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Constructing Gene Regulatory Networks
using Frequent Gene Expression Pattern and Chain Rules

Heon Gyu Lee' - Keun Ho Ryu™ - Doo Young Joung™

ABSTRACT

Groups of genes control the functioning of a cell by complex interactions. Such interactions of gene groups are called Gene Regulatory
Networks(GRNs). Two previous data mining approaches, clustering and classification, have been used to analyze gene expression data.
Though these mining tools are useful for determining membership of genes by homology, they don't identify the regulatory relationships
among genes found in the same class of molecular actions. Furthermore, we need to understand the mechanism of how genes relate and
how they regulate one another. In order to detect regulatory relationships among genes from time-series Microarray data, we propose a
novel approach using frequent pattern mining and chain rules. In this approach, we propose a method for transforming gene expression
data to make suitable for frequent pattern mining, and gene expression patterns are detected by applying the FP-growth algorithm. Next,
we construct a gene regulatory network from frequent gene patterns using chain rules. Finally, we validate our proposed method through

our experimental results, which are consistent with published results.

Key Words : Gene Regulatory Network, Frequent Pattern Mining, Chain Rules, Gene Interaction
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Input: (1) Expression data set D ; (2) minimum support ]V[msup.
Output: FP-tree corresponding to and satisfying Min,,, .

1) Scan D once and collect the set of frequent items F and their

supports.

2) Sort F in support descending order as L, the list of frequent
items.

3) If several items have the same support, and their names are
numbers,

sort the items in ascending order of their names.
4) Create the root R of a new FP-tree and label it as “null”.
5) Create frequent-item header table with | F | entries. Set all

head of
node-link pointers to #ull.

6) for each transaction data d €D do // Read D the second
time.

7) Select only frequent items of d into a record P ;

8) Sort P in the order of L;

9) Call insert_tree (P, ¢y, R) ;

10) end for

il

(712! 5) FP-tree 74 2]

Procedure insert_tree (P, ¢, R);

1) Let P=[p |Pp] where p is the first element of P, and Pp is the
remaining list.

2) if R has a child N such that N.item_name=p then

3) N.count = N.count +1;

4) else {

5) create a new node N;

6) N.count =1; N.item_name = p;

8) N.parent = R; N.node-link = H (p ).head;
9) H(p).head = N;

10) }

11)  Hp).count = H(p).count +1;

)
12) if Pp = ¢ then
) Call insert__tree(Pp, ¢ N) recursively.

(32! 6) insert__tree() ZEA|X]
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TID Transaction (Genes) Inserted Patterns

1 {91 9 930 94} {930 9291}

2 {00 92 95} {93 92091}

3 {92793795} {93792’95}

4 {9 95 96} {9595}

5 {91:92 950 95} {93+ 92 91, 95}
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o A Count (p,) X< ... < Count {p,)
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2(1)

YERLG0W Up YDR2LIC Up YILIZLC Up !
{ YBRIGOW Up ¥ILL31C Up YILLSLC Up
| YDLOS6V_Bown VKL203C Down YDR30SC_Up  YILIZAC_Up
| YDR363W_Dowm YTLI3IC Down YDR3USC Up VILASIC_Up
YBRI60W Up  YIEL31C_Down THLOGEC Dowm YDRZLZE_Up
YIL131C Up YDRIDIC_Up YILI3LC Up YHLOSSC Up
YIL131C Up YHLOSSC_Up YILISLE Up VHLOGSC_Up
YKLLOAW Dowm  YBRIGOW Up YILI3IC Down YNLOSSC_Dowm
YHL203C Pown  YNLOGSC Up YDRIDIC_Up YHLOSBC Up
YBRLSOU Up YWLOGGC_Down YDRS03C_Up  YILIZIC Up
TRLI0IV Don YWLOGGC Down YDR30IC_Up YILLSIC_Up
TRL203C_Dowm  YOL113W_Down YBRLGOV Up  YOLLLZN_Up
YKL203C_Dovn  YOLLISW Dovm  YKEZ03C_Dewn  YHLOGBC_Up
YRLZ0SC Do YOLAL3W Down  YDR3OIC Up  THLO6EC Up
YOLLL3Y Down  YALL39C Down YBRIGOW Up YOLLLSW Up
FOLLLZY_Down  YOL136C Pown UDRSDIC Up  YWLOBEC Up
YBRLGOW Up YILISIC Down YDRGOSC_Up YVILLILC_Up
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Input: a set FP of frequent patterns.
Output: a subset FF, €FF containing non-redundant patterns

