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TRANSCRIPTIONAL REGULATION OF NOX GENES EXPRESSION
IN HUMAN BREAST ADENOCARCINOMA MCF-7 CELLS
IS MODULATED BY ADAPTOR PROTEIN Ruk/CIN85
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NADPH oxidases are key components of redox-dependent signaling networks involved in the control
of cancer cell proliferation, survival and invasion. The data have been accumulated that demonstrate specific
expression patterns and levels of NADPH oxidase homologues (NOXs) and accessory genes in human cancer
cell lines and primary tumors as well as modulation of these parameters by extracellular cues. Our previous
studies revealed that ROS production by human colorectal adenocarcinoma HT-29 cells is positively correla-
ted with adaptor protein Ruk/CINSS expression while increased levels of Ruk/CINSS in weakly invasive hu-
man breast adenocarcinoma MCF-7 cells contribute to their malignant phenotype through the constitutive
activation of Src/Akt pathway. In this study, to investigate whether overexpression of Ruk/CINSS in MCF-7
cells can influence transcriptional regulation of NOXs genes, the subclones of MCF-7 cells with different
levels of Ruk/CINSS5 were screened for NOX1, NOX2, NOX3, NOX4, NOX5, DUOXI and DUOX?2 as well as for
regulatory subunit p22""** mRNA contents by quantitative RT-PCR (qPCR). Systemic multidirectional changes
in mRNA levels for NOXI, NOX2, NOX5, DUOX2 and p22* were revealed in Ruk/CIN85 overexpressing
cells in comparison to control WT cells. Knocking down of Ruk/CINSS using technology of RNA-interference
resulted in the reversion of these changes. Further studies are necessary to elucidate, by which molecular

mechanisms Ruk/CINS5 could affect transcriptional regulation of NOXs genes.
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ultiple experimental data from in vitro
M cell line studies and xenograft models

as well as screening of primary tumor
samples suggest that reactive oxygen species (ROS)
act as second messengers in intracellular signaling
pathways that can strongly influence tumor growth
and survival, and support the oncogenic potential of
cancer cells [1-3]. One of the main sources of ROS
within cells is members of NADPH oxidase family
(NOX/DUOX family), which include 7 homologs:
NOX1, NOX2, NOX3, NOX4, NOX5, DUOXI1 and
DUOX2 [4, 5]. ROS produced by NADPH oxidases
at physiologically relevant concentrations in time-
and space-dependent fashion mediate oxidative
modifications of biomacromolecules thus regulating
their biological activity [4, 6, 7]. Expression patterns
of NOX enzymes and their accessory proteins in tu-
mor cell lines and tumor samples are highly tissue-

specific [5, 8]. Currently, it is known that growth fac-
tors and cytokines, integrin-dependent stimulation
as well as hypoxia can induce changes in expression
and activity of NADPH oxidases [5].

Among the important components of signaling
networks involved in the control of cell physiology
are adaptor/scaffold proteins [9]. Having modular
structure, these proteins not only determine the for-
mation and localization of signaling complexes but
also control specificity, efficiency and the amplitude
of signal propagation [10]. Adaptor/scaffold protein
Ruk/CINS8S containing three SH3 domains, proline-
rich region and C-terminal coiled-coil domain was
shown to be a platform for signaling complexes for-
mation involved in the control of fundamental cel-
lular and signaling events as well as carcinogenesis
[11, 12]. According to our previous results, the adap-
tor protein Ruk/CINS85 can form the intracellular
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complex with adaptor protein Tks4 [13, 14], which
functions as organizer subunit of NADPH-oxidase
complex mediated by Nox1 [15, 16]. We have also
revealed that ROS production by human colorectal
adenocarcinoma HT-29 cells is positively correlated
with adaptor protein Ruk/CINS8S expression [17].
Using expression vector encoding fluorescent sen-
sor of hydrogen peroxide HyPer fused with adap-
tor protein Ruk/CIN8S and live cell fluorescence
microscopy, the co-localization of Ruk/CIN85 and
H,O, generation was shown to take place at the
edges of representative vesicular structures in tran-
siently transfected MCF-7 cells [18]. In addition, it
was demonstrated that high levels of Ruk /CIN85
contribute to the conversion of breast adenocarci-
noma cells into a more malignant phenotype via
modulation of the Src/Akt pathway [19], develop-
ment of chemoresistance [20], constitutive activa-
tion of transcription factors HIF-1a [21] and NF-xB
(unpublished data).

