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Abstract

Retroviruses and Long Terminal Repeat (LTR)-retrotransposons have distinct patterns of
integration sites. The oncogenic potential of retrovirus-based vectors used in gene therapy
is dependent on the selection of integration sites associated with promoters. The LTR-
retrotransposon Tf1 of Schizosaccharomyces pombe is studied as a model for oncogenic
retroviruses because it integrates into the promoters of stress response genes. Although
integrases (INs) encoded by retroviruses and LTR-retrotransposons are responsible for cat-
alyzing the insertion of cDNA into the host genome, it is thought that distinct host factors are
required for the efficiency and specificity of integration. We tested this hypothesis with a
genome-wide screen of host factors that promote Tf1 integration. By combining an assay for
transposition with a genetic assay that measures cDNA recombination we could identify fac-
tors that contribute differentially to integration. We utilized this assay to test a collection of
3,004 S. pombe strains with single gene deletions. Using these screens and immunoblot
measures of Tf1 proteins, we identified a total of 61 genes that promote integration. The
candidate integration factors participate in a range of processes including nuclear transport,
transcription, mRNA processing, vesicle transport, chromatin structure and DNA repair.
Two candidates, Rhp18 and the NineTeen complex were tested in two-hybrid assays and
were found to interact with Tf1 IN. Surprisingly, a number of pathways we identified were
found previously to promote integration of the LTR-retrotransposons Ty1 and Ty3 in Sac-
charomyces cerevisiae, indicating the contribution of host factors to integration are common
in distantly related organisms. The DNA repair factors are of particular interest because they
may identify the pathways that repair the single stranded gaps flanking the sites of strand
transfer following integration of LTR retroelements.
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Author summary

Retroviruses and retrotransposons are genetic elements that propagate by integrating into
chromosomes of eukaryotic cells. Genetic disorders are being treated with retrovirus-
based vectors that integrate corrective genes into the chromosomes of patients. Unfortu-
nately, the vectors can alter expression of adjacent genes and depending on the position of
integration, cancer genes can be induced. It is therefore essential that we understand how
integration sites are selected. Interestingly, different retroviruses and retrotransposons
have different profiles of integration sites. While specific proteins have been identified
that select target sites, it’s not known what other cellular factors promote integration. In
this paper, we report a comprehensive screen of host factors that promote LTR-retrotran-
sposon integration in the widely-studied yeast, Schizosaccharomyces pombe. Unexpectedly,
we found a wide range of pathways and host factors participate in integration. And impor-
tantly, we found the cellular processes that promote integration relative to recombination
in S. pombe are the same that drive integration of LTR-retrotransposons in the distantly
related yeast Saccharomyces cerevisiae. This suggests a specific set of cellular pathways are
responsible for integration in a wide range of eukaryotic hosts.

Introduction

Retroviruses integrate their DNA sequence into the chromosomes of infected cells to achieve
permanent and reliable replication. A substantial amount of biochemical and genetic informa-
tion is known about the catalysis of integration and the host factors responsible for the virus
specific positions of integration [1-3]. The bulk of information about the factors required for
integration is derived from high throughput sequencing of insertion profiles. Specific patterns
of integration such as the promoter sequences selected by gamma retroviruses or the actively
transcribed genes selected by lenti-retroviruses, result from direct interactions between the
viral integrase and chromosome bound host proteins [3]. These diverse patterns of integration
suggest the host pathways that promote integration are virus specific. This understanding
remains to be tested since genome-wide siRNA screens for host factors have only been per-
formed for HIV-1 infection and the complexity of these results provided little consensus [4-7].

Long terminal repeat (LTR) retrotransposons are mobile elements that are the progenitors
of retroviruses [8, 9] and are studied extensively as important models for retrovirus replication
[10-13]. LTR-retrotransposons model the same processes of particle formation, reverse tran-
scription and integration that are central to retrovirus propagation. One advantage of LTR-ret-
rotransposons is they are highly active in well-characterized model organisms, Saccharomyces
cerevisiae and Schizosaccharomyces pombe. Extensive study of these model systems has resulted
in significant understanding of particle formation, reverse transcription, and integration [10-
13].

Genetic assays that measure retrotransposon mobility rely on single copy elements tagged
with a drug resistance gene or on plasmids that express retrotransposon mRNA [14-17].
These assays were used with collections of deletion strains or insertion mutants to identify
host factors important for transposition of Tyl, and Ty3 in S. cerevisiae [18-22] and extensive
screens were performed to identify host factors that restrict transposition in S. cerevisiae [20,
23, 24]. Host factors important for transposition are involved in chromatin modification, tran-
scription, translation, vesicle trafficking, nuclear transport, and DNA repair. These genetic
screens provide a broad view of what cellular systems support transposition in S. cerevisiae.
However, it is not known how general these processes are in supporting transposition in other
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eukaryotes. More importantly, none of these screens were designed to identify host factors
that promote integration.

S. pombe is distantly related to S. cerevisiae having diverged approximately 350 million years
ago [25-27]. The identification of host factors in S. pombe important for retrotransposition
would provide a valuable means for determining whether the cellular processes that support
retrotransposition are conserved between distantly related eukaryotes.

A significant body of research on the LTR-retrotransposon Tfl of S. pombe describing pro-
tein expression, particle assembly, reverse transcription, and transposition activity has estab-
lished Tf1 as a valuable model system [12]. The transposition of Tfl in S. pombe is measured
by expressing a drug resistant copy of Tfl from a multi-copy plasmid [14, 28, 29]. This genetic
assay combined with high throughput sequencing shows that Tfl has a pronounced pattern of
integration that favors the promoters of stress response genes [30, 31]. Recent studies revealed
that the DNA binding protein Sap1 plays an important role in directing integration to stress
response promoters [32, 33]. Although two-hybrid assays detected interaction between Sapl
and IN, biochemical and immunoprecipitation experiments fail to detect this interaction [32,
33]. We therefore believe other factors necessary for integration bridge the Sap1-IN interac-
tion. To identify potential bridging proteins we applied a genome-wide screen for factors
involved in integration. For this, we applied a unique combination of assays that together
detect defects in integration. We identified a set of 61 host factors that promote integration
relative to recombination and participate in key cellular processes such as transcription, chro-
matin structure, mRNA processing, translation, vesicle trafficking, and DNA repair. With
these results we discovered there is a surprising diversity in processes involved in integration.
Although it’s not clear with this type of genetic screen which factors impact integration
directly, we found strong similarity in the host factors that promote integration in distantly
related eukaryotes.

Results and discussion

To identify host factors important for the integration, we measured transposition frequencies
in 3,004 deletion strains of S. pombe that have single non-essential genes replaced with neo
[34]. We monitored transposition in these strains with a plasmid that expressed Tfl. Previous
studies of Tf1 activity relied on expression of Tfl with a copy of neo inserted in a non-coding
site of the element [14, 35]. Because the deletion strains all contain neo, we replaced the neo
selection marker in Tfl with nat, a gene that provides resistance to nourseothricin (Nat) (S1
Fig).

The goal of our screen was to identify genes that specifically contribute to the mechanism
of integration. For this purpose we screened each deletion strain with a transposition assay
and a related assay that measures homologous recombination between Tfl cDNA and the
Tf1 expression plasmid [36]. Homologous recombination will be low in deletion strains with
reduced cDNA caused by defects in early stages of transposition such as expression of Tfl pro-
tein, assembly of virus-like particles, or transport of the integrase and cDNA into the nucleus.
By identifying deletions that reduced transposition but did not lower recombination of cDNA
with plasmid sequence, we could generate a list of candidate factors that specifically promoted
integration [36].

The measure of homologous recombination of Tfl cDNA with the expression plasmid
relies on nat disrupted by an artificial intron (AI). Recombination results in resistance to Nat
because the intron is spliced from the Tfl mRNA (Materials and methods) (Fig 1). For mea-
sures of transposition, the expression plasmid is removed, and cells with integration become
Nat resistant (Fig 1). A frameshift mutation in IN (INfs) disrupts integration but allows low
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Fig 1. Assays that measure Tf1 transposition and homologous recombination of cDNA detect defects
in integration. Transposition is detected by expressing Tf1-natAl in cells on agar plates and replica printing
patches of cells to medium containing FOA and Nat. The intron in natis spliced out, the mRNA (red) is reverse
transcribed, and IN inserts Tf1 cDNA with an active natinto S. pombe chromosomes. Frame shift mutations at
the N termini of PR (PRfs) and IN (INfs) greatly reduce transposition (right panel). Tf1 cDNA is detected in the
nucleus by replica printing cell patches to medium containing Nat (left panel).

https://doi.org/10.1371/journal.pgen.1006775.9001

levels of recombination between cDNA and genomic copies of the closely related Tf2 (Fig 1)
[36]. A frameshift in Tf1 protease (PRfs) that blocks expression of RT and IN results in no
resistance to Nat. It is notable that in the cDNA recombination assay INfs does not signifi-
cantly reduce resistance to Nat as expected since the homologous recombination is
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independent of integration (Fig 1). We note that Tfl is unique in that reverse transcription is
independent of IN. Clear evidence shows INs of Tyl, Ty3 and retroviruses are required for
production of cDNA [37, 38] [39] [40]. This feature of Tfl provides an opportunity to study
effects on integration independent of the requirements for reverse transcription.

Genetic screen of deletion strains for defects in integration

The haploid deletion strains of the Bioneer 2.0 collection were individually transformed to
introduce the Tfl-natAl plasmid (Fig 2A). Fifty strains did not grow on plates lacking uracil,
which was used to select for uptake of the plasmid (Fig 2B, S1 Table). While some of these
strains contained deletions in uracil catabolism genes other deletion strains had very slow
growth rates, might be unable to tolerate the lithium treatment of transformation, or might be
incapable of transferring the plasmid DNA into the nucleus. Despite the strains that were poor
growers or transformation defective, the expression plasmid was successfully introduced into
2,954 deletion strains. For each of these strains, four independent isolates containing the plas-
mid were assayed for transposition and recombination activities as diagramed in Fig 2A and
listed in S1 Table.

All four independent isolates of each deletion strain were scored for transposition activity
on a scale of 0 to 5 by comparing growth to wild-type strains of S. pombe which received a
score of 5 (S2 Fig and S1 Table). Ten deletion strains were unable to grow on FOA-containing
medium and therefore could not be scored (Fig 2B and S1 Table). Additional strains that
could not be scored include 30 deletions that had poor viability, and eight strains with uniden-
tified genetic defects (S1 Table). A total of 150 deletion strains had a significant defect in trans-
position frequency and were scored 2.5 or lower (Fig 3 and S1 Table).

For the recombination assays the patches were also scored on a scale of 0 to 5 where wild-
type was assigned the score of 5 (53 Fig). A total of 183 deletion strains exhibited a notable
defect in homologous recombination and were scored lower than 4 (S1 Table). Of the 150 dele-
tion strains with low levels of transposition 41 also exhibited recombination activity lower
than 4 indicating these genes were important for intermediate stages of transposition such as
particle assembly, reverse transcription or nuclear import (S2 Table). For example, deletion of
nup124 resulted in low recombination and transposition, a result previously described in stud-
ies that found Nup124 interacts with Gag and promotes nuclear import of Tfl protein and
cDNA [41-46]. Importantly, we identified 109 deletion strains that had strong homologous
recombination scores (4 or higher) but had significantly reduced transposition activities scor-
ing 2.5 or less (Fig 3, S1 Table). These strains represented our initial list of candidates that
could be important for integration (S3 Table).

Quantitative recombination assay as a sensitive measure for reduced
levels of cDNA in the nucleus

One concern with our list of integration deficient candidates was that the homologous recom-
bination assay relied on the growth of cells in patches and reductions of two to four-fold in the
growth of a patch is not reliably detected. To test whether integration deficient candidates had
reductions in recombination not observed with patches we screened the integration candidates
with a quantitative assay that measures the fraction of cells in liquid cultures that have recom-
bination events (S4 Fig) [29]. Each deletion strain was assayed in triplicate and each replica
was an independent plasmid containing isolate (53 Table). The results of this assay were highly
reproducible.

Although the homologous recombination activity of Tfl looks to be independent of integra-
tion as Tfl1 lacking IN (Tfl INfs) has approximately the same amount of activity as Tfl with IN
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Fig 2. A high throughput screen measured transposition and homologous recombination of deletion strains. A. Strains in the deletion library
(AS) in 96-well format were grown on agar and the Tf1-natAl expression plasmid was introduced into four isolates of each deletion strain by selecting for
growth on minimal medium plus amino acids and vitamin B1 lacking uracil (PM-U+L+B1). Patches are replica printed to medium lacking vitamin B1
(PM-U+L-B1) to induce expression of Tf1-natAl. The induction plates are subsequently replica printed to YES+Nat medium to detect recombination and
to minimal medium with FOA and Nat (EMM+U+L+B1+FOA+Nat) to detect transposition. B. Deletion strains that could not be assayed for transposition
or recombination had poor transformation frequency, poor viability, contained genetic defects, or were sensitive to FOA. The numbers of strains with
these properties are shown in parenthesis.

https://doi.org/10.1371/journal.pgen.1006775.9002

(Fig 1), quantitative measures show that approximately 50% of the recombination response is
IN dependent [29, 36]. The quantitative recombination assays reported here confirmed this
finding that with Tfl-natAl the INfs reduced recombination activity to 45% (SD 4.0%) of
wild-type Tfl-natAl (Fig 4A and S3 Table). Therefore, deletion strains with reduced integra-
tion but intact homologous recombination would be expected to exhibit the same recombina-
tion levels as the INfs, 45%.
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https://doi.org/10.1371/journal.pgen.1006775.9003

Surprisingly, 91 of the integration deficient candidates possessed recombination activity
greater than exhibited by the INfs (Fig 4B and S3 Table). This high number of deletions that
had more recombination than the INfs suggests that in the absence of integration the IN protein
might promote homologous recombination of the cDNA. This was tested by measuring recom-
bination frequencies of deletions in rfip18 and pht1 with the INfs. In addition to showing high
levels of cDNA recombination, these two genes were selected because of interesting potential
roles in Tfl integration as described below. While Tfl-natAl expressed in these strains pro-
duced recombination activities higher than the INfs in wild-type cells, expression of INfs in the
deletion strains resulted in reduction in recombination activity to levels similar in wild-type S.
pombe containing INfs (Fig 4A). These results indicate that the presence of IN stimulates cDNA
recombination independent of IN catalysis. Wild-type strains with single amino acid substitu-
tions in catalytic residues of IN had recombination activities averaging 67% of the strain with
intact IN (Fig 4C). Since the catalytic mutations disrupted integration without reducing levels
of IN protein (S5 and S6 Figs), the 67% recombination vs. the 45% of the INfs indicates that IN
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Fig 4. The quantitative homologous recombination assay detected deletion strains with reduced recombination that was not detected with the
patch assay. A. Quantitative recombination assays of deletion strains expressing wild-type Tf1-natAl and the INfs. B. Quantitative recombination
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type S. pombe. C. Quantitative homologous recombination assays of cells with catalytically inactive mutants in the catalytic core (CC) of IN.

https://doi.org/10.1371/journal.pgen.1006775.9004

lacking catalytic activity does stimulate homologous recombination. It is possible this occurs
because IN protects cDNA from degradation. In considering these IN contributions to recom-
bination we chose the average activity of the catalytically inactive IN mutants, 67% (Fig 4C) as
the level for recombination activity expected in the absence of integration. Deletion strains with
recombination levels below 60% were deemed to have a defect in Tfl recombination. By this
criterion 8 of the integration deficient candidates had reduced homologous recombination (S3
Table) and were excluded from the final list of candidates (Table 1).

