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Òðàíñêðèïòîì ïåðâèííèõ ãåïàòîöèò³â ùóðà, êóëüòèâîâàíèõ ç ³íòåðôåðîíîì àëüôà (²ÔÍ�) âïðîäîâæ

òðüîõ ³ øåñòè ãîäèí, äîñë³äæóâàëè ³ç çàëó÷åííÿì îë³ãîíóêëåîòèäíèõ ì³êðîìàñèâ³â. Ìåòà. Ïðîâåäåííÿ ïî-

åòàïíîãî àíàë³çó ðåçóëüòàò³â ì³êðîìàñèâ-åêñïåðèìåíòó ³ âèçíà÷åííÿ â³äïîâ³äíîñò³ àáî íåâ³äïîâ³äíîñò³

êðèòåð³¿â îö³íêè ðåçóëüòàò³â çàãàëüíîïðèéíÿòèì çíà÷åííÿì. Ìåòîäè. Àíàë³ç çä³éñíþâàëè íà ôàéëàõ,

îòðèìàíèõ ï³ñëÿ ñêàíóâàííÿ ì³êðîìàñèâ³â Affymetrix, ³ç âèêîðèñòàííÿì ñòàòèñòè÷íîãî ñåðåäîâèùà R,

ïàêåò³â ôóíêö³é Bioconductor «affy», «simpleaffy», «affyPLM» ³ ïðîãðàìè BRB Array Tools ³ç çàñòîñóâàí-

íÿì ïàðíîãî Ò-òåñòó. Ðåçóëüòàòè. Óñ³ ì³êðîìàñèâè ïðîéøëè êîíòðîëü ÿêîñò³, íîðìàë³çîâàí³ ³ ïîð³â-

íÿíí³ ì³æ ñîáîþ. Çà ðåçóëüòàòîì Ò-òåñòó çíàéäåíî 28 ³ 124 äèôåðåíö³éíî åêñïðåñîâàíèõ ãåíè â³äïî-

â³äíî ï³ñëÿ òðüîõ ³ øåñòè ãîäèí êóëüòèâóâàííÿ êë³òèí ç ²ÔÍ. Âèñíîâêè. Îäåðæàí³ äàí³ â³äïîâ³äàþòü

óçâè÷àºíèì êðèòåð³ÿì ÿêîñò³ ³ ïðèäàòí³ äëÿ ïîäàëüøîãî âñòàíîâëåííÿ ¿õíüîãî á³îëîã³÷íîãî çíà÷åííÿ.

Âèêîðèñòàí³ â ðîáîò³ R-êîäè ìîæíà çàñòîñîâóâàòè ïðè îáðîáö³ ðåçóëüòàò³â ì³êðîìàñèâ-åêñïåðè-

ìåíò³â.

Êëþ÷îâ³ ñëîâà: ì³êðîìàñèâè ÄÍÊ, ³íòåðôåðîí àëüôà, ñòàòèñòè÷íå ñåðåäîâèùå R, Bioconductor, íîð-

ìàë³çàö³ÿ.

Âñòóï. Òåõíîëîã³ÿ ç âèêîðèñòàííÿì ì³êðîìàñèâ³â
ÄÍÊ º ïîòóæíèì ³íñòðóìåíòîì â àðñåíàë³ ñèñòåì-
íî¿ á³îëîã³¿, ùî äîçâîëÿº îäíî÷àñíî àíàë³çóâàòè åêñ-
ïðåñ³þ áàãàòüîõ òèñÿ÷ ãåí³â [1–3]. Ô³çè÷íî ì³êðî-
ìàñèâ ÿâëÿº ñîáîþ íîñ³é, íà ïîâåðõíþ ÿêîãî íàíå-
ñåíî âåëèêó ê³ëüê³ñòü îë³ãîíóêëåîòèä³â ð³çíî¿ ïîñë³-
äîâíîñò³. Ç-ïîì³æ óñ³õ âèðîáíèê³â Affymetrix ñòâî-
ðþº ì³êðîìàñèâè ç íàéâèùîþ ù³ëüí³ñòþ çîíä³â, ùî
ïåðåäáà÷àº ìîæëèâ³ñòü àíàë³çó íàéá³ëüøî¿ ê³ëüêî-
ñò³ ãåí³â.

Ó ì³êðîìàñèâàõ Affymetrix êîæíèé ãåí ïðåä-
ñòàâëåíî íàáîðîì çîíä³â (probe set), ÿêèé ñêëàäà-
ºòüñÿ ç 11 òèï³â ïîñë³äîâíîñòåé, ïîâí³ñòþ êîìïëå-
ìåíòàðíèõ (perfect match) ð³çíèì ä³ëÿíêàì òðàíñ-
êðèïòó, à òàêîæ 11 òèï³â ïîñë³äîâíîñòåé, ÿê³ ïîñå-
ðåäèí³ ìàþòü îäèí íåêîìïëåìåíòàðíèé íóêëåîòèä

(miss match). Çà äîïîìîãîþ îñòàíí³õ âñòàíîâëþþòü
ð³âåíü íåñïåöèô³÷íîãî çâ’ÿçóâàííÿ (http://www.oh
su.edu/xd/research/research-cores/gmsr/about/upload/
Rat-Expression.pdf). Ïðè ã³áðèäèçàö³¿ êÐÍÊ ç ì³êðî-
ìàñèâîì ÄÍÊ â³äáóâàºòüñÿ çâ’ÿçóâàííÿ êîìïëåìåí-
òàðíèõ ïîñë³äîâíîñòåé êÐÍÊ ³ ÄÍÊ. Îñê³ëüêè êÐÍÊ
ôëóîðåñöåíòíî ì³÷åíà, òî ä³ëÿíêè âçàºìîä³¿ ìîæíà
ëåãêî ³äåíòèô³êóâàòè, à çà ³íòåíñèâí³ñòþ ôëóîðåñ-
öåíö³¿ – âèçíà÷èòè ê³ëüê³ñíó ïðåäñòàâëåí³ñòü êîíê-
ðåòíèõ íóêëå¿íîâèõ ïîñë³äîâíîñòåé ó äîñë³äæóâà-
íîìó çðàçêó.

