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Abstract

ACKGROUND: Active proliferation is specific
property of a tumor cells. However, the cost of the

analysis is high due to commercial anti-Ki-67 mAbs

used as the main immunoreagent for reliable identification
of proliferating cells. In this study, recombinant protein
was used to obtain specific mAbs for Ki-67 biomarker
immunodetection.

METHODS: Codon optimized fragment of ki-67 gene was
cloned into the pET28c(+)vector. The recombinant protein
was purified by immobilized metal affinity chromatography
(IMAC) and confirmed by liquid chromatography—mass
spectrometry (LC-MS)/MS. Hybridoma  cells
obtained by fusing myeloma cells with mouse spleen

were

cells immunized with recombinant antigen. The specificity
and activity of mAbs was determined by enzyme-
linked immunosorbent assay (ELISA), Western blot and
immunocytochemistry.

RESULTS: The pET-28c(+)/ki-67 plasmid, which encodes
355 amino acid protein, was obtained. Analysis by LC-
MS/MS of the recombinant antigen showed that 77.5%
of the amino-acid sequence belonged to Ki-67 protein.
Recombinant fragment of Ki-67 protein was used to
obtain specific hybridoma strains. ELISA and Western blot
demonstrated high affinity and the specificity of obtained
mAbs against Ki-67 protein. Newly generated anti-Ki67
mAbs detected target protein in proliferating cells of MCF-
7 cell line by immunocytochemistry.

CONCLUSION: Newly developed mAbs are potentially

useful as an immunodiagnostic tool for assessing
the proliferative activity of breast tumor cells using

immunocytochemistry.
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Introduction

Breast cancer is a leading malignant disease among women
in many countries, despite its pathology is visually localised.
High heterogeneity of breast cancer determines the study
of pathological changes at the molecular level.(1-3) Every
year in the world over two million women are diagnosed
with breast cancer. In 2020 in Kazakhstan breast cancer
ranks the first place in the total number of detected cases of
cancer patients to 37.1 % of all 35366 registered cases.(4)

of breast determines

Early diagnosis cancer

the clinical course and prognosis of the disease.To

confirm the pathology of the mammary glands using
cytomorphological diagnostics by fine needle aspiration
cytology (FNAC). However, the reliability and accuracy of
the cytological study varying from 34 to 65%.(5) In the recent
years, FNAC technique is improved by the development
immunocytochemistry (ICC) based to determine the
molecular biomarkers of tumors. Immunocytochemical
characterization of breast carcinoma on fine-needle aspirates
(FNA) is recognized as an effective method study the
prognostic and predictive molecular biomarker of tumor
cells for early diagnosing of malignancy. Assessment of
status in lymph nodes from patients receiving neoadjuvant
therapy or patients with inoperable metastases in FNA
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samples using ICC has been successful to predict the course
of the treatment.(6-9)

As known active proliferation is specific property
of a tumor cells population. At present, detection of cell
proliferation index using the Ki-67 biomarker is widely
used as potential prognostic biomarker in breast carcinoma
in diagnostic routine clinical practice.The Ki-67 biomarker
is mainly associated with chromosomes and belongs to
the family of perichromonucleic proteins that surround
chromosomes during mitosis.(10) The Ki-67 nuclear antigen
is present in the G1, S, G2, and mitotic phases of the cell
cycle, but is not present in GO. Starting from the middle of
the G1 phase, Ki-67 expression gradually increases, reaches
a peak in metaphase during mitosis, and decreases during
anaphase. The Ki-67 antigen is aregulatory cell-cycle protein
that is vital in mitosis.(11-13) Thus, the presence of Ki-67 in
nearly all phases of the mitotic cycle, and its disappearance
upon transition into the resting period, renders it an optimal
marker for assessing cellular proliferation.

The immunocytochemistry in FNA samples with
biomarkers Ki67 showed it is possible to differentiate
in the identification of benign and malignant lesions.
Determination of Ki67 biomarker on FNA samples by
immunocytochemistry is recommended for the screening
and early diagnosis of breast cancer.(5,14) After the
discovery of the Ki-67 full structure and the construction
of its domains and subdomains using methods of genetic
engineering, it became possible to obtain monoclonal
antibodies (mAbs) with an epitope-specific orientation.
(15) However, the cost of the analysis of is very high
due to used commercial anti-Ki-67 mAbs as the main
immunoreagent for reliable identification of proliferating
cells. In this study, recombinant fragment of Ki-67 protein
was used to obtain specific mAbs that allow to reliably
identify the Ki-67 biomarker. Obtained specific mAbs can
be used to evaluate the proliferative activity of tumor cells
using immunocytochemistry (ICC) in FNA samples for the
screening and early breast cancer diagnostics.

