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Introduction and fatal tumor: World Health Organization (WHO)
_ grade IV malignant glioma, termed as Glioblastoma
Gene-drug (Gottlieb and Altman, 2014; Penrod and myltiforme (GBM) is indeed characterized by a media
Moore, 2014) and protein-drug (Jain, 2004; Witzmand  syrvival of 14.6 months (Stupgbal., 2005). The average
Grant, 2003) interactions play a major role infileél of  jncidence rate of GBM is 3.19 cases per 100,00@mat
molecular pharmacology, as a detailed understanofing years (Thakkaet al., 2014), with a range of 3-5 cases
these interactions is essential for a proper drugper 100,000 patient-years (Thozt al., 2013). The
development  and  delivery.  In  particular, median age of diagnosis is 64 years (Thakaal.,
pharmacodynamics and pharmacokinetics of antilsiasti 2014; Thonet al., 2013); rarely, in less than 5% of the
are of high clinical interest (Xiet al., 2014), as canceris cases, GBM develops in younger patients (secondary
one of the major issues to be still addressed enfigid GBM), having different clinical and epidemiological
of clinical biomedicine (Robest al., 2014). features (Adamsoret al., 2009; Furnariet al., 2007;
Brain tumor, accounting for 2% of primary tumors Thon et al., 2013). GBM affects more males than
(Furnariet al., 2007), is a particularly rapidly aggressive females and involves whites more than blacks oadsi
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(Dubrow and Darefsky, 2011; Thakkat al., 2014;
Thon et al., 2013). Some favorable clinical prognostic
factors have been identified and include: Youngge, a
cerebellar location, good Karnofsky performancdusta
and maximal tumor surgical resection (Thaklaral.,
2014). From a molecular point of view, biomarkeusls
as 0O6-Methylguanine-DNA Methyltransferase
(MGMT) methylation, Isocitrate Dehydrogenase type
1 and type 2 (IDH1/2) mutation (Megoehal., 2014)
and glioma Cytosine-phosphate-Guanine (CpG) Island
Methylator Phenotype (G-CIMP) (Noushmeétr al.,
2010;0stromet al., 2014) can predict better survival.

TMZ (brand name Temodar, Temodal and Temcad)
is an oral antblastic, chemically being the
imidazotetrazine derivative of the alkylating/md#ting
agent dacarbazine and it undergoes rapid chemical
conversion in the systemic circulation at physiaad
pH to the active compound, 3-Methyl-(triazen-1-yl)
Imidazole-4-Carboxamide (MTIC). TMZ is useful for
treating brain tumors, such as the GBM, the reldpse
Grade Il anaplastic astrocytoma, especially if
nitrosourea- and procarbazine-refractory, as welkin
cancers, like the melanoma and the fungoides

Despite extensive investigation, the mycosis/Sézary sy_ndrome (Querfaeddal., 2011). It is
etiopathogenesis of GBM is not clear. Some authorscurrently in evaluation fo_r the treatment of othemors,
speculate that some infectious agents, such as$uch as the relapsed primary CNS lymphoma, recurren
cytomegalovirus (Cobbs, 2013; Then al., 2013) or  9dlioma and oligodendroglioma (in the last case,
Human Papillomavirus (HPV) (Vidonet al., 2014), re_plaqn_g the classical regimen Procarbazine-Lome:st
may drive the neoplastic process, while other saisol ~Vincristine (PCV)). When it binds to the DNA, usiyal
think that occupational exposures to ionizing réidig @t the N-7 or O-6 positions of guanine residues, it
the more widespread usage of cellular phones, or @roduces O(6)-Methylguanine (O6MG) and this abduct
decrease in risk by history of allergies could lead causes the activation of futile DNA Mismatch Repair
tumorigenesis. (Ostronet al., 2014). Others think of (MMR), as well as DNA Double-Strand Breaks
incorrect nutritional and eating behaviors (Sandmiral., ~ (DSBS), G(2) arrest and ultimately cell death. The
2014). What is known is that only a small percentag activation of the molecular mechanisms of MMR is
of these tumors (less than 1%) is due to Mendelianquite a complex biological process that required
path0|ogieS, such as neurofibromatosis type 1 andjifferent prOtEin'prOtein interaCtionS, such as the
type 2, tuberous sclerosis, Turcot’s syndrome, i@orl Mrell/Rad50/Nbsl (MRN complex), the Proliferating
syndrome, melanoma-astrocytoma syndrome and Li-Cellular Nuclear Antigen (PCNA) complex and the