In this study, we demonstrate the potential
of signaling adaptor Ruk/CINS8S to differentially
influence NOX genes and NOX accessory gene
p22r expression using as a model human breast
adenocarcinoma MCF-7 cells stably overexpressing
different levels of Ruk/CINSS.

Materials and Methods

Materials. InnuSOLV RNA Reagent (Analytik
Jena AG, Germany), First Strand cDNA Synthesis
Kit (Thermo Scientific, USA), Luminaris Color Hi-
Green Low ROX qPCR Master Mix (Thermo Scien-
tific, USA).

Cell culture. Cell line MCF-7 (human breast
adenocarcinoma) and its sublines with Ruk/CIN85
overexpression D4, G4 and G10 [19], and G4 cells
stably infected with lentivirus encoding Ruk/
CINB8S5-specific shRNA [17] were maintained in
DMEM (Gibco®) containing 10% fetal bovine se-
rum (HyClone), 2 mM glutamine, 50 U/ml penicil-
lin, 50 pg/ml streptomycin (Gibco®) at 37 °C and 5%
CO, in a humidified atmosphere. Cells were split 1:3-
1:5 every 2-3 days at 70-80% confluency.

RNA extraction. Total RNA was extracted from
a 3.5 cm cell culture Petri dish by using the innu-
SOLV RNA Reagent (Analytik Jena AG, Germany).
Purification was carried out according to the manu-
facturers’ instructions. The purified RNA samples
were stored in RNAse-free water at — 80 °C. Quan-
tification of RNA was performed in duplicate by
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spectrophometry at 260 nm. Additionally, absorbtion
ratios at 260/230 nm and 260/280 nm were measured
and the quality of RNA was suggested to be ade-
quate at value 1.6-2. The quality of RNA samples
was also ensured by electrophoresis in agarose gel
followed by ethidium bromide staining, where the
18S and 28S RNA bands could be visualized under
UV light.

¢DNA synthesis. Two pg of total RNA were
reverse transcribed in a final volume of 20 pl
containing 1x reaction buffer, 20 pmole dNTP mix,
20 U RiboLock TM RNAse inhibitor, 0.2 pug random
hexamer primer, and 40 U M-MuLV reverse tran-
scriptase (Thermo Scientific, USA). The reaction
mix was incubated at 37 °C for 60 min before the
reverse transcriptase was inactivated by a 5 min in-
cubation at 70 °C. cDNA was stored at —80 °C.

Real-time PCR amplification. All target tran-
scripts were detected using quantitative real-time
RT-PCR assays (non-specific fluorescent dyes
that intercalate with any double-stranded DNA).
YWHAZ was chosen as the endogenous control for
data normalization. Primers and probes were cho-
sen with the assistance of the computer program
Primer Express (Applied Biosystems, Foster City,
CA, USA). Then nucleotidic sequence was ‘Blasted’
against the dbEST and non-redundant databases to
confirm the total gene specificity of the nucleotide
sequences chosen. Each primer set was positioned in
different exons of the gene in order to avoid amplifi-
cation of contaminating genomic DNA. The nucleo-
tide sequences are shown in Table.