Ìåòîäèêà ï³äãîòîâêè çðàçê³â ÐÍÊ äî åêñïåðèìåí-
òó ñòâîðåíà âèðîáíèêàìè ì³êðîìàñèâ³â òà º âèñîêî-
ñòàíäàðòèçîâàíîþ [4–6]. Íà â³äì³íó â³ä íå¿ êîìï’þ-
òåðíà îáðîáêà ðåçóëüòàò³â ì³êðîìàñèâ³â ìàº áàãàòî
ìîæëèâîñòåé ó âèáîð³ ³íñòðóìåíò³â ³ ìåòîä³â îáðà-
õóíêó, â³ä ÷îãî ñóòòºâî çàëåæèòü ê³íöåâèé ðåçóëü-
òàò ³ ïîäàëüøà ³íòåðïðåòàö³ÿ äàíèõ [7–11]. Ïðîã-
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ðàìíå çàáåçïå÷åííÿ, ùî ïðîïîíóºòüñÿ âèðîáíèêà-
ìè ì³êðîìàñèâ³â (íàïðèêëàä GCOS ó Affymetrix),
äîñèòü äîðîãå ³, ÿê ïðàâèëî, ïîñòà÷àºòüñÿ ç îáëàä-
íàííÿì äëÿ ì³êðîìàñèâ³â.

²ñíóº òàêîæ áàãàòî áåçêîøòîâíèõ àëüòåðíàòèâ,
ïðîòå íàéïîïóëÿðí³øèì ð³øåííÿì º ñòàòèñòè÷íå ñå-
ðåäîâèùå R ³ ïàêåòè ôóíê ö³é Bioconductor ÷åðåç íà-
ÿâí³ñòü âåëèêî¿ ê³ëüêîñò³ àëãîðèòì³â äëÿ îáðîáêè
äàíèõ òà çàñîá³â â³çóàë³çàö³¿ ðåçóëüòàò³â (http://
www.lsw.uni-heidelberg.de/users/christlieb/teaching/
UKStaSS10/R-refman.pd) [12].

Àíàë³ç ïåðâèííèõ äàíèõ º îêðåìèì çàâäàííÿì,
ÿêå íàé÷àñò³øå âèêîíóþòü äëÿ çàìîâíèêà ñïåö³àë³-
çîâàí³ íàóêîâ³ ï³äðîçä³ëè. Âîíî ïî÷èíàºòüñÿ ç ìîìåí-
òó îòðèìàííÿ çîáðàæåííÿ ï³ñëÿ ñêàíóâàííÿ ì³êðî-
ìàñèâ³â. Ïåðøèì ³ ïðèíöèïîâèì åòàïîì º êîíòðîëü
ÿêîñò³, â ïðîöåñ³ ÿêîãî ñóìàðíî âèçíà÷àþòü ÿê³ñòü
ÐÍÊ, åôåêòèâí³ñòü ïðîâåäåííÿ çâîðîòíî¿ òðàíñ-
êðèïö³¿, òðàíñêðèïö³¿ in vitro ç óòâîðåííÿì êÐÍÊ ³ ¿¿
ã³áðèäèçàö³¿ ç ì³êðîìàñèâàìè, ñåðåäíþ ³íòåíñèâ-
í³ñòü ôîíîâîãî ñèãíàëó, à òàêîæ àðòåôàêòè ñàìèõ
ì³êðîìàñèâ³â. Íàñòóïíèì åòàïîì àíàë³çó ðåçóëüòà-
ò³â åêñïåðèìåíòó º ïîïåðåäíÿ îáðîáêà ³ íîðìàë³-
çàö³ÿ äàíèõ, äå êîðèãóºòüñÿ ôîíîâèé ñèãíàë, ÷èñëî-
â³ çíà÷åííÿ ³íòåíñèâíîñò³ çîíä³â çâîäÿòü äî ¿õíüîãî
ëîãàðèôìó ç îñíîâîþ 2, à òàêîæ ï³äñóìîâóþòü âå-
ëè÷èíè ³íòåíñèâíîñòåé ñèãíàëó ð³çíèõ çîíä³â ó íà-
áîð³ çîíä³â ïåâíîãî ãåíà òà îòðèìóþòü ºäèíó âåëè-
÷èíó – çíà÷åííÿ åêñïðåñ³¿ (http://bioconductor.org/
packages/2.12/bioc/manuals/simpleaffy/man/simpleaf
fy.pdf). Ìåòîþ íîðìàë³çàö³¿ º êîðåêö³ÿ ñèñòåìàòè÷-
íèõ âàð³àö³é, ùî ìîæóòü âèíèêàòè âíàñë³äîê ïîõè-
áîê ï³ïåòóâàííÿ, ð³çíî¿ åôåêòèâíîñò³ ôåðìåíòàòèâ-
íèõ ðåàêö³é ïðè ï³äãîòîâö³ çðàçê³â àáî ð³çíî¿ åôåê-
òèâíîñò³ ã³áðèäèçàö³¿ ç ì³êðîìàñèâàìè. Ï³ñëÿ ïðî-
õîäæåííÿ êîíòðîëþ ÿêîñò³ äàíèõ òà âñ³õ åòàï³â ïî-
ïåðåäíüî¿ îáðîáêè ³ íîðìàë³çàö³¿ âîíè º ïðèäàòíè-
ìè äëÿ ñòàòèñòè÷íîãî àíàë³çó ³ âèçíà÷åííÿ äèôå-
ðåíö³éíî åêñïðåñîâàíèõ ãåí³â.

