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Cell line culture

Various cell lines were employed in this study, including Human 293T cells (provided
by Dr. Guoqiang Y1), A549 cells (supplied by Dr. Songhua Cai), ARPE-19 cells (gifted
from Dr. Ningli Wang), mouse C2C12 cells (acquired from Dr. Tang Zhonglin), CHO
cells (received from Su’yan Biotech), 3T3 cells (provided by Dr. Tang Zhonglin),
chicken DF1 cells (received from Dr. Erwei Zuo), PSKM cells (supplied by Su'yan
Biotech), and PK15 cells (received from Su'yan Biotech). The specified cell lines
underwent cultivation in a medium comprising 90% DMEM (Giboc, C11995500BT),
10% serum (Gibco, 10270-106), and 1% penicillin/streptomycin (Gibco, 2441868) at
37°C with 5% COs. For HepG2 cells (obtained from Procell), the cultivation medium
consists of 90% MEM medium (Procell, PM150410), 10% FBS (Gibco, 10270-106),
and 1% penicillin/streptomycin (Gibco, 2441868). S2 cells (served by Su'yan Biotech)
and SF9 cells (gifted from Dr. Guirong Wang) were cultured in a medium composed of
90% Schneider’s medium (Thermo Fisher, 21720024), 10% serum (Gibco, 10270-106),
and 1% penicillin/streptomycin (Gibco, 2441868) at 28°C. During S2’s feeding, half
of the conditioned medium was substituted with an equal volume of fresh medium.
K562 cells (provided by Dr. Tang Zhonglin) and bovine kidney cells (obtained from
KEPU Biology) were cultured in a medium consisting of 90% RPMI Medium (Giboc,
C22400500BT), 10% serum (Gibco, 10270-106), and 1% penicillin/streptomycin
(Gibco, 2441868) at 37°C with 5% CO,. Cynoglossus semilaevis spermatogonium
(provided by Dr. Changwei Shao) were suspended in a solution containing 8%
Antibiotic-Antimycotic (Gibco, 15240-062) and 92% L 15 medium (Solarbio, LA9510).
Spermathecal tissues were dissected in an ultra-clean bench, digested with trypsin
(Gibco, 25200072) for 10 minutes, and the tissue-cell mixture was transferred to 25 cm?
cell culture flasks (Corning, 430639) with 4 mL of a medium consisting of 76% L15
medium (Solarbio, LA9510), 20% serum (Gibco, 10270-106), and 4% Antibiotic-
Antimycotic (Gibco, 15240-062). Cells were seeded in 24-well plates (Corning, 3524)

and incubated at 24°C.
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Cell line transfection

S2, SF9 cells: cells were cultured in 24-well plates (NEST, 702001) at a density of 2.5
x 10° cells per well. For each transfection, we used 1.5 pl transfection Reagent
(Qiagen, 301007) and 0.5 pg plasmid. In S2 and SF9 cells, pPGL3 DSCP_Rluc plasmids
were transfected into cells for renilla luciferase expression. The ratio of firefly
luciferase expression plasmid to Renilla luciferase expression plasmid was 5:1.

K562 Cells: cells were inoculated at a density of 1.0 x 10% cells/ml medium. For each
transfection reaction, we used 100 pl transfection reagent, 1.0 x 10° cells, and 2 pg
plasmid. Transfection was performed using a 4D-Nucleofector® X Unit (Lonza, AAF-
1003X) with the FF120 program, and P4 transfection reagent (Lonza, PBP4-00675).
ARPE-19 Cells: Transfection involved 1 x 10° cells per reaction, 0.2 ug plasmid, and
20 ul P4 electrotransformation solution (Lonza, PBP4-00675). Transfection was carried
out using a 4D-Nucleofector® X Unit (Lonza, AAF-1003X) with the CA137 program.
HepG2 Cells: The transfection system for a six-well plate included 8 pl jetPRIME
(Polyplus, 101000046) per well, 4 ug plasmid, and 200 ul jetPRIME buffer (Polyplus,
101000046).

Human 293T, A549 cells, mouse C2C12, CHO, 3T3 cells, chicken DF1 cells, PSKM,
PK15 cells, and bovine kidney bells: cultured at 2.0 x 103 cells per well in a 24-well
plate (NEST, 702001). Transfection experiments were performed with jetPRIME
(Polyplus, 101000046) using 0.6 ug plasmid, 50 pl jetPRIME buffer (Polyplus,
101000046), and 2.5 ul jetPRIME per well.

Cynoglossus semilaevis Spermatogonium: Transfection experiments were conducted
when cell confluence reached about 80%. For each well, 500 ng of plasmid was added,
together with the transfection reagent Lipo8000 (Beyotime, C0533, 0.5 ml).

Pichia pastoris: 100 puL of Pichia pastoris competent was thawed on ice, plasmid was
added, the competent was transferred to a pre-chilled 2 mm shock cup, the parameters
of the shock converter were adjusted to 1515 V, 25 pF, 200 @, and the periphery of the
shock cup was kept dry for electric shock. After the shock was completed, 1 mL of
resuscitation solution (500 uL. YPD + 500 pL 1 mol/L sorbitol) was mixed with the

bacterial solution in the shock cup, and the bacterial solution was aspirated into an EP
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tube, 28°C, 250 rpm/min shaker, and resuscitation was carried out for 3 hours. The
thawed bacterial solution was coated onto the required screening medium plate, and
monoclonal positive colonies were picked and preserved. In our Pichia pastoris
experiments, we employed a stable transformation method which results in the random
insertion of sequences into the genome. To ensure co-localization of the firefly and
Renilla luciferase reporters within the same genomic location and to minimize
variability in expression, both genes were cloned into a single plasmid. This strategy
provides more consistent and reliable normalization of luciferase activity compared to

separate plasmids.

The sequence of plasmid

The sequence of E-pGL3-DSCP-luc (The uppercase bases are synthetic enhancer):
ttaccaatgcttaatcagtgaggcacctatctcagcgatctgtctatttegttcatccatagttgectgactceecgtegtgtaga
taactacgatacgggagggcttaccatctggccccagtgetgeaatgataccgegagacccacgetcaccggetecagatt
tatcagcaataaaccagccagecggaagggecgagegeagaagtggteetgeaactttatccgectecatccagtctatta
attgttgccgggaagctagagtaagtagttcgecagttaatagtttgcgeaacgttgttgccattgetacaggeategtggtgt
cacgctcgtcgtttggtatggcttcattcagetceggttcccaacgatcaaggegagttacatgatceeccatgttgtgcaaaa
aagcggttagctccttcggtectecgategttgtcagaagtaagttggecgeagtgttatcactcatggttatggecageactge
ataattctcttactgtcatgccatccgtaagatgcttttctgtgactggtgagtactcaaccaagtcattctgagaatagtgtatge
ggcgaccgagttgcetcttgeceggegtcaatacgggataataccgegecacatageagaactttaaaagtgcetcatcattgg
aaaacgttcttcggggcgaaaactctcaaggatcttaccgcetgttgagatccagttcgatgtaacccactegtgeacccaact
gatcttcagcatcttttactttcaccagegtttctgggtgagcaaaaacaggaaggcaaaatgeccgcaaaaaagggaataag
ggcgacacggaaatgttgaatactcatactcttectttttcaatattattgaagcatttatcagggttattgtctcatgageggata
catatttgaatgtatttagaaaaataaacaaataggggttccgegceacatttccccgaaaagtgecacctgacgegecctgta
geggegeattaagegeggegggtgtegtogttacgecgeagegtgaccgetacacttgecagegecctagegeccgetee
tttcgcetttetteccttectttctecgecacgttcgecggctttceccgtecaagetctaaatcgggggcteectttagggtteegatt
tagtgctttacggcacctcgaccccaaaaaacttgattagggtgatggttcacgtagtgggccategeectgatagacggttt
ttcgecctttgacgttggagtccacgttctttaatagtggactettgttccaaactggaacaacactcaaccctatcteggtctat
tcttttgatttataagggattttgccgatttcggectattggttaaaaaatgagetgatttaacaaaaatttaacgcgaattttaaca
aaatattaacgcttacaatttgccattcgecattcaggetgegeaactgttgggaagggcgatcggtecgggcectettegeta
ttacgccagceccaagcetaccatgataagtaagtaatattaaggtacgggaggtacttggageggecgcaataaaatatcttta
ttttcattacatctgtgtgttggttttttotgtoaatcgatagtactaacatacgctctccatcaaaacaaaacgaaacaaaacaa
actagcaaaataggctgtccccagtgcaagtgcaggtgccagaacatttctctatcgataggtacTGATGTGACTC
ACATAGGCGGTGGCGTGATATGTTGTGACTCATTTCCCGGAAACGGATGA
CTAATGCCATATGTTATCAGTTTCCTGGAAATTTGATCACGCCATATTGTG
AAATCATGCGATTCCCGGATCACGTGACGGCCGGACGTGACAAGTATGAG
TCACTAAGTGGCGTGATCTTACGAATCACGTGATGGTCAATGTCACGTGA
TCGGCTGGTGAGTCAGCAATATCGTGTGATTCATTCgatctgcgatcgagcetcgecegg
ggatcgagcgeageggtataaaagggegeggggtggctgagageatcagttgtgaatgaatgttcgagecgageagac
gtgcegcetgecttcgttaatatcetttgaataagecaactttgaatcacaagacgceataccaaacggceattceggtactgttgg
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taaagccaccatggaagacgccaaaaacataaagaaaggeccggegcecattctatccgetggaagatggaacegetgga
gagcaactgcataaggctatgaagagatacgecctggttcctggaacaattgettttacagatgecacatatcgaggtggaca
tcacttacgctgagtacttcgaaatgtcegttcggttggecagaagcetatgaaacgatatgggctgaatacaaatcacagaatc
gtcgtatgcagtgaaaactctcttcaattctttatgeeggtgttgggegegttatttatcggagttgeagttgecgeccgegaacg
acatttataatgaacgtgaattgctcaacagtatgggcatttcgcagectaccgtggtgttegtttccaaaaaggggttgcaaa
aaattttgaacgtgcaaaaaaagctcccaatcatccaaaaaattattatcatggattctaaaacggattaccagggatttcagte
gatgtacacgttcgtcacatctcatctacctcccggttttaatgaatacgattttgtgccagagtcettcgatagggacaagaca
attgcactgatcatgaactcctctggatctactggtctgectaaaggtgtegcetctgectcatagaactgectgegtgagattct
cgcatgccagagatcctatttttggcaatcaaatcattccggatactgegattttaagtgttgttccattccatcacggttttggaa
tgtttactacactcggatatttgatatgtggatttcgagtegtcttaatgtatagatttgaagaagagctgtttctgaggagectte
aggattacaagattcaaagtgcgctgctggtgccaaccctattetecttcttcgeccaaaageactetgattgacaaatacgattt
atctaatttacacgaaattgcttctggtggcgetecectetctaaggaagtcggggaageggttgeccaagaggttccatetge
caggtatcaggcaaggatatgggctcactgagactacatcagctattctgattacacccgagggggatgataaaccggge
geggtcggtaaagttgttccattttttgaagcgaaggttgtggatctggataccgggaaaacgetgggcegttaatcaaagag
gegaactgtgtgtgagaggtcctatgattatgtccggttatgtaaacaatccggaagegaccaacgcecttgattgacaagga
tggatggctacattctggagacatagettactgggacgaagacgaacacttcttcatcgttgaccgectgaagtetetgattaa
gtacaaaggctatcaggtggctcecgetgaattggaatecatettgetccaacacceccaacatcttcgacgeaggtgtegea
ggtcttccegacgatgacgecggtgaacttccegeecgecegttgttgttttggageacggaaagacgatgacggaaaaaga
gatcgtggattacgtcgeccagtcaagtaacaaccgecgaaaaagttgecgeggaggagttgtgtttotggacgaagtaccgaa
aggtcttaccggaaaactcgacgcaagaaaaatcagagagatcctcataaaggecaagaagggeggaaagatcgeegt
gtaattctagagtcggggcggecggecgcettcgagecagacatgataagatacattgatgagtttggacaaaccacaactag
aatgcagtgaaaaaaatgctttatttgtgaaatttgtgatgctattgctttatttgtaaccattataagetgcaataaacaagttaac
aacaacaattgcattcattttatgtttcaggttcagggggaggtgtegoaggttttttaaagcaagtaaaacctctacaaatgtg
gtaaaatcgataaggatccgtcgaccgatgeccttgagagecttcaacccagtcagetecttceggtgggegeggggcat
gactatcgtcgccgceacttatgactgtcttctttatcatgcaactcgtaggacaggtgecggeagegcetcttcegettectege
tcactgactcgetgegceteggtegttcggetgeggegageggtatcagetcactcaaaggeggtaatacggttatccacag
aatcaggggataacgcaggaaagaacatgtgagcaaaaggecagcaaaaggecaggaaccgtaaaaaggeegegttg
ctggcgtttttccataggctecgecccectgacgageatcacaaaaatcgacgetcaagtcagaggtggcgaaaccegac
aggactataaagataccaggcgtttccecectggaagcetcectegtgegetetectgttcegacectgeegettaccggatac
ctgtccgectttctcecttcgggaagegtggegcetttetcatagetcacgetgtaggtatctcagttcggtgtaggtegtteget
ccaagctgggctgtgtgcacgaacceeccgttcageccgaccgetgegecttatcecggtaactategtettgagtccaace
cggtaagacacgacttatcgccactggcagcagecactggtaacaggattagcagagegaggtatgtaggeggtgctaca
gagttcttgaagtggtggcctaactacggctacactagaagaacagtatttggtatctgegetctgetgaagecagttacctte
ggaaaaagagttggtagctcttgatccggcaaacaaaccaccgetggtageggtegtttttttgtttgcaagcagceagattac
gcgcagaaaaaaaggatctcaagaagatectttgatettttctacggggtctgacgetcagtggaacgaaaactcacgttaa
gggattttggtcatgagattatcaaaaaggatcttcacctagatccttttaaattaaaaatgaagttttaaatcaatctaaagtata
tatgagtaaacttggtctgacag