Methods

Cloning and Expression of the ki-67 Gene Fragment in
Escherichia coli and Purification of Recombinant Ki-67
Protein

Gene sequence of human ki-67 was derived from the
National Center for Biotechnology Information (NCBI)
Genbank (NM_001145966.2) and used to engineer a
synthetic gene encoding protein fragment (amino acid
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region at 1160-1493). To optimize the expression of
recombinant eukaryotic Ki-67 protein in prokaryotic E. coli
cells, the codon optimization of target gene fragment was
performed through a table of E. coli frequently used codons.
(16) The optimized sequence was verified by GenScript
online  service  (https://www.genscript.com/tools/rare-
codon-analysis). A resulting 1002 bp gene sequence was
synthesized and provided as pTopBluntV2/ki-67 plasmid by
Macrogen (Seoul, South Korea).

The fragment of ki-67 gene was cloned into the
pET28c(+) expression vector with primers Ndel-fw-Ki67
(5'-GGGAATTCCATATGTTCCTGGCGCTGAGGAA
AC-3") and BamHI-rv-Ki67 (5'-CGCGGATCCTTACG
CGATTTTGGTTGTTTTTTC-3").

was sequenced using BigDye Terminator v. 3.1 Cycle

The plasmid insert
Sequencing Kit (Applied Biosystems, Foster City, CA,
USA) on an ABI 3730xl sequencer (Applied Biosystems,
Foster City, CA, USA).

A single colony of recombinant E. coli strain BL-
21 (DE3)/pET28c(+)/ki-67 was incubated in 1L LB broth
with kanamycin (50 pg/mL) (Sigma-Aldrich, Taufkirchen,
Germany) at 37°C, 200 rpm upon reaching OD, =0.6.
The culture was induced by 1 mM isopropyl-p-D-1-
thiogalactopyranoside (IPTG; AppliChem Lifescience,
Darmstadt, Germany) at 37°C, 200 rpm for 2 hours. The
precipitate was resuspended in 10 mL 1% Triton X-100,
20 mM NaCl, and 20 mM Hepes-KOH pH 7.5, shaken
(100 rpm, 22°C, 30 minutes) and centrifuged (18000xg,
4°C, 30 minutes).The pellet was resuspended in 10 mL
IM urea, 20 mM HEPES-KOH pH 7.5, and 10 mM beta-
mercaptoethanol. This procedure was repeated using 3 M, 5
M, and 8 M urea. Supernatants were collected and pooled.
The recombinant protein was purified by immobilized
metal affinity chromatography (IMAC) using 2 mL Ni-NTA
agarose (Qiagen, Germantown, MD, USA). The desired
fractions were combined and dialyzed against phosphate
buffered saline (PBS) for 24 hours. Samples were stored in
50% glycerol at -20°C.

Liquid Chromatography Combined with Mass
Spectrometry (LC-MS/MS)

Proteins were separated by sodium dodecyl sulphate—
polyacrylamide gel electrophoresis (SDS-PAGE) using
4-12% gradient polyacrylamide gels. Candidate bands
were excised from the gels, alternately treated with 50 mM
ammonium bicarbonate and 100% acetonitrile. Activated
by 190 mM ammonium bicarbonate trypsin (Promega,
Madison, WI, USA) was added to the samples. The peptide
mixture was purified by ZipTipC18 (Millipore, Darmstadt,
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Germany) and dried in a vacuum concentrator (35°C, 30
minutes). The precipitate was suspended in 10 pL 0.1%
trifluoroacetic acid for mass spectrometry analysis.

The peptides were separated by high performance
liquid chromatographic using an Acclaim PepMap100 C18
capture column (5 mm x 300 pum; particles 5-um in diameter;
Thermo Scientific, Austin, TX, USA) and Dionexpump
(Thermo Scientific, Austin, TX, USA). Peptides were
further separated on an Acclaim PepMap RSLC column (15
cm x 75 um, particles 2-um in diameter; Thermo Scientific,
Austin, TX, USA). An unmodified Captive Spray ion
source (capillary voltage of 1300 V, dry gas flow of 3 L/
min, and dry temperature of 150°C) was used to interface
the liquid chromatography (LC) system with Impact II.
Mascot software was used to search the Swiss Prot 2014 08
database (546238 amino acid sequences; 194363168 amino
acid residues). Search parameters were set as follows:
modification variables, oxidation (M); fragment ion mass
tolerance, 20 ppm; parent ion tolerance, 20 ppm.

Production of mAbs Against Ki-67 Protein

Studies were conducted on 6 BALB/c mice (The Jackson
Laboratory, Bar Harbor, ME, USA), 6-8 weeks old females,
weighing 20-25 g. Animals were obtained from the Animal
facility of the National Center for Biotechnology (NCB),
Nur-Sultan city, Kazakhstan. All procedures involving
animals were conducted in accordance with the guidelines
of NCB and approved by Institutional Animal Care and
Use Committee (protocol #2 June 2, 2020). Animals were
housed in special facility with 12-hour light dark cycle.
They were fed by standard mouse chow, water and food
provided ad libitum.