1) create a root of CP-tree;
2) for each pattern p=FP do

3) if there is no sub pattern p,,, of p s.t.
PUp,,,) > PCp) then
4) if there are super patterns p,,,. of p st.

PAp,,,,) <PCp) then

5) delete all p_,.;
6) insert p into tree;
7) end for
8) Traverse tree and insert all patterns into FPP.
(0% 9) 2EHE B8 @uals
CE 3 ik m{EHzt PC of

p—id Frequent Pattern PC Measure

1 Dy Dys Dgs Dys Dy 0.70

2 Pos P35 Py g 0.60

3 Dy> D3> Dy» Dy» Dg 0.40

4 D1> Py Pgr Py 0.60

5 Dys D3y g 0.65

6 Dys Pgy Dys s 0.80
dg S0 (29 99 dxHF F3 A3 ZE WL A

Bo] <¥ 33 RO & AL, CPtreed] TAI 35 o
[

Blo] AA AL i3 2ok

p-id 11 A WA Py :{p1,132,p3,p47p7}7]' Axom B
AAE (2 10 o F WA p, 7t Egel AUETh
p, = p BE 2R PCEES 7HAY p o] HE #¥(sub sequence

O

(a) inserting the first p,  (b) inserting the second p,
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(=

5
=
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(d) inserting the fifth p,

(g 10) HE &HE

pattern)o| B2 AASA] gertiad 10h). Al " p=
{(py 030 0y 0 )= 2, ¥ PCEEl & 39| (super sequence
pattern)©1th. WEHA p= T8 dEe] R EF]d A4y
Ha Eata AAEY pe WS "B (p)d 98 AA
H2 gorz A WA Hdd FAFE(prefix)E FH3t
Ed AdEva® 100c). (2™ 10(ds p,7t A4S
m, oln] Egel] Ad¥el g p,& AAINH p 7t ELY
AFAehe A4S vehdt (pE p,RT =& PCHE 7}
o p, o & AAL gz Ay #E, p,
& AAGD) # A Y pol B A= A wA
pE EFAA AALHIY 10)e). AEHLE, Folde
b4 ko] BAMH HEER Y 37| HE 7RIt

rlo

.

M o 5

2
&
O}(‘I o
>
1L

O

EE dele Jy FPet A4 rHE o doto] MESA
TFEE R olm HEHE HREL FHetunA dh=
A4 Jgel Fi o sddse] "ok Y HHES o8
FAA NEYAY] 4L d He] HEH HEHZ B
d2o] FAvE | o FelMe old AddE FHEEY A
o9} ¥ FP Y H¥oz FEY 44 1Hs 487
ZA & 2AE ey

[ 6] =7%8-5(conditional probability), 2¥EE (jeint
probability): Xet Y ¥ A9 Abddel o), Ak Y7 dojy
Zgo] olm A=A 9L Aol ALA X7F dojd BES

(e) inserting the last p

PEEE|Q| CP-tree T4 HH
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A3 PLYP(Y)
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N
B
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X
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©