The sequence of E-CAG-luc (The uppercase bases are synthetic enhancer and CAG
promoter):
catgcaagctgatccggcetgetaacaaageccgaaaggaagcetgagttggetgetgecacegetgageaataactageat
aaccccttggggcggecgcettcgagecagacatgataagatacattgatgagtttggacaaaccacaactagaatgecagtga
aaaaaatgctttatttgtgaaatttgtgatgctattgctttatttgtaaccattataagctgcaataaacaagttaacaacaacaatt
gcattcattttatgtttcaggttcagggggagatgtgggaggtttttttaagcaagtaaaacctctacaaatgtggtaaaatcga
attttaacaaaatattaacgcttacaatttcctgatgcggtattttctecttacgeatctgtgeggtatttcacaccgeatacgegg
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atctgcgceagceaccatggcectgaaataacctctgaaagaggaacttggttaggtaccttaceggtggtgggageggaggt
ggcggatcaggtggcggaggctecggagggattgaacaagatggattgcacgeaggttctcecggecgettgggtegag
aggctattcggctatgactgggcacaacagacaatcggcetgetctgatgeegeegtgttceggetgtcagegecaggggeg
cceggttetttttgtcaagaccgacctgtceggtgecctgaatgaactgecaggacgaggeagegeggctategtggetgge
cacgacgggcgttecttgegeagcetgtgctegacgttgtcactgaagegggaagggactggetgctattgggegaagtge
cggggcaggatctcctgtcatctcaccttgetectgecgagaaagtatccatcatggetgatgeaatgeggeggetgeatac
gettgatceggcetacctgeccattcgaccaccaagegaaacatcgeatcgagegageacgtacteggatggaageeggte
ttgtcgatcaggatgatctggacgaagagcatcaggggctcgegecagecgaactgttcgecaggetcaaggegegeat
geccgacggegaggatetegtcgtgacccatggegatgectgettgecgaatatcatggtggaaaatggecgcttttctgg
attcatcgactgtggcecggetgggtgtggcggaccgctatcaggacatagegttggetaccegtgatattgetgaagagett
ggcggegaatgggctgaccgcettectegtgctttacggtatcgecgeteccgattcgeagegeategecttctategecttet
tgacgagttcttctgagcgggactetggggttcgaaatgaccgaccaagegacgeccaacctgecatcacgatggecgea
ataaaatatctttattttcattacatctgtgtgttggttttttgtgtgaatcgatagecgataaggatcctetttgegettgegttttcect
tgtccagatagcccagtagetgacattcatccggggtcageaccgtttctgeggactggctttctacgtaatggtttettagac
gtcaggtggcacttttcggggaaatgtgcgeggaacccctatttgtttatttttctaaatacattcaaatatgtatccgetcatga
gacaataaccctgataaatgcttcaataatattgaaaaaggaagagtatgagtattcaacatttccgtgtcgeccttattcecttt
tttgcggcattttgecttectgtttttgectcacccagaaacgetggtgaaagtaaaagatgetgaagatcagttgggtgcacga
gtgggttacatcgaactggatctcaacageggtaagatecttgagagttttcgccccgaagaacgttttccaatgatgageac
tttcaaagttctgctatgtggegeggtattatcccgtattgacgecgggcaagagcaacteggtegecgceatacactattctca
gaatgacttggttgagtactcaccagtcacagaaaagcatcttacggatggcatgacagtaagagaattatgcagtgctgee
ataaccatgagtgataacactgcggcecaacttacttctgacaactatcggaggaccgaaggagctaaccgcttttttgcaca
acatgggggatcatgtaactcgcecttgatcgttgggaaccggagctgaatgaagecataccaaacgacgagegtgacace
acgatgcctgtagcaatggcaacaacgttgecgeaaactattaactggcgaactacttactctagettcccggeaacaattaat
agactggatggaggcggataaagttgcaggaccacttctgegetcggeccttccggetggetggtttattgetgataaatet
ggagccggtgagegtgggtetcgeggtatcattgcageactggggccagatggtaageecteccgtatcgtagttatctac
acgacggggagtcaggcaactatggatgaacgaaatagacagatcgctgagataggtgcctcactgattaageattggta
attcgaaatgaccgaccaagcgacgcccaaccggtatcagctcactcaaaggeggtaatacggttatccacagaatcagg
ggataacgcaggaaagaacatgtgagcaaaaggcecagcaaaaggecaggaaccgtaaaaaggeegegttgetggegtt
tttccataggcetecgecccectgacgageatcacaaaaatcgacgetcaagtcagaggtggcgaaaccegacaggactat
aaagataccaggcgtttccccetggaageteectegtgegeteteetgttccgaccetgecgettaccggatacctgteege
ctttctcecttcgggaagegtggcgctttctcatagetcacgcetgtaggtatctcagttcggtgtaggtegttcgetccaagetg
ggctgtgtgecacgaaccecccgttcageccgaccgetgegecttatceggtaactategtcttgagtccaacceggtaaga
cacgacttatcgccactggcageagecactggtaacaggattagcagagegaggtatgtaggeggtgctacagagttettg
aagtggtggcctaactacggctacactagaaggacagtatttggtatctgegetctgetgaagecagttaccttcggaaaaa
gagttggtagctcttgatccggeaaacaaaccaccgetggtageggtggtttttttotttgcaagcageagattacgecgeaga
aaaaaaggatttcaagaagatcctttgatcttttctacggggtctgacgctcagtggaacgaaaactcacgttaagggattttg
gtcatgagattatcaaaaaggatcttcacctagatccttttatagtccggaaatacaggaacgcacgetggatggeccttcge
tgggatggtgaaaccatgaaaaatggeagettcagtggattaagtgggggtaatgtggectgtaccetetggttgcataggt
attcatacggttaaaatttatcaggcgegattgcggeagtttttcgggtggtttgttgccatttttacctgtctgetgecgtgateg
cgctgaacgegttttagcggtgcgtacaattaagggattatggtaaatccacttactgtctgeectegtagecatcgagataaa
ccgcagtactccggecacgatgegtceggcgtaGAATTCCATCGCGTGATCGCGATCGGATG
ACTCGGCTGAGTCACCGGATGTGACTCAGCTCTGGTTCTATGATTCATGCA
GGAAATGACTCATTGAGTCATTCTTGGAAGTGGCGTGACTGTCTGGTGGC
GTGACTTCCTGGAATGTGACTCAGCGGAAGCTCATGACTCATTCCTGGAA
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ATCGTACGATGCGAGTCACGTAGGCCTACGTGACGGTGAATCATACTACG
TGGCGTGATACGGAGGAAATGACTCagatctaccTCGAGGTGAGCCCCACGTTC
TGCTTCACTCTCCCCATCTCCCCCCCCTCCCCACCCCCAATTTTGTATTTAT
TTATTTTTTAATTATTTTGTGCAGCGATGGGGGCGGGGGGGGGGGGGGGG
CGCGCGCCAGGCGGGGCGGGGCGGGGCGAGGGGCGGGGCGGGGCGAGG
CGGAGAGGTGCGGCGGCAGCCAATCAGAGCGGCGCGCTCCGAAAGTTTC
CTTTTATGGCGAGGCGGCGGCGGCGGCGGCCCTATAAAAAGCGAAGCGC
GCGGCGGGCGGGAGTCGCTGCGCGCTGCCTTCGCCCCGTGCCCCGCTCCG
CCGCCGCCTCGCGCCGCCCGCCCCGGCTCTGACTGACCGCGTTACTCCCAC
AGGTGAGCGGGCGGGACGGCCCTTCTCCTCCGGGCTGTAATTAGCGCTTG
GTTTAATGACGGCTTGTTTCTTTTCTGTGGCTGCGTGAAAGCCTTGAGGGG
CTCCGGGAGGGCCCTTTGTGCGGGGGGAGCGGCTCGGGGGGTGCGTGCAGT
GTGTGTGTGCGTGGGGAGCGCCGCGTGCGGCTCCGCGCTGCCCGGCGGCT
GTGAGCGCTGCGGGCGCGGCGCGGGGCTTTGTGCGCTCCGCAGTGTGCGC
GAGGGGAGCGCGGCCGGGGGCGGTGCCCCGCGGTGCGGGGGGGGCTGCG
AGGGGAACAAAGGCTGCGTGCGGGGTGTGTGCGTGGGGGGGTGAGCAGG
GGGTGTGGGCGCGTCGGTCGGGCTGCAACCCCCCCTGCACCCCCeTCeecC
GAGTTGCTGAGCACGGCCCGGCTTCGGGTGCGGGGCTCCGTACGGGGCGT
GGCGCGGGGCTCGCCGTGCCGGGCGGGGGGTGGCGGCAGGTGGGGGTGC
CGGGCGGGGCGGGGCCGCLCTCGGGCCGGGGAGGGCTCGGGGGAGGGGCG
CGGCGGCCCCCGGAGCGCCGGCGGCTGTCGAGGCGCGGCGAGCCGCAGC
CATTGCCTTTTATGGTAATCGTGCGAGAGGGCGCAGGGACTTCCTTTGTCC
CAAATCTGTGCGGAGCCGAAATCTGGGAGGCGCCGCCGCACCCCCTCTAG
CGGGCGCGGGGCGAAGCGGTGCGGCGCCGGCAGGAAGGAAATGGGCGGG
GAGGGCCTTCGTGCGTCGCCGCGCCGCCGTCCCCTTCTCCCTCTCCAGCCT
CGGGGCTGTCCGCGGGGGGACGGCTGCCTTCGGGGGGGACGGGGCAGGG
CGGGGTTCGGCTTCTGGCGTGTGACCGGCGGCTCTAGAGCCTCTGCTAAC
CATGTTCATGCCTTCTTCTTTTTCCTACAGacctgcagcccaagettggcaatccggtactgttg
gtaaagccaccatggaagatgccaaaaacattaagaagggcccagegcecattctacccactcgaagacgggaccgecg
gcgagcagcetgcacaaagecatgaagegetacgecctggtgcccggeaccatcgectttaccgacgceacatatcgaggt
ggacattacctacgccgagtacttcgagatgagegttcggetggeagaagetatgaagegetatgggcetgaatacaaacca
tcggatcgtggtotgcagegagaatagettgeagttettcatgeccgtgttgggtgcectgttcateggtgtggetgtggece
cagctaacgacatctacaacgagcgegagcetgctgaacageatgggeatcagecageccacegtegtattcgtgageaa
gaaagggctgcaaaagatcctcaacgtgcaaaagaagetaccgatcatacaaaagatcatcatcatggatagcaagaccg
actaccagggcttccaaagcatgtacaccttcgtgacttcccatttgeccacccggettcaacgagtacgacttegtgeccga
gagcttcgaccgggacaaaaccatcgecctgatcatgaacagtagtggeagtaceggattgeccaagggegtageectac
cgcaccgcaccgcttgtgtcegattcagtcatgeccgegacccecatettcggeaaccagatcatccccgacaccgctatect
cagcgtggtgccatttcaccacggcttcggceatgttcaccacgetgggctacttgatetgeggctttcgggtegtgctcatgt
accgcttcgaggaggagctattcttgecgeagettgcaagactataagattcaatctgecctgetggtgcccacactatttaget
tcttcgctaagagceactctcatcgacaagtacgacctaageaacttgecacgagatcgecageggeggggegeegetcage
aaggaggtaggtgaggccgtggccaaacgcttccacctaccaggeatccgecagggctacggectgacagaaacaace
agcgccattctgatcacccecgaaggggacgacaagectggegeagtaggecaaggtggteccecttettcgaggetaagg
tggtggacttggacaccggtaagacactgggtgtgaaccagegeggegagetgtgegtecegtggecccatgatcatgag
cggctacgttaacaacccegaggetacaaacgcetctcatcgacaaggacggetggetgeacageggegacatcgectac
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tgggacgaggacgagcacttcttcatcgtggaccggetgaagagectgatcaaatacaagggetaccaggtagecececag
ccgaactggagagcatcctgetgcaacaccccaacatettcgacgeeggggtegeeggectgeccgacgacgatgecg
gegagcetgeccgecgeagtegtegtgctggaacacggtaaaaccatgaccgagaaggagatcgtggactatgtggecag
ccaggttacaaccgccaagaagcetgegeggtggtgttgtgttcgtggacgaggtgcctaaaggactgaccggeaagttgg
acgcccgcaagatccgegagattctcattaaggccaagaagggeggcaagatcgecgtgtaattctagttgtttaaacgag
ctcgctagectcgagtctagagtcgacctgeagg