PCR reactions were performed on qTOWER2.2
device (Analytik Jena AG, Germany) using Lumi-
naris Color HiGreen Low ROX qPCR Master Mix
(Thermo Scientific, USA). Real-time detection
was performed using non-specific fluorescent dyes
(SYBR Green) and reference dye ROX. The thermal
cycling conditions comprised an initial denaturation
step at 95 °C for 10 min, then 30-45 cycles at an ap-
propriate annealing temperature depending on the
primer set (shown in Table) for 30 s. Amplification
was followed by melting at 60-95 °C with the pur-
pose to estimate the number of PCR products. PCR
products were then run on a 2% agarose gel in order
to confirm the presence of a single band of the ex-
pected size.

For normalization, YWHAZ gene was used as
reference and data quantification was performed
using ddCt method as described before [22].
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Primer sequences for RT-PCR amplification

PCR
Gene (11)11;2;, Primers
bp
NOXI 108 | 5'-cacaagaaaaatccttgggtcaa-3’
5'-gacagcagattgcgacacaca-3'
NOX2 550 | 5'-ggagtttcaagatgcgtggaaacta-3’
5'-gccagactcagagttggagatgct-3'
NOX3 376 | 5'-ccatgggacgggtcggattgt-3’
S'-gggggcagaggtaagggtgaagg-3”
NOX4 125 | 5'-gcaggagaaccaggagattg-3'
S'-cactgagaagttgagggcatt-3’
NOX4 65 5'-tggtgttactatctgtattttctcagg-3’
S'-agttgagggcattcaccaga-3'’
NOX5 100 | 5'-gcaggagaagatggggagat-3'
5'-cggagtcaaatagggcaaag-3'
DUOXI 97 | 5'-ttcacgcagctctgtgtcaa-3’
S'-agggacagatcatatcctgget-3’
DUOX2 91 5'-acgcagctctgtgtcaaaggt-3’
5'-tgatgaacgagactcgacagce-3'
p22phox 317 | 5'-gtttgtgtgcctgetggagt-3'
S'-tgggcggctgcttgatggt-3'
YWHAZ | 168 | 5'-atccgccatgacaaaggagg-3'
S'-ctggatgttctgacttgagacg-3'

Results and Discussion

To study the possible influence of adaptor pro-
tein Ruk/CINSS on transcriptional regulation of NOX
genes, human breast adenocarcinoma MCF-7 cell
line and its sublines with different levels of adaptor
protein Ruk/CINS5 overexpression (D4<G10<G4)
[18] as well as G4 cells, stably infected with len-
tivirus encoding Ruk/CIN85-specific shRNA
(G4shRuk) [17], were used. The expression levels
of NOX genes 1-5, DUOX genes 1-2 and gene for
accessory protein p227* were evaluated by qPCR
relative to housekeeping gene YWHAZ. As shown
in Figure, in cell lines studied the differential ex-
pression of NOX1, NOX2, NOX5, DUOX2 and p22Fh~
genes was detected. The specificity of the RT-PCR
products was documented using high-resolution gel
electrophoresis and resulted in a single product of de-
sired length (NOX1: 108 bp; NOX2: 550 bp; NOXS:
100 bp; DUOX2: 91 bp; p22°™x: 317 bp). In contrast,
the expression of NOX3, NOX4 and DUOX1 was not
revealed under the experimental conditions used or,
in other case, was under the detection limit. Simi-

lar results regarding expression of NOX1, NOX2 and
NOX35 genes in MCF-7 cells has been reported in [8]
with the exception of DUOX2 gene, which we were
able to detect at low levels in WT MCF-7 cells.