On the first day of immunization, BALB/c mice (6-8
weeks old) were intraperitoneally injected with 0.05 mg
recombinant Ki-67 protein emulsified in 0.1 mL of Freund’s
complete adjuvant. On days 7, 11, 12, 13 of immunization,
were injected with 0.025 mg of antigen in. of PBS pH
7.2. Hybridization of myeloma cells X63Ag8.653 (ATCC,
Manassas, VA, USA) with spleen cells from immunized
mice was performed according to the method of Oi and
Herzenberg.(17) The fusion agent was used 45% solution
of polyethylene glycol-4000 (PEG; Merck, Darmstadt,
Germany) and as selective HAT (hypoxanthine, aminopterin,
and thymidine) medium (Sigma-Aldrich, Saint Louis, MO,
USA). The productivity of the hybrid cells determine by
indirect enzyme-linked immunosorbent assay (ELISA)
using recombinant protein Ki-67.

Single-cell cloning of hybrid cells was carried out
using the limiting dilution method.(18) The concentration of
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mAbs in ascitic fluid was determined using Bradford assay.
(19) Isotypes of mAbs were determined using a IsoStrip™
Mouse Monoclonal Antibody Isotyping Kit (Sigma-
Aldrich, Taufkirchen, Germany).

Indirect ELISA

Indirect ELISA was performed by coating a 96-well plate
with recombinant antigen Ki-67 at a concentration of 0.001
mg/mL in 0.1 mL of PBS (pH 7.2) and incubated overnight
at 4°C. Primary antibody (blood sera of immunized mice,
supernatant or ascitic fluid mAbs) was added to the wells
and incubated for 1 h at 37°C. Further, rabbit anti-mouse
secondary antibody (labeled with horseradish peroxidase)
diluted 1:5000 in PBST. After of incubation a substrate
3,3',5,5'-tetramethylbenzidine (Sigma-Aldrich, Taufkirchen,
Germany) was added. The absorbance of the final product
was measured at 492 nm, using a spectrophotometer.

Western Blot

Western blot of recombinant Ki-67 protein was performed
by standard method.(20) Obtained 4B8 mAbs were used
as the primary antibodies at 1:500 dilution, 4°C overnight.
Commercial anti-Ki67 mAbs B56 (550609, BD Pharmingen,
San Jose, CA, USA) were used as positive control at 1:250
dilution. Goat anti-mouse antibodies conjugated with
horseradish peroxidase (Sigma-Aldrich) were used as the
secondary antibodies at 1:10000 dilution. The developing
buffer includes the substrate solution, which contains 0.48
mM 4-Chloro-1-Naphthol (Sigma-Aldrich), 50 mM Tris-
HCI and 0.2 M NaCl in 17% methanol, and 0.01 mL of 3%
(v/v) hydrogen peroxide.

ICC

Breast adenocarcinoma cells MCF-7 (ATCC, Manassas, VA,
USA) were passaged on culture slides at a density of 50000
cells/well until a monolayer was formed with a confluence
index of 80%. After reaching the required level of confluence,
cells fixed with 4% paraformaldehyde for 20 min at 37°C.
After removing 4% paraformaldehyde, to permeabilize the
cell membranes, cells were treated with 0.3% Triton X-100
for 20 min. After block nonspecific binding 1% BSA, the
cells were incubated with primary antibodies, 4B8 mAbs,
at dilutions of 1:50 - 1:100. Commercial B56 mAbs at
1:50 dilution was used as positive control. Subsequently,
a secondary conjugated antibody, anti-mouse Alexa Fluor
488 (Abcam, Burlingame, CA, USA), was added at 1:500
dilution. Images were captured at 40X magnification in
a fluorescent microscope (Axio Observer, Carl Zeiss,
Heidelberg, Germany) using a green filter.
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Results

Expression and Purification of Recombinant KI-67
Protein

Part of the central domain Ki-67 protein with 16 repeating
elements (i.e., "Ki-67 repeats" (amino acid region at 1160-
1493) was selected as antigen to obtain mAbs. This protein
fragment is encoded by 1002 bp (NM_001145966.2, region:
2812-5640). To optimize the expression of recombinant
eukaryotic Ki-67 protein in prokaryotic E. coli cells, the
codon optimization of ki-67 gene was performed through
a table of frequently used E. coli codons. The Codon
Adaptation Index (CAI) of the obtained gene sequence was
0.82 relative to the optimal range (0.8 - 1.0). GC content of
the gene was 53.71%, which fell within the required 30 -
70% range. The percentage of low-frequency codons, which
should not exceed 30%, was 3%. The initial sequence of
ki-67 gene fragment, selected for the codon optimization, is
shown in Supplementary 1.

The synthesized gene encoding the recombinant
protein, which is identical to the reference protein, was
cloned into a pET-28¢(+) vector at the Ndel and BamHI sites.
Amplified gene is presented in Supplementary 2. Genetic
map of the resulting plasmid pET28c(+)/ki-67 is shown in
Figure 1. The ki-67 gene is controlled by the T7 promoter
in pET28c(+)/ki-67 plasmid, the resulting recombinant
fragment of Ki-67 protein carries an N-terminal 6xHis-tag.
The open reading frame of the vector encodes a recombinant
protein that contains 355 amino acid residues and has an
estimated molecular weight of 38.5 kDa.