Fraumeni syndrome (Malmeret al., 2007;
Ostrom et al., 2014). Summarizing, under the same

umbrella of GBM many heterogeneous diseases arénechanisms,

included, characterized by the involvement of dife
genetic pathways and by different clinical progimost
outcomes (Patedt al., 2014; Rodriguez-Hernandetzal.,
2014; Thakkaet al., 2014).

gamma-H2AX and 53BP1 foci (Mirzoewal., 2006).
Unfortunately, some cells can escape from this
producing a protein known as O6-
alkylguanine DNA Alkyltransferase (AGT) and encoded
by the O-6-Methylguanine-DNA Methyltransferase
(MGMT) gene. Recently, scientists have been abkntb
and characterize some biomarkers of resistanceMa, T

The current standard of care and treatment forsuch as MLH1, which is also an important marker of

patients with  GBM include maximal safe surgical
resection, followed by concurrent fractionated R#dn

survival rate in patients with glioblastoma (Mirzaet al.,
2006; Querfeldet al., 2011; Shinsatoet al., 2013;

Therapy (RT) to the resection cavity (60 Gy, over 6 Starket al., 2010; von Buerest al., 2012).

weeks) and chemotherapy (with temozolomide (TMZ),

followed by adjuvant TMZ) (Stuppet al., 2005;
Weathers and Gilbert, 2014).
Despite this highly integrated multimodal,

multidisciplinary approach, more than half of thenbrs
are resistant to this therapy and there is an tmyeed to
develop novel, effective treatments.
therapies are based on oncolytic herpes simplexsvir

(Ning and Wakimoto, 2014), administration of
monoclonal antibodies (such as bevacizumab,
cetuximab, imatinib, gefitinib, erlotinib, cedatini

sunitinib and vatalanib, among the others), newgsiru
such as cilengitide, Laser Interstitial Thermal rEtpy
(LITT), or immunotherapy. For a complete review
concerning the different therapeutic options, teder is
referred to (Furnasét al., 2007).
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In the last years, the evolution of the
nanobiotechnologies applied to proteins, namely
proteomics, both structural and functional and

specifically the development of more sophisticated
protein arrays, has enabled scientists to investiga
protein interactions and functions with an unfoesdse

Experimental precision and wealth of details (Nicoliet al., 2012a;

2012b; Nicoliniet al., 2013). Moreover, protein arrays
can be coupled with label-free approaches: Theafleet
cell-free protein arrays (Bragazei al., 2014b; Dixon,
2008; Fee, 2013; Hunter, 2009; Spetral., 2013).

In this manuscript, we report and discuss some
preliminary results of protein expression of genes
related to cancer and in particular to brain turemd
GBM. Experiments have been carried out coupling
Nucleic Acid Programmable Protein Array (NAPPA)
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with a recently improved nanogravimetric apparatus Materials and Methods
which exploits the Quartz Crystal Microbalance with
Frequency (QCM_F) and quartz Crystal Microbalance QCM_D Conductometer

with Dissipation Monitoring (QCM_D) technologies Nanogravimetry makes use of functionalized
(Nicolini et al., 2012a; Spereet al., 2013). The piezoelectric Quartz Crystals (QC), which vary thei
selected proteins are BRIP1 and MLH1 and their role ggonance frequency) Wwhen a massnf) is adsorbed to
and biological roles will be discussed further st o gesorbed from their surface. This is well désaiiby

manuscript. _ o _ the well-known Sauerbrey's equation:
We chose NAPPA since this innovative technology
avoids any time-consuming task in the difficult pees Af /f,=-m/Agd

of obtaining highly purified proteins, relying irstd on
the production of proteins from high quality super- \yhere 1 is the fundamental frequenck,is the surface
coiled DNA. For this purpose, complementary DNAS 5165 covered by the adsorbed molecule awmad | are
(CDNAs) of selected genes tagged with a C-terminalthe quartz density and thickness, respectively.
Glutathione S-Transferase (GST) are spotted on the Quartz resonators response strictly depends on the
microarray surface and expressed using a cell-freepiophysical properties of the analyte, such as the
transcription/translation  system (IVTT,in vitro  viscoelastic coefficient. The dissipation facton @ the
transcription and translation). The newly expressedcrystal's oscillation is correlated with the sofisef the
protein is captured on the array by an anti-GST studied material and its measurement can be comhpute
antibody that have been co-immobilized with the by taking into account the bandwidth of the condoce
expression clone on the microarray surface. curve T, according to the following equation:

The advantages and benefits of NAPPA technologies
can be briefly summarized (Spetaal., 2013): D=2r/f

« The demanding process of obtaining highly purified Wheref is the peak frequency value.
proteins is replaced by a single quick step; In our analysis we introduced also a “normalized D

furthermore, cDNAs and clones are more easily factor”, Dy, that we defined as the ratio between the half-
available width half-maximum [) and the half value of the
» Proteins expressed on the NAPPA arrays are stablemaximum value of the conductanc&.f,) of the
properly folded and biologically, functionally awi measured conductance curves (Spegh., 2013):
NAPPA microarrays can be useful in biomarkers Dy = 2 [ Gy
discovery and for other clinical applications, sua
biosensor development, especially in the effort of Dy is more strictly related to the curve shape,
moving towards Personalized Medicine. For this task  reflecting the conductance variation (Bragaetial.,
coupled NAPPA with a new generation of 2014a; Speratal., 2013).
conductometric de_w_ces, namely QCM. QCM__D mdee_d NAPPA Experiments
appears a promising tool to study protein-protein
interactions especially in the field of oncologyotin The QCM_D instrument was developed by Elbatech
cellular and molecular (Chemgal., 2012). (Elbatech srl, Marciana-LI, Italy). The quartz was
To the best of our knowledge, we coupled for the connected to an RF gain-phase detector (Analog
first time QCM_D with NAPPA technology for Devices, Inc., Norwood, MA, USA) and was driven

biomedical applications in the field of neuro-oremy. by a precision DDS (Analog Devices, Inc.,
Moreover, there are few biosensors developed for Norwood, MA, USA) around its resonance
GBM, usually for cellular sensing (Beljebbat al., frequency, thus acquiring a conductance versus
2010; Brasuett al., 2001; Cheret al., 2008; Desa¢t al., frequency curve (“conductance curve”) which
2006; Manning et al., 1998; Trevinet al., 1998; shows a typical Gaussian behaviour. The
Valero et al., 2010; Zakir Hossairet al., 2007). The conductance curve peak was at the actual resonance
objective of the present research regards the sigabf frequency while the shape of the curve indicated
protein-drug and multiple protein-drug interaction how the viscoelastic effects of the surrounding
towards potentially useful clinical applicationsannely layers affected the oscillation. The QCM_D
in the field of cancer studies. software, QCMAgic-Q5.3.256 (Elbatech srl,

Clinical implications are also envisaged and Marciana-LI, ltaly) allows to acquire the
addressed. conductance curve or the frequency and dissipation
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factor variation versus time. In order to have a protocol described above was followed identicalty f
stable control of the temperature, the experimentspoth negative control QC (the one with only MM,.j.e

were conducted in a temperature chamber.a|| the NAPPA chemistry except the cDNA) and
Microarrays ~ were produced on  standard protein displaying QC.

nanogravimetry quartz used as highly sensitive

) X , After protein expression, capture and washing the
transducers. The QC expressing proteins consiste

of 9.5 MHz, AT-cut quartz crystal of 14 mm blank (b.Cs were used for the int.eraction studies QC
diameter and 7.5 mm electrode diameter, producead'Splaymg the expre;sed p.roteln was spoFted Wﬁh 4
by ICM (Oklahoma City, USA). The electrode ki of dr.ug solutions in  PBS at increasing
material was 100 A Cr and 1000 A Au and the concentrations at 22°C.

quartz was (Nicoliniet al., 2012b; Sperat al., Reproducibility of the experiments was assessed
2013). computing the Coefficient of Variation (CV, ar*),

The NAPPA-QC arrays were printed with 100 spots using the following equation:
per QC.