Expression levels of Gag and IN

Another question when validating candidate strains was whether the deletion mutations
reduced the levels of Tfl proteins. We addressed this possibility for the primary set of 101
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Table 1. Host factors that function in Tf1 integration.

Non-chromatin associated factors

Biological function Systematic gene Protein | Gene Product
ID
Nuclear transport
SPCC18B5.07¢c Nup61 nucleoporin Nup61
SPCC1753.05 Rsm1 RNA export factor Rsm1
SPBC1703.03c Syo2 armadillo repeat protein, involved in nucleocytoplasmic transport Syo2 (predicted)
Protein synthesis, mMRNA
processing
SPAC30C2.04 Asci cofactor for cytoplasmic methionyl-and glutamyl-tRNA synthetases Asc1 (predicted)
SPBC947.10 Dsc1 proposed involvement in the quality control of misfolded transmembrane containing
proteins
SPAC343.10 met11 methylenetetrahydrofolate reductase Met11
SPAC1610.02c Mrpl1 mitochondrial ribosomal protein subunit L1 (predicted)
SPBC19G7.10c Pdc2 topoisomerase ll-associated deadenylation-dependent mRNA-decapping factor
Pdc2 (predicted)
SPCC24B10.09 Rps1702 | 40S ribosomal protein S17 (predicted)
SPBC1709.09 rrf1 mitochondrial translation termination factor Rrf1
SPCC1919.05 ski3 Ski complex TPR repeat subunit Ski3 (predicted)
SPCC162.12 Tco89 TORCH1 subunit Tco89
Vesicle transport (ER to Golgi,
ESCRT)
SPBC725.10 mitochondrial transport protein, tspO homolog (predicted
SPAC16A10.03c Ubiquitin-protein ligase E3Pep5/vps11 like
SPBC1539.08 Arf6 ADP-ribosylation factor, Arf family
SPAC18G6.10 Lem2 LEM domain protein
SPAC30.01c Sec72 Sec7 domain protein, ARF GEF
SPAC31A2.13¢c Sft1 SNARE Sft1 (predicted)
SPBC215.14c Vps20 ESCRT IIl complex subunit
SPAC1142.07¢c Vps32 ESCRT IIl complex subunit
Ubiquitin-mediated proteolysis
SPAPB17E12.04c | Csn2 COP9/signalosome complex subunit
SPAC6C3.08 Nas6 proteasome regulatory particle, gankyrin (predicted)
SPCC338.16 Pof3 F-box protein, ubiquitin ligase
SPCC188.08¢c Ubp5 ubiquitin C-terminal hydrolase
Signal transduction
SPCC285.09c Cgs2 cAMP-specific phosphodiesterase
SPBP23A10.10 Ppk32 serine/threonine protein kinase (predicted)
SPBC646.13 Sds23 PP2A-type phosphatase inhibitor
Metabolism
SPBC1861.05 pseudouridine-metabolizing bifunctional protein (predicted)
SPCC594.04c steroid oxidoreductase superfamily protein (predicted)
SPBC21C3.08¢c Car2 ornithine transaminase Car2, L-proline biosynthetic process
SPAC1805.06¢c Hem2 porphobilinogen synthase (predicted)
SPCC794.12¢c Mae2 Malate dehydroxgenase, oxaloacetate decarboxylating
SPBC26H8.01 Thi2 thiazole biosynthetic enzyme
SPAC19G12.15¢ | tpp1 trehalose-6-phosphate phosphatase
SPAC3G6.09¢ tps2 trehalose-phosphate synthase (predicted)

Kinetochore

(Continued)
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Table 1. (Continued)

Cytoskeleton

Unknown function

Chromatin associated factors
Chromatin

Transcription

Splicing

DNA repair

SPBC2G2.14 Csit mitotic chromosome segregation protein

SPCCC576.12¢ Mhf2 Kinetochore Protein, CENP-X Ortholog, FANCM-MHF complex subunit
SPCC1442.02 central kinetochore associated family protein (predicted)

SPBC359.06 Mug14 | ubiquitously expressed cytoskeletal adducin

SPAC7D4.03c conserved fungal family

SPBC36B7.08c nucleosome assembly protein (predicted)

SPCC24B10.19c¢ | Nis1 CIr6 histone deacetylase complex subunit

SPBC11B10.10c | Pht1 histone H2A variant H2A.Z

SPCC306.04c Set1 histone lysine methyltransferase

SPAC2F7.08c Snf5 SWI/SNF complex subunit

SPAC13A11.04c | Ubp8 SAGA complex ubiquitin C-terminal hydrolase

SPCC757.04 transcription factor (predicted)
SPAC1851.03 Ckb1 CK2 family regulatory subunit
SPAC1D4.11¢c Lkh1 dual specificity protein kinase
SPAC31G5.12¢ Maf1 repressor of RNA polymerase IlI
SPAC664.03 Paf1 RNA Pol Il associated Paf1 complex
SPBC12D12.06 Srb11 cyclin C, Srb mediator subunit
SPAC20H4.03c Tfs1 transcription elongation factor TFIIS

SPBC32F12.05¢c | Cwf12 subunit of the NineTeen splicing complex
SPBC2A9.11c Iss9 Possibly involved in splicing (predicted)
SPCC825.05¢ Pwi1 splicing coactivator SRRM1 (predicted)
SPBC19C2.14 Smd3 Core Sm protein associated with snRNPs

SPAC1556.01c Rad50 DNA repair protein

SPAC644.14c Rad51 RecA family recombinase

SPBC1734.06 Rhp18 Rad18 homolog ubiquitin protein ligase E3,
SPBC2D10.12 Rhp23 Rad23 homolog

https://doi.org/10.1371/journal.pgen.1006775.t001

integration deficient candidates by performing quantitative immunoblotting of whole cell
extracts (Materials and methods) (Fig 3 and S3 Table) [47]. Candidate strains with reduced

Gag or IN levels by two-fold or greater were considered to have poor expression of Tfl protein
and as a result these factors were removed from the list of candidates that mediate integration.
Results of these quantitative immunoblots identified 64 integration candidates that expressed
normal IN and Gag levels (S3 Table). The majority of the candidates identified as having
reduced homologous recombination also had low Tfl protein expression. However, three dele-
tion strains had normal levels of Gag and IN but had reduced homologous recombination, as
measured with the quantitative assay. As a result our final list of candidates that impact inte-
gration had 61 factors (Table 1).

To understand how the candidate factors in our final list may contribute to integration,
we grouped them by biological function encompassing two broad categories; non-chromatin
associated and chromatin associated processes (Table 1) [48, 49].

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1006775 December 12,2017 10/34


https://doi.org/10.1371/journal.pgen.1006775.t001
https://doi.org/10.1371/journal.pgen.1006775

@'PLOS | GENETICS

Host factors that promote retrotransposon integration

Non-chromatin associated host factors that promote integration

Factors that lack association with chromatin are less likely to participate directly in integration.
Nevertheless, 40 of the 61 candidates with defects in integration have no established associa-
tion with chromatin (Table 1). These non-chromatin associated proteins function in nuclear
transport, protein synthesis, mRNA processing, vesicle transport, ubiquitination, signal trans-
duction, metabolic processes, chromosome segregation, and cytoskeleton structure.

Among the list of non-chromatin associated factors that promote Tfl integration are three
nuclear transport proteins, Nup61, Rsm1, and Syo2. Previous studies found several nuclear
pore factors contribute to LTR-retrotransposon activity by mediating transport of transposon
factors and cDNA into the nucleus (Table 2) [18-20, 22, 46]. Nuclear pore factors also mediate
the replication of retroviruses by mediating nuclear entry of the IN complexes [50-54]. How-
ever, these functions would not be expected to mediate integration as nuclear pores are imbed-
ded in the nuclear envelope. The contribution of Nup61 to Tfl integration could be indirect
by transporting other factors that mediate integration. However, there is evidence that some
nuclear pore complexes can interact directly with chromatin [55-57] and in the case of HIV-1,
integration appears to favor the nuclear periphery [53]. It is notable that Nup61 is a homolog
of Nup2, which in S. cerevisiae binds to a set of promoters and activates gene expression [58-
60]. Other studies found that tRNA genes localize at nuclear pore complexes of S. cerevisiae via
an interaction between DNA sequence and Nup2 [61]. These results suggest the possibility
that Nup61 could bind promoters in S. pombe and directly stimulate Tfl integration. This
possibility also exists for nuclear pore factors that promote Tyl and Ty3 transposition in S. cer-
evisiae. Deletion of five different nuclear pore factors inhibits Tyl transposition and deletion
of NUP59 results in reduced Ty3 transposition. In all these cases cDNA production is not
reduced suggesting the Nups may contribute to integration in S. cerevisiae (Table 2).

A collection of 10 factors that promote Tfl integration are associated with protein synthesis
and mRNA processing. While there is no unified understanding of how translation might con-
tribute directly to integration, Risler et al. found 33 and Griffith et al. identified nine compo-
nents of ribosomes or translation factors that promote Tyl transposition [18, 22]. At least four
translation factors and two translation inhibitors are involved in Ty3 transposition [11, 20,
21]. Many of the ribosome constituents and ribosome biogenesis factors that promote Tyl and
Ty3 transposition are important for translation of transposon mRNA [18, 20, 22, 62]. How-
ever, among the factors important for transposition, 20 ribosomal proteins and translation fac-
tors required for Tyl transposition and four factors important for Ty3 transposition mediate a
stage of the transposition process after reverse transcription either related to nuclear import or
integration (Table 2).

Factors that supported Tfl integration include Pdc2, and Ski3, proteins involved with dead-
enylation, decapping, or 3> end mRNA degradation. Although the function of these proteins
suggests they would influence Tfl mRNA translation, the results of the homologous recombi-
nation assay indicate these mRNA stability factors impact integration. While there are no obvi-
ous means for mRNA stability to have a direct contribution to integration, factors mediating
deadenylation, decapping, and 3> mRNA decay also contribute to Tyl (Ccr4, Lsm1, Lsms6,
Ski8, Rpb4, Trf5, and Mpp6) [18] at stages after cDNA synthesis. The similarity in these factors
that contribute to late stages of Tfl, Tyl and Ty3 transposition suggests these distantly related
LTR-retrotransposons may share aspects of integration that are regulated by mRNA process-
ing and translation.

A significant cluster of host factors involved in vesicle transport was found to contribute to
Tfl integration (Table 2). This group included factors responsible for ER maintenance, ER to
Golgi transport, transport within the Golgi, and two components of the ESCRT III complex
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Table 2. Factors that promote transposition.

Function

Nuclear
transport
Protein
synthesis;
mRNA
processing

Tf1 integration in S.
pombe

Nup61

Asc1, Dsc1, Met11, Mrpl1,
Rps1702, Rrf1, Tco89;
Pdc2, Ski3,

Vesicle transport | Arf6, Lem2, Sec72, Sfti,

Chromatin

Transcription

Splicing

SPAC16A10.03c,
SPBC725.10, Vps20,
Vps32,

Nts1, Pht1, Set1, Snf5,
SPBC36B7.08c, Ubp8

Ckb1, Lkh1, Maf1, Paft,
SPCC757.04, Srb11, Tfsft,

Cwf12, Iss9, Pwi1, Smd3

Ty1 transposition in S. cerevisiae

Nup84'2* Nup120%, Nup133'#3#
Nup170%%# Nup188%*

Bud213*, Dbp3'# Dbp73*, elF2A%#,
Her13# Loc13#, Lst7%*, Mrpl39%#
Mrpl49%# Mrpl73#, Mrpl8%#,
Mrps28%#, Mrt43* Rkm43%,
Rpl14a'* Rpl15b? Rpl16b'#3#,
Rpl18a2, Rpl19a°*, Rpl19b'*,
Rpl1b?, Rpl20b'*, Rpl21a2,
Rpl21b'# Rpl27a%*2, Rpl2b?,
Rpl31a®*, Rpl33b%*, Rpl34a®*,
Rpl37a*, Rpl392, Rpl40a®, Rpl41b?,
Rpl43a*, Rpl6a'*, Rpl7a®*,
Rppia'#® Rpp2b? RpsOb?,
Rps10a'#*2, Rps11a®* Rps19a®,
Rps19b®*2, Rps25a°*2, Rps27b°*,
Rps30a®#, Rsa3%, Rsm252, Sqs 1%,
Utp303*; Caf4a0%*, Cbc2'*, Ccrd®,
Cth1%* Dbr1'*, Dhh13*, Lea1',
Lsm1'*3 Lsm63*, Mot22, Mpp6°#,
Mrt43*, Nop12'#, Pol32%# Pop2'*,
Ref2%* Rit1'#2 Rpb4®*, Rrp62,
Rrp82, Skig®*, SIm3'*, Sto1'#,
Tri5%* Upf13*, Upf33*,

Apl5'* Bro13*® Erv14'* Glo3%*,
Ric1%#, Sec22'*, Stp222, Vps9'*,
Vps152, Vps162, Vps342

Ard1'* Dep1' EIf1%*, Gen52,
Hda1%*, Hda3%%* Hda3*, Hfi12,
Hmo13#*, Hpc2®# Hpc2®*, Hiz12,
les3' Isw1%* Lge1%* Nat1'*,
Nat4®* Pho23' Rsc2%*, Sap30'*,
Sgf732, Sin1'*, Sin3"*, Snf122,
Snf22, Snf5%*, Snfe®*, Snt13*,
Spt10'*2, Spt10%*, Spt20?, Spt21'*,
Spt3%3* Spta!*2 Spt72, Spt823*,
Spt83*, Swiz®* 2 Swr1®* Ume1?,
Ume6?®, Vps723#

Cst6?, Ctk1'*, EIp2'#3, E|p3'#,
Elp4' Elp6'¥ Hac1'#, Hfi12,
Hmo123#  1ki3"*, Ino23, Ino43*,
Kti12'¥ Med22, Mig3%%* Pgd12,
Rpa49'*, Rpb4®*, Rpn4?, Rtf1'*,
Rtg13*, Sin4'*2, Sip4®*, Spt20?,
Spt23%# Spt33*2 Spt72, Spts?,
Srbg'#2, Ssn2'*2, Stb5'*, Sub1'¥,
Swi6®*, Taf142, Thp2'*3* Tup1?,
Usv13#

Bud312, Mud23*, Ptc1%#, Snt309°#,
Snu662, Sqs13#

Ty3 transposition in S. cerevisiae

Nup59*#, Nup157°*

Acs1** Gcn20*, Gtr1%* Rplea**;
Dbp3**, Dbr1*, Deg1*#, Dhh1*,
Kem14#,

Atg17**, Bro1*#® Clc1**, Fab1#,
Mnt4**, Pep7**, Rim13*
Rim20**, Snf7/Vps32*, Snfg/
Vps22*# Vam7#, Vph1*# Vps20*#,
Vps25**, Vps274*, Vps28*+,
Vps36**, Vps4** Vps514*, Vps9**

Eaf7*, les6®, Swd1%*

Bas14, Ctk2*, Sin4*, Ssn3*

Sqs1#

Features that promote
transpositionin S.
cerevisiae and S. pombe

Components of the nuclear
pore

Ribosome subunits and RNA
processing factors.