BamHI (6140)
Ki67 1002 bp
Ndel(5130)
HisTagx6 -~
lac operator ET28 Ki67
T7 promoter P C(+),f I
6341 bp

Lacl

Figure 1. Genetic map of pET28¢c(+)/ki-67 plasmid. The ki-67
gene is controlled by the T7 promoter, the recombinant fragment
of Ki-67 protein carries an N-terminal 6xHis-tag, the length of the
open reading frame is 1068 bp.
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Induction of protein expression for 16 hours did not
lead to a significant increase in the amount of recombinant
protein. SDS-PAGE showed protein accumulation at 45
kDa, which was ~6.5 kDa greater than the calculated mass
of Ki-67 (Figure 2). Proteins with high proline content show
reduced electrophoretic mobility because of bending and
structural rigidity of the primary sequence. This can lead to
an error of £ 10% in SDS-PAGE to determine the molecular
weight of the protein. There are 32 proline residues in the
structure of obtained recombinant Ki-67 protein, which may
explain the observed mismatch in molecular weight obtained
by electrophoresis. To verify our assumption, we analyzed
the 45-kDa candidate protein by LC-MS/MS. We obtained
a score of 10304 for peptides identified in the isolated
protein, indicating that they belonged to Ki-67. Results
of LC-MS/MS for identification of Ki-67 are presented in
Supplementary 3. Analysis using Mascot program found
peptides related to trypsin, keratin, and numerous other
proteins. The presence of trypsin in the sample was likely
due to porcine trypsin used in sample preparation. The
presence of keratin peptides likely resulted from slight
contamination during the experiment. The presence of
other proteins may have been a coincidence in the m/z of
primary and secondary ions, as confirmed by the low score.
Analysis conducted by overlapping the identified peptides
of the recombinant Ki-67 fragment showed that 77.5% of
the amino-acid sequence belonged to Ki-67 protein (Figure
3). Cloned protein fragment is framed; identified peptides
are bold. Protein sequence coverage in the recombinant Ki-
67 protein fragment: 77.5%.

After verification of Ki-67 expression, a culture of the
recombinant E. coli BL-21 (DE3)/pET28c(+)/ki67 strain
was developed for purification by IMAC (Figure 4A) The
obtained fractions 1 and 2 were combined and used for
the second step of purification (Figure 4B). Fractions 4-6
were combined and dialyzed against PBS for 24 hours.
After dialysis the total protein yield was 47.22 mg from 1 L
bacterial culture.

Production of the Hybridoma Strains

To immunize BALB/c mice with the recombinant protein Ki-
67, the 2-week scheme was used. The optimal combination
of five injections of the recombinant Ki-67 protein fragment
produced sufficient amount of serum antibodies with a
high titer for the antigen -1:102400-1:204800 (Figure 5).
Specificity of interaction the recombinant Ki-67 antigen
was confirmed using anti-Ki-67 mAbs named B56 as
positive control and anti-human c-ErbB-2 mAbs as negative
control (554299, BD Pharmingen). Our results indicate that
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Pellet
Oh 2h 4h

Supernatant

recombinant Ki-67 protein did not react with anti-human
c-ErbB-2 mAbs, but it actively reacted with anti-Ki-67 B56
mAbs. Further, immunized mouse spleen cells were selected
for hybridization with X63 myeloma cells.

Out of the total hybridomas seeded in 384 wells,
growth of colonies was observed in 187-224 wells, i.e.,
the percentage of cell fusion was high (48.6-58.3%).

1 MWPTRRLVTI KRSGVDGPHF PLSLSICLFG RGIEZCDIRIQ LEVVSKQHCK
51 IEIHEQEAIL HNFSSTNPTQ VNGSVIDEPV RLKHGDVITI IDRSFRYENE
101 SIONGRESTE FPREIREQFP AREVSRSSFS SDPDEKAQDS HAYSEITEGK
151 VSGNPQVHIK NVEEDSTADD SKDSVAQGIT NVHSSEHAGR NGRMAADPIS
201 GDFEEISSVE LVSRYGELKS VPTITQCLINS KENESPFWKL YESVEEELDV
251 KSQKENVIQY CRESGLQTDY ATEXESADGL QGETQLLVSR KSRPKSGGSG
301 HAVAEPASPE QELDCNKGKG RDVESVQTPS KAVGASFPLY EPARMETEVQ
351 YSQQONSPQK HENKDLYTTG RRESVNLGKS EGFKAGDKIL TPRELSTANR
401 TPARVEDAAD SATEPENLSS KIRGSIPTDV EVLPTETEIH NEPFLTLWLT
451 CVERKICHDS LSKPEKLGIT AGUMCSGLPG LSSVDINNEG DSINESEGIP
501 LKRRAVSFGG HLRPELFDEN LPPNTPLERG EAPTKRKSLV MHIPPVLKKI
551 IKEQPQFSGK QESGSEINVE VEAQSLVISP PAPSPRETPV ASDORRRSCK
601 TAPASSSKSQ TEVPKRGGRK SGNLPSKRVS ISRSCHDILQ MICSKRRSGA
651 SEANLIVAKS WADVVKLGAK QTQTRVIKHG PQRSMNERQR RPATPEKEVG
701 EVHSQFSTGH ANSPCTIIIC KAHTERVHVE ARPYRVLMNF ISNQEMDFKE
751 DLSGIAEMFK TPVEEQPOLT STCHIAISNS ENLLGROFQG TDSGEEPLLP
801 TSESFGGNVF FSAQNAAKQP SDKCSASPPL RRQCIRENGN VAKTPRNTYK
851 MTSLETKTSD TETEPSKTVS TANRSGRSTE FRNICKLPVE SKSEETNTEI
901 VECILKRGOK ATLLOCRREG EMKZIERPFE TYKENIELKE NDEKMEAMKR
951 SRIWGQECAP MSDLIDLKSL PDIZLMEKDTA RAGUNLLOTOD HAKAPKSERG