Ó ö³é ðîáîò³ íàìè ïîåòàïíî ïðîàíàë³çîâàíî ðå-
çóëüòàòè ì³êðîìàñèâ-åêñïåðèìåíòó ³ç âïëèâó ³íòåð-
ôåðîíó àëüôà (²ÔÍ�) íà òðàñêðèïòîì ïåðâèííèõ
ãåïàòîöèò³â ùóðà, êóëüòèâîâàíèõ ç öèòîê³íîì óïðî-
äîâæ 3 ³ 6 ãîä, ³ âèçíà÷åíî â³äïîâ³äí³ñòü àáî íå-
â³äïîâ³äí³ñòü êðèòåð³¿â îö³íêè ðåçóëüòàò³â åêñïå-
ðèìåíòó çàãàëüíîïðèéíÿòèì çíà÷åííÿì. Äëÿ îáðà-

õóíêó ðåçóëüòàò³â âèêîðèñòàíî ñòàòèñòè÷íå ñåðåäî-
âèùå R ³ ïàêåòè ôóíêö³é Bioconductor òà âèÿâëåíî
28 ³ 124 äèôåðåíö³éíî åêñïðåñîâàíèõ ãåíè â³äïî-
â³äíî ï³ñëÿ 3 ³ 6 ãîä êóëüòèâóâàííÿ ç ²ÔÍ�. Íàâå-
äåí³ â ïðåäñòàâëåí³é ðîáîò³ R-êîäè ìîæóòü áóòè çà-
ñòîñîâàí³ ³íøèìè äîñë³äíèêàìè äëÿ àíàë³çó âëàñíèõ
åêñïåðèìåíò³â àáî äàíèõ ç äîñòóïíèõ ðåïîçèòîð³¿â
(Gene Expression Omnibus, Array Expression) [13].

Ìàòåð³àëè ³ ìåòîäè. Ïåðâèíí³ ãåïàòîöèòè ùó-
ðà êóëüòèâóâàëè â ñåðåäîâèù³ Williams E ïðîòÿãîì
3 ³ 6 ãîä çà ïðèñóòíîñò³ ²ÔÍ� (250 Îä/ìë) ³ áåç íüî-
ãî. Ïî çàê³í÷åíí³ êóëüòèâóâàííÿ ç êë³òèí âèä³ëÿëè
òîòàëüíó ÐÍÊ ³ ã³áðèäèçóâàëè ç îë³ãîíóêëåîòèäíè-
ìè ì³êðîìàñèâàìè ùóðà (Affymetrix Rat Genome
2302). Åêñïåðèìåíò ïðîâîäèëè â òðüîõ á³îëî³ã÷íèõ
ïîâòîðàõ. Ðåçóëüòàòè åêñïåðèìåíòó îòðèìàíî ó âèã-
ëÿä³ 12 CEL-ôàéë³â (ïîçíà÷åí³ ÿê 1.CEL–12.CEL), ç
íèõ ø³ñòü ôàéë³â ï³ñëÿ 3 ãîä ³íêóáàö³¿ ç ²ÔÍ� ³
ø³ñòü – ï³ñëÿ 6 ãîä ³íêóáàö³¿ áåç íüîãî. Óñ³ ïðîöåäó-
ðè ïðîâåäåíî çà ñòàíäàðòíèìè ìåòîäèêàìè (âèä³-
ëåííÿ êë³òèí, òîòàëüíî¿ ÐÍÊ) çã³äíî ç ðåêîìåíäà-
ö³ÿìè âèðîáíèêà Àffymetrix (http://www.ucdmc.uc
davis.edu/medmicro/pdfs/desktopgenechipexpression
manual.pdf). CEL-ôàéëè äîñòóïí³ ó áàç³ äàíèõ GEO
ï³ä íîìåðîì GSE43723.

Êîíòðîëü ÿêîñò³ ³ ïîïåðåäíþ îáðîáêó çä³éñíþ-
âàëè â ñòàòèñòè÷íîìó ñåðåäîâèù³ R ç âèêîðèñòàí-
íÿì ïàêåò³â ôóíêö³é Bioconductor. ßê³ñòü ïåðåâ³ðÿ-
ëè çà äîïîìîãîþ ïàêåòó simpleaffy òà affyPLM (http://
bioconductor.org/packages/2.12/bioc/manuals/simple
affy/man/simpleaffy.pdf][http://www.bioconductor.org/
packages/2.11/bioc/vignettes/affyPLM/inst/doc/Quality
Assess.pdf) ³ âèêîðèñòîâóâàëè ôóíêö³¿ «image», «RLE»,
«NUSE» ó âèãëÿä³:

>pset=firPLM(data.raw) – äå data.raw – öå îá’ºêò
AffyBatch (çàâàíòàæåí³ äàí³ ì³êðîìàñèâ³â); >image
(pset) – äëÿ ñòâîðåííÿ ïñåâäîçîáðàæåííÿ ì³êðîìà-
ñèâ³â; >RLE(pset) ³ >NUSE(pset) – äëÿ ïîáóäîâè ä³à-
ãðàì ðîçïîä³ë³â â³äïîâ³äíî â³äíîñíîãî ëîãàðèôìó
åêñïðåñ³¿ òà íîðìàë³çîâàíî¿ ñòàíäàðòíî¿ ïîõèáêè.