Quartzes gold surfaces were coated with cysteamine o*=0l u
to allow the immobilization of the NAPPA printing
mix. Briefly, quartzes were washed three times with
ethanol, dried with Argon and incubated over night
4°C with 2 mM cysteamine. Quartzes were then
washed three times with ethanol to remove any
unbound cysteamine and dried with Argon. Plasmids
DNA coding for GST tagged proteins were transformed
into E. coli and DNA were purified using the

: : We analyzed the interaction between BRIP1, MLH1
NucleoPrepll anion exchange resin (Macherey Nagel)'and TMZ drug solutions at different concentratidos
NAPPA printing mix was prepared with 14y ul™ 9

DNA, 3.75ug uL™* BSA (Sigma-Aldrich), 5 mM BS3 analyze the binding kinetics after protein expm@ssnd
(Pier;:e, Rockford, IL, USA) and 66.;591 polyclonal capture the expressing QC was spotted, in sequence,

capture GST antibody (GE Healthcares). NegativeWith 40 u!_ of increasing Temozolomide solutio_ns of
controls, named master mix (hereinafter abbreviated concentrguon: 1,2, 5,10, 20, 50, 10(_) and prgl'
“MM?"), were obtained replacing DNA for water in the As negative control we analyzed the interactiowien
prining mix. Samples were incubated at room BRIP1/FANCJ, a helicase initially linked to breast
temperature for 1 h with agitation and then priedhe ~ cancer (Cantor and Xie, 2010) and to Fanconi anemia
cysteamine-coated gold quartz using the Qarrayoinf ~ @nd TMZ, while MLH1, which is a protein involved in
Genetix. In order to enhance the sensitivity, eqeartz ~ DNA mismatches repair, is known to interact with ZM
was printed with 100 identical features of 300 ) )

diameter each, spaced by 350 microns center-tecent R€sults and Discussion

The .human CDNAs immobilized on the NAPPA-QC ooy p measures were calibrated for frequency and fo
were: MLH1 (mutl homolog 1) and BRIP1 (BRCAL p ta0t0r shifts. The calibration curves equatiobténed

interacting protein_C—terminaI helicase _1)' ) with Ordinary Least Squares methods, OLS) are:
Gene expression was performed immediately before

the assay, following the protocol described in (8peal.,

2013). Briefly, IVTT was performed using Hela lysat

mix (1-Step Human Coupled IVTT Kit, Thermo Fisher
Scientific Inc.), prepared according to the mantufesrs’ And:
instructions. The quartz, connected to the
nanogravimeter inside the incubator, was incub#oed D =0.831+ 0.2867 ; withT= 0.996.

10 min at 30°C with 4QuL of HelLa lysate mix for

proteins synthesis and then, the temperature was We analyzed the conductance curves acquired in
decreased to 15°C for a period of 5 min to fad#itthe NAPPA-QCs in different steps of the expressing and
proteins binding on the capture antibody (anti-GST) capturing process: After the addition of human IVTT
After the protein expression and capture, the quads lysate at 30°C (“IVTT addition”), i.e., prior prate
removed from the instrument and washed at roomexpression; after 10 min from the addition of human
temperature, in 500 mM NaCl PBS for 3 times. The IVTT lysate, i.e., after protein expression (‘IVTT

where,s is the standard deviation ands the mean.

We also tested the possibility to analyze druggirot
interactions in QC displaying multiple proteins.rRbis
aim, we co-printed cDNA for BRIP1&MLH1 on a single
QC. We analyzed the interaction response to TMZ on
both NAPPA-expressed QCs.

Af =-7.16— 23118 m; withr= 0.998
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addition 10 min”); after the final washing procesih Figure 5 reports the conductance curves for NAPPA-
PBS (“Post-wash”). QCs carrying BRIP1&MLH1 being co-immobilized.
In Fig. 1 are reported the conductance curves ofFigure 6 shows the response to increasing condiemtsa
increasing concentrations of TMZ spotted on quartzof TMZ: We reproduce the behavior shown in Fig 4,
blanks, while in Fig. 2 are shown the conductangees  even though with an exponential fit.
of quartz carrying MLH1 gene being expressed and These data pointed to a unique conductance curve
thereafter interacting with TMZ solutions at incsizay shape for each protein and suggested the possitilit
concentrations are reported. identify the expressed proteins by QCM-D even when
Figure 3 shows the response to increasingcombined onthe same expressing QC (Fig 7).
concentrations of TMZ: Since MLH1 interacts witreth In Table 1-3 are reported the main parameters ef th
drug, this response is linear up to 200 pgmL conductance curves of Fig 2, 4 and 5, respectively.
Figure 4 shows the conductance curves for NAPPA- In Table 4 and 5 are reported the two multiple
QCs expressing BRIP1. We analyzed the interactionregression models that have been used to predict th

among BRIP1 and TMZ, verifying that the protein sloe behavior of  the multi-gene experiment
not interact with the drug. (MM_BRIP1&MLH1 interacting with TMZ).