[l 613 [ 71l Qald $A7 dolHERE e
g % gk WA ez
G

TS Az} =R :{91’927“'7971}01 ‘71\‘01

Avd, E PG =Pl g -ng,)e ANE s FAA4

Heled] womA d4 752 HEste FAHoAT

A7 FAdA HHL2 3280 FHEARE] AAE w&
I3

3
A SR g ol

(A 8 <A F(product approximation): [ 719 <A
TEE o] &3t FHAES FE Pl gy g, AR T
TAHapproximation) &2 FAE £ JTHI5l 4 2AME
EAEY i AZ b2 274 59 7PEE U,
9195 9 90> FEY] Plg,, g,) » Plgg,glg,) TEE
90,9,) © Plg,lgy) o Plg,lg),g,) 22 AL, o] v & 3
S A F(product approximation)e]di dHch

54 ZAMEY e wid gjglo

=
=

3L
B

N on e

i

o} 71A, &+ F
stk g 59 &89 wol Plg.g) - Plopala)d 4%
=

o Zabe ARE AE (g0} (e e EFG

.

Aol FolAw, 1 He] THE BE 99 fE Fa
EZo] PAHY, [ 8lo <A HFo2X I fHA UE
Az 2o 58 AUz s IAES Adg £ 9t

Ne£¢) AA (border), B BE= #& o
TS AT FAAEY A, G={g,9, 9,19 FE I
: A He gl £AFH, 2 A= AG)%

Im
:(ig
3%

B={pEFPlpC G} 25

[ |

cﬂ% "é_o'] 57}';(]‘0/] G= {91792793794795} —%—78_1]— @‘%1—0}] q’]

@ A AL B A4S, AL BE s Agony

B Gl g <Ak A9 ZAB) 74 249 13
b

Frequent patterns for genes

18> 211281 {81, 8415 181, 853
182,853, 1825851: 1850843, {84, &5}
{gngz:gi}’ {g1>g43g5}

Select approximations(patterns)

|

{2,285}, {2584}
181,82:8:1, 181,84, 85}

Border list

(38 1) ZAI(B) 2l2Ee 34 of

AAH™, 1% P &8 PE)dd W9 BE 7hed 24
e TS Hdl Be e A& v I¥ 11
9] 73 74} IIH%‘%(B: {{92795}, {937 94}’ {gl’ Ga» 93}7 {917 Gy 95}}’%
18810 G={g, 0 9y 9 g5} AT TH5B TA FG T
Yok H9l A% e,

@ {9193 93} {91 94 95} = (915 99 63) = Play 9519,)
@ {91 94 95} {92 95 } {93 94 }=
Plgy, 945 95) = Plgylg;) « Plgylg,)
@ {92 95} {9 9. 1> {01 900 95} =
Plgys g5) « Plgg, 94) » Playlgy g5)
@ {999 95} {920 95} {0 01} =
Plgy, 05:95) © Plgglg,) « Plglg,)

(909,190 22 old F S-o] wp HERA (g, )&
oln] Zgela glorz HedE ¢ vh I Q) @ BF
2o i Fess ARgatn o), JEESe A8 A
7 E7] i ME g A 7 L o] &3 2A §&
TAGY HFHoZ G UF 2H YEYR AL 99
47HA Al gk A4l FHE Haste st Aol g5
(maximal probahility)& 7FA& T%E AdslA dArt 19
o] WHE Pdedhnaive) T4 AFolmz ZAL Fo 7
45 9T B Wd A4 HE gof A9 [ 1019