Ñåðåäí³é ôîíîâèé ñèãíàë, ÿê³ñòü êÐÍÊ, ôàêòîð
íîðìàë³çàö³¿ òà åôåêòèâí³ñòü ã³áðèäèçàö³¿ âèçíà÷à-
ëè ³ç çàñòîñóâàííÿì ôóíêö³¿ qc ïàêåòó simpleaffy:

>qc(data.raw); >plot(qc(data.raw)) – äëÿ îäåðæàí-
íÿ ãðàô³÷íîãî â³äîáðàæåííÿ ðåçóëüòàò³â êîíòðîëþ
ÿêîñò³.
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Ïîïåðåäíþ îáðîáêó ðåçóëüòàò³â ³ íîðìàë³çàö³þ
çä³éñíþâàëè, âèêîðèñòîâóþ÷è ôóíêö³¿ ç ïàêåòó affy
(http://www.bioconductor.org/packages/release/bioc/
manuals/affy/man/affy.pdf). Íîðìàë³çàö³þ ïðîâîäè-
ëè ó äâà åòàïè: íà ïåðøîìó – ì³æ ÷îòèðìà ãðóïàìè
ðåçóëüòàò³â – ³ç êóëüòèâóâàííÿ ãåïàòîöèò³â ïðîòÿ-
ãîì 3 ãîä ç ²ÔÍ� ³ áåç íüîãî òà â³äïîâ³äíî âïðîäîâæ
6 ãîä; íà äðóãîìó – ì³æ óñ³ìà 12 ì³êðîìàñèâàìè.
Ïðè öüîìó çàñòîñîâàíî êîìàíäè:

>data.bgcorrected=bg.correct.rma(data.raw) – äëÿ
êîðåêö³¿ ôîíîâîãî ñèãíàëó â óñ³õ ì³êðîìàñèâàõ. Íà-
ñòóïí³ ÷îòèðè êîìàíäè íîðìàë³çóþòü îêðåìî êîæ-
íó ç ÷îòèðüîõ åêñïåðèìåíòàëüíèõ ãðóï çà ìåòîäîì
«quantile» (÷³ïè 1, 3, 5 – ²ÔÍ�, 3 ãîä êóëüòèâóâàííÿ;
2, 4, 6 – 3 ãîä êóëüòèâóâàííÿ áåç ²ÔÍ�; 7, 9, 11 –
²ÔÍ�, 6 ãîä êóëüòèâóâàííÿ; 8, 10, 12 – 6 ãîä êóëüòè-
âóâàííÿ áåç ²ÔÍ�):

>data.normalized.135=normalize(data.bgcorrecte
d[,c(1,3,5)], method=«quantiles»);

>data.normalized.246=normalize(data.bgcorrecte
d[,c(2,4,6)], method=«quantiles»);

>data.normalized.7911=normalize(data.bgcorrect
ed[,c(7,9,11)], method=«quantiles»);

>data.normalized.81012=normalize(data.bgcorrec
ted[,c(8,10,12)], method=«quantiles»).

Ï³ñëÿ íîðìàë³çàö³¿ äàí³ ì³êðîìàñèâ³â êîæíî¿ ç
åêñïåðèìåíòàëüíèõ ãðóï ïîñòàä³éíî «çëèâàëè» â
îäèí îá’ºêò «data.normalized» çà äîïîìîãîþ íàñòóï-
íèõ òðüîõ êîìàíä:

>data.normalized.7911_81012=merge.AffyBatch(
data.normalized.7911, data.normalized.81012);

>data.normalized.135_246=merge.AffyBatch(dat
a.normalized.135, data.normalized.246);

>data.normalized=merge.AffyBatch(data.normali
zed.135_246, data.normalized.7911_81012).

Ô³íàëüíó íîðìàë³çàö³þ çä³éñíþâàëè ì³æ óñ³ìà
ì³êðîìàñèâàì, çàñòîñîâóþ÷è ôóíêö³þ «expresso»,
äå: data.normalized – äàí³, íîðìàë³çîâàí³ íà ïîïåðåä-
í³õ åòàïàõ; bgcorrect.method=«rma» – ïàðàìåòð, ùî
âèçíà÷àº ìåòîä, çà ÿêèì êîðèãóâàëè ôîíîâèé ñèã-
íàë («rma»); normalize.method=«quantile» – âèçíà÷àº
ìåòîä, çà ÿêèì íîðìàë³çóâàëè äàí³; pmcorrect. me
thod=«pmonly» – ïàðàìåòð, çà äîïîìîãîþ ÿêîãî îá-
÷èñëåííÿ âèêîíóþòü ëèøå íàä çîíäàìè, ïîâí³ñòþ
êîìïëåìåíòàðíèìè ö³ëüîâ³é êÐÍÊ (perfect match);
summary.method=«medianpolish» – ïàðàìåòð, ùî âè-

çíà÷àº ìåòîä, çà ÿêèì ï³äñóìîâóþòü äàí³ â íàáîð³
çîíä³â äî ºäèíîãî çíà÷åííÿ åêñïðåñ³¿ ãåí³â.

>eset.medianpolish=expresso(data.normalized; bg
correct.method=«none»; normalize.method=«quanti
les»; pmcorrect.method=«pmonly»; summary.method=
«medianpolish»).

Ïðè çàñòîñóâàíí³ ö³º¿ êîìàíäè ñòâîðåíî îá’ºêò
«eset.medianpolish», ùî ì³ñòèòü íîðìàë³çîâàí³, ëî-
ãàðèôìîâàí³ ³ ñóìàðí³ çíà÷åííÿ åêñïðåñ³¿. Äëÿ ïî-
ð³âíÿííÿ äàíèõ äî ³ ï³ñëÿ íîðìàë³çàö³¿ âèêîðèñòàíî
êîìàíäè >boxplot(data.raw); >boxplot(exprs(eset. me
dianpolish)), çà ÿêèìè âèâîäÿòü ä³àãðàìè ðîçïîä³ëó
³íòåíñèâíîñòåé ñèãíàëó. Çíà÷åííÿ åêñïðåñ³¿ çáåðå-
æåíî â òåêñòîâèé ôàéë çà äîïîìîãîþ ôóíêö³¿ >wri
te.exprs(eset.medianpolish, file=«data.mpolish. txt»),
ùî ñòâîðþº òåêñòîâèé ôàéë «data.mpolish.txt» ó ðî-
áî÷³é äèðåêòîð³¿.