ESCRT complexes and
vesicle transport between the
ER and Golgi

histone acetylation and
methylation, nucleosome
remodeling, and H2AZ

mediator complex and RNA
pol Il elongation complexes,
and transcription factors

NineTeen Complex and
snRNP factors

(Continued)
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Table 2. (Continued)

Function Tf1 integration in S.
pombe
DNA repair Rad50, Rad51, Rph18,

Rph23

* > 2-fold reduction in cDNA
# < 2-fold reduction in cDNA
1 (GRIFFITH et al. 2003)
2 (DaKSHINAMURTHY et al. 2010)
3 (RisLER et al. 2012)
4 (IrwiN et al. 2005)
5

(

AvE et al. 2004)

https://doi.org/10.1371/journal.pgen.1006775.t002

Ty1 transposition in S. cerevisiae |Ty3 transposition in S. cerevisiae |Features that promote
transpositionin S.

cerevisiae and S. pombe

Rad51-Rad52 repair complex
and Mre11-Rad50-Xrs2
complex

Apni'* Mms22'#3# Pms13#, Rad24*#

Rad16%, Rad17%*, Rad52'#, Xrs2'¥,
Yen13#

associated with sorting of cargo proteins. As explained for nuclear transport, protein synthesis,
and mRNA decay, vesicle transport is a process not known to be directly involved in retrotran-
sposon integration. However, vesicle traffic and membranes are critical for the replication of
many viruses. Examples include gamma and Type-D retroviruses, both of which require the
endosomal system to traffic Gag and Gag-Pol to the plasma membrane [63]. This contribution
to the replication of retroviruses occurs much earlier in the lifecycle than integration, the stage
of Tf1 activity that requires vesicle transport.

Nine (15%) of the candidate integration factors identified in our screen are associated with
vesicle transport. Several vesicle formation, cargo loading, and vesicle transport factors are
involved in Ty1 retrotransposition including functions that occur after cDNA is synthesized
(Table 2). Interestingly, a particularly large set of vesicle trafficking factors contribute to Ty3
retrotransposition post reverse transcription [20]. These include several components of
ESCRT complexes I, II, and I1I (Snf7, Vps4, Vphl, Vps20, Brol, Vps28, Snf8, Vps36, Clcl,
Fabl, and Vma?7). The high numbers of vesicle trafficking factors involved in Tyl and Ty3
transposition indicate late stages of LTR-retrotransposition require highly conserved features
of vesicle trafficking.

Four Tfl candidate integration factors function in ubiquitination, deubiquitination, or
assembly of the proteasome (Table 1). These factors contribute to the degradation of a wide
range of proteins, any number of which could be important for integration. It is therefore diffi-
cult to propose specific functions of these candidates that promote integration. With such
broad impact on cellular systems, it’s not surprising that ubiquitin modifications and the pro-
teasome factors promote activities of Tyl and Ty3 [18-21].

A set of eight metabolic enzymes was identified in the list of candidate integration factors
(Table 1). They are mostly unrelated making it difficult to identify a specific pathway that
might mediate integration. The exception is that the metabolic factors included both enzymes
responsible for synthesis of trehalose, a disaccharide that mitigates the impact of heat and oxi-
dative stress [64-66]. What is more intriguing is that one of these enzymes trehalose-phos-
phate synthase (Tps2) is important for Tyl transposition [22]. Although with Tyl, Tps2 is
required for an early step in the transposition cycle that is necessary for cONA production.

Chromatin associated host factors that promote integration

Candidate integration factors that are chromatin associated included the histone variant H2A.
Z (Table 1). H2A.Z is concentrated in the +1 and -1 nucleosomes that flank the nucleosome

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1006775 December 12,2017

13/34


https://doi.org/10.1371/journal.pgen.1006775.t002
https://doi.org/10.1371/journal.pgen.1006775

@’PLOS | GENETICS

Host factors that promote retrotransposon integration

depleted region of promoters [67, 68]. Genome-wide profiles of 1.6 million insertions show
that Tfl1 targets the nucleosome-depleted region of promoters in a window of 150 bp immedi-
ately adjacent to the -1 and +1 nucleosomes [32]. With this pattern of integration, it is feasible
that H2A.Z participates in integration via a direct interaction with IN. Alternatively, it is possi-
ble that H2A.Z recruits the binding of a targeting factor or contributes to a form of chromatin
structure that facilitates efficient integration. Nucleosomes are determinants of integration for
retroviruses due to structural perturbations of the DNA [69-71]. Interestingly, H2A.Z and the
remodeling factor that assembles H2A.Z in nucleosomes, Swrl, are important for Tyl transpo-
sition [18, 19]. Importantly, H2A.Z and Swr1 may function directly in Ty1 integration since
deletion of swrl does not reduce Tyl cDNA and H2A.Z associates with RNA pol III promoters
[18, 72, 73]. A role of H2A.Z in integration is consistent with the strong association observed
between H2A.Z and sites of Tyl integration [74]. For a factor to promote the integration of
two highly divergent LTR-retrotransposons such as Tfl and Tyl suggests that H2A.Z contrib-
utes to a feature of chromatin structure that is important for the integration of a broad range
of LTR-retrotransposons.

Candidate integration factors associated with chromatin included components of histone
modifying complexes (Setl, Nts1, and Ubp8) and Snf5, a subunit of the SWI/SNF chromatin-
remodeling complex (Table 1). A number of factors with similar functions contribute to Tyl
and Ty3 transposition, possibly in integration (Table 2). Setl is the histone H3 lysine 4 methyl-
ase component of the COMPASS complex. A different component of this complex, Swdl,
contributes to Ty3 transposition post-reverse transcription [21]. Nts1 is a component of the
histone H3 deacetylase complex Clr6 and Ubp8 is a subunit of the SAGA histone acetylation
complex. A number of factors controlling histone acetylation promote transposition in S. cere-
visiae (Table 2). The SWI/SNF complex has global impact on gene regulation including Tyl
transcription [75]. As a result, Snf5 and other components of SWI/SNF contribute to Tyl
transposition. Although chromatin modifications and remodeling have broad effects on
expression of the genome, the similarities in the chromatin complexes that promote transposi-
tion of Tf1, Tyl, and Ty3 suggest certain features of chromatin structure may play a common
role in integration of LTR-retrotransposons.

Another class of candidate integration factors we identified is associated with transcription
(Table 1). Ckbl is a regulatory subunit of casein kinase 2 and Lkh1 is a kinase. Both factors
mediate the phosphorylation of a broad range of substrates including transcription factors,
and subunits of RNA polymerases [76-79]. Srb11 is a cyclin-like component of RNA polymer-
ase IT involved in phosphorylation of the RNA polymerase II C-terminal domain [80, 81]. Any
of these kinase functions have the potential to modulate a protein important for integration.
Pafl, and Tfsl associate directly with RNA pol IT and have the potential to target integration
directly. Interestingly, deletion of pafI abolishes the methylation of histone H3K4. Pafl con-
trols H3K4 methylation by promoting ubiquitylation of histone H2B, which is required to
recruit Setl, [82] a factor our screen identified. This connection suggests that the role of Pafl
in integration is to promote H3K4 methylation. Interestingly, the Paf complex and rad6 inhibit
integration of Tyl and prevent disruption of ORFs [23, 74, 83-85]. Genome-wide integration
of Tyl upstream of pol III genes does not change in a rad6 deletion [74]. Proposed models for
these observations suggest Paf and Radé6 strengthen target specificity and restrict integration.
These effects are mechanistically distinct from the contribution Setl and Pafl make to Tfl
integration.

Two core splicing factors, Cwfl2, and Smd3, and the splicing coactivator Pwil were identi-
fied in our screen as candidate integration factors. Although it’s possible that splicing factors
were identified because the transposition assay relies on splicing of the artificial intron, this is
unlikely because the intron must also be spliced for cDNA recombination to be detected.
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Cwif12 is a member of the NineTeen Complex that plays a central role in splicing by tethering
the U6 snRNA to the activated spliceosome [86-89]. Smd3 is one of seven Sm proteins that are
common components of the U1, U2, U4, and U5 snRNPs [86]. It is not clear whether these
splicing components directly contribute to integration as it is possible their absence changed
expression of proteins that mediate integration. However, several core splicing complexes
including the NineTeen Complex contribute to stages of Tyl transposition after reverse tran-
scription and the splicing regulator Sqs1 promotes stages of Tyl and Ty3 transposition post
reverse transcription (Table 2). While there is no information about how splicing could con-
tribute to integration in yeast, recent studies of HIV-1 found that the host factor LEDGF/p75
interacts with splicing factors and targets integration to highly spliced genes [90, 91].

The contribution of DNA repair factors to integration

Our genetic screen found deletion of genes encoding four DNA repair factors, Rhp18, Rhp23,
Rad50, and Rad51 resulted in significant reductions in transposition without lowering homol-
ogous recombination or expression of Gag and IN (Table 1). If these factors mediate integra-
tion it is possible they function with the targeting factor Sap1 which can be a replication fork
barrier [92]. Rad50 and Rad51 mediate homologous recombination and this activity can con-
tribute to DNA replication by assisting recovery of arrested replication forks [93]. As a result,
it’s possible that Rad50 and Rad51 interact with Sap1 at arrested forks in a configuration that
stimulates integration. This is consistent with the model that Sap1 induces Tfl integration at
stalled forks [33].

However, the functions of the DNA repair factors in Table 1 are broad suggesting the
intriguing possibility that these factors are responsible for repairing the unattached 5’ ends
of the integrated cDNAs. The integrases of LTR-retrotransposons and retroviruses catalyze
DNA-strand transfer reactions where the 3’ ends of the cDNAs attack staggered phosphodie-
ster bonds on opposite strands of the target DNA [94, 95]. The inserts are flanked by single
stranded gaps with 5" ends of the cDNA unattached to the target site. These gaps must be
repaired and this process is of great interest as it is unknown which factors are responsible for
integration repair of any LTR-retrotransposon or retrovirus. Deletion strains unable to repair
the single stranded DNA gaps would have reduced transposition activity but potentially main-
tain normal frequencies of homologous recombination.

Rhp18 is the S. pombe homolog of Rad18, an E3 ubiquitin ligase that binds single stranded
DNA and functions both in postreplication repair and in translesion synthesis [96-100]. Addi-
tional evidence indicates that Rad18 in mammalian cells mediates homologous recombination
repair of double-strand breaks [101]. Rad18 localizes to double-strand breaks and facilitates
homologous recombination by interacting directly with Rad51, a RecA family recombinase.
Rad51 was also identified as a candidate integration factor suggesting that Rad18 and Rad51
could function together in homologous recombination to repair integration sites (Table 1). If
replication occurs before the single strand gaps are repaired, then the resulting double strand
breaks could be repaired by homologous recombination.

Rad50, another DNA repair factor that promoted Tfl integration (Table 1), is a subunit of
Mrell-Rad50-Xrs2 MRX complex responsible for resection of double-strand breaks [102].
This function not only contributes to homologous recombination but is also thought to be
important for processing unusual DNA structures. One possibility is that MRX is important
for repairing integration sites because it displaces IN. Studies of Mu phage show that the trans-
pososome adheres tightly to integration sites and is removed by the ClpX protease [103, 104].

Rhp23, the S. pombe homolog of Rad23 is another DNA repair factor found to promote
integration (Table 1). Rhp23 is a subunit of Nuclear Excision Repair Factor 2 with Rad4p that
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binds damaged DNA and excises fragments of 24 to 27 nucleotides [105]. One other candidate
integration factor with the potential to repair DNA is Mhf2, discussed above as a component
of kinetochores (Table 1). Mhf2 is a component of the MHF histone-fold complex that in
human cells interacts with both DNA and the Fanconia anemia associated factor FANCM to
repair damaged DNA and stabilize replication forks stalled by DNA interstrand crosslinks
[106]. This function may participate with Rhp18 in conducting translesion synthesis.

In all, five candidate integration factors identified with our screen, Rhp18, Rhp23, Rad50,
Rad51, and Mhf2 have DNA repair activity and therefore have the potential to repair integra-
tion sites. They participate in translesion synthesis (Rhp18 and Mhf2), double strand break
repair (Rhp18, Rad51, and Rad50), and nuclear excision repair (Rhp23). It is possible these fac-
tors function in concurrent repair processes that serve redundant functions. It is also possible
that there are other factors important for repairing integration sites that were not identified by
our screen because they contribute to homologous recombination of cDNA. These would be
factors such as Rad52 that are important for both homologous recombination and transposi-
tion (S2 Table).

It is significant that similar DNA repair factors are involved in retrotransposition in S. cere-
visiae (Table 2). In particular a subunit of the MRX complex (Xrs2) and a Rad51 mediator
(Rad52) contribute to Tyl transposition [22]. Consistent with a role in integration site repair,
the contribution of these DNA repair factors occurs after cONA synthesis. Several other stud-
ies independently found members of the MRX complex and the Rad51-Rad52 recombination
pathway are involved in Tyl transposition [23, 24, 107-110]. However in these studies the
DNA repair factors inhibit transposition as measured with a single copy Tyl carrying the
his3AI reporter. Amounts of Tyl cDNA produced by single copy Tyl increase in the absence
of Rad51-52 factors. The dramatic increase in cDNA in these assays is triggered by DNA dam-
age and requires S-phase checkpoint factors [111]. It is not clear why single copy Tyl with the
his3AI reporter produces such differences from Tyl and Tfl expressed from a plasmid. Never-
theless, the overlap of DNA repair factors that can promote Tyl and Tfl transposition argues
these factors may mediate a conserved feature of integration.

In a previously published study designed to identify factors that repair DNA at HIV-1 inte-
gration sites, 232 genes associated with DNA repair were tested with RNAi methods [112]. A
cluster of six genes involved in short patch base excision repair were identified that when
deleted in mouse embryo fibroblasts resulted in decreased HIV-1 replication. The proteins
identified included damage recognition glycosylases (OGG1 and MYH) and the late repair fac-
tor POLB. Consistent with a role in integration site repair these proteins promote late steps in
replication that occur after reverse transcription and nuclear entry [113]. While these proteins
as well as the candidate integration factors we identified may be involved in the repair of inte-
gration sites, further studies are needed that can directly test this model.

The overlap of factors and pathways that promote late stages of retrotransposition in S. cere-
visiae and S. pombe suggest these represent cellular processes that are fundamental to delivery
of cDNA or integration. The list of genes identified in screens of S. cerevisiae and S. pombe in
Table 2 shows a number of overlapping pathways but it is not a formal test that can be evalu-
ated statistically. To address this, we assembled lists of genes important for Tyl and Ty3 trans-
position that when mutated do not result in significant reduction of cDNA. The genes of S.
cerevisiae along with those we identified from S. pombe were grouped by gene ontology using
Fission Yeast gene ontology slim terms (54 Table). We calculated the enrichment of these
genes in each slim term relative to the total number of non-essential genes in the slim term
that are included in the deletion sets (S7 Fig). Although the overall number of genes identified
by these genetic screens are relatively low to calculate enrichment values for non-essential
genes, several had enrichments with p values <0.05 (S7 Fig). The slim terms that showed
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statistically significant enrichment for genes important for late stages of transposition in S.
pombe and S. cerevisiae were RNA metabolic processes and protein catabolic processes. While
not reaching p values <0.05, other terms showed enrichment near two-fold for late stage trans-
position genes of S. pormbe and S. cerevisiae such as cell adhesion, chromatin organization,
nucleocytoplasmic transport, regulation of transcription, DNA repair, and protein targeting.
While the slim terms are broader than what we described in Table 2, they do reflect the overlap
between functions implicated in late stages of transposition in both S. pombe and S. cerevisiae.