As can be seen from Figure, considerable in-
crease in mRNA content for NOX1 and NOX?2 genes
was observed in subclones with high level of Ruk/
CIN8S5 overexpression in comparison with WT
MCF-7 cells and subclone D4 with low level of Ruk/
CINSS expression. Especially, NOX1 mRNA content
was about 7 times higher in G4 cells and 16 times
higher in G10 cells while NOX2 mRNA content
was increased 3 times in G4 cells only. The level
of NOXI expression was attenuated in G4shRuk
cells. At the same time, the level of NOX2 expres-
sion in G4shRuk cells was decreased below the level
of NOX2 characteristic of control cells. The most
prominent increase in DUOX2 mRNA content was
detected in G4 cells while down-regulation of Ruk/
CIN8S was followed by its restoration to control
values. Interestingly, comparatively high levels of
NOXS5 and p22Phx expression were observed in WT
MCEF-7 cells. These values declined in MCF-7 sub-
clones depending on Ruk/CIN85 expression and re-
stored in G4shRuk cells. Since the expression level
of a p22¢'* gene inversely correlates with the expres-
sion levels of genes for catalytic subunits (VOXI and
NOX2), it can be suggested the existence of optimal
p22rhor expression level as a factor that ensures the
formation of functionally active oxidase complexes.
Our preliminary data obtained using CL assay (un-
published data) showed that G4 and G10 cells pro-
duce more ROS than control cells and D4 subclone
that is in accordance with revealed changes in NOX
genes expression. Taking into account the consti-
tutive activation of NF-kB in Ruk/CIN85-overex-
pressing MCF-7 cells, there seems to be a positive
feedback loop, in which NF-kB activation by NOX1/
NOX2-derived O, leads to further O, production
through induction of NOX enzymes [5].

In cell lines of epithelial origins, high levels of
NOXI mRNA expression were observed in colorec-
tal cell lines [8, 23], especially in HT-29 cells, for
which the positive correlation between ROS produc-
tion and expression of Ruk/CIN85 was demonstrated
by us [17]. High levels of NOX1, NOX2, DUOXI and
DUOX?2 genes expression were also detected in lung
adenocarcinoma A549 cells, and ROS production by
these cells was partially reduced by NADPH oxidase
inhibitor diphenyleniodonium [24].

In conclusion, the studies presented herein
demonstrate the potential of signaling adaptor Ruk/
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Ruk/CINSS differentially modulates the expression of NOX genes and gene for accessory protein p22Phox in
human breast adenocarcinoma MCF-7 cells that stably overexpress different levels of adaptor protein. Gene
expression analysis was performed by qPCR relative to housekeeping gene YWHAZ. Data represent mean

+SD of three independent experiments. * P, < 0.05 comparing to MCF-7 wi, @P

'y < 0.05 comparing to

MCF-7 G4. P values were calculated with Mann-Whitney U-test

CINSS to differentially influence NOX genes and
NOX accessory gene p227 expression in human
breast adenocarcinoma MCF-7 cells that can be fol-
lowed by increased production of ROS need to con-
trol physiological responses of tumor cells. To eluci-
date, by which molecular mechanisms Ruk/CIN85
could affect transcriptional regulation of NOXs
genes, further studies are necessary.
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PEI'YJIIOBAHHSI EKCIIPECIi TEHIB
NOX HA PIBHI TPAHCKPHUIILII B
AJJEHOKAPIIMHOMHUX KJITHUHAX
I'PYJTHOI 3AJIO3H JIIOJIUHU JIIHIT
MCF-7 MOAYJIOETHCS 3A YUACTIO
AJANITEPHOI'O TPOTEIHY Ruk/CIN85