Äëÿ ñòàòèñòè÷íî¿ îáðîáêè ³ âèçíà÷åííÿ äèôå-
ðåíö³éíî åêñïðåñîâàíèõ ãåí³â ìè âèêîðèñòàëè ïðî-
ãðàìó BRB Array Tools [14], ÿêó âñòàíîâëþþòü ÿê
äîäàòîê äî Microsoft Excel ç ãðàô³÷íèì ³íòåðôåé-
ñîì. Äèôåðåíö³éíó åêñïðåñ³þ âèÿâëÿëè çà äîïîìî-
ãîþ ïàðíîãî Ò-òåñòó. Äèôåðåíö³éíî åêñïðåñîâàíè-
ìè ãåíàìè ââàæàëè òàê³, åêñïðåñ³ÿ ÿêèõ çì³íþâàëà-
ñÿ ùîíàéìåíøå â äâà ðàçè â³äíîñíî êîíòðîëüíî¿
ãðóïè ç³ ñòàòèñòè÷íîþ â³ðîã³äí³ñòþ ð � 0,005.

Ðåçóëüòàòè ³ îáãîâîðåííÿ. ßê³ñòü ì³êðîìàñè-
â³â ìîæíà îö³íþâàòè ÿê äî, òàê ³ ï³ñëÿ íîðìàë³çàö³¿.
Äî íîðìàë³çàö³¿ ìè ïåðåâ³ðèëè, ÷è íåìàº íà ì³êðî-
ìàñèâàõ àðòåôàêò³â, òîáòî ïëÿì, ïîäðÿïèí, à òàêîæ
÷è ð³âíîì³ðíî ðîçïîä³ëåí³ ñèãíàëè ïî ì³êðîìàñèâàõ.
²ç ïñåâäîçîáðàæåíü ì³êðîìàñèâ³â, îòðèìàíèõ çà äî-
ïîìîãîþ ôóíêö³¿ «image» ïàêåòó affyPLM, âèäíî,
ùî âñ³ ì³êðîìàñèâè â äàíîìó åêñïåðèìåíò³ ìàþòü
ð³âíîì³ðíèé ðîçïîä³ë ñèãíàë³â (ðèñ. 1). Íà ðèñ. 1 òà-
êîæ íàâåäåíî ïðèêëàä ïñåâäîçîáðàæåííÿ ì³êðîìà-
ñèâó (http://plmimagegallery.bmbolstad.com/Different
Sites/index.html), ÿêèé íà ñâî¿é ïîâåðõí³ ìàº àðòå-
ôàêòè ó âèãëÿä³ ïëÿì.

Âàð³àö³¿ ì³æ ì³êðîìàñèâàìè âèçíà÷àëè, âèêî-
ðèñòîâóþ÷è â³äíîñíèé ëîãàðèôì åêñïðåñ³¿ (Rela-
tive Log Expression, RLE) ³ íîðìàë³çîâàíó ñòàíäàðò-
íó ïîõèáêó (Normalized Unscaled Standard Error,
NUSE) ç ôóíêö³é ïàêåòó affyPLM. NUSE ðîçðàõî-
âóâàëè äëÿ êîæíîãî ãåíà íà âñ³õ ì³êðîìàñèâàõ ³
ñòàíäàðòèçóâàëè òàê, ùîá ìåä³àíà ñòàíäàðòíî¿ ïî-
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õèáêè äëÿ êîæíîãî ãåíà äîð³âíþâàëà îäèíèö³. RLE
îá÷èñëþâàëè òàêîæ äëÿ âñ³õ ãåí³â, ïîð³âíþþ÷è âå-
ëè÷èíè åêñïðåñ³¿ êîæíîãî ç íèõ íà êîæíîìó ì³êðî-
ìàñèâè ç ìåä³àíîþ âåëè÷èíè åêñïðåñ³¿ äëÿ öüîãî ãå-
íà íà âñ³õ ì³êðîìàñèâàõ.

Îñê³ëüêè ìè ïðèïóñòèëè, ùî á³ëüø³ñòü ãåí³â
åêñïðåñóþòüñÿ íà ñòàëîìó ð³âí³, òî çíà÷åííÿ NUSE
³ RLE ìàþòü íàáëèæàòèñÿ äî îäèíèö³ ³ íóëÿ â³äïî-
â³äíî, à â³äõèëåííÿ çà äàíèìè ïàðàìåòðàìè â ÿêî-
ìóñü êîíêðåòíîìó ì³êðîìàñèâ³ ìîæå ñâ³ä÷èòè ïðî
íèæ÷ó ÿê³ñòü äàíèõ, îòðèìàíèõ ç íüîãî (ðèñ. 2)
(http://www.bioconductor.org/packages/2.11/bioc/vig
nettes/affyPLM/inst/doc/QualityAssess. pdf). Ó íàøî-
ìó åêñïåðèìåíò³ ì³êðîìàñèâè 11.CEL ³ 8.CEL ìàþòü
òðîõè çá³ëüøåí³ çíà÷åííÿ NUSE, ùî ìîæå áóòè ïî-
â’ÿçàíå ç âèùîþ â³äíîñíî ðåøòè ì³êðîìàñèâ³â çà-
ãàëüíîþ ³íòåíñèâí³ñòþ ñèãíàë³â (ðèñ. 1). Ïðîòå òàê³
â³äõèëåííÿ çà äàíèìè ïîêàçíèêàìè íå º ñóòòºâèìè
÷åðåç òå, ùî ï³ñëÿ íîðìàë³çàö³¿ ïàðàìåòðè ÿêîñò³ ëå-
æàòü ó ìåæàõ íîðìè.

