho et al. 2008).

5.2.9. Statistical Analysis

Statistical analysis of the coefficient of variation of three replicates of the cell

growth curves, determined by the different methods, was carried out by paired Wilcoxon

tests. Analysis of CFSE MFI intensity and number of cells from time points 144h to
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168h, in the presence or absence of 20µg/mL Mitomycin C, was carried out using the t

test.
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5.3. Results

The conventional method for generating growth curves of adherent cells is based

on determination of the absolute number of cells at different time points, under specific

culture conditions. Here, we compare this traditional approach to an alternative method,

named counting-free fluorescence-based method (CFFM). This method is not based on

determination of the absolute number of cells, but, rather, on following up the CFSE

signal decay over time, depending on the analysis of only a small fraction of the total

number of cells.

CFSE and other fluorescence cell tracers passively diffuse into the cells and

covalently bind to cellular amine radicals. After cytokinesis, the daughter cells hold half

the initial amount of CFSE stained amine radicals. Cell tracers (such as CFSE) allow

monitoring cell proliferation from the exponential decay of the fluorescence signal,

considering that, as cells proliferate, the CFSE content in each cell is split in half after

each cell division (Figure 1A).
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Figure 1. Analysis of CFSE signal decay upon cell proliferation. (A) CFSE passively diffuses
into the cells and covalently binds to free amine residues. As cells divide, each daughter cell
holds half of the CFSE content present in the mother cell. (B) HEK 293 cells were stained with
CFSE and cultured for up to seven days. Cells were harvested and fixed at different time points
and the CFSE fluorescence signal was measured. Consecutive cell divisions lead to progressive
CFSE signal decay in the cell population. The experiment was carried out with three technical
replicates. (C) CFSE MFI as function of time reveals the exponential CFSE signal decay. (D)
The inverse of CFSE MFI values (MFI-1) plotted as function of time renders the curve into a
sigmoid, similar to the conventional growth curves.

HEK 293 cells were stained with CFSE, seeded onto several wells and cultured

for seven days. Cells were harvested at different time points and the CFSE MFI was

determined using the Accuri C6 Cytometer (BD Biosciences; Figure 1B). The CFSE MFI

from each time point, plotted as a function of time, indicates that the signal exponentially

decays as cells proliferate (Figure 1C). We hypothesized that CFSE MFI measurements

could be mathematically treated to transform the descendent exponential plot into an
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ascendant exponential plot, similarly to those obtained from conventional cell counting-

based methods. Surprisingly, we observed that if we plot the inverse of the MFI values

as a function of time, the exponential plot changed into an ascendant exponential, which

fitted very closely the conventional cell growth curve (Figure 1D).

To compare with the CFFM curve, we used the same samples to determine the

absolute number of cells using different types of equipment and plotted conventional

growth curves. The conventional curves were plotted using three different counting

devices, namely: the Neubauer chamber, the Coulter Counter Analyzer Cell Counter

(Beckman Coulter) and the Accuri C6 Cell Counter (BD Biosciences). Interestingly, the

curves profiles were very similar, indicating that the CFFM curve properly reveals cell

proliferation dynamics (Figure 2).
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Figure 2. Comparison of HEK 293 growth curves plotted by counting-free fluorescence
based method (CFFM) and counting-based methods. HEK 293 cells were stained with CFSE
and cultured for up to seven days. Cells were harvested and fixed at different time points. The
experiment was carried out with three technical replicates. The total number of cells (left Y axis)
was determined at each time point using three different types of equipment, namely: Neubauer
Chamber, Coulter Counter Analyser (Beckman Coulter) and Accuri C6 Cytometer (BD
Biosciences). The CFSE MFI at each time point was determined using the Accuri C6 cytometer,
and its inverse (MFI-1) was plotted in the right Y axis.

We quantitatively analyzed the results obtained using the different counting

methods by comparing the doubling time values obtained from each of the curves. As

shown in Table 1, the CFFM yielded a doubling time slightly lower than those calculated

from the conventional growth curve. As detailed below, we believe that this difference is

due to the lack of interference of cell loss, cellular debris and cell clumps in the CFFM

method, factors which influence the conventional methods.
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Table 1. Doubling time comparison.