A. B. baszaniu, 1. P. I'opax, I B. Ilaciunux,
C. B. Komicapenxo, JI. b. /[pobom

[acTuTyT 6ioximii im. O. B. [Mannanina
HAH VYxpainu, Kuis
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NADPH oxkcupga3u € KIFOYOBUMHU KOMIIO-
HEHTaMH PEIOKC3AJICKHUX CHTHAJBHUX MEPEeX,
3alyd4eHUX JI0 KOHTpONIO Tporxideparii, BH-
JKUBaHHS Ta 1HBa3il MyXJIWHHUX KJIiTHH. Ha-
KONUYEHO JaHi, SKi JEeMOHCTPYIOTh crenudidHi
npodim Ta piBHI excrpecii romornorie NADPH
okcrnaz (NOXs) Ta iXHIX JOMOMIKHHUX TPOTEiHIB
y JMHIAX TyXJIUHHUX KIITHH JTIOAWHA Ta Tep-
BUHHUX IyXJIMHaX, a TaKOX MOIYJIOBAaHHS IUX
napaMeTpiB IMO3aKJIITUHHUMHM YMHHMKamu. Ha-
UMMM TIOTIEPEIHIMHU JOCHIKEHHSIMH BHUSBIICHO,
mo mnpoaykyBaHHs A®K aneHOKapIUHOMHUMU
KJIITUHAMH 00010BOi KHUIIKK Jroaueu il HT-29
MIO3UTHBHO KOPEJIOE 3 PIBHEM EKCIpecii aganTtep-
Horo mpoteiny Ruk/CINSS5, Tomi sk migBuieHi
piBHi excrupecii Ruk/CIN8S5 y cmabo iHBa3WBHHX
aJICHOKaPLIMHOMHHUX KIIITHHAX T'PYyIHOI 3aJI03H JIFO-
muan "l MCF-7 cnpusioTs po3BUTKY iXHBOTO
MaJlirHi30BaHOTO ()EHOTHITY Yepe3 KOHCTUTYTHUBHY
aktuBario nuiaixy Src/Akt. 3 metoro 3’sicyBaHHS,
yu BrutBae Hajaekcrpecis Ruk/CIN8S y kmitnHax
MCF-7 na perymtoBaHHs TpaHCKpHMIIii reHiB NOXG,
OyB mpoBenenuii ckpuHiar Bmicty MPHK NOXI,
NOX2, NOX3, NOX4, NOX5, DUOX1, DUOX2
Ta PEryasaTOpHOI cybomuuwmii p22P* B cyOKIoHaX
xiritua MCF-7 i3 pisHuMu piBHSAME ekcnipecii Ruk/
CIN85 3a momomororw KiJIbKICHOT MoJiMepasHoi
JIAHITFOTOBOT peakiii (qPCR). CucremHi
pizHOCTIpsiMoBaHi 3Miau piBHS MPHK mms NOX1,
NOX2, NOXS5, DUOX2 Tta p22Ft* Gyio BHUSBICHO
B kiitnHax MCF-7 i3 HaZieKcTIpeciero ajanTepHoOTo
MPOTEIHY MOPIBHSIHO 3 KOHTPOJBHUMH KIITHHAMHU
nukoro tumy. Ilpurnivenns excrpecii Ruk/CINSS
3a orromoroto TexHonorii PHK-intepdepentii mpu-
3BOJIMJIO 10 peBepcii BUSABICHUX 3MiH. 3’5ICyBaHHS
MOJIEKYJISIPHUX MEXaHi3MiB, II0 OIOCEPEIKOBYIOTh
BB Ruk/CINSS Ha perymroBaHHS TpaHCKPHIIIIT
reHiB NOXs, moTpeOye MomabIIuX J0CTiIKEeHb.

KnwyoBi cioBsa: reau NOX, peryitoBaH-
Hs1 Ha piBHI Tpanckpumnuii, PCR, kxituan MCF-7,
agantepanii npotein Ruk/CINSS.

PEI'yJasaAlus SKCITPECCUU 'EHOB
NOX HA YPOBHE TPAHCKPHUIILIUU B
AJJEHOKAPIIMHOMHBIX KJIETKAX
T'PYJIHOM KEJIE3bI YEJIOBEKA
JIMHUU MCF-7 MOAYJIUPYETCHA