16 ZEMeIgsl=aAl D XM14-DE M1E5(2007.2)
CE 5 ZA =2 74 of
Covered Selected Preduct approximation Border list
pattern pattern using Chain rule patterns
< g {96 990 911 1> {90 911 1> 490 911 {922 95}
{917911} {917911} Plg;, g11) {967997911}7 {927911}7 {92796}
{917927911} {927911} P(gl,g“)P(gz|gn) {967997911}7 {9279'6}
{91: 95 9 911} {95 95} Plgy, 91, ) Pgy g, ) Plyglg,) {96 99 911}
{91 92 95 99 911} {960 900 911} Plgy, g1,)P(g,1 9, ) Plggl g) Plgg | g0 0,,) o
A G=1{g,, 9 g, }o0 T, W1 HR=] A A border), NextCS{covered, B);
Be RE g2EE [AY bl HH FHEPCON W W
PAeos g, 1Y dg A% Be PCRE HE B~ 19 B Alp-aered > 1)
L AFoR A ARHoa ZAL F& FAF 7k retumn B &L such that for all other BEL
Gol TaHE 2 ALEY 1EL cot T A G2 b pem) > o) o
N FHE Ao @ = gm duaEe 17 129 A 2) PC(B)=POC(B) andlength (B;) < length(B,) or
230 g@ ZEAAE 1 39 20 ) Pfiilch(B;‘;;ft’(m,,lqth(m
(e 10] 4 9 74L& A Hd pof A9 -3 (J213) p M 72 Z2AIM
rule 1+ [p—cov| > 1 rule 2 PCp) > PC) 42 A FEoRRE ol RMA =H A5 YEYT 75
rule 3. length(p) < length(p') rule 4. Ip—cov| < |p'—covl 4149 ZAF Fo] W AA BAEV AREW fAE
] 2~3 FFFAA e p’ Bl pE AET 9 & HUEERH ZEA(regulator) BE AEE F 9
714 4 12 AgEod He pt weal ool A T UESZ FAe AT FAA JE = {900 05 900 01}
98 sgo] THHA 2e st ol Mg FEHA o FOAAL (29 129 (27 199 dueAE A F
Me T AL GuE0 olAL 94 FAA 24§ A9E A Bl 0@ AaE 24 Fo) FoHE ASE
o §EAL BAAT. 74 20 B2 $URE ANE pE <E DT
SABTE ofnjolal, 22 SHEE zke HYud Feds A G=1{9,, 95 95 90 9, }1 S, A THHel o =4
HE o] dol7l g AL AgstA ek 5, 4 3L 2AF 2pe] Aol g 7)E Ee ged 2o o £l <&
B TN AHFEolAE Age) £F A A4 B oo 24 B TN A6 T+ AL,
oo s e R 1E 4E deolsle HEE § ool xdH
A Be BB 47 Ha9 pE SABGE oo, FOTFEa TG R TG G e

D
)

= W N

a1

)
)
)
)

>

X = 3

Input: the final set of FS containing non-redundant pattern p,
a set of genes, G.
Output: border list B and a value of P(T).

B={peFSlpc G};
covered = &; numerator = &; denominator = J;
for (=1 ; covered C G ; i++) do

B, = NextCS(covered, B);

numerator = numerator UB,;

denominator = denominator U {B N covered} ;

covered = covered UB;

end for
Output B, set of denominator and probability:

Hp)
P( G) — p C vmerator —
Plg)

¢ C denominator

(2g12) 2

Regulators

05’7]}‘-1 gu’ggvﬁ]ﬁolqﬁ
= 5 @A z9Ad dE 7

e oA mads AMelt,

9o NG11
P(gz‘gu) :P{g—):P(gn‘)‘%)'
1

1

AN
Plgglgy) :P(gzgfs = Plgs—g,), A(7)

95/\Gg N1
Plgylgs g ):P(——
9195 S11 YR

AR

P(ggv 911 gg)

FHA, Plg,—g)E AL g ol EEI FE] dellA
g7t AT guleli, F g, 7 9,9 activatorghE A
S gttt Plgg, g,00) 2 g5 91,0 FEA g5 AT
= 24x49g ovgtt olHg Wyoew sto] iy 149
Zvol AA AR AY HE §HAAEL g 2AR &
L 7 F 9n 2 AMEYAE FET F Ak



dZ o] DNA damage repair 9t #del= F44
At G={RAD9 , RAD17, RAD24, RAD53, POL2, DUNI,