Table 1. Main parameters of QC-NAPPA displaying MWLH1 plus temozolomide (as positive contfol)

Conductance curves f(H2) [(Hz)° Gmax{MS) D X 10* Dn(Hz/mS¥
MM_MLH1

Beginning 9492064 3156 0.72 0.33 4402.90
IVTT addition 9485902 8112 0.65 0.86 12464.66
IVTT addition 10 min 9485164 12564 0.64 1.32 19302.
post capture 9484642 9444 0.63 1.00 15009.54
post wash 9481762 13236 0.48 1.40 27748.43
MM_MLH1 plus Temozolomide

Temozolomide 1.9 mL*? 9484546 17076 0.29 1.80 58882.76
Temozolomide 219 mL*? 9482608 13548 0.26 1.43 52027.65
Temozolomide g mL*? 9483514 14604 0.22 1.54 64993.32
Temozolomide 10 mL 9483514 14472 0.22 1.53 64463.25
Temozolomide 2@(g mL™? 9484006 15288 0.20 1.61 77212.12
Temozolomide 5@g mL™? 9483664 14028 0.17 1.48 83005.92
Temozolomide 10Qg mL™? 9483766 13920 0.16 1.47 89059.50
Temozolomide 20Qg mL™? 9482098 9480 0.06 1.00 167491.20

aConductance curves were collected in differentss@fNAPPA protocol®f is peak frequency is the half-width half-maximum

(HWHM) and G,y is the maximum conductanc® factor and R (computed as P= 2'/G,,») normalized D factor

Table 2. Main parameters of QC-NAPPA displaying MBRIP1 plus temozolomide (as negative confrol)

Conductance curves f(Hz) ['(Hz)° Grma(MSY D X 10°° Dn(Hz/mS¥
Beginning 9490798 2772 0.71 0.29 3911.94
IVTT addition 9485806 7056 0.65 0.74 10867.09
IVTT addition 10 minutes 9485026 7392 0.64 0.78 el
post capture 9484612 7644 0.64 0.81 12015.09
post wash 9481036 8844 0.13 0.93 66396.40
Temozolomide 1ig mL™ 9480568 8352 0.12 0.88 67902.44
Temozolomide Zig mL™ 9482452 11016 0.11 1.16 102857.10
Temozolomide ug mL™ 9482434 11616 0.11 1.23 104366.60
Temozolomide 1Gig mL™ 9482224 11352 0.11 1.20 99841.69
Temozolomide 2@ig mL™ 9482248 10740 0.11 1.13 100939.80
Temozolomide 5@ig mL™ 9481720 9600 0.10 1.01 98461.54
Temozolomide 10Qg mL™ 9482542 11016 0.09 1.12 113724.70
Temozolomide 20Qg mL™ 9481978 9600 0.08 1.01 121827.40

aConductance curves were collected in differentss@fNAPPA protocol®f is peak frequency is the half-width half-maximum

(HWHM) and Gy is the maximum conductané® factor and R (computed as P= 2I'/G,,,) hormalized D factor
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Table 3. Main parameters of QC-NAPPA displaying MBRIP1&MLH1 plus temozolomide (as multi-genes expent}