Ïàêåò simpleaffy äîçâîëÿº îö³íèòè ÿê³ñòü ÐÍÊ ³
ðåçóëüòàòè ã³áðèäèçàö³¿ çà ÷îòèðìà êðèòåð³ÿìè: ñå-
ðåäí³ì çíà÷åííÿì ôîíó; ôàêòîðîì íîðìàë³çàö³¿;
ê³ëüê³ñòþ çîíä³â íà ì³êðîìàñèâ³, ç ÿêèìè ã³áðèäè-
çóºòüñÿ êÐÍÊ; ñï³ââ³äíîøåííÿì ³íòåíñèâíîñòåé
ñèãíàë³â, îäåðæàíèõ âíàñë³äîê âçàºìîä³¿ 3'-ä³ëÿíîê

ÄÍÊ ãë³öåðàëüäåã³äôîñôàòäåã³äðîãåíàçè (ÃÀÔÄÃ)
³ �-àêòèíó, äî ³íòåíñèâíîñòåé ñèãíàë³â ó çîí³ 5'-ä³-
ëÿíîê öèõ ãåí³â (http://bioconductor.org/packages/2.
12/bioc/manuals/simpleaffy/man/simpleaffy.pdf).

Çíà÷åííÿ ôîíîâî¿ ³íòåíñèâíîñò³ âèðàæàþòü ó
áåçðîçì³ðíèõ âåëè÷èíàõ ³ âîíî çàçâè÷àé êîëèâàºòü-
ñÿ â ìåæàõ â³ä 20 äî 100. ßê âèäíî ç ðèñ. 3, äàí³ ÿêî-
ãî çãåíåðîâàíî ôóíêö³ºþ qc ïàêåòó simpleaffy, çíà-
÷åííÿ ³íòåíñèâíîñò³ ôîíó äëÿ âñ³õ åêñïåðèìåíò³â
çíàõîäèòüñÿ â ä³àïàçîí³ 53–66 (ðèñ. 3), ùî äåìîí-
ñòðóº ìàëèé ðîçêèä çà äàíèì ïîêàçíèêîì.

Ùîá íîðìàë³çóâàòè ³íòåíñèâíîñò³ ñèãíàë³â ì³æ
ð³çíèìè ÷³ïàìè, ÷àñò³øå ðîçðàõîâóþòü ñåðåäíº çíà-
÷åííÿ ñåðåäí³õ ³íòåíñèâíîñòåé ñèãíàë³â óñ³õ ÷³ï³â,
ÿê³ áóëè â åêñïåðèìåíò³, ³ äî öüîãî çíà÷åííÿ çâîäÿòü
ñåðåäí³ âåëè÷èíè ³íòåíñèâíîñò³ êîæíîãî ÷³ïà ÷åðåç
ñïåö³àëüíî îá÷èñëåíèé êîåô³ö³ºíò – ôàêòîð íîðìà-
ë³çàö³¿. Affymetrix ðåêîìåíäóº, ùîá çíà÷åííÿ ôàê-
òîðà íîðìàë³çàö³¿ íå ïåðåâèùóâàëî òðüîõ (ðèñ. 3).
Ðåçóëüòàò íîðìàë³çàö³¿ ìîæíà òàêîæ îòðèìàòè çà ð³ç-
íèöåþ ðîçïîä³ë³â ³íòåíñèâíîñòåé ñèãíàë³â ì³æ ì³ê-
ðîìàñèâàìè (ðèñ. 4) http://bioconductor.org/packa
ges/2.12/bioc/manuals/simpleaffy/man/simpleaffy.pdf.

Çà âåëè÷èíîþ ñï³ââ³äíîøåííÿ ³íòåíñèâíîñò³ ñèã-
íàë³â ç ïîâí³ñòþ êîìïëåìåíòàðíèõ (perfect match)
çîíä³â ³ êîíòðîëüíèõ çîíä³â ç îäíèì íåêîìïëåìåí-
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Ðèñ. 1. Ïñåâäîçîáðàæåííÿ ïðî-
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12; ÌÌÀ – ì³êðîìàñèâ ç àðòå-
ôàêòàìè ó âèãëÿä³ çîí ç ï³äâè-
ùåíîþ ³íòåíñèâí³ñòþ ñèãíàë³â
(ïëÿì) ó ð³çíèõ ÷àñòèíàõ ì³êðî-
ìàñèâó
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Ðèñ. 2. Ä³àãðàìè ðîçïîä³ëó íîð-
ìàë³çîâàíî¿ ñòàíäàðòíî¿ ïîõèá-
êè NUSE ³ â³äíîñíîãî ëîãàðèô-
ìó åêñïðåñ³¿ RLE; 1–12 – íîìå-
ðè ì³êðîìàñèâ³â



òàðíèì íóêëåîòèäîì (mismatch) îáèðàþòü îäíó ç
òðüîõ êàòåãîð³é ùîäî íàÿâíîñò³ ïåâíî¿ êÐÍÊ ó äî-
ñë³äæóâàíîìó ïðåïàðàò³ – «ïðèñóòíÿ» (P – present),
«â³äñóòíÿ» (A – absent) àáî «ïðèñóòí³ñòü äîñòåìåí-
íî íå âèçíà÷åíî» (M – marginal). Ê³ëüê³ñòü «ïðèñóò-
í³õ» êÐÍÊ â çðàçêó âèðàæàþòü ó â³äñîòêàõ ïî â³ä-
íîøåííþ äî çàãàëüíî¿ ê³ëüêîñò³ çîíä³â ³ âîíà íå ïî-
âèííà ñèëüíî âàð³þâàòè ì³æ ð³çíèìè ì³êðîìàñèâà-
ìè (http://bioconductor.org/packages/2.12/bioc/manu
als/simpleaffy/man/simpleaffy.pdf) [15]. Ó íàøîìó åêñ-

ïåðèìåíò³ ðîçêèä çà öèì ïîêàçíèêîì áóâ äîñèòü
ìàëèì ³ êîëèâàâñÿ â³ä 47,1 äî 49,45 % (ðèñ. 3).