CRT1, TUPI, RNR2, RNR3, RNR4}o] Fo]d A< A3
e 28 dEYAE (27 150t (18 1By 4
A RADS3E DNA repair ZZA|~9] Fa3 284 F9
shibe][16] RNR2, RNR3, RNR4 F#AHE-2 DNA 4
2 5o #dE FAAEC]™ DNA repair A2 A2}
2 9% =270,
Approximation for constructing local network
G=1{8,, 83 & 89> &uo}
P(G) = P(g5,8,0)P (8] 810)P(g7 | 85)P (2 | 825875 811)
(38 14) R =2 HEHI 74 of
YNL262W
(POL2)
YER173W
(RAD24)
YOR368W
(RAD17)
YDR217C YPL153C
(RADY) (RAD53)
YDL101C YILO26W
(DUNI) (RNR2) YGRI180C
(RNR4)
YCRO84C YILO66C
(TUP1) (RNR3)

(2 15) DNA damage repair 220 2=
FHAES =& HEA

5 &

e
'!.
08l

7t

T 22 Faadg EYA F5 tid 4FL sac-
charomyces cerevisiae[9]1% Yeast Protein Database(YPD)
(74 A" FAAEEA Al (activation,
hibition)& A @] A48t} saccharomyces cerevisiae®]

A7 ©A % alpha—factor, cde28 E718 @A dFHE =

z4 in-

A 2E ME D AN AR g 0182 RN 2F HEHZ F= 17
FAAEY LR activation, inhibition #AE <E 5>
o} Zt}

{E 5) YPD G|o|E{Hjo]Ae} saccharomyces cerevisiae HI|OIE]
BEEQ MME F ME CHHOMY =8 A 5

Data set # of genes | # of activation # of inhibition
alpha~factor 332 343 96
cde28 365 469 155

alpha-factor Hlol¥] #Hg-e 332719 %XVP”}O] % 18
time-pointell taiA mix] HYUL o] FHAEE 343719
7150l 4A activation A, 96712 inhibition #Al] E
gEth cde28 HolHE F 365719 FAA} WA EHH
121 fFAAEe] AR HA] o} AYsArt cde28ele 242
2= = 469, 156709 =4 #AE EFTeLL
H&o gt oAkl positive WA I negative ¥
F 7HA9 dely J3e AAw. positive o

HEo F$ gene-upg 1(gene-down=0, unchange=0)

HES

4

2
2 "
D

ol &l

2 8} negative?] A%+ gene-downg l{gene—up=0, un-
change=0)Z 3}tk

Az TFHe g8 2AAE BAY SHAASL on] &
A AETLY 75E 7HAE
Aokd dagls A4 Fol cell cycle HoHZREH
JZ}E ‘ﬂliﬂ 7]%01 Eed s 2ags A=
annotate ¥ A 92 frrzbeh A A
6>l A 2EAZ o
, B TR

N

o~

b oXx
i rle
3

o

)

ol
oX, ofl

o
of Z3HTh wuwg
<9 apvtoln, AA
& gl mepa o
A2 dEHold ¢ g

alpha factor?}t cdc28 dloE] F ol 4
= i FAR 2 dHES Fohn
3}04 L@X}E——g dZetth S g A
confusion matrix® F 3, o= A7 7= Recalld
Precision 71¥]1 F-Measure®} B4t QxHMAE: Mean
Absolute Error)&  of&3tich. <% 5>¢ alpha-fators}
cdc28 HlolH A 9| activator/inhibitor &) )3 A=
<& 83 Zrh

[

1o

o
@,
4=

o 8
=

=

g

=

O
rulo
= J%
L o

_u m&il
L:o
s

B

TI—X%Z]'E oy _J_
Hl-3]

..4_4 >~
F
i

Alg Q
=

% i
ofN r2
rlo ho

A :U
=
-3 o

Y4

do 2 ofr

Jj)«

1P
. . A
recall, r TP N ~1(8)
P
precision, p = TPLFP 21(9)
F— Measure, f = 2 © precion © recall (10)
precision+recall
N
le,|
E ' 1(11)

MAE= \ﬂii]“\f



18 SEMelEtal=EXD

M14-DH X12=(2007.2)