The role of candidate integration factors in target site selection

The 61 factors that promote integration participate in a wide range of cellular processes. We
sought additional evidence about whether these processes are directly involved in integration
by testing a representative set of candidate integration factors for contributions to cDNA levels
and insertion site distribution. We evaluated strains lacking DNA repair factors (Rad50 and
Rad51), chromatin factors (Phtl and Setl), the chromatin remodeler Snf5, the nuclear pore
protein Nup61, and the splicing factor Cwf12. Although our recombination assays indicated
cells lacking these candidates had wild-type levels of cDNA in the nucleus (S3 Table), it was
possible that incomplete cDNAs or intermediates were responsible for the recombination. We
used a DNA blot to detect altered structure and accumulation of the Tfl1-natAI cDNA. The
c¢DNA produced from the plasmid expressed Tfl-natAl was digested with BsrGI and quanti-
fied on DNA blots (S8 Fig). The 2.9 kb band detected with a probe for natAl is produced by
BsrGI cleavage of the 3’ section of the cDNA. This terminal double stranded portion of cDNA
is synthesized only after minus and plus strand transfers and as a result is a measure of mature
Tfl-natAl cDNA. The intensities of the cDNA bands were quantified and normalized relative
to the amount of expression plasmid in each strain. No reduction in cDNA was observed in
cells lacking Rad50, Rad51, Phtl, Setl, Snf5, Nup61, or Cwfl2. Interestingly, cDNA was ele-
vated in cells lacking Rad51 and was modestly increased in the absence of Phtl, Snf5, and
Nup6l.

We determined whether these seven representative candidates contributed to integration
site distribution by high throughput sequencing inserts produced by plasmid-derived expres-
sion of Tfl-natAl (Materials and methods). We used the Illumina platform and sequenced
ligation-mediated PCR libraries of integration sites (S5 Table) [30-32]. We quantified integra-
tion in ORFs divided into 15 equal segments. For insertions upstream and downstream of
ORFs we summed them in 100 bp windows (Fig 5). As observed in previous studies, integra-
tion clustered upstream of ORFs (Fig 5A) [30-32, 114, 115]. Although all the deletion strains
tested exhibited this clustering upstream of ORFs, deletion of nup61 resulted in a modest
increase of integration within ORFs (Fig 5B). When integration sites are selected at random in
the Matched Random Control (MRC) 58.55% occurred within ORFs (Fig 5I).

Reproducible measures show integration levels in intergenic sequences vary over a wide
range with the bulk of insertions occurring in 1,000 of the 5,000 intergenic regions in the
genome [30-32]. We asked whether this subgroup of candidate integration factors contribute
to the distribution of integration among intergenic regions. When comparing amounts of inte-
gration in intergenic regions, strains lacking the candidate integration factors had strong cor-
relations with the wild-type strain (Fig 6). These correlations were comparable to what we
observed between two independent experiments with integration sites produced by wild-type
cells (Fig 6A). This indicates that these factors did not significantly contribute to the targeting
of integration in intergenic regions.

Our study of Tfl integration showed that insertions cluster adjacent to positions of Sap1
binding at bases -9 and +19 relative to the motif recognized by Sap1 [32]. We asked whether
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https://doi.org/10.1371/journal.pgen.1006775.g005
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is shown in black. A. WT plotted against a biologically independent set of integration in wild-type cells, WT2. B-H, WT plotted against deletion mutants,
I, WT plotted against MRC.

https://doi.org/10.1371/journal.pgen.1006775.g006
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the residual integration in the representative set of deletion mutations occurred at the -9 and
+19 positions relative to the 5,000 best matches to the Sap1 motif. The integration pattern rela-
tive to the Sapl motif was largely unchanged in the deletions (Fig 7). These patterns suggest
the residual integration in the deletion mutations retains its dependence on Sap1.

Rhp18 and Cwf3 physically interact with IN

Candidate integration factors that contribute directly to integration may interact physically
with IN. In a report to be published separately, we applied the two-hybrid system of S. cerevi-
siae to identify host factors that interact with Tfl IN. We found that the DNA repair factor
Rhp18 reproducibly interacts with IN (Fig 8). Rhp18 was one of the candidate integration
factors (Table 1), indicating that our screen was able to identify factors directly involved in
integration. The interaction of a DNA repair factor with IN is intriguing and suggests the pos-
sibility that Tfl recruits repair factors to integration sites to facilitate repair. This IN mediated
recruitment may be a conserved function of integration since the human homolog of Rhp18,
hRad18 interacts and co-localizes with HIV-1 IN in HEK293T cells [116].

Our two-hybrid survey also identified an interaction between the Cwf3 component of
the NineTeen splicing complex and Tfl IN (Fig 8). One of the candidate integration factors,
Cwf12, is also a member of the NineTeen complex indicating that the NineTeen complex is
directly involved in integration [88, 89]. A role of splicing has been observed for HIV-1 where
integration is directed to genes that are highly spliced [90]. Perhaps the NineTeen complex
plays a similar role in S. pombe by recruiting Tf1 IN to sites of integration. The two-hybrid
interactions described above resulted from a screen of a cDNA library. Since such screens are
not exhaustive it is possible and even likely that IN interacts directly with other candidate inte-
gration factors listed in Table 1.

Conclusions

Our screen of 3,004 non-essential genes represents the first comprehensive study of host fac-
tors in S. pombe that promote retrotransposition. With our combination of genetic assays we
were able to identify factors that may contribute directly to integration. However, other experi-
ments are needed to evaluate the candidates for a direct role in integration. In addition to pro-
moting integration some of our candidates could mediate a different step late in transposition
such as the localization of cDNA in a nuclear compartment. Our data makes it possible to
compare the candidate integration factors we identified in S. pombe to the factors of S. cerevi-
siae that through a number of studies are likely to promote integration. Factors we identified
function in nuclear transport, protein synthesis, mRNA processing, vesicle transport, chroma-
tin structure, transcription, spicing, and DNA repair. Although this wide range of host factors
suggests many could make indirect contributions to integration, we found a surprising overlap
with pathways and factors important for integration of Tyl and Ty3 in S. cerevisiae (Table 2).
These overlaps support the model that many of these processes contribute directly to integra-
tion. The extent of overlap is significant because of the great evolutionary distance between
these yeasts and because Ty1 belongs to the copia family, a distinct superfamily of LTR-retro-
transposons from gypsy, the family that includes Tfl and Ty3. The consensus this study pro-
vides serves as an opportunity to design experiments that test these pathways for mechanisms
that drive integration of retroviruses in humans. Our data also provide an important first view
of factors that may repair integrated DNA. We expect there are other factors that repair inte-
grated DNA that we did not identify because they also contribute to cDNA recombination. To
ask whether repair of integration is broadly conserved, assays will be needed that detect

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1006775 December 12,2017 20/34


https://doi.org/10.1371/journal.pgen.1006775

o ©®
@ ) PLOS | GENETICS Host factors that promote retrotransposon integration

A . . B
6
5
4
3
2
1
k : 0
3385% M 288398
C D
6 i | rad50A 6
5 : ' 5
+ T T R N ‘
3 ' i : 2.91 3
2 ! | 2
X 1 : | 1
~ O :. II 1 i |' = 0
§ 8$8§% M erses
-—
g E F
Q 6 6 pht1A
£ 5 5
4 e B St
3 3 4.08
2 2
1 1
0 - 0 r TR
g8 e Mif cggeog 338 28983
G . H
6 1 i i snf5A 6
5 1 | ' 5
4 fommmmme s e 4
3 1 3.14 . i 3
2 i i 2.48 5
1 - i i 1
0 e 0
8¢9 §e Mif 28888
|
0.8 | |
0.6 : !
0.4 | i
0.2 | :
0.0 T T ”l L Ih!“"l""'hl”""lw I.l.I I| U 1
3$8]gS Mif 22328

Distance to Sap1 Motifs (bp)
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https://doi.org/10.1371/journal.pgen.1006775.g007
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Fig 8. Interactions of IN with Rhp18 and Cwf3 as detected by two-hybrid assays. Interactions between
IN and IN, Rhp18, and Cwf3 resulted in lacZ expression that was detected as blue CTY10-5d cells on
nitrocellulose filters. The multimerization of IN produced by LexA-IN and Gal4-IN was our positive control.
Technical replicates of this positive control produced the three blue patches on the top panel and the two blue
patches on the bottom panel. The negative control was cells expressing LexA-IN and Gal4. Technical
replicates of this negative control produced the three white patches on the top panel and the two white
patches on the bottom panel. Another negative control was cells expressing LexA-IN and Gal4 fused to a non-
interacting protein. Nine independent transformants expressing LexA-IN and Gal4-Rhp18 produced blue
coloration indicating a significant interaction. Four independent transformants expressing LexA-IN and
Gal4-Cwf3 also produced blue signal indicating interaction.

https://doi.org/10.1371/journal.pgen.1006775.9008

integrated cDNA with unrepaired 5" ends. These experiments will be able to measure the con-
tribution of each factor to the repair of integrated cDNA.

Materials and methods

Media

Edinburgh Minimal Medium (EMM) was prepared as described [117]. PM was identical to
EMM except the nitrogen source was 3.74 gm/l monosodium glutamate. Minimal media were
supplemented with 2 gm/1 of a dropout mixture that contained equal weights of all amino
acids and adenine was added to 2.5 times the weight of the other components [29]. When indi-
cated vitamin B1 was added to a final concentration of uM and 5-Fluoroorotic acid (FOA) (U.
S. Biologicals, Swampscott, MA.) was added to a final concentration of 1 mg/ml. When FOA is
used in EMM the final concentration of uracil is lowered to 50 pg/ml. The rich medium, yeast
extract plus supplements (YES) contained 5 g/l Difco yeast extract, 30 g/l glucose, and 2 g/l
dropout powder. When indicated the drug nourseothricin (Nat), (ClonNAT, Jena Bioscience,
Germany) was added to a final concentration of 100pg/ml.

Plasmid construction

The plasmids for this study are listed in S6 Table. The plasmid pHL2882, used to measure
transposition in the deletion strains, includes the nmt1 promoter to express Tfl with nat dis-
rupted with an artificial intron (natAl) (S1 Fig and Fig 1A). pHL2883 and pHL2884 were
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equivalent to pHL2882 except they have frame shift mutations in PR and IN, respectively.
These plasmids were derived from pHL2803, which expressed Tfl with a nat marker that lacks
the AL pHL2803 was constructed starting with pHL2673 by replacing the BsrGI-BamHI frag-
ment containing IN sequence and neo with a BsrGI-BamHI fragment that was generated by
fusion PCR to introduce restriction sites for AsiSI, Sacll, and NotI just upstream of the poly-
purine tract. The primers for this fusion PCR and all other oligonucleotides are listed in S6
Table. To complete pHL2803, nat was PCR amplified with primers containing AsiSI and
NotlI restriction sites and the product was inserted with nat in reverse orientation to Tfl into
pHL2673 with the AsiSI and Notl sites. To produce pHL2804 (PRfs) and pHL2805 (INfs), the
AvrII-BsrGI fragments of Tfl from pHL415-2 (PRfs) and pHL431-25 (INfs) were inserted into
the AvrII-BsrGI backbone of pHL2803. pHL2882 was generated by inserting natAl synthe-
sized commercially by DNA 2.0 into the AsiSI and NotI sites of pHL2803 (S1 Fig). The syn-
thetic fragment contained the Al located after the 60™ amino acid of Nat (S1 Fig). The codon
usage of the nat ORF was optimized for S. pombe without changing the amino acid sequence.
pHL2883 and pHL2884 were created by inserting the BsrGI-BamHI fragment with natAl from
pHL2882 into the backbones of pHL2804 and pHL2805, respectively.

pHL2898, pHL2900, and pHL2902 express Tfl-neoAl from the nmtl promoter and encode
the IN mutations D987N, D1047N, and E1083Q, respectively. These plasmids were made by
replacing the BsrGI-NarI fragment of pHL449-1 with PCR fusion products of the BsrGI-NarI
fragment containing the mutations. The primers for these PCRs are listed in S7 Table.

S. pombe strains

The deletion library contained 3,004 haploid deletion strains from the V2 library of Bioneer
(Alameda, CA, Cat. # M2030) [34]. The deletions were derived from two haploid parents
ED666 (h+ ade6-M210 ura4-D18 leul-32) and ED668 (h+ ade6-M216 ura4-D18 leul-32).
These strains and others are listed in S8 Table.

Introduction of Tf1-natAl expression plasmid pHL2882 in the deletion
library

To transform pHL2882 in all 3,004 deletion strains, we modified previously published proto-
cols [118]. Using a sterile 96 pin multi-replicator (Model-VP408FS2AS-1, V&P Scientific, Inc,
San Diego, California,USA), each 96 well plate of the library was pined onto single well YES
agar plates, and incubated at 32°C for 72hrs (Fig 2A). Each strain was inoculated with an initial
ODggonm 0f 0.05 units in 5ml YES liquid media in 15ml tubes. All 96 deletion strains from each
plate were independently transformed with pHL2882 (10ug) and 5ug of sonicated herring
sperm DNA. Half of each culture was transformed with herring sperm DNA and no pHL2882
as a control for contamination. The transformed cells were processed as indicated in Fig 2A.
We isolated four independent transformants for each deletion strain.

Transposition assay

Strains containing Tfl-natAl (pHL2882) were grown as patches on agar plates with PM-U+L
+B1. These patches were then replica printed on to agar plates with PM-U+L-B1 to induce the
nmtl promoter. After 4 days of incubation, the patches were replica printed onto agar plates
with EMM+U+L+B1+FOA twice in succession, the first print was incubated 3 days and the
second for 2 days. The patches were then replica printed on to YES+Nat+FOA agar and incu-
bated for 44hrs at 32°C (Fig 3). Each transposition plate contained patches of PRfs and INfs as
controls and the growth of the deletion strains was scored relative to a set of standards (S2
Fig). Four independent transformants of each deletion strain were assayed. An average
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Quantitative Homologous Recombination Frequency =

transposition score was determined if all four transformants had scores within a window of
three units. Outliers were excluded from the average if a single transformant had a difference
in score three units or greater from the other three. If two transformants had scores that dif-
fered by three or more units from the other transformants, the score for the deletion was con-
sidered to be inconsistent and were excluded from the screen.

Homologous recombination assays

To measure amounts of Tf1-cDNA in the nucleus, we used a homologous recombination
patch assay as described [29, 36]. Deletion strains containing pHL2882 were grown on PM-U
+L+B1 agar plates for 3 days at 32°C. The patches were replica printed onto PM-U+L-B1 for
induction. After 4 days of incubation, the patches were replica printed onto YES+Nat agar and
incubated for 24hr at 32°C. The patches were compared with the PRfs and INfs controls from
the same plate and scored for homologous recombination using standards (S3 Fig). Four inde-
pendent transformants of each deletion strain were assayed. The adjusted average scores were
determined as previously described in the transposition assay.

Strains tested with the quantitative homologous recombination assay were grown on PM-U
+L+B1 plates for 3 days at 32°C (54 Fig). Cells were then suspended into 5ml of PM-U+L-B1
liquid media, and washed six times with 5 ml of PM-U+L-B1 liquid media to remove residual
B1. Cells were then inoculated in 5ml of PM-U+L-B1 media at a starting ODggnm of 0.05
units. Following 4 days of incubation the cultures were diluted to ODgponm 1.0 (2x107 cells/ml)
in PM-U+L+B1 medium and serially diluted from 2x10” cells/ml to 2 x10* cells/ml using
PM-U+L+Bl1, then spread on YES and YES+Nat (100 pg/ml) agar plates and grown for 3 days
at 32°C. Colonies were counted per plate, and the homologous recombination frequencies
were determined with the following equation:

(number of colonieson YES + NAT ) x 100
(number of colonies on YES  dilution factor)

Recombination frequencies for wild-type Tfl-natAl in wild-type strains without deletions
ranged from 3% to 1.5% in individual experiments. Values for each deletion strain were nor-
malized to wild-type strains assayed during the same experiment.

