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Two 20th Century surprises about the genome
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Transposons and repeats: the genomic majority

Drosophila
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>30% of genome transposon-derived

Full length copies
mariner 0-5
piggyBac 0 -10
P element 0 -15

The “P element”, a DNA transposon,
entered genome recently (~1950), spread
throughout world populations

Human

Classes of interspersed repeat in the human genome

Length Copy

number
LINEs T . - ORF1 ORF2 (pol) AMA 6-8 kb 850,000
SINEs Non-autonor R 100-300bp 1,500,000
Retrovirus-like Autonor R 929 pol o) s  6-11kb
elements } 450,000
> 1.5-3 kb
DNA Autonomou p—lansposmse 2-3kb
transposon } 300,000
fossils
Non-auton — 14 80-3,000 bp
Full length copies
mariner 53,000
piggyBac 500
P element 0*

*12 Thap genes derived from P transposase
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Transposons drive human evolution and
cancer cell evolution

But we know little about how transposons interact with the genome

Hot and cold spots?

Transposon-specific differences?

Why do transposon-rich regions replicate late in S phase?



Drosophila genome project (1991-2001: NHGRI )
and gene disruption project (2001-present: NIGMS )

PI’ s: genome project- Gerry Rubin, Allan Spradling
gene disruption project- Allan Spradling, Hugo Bellen, Roger Hoskins

Purpose: generate insertional mutants to determine gene function of
all Drosophila genes

Byproduct: the best data on how transposons interact with genomes



A simple experimental paradigm:

Single element jumping screens:
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Advantages of this approach:

Relatively unbiased

Special markers to avoid silencing: yellow, rosy,
Su(Var)’ s

Sequence flank



How do you know which gene(s) are
mutated?
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Association of insertion lines with genes via their insertion site
requires very high quality annotation. Thank you NIGMS and
modENCODE for funding annotation.



To understand transposition: must map all
insertions from a given starting element

Most screens miss or throw away many insertions; for example,
those 1n suppressive chromatin

Insertions in repetitive DNA cannot always be uniquely mapped

GDP used exceptional care in analyzing insertion sites, and in

attempting to identify the correct sites for insertions whose flanks
were mostly repetitive

Estimates of insertion in centric heterochromatin probably are the
best available, but many 1sertions were still undoubtedly missed



Mapped events for three transposons

P element piggyBac Minos
(mariner)
70,593 insertions 17,397 insertions 10,171 insertions

Results for the research community:

>?2/3 of all Drosophila genes tagged

Free distribution to the community by BDSC without MTA or
strings;

> 250,000 stocks shipped per year from BDSC alone

phiC31-based strategy underway for the rest



High quality subset for transposition study

P pBac Mar
18,213 insertions 12,247 insertions 10,171 insertions
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Minos: the random transposon
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Minos element
Integrates at TA

Functions efficiently in Ciona,
Clostridium, etc.

Human SETMAR gene comprises a SET domain
fused to mariner transposase.



Mariner elements transpose more
randomly than pBac or P elemnets
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Deviation from random due to cold spots
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Mariner, like all 3 transposons, is recovered less frequently in
PcG regulated domains



Many PcG-regulated
domains contain few
insertions of MB, or

the other transposons

Bellen et al. (2011).
Genetics188, 731-43.

Table $3.-MB- cold spots 5 8
q 7 S @ . PG
Region (arm:kb) Genes: PcG regionl = o
3R: 640-7201 opa (odd paired) 1 | 655-704, opall mon |1'n[1m g
3R: 2520-2,8805  Antp, Dfd, Ser, 2487-2890, Anip, DY, Ser, pht 321 1 6 0% gy
pbx.H
3R:-3,960-4,0401 g (grain)d 3973-4047, - gmH 70 |08 | 1°p 00 o é}
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A few PcG domains appear exceptional
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Hit at expected levels by MB and piggyBac

Conclude: repressive chromatin blocks transposition, and many
PcG domains (as assayed in tissue culture, embryo or larval
chromatin) are also repressive domains in germ line



Relation to “transposon-free
regions (TFRs) in mammalian genomes

Human TFR

Drosophila ortholog Dros PcG? Transposition coldspot?
HOXA4-11 ANT-C, BX-D Y Y
HOXB4-6 ANT-C Y Y
HOXDS8-13 BX-C Y Y
DLX5 Distalless Y Y
PAX6 €y, SO Y W
NR2F1 sev N N

Transposition in mammals may also avoid PcG domains

Problem: must distinguish lack of transposition with
marker suppression



piggyBac

No DNA synthesis required coe

Transposase catalyzes cleavage at
ends and genomic TTAA

CcccC
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Donor flank repair

piggyBac transposase gene lacks a
promoter; it is expressed via protein
trapping to an endogenous gene

Domesticated piggyBac transposase genes are
required for DNA elimination in Tetrahymena

(Yao lab MBC 21, 1753) and Paramecium
(Baudry et al. (2009) Genes Dev. 23, 2478).