Conductance curves f(Hz) T'(Hz)° Grma(MSY D X 10°° Dn(Hz/mS¥
Beginning 9494290 6084 0.65 0.64 9417.957
IVTT addition 9488638 8184 0.65 0.86 12509.94
IVTT addition 10 min 9487816 8196 0.65 0.86 12630.6
post capture 9487516 8496 0.64 0.90 13184.36
post wash 9484360 10668 0.50 1.12 21521.08
Temozolomide Jig mL™ 9484210 10920 0.40 1.15 27596.66
Temozolomide Zig mL™ 9484486 10668 0.35 1.12 30850.20
Temozolomide Jug mL™ 9484654 10044 0.35 1.06 28961.94
Temozolomide 1Gig mL™ 9484834 10212 0.29 1.08 35569.49
Temozolomide 2@ig mL™ 9484336 7992 0.16 0.84 49918.80
Temozolomide 5@ig mL™ 9484108 6360 0.08 0.67 81853.28
Temozolomide 10pg mL™ 9483412 5772 0.05 0.61 125478.30
Temozolomide 20pg mL™ 9483316 5664 0.05 0.60 122597.40

aConductance curves were collected in differentssefNAPPA protocol®f is peak frequency is the half-width half-maximum
(HWHM) and G,y is the maximum conductané® factor and R (computed as P= /G, hormalized D factor

Table 4. Multiple regression model predicting thehawior of Temozolomide interacting with BRIP1&MLH@&o-expressed
(dependent variable), being knownHz) of Temozolomide plus MLH1 arid (Hz) of Temozolomide plus BRIP1 as well
as the Temozolomide concentration (ug/ml) (indepangariables)

Independent variables Coefficient Std. Error partil t p-value
(Constant) 9740.8066
Temozolomide concentration (ug/ml) -26.5321 7.6756 -0.8159 -3.457 0.0135

Table 5. Multiple regression model predicting thehawior of Temozolomide interacting with BRIP1&MLH@&o-expressed
(dependent variable), being known,£(mS) of Temozolomide plus MLH1 and.& (mS) of Temozolomide plus BRIP1
as well as the Temozolomide concentration (ug/mtgpendent variables)

Independent variables Coefficient Std. Error partil t p-value
(Constant) -0.1405
Gmax (MS) MM_MLH1 plus Temozolomide 1.7913 0.3983 0378 4.497 0.0041

Temozolomide on a quartz blank

0.8
0.7;
= 0.6 ——Temozolomide 1 ug mL™!
?:’ 0.5 ——Temozolomide 2 ug mL~!
é 04 ——Temozolomide 5 ug mL™!
2 ——Temozolomide 10 g mL™!
E 037 = Temozolomide 20 ng mL~!
O o2t =~—Temozolomide 50 ug mL™!
0.1 - Temozolomide 100 pg mL™
' ' Temozolomide 200 pg mL™
0L
9460 9470 9480 9490 9300

Frequency (kHz)

Fig. 1. Conductance curves of Temozolomide on a8k (as background). The curves were collectedeported in the legends,
after the addition of increasing concentration efribzolomide
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MM MLH1
0.8 =
0.7 p
06 /ﬂ“ I\
Z 05 // / \\\ l \
§ /WK / \ —Beginning
g 04 —IVTT addition
= / // / ~IVTT addition 10 min
= 03
S / /// / —Post capture
0.2 // / \ ——Post wash
0.1
9460 9465 9470 9475 9480 9785 9490 9495 9500
Frequency (kHz)
4% MM_MLH1 plus temozolomide
0.7 i —— Beginning

—IVTT addition
0.6

A T
Al e
AN

— Post wash

—— Temozolomide 1 pg mL™!
—— Temozolomide 2 pg mL™!
— Temozolomide 5 pg mL!
~— Temozolomide 10 pg mL™!
~ Temozolomide 20 pg mL™
— Temozolomide 50 pg mL™!
~— Temozolomide 100 pug mL™
~— Temozolomide 200 pug mL™!

Conductance (ms)

9460 9470 9480 9490 9500
Frequency (kHz)

i MLH]1 plus tenozolomide

~—Post wash
——Temozolomide 1 pg mL™

== Temozolomide 2 pg mL™

= Temozolomide 5 pg mL~!
~—Temozolomide 10 pg mL.~!

Conductance (ms)

= Temozolomide 20 pg mL!
~Temozolomide 50 pg mL.™!

—Temozolomide 100 pg mL™

~Temozolomide 200 pg mL*

9460 9470 9480 9490 9500
Frequency (kHz)

Fig. 2. Conductance curves of MM_MLH1 expressing @@per panel). Conductance curves of MM_MLH1 egpireg QC plus
Temozolomide (as positive control) (intermediate &mwer panel). The curves were collected in défearsteps of NAPPA
process, as reported in the legends and afterittigan of increasing concentration of Temozolomide
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