Method Doubling
time

CFFM 18h 56min

Neubauer
Chamber 20h 41min

Cell Counter 20h 05min

Accuri C6 20h 16min

The accuracy of cell growth curves generated by cell counting-based methods

depends on the precision of total number of cells determination. On the other hand, this

is not a requirement for CFFM, which is not influenced by the number of cells analyzed.

Apart from cellular debris and cell clumps, only single cells (4,000 events) were

analyzed at each time point to generate the CFFM cell growth curve. As shown in Figure

3A, the single cells were gated apart from the doublets and cellular debris and MFI was

calculated using 4,000 events within the single cell gate. Therefore, the main advantage

of CFFM is to be resistant to technical interferences, which are otherwise unavoidable in

counting-based methods. Here, we underline three drawbacks of the counting-based

methods, which have no influence on CFFM (Figure 3B).
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Figure 3. Variation among replicate measurements for each dataset. (A) Gating strategy for
the determination of CFSE MFI for each time point. Cells were gated apart from debris in SSC-A
x FCS-A plot. Considering only P1 gated events, single cells were gated apart from the doublets
and clumps in FCS-H x FSC-A plot, and the CFSE MFI was measured considering only single
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cells. The analysis considered 4,000 events into the single cells gate. (B) The presence of
debris, doublet and clumps after cell harvesting and fixation interfere the final results of counting
based methods, as well as those cells that remain in the plate after harvesting. On the other
hand, these influences does not interfere on CFFM, which is based on the CFSE signal intensity
of a small sample of single cells from each time point. (C) The coefficient of variation of three
replicates for each time point. Statistical analysis was carried out by paired Wilcoxon test.

Firstly, the counting-based methods are influenced by cell loss during cell

harvesting from the culture plate. Cell growth curves usually start with a few cells in the

first time points and a much higher number of cells at the last time points, reflecting a

comprehensive representation of cell proliferation dynamics. The coefficient of variation

among the three replicates in the first time points, in the case of the counting based

methods, is much greater than that of CFFM, because any cell loss during harvesting

has a great influence, considering the low number of cells present at these first time

points (Figure 3C). Losing cells during harvesting has no interference in the CFFM

method, considering that a small sample of harvested cells is sufficient to address the

CFSE MFI of single cells at any time point. Secondly, cells which are disrupted into

cellular debris are not taken into consideration in the  counting-based methods, since

they are out of the range of detection, underestimating the total number of cells. Thirdly,

whether or not the doublets and cell clumps are considered, the cell counting-based

methods are biased towards underestimation of the total number of cells, especially in

the last time points, when the cellular density is higher.

Therefore, elimination of these interferences enables the CFFM method to yield

cell growth curves with lower variation among replicates when compared to the

counting-based methods. This is quantitatively demonstrated by comparing the

coefficient of variation of the triplicate measurements for each time point of the curve

(Paired Wilcoxon test; Figure 3C).
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Finally, we investigated the reliability of the CFSE signal decay as a consequence

of cell proliferation in the two last time points (144 and 168 hours). Considering that at

these time points the CFSE has been maintained at 37°C inside the cells for a long time,

these time points were also chosen to address spontaneous CFSE degradation, which

could mislead the representation of cellular proliferation dynamics. To address this

question, the MFI of these last two time points was compared using Mitomycin C to halt

cell proliferation. The number of cells did not increase upon Mitomycin C treatment and,

in which case no CFSE signal decay was observed, confirming CFSE stability even after

seven days under cell culture conditions (Figure 4).