1001 KITEMPCQSL QPEPINTPTH TEQQLKASLG KVGVKEELLA VGKFTRTSGE
1051 TTHTHREPAG DGKSIRTFRE SPKQILDPAA RVIGMKKWPR TPKEEAQSLE
1101 DLAGEXELFQ TPGPSEESMT DERTTKIACK SPPPESVDIP TSTEQWPERS

1151 GEAMLTPKPA
1201 LOTPKERAQA LEDLAGFEEL FQTPGHTEEL VAAGKTTEL
1251 TPTSTEQRPK ASIRKADVEG ELLACRNLMP

1301 |PSVGEEKDII IFVGTFVQEL DLTENLTGSK RRPQTPKEER
1351 |[ELFQTPGHTE EAVAAGKTTK MPCESSPPES ADTPTSTRRC
1401 |QKELSALKKL TQTSGETTHT DEVPGGEDKS INAFRETAHQ
1451 |SKRHPKTKEK AQPLEDLAGL KELFQTPVCT DEKPTTHERIT
1501 VDTPISSKPQ SERSLRKVDYV EEEFFALRER TESAGKAMHT PKPAVSGEEN
1851 IYAFMGTFVQ KLDLTENLTG SERRLQTPEE KAQALEDLAG FKELFQTRGH
1601 TEESMINDKT AKVACKSSQP DPDENPASSK RRLKTSLGKV GVKEELLAVG

I6h M Oh 2h 4h 16h
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Ki-67

Figure 2. Analysis of Ki-67 expression level in E. coli
BL-21 (DE3)/pET28¢c(+)/ki-67 cells. M: protein ladder
(26610, Thermo scientific); Oh: no induction by IPTG;
2h: 2 hours of incubation after induction; 4h: 4 hours of
incubation after induction; 16h: 16 hours of incubation
after induction.

Furthermore, the yield of positive clones obtained from
total number of hybridomas was within 9.8% to 12.5%,
indicating the possibility of isolating active clones with
desired properties. Activity of hybridoma clones was
examined five times by ELISA in an interval of 3-4 days.
Clones of 4B8, 7D2 and 10F5 cells, as the most active
and stable lines of hybridomas, were cloned by the method