Immunoblots

10 ml cultures were inoculated with a starting ODggonm 0f 0.05 units. After 18 hours, cells were
washed with sterile deionized water. The cell pellets were suspended in 0.4ml of extraction
buffer consisting of 15 mM KCI, 10 mM HEPES-KOH (pH 7.8), 5 mM EDTA, 5 mM dithio-
threitol, protease inhibitor cocktail tablet (Complete, Roche Lifesciences), 2 mM phenyl-
methylsulfonylfluoride (PMSEF), Pepstatin(0.7mg/ml, 1000x stock), leupeptin (0.5mg/ml 1000x
stock), and Aprotinin (1.0mg/ml 1000x stock). An equal volume of acid-washed glass beads
was added and vortexed in a bead beater for a total of 3 min in 30 sec intervals separated by 30
sec rest. 0.1 ml of extraction buffer was mixed into the extract, and the liquid was removed.
Extracts were combined with 2X sample buffer and boiled. The samples were loaded onto an
SDS-10% polyacrylamide gel. The gels were electrotransferred to Immobilon-FL membranes
(Millipore). The production bleeds of 660 (anti-Gag) and 657(anti-IN) were used to probe
Tf1-IN and Gag protein levels, and monoclonal anti-o-Tubulin antibody (Sigma-Aldrich,
USA) was used as a loading control on all immunoblot experiments. The anti-alpha tubulin,
660 (anti-Gag) and 657(anti-IN) were used with 1:5000, 1:10,000, and 1:5000, respectively. The
fluorescently-tagged secondary mouse IR-Dye 700 and rabbit anti-body IR-Dye 800 (Rockland
Immunochemicals Inc.Limerick, PA) were used with 1:20,000 dilutions. The Immobilon-FL
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membranes were scanned with an Odyssey infrared imaging system (LI-COR Biosciences).
Fluorescence levels from antibodies specific for Gag and IN were normalized to amounts of
tubulin and measured with a Li-COR digital instrument (Materials and methods) (S3 Table).

For the deletion strains tested two independent transformants were assayed for Tf1-IN and
Gag protein levels. Geometric means of Gag and IN levels of these replica pairs of deletion
strains were compared to the geometric means of the wild-type strains lacking the deletion.

The Tf1-IN and Gag protein expression levels were measured and normalized to alpha
tubulin. The fold change in Tf1-IN and Gag protein expression were calculated using below
equation:

Normalized geometric mean of IN and Gag protein in mutant

Ch inIN and Gag levels =
AngEIIN AnATAE VS = Normalized geometircmean of IN and Gag in wild typestrain

Quantification of cDNA by DNA blot

Tfl was expressed by incubating the cells for 2 days in 50 ml of EMM -BI starting at

OD600 = 0.05 to induce the nmtl promoter after washing them 4 times in EMM -B1. Geno-
mic DNAs were isolated from 200 OD units of the resulting cultures. Southern blots were per-
formed as described previously [36, 47] with the following modifications. The nat probe was
produced by digesting 5ug of pHL2597 with 160 units of EcoRlI, isolating the 1.2 kb fragment
from a 0.7% agarose gel and random-priming labelling with **P-CTP. One microgram of
gDNAs were digested with 40 units of BsrGI, separated on a 1.0% agarose gel and transferred
to a nylon membrane. The blot was hybridized with the nat probe. BsrGI digestion resulted in
Tfl cDNAs being detected at 2.8 kb and the Tf1 expression plasmid at 14kb. Tfl cDNA was
quantified with phosphoimaging and normalized to the amount of expression plasmid. Briefly,
the **P-signal was detected by phosphoimaging on a Typhoon FLA-9500. The relative level of
c¢DNA was determined by normalizing the signal intensity of the 2.9kb cDNA band to the sig-
nal intensity of the 14kb plasmid band.

High throughput sequencing of Tf1 integration

Tf1 transposition was induced in strains containing Tfl-natAl (pHL2882) and deleted for
phtl, rad51, setl, cwfl2, snf5, nup61, rad50 or wild-type (S8 Table) as described previously but
with some modifications [31]. Briefly, cells were washed 4 times in EMM -B1 before being
inoculated at OD600 = 0.05 in EMM -B1 to induce the nmtI promoter, then grown 4 days for
each of two passages. Cells with transposition events were selected by incubating them in 50
ml of EMM+B1+FOA for 4 days followed by 4 days in YES+FOA+Nat. Genomic DNAs were
isolated from 200 OD units of the resulting cultures. Libraries were prepared for Illumina
sequencing according to Chatterjee et al. [31] and sequenced on a MiSeq System (Illumina)
with custom primers. The sequence of linker oligonucleotides and primers used are given in
S7 Table. To determine the genome-wide integration profiles raw sequence reads were pro-
cessed through a custom suite of Perl scripts [30] modified to accommodate sequences of Tfl-
natAl and Illumina technology. Maps of integration relative to ORFs and Sapl motifs were
performed according to previous work [32]. Density plots were obtained using the R function
densCol from the package grDevices [119]. R: A language and environment for statistical com-
puting. R Foundation for Statistical Computing, Vienna, Austria. URL https://www.R-project.
org/). The sequence data can be obtained from the SRA database with the accession SRA
Study: SRP100942.
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Gene ontology enrichment of genes that promote late stages of
retrotransposition in S. cerevisiae and S. pombe

The Biological Process slim terms optimized for S. pormbe were applied to genes important for
late stages of transposition of Tfl, Tyl and Ty3. Term enrichments were calculated against the
list of non-essential genes available from the Bioneer S. pombe deletion library and the S. cere-
visiae ORF deletion collection in strain BY4741 from Invitrogen MapPairs. The p-values were
calculated using hypergeometric distance and corrected for multiple comparison with false
discovery rate.

Two-hybrid assays

Full-length Tf1 IN was fused to the C-terminus of a truncated DNA binding domain of LexA
by ligating the IN sequence into the EcoRI and Sall sites of pSH2-1 [120]. Full-length Tfl IN
was also fused to the C-terminus of the Gal4 activation domain by ligating IN sequence into
the Xhol site of pACT [121]. The host strain used in the two-hybrid screen was S. cerevisiae
strain CTY10-5d (MATa ade2 trp1-901 leu2-3,112 his3-200 gal4 gal80 URA3::lexAop-lacZ ura3-
52) [122]. The two-hybrid assays detected production of lacZ by lifting colonies to 3MM nitro-
cellulose filter (Whatman) that was then stored at -80°C overnight. The filters were thawed
and at room temperature tested for galactosidase activity using X-gal [122]. The sequences of
Cwif3 (amino acids 3-284) and Rhp18 (amino acids 16-308) were inserted into pACT.

Supporting information

S1 Fig. The construction of Tfl-natAl Tfl expressed from the nmt1 promoter contained neo
as a selection marker. AsiSI and Notl restriction sites were used to replace neo with a version
of nat disrupted with an artificial intron (natAl).

(PDF)

S2 Fig. Key for scoring results of the transposition assay. Patches of deletion strains were
scored on a scale of 0 to 5, with 5 being the growth of wild-type cells. Shown is a series of four
deletion strains and the arrows indicate the score associated with specific patches that were
used as standards for scoring all the deletion strains.

(PDF)

S3 Fig. Key for scoring results of the homologous recombination assay that relied on cell
patches. Patches of deletion strains were scored on a scale of 0 to 5, with 5 being the growth of
wild-type cells. Shown is a series of four deletion strains and the arrows indicate the score asso-
ciated with specific patches that were used as standards for scoring all the deletion strains.
(PDF)

S4 Fig. A quantitative version of the homologous recombination assay can precisely mea-
sure reductions in activity. Tfl-natAl is expressed in deletion strains by growing cells in liq-
uid media lacking vitamin B1 (PM-U-B1+Leu). The cells are subsequently diluted and spread
onto agar containing YES to count viable cells, and on agar containing YES+Nat to count cells
with recombination.

(PDF)

S5 Fig. Transposition assays of Tfl with single amino acid substitutions in the catalytic
core domain (CC). Four independent transformants of each mutation were tested. Panel A
contains transposition patches for D987N and D1047N. Panel B contains transposition patches
for E1083Q.

(PDF)

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1006775 December 12,2017 26/34


http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1006775.s001
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1006775.s002
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1006775.s003
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1006775.s004
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1006775.s005
https://doi.org/10.1371/journal.pgen.1006775

@'PLOS | GENETICS

Host factors that promote retrotransposon integration

$6 Fig. Immunoblots of Tfl with single amino acid substitutions in the catalytic core
domain (CC). A. Blot of independent transformants of mutants D1047N and D987N. B. Blot
of independent transformants of E1083Q. Both blots were probed with polyclonal antibodies
raised against IN and Gag.

(PDF)

S7 Fig. Gene ontology enrichment of genes that promote late stages of retrotransposition
in S. cerevisiaeand S. pombe. The Biological Process slim terms (Accession # GO:0006260) of
non-essential genes included in the deletion sets optimized for S. pombe were applied to genes
important for late stages of transposition (S4 Table). The asterisk indicates p values <0.05 for
hypergeometric distance and FDR correction. The color of the asterisk corresponds to the dif-
ferent retrotransposons. Tfl, blue, Ty1, red, and Ty3, green.

(PDF)

S8 Fig. DNA blot measurements of Tfl cDNA produced by strains with deletion muta-
tions. DNA was extracted from wild-type and deletion strains expressing Tfl-natAl The
DNA was digested with BsrGI and analyzed by DNA blot using a probe of nat sequence.
The levels of Tfl1 cDNA (2.9 kb) relative to plasmid (14 kb) were quantified by phosphoima-
ging.

(PDF)

S1 Table. The transposition and recombination scores for each strain in the deletion col-

lection provided in Excel.
(XLSX)

$2 Table. The deletion strains with defects in transposition and recombination provided in
Excel.
(XLSX)

$3 Table. Quantitative recombination and immunoblot data for integration factor candi-
dates provided in Excel.
(XLSX)

$4 Table. Gene ontology terms for biological function of factors that support transposition
of Tf1, Tyl, and Ty3.
(PDF)

S5 Table. Summary statistics for integration sites of strains lacking nup61, pht1, snf5,
cwfl2, rad51, rad50, or setl.
(PDF)

S6 Table. Plasmids used in this study.
(PDF)

§7 Table. Oligonucleotides used in this study.
(PDF)

S8 Table. Yeast strains used in this study.
(PDF)

Acknowledgments

We thank Valerie Wood for advice with the gene ontology analysis and Barbara Studamire for
advice with the two-hybrid assays.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1006775 December 12,2017 27/34


http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1006775.s006
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1006775.s007
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1006775.s008
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1006775.s009
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1006775.s010
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1006775.s011
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1006775.s012
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1006775.s013
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1006775.s014
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1006775.s015
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1006775.s016
https://doi.org/10.1371/journal.pgen.1006775

@’PLOS | GENETICS

Host factors that promote retrotransposon integration

Author Contributions
Conceptualization: Sudhir Kumar Rai, Henry L. Levin.
Data curation: Sudhir Kumar Rai, Maya Sangesland.

Formal analysis: Sudhir Kumar Rai, Michael Lee, Jr., Caroline Esnault, Yujin Cui, Henry L.
Levin.

Funding acquisition: Henry L. Levin.

Investigation: Sudhir Kumar Rai, Maya Sangesland, Michael Lee, Jr., Caroline Esnault, Yujin
Cui, Henry L. Levin.

Methodology: Sudhir Kumar Rai, Maya Sangesland, Michael Lee, Jr., Caroline Esnault, Yujin
Cui, Henry L. Levin.

Project administration: Sudhir Kumar Rai, Henry L. Levin.

Resources: Sudhir Kumar Rai, Atreyi Ghatak Chatterjee, Henry L. Levin.
Software: Michael Lee, Jr.

Supervision: Caroline Esnault, Henry L. Levin.

Validation: Sudhir Kumar Rai, Henry L. Levin.

Visualization: Sudhir Kumar Rai, Michael Lee, Jr., Henry L. Levin.
Writing - original draft: Sudhir Kumar Rai, Henry L. Levin.

Writing - review & editing: Sudhir Kumar Rai, Henry L. Levin.

References

1. Engelman A, Cherepanov P. Retroviral Integrase Structure and DNA Recombination Mechanism.
Microbiol Spectr. 2014; 2(6). https://doi.org/10.1128/microbiolspec. MDNA3-0024-2014 PMID:
26104441.

2. Kvaratskhelia M, Sharma A, Larue RC, Serrao E, Engelman A. Molecular mechanisms of retroviral
integration site selection. Nucleic Acids Res. 2014; 42(16):10209-25. https://doi.org/10.1093/nar/
gku769 PMID: 25147212

3. Serrao E, Engelman AN. Sites of retroviral DNA integration: From basic research to clinical applica-
tions. Crit Rev Biochem Mol Biol. 2016; 51(1):26—42. https://doi.org/10.3109/10409238.2015.
1102859 PMID: 26508664

4. Konig R, Zhou Y, Elleder D, Diamond TL, Bonamy GM, Irelan JT, et al. Global analysis of host-patho-
gen interactions that regulate early-stage HIV-1 replication. Cell. 2008; 135(1):49-60. Epub 2008/10/
16. https://doi.org/10.1016/j.cell.2008.07.032 PMID: 18854154

5. Brass AL, Dykxhoorn DM, Benita Y, Yan N, Engelman A, Xavier RJ, et al. Identification of host pro-
teins required for HIV infection through a functional genomic screen. Science. 2008; 319(5865):921—
6. Epub 2008/01/12. https://doi.org/10.1126/science.1152725 PMID: 18187620.

6. ZhouH, XuM, Huang Q, Gates AT, Zhang XD, Castle JC, et al. Genome-scale RNAi screen for host
factors required for HIV replication. Cell Host Microbe. 2008; 4(5):495-504. Epub 2008/11/04. https://
doi.org/10.1016/j.chom.2008.10.004 PMID: 18976975.