Îêðåìèì åëåìåíòîì îö³íêè åôåêòèâíîñò³ ã³áðè-
äèçàö³¿ º âèçíà÷åííÿ ñï³ââ³äíîøåííÿ ³íòåíñèâíî-
ñòåé ñèãíàë³â äëÿ êîíòðîëüíèõ çðàçê³â âíåñåíî¿ ó
ã³áðèäèçàö³éíó ñóì³ø êÐÍÊ, ÿê³ ïîõîäÿòü ç ëîêóñ³â
BioB, BioC, BioD ³ Cre Escherichia coli. ÐÍÊ, ç÷èòà-
íó ç öèõ ëîêóñ³â, äîäàþòü äî ã³áðèäèçàö³éíó ñóì³ø³
ó çðîñòàþ÷³é êîíöåíòðàö³¿: ÐÍÊ BioB � ÐÍÊ Cre, à
ñàìå – â³ä 1,5 ïìîëü ÐÍÊ BioB äî 100 ïìîëü ÐÍÊ
Cre. Ã³áðèäèçàö³éíèé ñèãíàë ÐÍÊ BioB ç â³äïîâ³ä-
íèì çîíäîì ìàº áóòè «ïðèñóòí³ì» ó êîæíîìó çðàç-
êó. Ó òàêîìó ðàç³ ÷óòëèâ³ñòü ìåòîäó º îïòèìàëüíîþ.
Ó ðåçóëüòàò³ íàøîãî åêñïåðèìåíòó öåé ñèãíàë âèÿâ-
ëåíî íà âñ³õ ÷³ïàõ.

²ùå îäíå ñï³ââ³äíîøåííÿ âèêîðèñòîâóþòü äëÿ
îö³íêè ïîâíîòè ïîë³ìåðèçàö³¿ ïðè ñèíòåç³ êÄÍÊ ³
³íòàêòíîñò³ ìîëåêóë êÐÍÊ, òîáòî ñï³ââ³äíîøåííÿ
³íòåíñèâíîñò³ ñèãíàë³â â³ä ã³áðèäèçàö³¿ êÐÍÊ ç 3'- ³
5'-ä³ëÿíêàìè ÄÍÊ, ÿê³ êîäóþòü ÃÀÔÄÃ ³ �-àêòèí.
ÃÀÔÄÃ ìàº êîðîòøèé òðàíñêðèïò, í³æ �-àêòèí, òî-
ìó ìàêñèìàëüíî äîïóñòèìå ñï³ââ³äíîøåííÿ äëÿ
íüîãî äîð³âíþº îäèíèö³, à äëÿ �-àêòèíó – òðüîì
(http://bioconductor.org/packages/2.12/bioc/manuals/
simpleaffy/man/simpleaffy.pdf).

Óñ³ çíà÷åííÿ ñï³ââ³äíîøåííÿ ³íòåíñèâíîñòåé
ñèãíàë³â â³ä 3'- äî 5'-ä³ëÿíîê ãåí³â ÃÀÔÄÃ ³ �-àêòè-
íó íå ïåðåâèùèëè îäèíèö³, ùî ñâ³ä÷èòü ïðî õîðîøó
ÿê³ñòü ÐÍÊ òà âèñîêó åôåêòèâí³ñòü òðàíñêðèïö³¿ in

vitro äëÿ âñ³õ çðàçê³â (ðèñ. 3). Îòæå, îòðèìàí³ ðå-
çóëüòàòè çàñâ³ä÷óþòü ÿê³ñòü êÐÍÊ ³ ïðîâåäåíî¿ ðå-
àêö³¿ ã³áðèäèçàö³¿. Ïîïåðåäíÿ îáðîáêà ³ íîðìàë³-
çàö³ÿ äàíèõ â³äïîâ³äàþòü çàãàëüíîïðèéíÿòèì êðèòå-
ð³ÿì. Ö³ åòàïè ïåðåäóþòü ñòàòèñòè÷íîìó àíàë³çó ³
âèçíà÷åííþ äèôåðåíö³éíî åêñïðåñîâàíèõ ãåí³â.
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Ðèñ. 3. Ä³àãðàìà ïàðàìåòð³â êîíòðîëþ ÿêîñò³: 0 – ñï³ââ³äíîøåííÿ
³íòåíñèâíîñòåé ñèãíàëó 3'-ä³ëÿíêè äî 5'-ä³ëÿíêè ãåíà ãë³öåðàëüäå-
ã³äôîñôàòäåã³äðîãåíàçè (íå ìàº ïåðåâèùóâàòè îäèíèö³); � – ñï³â-
â³äíîøåííÿ ³íòåíñèâíîñòåé ñèãíàëó 3'-ä³ëÿíêè äî 5'-ä³ëÿíêè ãåíà
�-àêòèíó (íå ïîâèííå ïåðåâèùóâàòè òðüîõ); 	 – âåëè÷èíà ôàêòîðà
íîðìàë³çàö³¿ (ìàº ëåæàòè â ìåæàõ â³ä –3 äî 3); öèôðîâ³ çíà÷åííÿ ïî-
êàçàíî ó ñòîâï÷èêó çë³âà (ê³ëüê³ñòü «ïðèñóòí³õ ãåí³â», %), ï³ä íèìè –
ñåðåäíº çíà÷åííÿ ³íòåíñèâíîñò³ ôîíó. 1–12 – íîìåðè ì³êðîìàñèâ³â
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Ðèñ. 4. Ðîçïîä³ë ³íòåí-
ñèâíîñòåé ñèãíàëó äî
³ ï³ñëÿ íîðìàë³çàö³¿;
1–12 – íîìåðè ì³êðî-
ìàñèâ³â