1651 KLTQTSGETT HTHTEPTGDG KSMKAFPMESP KQILDSAASL TGSKRQLRTP
1701 KGKSEVPEDL AGFIELFQIP SHTKESMINE KTTKVSYAAS QPDLVDTFTS
1751 SEPQPKRSLR KADTEEEFLA FRKQTPSAGK AMHTPHPAVG EEKDINTFLG
1801 TPVQKLDQPG NLPGSNRRLQ TRKEKAQALE ELTGFRELFQ TPCIDNETTD
1851 EETIKKILCK SPQSDPADTP TNTKQRPXRS LXEADVEZEF LAFRKLTPSA
1901 GHAMHTPEAA VGEEKDINTF VGTPVEKLDL LGNLPGSKRR PQTPKEKAKA
1951 LEDLAGFKEL FQTPGHTEES MTDDKITEVS CKSPQPDPVE TPTSSKORLK
2001 ISLGKVGVEE EVLIVGELTQ TSGKTTQTHR EZTAGDGKSIK AFKESAKQML
2051 DPANYGTGME RWPRTPEKEEA QSLEDLAGFK ELFOTPDHTE ESTTDDETITE
2101 IACRSPPPES MDIPTSTRRR PKTPLGKRDI VEELSALKOL TQTTHIDRVP
2151 GDEDKGINVE RETAXQKLDP AASVIGSKRQ PRTPKGKAQP LEDLAGLKEL
2201 FQTPICTDXP TITHEKTTKIA CRSPOPDPVG TPTIFKPQSK RSLRXKADVEE
2251 ESLALRKRTP SVGKAMDTPX PAGGLEKDMK AFMGTPVOKL DLPGNLPGSK
2301 RWPQTPREKA QALEDLAGFX ELFQTPGIDK PFTTDEKTTKI ACKSEQPLEV
2351 DTPASTKQRP KRNILRKADVE EEFLALRKRT PSAGKAMDTP KPAVSDERNI
2401 NTFVETPVOR LDLLGNLPGS KROPQTPRER AEALEDLVGF KELFOTPGHT
2451 EESMIDDKIT EVSCKSPQPE SFKTSRSSKQ RLKIPLVHVD MKEEPLAVSK
2501 LTRTSGETTQ THTEPTGDSK SIKAFKESPX CILDPAASVT GSRROLRTRE
2551 EKARALEDLV DPKELFSAPG HTEESMTIDK NTKIPCKSPP PELTDTATST
2601 ERCPXTRPRE EVKEELSAVE RLTQTSGUST HTHKEPASGD EGIKVLKQRA
2651 KEKFNPVEEE PSRRRPRAFPK EKAQPLEDLA GFTELSETSG HTQESLTAGK
2701 ATKIPCESPP LEVVDTTAST KRHLRTAVOK VOVEEEPSAV RFTOTSGETT
2751 DADEEFAGED KGIKALKESA HQIPAPAASV TGSRRRPRAF RESAQAIEDL
2801 AGFKDPAMGH TEESMTDDKT TKIPCHSSPE LEDTATSSKR APRTRAQKVE
2851 VEEELLAVGK LTOTSGETTH TDKEFVGEGK GTRKAFEQPAK RKLDAFDVIG
2901 SRRQPRAPKE KAQPLEDLAS FQELSQTPGH TEELANGAAD SFTSAPKQIP
2951 DSGKPLKISR RVLRAPKVEFP VGDVVSTRDP VESQSESNTS LPPLPFKRGG
3001 GRDGSVTGTE RLRCMPAPEE IVEELPASHKK ORVAPRARGK SSEPVVIMER
3051 SLATSAKRIE PAEELNSNDM KINKEEHHKLQ DSVPENKGIS LRSRRONHTE
3101 AEQQITEVFV LAERIEINEN ZKKPMKTSPE MDIQNPDDGA REKPIPRDEVT
3151 FNERCLRSAR ONESSQPEVA FESGGQKSAK VIMONOKGHKG FAGNSDSMCL
3201 RSRETKSQPA ASTLESKSVQ RVIRSVKRCA ENFRFAEDNV CVEEIRTRSH
3251 RDSEDI

Figure 3. Overlap of the recombinant Ki-67 protein fragment with identified peptides by LC-MS/MS. Green frame: fragment of

expressed protein; Red bold font: identified peptides.
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A - Solubilization of the recombinant protein Ki-67 by Triton X-100 and urea
M 1 2 3 4 5
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18.4
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Ki-67

M - marker;
1 - 1% Triton X-100;
2-1M urea;
3 -3 M urea;
4 -5 M urea;
5-8M urea

B - Second step of the recombinant Ki-67 protein purification

M 12 3 S e
116 - ' | 7
66.2 ==
45 -

35 .-

25 -

18.4 - —
14.4-‘. '

.9.

M - marker;

1 - load;

2 - flow through;

3 - wash;

4 - 50 mM imidazole fraction;
5 - 100 mM imidazole fraction;
6 - 200 mM imidazole fraction;
7 - 300 mM imidazole fraction;
8 - 400 mM imidazole fraction;
9 - 500 mM imidazole fraction

Figure 4. Purification of the recombinant protein Ki-67 by IMAC.

of limiting dilutions. We found in genetically homogeneous
or monoclonal cell population, as 85.9% to 94.4% of the
subclones synthesized immunoglobulins specific to the
recombinant Ki-67 protein fragment.

mAbs from the ascitic fluid were salted out using a
saturated solution of ammonium sulfate. Purification of
mAbs was performed by affinity chromatography, using

4|

3.5i-
E 3.i —— A

S 25
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N

Antibody titer

Figure 5. Antibody titer of sera from immunized mice. A,B,C:
sera from immunized mice (n=3); D: commercial anti-Ki-67
mAbs; E: commercial anti-c-erB-2 mAbs; F,G,H: sera from non-
immunized mice (n=3).
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MabTrap Kit columns (GE Healthcare Life Sciences,
Uppsala, Sweden). The in vivo cultivation of hybridoma
cells led to significant increase in the concentration of mAbs
to 2-4 mg/mL in the ascitic fluid, whereas the cultivation
under in vitro conditions was 60-125 pg/mL. It was found
that the hybridoma-synthesized antibodies were related to
IgG class, the most active class of immunoglobulins.

The Specificity and Activity anti-Ki-67 mAbs

The specificity and activity of the hybridoma strains (4B8,
10F5, and 7D2) that produced mAbs were determined by
indirect ELISA (Table 1). According to the results obtained
from indirect ELISA, highest specificity to recombinant
Ki-67 antigen showed 4B8 mAbs both in the culture fluid
(1:512) and in the ascitic fluid (1:204800). However, the
activity another of 7D2 mAbs to recombinant Ki-67 antigen
was lower, which amounted to 1:64 in the culture fluid and
1:51200 in the ascitic fluid. The tested mAbs did not interact
with extracellular domain of the recombinantc-ErbB-2 (the
epidermal growth factor receptor of tumor cells).