7. Dziuba N, Ferguson MR, O’'Brien WA, Sanchez A, Prussia AJ, McDonald NJ, et al. Identification of cel-
lular proteins required for replication of human immunodeficiency virus type 1. AIDS Res Hum Retrovi-
ruses. 2012; 28(10):1329-39. https://doi.org/10.1089/aid.2011.0358 PMID: 22404213

8. Eickbush TH, Jamburuthugoda VK. The diversity of retrotransposons and the properties of their
reverse transcriptases. Virus Res. 2008; 134(1-2):221-34. https://doi.org/10.1016/j.virusres.2007.12.
010 PMID: 18261821

9. Doolittle RF, Feng DF. Tracing the origin of retroviruses. Curr Top Microbiol Immunol. 1992; 176:195—
211. PMID: 1376225

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1006775 December 12,2017 28/34


https://doi.org/10.1128/microbiolspec.MDNA3-0024-2014
http://www.ncbi.nlm.nih.gov/pubmed/26104441
https://doi.org/10.1093/nar/gku769
https://doi.org/10.1093/nar/gku769
http://www.ncbi.nlm.nih.gov/pubmed/25147212
https://doi.org/10.3109/10409238.2015.1102859
https://doi.org/10.3109/10409238.2015.1102859
http://www.ncbi.nlm.nih.gov/pubmed/26508664
https://doi.org/10.1016/j.cell.2008.07.032
http://www.ncbi.nlm.nih.gov/pubmed/18854154
https://doi.org/10.1126/science.1152725
http://www.ncbi.nlm.nih.gov/pubmed/18187620
https://doi.org/10.1016/j.chom.2008.10.004
https://doi.org/10.1016/j.chom.2008.10.004
http://www.ncbi.nlm.nih.gov/pubmed/18976975
https://doi.org/10.1089/aid.2011.0358
http://www.ncbi.nlm.nih.gov/pubmed/22404213
https://doi.org/10.1016/j.virusres.2007.12.010
https://doi.org/10.1016/j.virusres.2007.12.010
http://www.ncbi.nlm.nih.gov/pubmed/18261821
http://www.ncbi.nlm.nih.gov/pubmed/1376225
https://doi.org/10.1371/journal.pgen.1006775

@'PLOS | GENETICS

Host factors that promote retrotransposon integration

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

Curcio MJ, Lutz S, Lesage P. The Ty1 LTR-retrotransposon of budding yeast. Microbiol Spectr. 2015;
3(2):1-35. Epub 2015/04/22. https://doi.org/10.1128/microbiolspec.MDNA3-0053-2014 PMID:
25893143

Sandmeyer S, Patterson K, Bilanchone V. Ty3, a Position-specific Retrotransposon in Budding Yeast.
Microbiol Spectr. 2015; 3(2). Epub 2015/06/25. https://doi.org/10.1128/microbiolspec. MDNA3-0057-
2014 PMID: 26104707.

Esnault C, Levin HL. The Long Terminal Repeat Retrotransposons Tf1 and Tf2 of Schizosaccharo-
myces pombe. Microbiol Spectr. 2015; 3(4). https://doi.org/10.1128/microbiolspec.MDNA3-0040-
2014 PMID: 26350316.

Brady TL, Schmidt CL, Voytas DF. Targeting integration of the Saccharomyces Ty5 retrotransposon.
Methods Mol Biol. 2008; 435:153-63. https://doi.org/10.1007/978-1-59745-232-8_11 PMID:
18370074.

Levin HL, Boeke JD. Demonstration of retrotransposition of the Tf1 element in fission yeast. Embo J.
1992; 11(3):1145-53. Epub 1992/03/01. PMID: 1312461

Curcio MJ, Garfinkel DJ. Single-step selection for Ty1 element retrotransposition. Proc Natl Acad Sci
USA. 1991; 88:936—40. PMID: 1846969

Boeke JD, Garfinkel DJ, Styles CA, Fink GR. Ty elements transpose through an RNA intermediate.
Cell. 1985; 40(491):491-500.

Garfinkel DJ, Boeke JD, Fink GR. Ty element transposition: Reverse transcriptase and virus-like parti-
cles. Cell. 1985; 42(507):507—17.

Risler JK, Kenny AE, Palumbo RJ, Gamache ER, Curcio MJ. Host co-factors of the retrovirus-like
transposon Ty1. Mob DNA. 2012; 3(1):12. Epub 2012/08/04. https://doi.org/10.1186/1759-8753-3-12
PMID: 22856544

Dakshinamurthy A, Nyswaner KM, Farabaugh PJ, Garfinkel DJ. BUD22 affects Ty1 retrotransposition
and ribosome biogenesis in Saccharomyces cerevisiae. Genetics. 2010; 185(4):1193—-205. Epub
2010/05/26. https://doi.org/10.1534/genetics.110.119115 PMID: 20498295

Irwin B, Aye M, Baldi P, Beliakova-Bethell N, Cheng H, Dou Y, et al. Retroviruses and yeast retrotran-
sposons use overlapping sets of host genes. Genome Res. 2005; 15(5):641-54. Epub 2005/04/20.
https://doi.org/10.1101/gr.3739005 PMID: 15837808

Aye M, Irwin B, Beliakova-Bethell N, Chen E, Garrus J, Sandmeyer S. Host factors that affect Ty3 ret-
rotransposition in Saccharomyces cerevisiae. Genetics. 2004; 168(3):1159-76. https://doi.org/10.
1534/genetics.104.028126 PMID: 15579677.

Griffith JL, Coleman LE, Raymond AS, Goodson SG, Pittard WS, Tsui C, et al. Functional genomics
reveals relationships between the retrovirus-like Ty1 element and its host Saccharomyces cerevisiae.
Genetics. 2003; 164(3):867—-79. Epub 2003/07/23. PMID: 12871900

Nyswaner KM, Checkley MA, Yi M, Stephens RM, Garfinkel DJ. Chromatin-associated genes protect
the yeast genome from Ty1 insertional mutagenesis. Genetics. 2008; 178(1):197-214. https://doi.org/
10.1534/genetics.107.082602 PMID: 18202368

Scholes DT, Banerjee M, Bowen B, Curcio MJ. Multiple regulators of Ty1 transposition in Saccharo-
myces cerevisiae have conserved roles in genome maintenance. Genetics. 2001; 159(4):1449-65.
Epub 2002/01/10. PMID: 11779788

Sipiczki M. Fission yeast phylogenesis and evolution. In: Egel R, editor. The Molecular Biology of Schi-
zosaccharomyces pombe: Genetics, Genomics, and beyond. Berlin: Springer; 2004. p. 431—-43.

Heckman DS, Geiser DM, Eidell BR, Stauffer RL, Kardos NL, Hedges SB. Molecular evidence for the
early colonization of land by fungi and plants. Science. 2001; 293(5532):1129-33. https://doi.org/10.
1126/science.1061457 PMID: 11498589.

Sipiczki M. Where does fission yeast sit on the tree of life? Genome Biol. 2000; 1(2):REVIEWS1011.
https://doi.org/10.1186/gb-2000-1-2-reviews1011 PMID: 11178233

Levin HL. A novel mechanism of self-primed reverse transcription defines a new family of retroele-
ments. Mol Cell Biol. 1995; 15(6):3310-7. Epub 1995/06/01. PMID: 7760826

Sangesland M, Atwood-Moore A, Rai SK, Levin HL. Qualitative and Quantitative Assays of Transposi-
tion and Homologous Recombination of the Retrotransposon Tf1 in Schizosaccharomyces pombe.
Methods Mol Biol. 2016; 1400:117-30. https://doi.org/10.1007/978-1-4939-3372-3_8 PMID:
26895050.

Guo Y, Levin HL. High-throughput sequencing of retrotransposon integration provides a saturated pro-
file of target activity in Schizosaccharomyces pombe. Genome Res. 2010; 20(2):239—48. https://doi.
org/10.1101/gr.099648.109 PMID: 20040583

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1006775 December 12,2017 29/34


https://doi.org/10.1128/microbiolspec.MDNA3-0053-2014
http://www.ncbi.nlm.nih.gov/pubmed/25893143
https://doi.org/10.1128/microbiolspec.MDNA3-0057-2014
https://doi.org/10.1128/microbiolspec.MDNA3-0057-2014
http://www.ncbi.nlm.nih.gov/pubmed/26104707
https://doi.org/10.1128/microbiolspec.MDNA3-0040-2014
https://doi.org/10.1128/microbiolspec.MDNA3-0040-2014
http://www.ncbi.nlm.nih.gov/pubmed/26350316
https://doi.org/10.1007/978-1-59745-232-8_11
http://www.ncbi.nlm.nih.gov/pubmed/18370074
http://www.ncbi.nlm.nih.gov/pubmed/1312461
http://www.ncbi.nlm.nih.gov/pubmed/1846969
https://doi.org/10.1186/1759-8753-3-12
http://www.ncbi.nlm.nih.gov/pubmed/22856544
https://doi.org/10.1534/genetics.110.119115
http://www.ncbi.nlm.nih.gov/pubmed/20498295
https://doi.org/10.1101/gr.3739005
http://www.ncbi.nlm.nih.gov/pubmed/15837808
https://doi.org/10.1534/genetics.104.028126
https://doi.org/10.1534/genetics.104.028126
http://www.ncbi.nlm.nih.gov/pubmed/15579677
http://www.ncbi.nlm.nih.gov/pubmed/12871900
https://doi.org/10.1534/genetics.107.082602
https://doi.org/10.1534/genetics.107.082602
http://www.ncbi.nlm.nih.gov/pubmed/18202368
http://www.ncbi.nlm.nih.gov/pubmed/11779788
https://doi.org/10.1126/science.1061457
https://doi.org/10.1126/science.1061457
http://www.ncbi.nlm.nih.gov/pubmed/11498589
https://doi.org/10.1186/gb-2000-1-2-reviews1011
http://www.ncbi.nlm.nih.gov/pubmed/11178233
http://www.ncbi.nlm.nih.gov/pubmed/7760826
https://doi.org/10.1007/978-1-4939-3372-3_8
http://www.ncbi.nlm.nih.gov/pubmed/26895050
https://doi.org/10.1101/gr.099648.109
https://doi.org/10.1101/gr.099648.109
http://www.ncbi.nlm.nih.gov/pubmed/20040583
https://doi.org/10.1371/journal.pgen.1006775

@'PLOS | GENETICS

Host factors that promote retrotransposon integration

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

Chatterjee AG, Esnault C, Guo Y, Hung S, McQueen PG, Levin HL. Serial number tagging reveals a
prominent sequence preference of retrotransposon integration. Nucleic Acids Res. 2014; 42
(13):8449-60. Epub 2014/06/21. https://doi.org/10.1093/nar/gku534 PMID: 24948612

Hickey A, Esnault C, Majumdar A, Chatterjee AG, Iben JR, McQueen PG, et al. Single Nucleotide
Specific Targeting of the Tf1 Retrotransposon Promoted by the DNA-Binding Protein Sap1 of Schi-
zosaccharomyces pombe. Genetics. 2015. https://doi.org/10.1534/genetics.115.181602 PMID:
26358720.

Jacobs JZ, Rosado-Lugo JD, Cranz-Mileva S, Ciccaglione KM, Tournier V, Zaratiegui M. Arrested rep-
lication forks guide retrotransposon integration. Science. 2015; 349(6255):1549-53. https://doi.org/
10.1126/science.aaa3810 PMID: 26404838.

Kim DU, Hayles J, Kim D, Wood V, Park HO, Won M, et al. Analysis of a genome-wide set of gene
deletions in the fission yeast Schizosaccharomyces pombe. Nat Biotechnol. 2010; 28(6):617-23.
Epub 2010/05/18. https://doi.org/10.1038/nbt.1628 PMID: 20473289.

Levin HL, Weaver DC, Boeke JD. Novel gene expression mechanism in a fission yeast retroelement:
Tf1 proteins are derived from a single primary translation product. Embo J. 1993; 12(12):4885-95.
Epub 1993/12/01. PMID: 8223497

Atwood A, Choi J, Levin HL. The application of a homologous recombination assay revealed amino
acid residues in an LTR-retrotransposon that were critical for integration. J Virol. 1998; 72(2):1324—33.
PMID: 9445033

Nymark-McMahon MH, Beliakova-Bethell NS, Darlix JL, Le Grice SFJ, Sandmeyer SB. Ty3 integrase
is required for initiation of reverse transcription. Journal of Virology. 2002; 76(6):2804—16. https://doi.
org/10.1128/JV1.76.6.2804-2816.2002 PMID: 11861848

Nymark-McMahon MH, Sandmeyer SB. Mutations in nonconserved domains of Ty3 integrase affect
multiple stages of the Ty3 life cycle. J Virol. 1999; 73(1):453-65. PMID: 9847351

Engelman A. In vivo analysis of retroviral integrase structure and function. Adv Virus Res. 1999;
52:411-26. PMID: 10384245.

Wilhelm M, Wilhelm FX. Cooperation between reverse transcriptase and integrase during reverse
transcription and formation of the preintegrative complex of Ty1. Eukaryot Cell. 2006; 5(10):1760-9.
https://doi.org/10.1128/EC.00159-06 PMID: 17031000

Sistla S, Pang JV, Wang CX, Balasundaram D. Multiple conserved domains of the nucleoporin
Nup124p and its orthologs Nup1p and Nup153 are critical for nuclear import and activity of the fission
yeast Tf1 retrotransposon. Mol Biol Cell. 2007; 18(9):3692—708. Epub 2007/07/07. https://doi.org/10.
1091/mbc.E06-12-1062 PMID: 17615301

Varadarajan P, Mahalingam S, Liu P, Ng SB, Gandotra S, Dorairajoo DS, et al. The functionally con-
served nucleoporins Nup124p from fission yeast and the human Nup 153 mediate nuclear import and
activity of the Tf1 retrotransposon and HIV-1 Vpr. Mol Biol Cell. 2005; 16(4):1823-38. Epub 2005/01/
22. https://doi.org/10.1091/mbc.E04-07-0583 PMID: 15659641

Kim MK, Claiborn KC, Levin HL. The long terminal repeat-containing retrotransposon Tf1 possesses
amino acids in Gag that regulate nuclear localization and particle formation. Journal of Virology. 2005;
79(15):9540-55. https://doi.org/10.1128/JV1.79.15.9540-9555.2005 PMID: 16014916

Teysset L, Dang VD, Kim MK, Levin HL. A long terminal repeat-containing retrotransposon of Schizo-
saccharomyces pombe expresses a Gag-like protein that assembles into virus-like particles which
mediate reverse transcription. J Virol. 2003; 77(9):5451-63. https://doi.org/10.1128/JV1.77.9.5451-
5463.2003 PMID: 12692246.