The sequence of pGL3-DSCP-RIuc (The uppercase bases are Renilla luciferase reporter
gene):
ttaccaatgcttaatcagtgaggcacctatctcagcgatctgtctatttegttcatccatagttgectgactceecgtegtgtaga
taactacgatacgggagggcttaccatctggccccagtgetgeaatgataccgegagacccacgetcaccggetecagatt
tatcagcaataaaccagccagecggaagggecgagegeagaagtggteetgeaactttatccgectecatccagtctatta
attgttgccgggaagctagagtaagtagttcgecagttaatagtttgcgeaacgttgttgccattgetacaggeategtggtgt
cacgctcgtcgtttggtatggcttcattcagetceggttcccaacgatcaaggegagttacatgatceeccatgttgtgcaaaa
aagcggttagctccttcggtectecgategttgtcagaagtaagttggecgeagtgttatcactcatggttatggecageactge
ataattctcttactgtcatgccatccgtaagatgcttttctgtgactggtgagtactcaaccaagtcattctgagaatagtgtatge
ggcgaccgagttgcetcttgeceggegtcaatacgggataataccgegecacatageagaactttaaaagtgcetcatcattgg
aaaacgttcttcggggcgaaaactctcaaggatcttaccgcetgttgagatccagttcgatgtaacccactegtgeacccaact
gatcttcagcatcttttactttcaccagegtttctgggtgagcaaaaacaggaaggcaaaatgeccgcaaaaaagggaataag
ggcgacacggaaatgttgaatactcatactcttectttttcaatattattgaagcatttatcagggttattgtctcatgageggata
catatttgaatgtatttagaaaaataaacaaataggggttccgegceacatttccccgaaaagtgecacctgacgegecctgta
geggegeattaagegeggegggtgtegtogttacgecgeagegtgaccgetacacttgecagegecctagegeccgetee
tttcgcetttetteccttectttctecgecacgttcgecggctttceccgtecaagetctaaatcgggggcteectttagggtteegatt
tagtgctttacggcacctcgaccccaaaaaacttgattagggtgatggttcacgtagtgggccategeectgatagacggttt
ttcgecctttgacgttggagtccacgttctttaatagtggactettgttccaaactggaacaacactcaaccctatcteggtctat
tcttttgatttataagggattttgccgatttcggectattggttaaaaaatgagetgatttaacaaaaatttaacgcgaattttaaca
aaatattaacgcttacaatttgccattcgecattcaggetgegeaactgttgggaagggcgatcggtecgggcectettegeta
ttacgccagceccaagcetaccatgataagtaagtaatattaaggtacgggaggtacttggageggecgcaataaaatatcttta
ttttcattacatctgtgtgttggttttttotgtoaatcgatagtactaacatacgctctccatcaaaacaaaacgaaacaaaacaa
actagcaaaataggctgtccccagtgcaagtgcaggtgccagaacatttetctatcgataggtacgatctgegategagetce
geecggggategagegeageggtataaaagggegeggggtggctgagageatcagttgtgaatgaatgttcgageega
gcagacgtgecgetgecttegttaatatectttgaataagecaactttgaatcacaagacgcataccaaacggceattceggta
ctgttggtaaagccacc ATGACTTCGAAAGTTTATGATCCAGAACAAAGGAAACGG
ATGATAACTGGTCCGCAGTGGTGGGCCAGATGTAAACAAATGAATGTTCT
TGATTCATTTATTAATTATTATGATTCAGAAAAACATGCAGAAAATGCTGT
TATTTTTTTACATGGTAACGCGGCCTCTTCTTATTTATGGCGACATGTTGTG
CCACATATTGAGCCAGTAGCGCGGTGTATTATACCAGACCTTATTGGTATG
GGCAAATCAGGCAAATCTGGTAATGGTTCTTATAGGTTACTTGATCATTAC
AAATATCTTACTGCATGGTTTGAACTTCTTAATTTACCAAAGAAGATCATT
TTTGTCGGCCATGATTGGGGTGCTTGTTTGGCATTTCATTATAGCTATGAG
CATCAAGATAAGATCAAAGCAATAGTTCACGCTGAAAGTGTAGTAGATGT
GATTGAATCATGGGATGAATGGCCTGATATTGAAGAAGATATTGCGTTGA
TCAAATCTGAAGAAGGAGAAAAAATGGTTTTGGAGAATAACTTCTTCGTG
GAAACCATGTTGCCATCAAAAATCATGAGAAAGTTAGAACCAGAAGAATT
TGCAGCATATCTTGAACCATTCAAAGAGAAAGGTGAAGTTCGTCGTCCAA