The specificity of the isolated mAbs of the hybridoma
strains was confirmed using a commercial mAb, anti-
Ki-67 B56, as a positive control. Same levels of titers the
experimental mAbs and commercial mAbs indicated that
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Table 1. Indirect ELISA to study the specificity and activity of mAbs of 4B8, 10F5, and 7D2 hybridoma strains.

Monoclonal Antibody Titers

Antigen Name
4B8

7D2 10F5 mAbB56

Recombinant fragment of Ki-67 protein (1:512)/(1:204800)

Recombinant extracellular domain of c-ErbB-2 No reaction

(1:64)/(1:51200)  (1:256)/(1:102400) 1:51200

No reaction No reaction No reaction

numerator: titers in the culture fluid; denominator: titers in the ascite fluid.

both the antibodies recognized identical epitopes of the
recombinant Ki67 antigen.

The specificity of the hybridoma strain 4B8 mAbs and
commercial anti-Ki-67 B56 mAbs to the analogous epitope
of the recombinant protein Ki-67 was confirmed by western
blot (Figure 6). In both cases western blot analysis revealed
the presence of a protein with a molecular weight of 45 kDa,
arecombinant fragment of Ki-67 protein. Among them, 4B8
clones with a titer of 1:204800 in ascitic fluid were selected
as suitable for research.

Intense staining of the nuclei of breast adenocarcinoma
cells MCF-7 was revealed by ICC analysis using mAbs of
4B8 hybridoma strain (Figure 7). Specificity of detection to
Ki-67 protein confirmed identical staining of nuclei of MCF-
7 cells of commercial BS6 mAbs. Intranuclear localization
of the detected antigen suggests that 4B8 mAbs specifically
interact with the nuclear protein Ki-67- biomarker of cell
proliferation.

Discussion

Detection of cell proliferation is widely used in biomedical
routine clinical practice. The main area of Ki-67 antibody
application is ICC and immunohistochemical (IHC)
methods. In this study, we have successfully produced novel
anti-Ki-67 mAbs to detect biomarker of cell proliferation,
the Ki-67.

Cell proliferation as a fundamental biological process,
as well as a specific property of a transformed cells
population that determines of malignancy of disease.(21)
Currently, the most informative, accessible and common
method of evaluation of the cell proliferative activity level
is the identification of the molecilar biomarker, nuclear
protein Ki-67. Immunochemically positive reaction to Ki-
67 shows that the cell is in the interval from the late G1
phase to the M phase inclusive.(11-13) The Ki-67 protein
is mainly associated with chromosomes, is detected in the
telomere and centromere regions and belongs to the family
of perichromonucleic proteins surrounding chromosomes
during mitosis.(10,12)

The primary transcript of human £ki-67 gene is
with different
inclusion of exon 7 encode two 320-kDa and 350-

alternatively spliced. Two transcripts
kDa protein isoforms. The nuclear Ki-67 protein has an
amphiphilic structure: its C-terminus can bind DNA and
its N-terminus has an affinity for the cytoplasm. Although
its splice variants differ in their N-terminus, they contain
identical C-terminal and central (i.e., Ki-67 domain)
regions. Largest Ki-67 domain composed of multiple
repetitive elements consisting of 122 amino acids in
length with 82-100% homology, “Ki-67 repeats”.(10-
12,22,23) The targeting to largest "Ki-67 repeats" domain
of multiple repetitive elements, which is unique to the Ki-
67 protein, determines the epitope specificity of the most
used commercial mAb for Ki-67 detection in clinical

Figure 6. Western blot analysis of the specificity of
commercial mAbs (A) and the hybridoma strain
4B8 mAbs (B) to recombinant protein Ki-67. 1:
protein ladder; 2: 1 pg recombinant antigen (Ki-67);
3: 600 ng recombinant antigen (Ki-67); 4: 300 ng

1 2 3 4 5 1 2 3 4 §
250 250
b
9 %
0 = — 0 gy
37 37
25 25
20 20

recombinant antigen (Ki-67); 5: 100 ng recombinant
antigen (Ki-67).
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Figure 7. Immunocytochemical analysis of Ki-67 protein expression in breast adenocarcinoma cells MCF-7. A,B,C: 4B8 mAbs at
1:50 dilution; D,E,F: 4B8 mAbs at 1:100 dilution; G,H,I: commercial B5S6 mAbs at 1:50 dilution. Magnification 40X.