Dang VD, Levin HL. Nuclear import of the retrotransposon Tf1 is governed by a nuclear localization
signal that possesses a unique requirement for the FXFG nuclear pore factor Nup124p. Molecular and
Cellular Biology. 2000; 20(20):7798-812. PMID: 11003674

Balasundaram D, Benedik MJ, Morphew M, Dang VD, Levin HL. Nup124p Is a Nuclear Pore Factor of
Schizosaccharomyces pombe That Is Important for Nuclear Import and Activity of Retrotransposon
Tf1. Mol Cell Biol. 1999; 19(8):5768—-84. PMID: 10409764

Atwood A, Lin JH, Levin HL. The retrotransposon Tf1 assembles virus-like particles that contain
excess Gag relative to integrase because of a regulated degradation process. Mol Cell Biol. 1996; 16
(1):338-46. PMID: 8524313

McDowall MD, Harris MA, Lock A, Rutherford K, Staines DM, Bahler J, et al. PomBase 2015: updates
to the fission yeast database. Nucleic Acids Res. 2015; 43(Database issue):D656—61. https://doi.org/
10.1093/nar/gku1040 PMID: 25361970

Wood V, Harris MA, McDowall MD, Rutherford K, Vaughan BW, Staines DM, et al. PomBase: a com-
prehensive online resource for fission yeast. Nucleic Acids Res. 2011; 40(Database issue):D695-9.
Epub 2011/11/01. https://doi.org/10.1093/nar/gkr853 PMID: 22039153

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1006775 December 12,2017 30/34


https://doi.org/10.1093/nar/gku534
http://www.ncbi.nlm.nih.gov/pubmed/24948612
https://doi.org/10.1534/genetics.115.181602
http://www.ncbi.nlm.nih.gov/pubmed/26358720
https://doi.org/10.1126/science.aaa3810
https://doi.org/10.1126/science.aaa3810
http://www.ncbi.nlm.nih.gov/pubmed/26404838
https://doi.org/10.1038/nbt.1628
http://www.ncbi.nlm.nih.gov/pubmed/20473289
http://www.ncbi.nlm.nih.gov/pubmed/8223497
http://www.ncbi.nlm.nih.gov/pubmed/9445033
https://doi.org/10.1128/JVI.76.6.2804-2816.2002
https://doi.org/10.1128/JVI.76.6.2804-2816.2002
http://www.ncbi.nlm.nih.gov/pubmed/11861848
http://www.ncbi.nlm.nih.gov/pubmed/9847351
http://www.ncbi.nlm.nih.gov/pubmed/10384245
https://doi.org/10.1128/EC.00159-06
http://www.ncbi.nlm.nih.gov/pubmed/17031000
https://doi.org/10.1091/mbc.E06-12-1062
https://doi.org/10.1091/mbc.E06-12-1062
http://www.ncbi.nlm.nih.gov/pubmed/17615301
https://doi.org/10.1091/mbc.E04-07-0583
http://www.ncbi.nlm.nih.gov/pubmed/15659641
https://doi.org/10.1128/JVI.79.15.9540-9555.2005
http://www.ncbi.nlm.nih.gov/pubmed/16014916
https://doi.org/10.1128/JVI.77.9.5451-5463.2003
https://doi.org/10.1128/JVI.77.9.5451-5463.2003
http://www.ncbi.nlm.nih.gov/pubmed/12692246
http://www.ncbi.nlm.nih.gov/pubmed/11003674
http://www.ncbi.nlm.nih.gov/pubmed/10409764
http://www.ncbi.nlm.nih.gov/pubmed/8524313
https://doi.org/10.1093/nar/gku1040
https://doi.org/10.1093/nar/gku1040
http://www.ncbi.nlm.nih.gov/pubmed/25361970
https://doi.org/10.1093/nar/gkr853
http://www.ncbi.nlm.nih.gov/pubmed/22039153
https://doi.org/10.1371/journal.pgen.1006775

@'PLOS | GENETICS

Host factors that promote retrotransposon integration

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Lee K, Ambrose Z, Martin TD, Oztop |, Mulky A, Julias JG, et al. Flexible use of nuclear import path-
ways by HIV-1. Cell Host Microbe. 2010; 7(3):221-33. https://doi.org/10.1016/j.chom.2010.02.007
PMID: 20227665

Matreyek KA, Engelman A. Viral and cellular requirements for the nuclear entry of retroviral preintegra-
tion nucleoprotein complexes. Viruses. 2013; 5(10):2483-511. https://doi.org/10.3390/v5102483
PMID: 24103892

Matreyek KA, Yucel SS, Li X, Engelman A. Nucleoporin NUP153 phenylalanine-glycine motifs engage
a common binding pocket within the HIV-1 capsid protein to mediate lentiviral infectivity. PLoS Pathog.
2013; 9(10):e1003693. https://doi.org/10.1371/journal.ppat. 1003693 PMID: 24130490

Marini B, Kertesz-Farkas A, Ali H, Lucic B, Lisek K, Manganaro L, et al. Nuclear architecture dictates
HIV-1 integration site selection. Nature. 2015; 521(7551):227-31. https://doi.org/10.1038/
nature14226 PMID: 25731161.

Ciuffi A. The benefits of integration. Clin Microbiol Infect. 2016; 22(4):324—-32. https://doi.org/10.1016/
j.cmi.2016.02.013 PMID: 27107301.

Jacinto FV, Benner C, Hetzer MW. The nucleoporin Nup153 regulates embryonic stem cell pluripo-
tency through gene silencing. Genes Dev. 2015; 29(12):1224—38. https://doi.org/10.1101/gad.
260919.115 PMID: 26080816

Ptak C, Aitchison JD, Wozniak RW. The multifunctional nuclear pore complex: a platform for control-
ling gene expression. Curr Opin Cell Biol. 2014; 28:46-53. https://doi.org/10.1016/j.ceb.2014.02.001
PMID: 24657998

Van de Vosse DW, Wan Y, Lapetina DL, Chen WM, Chiang JH, Aitchison JD, et al. A role for the
nucleoporin Nup170p in chromatin structure and gene silencing. Cell. 2013; 152(5):969-83. https://
doi.org/10.1016/j.cell.2013.01.049 PMID: 23452847

Liang Y, Hetzer MW. Functional interactions between nucleoporins and chromatin. Curr Opin Cell
Biol. 2011; 23(1):65—70. https://doi.org/10.1016/j.ceb.2010.09.008 PMID: 21030234

Casolari JM, Brown CR, Komili S, West J, Hieronymus H, Silver PA. Genome-wide localization of the
nuclear transport machinery couples transcriptional status and nuclear organization. Cell. 2004; 117
(4):427-39. PMID: 15137937.

Schmid M, Arib G, Laemmli C, Nishikawa J, Durussel T, Laemmli UK. Nup-PI: the nucleopore-pro-
moter interaction of genes in yeast. Mol Cell. 2006; 21(3):379-91. https://doi.org/10.1016/j.molcel.
2005.12.012 PMID: 16455493.

Chen M, Gartenberg MR. Coordination of tRNA transcription with export at nuclear pore complexes in
budding yeast. Genes Dev. 2014; 28(9):959-70. https://doi.org/10.1101/gad.236729.113 PMID:
24788517

Suresh S, Ahn HW, Joshi K, Dakshinamurthy A, Kananganat A, Garfinkel DJ, et al. Ribosomal pro-
tein and biogenesis factors affect multiple steps during movement of the Saccharomyces cerevi-
siae Ty1 retrotransposon. Mob DNA. 2015; 6:22. https://doi.org/10.1186/s13100-015-0053-5
PMID: 26664557

Votteler J, Sundquist WI. Virus budding and the ESCRT pathway. Cell Host Microbe. 2013; 14
(3):232—41. https://doi.org/10.1016/j.chom.2013.08.012 PMID: 24034610

Mahmud SA, Hirasawa T, Furusawa C, Yoshikawa K, Shimizu H. Understanding the mechanism of
heat stress tolerance caused by high trehalose accumulation in Saccharomyces cerevisiae using
DNA microarray. J Biosci Bioeng. 2012; 113(4):526-8. https://doi.org/10.1016/j.jbiosc.2011.11.028
PMID: 22222142.

Sanchez-Fresneda R, Guirao-Abad JP, Arguelles A, Gonzalez-Parraga P, Valentin E, Arguelles JC.
Specific stress-induced storage of trehalose, glycerol and D-arabitol in response to oxidative and
osmotic stress in Candida albicans. Biochem Biophys Res Commun. 2013; 430(4):1334-9. https://
doi.org/10.1016/j.bbrc.2012.10.118 PMID: 23261427.

Cervantes-Chavez JA, Valdes-Santiago L, Bakkeren G, Hurtado-Santiago E, Leon-Ramirez CG,
Esquivel-Naranjo EU, et al. Trehalose is required for stress resistance and virulence of the Basidiomy-
cota plant pathogen Ustilago maydis. Microbiology. 2016. https://doi.org/10.1099/mic.0.000287
PMID: 27027300.

Albert |, Mavrich TN, Tomsho LP, Qi J, Zanton SJ, Schuster SC, et al. Translational and rotational set-
tings of H2A.Z nucleosomes across the Saccharomyces cerevisiae genome. Nature. 2007; 446
(7135):572—6. https://doi.org/10.1038/nature05632 PMID: 17392789.

Barski A, Cuddapah S, Cui K, Roh TY, Schones DE, Wang Z, et al. High-resolution profiling of histone
methylations in the human genome. Cell. 2007; 129(4):823-37. https://doi.org/10.1016/j.cell.2007.05.
009 PMID: 17512414.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1006775 December 12,2017 31/34


https://doi.org/10.1016/j.chom.2010.02.007
http://www.ncbi.nlm.nih.gov/pubmed/20227665
https://doi.org/10.3390/v5102483
http://www.ncbi.nlm.nih.gov/pubmed/24103892
https://doi.org/10.1371/journal.ppat.1003693
http://www.ncbi.nlm.nih.gov/pubmed/24130490
https://doi.org/10.1038/nature14226
https://doi.org/10.1038/nature14226
http://www.ncbi.nlm.nih.gov/pubmed/25731161
https://doi.org/10.1016/j.cmi.2016.02.013
https://doi.org/10.1016/j.cmi.2016.02.013
http://www.ncbi.nlm.nih.gov/pubmed/27107301
https://doi.org/10.1101/gad.260919.115
https://doi.org/10.1101/gad.260919.115
http://www.ncbi.nlm.nih.gov/pubmed/26080816
https://doi.org/10.1016/j.ceb.2014.02.001
http://www.ncbi.nlm.nih.gov/pubmed/24657998
https://doi.org/10.1016/j.cell.2013.01.049
https://doi.org/10.1016/j.cell.2013.01.049
http://www.ncbi.nlm.nih.gov/pubmed/23452847
https://doi.org/10.1016/j.ceb.2010.09.008
http://www.ncbi.nlm.nih.gov/pubmed/21030234
http://www.ncbi.nlm.nih.gov/pubmed/15137937
https://doi.org/10.1016/j.molcel.2005.12.012
https://doi.org/10.1016/j.molcel.2005.12.012
http://www.ncbi.nlm.nih.gov/pubmed/16455493
https://doi.org/10.1101/gad.236729.113
http://www.ncbi.nlm.nih.gov/pubmed/24788517
https://doi.org/10.1186/s13100-015-0053-5
http://www.ncbi.nlm.nih.gov/pubmed/26664557
https://doi.org/10.1016/j.chom.2013.08.012
http://www.ncbi.nlm.nih.gov/pubmed/24034610
https://doi.org/10.1016/j.jbiosc.2011.11.028
http://www.ncbi.nlm.nih.gov/pubmed/22222142
https://doi.org/10.1016/j.bbrc.2012.10.118
https://doi.org/10.1016/j.bbrc.2012.10.118
http://www.ncbi.nlm.nih.gov/pubmed/23261427
https://doi.org/10.1099/mic.0.000287
http://www.ncbi.nlm.nih.gov/pubmed/27027300
https://doi.org/10.1038/nature05632
http://www.ncbi.nlm.nih.gov/pubmed/17392789
https://doi.org/10.1016/j.cell.2007.05.009
https://doi.org/10.1016/j.cell.2007.05.009
http://www.ncbi.nlm.nih.gov/pubmed/17512414
https://doi.org/10.1371/journal.pgen.1006775

@'PLOS | GENETICS

Host factors that promote retrotransposon integration

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Pryciak PM, Sil A, Varmus HE. Retroviral integration into minichromosomes in vitro. EMBO J. 1992;
11:291-303. PMID: 1310932

Pryciak PM, Varmus HE. Nucleosomes, DNA binding proteins, and DNA sequence modulate retroviral
integration target site selection. Cell. 1992; 69:769-80. PMID: 1317268

Pruss D, Bushman FD, Wolffe AP. Human immunodeficiency virus integrase directs integration to
sites of severe DNA distortion within the nucleosome core. Proc Natl Acad Sci U S A. 1994; 91
(13):5913-7. PMID: 8016088

Oler AJ, Alla RK, Roberts DN, Wong A, Hollenhorst PC, Chandler KJ, et al. Human RNA polymerase
Il transcriptomes and relationships to Pol || promoter chromatin and enhancer-binding factors. Nat
Struct Mol Biol. 2010; 17(5):620-8. https://doi.org/10.1038/nsmb.1801 PMID: 20418882

White RJ. Transcription by RNA polymerase Ill: more complex than we thought. Nat Rev Genet. 2011;
12(7):459-63. https://doi.org/10.1038/nrg3001 PMID: 21540878.

Baller JA, Gao J, Stamenova R, Curcio MJ, Voytas DF. A nucleosomal surface defines an integration
hotspot for the Saccharomyces cerevisiae Ty1 retrotransposon. Genome Res. 2012; 22:704—13.
https://doi.org/10.1101/gr.129585.111 PMID: 22219511.

Happel AM, Swanson MS, Winston F. The SNF2, SNF5 and SNF6 genes are required for Ty transcrip-
tion in Saccharomyces cerevisiae. Genetics. 1991; 128(1):69-77. PMID: 1648006

Ackermann K, Waxmann A, Glover CV, Pyerin W. Genes targeted by protein kinase CK2: a genome-
wide expression array analysis in yeast. Mol Cell Biochem. 2001; 227(1-2):59-66. PMID: 11827175.

Ahmed K, Gerber DA, Cochet C. Joining the cell survival squad: an emerging role for protein kinase
CK2. Trends Cell Biol. 2002; 12(5):226—-30. PMID: 12062170.

Kang WH, Park YH, Park HM. The LAMMER kinase homolog, Lkh1, regulates Tup transcriptional
repressors through phosphorylation in Schizosaccharomyces pombe. J Biol Chem. 2010; 285
(18):13797-806. https://doi.org/10.1074/jbc.M110.113555 PMID: 20200159

Lipp JJ, Marvin MC, Shokat KM, Guthrie C. SR protein kinases promote splicing of nonconsensus
introns. Nat Struct Mol Biol. 2015; 22(8):611—7. https://doi.org/10.1038/nsmb.3057 PMID: 26167880.

Balciunas D, Ronne H. Three subunits of the RNA polymerase Il mediator complex are involved in glu-
cose repression. Nucleic Acids Res. 1995; 23(21):4421-5. PMID: 7501465

Liao SM, Zhang J, Jeffery DA, Koleske AJ, Thompson CM, Chao DM, et al. A kinase-cyclin pair in the
RNA polymerase Il holoenzyme. Nature. 1995; 374(6518):193-6. https://doi.org/10.1038/374193a0
PMID: 7877695.

DeGennaro CM, Alver BH, Marguerat S, Stepanova E, Davis CP, Bahler J, et al. Spt6 regulates intra-
genic and antisense transcription, nucleosome positioning, and histone modifications genome-wide in
fission yeast. Mol Cell Biol. 2013; 33(24):4779-92. https://doi.org/10.1128/MCB.01068-13 PMID:
24100010

Liebman SW, Newnam G. A ubiquitin-conjugating enzyme, RADS, affects the distribution of Ty1 retro-
transposon integration positions. Genetics. 1993; 133(3):499-508. PMID: 8384143

Huang H, Hong JY, Burck CL, Liebman SW. Host genes that affect the target-site distribution of the
yeast retrotransposon Ty1. Genetics. 1999; 151(4):1393—407. PMID: 10101165

Picologlou S, Brown N, Liebman SW. Mutations in RADS, a yeast gene encoding a ubiquitin-conjugat-
ing enzyme, stimulate retrotransposition. Mol Cell Biol. 1990; 10(3):1017-22. PMID: 2154679

Wahl MC, Will CL, Luhrmann R. The spliceosome: design principles of a dynamic RNP machine. Cell.
2009; 136(4):701-18. https://doi.org/10.1016/j.cell.2009.02.009 PMID: 19239890.