334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377

CATTATCATGGCCTCGTGAAATCCCGTTAGTAAAAGGTGGTAAACCTGAC
GTTGTACAAATTGTTAGGAATTATAATGCTTATCTACGTGCAAGTGATGAT
TTACCAAAAATGTTTATTGAATCGGACCCAGGATTCTTTTCCAATGCTATT
GTTGAAGGTGCCAAGAAGTTTCCTAATACTGAATTTGTCAAAGTAAAAGG
TCTTCATTTTTCGCAAGAAGATGCACCTGATGAAATGGGAAAATATATCA
AATCGTTCGTTGAGCGAGTTCTCAAAAATGAACAATAAttctagagtcggggeggcc
ggccgcttcgagecagacatgataagatacattgatgagtttggacaaaccacaactagaatgcagtgaaaaaaatgctttatt
tgtgaaatttgtgatgctattgcetttatttgtaaccattataagctgcaataaacaagttaacaacaacaattgcattcattttatgtt
tcaggttcagggggaggtgtegoagettttttaaagcaagtaaaacctctacaaatgtggtaaaatcgataaggatcegteg
accgatgcccttgagagcecttcaacccagtcagetcettceggtgggegeggggceatgactategtecgecgeacttatgac
tgtcttctttatcatgcaactcgtaggacaggtgccggeagegetcttcegetteetegeteactgactegetgegeteggteg
ttcggctgeggegageggtatcagetcactcaaaggeggtaatacggttatccacagaatcaggggataacgcaggaaag
aacatgtgagcaaaaggccagcaaaaggccaggaaccgtaaaaaggecgegttgctggcegtttttccataggetecgeee
ccctgacgagcatcacaaaaatcgacgetcaagtcagaggtggcgaaaccegacaggactataaagataccaggegttte
cceetggaagcetecctegtgegeteteetgttcecgaceetgeegcettaceggatacetgtecgectttetcecttcgggaage
gtggcgctttctcatagetcacgetgtaggtatctcagttcggtgtaggtegttcgetccaagetgggcetgtgtgcacgaacc
cceegttcagececgaccgetgegecttatccggtaactatecgtettgagtccaacccggtaagacacgacttatcgecactg
gcagcagcecactggtaacaggattagcagagegaggtatgtaggcggtgctacagagttettgaagtggtggcctaacta
cggctacactagaagaacagtatttggtatctgcgetetgetgaagecagttaccttcggaaaaagagttggtagetettgat
ccggcaaacaaaccaccgetggtageggtggtttttttgtttgcaagcageagattacgecgeagaaaaaaaggatctcaag
aagatcctttgatcttttctacggggtctgacgctcagtggaacgaaaactcacgttaagggattttggtcatgagattatcaaa
aaggatcttcacctagatccttttaaattaaaaatgaagttttaaatcaatctaaagtatatatgagtaaacttggtctgacag
The sequence of E-HIS-RLuc-luc plasmid (The uppercase bases are synthetic enhancer):
ttaccaatgcttaatcagtgaggcacctatctcagcgatctgtctatttcgttcatccatagttgectgactceecgtegtgtaga
taactacgatacgggagggcttaccatctggccccagtgetgecaatgataccgegagacccacgetcaccggetecagatt
tatcagcaataaaccagccagecggaagggecgagegeagaagtggteetgeaactttatccgectecatccagtctatta
attgttgccgggaagctagagtaagtagttcgccagttaatagtttgcgeaacgttgttgccattgetacaggeatcgtggtgt
cacgctcgtcgtttggtatggcttcattcagetceggttcccaacgatcaaggegagttacatgatceeccatgttgtgcaaaa
aagcggttagctccttcggtectecgategttgtcagaagtaagttggecgeagtgttatcactcatggttatggecageactge
ataattctcttactgtcatgccatccgtaagatgcttttctgtgactggtgagtactcaaccaagtcattctgagaatagtgtatge
ggcgaccgagttgcetcttgeceggegtcaatacgggataataccgegecacatageagaactttaaaagtgcetcatcattgg
aaaacgttcttcggggcgaaaactctcaaggatcttaccgcetgttgagatccagttcgatgtaacccactegtgeacccaact
gatcttcagcatcttttactttcaccagegtttctgggtgagcaaaaacaggaaggcaaaatgeccgcaaaaaagggaataag
ggcgacacggaaatgttgaatactcatactcttectttttcaatattattgaagcatttatcagggttattgtctcatgageggata
catatttgaatgtatttagaaaaataaacaaataggggttccgegceacatttccccgaaaagtgecacctgacgegecctgta
geggegeattaagegeggegggtgtegtogttacgecgeagegtgaccgetacacttgecagegecctagegeccgetee
tttcgetttetteccttectttctecgecacgttcgecggetttceccgtecaagetctaaatcgggggcteectttagggtteegatt
tagtgctttacggcacctcgaccccaaaaaacttgattagggtgatggttcacgtagtgggccategeectgatagacggttt
ttcgecctttgacgttggagtccacgttctttaatagtggactettgttccaaactggaacaacactcaaccctatcteggtctat
tcttttgatttataagggattttgccgatttcggectattggttaaaaaatgagetgatttaacaaaaatttaacgcgaattttaaca
aaatattaacgcttacaatttgccattcgecattcaggetgegeaactgttgggaagggegatcggtecgggcectettegeta
ttacgccagceccaagcetaccatgataagtaagtaatattaaggtacgggaggtacttggageggeegegagetegeecgg
ggatcgagcgeageggtataaaagggegeggggtggctgagageatcagttgtgaatgaatgttcgagecgageagac
gtgccgcetgecttcgttaatatcetttgaataagecaactttgaatcacaagacgceataccaaacatgacttcgaaagtttatga
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tccagaacaaaggaaacggatgataactggtccgeagtggtgggccagatgtaaacaaatgaatgttcttgattcatttatta
attattatgattcagaaaaacatgcagaaaatgctgttatttttttacatggtaacgcggcectcttcttatttatggcgacatgttgt
gccacatattgagcecagtagegeggtgtattataccagaccttattggtatgggcaaatcaggceaaatctggtaatggttctta
taggttacttgatcattacaaatatcttactgcatggtttgaacttcttaatttaccaaagaagatcatttttgtcggccatgattgg
ggtgcttgtttggcatttcattatagetatgagecatcaagataagatcaaagcaatagttcacgetgaaagtgtagtagatgtga
ttgaatcatgggatgaatggcectgatattgaagaagatattgegttgatcaaatctgaagaaggagaaaaaatggttttggag
aataacttcttcgtggaaaccatgttgccatcaaaaatcatgagaaagttagaaccagaagaatttgcagcatatcttgaacca
ttcaaagagaaaggtgaagttcgtcgtccaacattatcatggectegtgaaatceegttagtaaaaggtggtaaacctgacgt
tgtacaaattgttaggaattataatgcttatctacgtgcaagtgatgatttaccaaaaatgtttattgaatcggacccaggattctt
ttccaatgctattgttgaaggtgccaagaagtttcctaatactgaatttgtcaaagtaaaaggtcttcatttttcgcaagaagatg
cacctgatgaaatgggaaaatatatcaaatcgttcgttgagcgagttctcaaaaatgaacaataaagatctgcaataaaatatce
tttattttcattacatctgtgtgttggttttttgtgtgaatcgatagtactaacatacgctctccatcaaaacaaaacgaaacaaaac
aaactagcaaaataggctgtccccagtgcaagtgcaggtgccagaacatttctctatcgataggtaCATCGCGTGA
TCGCGATCGGATGACTCGGCTGAGTCACCGGATGTGACTCAGCTCTGGTT
CTATGATTCATGCAGGAAATGACTCATTGAGTCATTCTTGGAAGTGGCGTG
ACTGTCTGGTGGCGTGACTTCCTGGAATGTGACTCAGCGGAAGCTCATGA
CTCATTCCTGGAAATCGTACGATGCGAGTCACGTAGGCCTACGTGACGGT
GAATCATACTACGTGGCGTGATACGGAGGAAATGACTCagatctgcgatcgagceteg
cccggggatcgagegeageggtataaaagggegeggggtggctgagageatcagttgtgaatgaatgttcgagecgag
cagacgtgccgctgecttcgttaatatcetttgaataagecaactttgaatcacaagacgcataccaaacggeattccggtac
tgttggtaaagccaccatggaagacgccaaaaacataaagaaaggececggegecattctatccgetggaagatggaace
getggagagcaactgcataaggctatgaagagatacgecectggttcctggaacaattgettttacagatgecacatatcgagg
tggacatcacttacgctgagtacttcgaaatgtccgttcggttggcagaagetatgaaacgatatgggctgaatacaaatcac
agaatcgtcgtatgcagtgaaaactctcttcaattctttatgccggtgttgggcgegttatttatcggagttgcagttgcgeeceg
cgaacgacatttataatgaacgtgaattgctcaacagtatgggcatttcgcagectaccgtggtgttegtttccaaaaagggg
ttgcaaaaaattttgaacgtgcaaaaaaagctcccaatcatccaaaaaattattatcatggattctaaaacggattaccaggga
tttcagtcgatgtacacgttcgtcacatctcatctacctceecggttttaatgaatacgattttgtgccagagtecttcgataggga
caagacaattgcactgatcatgaactcctctggatctactggtctgectaaaggtgtegetetgecteatagaactgectgegt
gagattctcgcatgccagagatcctatttttggcaatcaaatcattccggatactgegattttaagtgttgttccattccatcacg
gttttggaatgtttactacactcggatatttgatatgtggatttcgagtcgtcttaatgtatagatttgaagaagagcetgtttctgag
gagccttcaggattacaagattcaaagtgcgetgetggtgccaaccctattctecttettcgecaaaageactetgattgacaa
atacgatttatctaatttacacgaaattgcttctggtggcgcetceectetctaaggaagtcggggaageggttgccaagaggtt
ccatctgccaggtatcaggcaaggatatgggctcactgagactacatcagctattctgattacacccgagggggatgataaa
ccgggegeggtcggtaaagttgttecattttttgaagegaaggttgtggatctggataccgggaaaacgetgggegttaate
aaagaggcgaactgtgtgtgagaggtectatgattatgtceggttatgtaaacaatccggaagegaccaacgecttgattga
caaggatggatggctacattctggagacatagettactgggacgaagacgaacacttcttcatcgttgaccgectgaagtct
ctgattaagtacaaaggctatcaggtggctcecgetgaattggaatecatettgetccaacaccccaacatcttcgacgeag
gtgtcgcaggtcttccegacgatgacgecggtgaacttccegeecgecegttgttgttttggageacggaaagacgatgacgg
aaaaagagatcgtggattacgtcgccagtcaagtaacaaccgegaaaaagttgegeggaggagttgtgtttgtggacgaa
gtaccgaaaggtcttaccggaaaactcgacgcaagaaaaatcagagagatcctcataaaggecaagaagggcggaaag
atcgccgtgtaattctagagtcggggeggecggecgcettcgageagacatgataagatacattgatgagtttggacaaace
acaactagaatgcagtgaaaaaaatgctttatttgtgaaatttgtgatgctattgctttatttgtaaccattataagctgcaataaa
caagttaacaacaacaattgcattcattttatgtttcaggttcagggggaggtotgggaggttttttaaagcaagtaaaacctct
acaaatgtggtaaaatcgataaggatccatgacatttcccttgetacctgeatacgcaagtgttgcagagtttgataattcettg
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agtttggtaggaaaagccegtgtttccctatgetgetgaccagetgeacaacctgatcaagttcactcaatcgactgagettca
agttaatgtgcaagttgagtcatccgttacagaggaccaatttgaggagetgatcgacaacttgetcaagttgtacaataatg
gtatcaatgaagtgattttggacctagatttggcagaaagagttgtccaaaggatgatcccaggegetagggttatctatagg
accctggttgataaagttgcatccttgecegcetaatgetagtatcgetgtgectttttcttctccactgggegatttgaaaagttte
actaatggcggtagtagaactgtttatgctttttctgagaccgcaaagttggtagatgtgacttccactgttgcettetggtataat
ccccattattgatgctcggceaattgactactgaatacgaactttctgaagatgtcaaaaagttccctgtcagtgaaattttgttgg
cgtctttgactactgaccgecccgatggtctattcactactttggtggetgactettctaattactegttgggectggtgtactcgt
ccaaaaagtctattccggaggctataaggacacaaactggagtctaccaatctegtcgtcacggtttgtggtataaaggtgct
acatctggagcaactcaaaagttgctgggtatcgaattggattgtgatggagactgcttgaaatttgtggttgaacaaacagg
tgttggtttctgtcacttggaacgeacttectgttttggecaatcaaagggtettagagecatggaagecaccttgtgggategt
aagagcaatgctccagaaggttcttataccaaacggttatttgacgacgaagttttgttgaacgctaaaattagggaggaage
tgatgaacttgcagaagctaaatccaaggaagatatagectgggaatgtgctgacttattttattttgcattagttagatgtgee
aagtacggtgtgacgttggacgaggtggagagaaacctggatatgaagtccctaaaggtcactagaaggaaaggagatg
ccaagccaggatacaccaaggaacaacctaaagaagaatccaaacctaaagaagtccecttctgaaggtcgtattgaattgt
gcaaaattgacgtttctaaggcctectcacaagaaattgaagatgeccttcgtegtectatccagaaaacggaacagattatg
gaattagtcaaaccaattgtcgacaatgttcgtcaaaatggtgacaaageccttttagaactaactgccaagtttgatggagte
gctttgaagacacctgtgttagaagetectttcccagaggaacttatgcaattgeccagataacgttaagagagecattgatcete
tctatagataacgtcaggaaattccatgaagetcaactaacggagacgttgcaagttgagacttgeectggtgtagtetgetet
cgttttgcaagacctattgagaaagttggcctctatattcctggtggaaccgceaattctgecttccacttcectgatgetgggtg
ttcctgecaaagttgetggttgcaaagaaattgtttttgcatctccacctaagaaggatggtaccecttaccccagaagtcatcta
cgttgcccacaaggttggtgctaagtgtategtgctagecaggaggegeccaggeagtagetgetatggettacggaacag
aaactgttcctaagtgtgacaaaatatttggtccaggaaaccagttcgttactgctgecaagatgatggttcaaaatgacacat
cagccctgtgtagtattgacatgectgetgggcecttetgaagttctagttattgetgataaatacgetgatccagatttegttgec
tcagaccttctgtctcaagctgaacatggtattgattcccaggtgattetgttggctgtegatatgacagacaaggagettgee
agaattgaagatgctgttcacaaccaagetgtgcagttgccaagggttgaaattgtacgcaagtgtattgcacactctacaac
cctatcggttgcaacctacgageaggctttggaaatgtccaatcagtacgcetectgaacacttgatcctgeaaatcgagaatg
cttcttcttatgttgatcaagtacaacacgctggatetgtgtttgttggtgcctactctccagagagttgtggagattactectecg
gtaccaaccacactttgccaacgtacggatatgcccgtcaatacagecggagttaacactgcaaccttccagaagttcatcac
ttcacaagacgtaactcctgagggactgaaacatattggccaageagtgatggatctggetgctgttgaaggtctagatget
caccgcaatgctgttaaggttcgtatggagaaactgggacttatttaagtcgaccgatgeccttgagagecttcaacccagte
agctccttceggtgggegeggggcatgactategtcgecgeacttatgactgtettetttatcatgcaactegtaggacaggt
gecggeagcegcetetteccgettectcgetcactgactegetgegeteggtegttcggetgeggegageggtatcagcetcacte
aaaggcggtaatacggttatccacagaatcaggggataacgcaggaaagaacatgtgagcaaaaggecageaaaagge
caggaaccgtaaaaaggccgegttgctggegtttttccataggetcegeccecctgacgageatcacaaaaatcgacgctce
aagtcagaggtggcgaaacccgacaggactataaagataccaggegtttcccectggaagetecctegtgegeteteetgt
tccgaccctgecgcettaccggatacctgtecgecttteteccttcgggaagegtggegctttetcatagetcacgetgtaggta
tctcagttcggtgtaggtegttcgetccaagetgggetgtgtgecacgaaccecccgttcageccgaccgetgegecttatee
ggtaactatcgtcttgagtccaacccggtaagacacgacttatcgecactggeageagecactggtaacaggattagecaga
gcgaggtatgtaggeggtgctacagagttcttgaagtggtggectaactacggetacactagaagaacagtatttggtatet
gegetetgetgaagecagttaccttcggaaaaagagttggtagcetcttgatccggeaaacaaaccacegetggtageggte
gtttttttgtttgcaagcageagattacgcgcagaaaaaaaggatctcaagaagatectttgatcttttctacggggtetgacge
tcagtggaacgaaaactcacgttaagggattttggtcatgagattatcaaaaaggatcttcacctagatccttttaaattaaaaa
tgaagttttaaatcaatctaaagtatatatgagtaaacttggtctgacag