practice, MIB-1, 30-9 and SP6.(15,24-28) The synthesized
ki-67 gene fragment of recombinant Ki-67 protein with a
length of 1002 bp (334 amino acids, region 1160-1493 aa)
was used for production of specific anti-Ki-67 mAbs.The
absence or low level of expression of heterologous protein
is often observed in E. coli cells. In order to increase the
expression level in E. coli, the nucleotide sequence of the
human ki-67 gene was changed so that E. coli could easily
recognize this sequence while maintaining the same amino
acid sequence of the protein. The nucleotide sequence of
the ki-67 gene has been optimized taking into account
the relative codon frequency, GC content, the presence of
hairpins and negative cis-regulatory elements that affect the
expression level of a heterologous protein.(29) The codon
optimized gene was synthesized and cloned into the vector
pET-28c(+) for expression in E. coli BL-21 (DE3) cells.
The yield of the recombinant protein was 47.22 mg/L due to
the optimized induction parameters. It should be noted that
the structural rigidity of the primary sequence reduced the
electrophoretic mobility of the Ki-67 protein because of the
high proline content.(30) As a result, SDS-PAGE showed
a recombinant protein with a higher molecular weight than
expected. The resulting protein was confirmed by LC-MS/
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MS, 77.5% of the amino-acid sequence in the recombinant
protein belonged to Ki-67.

Successful generation of hybridomas to produce
mAbs is determined by the nature of immunogen and the
efficiency of immunization in mice, which are the donors of
immune B-lymphocytes that are hybridized with myeloma
cells. The two-week scheme of immunization of BALB/c
mice with the recombinant fragment of Ki-67 protein was
suitable for stimulating the immune system of the organism.
All immunized mice produced strong immune response
with antisera titers above 1:102400, that considered as
active B-lymphocyte clones producing specific antibodies
in the spleens of immunized mice. These results suggested
that recombinant Ki-67 protein expressed in prokaryotes
elicited high immunogenicity in mice.

The first MIB-1 mAbs against the recombinant
fragment of Ki-67 protein has been considered as the
“gold standard” for immunochemical detection of this
biomarker. Recent Ki-67 recognizing mAbs, SP6 and 30-
9,were introduced as potential immunoreagents for routine
clinical diagnostics.(15,31-33) According to the assessment
international quality control shows that only two test
systems based on the use of mAb MIB-1 (Dako) and 30-9
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(Ventana), has leading position in terms of laboratories use
for assessing Ki-67 status and demonstrate the highest pass
rate efficiency 95-100%. The rabbit mAb SP6 turned out to
be less popular for the detection of Ki-67, less than 10% use
among laboratories.(34,35)

Determination of the Ki-67 protein expression level
plays an important role in differentiating breast cancer into
molecular subtypes. Increased expression of the Ki-67
protein is associated with poor prognosis of breast cancer.
Ki-67-positive cases are characterized by aggressive
growth and metastasis. A high level of expression of the
Ki-67 protein is associated with recurrence of breast cancer
and overall low survival rate of patients. In normal breast
tissue, the expression level of Ki-67 is very low.(36-38)
Comparing the results of the expression of the biomarker
Ki-67 of the breast cancer using ICC and IHC methods, a
significant correlation was obtained. The concordance of
the results of ICC and IHC studies ranged from 81 to 92%.
(6,7,8,9) Therefore, developing the monoclonal antibody
for Ki-67 protein with higher of binding specificity has great
importance. Immunoreagents as the main components of
test systems are being improved to increase the sensitivity,
reliability and efficiency of use.

In the present study, we developing novel mAbs
with high specificity and binding activity to Ki-67 protein.
Specific binding with target molecule is a well-known
characteristic of antibody. The high affinity and binding
activity of antibodies provide specificity and reduction
of false negatives. High affinity and specificity of 4BS
hybridoma strain mAbs (4B8 mAbs) to recombinant Ki-
67 antigen was confirmed by indirect ELISA. The results
Western blot showed that analytical sensitivity of the
detection of Ki-67 antigen for 4B8 mAbs was below 100
ng. The application of newly generated anti-Ki67 mAbs in
ICC provided showed the possibility of reliable detection
of Ki-67 protein in cultured MCF-7 breast cancer cells.
(39) The obtained 4B8 mAbs showed the identical level of
nuclei staining as to the commercial anti-Ki-67 B56 mAbs
that were used as a reference. B56 mAbs used as a positive
control were obtained using a similar recombinant antigen
Ki-67.(16) A large number of positively stained nuclei of
cells and a bright intensity of their staining indicate a high
level of proliferative activity of tumor cells in the studied
preparations. Our results obtained from ELISA, Western
blotting and ICC demonstrate that the newly developed
mAbs are potentially useful as a immunodiagnostic tool for
assessing the proliferative activity of breast tumor cells. The
further research is focused on the use of obtained specific
mAbs to evaluate the proliferative activity of breast tumor
cells in FNA samples using ICC.

Indones Biomed ]. 2021; 13(3): 261-70

Conclusion

In this study, the synthesized the fragment of recombinant
Ki-67 protein was used for obtaining of specific mAbs for
assessing the proliferative activity of breast tumor cells.
The production of specific mAbs, which makes it possible
to reliably identify the Ki-67 biomarker protein, will make
to use them for practical purposes - as a immunodiagnostic
tool for the screening and early breast cancer diagnostics.
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