(Z 6) ZEXNZ I5E FEAE] of

ORF Gene Biological Function Molecular Function ORF Gene
YIL123W SIM1 cell cycle molecular_function unknown YDRO41W RSM10
YLRO75W | RPL10 protein biosynthesis structural protein of ribosome YIL131C FKH1
YGL031C | RPL24A protein biosynthesis structural protein of ribosome YGLO97W SRM1
YLR325C | RPL38 protein biosynthesis structural protein of ribosome YPR100W
YGR148C | RPL24B protein biosynthesis structural protein of ribosome YLROS3C EMP70
YER102W | RPS8B protein biosynthesis structural protein of ribosome YJL183W MNN11
YJRO9SW | YUH1 Deubiquitylation ubiquitin-specific protease YMR215W
YLR167W | RPS31 protein biosynthesis structural protein of ribosome YMR311C GLC8
YFRO52W | RPN12 | ubiquitin-dependent protein degradation | succinate—-CoA ligase(ADP-forming) YBRO86C IsT2
YHLOISW | RPS20 protein biosynthesis structural protein of ribosome YKL195W
YKLI45W | RPTI1 ubiquitin-dependent protein degraclation adenosinetriphosphatase YLR217W
YOR157C | PUP1 | ubiquitin-dependent protein degradation multicatalytic endcpeptidase YOR246C
YCRO34W | FEN1 fatty acid biosynthesis molecular_function unknown YGL139W
YERO74W | RPS24A protein biosynthesis structural protein of ribosome YKL169C
YHRO06W | STP2 tRNA splicing molecular_function unknown YLL032C
YKLO03C | MRP17 protein biosynthesis structural protein of ribosome YPR100W
YGL103W | RPL28 protein biosynthesis structural protein of ribosome. YLLO44W
YOL139C | CDC33 protein synthesis initiation translation initiation factor YHR097C
YMLO63W | RPS1B protein biosynthesis structural protein of ribosome YNLOS7W
YNL315C | ATP11 protein complex assembly chaperone YJLO9OW
YJLO92W HPR5 DNA repair A helicase
YIL062C | ARCI5 cell growth or maintenance structural protein

CET) ZEA o E EIHE <{2F confusion matrix
Predicted regulator
regulator non-regulator
Actual regulator TP FN
regulator non-regulator FP TN
(& 8) ZZAL 0| Z0f tfesh 22 20f
TP rate FP rate Precision Recall F-Measure Prediction MAE
0.735 0.295 0.750 0.745 0.742 regulator
alpha 0.3451
factor 0.745 0.265 0.729 0.735 0.737 non-regulator
0.576 0.138 0.814 0.576 0.675 regulator
cdcz8 0.3144
0.862 0.424 0.659 0.862 0.747 non-regulator
6.2 = 293 gE AY 2ol o4 el B AY AA Y
e AAE mAE dAldAE F5 dde] AA=E
o ERANE 444 24 HERD FES 5o e 494 NREERY A4 F4< ol§de] Edas
sAREe] 2By Pwe zdI= ZZA(activator, in- 24 zdz A9 AL saccharomyces cerevisiae
hibitor) & lZ&8tdth o1 S8iM WA, faA TE Hel 9 ¢ 71 F alpha-factors} cdc28 HolE Hgtel o]
g2 29 ugd Nd b gRez maskd vt 5 A §A4 22 AUL 9wd o)zl Wi, down)ith
g ulejdo] dL 5= E ENdANE g AgE o] & 99 F 9lE positive, negative HloJEH WIS I}
§A4 22 MEGas 73 4 A, A9 74 % o A9sdnh =8 49 2% 479 deld gy o
A wE dolgelA Hds $dx wEse] wAs 3, 28 "ol oln] el Aot HRE 3 A
o) FolA T84 A FAE 93] FP-growth Fe] BT
25 Aeagn, Ao Aze 584 24 Axe A9
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