Figure 4. Analysis of CFSE stability in the last two time points of the cell growth curve.
Cell proliferation was stopped at time point 144h using Mitomycin C to analyze proliferation-
independent CFSE MFI decay. The experiment was carried out with three technical replicates.
Statistical analysis was carried out by t test. (A) Mitomycin C treatment abrogates cell
proliferation. (B) No CFSE MFI decay is observed in non-proliferating cells.
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5.4. Discussion

CFSE was initially employed to analyze lymphocytes clonal proliferation upon

stimuli (Lyons and Parish 1994). It is possible to detect different generations of

proliferating clones, each of which may be identified in the plot as a peak, with different

CFSE fluorescence intensity (Rabah et al. 2001; Ben J C Quah, Warren, and Parish

2007; Benjamin J C Quah and Parish 2012). The usage of CFSE to stain cell lines

allows identification of a single peak, considering that all cells are proliferating with

similar doubling time (Begum et al. 2013). As a result, the CFSE fluorescence intensity

decreases as a function of time, allowing this methodology to be employed to assess

cell proliferation under different conditions, such as genomic manipulations (Chang et al.

2002; Chaubey and Ghosh 2014), presence of nanopartical biomaterial (Goldman et al.

2015) and treatment with chemical compounds (Jiang et al. 2014). Moreover, the CFSE

decay upon cell proliferation has been used to calculate cell lines doubling time

(Chaubey and Ghosh 2014; Chung et al. 2017). In this context, to the best of our

knowledge, this is the first time that CFSE is used to generate cell growth curves.

The growth curve plot is the most common analysis to characterize in vitro

cultured cells. Growth curves determination of adherent cells constitutes a laborious

task, in addition to be influenced by cell loss during cells harvesting, which directly

affects the total number of harvested cells. Moreover, the presence of cellular debris and

cell clumps increases the underestimation of total number of cells in cell-counting based

growth curves. The CFFM method is an alternative approach to generate growth curves

of adherent cells. The proof of concept that CFSE signal decay reflects cell proliferation
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was demonstrated here by analyzing both proliferating and non-proliferating cells

(Figure 4).

We also show that the CFFM method is not influenced by cell loss during cell

harvesting, cellular debris or cell clumps, by comparing the growth curves obtained

using different methods (Figure 2), highlighting the doubling time obtained from these

curves (Table 1) and the variation among replicates measurements between CFFM and

counting-based methods (Figure 3C).

The cell growth curve is an important reporter for changes in cellular functions

under different conditions, such as drug treatments and functional genomic analysis.

Development of accurate techniques to generate precise cell growth curves is important

to provide reliability in determination of phenotypic changes which are dependent on

identification of Lag, Log, and Stationary phase transitions. Moreover, determination of

phase transitions is crucial for characterization of cell lines used for production of

recombinant proteins in the Biotechnology Industry.

Furthermore, usage of cell tracers with different spectra to stain different cell lines

allows the analysis of several cell lines simultaneously (Chung et al. 2017). Therefore,

another advantage of CFFM is the possibility of simultaneously analyzing co-cultured

cells. Counting-based methods do not allow the analysis of how two or more co-cultured

cell lines modulate each other´s proliferation dynamics.
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5.5. Conclusion

In conclusion, we described an alternative method for generating growth curves

of adherent cells based on CFSE signal decay upon cell proliferation. This method

displays lower variation among replicates when compared to that of cell counting-based

methods, since it is not dependent on determination of the total number of cells at each

time point, but, rather, on assessing the intensity of CFSE fluorescence of a small

percentage of the total number of cells and, additionally is not influenced by cell loss,

cellular debris or cell clumps.
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Supplementary Table 1. Raw cell counts data using the Accuri C6 Cytometer (BD
Biosciences).

Time
(h)

Replicate
1

Replicate
2

Replicate
3

Mean Standard
Deviation

Coefficient of
variation (%)

0 1,542 1,563 1,294 1,466.3 149.6 10.2
24 2,803 3,047 2,949 2,933.0 122.8 4.2
48 7,782 6,605 9,098 7,828.3 1,247.1 15.9
72 24,055 26,690 28,205 26,316.7 2,100.0 8.0
96 38,045 37,597 39,960 38,534.0 1,255.1 3.3

108 51,494 52,554 57,402 53,816.7 3,149.9 5.9
120 106,249 101,220 111,833 106,434.0 5,308.9 5.0
132 122,405 128,901 142,290 131,198.7 10,139.7 7.7
144 256,655 243,015 259,874 253,181.3 8,950.2 3.5
168 368,472 378,051 410,115 385,546.0 21,809.8 5.7

Note: Cell counting using the Accuri C6 Cytometer was carried out with 100µL of each sample.