465

466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507

The sequence of synthetic enhancers

The optimized high activity developmental enhancers:

Generation:79 individual:1:
TGATGTGACTCACATAGGCGGTGGCGTGATATGTTGTGACTCATTTCCCGG
AAACGGATGACTAATGCCATATGTTATCAGTTTCCTGGAAATTTGATCACG
CCATATTGTGAAATCATGCGATTCCCGGATCACGTGACGGCCGGACGTGA
CAAGTATGAGTCACTAAGTGGCGTGATCTTACGAATCACGTGATGGTCAA
TGTCACGTGATCGGCTGGTGAGTCAGCAATATCGTGTGATTCATTC
Generation:79 individual:2:
TGATGTGACTCACATAGGCGGTGGCGTGATATGTTGTGAGTCACTTCCCG
GAAACGGATGACTAATGCCATATGTTATCAGTTTCCTGGAAATTGAATCA
CGCCATATTGTGAAATCATGCGATTCCCGGATCACGTGACGGCCGGACGT
GATGACTAATCAGCAAAAAGTGGCGTGATCTCCGGAATCACGTGATGGTC
CATGTCACGTGATCGGCTGGTGAGTCAGCAATATCGTGTGATTCATTC
Generation:90_individual:1:
GCGTGATTATATCCGGTTTGTGGCGTGACTACAACCGGATGCATATCCGGT
CATCCGGTTATGTCACGCCACTGTCACGCCATTCCAGGAAATCATCCGATC
GATCACGCCACCGGATGATGGCGTGATCGAACATCCGATCACGCCATCCG
GAAATCGTACGATGTGGCGTGATCGCGTGATCTGGCGTGATTATTCCAGG
AATTGCGAATGAGTCATCACGCGACGTCATGACTCATAGGTGATAAG
Generation:90 individual:2:
CATCGCGTGATCGCGATCGGATGACTCGGCTGAGTCACCGGATGTGACTC
AGCTCTGGTTCTATGATTCATGCAGGAAATGACTCATTGAGTCATTCTTGG
AAGTGGCGTGACTGTCTGGTGGCGTGACTTCCTGGAATGTGACTCAGCGG
AAGCTCATGACTCATTCCTGGAAATCGTACGATGCGAGTCACGTAGGCCT
ACGTGACGGTGAATCATACTACGTGGCGTGATACGGAGGAAATGACTC
The optimized high activity housekeeping enhancers:

Generation:20_individual:1:
ACCGGCACACTAGAGCGACTAAGTCTGGGTGGCAACAGTCCGATACTTAC
AGCGTATGAGTGGCTGCGATGCGGCTAGAGATGGGCCGCGTTTTCCACTC
GATAGCATTCTAAGGCTTCCATCTCTAGGGCCGAAATCACGACACGGCAG
CTTGACGAGTCAGATGAGTCCGCGTATCGATATTCTCACCTCTATTAGGAA
AGCCATATGTGCTATCGATATGTTCATTAATCGCGGGCTTTTAGGGCT
Generation:35_individual:554:
CTCGCACGAGTTTGACACAACTCTATTCGTCCACCACTAGCCGCCCACATC
TCCGAGGCACGTCTATCGATAGCATCACTGACGCACTATCGATAGCCCAC
CGTAGTGGTTATCGAATATGCGGCTATCGAGACGTGAACTATCGATATGTT
CGAGATCTACCGCTAGCGTCCGTATCGATATTCTGATTGTGATGGACGCAT
CTGGTATCGATACAAACTATCGATAGGAAGAAAGACTGAACCGGTT
Generation:60 _individual:677:
CTGGTAGAGAGCGAGCAGTTATCGATAGGTCCACCACTAGCCGCCCACAT
CTCCGAGGCACGTCTATCGATAGTGTACTATCGATAACTATCGATTGCTCC
GCCTATCGATAGACGTTGCCATCTCTAGCGGACGTGAACTATCGATACGT
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ATCGATAGTTAGACGCGGACGACTATCGATTAGTTGACGTATCGATAGTA
TGCGCCTATCGATAGTGCCTATCGATAGGCAGAACGCGTATCGATAAT
Generation:79 _individual:1426:
ACTTAGAGACATCGATAGTTATCGATACGTCCACCACTAGCCCATCTATCG
ATAGACTAACGTCTATCGATATATCGCCCGACGCACTATCGATAGGCTCC
GCCTATCGTCCGCGCGACTATCGATATGTATGCCCATCCCTAATGCGCGTA
TCGATAGTTATCGATACACGACTATCGATAGCTAGAACTATCGATAGTAT
GCGCCTATCGATAGTGCCTATCGATAGGCGGAACGCGTATCGATAAC
Generation:95_individual:99983:
ACTTCGTACTATCGATAGTTATCGATTGGCCCACCACTAGCCGCCCTATCG
ATAGCGGCACGTCTATCGATATATCGCCCGACGCACTATCGATAGTATCC
GCCCATCGATAGTATCGCCCATCTCTATGCGTCCCATCCCTAATGCCACTA
TCGATAGTTAGACGCACACGACTATCGATAGTTAGAACTATCGATAGTAT
CCGCCTATCGATAGCGACTATCGATAGCCTATCGATAGGTCGATAAC
Generation:99 individual:99988:
AGAACGTACCATCGATAGTTATCGATAGGTCCACCACTAGCCGCGACTAT
CGATTGTCCATGCCTATCGATATATCGCCCGACGCACTATCGATAGTATCC
GCCTATCGATAGAATCGCCCATCTCTATGCGTCCCATCCCTAATGCGCCTA
TCGATAGTTATCGATACGCGACTATCGATAGTTAGAACTATCGATAGTATG
CGCCTATCGATAGCGACTATCGATAGCCTATCGATAGGTCGATAGC

The optimized high activity housekeeping silencers:

Generation:60 _individual:133:
CTGTCCGAGATACGGCTGGTGGTAAGCACGAGCCCAGCCGGATGCGCGGG
ACCGTCGCCCGGCTAGAAAGACCAGGTAAGTAACGCCCATGAAGGGCCG
CGGCAGGTAAGTTAGGACAGGTAAGTGCAAGGACAGGTAAGTCCTACCT
GCAGAGACTCCTTATCAAGGAGATAAACGTACTTACCTTACCAGGTACTT
TCCGGTCGCAGTACTTACCTACTTACCTATGTTCCATATCCGAGGCCATGG
Generation:79 _individual:72:
GGTGATCTGAGAGCCCACAGGTAAGTTGAGCTCACAGGTAAGTAGCCCGC
AGGTAAGTCTGGGCTGTGCTCACTTACCTACGTATACGCAGTCCCAAGCA
GGTAAGTACAGGTAAGGTAAGTAGGTAAGTAAGTACTTACCTACCTACTT
ACCTTGATATCGTATACTTACCTACCTACGCACACTTGGCTTGACTTACCT
ACTTACCTATTTCCGGTCCGCGTTGGGGCCCGGCAGGTAAGTTAGTAA
Generation:79 _individual:613:
CCCGGATGCCTGCGGCTGGTGGTAAGCACGAGCCCAGCCGGAAGCTCAGA
GGAAGTAGTTGCAGCCCCAGGTCAGGTAAGTAACCGCTGCCAACCCGCAG
GGCAGGTAAGTTAGGACAGGTAAGTGCACGGACAGGTAAGACAGGTAAG
TAGAGACTCCTTATCTTATCCTTATCTCTACTTACCTTACCAGTTACTTCCG
TCTTATCGTACTTACCTACTTACCTATCTTTCATATCCGGCCATAGCC
Generation:99 _individual:99994:
CGAAGCATATCTGCCCACAGGTAAGTTGAGCTCACAGGTAAGTTGCCTGC
AGGTAAGTATGTCCTGCGCTCACTTACCTACGTATACGCAGAGGTAAGTA
GGTAAGTTCAGGTAAGGTAAGTAGGTAAGTAAGTACTTACCTAGATACTT
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ACCTTGCGATGGCATACTTACCTACCTATCTCAGGGCTTACCTACTTACCT
ACTTACCTATTTCCGGCTCTGTGGTAAGTCTTGCGTATACTTACCAAC
Generation:99 _individual:99956:
CCCGCCGAGATACGGCTGGTGGTAAGCACTCGCCCGGACGGAAGCTCCCC
AGTGGGACACGCAGCCCAAGGACAGGTAAGTACTTCCTGTCGGTAGGCAG
GTAAGGTAAGTAAGGACAGGTAAGTGCACGGACAGGTAAGTCAGGTAAG
TAGATAGTCCTTATCTTATCCTTATCTGTACTTACCTTACCAGGTACTTCCG
TCTTATCGTACTTACCTACTTACCTATCTTTCATATCCGGCCATAACC

The optimized high activity developmental enhancers with 3 fixed RESs (Agel =
“ACCGGT”, Sall = “GTCGAC”, HindIIl = “AAGCTT”, marked in bold font):
Generation:80 individual:1:
AACTGACTCACTCGTCACGCCACTTCCTGTTCGTGGATGACTCATTCCAGA
CCGGTGGCGTGATGATTCATTTCCGGTGACTCATTTCCGGGATGGCGTGA
CCGGAAGTGACTCACAGATCACGTGATGGCGTGATCGGATGATCATCCGG
TCGACATCCGGTGACTCACTTCCGGTCGGAAGTGGCGTGATCACGCCACA
AGCTTCCGGGTCTTAGTCATGCTGCTGAGTCATTTCCTGTTGAAAACC
Generation:90_individual:1:
TGAAATGATCACGTGATCACGTGATCGCGTGATCTTGCCTGAGTCATCCA
ACCGGTGAATCACTGGATGACTAATATGGCGTGATCGGAAATGACTCAG
ACCGGAAATCACGTGATGTGAGTCACAGATGGCGTGATCGGATCACGTGA
TGTCGACCGGATGTGACTCACTGGATGACTCAACATGGCGTGATCATGAC
TAAGCTTCCGGTGACTCAGCATGGCGTGATCACGTGATTGTGATTCATTG
The optimized high activity housekeeping enhancers with 3 fixed RESs (Agel =
“ACCGGT”, Sall = “GTCGAC”, HindIIl = “AAGCTT”, marked in bold font):
Generation:80 individual:1:
TACGCTGTATTTTTTTTTTTCGTTTCCGGTTATCCAAATAATTGGACGTGAC
CGGTGGCGTGATGGCGTGGTTGACGTGTTATCGATTTATCGATATCGATA
AATATCGATGGCGTGATGACGTGTCGTTGATGACTAACGTCACGTAGTGT
CGACGTGATTGACTCATTCCGATCACGTGATGTTTCTAAAGCGAAAGGAA
GCTTGAAAGGGGGTGGGGAGGGGGTGGTGAGGCAAAGGGATCACGAA
Generation:90_individual:1:
ATGTGACCCGACTATCGATTACTGAACCGCGCCTATCGCTTATCGACTGAA
CCGGTGCTGTTAGACGTGACTATCGATACTTAGCCTATCGATAGTTTGAG
ACTATCGATACACGAACCTATCGATAGTCAGCGCCGCGGACTATCGATAG
TCGACAACTATCGATACGCACAACTATCGATACGCGAACTATCGATAGTA
AGCTTCCGCGTGACTATCGATAGCACGCTATCGATAGTCGCGACTGTC
The optimized AT-rich high activity developmental enhancers:
Generation:80_individual:1(GC:0.11):
TAATTTTATATATAAATTTTTTATGAATATTTAAATTTATAATAATTTATTA
TTTTTATATTTTTAAAATGATTCATAATAAATAAAAATAATCACATGATTT
TAATTTATGAATCATATCACGTGATGGCGTGATCGTATGATCATGATTAAT
AATAAAATTATGAATCATAAAATGACTAATACAAAATTCTTAGAAATTTA
TAAATTAAAATAAAATATAATTATTTATAAATTTTTTATATATTA
Generation:90_individual:1(GC:0.13):
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AAAATTTATATAATATTTTTATATATATATAATTTTATATATAAATACATAT
ATAATTATGATTCATTTTATAAGTATGAATCATAGTCATATGACTATTATA
TGATTCATTTTTTGATGATTCACTTCTTGGAATGAATCATTTTTAATGATTC
ATATAATGATTCATAAAAAATTATGAATGATGAAATTCTTAGAATGAATC
ATTATAAATAATAAATTTAATAATTATGATGAAATATAATAAAT

The optimized AT-rich high activity housekeeping enhancers:
Generation:80_individual:1(GC:0.09):
AATTAATTTAATTATTTTTTTTTTTTTTATTATTTTTTTTTATTTTTTTATGAT
GAAATATAAAAAAAAAAATATATATCGATTAATTATCGATATAATAATTA
TCGATATATTTAGTATTAGTCATCATATGACTCATATATTTTAAATTAGTC
ATTAATATGATTCAAAAAAAATGACTCATATAATATTAAATTTTTTTTTAT
ATTTAATTTTTTTTATTATTAAAAAAAAAATTAAAAAATTTAA
Generation:90_individual:1(GC:0.08):
ATTATAATAATATTTTTATAAATTATTTTTTTTTTATATTAAAAATATATTT
AAAATAATATTTAATTTTATAATTAATTTTTAAAAAAAATTTAAATAAATT
ATCGATATATTTAGTATTTTATCGATATTATAAAATACTAAAAAAAATATC
GATATTTTAGATTAATCGATATATCGATACATAAAAATATCGATATATCGA
TTATTATAACTATCGATATATTATTTTAAAATAATTTTTATTAT

The sequence of CMYV enhancer

CGTTACATAACTTACGGTAAATGGCCCGCCTGGCTGACCGCCCAACGACC
CCCGCCCATTGACGTCAATAATGACGTATGTTCCCATAGTAACGCCAATA
GGGACTTTCCATTGACGTCAATGGGTGGAGTATTTACGGTAAACTGCCCA
CTTGGCAGTACATCAAGTGTATCATATGCCAAGTACGCCCCCTATTGACGT
CAATGACGGTAAATGGCCCGCCTGGCATTATGCCCAGTACATGACCTTAT
GGGACTTTCCTACTTGGCAGTACATCTACGTATTAGTCATCGCTATTACCA
TG

The sequence of Hr5 enhancer

CGCGTAAAACACAATCAAGTATGAGTCATAAGCTGATGTCATGTTTTGCA
CACGGCTCATAACCGAACTGGCTTTACGAGTAGAATTCTACTTGTAACGC
ACGATCAGTGGATGATGTCATTTGTTTTTCAAATCGAGATGATGTCATGTT
TTGCACACGGCTCATAAACTCGCTTTACGAGTAGAATTCTACGTGTAACGC
ACGATCGATTGATGAGTCATTTGTTTTGCAATATGATATCATACAATATGA
CTCATTTGTTTTTCAAAACCGAACTTGATTTACGGGTAGAATTCTACTTGT
AAAGCACAATCAAAAAGATGATGTCATTTGTTTTTCAAAACTGAACTCGC
TTTACGAGTAGAATTCTACGTGTAAAACACAATCAAGAAATGATGTCATT
TGTTATAAAAATAAAAGCTGATGTCATGTTTTGCACATGGCTCATAACTAA
ACTCGCTTTACGGGTAGAATTCTACGCG

The sequence of UASE enhancer

AATAGAGGAACCGTTTACCTGTGGTTCCTATTGTGGCCTACTGTTACTAGC
TAGTGTAATACACCCTTGCCTCAGCTTTGCAAGTTGACAACTCAGCCAA
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Vector and DNA construction for luciferase transgenic Drosophila
lines

The pVA-Enhancer-DSCP-Luciferase-SV40 vector is constructed based on the pVA-
luciferase vector which is given from the Pro. Ni (Tsinghua University). Briefly, pVA-
luciferase was cut with Kpnl and Spel and ligated with an amplified fragment of SV40
from pNP (gift from Pro. Ni in Tsinghua University, fwd: 5’-
GGGGTACCGGATCTTTGTGAAGGAACCTTACTTCTGTGGTGTGAC-3’, rev:
5’- GCACTAGTTGGAACCAGACATGATAAGATACATTGATGAGTTTGGAC-
3”). The resulting vector was cut with Xbal and BamHI and ligated with an amplified
fragment from the following steps: Amplify the optimal enhancer sequence (fwd: 5°-
CATCGCGTGATCGCGATCGG-3’, rev:5’- GAGTCATTTCCTCCGTATCAC-3)
and DSCP promoter sequence (fwd:5’-
GATACGGAGGAAATGACTCGTCGACGAGCTCGCCC-3, rev:5’-
CGGGATCCTTTGGTATGCGTCTTGTGATTCAAAGTTG-3") from the
corresponding vector then use the overlap PCR process to amplify the enhancer-DSCP
fragment. Then the pVA-Enhancer-DSCP-Luciferase-SV40 was constructed. The
pVA-Enhancer-DSCP-Luciferase-SV40-Enhancer were constructed in the same way.
Transgenic Drosophila construction

The construction of luciferase transgenic flies is based on the previous protocol (20)
with some modifications. Briefly, the pVA-Enhancer-DSCP-luciferase-SV40, and
pVA-Enhancer-DSCP-luciferase-SV40-Enhancer were injected into the TB16 and
TB18 to get the transgenic Drosophila.