Ï³ñëÿ çàñòîñóâàííÿ ïàðíîãî Ò-òåñòó çíàéäåíî
32 äèôåðåíö³éíî åêñïðåñîâàíèõ ãåíè ï³ñëÿ 3 ãîä ³
147 ãåí³â – ï³ñëÿ 6 ãîä êóëüòèâóâàííÿ ãåïàòîöèò³â ç
²ÔÍ�, ùî â³äïîâ³äàº çàäàíèì êðèòåð³ÿì (p < 0,005,
çì³íà åêñïðåñ³¿ á³ëüø í³æ ó äâà ðàçè). Îñê³ëüêè íà
ì³êðîìàñèâàõ Affymetrix îäíîìó ãåíó ìîæóòü â³ä-
ïîâ³äàòè äåê³ëüêà çîíä³â, òî ñåðåä âèùåçàçíà÷åíèõ
ãåí³â âèÿâëåíî â³äïîâ³äíî 28 òà 124 íåïîâòîðþâà-
íèõ (óí³êàëüíèõ) ãåíè. Àíàë³ç â³äãóêó ïåðâèííèõ
ãåïàòîöèò³â íà ä³þ ²ÔÍ� º ïðåäìåòîì îêðåìîãî äî-
ñë³äæåííÿ.
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Evaluation criteria of rat hepatocytes transcriptome analysis under the

influence of interferon alpha by DNA microarray
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Summary

The changes induced in transcriptome of rat hepatocytes treated with

interferon alpha (IFN�) during three and six hours were analyzed by

DNA microarray. Aim. To conduct a stepwise analysis of the results of

microarray experiment and to determine whether they meet/fail to the

conventional requirements. Methods. The files obtained after scan-

ning microarrays were subjected to the analysis in statistical environ-

ment R by Bioconductor’s packages «affy», «simpleaffy», «affyPLM»

and BRB Array Tools software for paired T-test. Results. All micro-

arrays had quality metrics lying within recommended ranges, passed

quality control, were normalized and are comparable with each other.

The T-test revealed 28 and 124 differentially expressed genes after

three and six hours of cells cultivation with IFN� , respectively. Con-

clusions. The obtained data meet the conventional criteria of quality

and are applicable for further evaluation of their biological signi-

ficance. The R-codes used in this study can be used for the analysis of

the microarrays data.

Keywords: DNA microarrays, interferon alpha, statistical environ-

ment R, Bioconductor, normalization.

À. Â. Êóêëèí, Á. Ò. Òîêîâåíêî, Ì. Þ. Îáîëåíñêàÿ

Êðèòåðèè îöåíêè ðåçóëüòàòîâ ìèêðîìàññèâ-ýêñïåðèìåíòà ïðè

èññëåäîâàíèè òðàíñêðèïòîìà ãåïàòîöèòîâ êðûñû ïîä

âëèÿíèåì èíòåðôåðîíà àëüôà

Ðåçþìå

Òðàíñêðèïòîì ïåðâè÷íûõ ãåïàòîöèòîâ êðûñû, êóëüòèâèðîâàí-

íûõ ñ èíòåðôåðîíà àëüôà (ÈÔÍ�) â òå÷åíèå òðåõ è øåñòè ÷àñîâ,

èññëåäîâàëè ñ ïðèâëå÷åíèåì îëèãîíóêëåîòèäíûõ ìèêðîìàññèâîâ.

Öåëü. Ïîýòàïíûé àíàëèç ðåçóëüòàòîâ ìèêðîìàññèâ-ýêñïåðèìåí-

òà è îïðåäåëåíèå ñîîòâåòñòâèÿ èëè íåñîîòâåòñòâèÿ êðèòåðèåâ

îöåíêè ðåçóëüòàòîâ îáùåïðèíÿòûì çíà÷åíèÿì. Ìåòîäû. Àíàëèç

îñóùåñòâëÿëè íà ôàéëàõ, ïîëó÷åííûõ ïîñëå ñêàíèðîâàíèÿ ìèêðî-

ìàññèâîâ, ñ èñïîëüçîâàíèåì ñòàòèñòè÷åñêîé ñðåäû R, ïàêåòîâ

ôóíêöèé Bioconductor «affy», «simpleaf- fy», «affyPLM» è ïðîãðàì-

ìû BRB Array Tools ñ ïðèìåíåíèåì ïàðíîãî Ò-òåñòà. Ðåçóëüòà-

òû. Âñå ìèêðîìàññèâû ïðîøëè êîíòðîëü êà÷åñòâà, íîðìàëèçîâà-

íû è ñðàâíèìû ìåæäó ñîáîé. Ïî ðåçóëüòàòàì Ò-òåñòà íàéäåíû

28 è 124 äèôôåðåíöèàëüíî ýêñïðåññèðîâàíûõ ãåíà ñîîòâåòñò-

âåííî ïîñëå òðåõ è øåñòè ÷àñîâ êóëüòèâèðîâàíèÿ êëåòîê ñ

ÈÔÍ�. Âûâîäû. Ïîëó÷åííûå äàííûå îòâå÷àþò îáùåïðèíÿòûì

êðèòåðèÿì êà÷åñòâà è ïðèãîäíû äëÿ äàëüíåéøåãî îïðåäåëåíèÿ èõ

áèîëîãè÷åñêîãî çíà÷åíèÿ. Èñïîëüçîâàííûå â ðàáîòå R-êîäû ìîæ-

íî ïðèìåíÿòü äëÿ îáðàáîòêè ðåçóëüòàòîâ ìèêðîìàññèâ-ýêñïåðè-

ìåíòîâ.

Êëþ÷åâûå ñëîâà: ìèêðîìàcñèâû ÄÍÊ, èíòåðôåðîí àëüôà,

ñòàòèñòè÷åñêàÿ ñðåäà R, Bioconductor, íîðìàëèçàöèÿ.
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