Human CSB-piggyBac transposon fusion gene
binds 900 defective piggyBac elements in
genome. PiggyBac5: transposon encoded by
exons



pBac (and P elements) prefer genes and 5’ ends
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CG133401

Table S4. - piggyBac cold-spots- § §
(m
Region - (arm:kb) Genesl CommentsH : e A
3R:-7280-73600  Dpr5Hd Ig like- domainsX 70 60 |un | 0o
3R:-8560-864011 = Bear-VcH Ig like-domainsH 70 80 0o 1o
3R:81()l ,400- CG53021 Peptidase-like 70 130 0o | On
114800
3R:-12520-128001 Ubx, Abd-A, Abd-  PcG target: 12470-12800, Ubx, 280 0o 0o | 0O
BU Abd-A, Abd-B, etc.
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16,3200 Or92all receptor
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]
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3L:3480-35601  C(G42324. Eip63EX growth, cell cycled 70 120 0o | 0O
3L:4880-49600  C(GI13705..Rh50;-  membrane. transport- 70 40 O0n 0n
Conll (ammonium) -,-cell -adhesion
3L:-6750-69401  row, Pratd target of Wingless,: 190 90 2'0 50
Rggsmm&mmgg
&
3L:-10080-101600 _CG6640...CG4160, . newropeptide, receptor, cell size. 70 70 00 0O
dprl0-(3’)d regulator?H
3L:-12271-123901 CG32105, - Homeobox; - GRHRII -peptide - 100 330 0o 120
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CG10748,CGIO74.  cycle, malate dehydrogenase™
oA
3L:-13670-137900 bry-3, CG342430  PcG-target: -translational - 100 230 0 | On <>
repressord
2L:2040-21200 Or22c, dpr3t Odorant receptor, CRACM1 70 50 0o Ono
membrane - protein, -
2L:3520-36250  drm, sob, oddd PcG-target: Zn finger proteinst 91 40 0o 0O
2L.:-5365-55201 HI5, CG31647,. PcG-target: HIS, CG31647, 140 1o 0o | 1o
midl midl
2L:-10880-109601 dpr2n T superfamily - protein 70 60 0O | 1o
2L:-12310-124200 bry-2-1 translational repressor - I 100 100 0o 30
2L:-13640-137200 CG318144 T superfamily - proteinl 70 190 | 0O | 0o
2L:-14080-141600 CG173411 Sporozoite P67 surface antigen 70 81 0o | OO
2L:-14440-145200 pocH Zn finger; 1 70 60 0o | 11d
2L:-15060-151650 CG1526941 PcG-target: - Zn fingerH 9o | 120 | 0n |20
2L:-15625-157450 CG45871 Ca-channel - activity; 100/ 70 |00 | 5O
2L: 17115-172201 beat-1llg, beat- Te superfamily - proteins; -taste- 90 (90 0n  Ono
¢, Gr36a-d receptorsH
2L:-19600-197200 Lar,. .scwH Receptor - PTPase 1 70 |70 | 0O | 0O
2R: 4645-47750  sns, Rya-rd4Fu Tg superfamily - membrane - 1o 140 0o 150
protein; ryanoding - receptor
2R: 9575-96850  CG6220, CG6280,- Function unknownX 100 120 0o 30
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piggyBac cold spots
are enriched in
membrane proteins and
receptors

(O = membrane protein

@ = receptor/channel



The-genomic - location, - candidate - gene(s) -and - number-of -insertions - of the-indicated - transposons-is:

Q
Table S2- piggyBgc hot-spots- I 5 &
Region -(arm:kb) | GenesX Comment esti | ... o1 . B h t t
3R:-5165-51859 CG339369 | large Zn finger protein I | 24 23r 141 -
= € ls ger p O p1gg2ybacC notlspots
3R:627.5-635.00 | CG425741 | Ligand dependent nuclear receptor- 10 0O 120 60 O .
binding; -circadian rhythm@ nri h f T n
3R:-12040-120801 | tgrgH Chromatin -factord 40 30 200 500 . c C ed O ge es
H 0 .
3R: 12095-1212010 | GishH i\éi:rr;l}:;';gevprotein;-olfactory- 20 20 130 174 anOIVCd m grOWth
i
3R: 16080-161200 = CG50604 Arm-domain; - transcription -factord | 41 3N 130 1o . ‘7
3R: 19885-199351 | 4EHPH eIF4E cognate; translational factor™ 50 50 129 109 o and behaV101‘ !
o] o
3R:-18490-185001 | o Unannotated -between CG17623 - o 0o 11n 140 o
and - CG695411
3R:-8265-82701 Desatli FA desaturase 11 In 0 90  11d
3L:-18170-181900 | W (hid)d Apoptosis-induction 20 | 30 | 250| 2d
3L:-10657-106801 | simiH Transcriptional repressord 3o 20 199 1240
o] ]
3L:-11070-110870  JIL-Id H3-S10 kinase, -su(yar)X 20 1o 1910 64
3L:-19750-197870 | Gyc76CH Guanylyl cyclase I 40 70 130 11O
3L:-328-3500 Pipmeg, 3~ Neural cell death, - guidance 3o 40 133 9O
mih; genestl
3L:-638-6451 Bantam!l miRNA regulating -growth, deathd 0o 0o 120 170
3L:-19620-196320 | wndHd Serine kinase -acting -at-pmjX 1o 20 130 1o
3L:3248-3253 .10 miR2821 Wing-disc, d/v- patterning 0o 0o | 113 650
3L:-4615-46300 Src64BH Learning -and memory X Im 00 93 3¢
3L:-2255-226001 CGI127501 Electron transport -carrier In [0n 91 |24
3L:-11285-112930 | CG61751 | inter male aggressive behavior; o 00 0o 80 110
2R:3630-36721 CG304971 | Nervous-system - development! 60 | 30 210 254 .
2R: 6435-64750 | Psqil Olfactory -behaviorX 40 20 2340 260 (O =neural development/ behavior
2R:-2100-2140n1 Bin30 Olfactory -behaviord 40 1o | 100 520
2R:7515-75300 CG90055 | unknownH 20 0m 130 20
2R: 11545-1156500  FusH Egfr signaling 20 20 1ln 1o
2R:-6420-64401 Lolald PNS developments 20 1o 140 260
%ﬁ:égggg-lOBSOn L (Lobe)d | Apoptosis, signaling 30 40 100 10O
3 -209001 | uzipft axogenesis’ 20 |50 [80 |20 = i i
IL: 22135201601 G448 I finpert 3w (20 | 178 5H © = growth regulation/apoptosis
2L: 2887-29251 lillid olfactory -behaviorX 30 |33 140 120
2L:-6100-61200 staill MT-binding; nervous-system devd 20 20 | 130 9O
2L:-12040-12046  CG678511 | upknownH 0o 0o 120 40
§:-;§§g-_7’235u CG422481  CBPH 0o 0o 91 2§
: -76050 CHES-1- TF, isH 20 20 190 10- e .
likett i @ = transcription/chromatin
X:6750-67701 CG33691, O 20 1o 260 180 o
CG339620
X:3255-32800 dmt MycH 3 1o 161 5O
X:2960-2980 CG41161 | I 0o 0o 133 0d
X:-3575-35950 Mnid Myc -antagonistd 20 | 1n | 170 50
X:-3563-35750 Pargh Removes polyADPr modificationsd 10 | 0o 200 50
X:-1230-12400 CGI114120  acetyltransferased oo | Io (10010 o
X:-12644-126550  poneH 3" to-adeSH 0o Om 113 3+ o



Phylogenetically widespread, hence probably ancient

Domesticated in ciliates to catalyze key events of macronuclear
development

Lacks imprecise excision




P element: the selfish transposon?

Drosophila P element
s /N /A

- ) 20k

31 bp

Transposase / Repressor

Has rapidly spread throughout D. melanogaster populations
worldwide 1n last 50 years

1 element introduced into a single fly within a laboratory
population spreads throughout population in a short time



Conservative DNA transposons require
special mechanisms to proliferate

Transposition via cut and paste precludes simple copy number increase
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mechanisms of
Increase:

S phase

1. Starting site repair (proven) @

Repair from homolog V Repair from sister

2. Replication timing
(hypothetical)

or

Limiting transposition to S phase

Limiting transposition to replicated

elements

Recognizing unreplicated regions
preferentially as target sites G2 phase
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P elements transpose preferentially to
replication origins

The origin preference can explain the strong promoter association

The origin preference can explain the lack of transposition in certain classes
of genes that lack origins in germ cells

Many origins used in tissue culture cells must also function in early germ cells



Origin-association may help P elements
spread by transposing during S phase

Orc/ ‘%

S

Unactivated origins may repress transposition, limiting movement to replicated
regions in S phase

This ensures that a P element-containing homolog will be available for repair




Origin association might also allow P

elements to “time” replication
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Recognizing part of the pre-initiation complex would distinguish unfired ori’s

However, this would require the element to transpose to later firing origins




The selfish drive of transposons to move from
early firing to later firing origins may explain
why heterochromatin is late replicating

The same benefit would accrue to any transposon, not just to P elements

Transposition into pre-existing elements in these regions could help explain the
heterochromatin structure

Genomes might place piRNA loci in late replicating regions to trick new mobile
elements into inserting there



High transposon activity could explain the high
frequency of tandemly repeated sequences in
heterochromatin
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However, an absolute preference for later
origins might “trap” active elements

At some frequency, a mechanism is needed to break the cycle, and return
elements to earlier replicating regions



Local transposition

Discovered in maize >50 years ago; common to many transposons
including P elements

30-70% of transpositions occur near the starting element (0- 200 kb; varies)



Orientation preterences of local jumps
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Origin association suggests a stmple model
of local jumping

// S

.

For a short time after fork initiation, enough preinitiation proteins may
remain at the diverging forks to attract insertion, like an unfired origin

If elements prefer an asymmetric protein, such as PCNA (like Tn7), this
would explain the orientation effect
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