Luciferase assay in vivo

Luciferase activity was measured using the Steady-Glo Luciferase Assay Kit (Promega).
A single adult fly (2-day-old) was collected and well-grinded in 100uL GLO lysis
buffer for different genotype samples, each luciferase assay contained three
independent samples. Samples were homogenized and centrifuged at 12,000xg for
Smin, 30 pL supernatant was taken into the 96-well plates. Then add the 30 pL luciferin
into the supernatant and well-mix. After incubation in the dark for Smin, luminescence

was measured on a luminometer (Thermo Scientific, VAR-IOSKAN FLASH).
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Recombinase-based enhancer integration in human genome and
enhancer activity measurement

The designed enhancers and the CMV enhancer were cloned into plasmids containing
attB sites and a green fluorescent protein (GFP) marker. Each plasmid containing a
designed enhancer was co-transfected at a 1:1 ratio with a plasmid expressing serine
integrase into 293T landing pad cells, which possess attP integration sites (cell lines
were sourced from our laboratory). Empty vectors were included as controls. After 10
days of culture, non-integrated plasmids were degraded, and GFP-expressing cells
indicating successful integration were sorted using flow cytometry. Monoclonal cells
obtained from the sorting process were seeded into 96-well plates and cultured in
medium supplemented with 20% fetal bovine serum. Positive clones were expanded
and imaged using a fluorescence microscope, and their average fluorescence intensity

was quantified with ImagelJ software (https://imagej.net/ij/).

Training DREAM with human multi-cell line STARR-seq data

We collected STARR-seq data from the A549 (Accession: ENCSR895FD, 70,011
peaks), HCT116 (Accession: ENCSR064KUD, 43,718 peaks), and MCF7 (Accession:
ENCSR547SBZ, 79,466 peaks) cell lines, all obtained from the ENCODE project
(https://www.encodeproject.org/). These datasets share a common input DNA library
(Accession: ENCSR547SBZ), effectively minimizing batch effects. The human
genome was segmented using a step size of 300 bp and a window size of 400 bp. To
broaden the activity spectrum of enhancers within the dataset, we randomly selected
420,000 non-peak regions (background regions) where input DNA read counts
exceeded 20. Consequently, the dataset was comprised of peak regions from A549,
HCT116, and MCF7 cell lines, along with randomly selected background regions. We
used regions from chromosomes 21 and 22 as the validation set (7,995 regions) and test
set (11,339 regions), respectively. Enhancer activity was quantified as the log2 fold
change of RNA read counts mapped to genomic regions relative to the input DNA read

counts. Except for modifying the output dimension of SENet’s final layer to three, all



693  other hyperparameters were kept consistent. We retrained SENet on these datasets and

694  evaluated its performance using the hold-out test dataset from chromosome 22.

695



696
697

698
699
700
701

Supplementary Figures

Supplementary Figure 1. The structure of the SENet

input_1 input: [(None, 249, 4)]
InputLayer | output: | [(None, 249, 4)]
convld input: (None, 249, 4)
Conv1D | output: | (None, 243, 512)

batch_normalization

input:

(None, 243, 512)

BatchNormalization

output:

(None, 243, 512)

I

activation

input:

(None, 243, 512)

Activation

output:

(None, 243, 512)

I

average_poolingld

input:

(None, 243, 512)

AveragePoolinglD

output:

(None, 120, 512)

}

sequential

input:

(None, 120, 512)

Sequential

output:

(None, 120, 512)

}

sequential_3

input:

(None, 120, 512)

Sequential

output:

(None, 120, 1024)

}

sequential_6

input:

(None, 120, 1024)

Sequential

output:

(None, 60, 2048)

}

sequential_9 input: (None, 60, 2048)
Sequential output: | (None, 30, 2048)
flatten input: (None, 30, 2048)
Flatten | output: (None, 61440)
dropout_8 input: (None, 61440)
Dropout output: | (None, 61440)

.,

The structure of the SENet.

sequential_12 input: (None, 61440) sequential_13 input: (None, 61440)
Sequential output: (None, 64) Sequential output: (None, 64)
Dense_Dev input: (None, 64) Dense_Hk input: (None, 64)
Dense output: (None, 1) Dense output: (None, 1)
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Supplementary Figure 2. Performance evaluation of SENet’s predictions in test set

excluding repeats.
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Scatter plots of SENet predicted vs. observed developmental (A) and housekeeping (B)
enhancer activity signal across 32,036 DNA sequences in the test set chromosome not
overlapping with repeats. The PCC is denoted for each comparison.



710  Supplementary Figure 3. Performance evaluation of SENet’s predictions of chromatin
711  accessible regions in test chromosome (23,506 DNA accessible regions).
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713 Scatter plots of SENet predicted vs. observed developmental (A, C) and housekeeping
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716  S2 cell (C, D; 12760 DNA sequences). The PCC is denoted for each comparison.
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Supplementary Figure 4. Performance evaluation of SENet’s predictions of synthetic

enhancers in Drosophila S2 cells
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(A) Scatter plot of SENet predicted vs. experimentally measured activity of synthetic
enhancers in Drosophila S2 cells. (B) The Scatter plot of DeepSTARR predicted vs.
the same experimentally measured activity of synthetic enhancers in Drosophila S2
cells. The synthetic enhancers activity data sourced from the de Almeida et al. (1) The

PCC is denoted for each comparison.



727
728

729
730
731
732
733
734
735
736
737

Supplementary Figure 5. Dataset distribution and model performance evaluation using
10-fold cross validation
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(A), (B), and (C) display the distributions of sequence activity, GC content, and the
number of transcription factor (TF) motifs per sequence in the training, validation, and
test datasets, respectively. Panel (D) illustrates the 5-mer frequency similarities among
sequences across these datasets. (E) and (F) present the 10-fold cross-validation results
for 11 models, including SENet, on an independent test dataset, with performance
metrics represented as bar graphs for Mean Squared Error (MSE), Pearson Correlation
Coefficient (PCC), Coefficient of Determination (R?), and Spearman Correlation
Coefficient (SCC).
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Supplementary Figure 6. Some functional motifs are capture by different filters
recurrently, which implies that the filters are highly redundant
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The filters in the first convolutional layer of SENet can recover the kay (A), GATAd
(B), Ohlerl (C), and DRE (D) motifs associated to enhancer activity. The heatmap
indicates the influence on the predictions of developmental and housekeeping enhancer
activity, respectively. (E) Discovered DNA motifs associated with enhancer activity.
Clustering of 512 motifs discovered by DREAM framework. Shown are the first two
principal components of the motif occurrence frequencies in sequence windows
(activity). Triangles represent the de novo motifs and dots denote motifs with significant
(FDR <0.05) similarity to annotated motifs in the databases. Marker size indicates the
average activity; the estimated motif effect on housekeeping enhancer activity is shown
by colour.
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Supplementary Figure 7. Annotated motifs present higher information content and
activation of the convolutional layer in SENet.
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Six attributes of the de novo motifs and annotated motifs learned by SENet are
presented, including (A) information content, (B) activation of filters in the initial
convolutional layer of SENet, association with developmental enhancers (C), and
housekeeping enhancers (D). Additionally, the PhastCons scores within motif instances
of developmental enhancers (E) and housekeeping enhancers (F) are displayed (one-
sided Wilcoxon rank-sum test).
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Supplementary Figure 8. SENet learned motifs can predict enhancer activity, matching

or surpassing known TF motifs.
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(A) Random forests and XGBoost models were constructed using SENet-learned motifs
and known TF motifs from the JASPAR database as features to predict the activity of
development and housekeeping enhancers, respectively. The ten-fold cross-validation
results are presented in the figure, showcasing that SENet-learned motifs exhibit the
capability to predict enhancer activity, either matching or surpassing the predictive
power of known TF motifs. The red dots represent the mean PCC. (B) The feature
importance for the annotated motifs (can match with the JASPAR database) and de
novo motif (one-sided Wilcoxon rank-sum test).
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Supplementary Figure 9. Two complementary metrics, the activation and the influence
of filters reflect the evolutionary constraints of the matched DNA sequences and
recovered TFs, respectively.
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(A) Filters exhibiting higher activation in the first convolutional layer of SENet
correspond to motifs with elevated information content. (B) Depicts the motif instances
(matching the filters) exhibiting increased activation within housekeeping enhancers,
which show greater evolutionary conservation (15-way PhastCons score, obtained from
https://hgdownload.cse.ucsc.edu/goldenPath/dm3/phastCons15way/). However, no
statistically significant correlation was detected in developmental enhancers (C). (D)
Developmental enhancers exhibit greater evolutionary conservation compared to
housekeeping enhancers (one-sided Wilcoxon rank-sum test). (E) and (F) Illustrate
filters with higher influence on activity prediction capturing TFs with lower
evolutionary rates (one-sided Wilcoxon rank-sum test). The blue line represents linear
regression between x and y variables for the corresponding figures, with the grey region
indicating the 95% confidence interval. The PAML 4.9 (2) was used to calculate
evolutionary rates (dN/dS,) of captured TFs based on their orthologous genes from the
same six Drosophila species used to calculate dN/dS previously (3).



Supplementary Figure 10. Correlation of DNA sequence motifs
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motifs with large association with enhancer activities (association > 0.1).