Hogg R, McGrail JC, O’Keefe RT. The function of the NineTeen Complex (NTC) in regulating spliceo-
some conformations and fidelity during pre-mRNA splicing. Biochem Soc Trans. 2010; 38(4):1110-5.
https://doi.org/10.1042/BST0381110 PMID: 20659013

McDonald WH, Ohi R, Smelkova N, Frendewey D, Gould KL. Myb-related fission yeast cdc5p is a
component of a 40S snRNP-containing complex and is essential for pre-mRNA splicing. Mol Cell Biol.
1999; 19(8):5352—-62. PMID: 10409726

Ren L, McLean JR, Hazbun TR, Fields S, Vander Kooi C, Ohi MD, et al. Systematic two-hybrid and
comparative proteomic analyses reveal novel yeast pre-mRNA splicing factors connected to Prp19.
PLoS One. 2011; 6(2):e16719. https://doi.org/10.1371/journal.pone.0016719 PMID: 21386897
Singh PK, Plumb MR, Ferris AL, Iben JR, Wu X, Fadel HJ, et al. LEDGF/p75 interacts with mRNA
splicing factors and targets HIV-1 integration to highly spliced genes. Genes Dev. 2015; 29(21):2287—
97. https://doi.org/10.1101/gad.267609.115 PMID: 26545813

Sowd GA, Serrao E, Wang H, Wang W, Fadel HJ, Poeschla EM, et al. A critical role for alternative
polyadenylation factor CPSF6 in targeting HIV-1 integration to transcriptionally active chromatin.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1006775 December 12,2017 32/34


http://www.ncbi.nlm.nih.gov/pubmed/1310932
http://www.ncbi.nlm.nih.gov/pubmed/1317268
http://www.ncbi.nlm.nih.gov/pubmed/8016088
https://doi.org/10.1038/nsmb.1801
http://www.ncbi.nlm.nih.gov/pubmed/20418882
https://doi.org/10.1038/nrg3001
http://www.ncbi.nlm.nih.gov/pubmed/21540878
https://doi.org/10.1101/gr.129585.111
http://www.ncbi.nlm.nih.gov/pubmed/22219511
http://www.ncbi.nlm.nih.gov/pubmed/1648006
http://www.ncbi.nlm.nih.gov/pubmed/11827175
http://www.ncbi.nlm.nih.gov/pubmed/12062170
https://doi.org/10.1074/jbc.M110.113555
http://www.ncbi.nlm.nih.gov/pubmed/20200159
https://doi.org/10.1038/nsmb.3057
http://www.ncbi.nlm.nih.gov/pubmed/26167880
http://www.ncbi.nlm.nih.gov/pubmed/7501465
https://doi.org/10.1038/374193a0
http://www.ncbi.nlm.nih.gov/pubmed/7877695
https://doi.org/10.1128/MCB.01068-13
http://www.ncbi.nlm.nih.gov/pubmed/24100010
http://www.ncbi.nlm.nih.gov/pubmed/8384143
http://www.ncbi.nlm.nih.gov/pubmed/10101165
http://www.ncbi.nlm.nih.gov/pubmed/2154679
https://doi.org/10.1016/j.cell.2009.02.009
http://www.ncbi.nlm.nih.gov/pubmed/19239890
https://doi.org/10.1042/BST0381110
http://www.ncbi.nlm.nih.gov/pubmed/20659013
http://www.ncbi.nlm.nih.gov/pubmed/10409726
https://doi.org/10.1371/journal.pone.0016719
http://www.ncbi.nlm.nih.gov/pubmed/21386897
https://doi.org/10.1101/gad.267609.115
http://www.ncbi.nlm.nih.gov/pubmed/26545813
https://doi.org/10.1371/journal.pgen.1006775

@'PLOS | GENETICS

Host factors that promote retrotransposon integration

92,

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112,

Proc Natl Acad Sci U S A. 2016; 113(8):E1054—-63. https://doi.org/10.1073/pnas. 1524213113
PMID: 26858452

Krings G, Bastia D. Sap1p binds to Ter1 at the ribosomal DNA of Schizosaccharomyces pombe and
causes polar replication fork arrest. J Biol Chem. 2005; 280(47):39135—-42. Epub 2005/10/01. https://
doi.org/10.1074/jbc.M508996200 PMID: 16195226.

Iraqui |, Chekkal Y, Jmari N, Pietrobon V, Freon K, Costes A, et al. Recovery of arrested replication
forks by homologous recombination is error-prone. PLoS Genet. 2012; 8(10):e1002976. https://doi.
org/10.1371/journal.pgen.1002976 PMID: 23093942

Craigie R, Bushman FD. HIV DNA integration. Cold Spring Harb Perspect Med. 2012; 2(7):a006890.
https://doi.org/10.1101/cshperspect.a006890 PMID: 22762018

Skala AM. Retroviral DNA Transposition: Themes and Variations. Microbiol Spectr. 2014; 2(5). https://
doi.org/10.1128/microbiolspec. MDNA3-0005-2014 PMID: 26104370.

Prakash L. Effect of Genes Controlling Radiation Sensitivity on Chemically Induced Mutations in SAC-
CHAROMYCES CEREVISIAE. Genetics. 1976; 83(2):285-301. PMID: 17248715

Bailly V, Lauder S, Prakash S, Prakash L. Yeast DNA repair proteins Rad6é and Rad18 form a heterodi-
mer that has ubiquitin conjugating, DNA binding, and ATP hydrolytic activities. J Biol Chem. 1997; 272
(37):23360-5. PMID: 9287349.

Ulrich HD. The RADG6 pathway: control of DNA damage bypass and mutagenesis by ubiquitin and
SUMO. Chembiochem. 2005; 6(10):1735-43. https://doi.org/10.1002/cbic.200500139 PMID:
16142820.

Ulrich HD. Regulating post-translational modifications of the eukaryotic replication clamp PCNA. DNA
Repair (Amst). 2009; 8(4):461-9. https://doi.org/10.1016/j.dnarep.2009.01.006 PMID: 19217833.

Parker JL, Ulrich HD. A SUMO-interacting motif activates budding yeast ubiquitin ligase Rad18
towards SUMO-modified PCNA. Nucleic Acids Res. 2012; 40(22):11380-8. https://doi.org/10.1093/
nar/gks892 PMID: 23034805

Huang J, Huen MS, Kim H, Leung CC, Glover JN, Yu X, et al. RAD18 transmits DNA damage signal-
ling to elicit homologous recombination repair. Nat Cell Biol. 2009; 11(5):592—603. https://doi.org/10.
1038/ncb1865 PMID: 19396164

Symington LS. Role of RAD52 epistasis group genes in homologous recombination and double-strand
break repair. Microbiol Mol Biol Rev. 2002; 66(4):630-70, table of contents. https://doi.org/10.1128/
MMBR.66.4.630-670.2002 PMID: 12456786

Harshey RM. Transposable Phage Mu. Microbiol Spectr. 2014; 2(5). https://doi.org/10.1128/
microbiolspec. MDNA3-0007-2014 PMID: 26104374

Jang S, Harshey RM. Repair of transposable phage Mu DNA insertions begins only when the E. coli
replisome collides with the transpososome. Mol Microbiol. 2015; 97(4):746-58. https://doi.org/10.
1111/mmi.13061 PMID: 25983038

Guzder SN, Habraken Y, Sung P, Prakash L, Prakash S. Reconstitution of yeast nucleotide excision
repair with purified Rad proteins, replication protein A, and transcription factor TFIIH. J Biol Chem.
1995; 270(22):12973—-6. PMID: 7768886.

Yan Z, Delannoy M, Ling C, Daee D, Osman F, Muniandy PA, et al. A histone-fold complex and
FANCM form a conserved DNA-remodeling complex to maintain genome stability. Mol Cell. 2010; 37
(6):865-78. https://doi.org/10.1016/j.molcel.2010.01.039 PMID: 20347428

Curcio MJ, Garfinkel DJ. Heterogeneous functional Ty1 elements are abundant in the Saccharomyces
cerevisiae genome. Genetics. 1994; 136(4):1245-59. Epub 1994/04/01. PMID: 8013902

Conte D Jr., Barber E, Banerjee M, Garfinkel DJ, Curcio MJ. Posttranslational regulation of Ty1 retro-
transposition by mitogen-activated protein kinase Fus3. Mol Cell Biol. 1998; 18(5):2502—13. Epub
1998/05/05. PMID: 9566871

Lee BS, Lichtenstein CP, Faiola B, Rinckel LA, Wysock W, Curcio MJ, et al. Posttranslational inhibition
of Ty1 retrotransposition by nucleotide excision repair/transcription factor TFIIH subunits Ssl2p and
Rad3p. Genetics. 1998; 148(4):1743—-61. Epub 1998/04/30. PMID: 9560391

Rattray AJ, Shafer BK, Garfinkel DJ. The Saccharomyces cerevisiae DNA recombination and repair
functions of the RAD52 epistasis group inhibit Ty1 transposition. Genetics. 2000; 154(2):543-56.
PMID: 10655210

Curcio MJ, Kenny AE, Moore S, Garfinkel DJ, Weintraub M, Gamache ER, et al. S-phase checkpoint
pathways stimulate the mobility of the retrovirus-like transposon Ty1. Mol Cell Biol. 2007; 27
(24):8874-85. Epub 2007/10/10. https://doi.org/10.1128/MCB.01095-07 PMID: 17923678

Espeseth AS, Fishel R, Hazuda D, Huang Q, Xu M, Yoder K, et al. siRNA screening of a targeted
library of DNA repair factors in HIV infection reveals a role for base excision repair in HIV integration.
PLoS One. 2011; 6(3):e17612. https://doi.org/10.1371/journal.pone.0017612 PMID: 21448273

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1006775 December 12,2017 33/34


https://doi.org/10.1073/pnas.1524213113
http://www.ncbi.nlm.nih.gov/pubmed/26858452
https://doi.org/10.1074/jbc.M508996200
https://doi.org/10.1074/jbc.M508996200
http://www.ncbi.nlm.nih.gov/pubmed/16195226
https://doi.org/10.1371/journal.pgen.1002976
https://doi.org/10.1371/journal.pgen.1002976
http://www.ncbi.nlm.nih.gov/pubmed/23093942
https://doi.org/10.1101/cshperspect.a006890
http://www.ncbi.nlm.nih.gov/pubmed/22762018
https://doi.org/10.1128/microbiolspec.MDNA3-0005-2014
https://doi.org/10.1128/microbiolspec.MDNA3-0005-2014
http://www.ncbi.nlm.nih.gov/pubmed/26104370
http://www.ncbi.nlm.nih.gov/pubmed/17248715
http://www.ncbi.nlm.nih.gov/pubmed/9287349
https://doi.org/10.1002/cbic.200500139
http://www.ncbi.nlm.nih.gov/pubmed/16142820
https://doi.org/10.1016/j.dnarep.2009.01.006
http://www.ncbi.nlm.nih.gov/pubmed/19217833
https://doi.org/10.1093/nar/gks892
https://doi.org/10.1093/nar/gks892
http://www.ncbi.nlm.nih.gov/pubmed/23034805
https://doi.org/10.1038/ncb1865
https://doi.org/10.1038/ncb1865
http://www.ncbi.nlm.nih.gov/pubmed/19396164
https://doi.org/10.1128/MMBR.66.4.630-670.2002
https://doi.org/10.1128/MMBR.66.4.630-670.2002
http://www.ncbi.nlm.nih.gov/pubmed/12456786
https://doi.org/10.1128/microbiolspec.MDNA3-0007-2014
https://doi.org/10.1128/microbiolspec.MDNA3-0007-2014
http://www.ncbi.nlm.nih.gov/pubmed/26104374
https://doi.org/10.1111/mmi.13061
https://doi.org/10.1111/mmi.13061
http://www.ncbi.nlm.nih.gov/pubmed/25983038
http://www.ncbi.nlm.nih.gov/pubmed/7768886
https://doi.org/10.1016/j.molcel.2010.01.039
http://www.ncbi.nlm.nih.gov/pubmed/20347428
http://www.ncbi.nlm.nih.gov/pubmed/8013902
http://www.ncbi.nlm.nih.gov/pubmed/9566871
http://www.ncbi.nlm.nih.gov/pubmed/9560391
http://www.ncbi.nlm.nih.gov/pubmed/10655210
https://doi.org/10.1128/MCB.01095-07
http://www.ncbi.nlm.nih.gov/pubmed/17923678
https://doi.org/10.1371/journal.pone.0017612
http://www.ncbi.nlm.nih.gov/pubmed/21448273
https://doi.org/10.1371/journal.pgen.1006775

@'PLOS | GENETICS

Host factors that promote retrotransposon integration

113.

114.

115.

116.

117.

118.

119.

120.

121.

122,

Yoder KE, Espeseth A, Wang XH, Fang Q, Russo MT, Lloyd RS, et al. The base excision repair path-
way is required for efficient lentivirus integration. PLoS One. 2011; 6(3):e17862. https://doi.org/10.
1371/journal.pone.0017862 PMID: 21448280

Behrens R, Hayles J, Nurse P. Fission yeast retrotransposon Tf1 integration is targeted to 5’ ends of
open reading frames. Nucleic Acids Research. 2000; 28(23):4709-16. PMID: 11095681

Singleton TL, Levin HL. A Long Terminal Repeat Retrotransposon of Fission Yeast Has Strong Prefer-
ences for Specific Sites of Insertion. Eukaryotic Cell. 2002; 1:44-55. https://doi.org/10.1128/EC.01.1.
44-55.2002 PMID: 12455970

Mulder LC, Chakrabarti LA, Muesing MA. Interaction of HIV-1 integrase with DNA repair protein
hRad18. J Biol Chem. 2002; 277(30):27489-93. Epub 2002/05/23. https://doi.org/10.1074/jbc.
M203061200 PMID: 12016221.

Forsburg SL, Rhind N. Basic methods for fission yeast. Yeast. 2006; 23(3):173-83. https://doi.org/10.
1002/yea.1347 PMID: 16498704

Gietz RD, Woods RA. Yeast transformation by the LiAc/SS Carrier DNA/PEG method. Methods Mol
Biol. 2006; 313:107—-20. https://doi.org/10.1385/1-59259-958-3:107 PMID: 16118429.

Team RC. R: A language and environment for statistical computing. Vienna, Austria: R Foundation
for Statistical Computing; 2016.

Hanes SD, Brent R. DNA specificity of the bicoid activator protein is determined by homeodomain rec-
ognition helix residue 9. Cell. 1989; 57(7):1275-83. PMID: 2500253

Bai C, Elledge SJ. Gene identification using the yeast two-hybrid system. Methods Enzymol. 1997;
283:141-56. PMID: 9251017.

Studamire B, Goff SP. Host proteins interacting with the Moloney murine leukemia virus integrase:
multiple transcriptional regulators and chromatin binding factors. Retrovirology. 2008; 5:48. https://doi.
org/10.1186/1742-4690-5-48 PMID: 18554410.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1006775 December 12,2017 34/34


https://doi.org/10.1371/journal.pone.0017862
https://doi.org/10.1371/journal.pone.0017862
http://www.ncbi.nlm.nih.gov/pubmed/21448280
http://www.ncbi.nlm.nih.gov/pubmed/11095681
https://doi.org/10.1128/EC.01.1.44-55.2002
https://doi.org/10.1128/EC.01.1.44-55.2002
http://www.ncbi.nlm.nih.gov/pubmed/12455970
https://doi.org/10.1074/jbc.M203061200
https://doi.org/10.1074/jbc.M203061200
http://www.ncbi.nlm.nih.gov/pubmed/12016221
https://doi.org/10.1002/yea.1347
https://doi.org/10.1002/yea.1347
http://www.ncbi.nlm.nih.gov/pubmed/16498704
https://doi.org/10.1385/1-59259-958-3:107
http://www.ncbi.nlm.nih.gov/pubmed/16118429
http://www.ncbi.nlm.nih.gov/pubmed/2500253
http://www.ncbi.nlm.nih.gov/pubmed/9251017
https://doi.org/10.1186/1742-4690-5-48
https://doi.org/10.1186/1742-4690-5-48
http://www.ncbi.nlm.nih.gov/pubmed/18554410
https://doi.org/10.1371/journal.pgen.1006775