C YYACTHUEM AJJAIITEPHOI'O
HPOTEMWHA Ruk/CINS8S

A. B. bazanuu, U. P. ['opak, A. B. Ilaceunux,
C. B. Komucapenxo, JI. b. /[po6om

WncturyTt Onoxumun uM. A. B. [Tamnanuna
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NADPH oxcupasel SBISIIOTCA KIIIOUEBBIMU
KOMIIOHEHTaMH PEIOKC3aBUCHMBIX CHTHAJIbHBIX
CeTel, BOBJICUCHHBIX B KOHTPOJb Mponudepanuu,
BBDKMBAaHUSA M MHBA3UU OIYXOJIEBBIX KieTok. Ha-
KOIUICHB! JAaHHbIC, AEMOHCTpUpPYIOLIME creuupu-
YecKue NpoQUIN U YPOBHHU HKCIIPECCUU TOMOJIOTOB
NADPH oxkcuaasz (NOXs) 1 UX BCIIOMOTaTelIbHBIX
IIPOTEMHOB B JIMHUSIX OIYXOJEBBIX KJIETOK YeJIO-
BEKa U NIEPBUYHBIX OIYXOJAX, a TAKXKE MOLYJINPO-
BAaHUE ITUX [APaMETPOB BHEKJICTOUHBIMHU (PAKTO-
pamu. HammMu npenpiiymyuMy HCCIIEIOBAHUSIMU
BBISIBJICHO, uTO npoaykuusa ADK aneHokapruHom-
HBIMH KJIETKaMHU OOOZOYHOW KHIIKH YeJIOBeKa JIU-
Hur HT-29 nonoxxuTeapHo KOppeaupyeT ¢ ypoOBHEM
skcipeccun agantepHoro mnporenHa Ruk/CINSS,
TOrZa KaK MOBBILICHHBIC YPOBHH dKcrpeccun Ruk/
CINSS5 B cnabo MHBa3HBHBIX aJICHOKAPIIMHOMHBIX
KJIETKaX I'pyAHOH skese3bl yenoBeka nuHuu MCF-7
CIOCOOCTBYIOT Pa3BUTHIO MX MaJUTHU3UPOBAHHO-
ro ¢eHoTuna M3-3a KOHCTUTYTHBHOM aKTHBALUH
nyta Src/Akt. C 1uenbio BBISICHEHUS, BIUSET JHU
ceepxakcnpeccus Ruk/CIN8S B xmerkax MCF-7
Ha PEryJsui0 TpaHCKpUNIUu reHoB NOXs, Obln
npoBeneH cKpuHUHI coaepxanuss MPHK NOXI,
NOX2, NOX3, NOX4, NOX5, DUOX1, DUOX2 u
PEryJsITOpHO# cyObenuHuIbl p22™°* B cyOKIIOHAX
kineTok MCF-7 ¢ pa3HbIMH YPOBHSIMU 3KCIIPECCUU
Ruk/CIN85 ¢ moMoLIbI0 KOJHWYECTBEHHON IIOJIHU-
mepasHorr nenHod peaknuu (qPCR). Cucremubie
pa3HOHaIpaBicHHbIE H3MeHeHus: ypoBHs MPHK
st NOX1, NOX2, NOXS5, DUOX2 u p22Phe* Gputn
BbIsIBJICHBI B KieTkax MCF-7 co cBepxa3kcmpec-
cHel afarTepHOro NPOTEHHA M0 CPABHEHHIO C KOH-
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TPOJBHBIMU KJIETKAMH JMKOIO THIMA. YTHETEHHE
skcipeccun Ruk/CINSS ¢ moMorpio TeXHOJIOruU
PHK-unTephepeHunn NpuBOJUIO K PEBEPCUU BbI-
SIBJICHHBIX U3MEHEHU. BhIsiIcHeHEe MOJIEKY I pHBIX
MEXaHU3MOB, ornocpeaytouux Biusiaue Ruk/CIN8S
Ha PEeryJISIIUI0 TPaHCKpUIILUU TeHoB NOXs, TpeOy-
€T JaJIbHEHUIINX UCCIEJOBaHM M.

KnwoueBbie craoBa: reusl NOX, pery-
aauus Ha ypoBHe TpaHckpunuuu, qPCR, kieTku
MCEF-7, ananrepubiii mpoter Ruk/CINSS.
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