800  Supplementary Figure 11. The comparison of the DNA features learned by SENet and
801  DeepSTARR.
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802

803  (A) Venn diagram showing the number of shared DNA motifs captured by the first
804  convolution layer filters of SENet and DeepSTARR (g-value < 0.1). (B) The first
805  convolution layer filters of SENet and DeepSTARR capturing the DNA motifs of
806 GATAd and SREBP. (C) The number of unknown TF motifs captured by filters in
807  SENet and DeepSTARR under different thresholds. (D) and (E) The information
808  content and activation value of filters in SENet and DeepSTARR, respectively. (F) The
809  number of filters with importance greater than 0.1 for predicting developmental and
810  housekeeping enhancers in SENet and DeepSTARR. (G-J) Random forest and
811  XGBoost models constructed using the DNA features captured by filters in SENet and
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DeepSTARR for predicting the activity of developmental and housekeeping enhancers.
“All filters”, “top 100 filters”, “top 50 filters”, and “top 20 filters” denote models
constructed using all filters and the top 100, top 50, and top 20 filters ranked by
importance, respectively.
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Supplementary Figure 12. In silico analysis reveals positional effects of key motifs in
housekeeping enhancers, distance-dependent TF motif epistasis, and contributions of
TF motif-related features to enhancer activity
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(A) Positional effects of the top six TF motifs in housekeeping enhancers. Green lines
represent the “Random Backbone Sequences” strategy, orange lines indicate the
“Natural Enhancers” strategy, and blue lines denote the negative control “GGGCT”.
Panels without orange lines indicate the absence of natural enhancers containing only
a single instance of the specific TF motif, thus preventing the use of the “Natural
Enhancers” strategy (see Methods). (B) Epistasis effects between TF motifs as a
function of the relative distance between motifs. The first motif in the title is fixed at
the center of the backbone, while the second motif (motif B) is computationally moved
(color-coded). The “GGGCT” motif serves as a negative control (see Methods). Dashed
line indicates an additive effect. (C) Contributions of TF motif-related features to
housekeeping enhancer activity. For each TF motif (each row), multiple linear
regression models were constructed using the number of motif instances, the distance
from the enhancer center, the binding strength of the TF (motif core, with -log(binding
probability) as a proxy), DNA shape scores of the flanking sequences, and the relative
distances between key motifs. The P-Value of each motif feature from these models
indicate the significance of each motif feature’s contribution to enhancer activity.
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Supplementary Figure 13. In silico analysis of higher-order motif combination effects
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(A) Epistasis effects of three TF motifs as a function of the relative distance between
the third motif and the two fixed motifs at the backbone sequence center. Each panel
title indicates the fixed motifs (motifA-motifB) at the center of the backbone, while
motifC (shown in different colors) is computationally moved to calculate the epistasis
effect at distance d (see Methods). The “GGGCT” motif serves as a negative. The
dashed line indicates an additive effect. (B) Combination effects of three TF motifs in
developmental and housekeeping enhancers. MotifA, motifB, and motifC are fixed at
the center of the backbone, maintaining optimal relative distances. The combination
effect is defined as the fold change in predicted enhancer activity with motifs embedded
compared to the backbone’s enhancer activity (see Methods).



851
852

853
854
855
856
857
858
859
860
861
862
863

Supplementary Figure 14. Impact of initial population size on DREAM-optimized
enhancer activity
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housekeeping enhancers across mutation steps (x-axis) under varying initial population
sizes. The blue and yellow dashed lines represent the strongest activity measured in
Drosophila S2 cells for developmental and housekeeping enhancers, respectively. (B)
Final optimized enhancer activity distribution under different initial population sizes.
(C) Computational memory requirements for DREAM at different initial population
sizes. Boxes indicate the 25th, 50th, and 75th percentile values, with whiskers
extending to the most extreme data points within 1.5 times the interquartile range from
the edges of the boxes.
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Supplementary Figure 15. Dynamic changes in sequence properties of designed
enhancers during the in silico optimization trajectory
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(A) The dynamic changes in nucleotide diversity(w) within the population during the
sequence optimization process, with natural enhancers in the Drosophila genome, and
enhancers designed by DeepSTARR and DeepSTARR2 serving as references. The
letter “g” denotes “Generation”. (B) The dynamic changes in sequence distance to
natural enhancers during the sequence optimization process, measured using Hamming
distance and Levenshtein distance. The sequence similarities of designs by
DeepSTARR and DeepSTARR2 with natural enhancers are provided as references. (C)
Heatmaps illustrating the Pearson correlation coefficient (PCC) of 5-mer and 6-mer
frequencies between sequences designed by DREAM, DeepSTARR, and
DeepSTARR?2, and natural enhancers. Pairs with a P-Value > 0.05 are marked with an
“x”. (D) Distributions of the predicted scores for the four DNA shapes (minor groove
width (MGW)), roll (Roll), propeller twist (ProT), and helix twist (HelT)) for the 10 bp
flanking regions of key TF motifs during the sequence optimization process by
DREAM. The Corresponding predicted scores in natural enhancers, DeepSTARR, and
DeepSTARR? are provided as references.



883  Supplementary Figure 16. The dynamic co-occurrence pattern of known TFs captured
884 by the Topl0 filters during the in silico optimization trajectory.
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886  The heatmap depicts the dynamic enrichment of known motif pairs captured by the Top
887 10 filters throughout the in silico optimization trajectory. For simplicity, samples from
888  the sequence population were taken at the 10th, 40th, 70th, and 90th evolutionary steps.
889  The odds ratio was calculated using a one-sided Fisher’s exact test, with the in silico

890 initial sequence population serving as the background.
891



892  Supplementary Figure 17. The dynamic co-occurrence pattern of known TFs enriched
893  the final optimized enhancers during the in silico optimization trajectory.
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895  The heatmap illustrates the dynamic enrichment of known motif pairs in the final
896  optimized sequences during the in silico optimization trajectory. For simplicity, only
897  representative motifs with a Fisher’s odds ratio greater than 4 are displayed. The odds
898  ratio was calculated using a one-sided Fisher’s exact test, with natural enhancers in the
899  Drosophila genome as the background.
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Supplementary Figure 18. By customizing the fitness function, the DREAM framework
can design silencers or simultaneously optimize the sequence properties of enhancers
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(A) Illustration of CREs design tasks: 1. “AT rich + strong activity”” developmental and
housekeeping enhancers, 2. developmental and housekeeping enhancers with user-
specified restriction enzyme sites (“with 3 fixed RESs”), and 3. strong housekeeping
silencers and enhancers (see Methods for details). (B) Distribution of predicted activity
for developmental and housekeeping CREs during the in silico optimization process (y-
axis). The x-axis represents mutation steps. In the “AT rich + strong activity” panel, the
second y-axis indicates the GC content of sequences. Blue and orange boxes represent
enhancer activity and GC content, respectively. The DREAM framework was used to
simultaneously increase both the AT content and the activity of developmental and
housekeeping enhancers. In the “with 3 fixed RESs” panel, blue and orange boxes
represent developmental and housekeeping enhancers, respectively. In the “strong
housekeeping silencers/enhancers” panel, blue and orange boxes represent
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housekeeping enhancers and housekeeping silencers, respectively. In all panels, boxes
denote the 25th, 50th, and 75th percentile values, with whiskers indicating the
outermost points within 1.5 times the interquartile range from the box edges. (C) and
(D) Validation of synthetic CREs designed for the “AT rich + strong activity” and “with
3 fixed RESs” tasks in Drosophila S2 cells using luciferase reporter assays, with the
Hr5 enhancer as the control. (E) and (F) Validation of housekeeping enhancers (E) and
housekeeping silencers (F) in Drosophila S2 cells using luciferase reporter assays. In
validating synthetic housekeeping enhancers, the two strongest housekeeping
enhancers (chr3LHet:369713-369962 and chrX:15033306-15033555) from the
Drosophila genome and the Hr5 enhancer were used as controls. For synthetic
housekeeping silencers, the empty vector was used as a control. (G) Validation of
housekeeping silencers in C2C12 (mouse), A549 (human), and K562 (human) cell lines
using luciferase reporter assays (using PGK promoter), with the empty vector as the
control. All luciferase values are normalized to Renilla luciferase activity. Error bars
represent the standard error of the mean (n = 3 biological replicates; one-sided
Wilcoxon rank-sum test).
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Supplementary Figure 19. The TF motifs in optimized housekeeping silencers using
DREAM.
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(A)-(E) Nucleotide contribution scores for the optimized housekeeping silencers
derived from the SENet using DeepExplainer. Instances of motifs identified by
DREAM are emphasized, with known motifs indicated in black and de novo motifs
marked in red. The number of known motifs (#(known motifs)) and the number of de
novo motifs (#(de novo motifs)) are also marked. (F) The colored matrices illustrate the
presence or absence of TF motifs (x-axis) in the corresponding taxonomy (y-axis), with
blue indicating absence and orange indicating presence of the TF in the respective
taxonomy.
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Supplementary Figure 20. Designing medium strength enhancers with DREAM.
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(A) Distribution of predicted enhancer activity (y-axis) for developmental enhancers at
various mutational steps (x-axis) during the in silico optimization trajectory favoring
medium activity. The boxes denote the 25th, 50th, and 75th percentile values, while the
whiskers extend to the furthest point within 1.5 times the interquartile range from the
boxes’ edges. The yellow dashed line indicates the mean activity of Drosophila
developmental enhancers measured in S2 cells (2.19). (B) TF motifs over-represented
in designed enhancers with medium strength compared to genomic noncoding regions
of non-enhancers (background). The x-axis represents the log2-transformed one-sided
Fisher’s exact test odds ratio, and the y-axis represents the corresponding FDR-
corrected significance. (C) This panel illustrates various characteristics, including the
count of TF motif pairs with distances less than 20 bp (#(distance<20)), the average
number of (key) TF motifs (#(motifs)), TF binding affinity quantified by -log(binding
probability), diversity of TF motifs evaluated through entropy, sequence diversity
quantified by Levenshtein distance, the mean distance between TF motifs, and GC
content of binding TF motifs (motif GC%) and sequences (sequence GC%) throughout
the in silico optimization trajectory. The x-axis outlines the steps of the in silico
optimization process, and the results are compared with natural enhancers in the



964  Drosophila genome as well as synthetic enhancers designed by DeepSTARR and
965  DeepSTARR?2 (one-sided Wilcoxon rank-sum test).
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Supplementary Figure 21. DREAM-optimized enhancer displayed stronger ability to

stimulate the expression of CAG promoter and CMV promoter.
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Quantitative comparison of luciferase assay activity levels for the synthetic enhancers
+ CAG promoter (A) and synthetic enhancers + CMV promoter (B) in A549, K562 and
S2 cell lines. The luciferase values are normalized with the signal of Renilla luciferase.
Error bars: Standard error of the mean (n = 3 biological replicates; one-sided Wilcoxon

rank-sum test).
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Supplementary Figure 22. Validation of the designed enhancer activity in the
endogenous chromatin context.
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(A) Using the attB/attP site-specific recombination system, luciferase transgenic
Drosophila lines were constructed to validate the activity of the designed enhancer
(Generation:90 _individual:2). The designed enhancer was inserted both upstream and
downstream of the DSCP promoter. (B) Schematic illustration of the integration of the
designed enhancer into the human genome (293T cell line) using the attB/attP site-
specific recombination system. (C) Validation of the activity of the CMV enhancer and
the designed enhancer (Generation:79 _individual:2) within the endogenous chromatin
context of human 293T cells, achieved through recombinase-mediated integration. All
luciferase values were normalized against the activity of an empty vector containing
only the corresponding promoter. Error bars represent the standard error of the mean (n
= 3 biological replicates; one-sided T-test).
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