Supplementary Table 2. Raw cell counts data using the Neubauer chamber.
Time
(h)

Replicate
1

Replicate
2

Replicate
3

Mean Standard
Deviation

Coefficient of
variation (%)

0 2.25 1 1.25 1.5 0.7 44.1
24 6 5.5 4.25 5.3 0.9 17.2
48 9.25 8.5 7.75 8.5 0.8 8.8
72 28.25 30.75 33.75 30.9 2.8 8.9
96 43.5 46 54.5 48.0 5.8 12.0

108 82.25 85.5 73.5 80.4 6.2 7.7
120 115 136 64.5 105.2 36.8 34.9
132 135 100 157.5 130.8 29.0 22.1
144 210 252.5 287.5 250.0 38.8 15.5
168 510 395 560 488.3 84.6 17.3

Note: The numbers are the average of four Neubauer chamber quadrants.
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Supplementary Table 3. Raw cell counts data using the Coulter Counter Analyser Cell
Counter (Beckman Coulter).

Time
(h)

Replicate
1

Replicate
2

Replicate
3

Mean Standard
Deviation

Coefficient of
variation (%)

0 19,600 16,800 12,000 16,133.3 3,843.6 23.8
24 42,400 47,600 44,400 44,800.0 2,623.0 5.9
48 106,800 98,600 94,400 99,933.3 6,306.6 6.3
72 257,600 280,400 240,400 259,466.7 20,065.2 7.7
96 450,000 486,000 452,800 462,933.3 20,025.3 4.3

108 614,800 669,600 607,200 630,533.3 34,045.5 5.4
120 1,308,000 1,153,000 1,174,000 1,211,666.7 84,085.3 6.9
132 1,504,000 1,556,000 1,706,000 1,588,666.7 104,887.2 6.6
144 3,108,000 3,067,000 3,212,000 3,129,000.0 74,746.2 2.4
168 5,120,000 5,758,000 5,416,000 5,431,333.3 319,276.3 5.9

Note: Number of cells per mililiter.

Supplementary Table 4. Raw data from CFSE MFI measurements using the Accuri C6
Cytometer (BD Biosciences).

Time
(h)

Replicate
1

Replicate
2

Replicate
3

Mean Standard
Deviation

Coefficient of
variation (%)

0 1,272,412 1,212,068 1,222,749 1,235,742.9 32,202.0 2.6
24 428,813 411,320 427,511 422,548.0 9,745.2 2.3
48 122,389 141,198 140,890 134,825.9 10,771.5 8.0
72 44,798 46,260 46,366 45,807.9 876.6 1.9
96 28,317 29,340 27,947 28,534.5 721.6 2.5

108 17,837 17,831 18,338 18,002.0 290.6 1.6
120 10,163 11,582 11,057 10,934.3 717.6 6.6
132 7,844 7,674 6,841 7,453.0 536.6 7.2
144 3,852 3,902 4,175 3,976.3 173.6 4.4
168 2,955 2,846 2,885 2,895.2 55.6 1.9

Note: The MFI was measured from 4000 event from the single cells gate .



73

6. Final conclusions

In the first chapter of this thesis, our studies on ENC1 and human glioma progression

show that ENC1 displays tumor suppression properties in U87MG human glioma cell

line, ENC1 expression is upregulated during human glioma progression and ENC1

expression may be used as a biomarker for glioblastoma patients prognosis. The

second chapter describes the identification and characterization of a peptide that is

efficiently internalized into hGBM cells, and shows promise as a new tool for glioma

therapeutic development. Finally, the third chapter describes described an alternative

method for generating growth curves of adherent cells based on CFSE signal decay

upon cell proliferation.
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