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Method

Unraveling the palindromic and nonpalindromic
motifs of retroviral integration site sequences
by statistical mixture models

Dalibor Miklik," Jifi Grim,? Daniel Elleder,’ and Jifi Hejnar'

7Laboratory of Viral and Cellular Genetics, Institute of Molecular Genetics of the Czech Academy of Sciences, Prague 4, 142 20, Czech
Republic; ?Pattern Recognition Department, Institute of Information Theory and Automation of the Czech Academy of Sciences,

Prague 8, 182 08, Czech Republic

A weak palindromic nucleotide motif is the hallmark of retroviral integration site alignments. Given that the majority of
target sequences are not palindromic, the current model explains the symmetry by an overlap of the nonpalindromic motif
present on one of the half-sites of the sequences. Here, we show that the implementation of multicomponent mixture models
allows for different interpretations consistent with the existence of both palindromic and nonpalindromic submotifs in the
sets of integration site sequences. We further show that the weak palindromic motifs result from freely combined site-spe-
cific submotifs restricted to only a few positions proximal to the site of integration. The submotifs are formed by either
palindrome-forming nucleotide preference or nucleotide exclusion. Using the mixture models, we also identify HIV-l-fa-
vored palindromic sequences in Alu repeats serving as local hotspots for integration. The application of the novel statistical
approach provides deeper insight into the selection of retroviral integration sites and may prove to be a valuable tool in the

analysis of any type of DNA motifs.
[Supplemental material is available for this article.]

Retroviruses integrate the DNA copy of their genome into the ge-
nome of the host. The distribution of proviruses is genome-wide
with global preferences toward specific chromatin states and geno-
mic features (Elleder et al. 2002; Schroder et al. 2002; Mitchell et al.
2004; Trobridge et al. 2006; Derse et al. 2007; De Ravin et al. 2014;
LaFave et al. 2014). Globally, tethering to chromatin by cellular
proteins drives the preferences (Ciuffi et al. 2005; De Rijck et al.
2013; Gupta et al. 2013; Sharma et al. 2013; Sowd et al. 2016;
Winans et al. 2017). Locally, the occupancy of nucleosomes and
the physical attributes of DNA affect the target site selection
(Pryciak and Varmus 1992; Benleulmi et al. 2015; Naughtin et al.
2015; Michieletto et al. 2019; J6zwik et al. 2022).

Retroviral enzyme integrase (IN) is the key protein that pro-
cesses viral DNA ends and catalyzes strand transfer reaction.
During the strand transfer reaction, 3’ hydroxyl groups of viral
DNA attack phosphodiester bonds of target DNA (tDNA), leading
to a covalent connection of the host and viral DNA. Typically,
the cleavage sites on both strands of tDNA are 4 to 6 nucleotides
(nt) apart depending on the retrovirus. Structural studies showed
that IN assembles into symmetric multimeric complexes that
bend the tDNA, enabling the strand transfer reaction inside a wid-
ened major groove of tDNA (Maertens et al. 2010; Hare et al. 2012;
Ballandras-Colas et al. 2016, 2017; Passos et al. 2017; Wilson et al.
2019; Bhatt et al. 2020; Pandey et al. 2021; Ballandras-Colas et al.
2022; Jozwik et al. 2022).

After the alignment of preintegration tDNA sequences, a weak
palindromic motif arises as a hallmark of sites recognized by IN (Fig.
1A; Fitzgerald et al. 1992; Pryciak et al. 1992; Stevens and Griffith
1996; Carteau et al. 1998; Holman and Coffin 2005; Wu et al.
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2005). The appearance of the palindromic motifs is dependent
on IN amino acids that are in contact with tDNA (Harper et al.
2001, 2003; Maertens et al. 2010; Demeulemeester et al. 2014;
Serrao et al. 2014; Aiyer et al. 2015). Hence, the selection of the pre-
cise position for integration shows a pattern consistent with the IN-
dictated preference for tDNA composition. Given the symmetry of
IN multimers, the preference for palindromic motifs may be ex-
pected. In addition, the palindromic motif is observed at target sites
of other transposable elements (Vigdal et al. 2002; Miyao et al.
2003; Linheiro and Bergman 2008; Gangadharan et al. 2010;
Mularoni et al. 2012; Riggs et al. 2021) and is a marker of binding
sites of some transcription factors (Datta and Rister 2022).

Palindromic motifs are expected to be formed by the align-
ment of palindromic sequences. Palindromes are, however, rarely
present in individual sequences targeted by retroviral integration.
It was thus suggested that the weak palindromic motif results from
the nonpalindromic motif being present on either tDNA strand,
namely, on one half-site of the tDNA (Kirk et al. 2016).
According to this hypothesis, the statistical distribution mixture
model of two reverse-complementary components (Fig. 1B) was
proposed to decompose the set of sequences. In this way, however,
the constrained model estimates only the first submotif, and the
second submotif is strictly defined by its reverse-complement.
Although this approach can generate two identical palindromic
submotifs if the first submotif is palindromic, the model produces
a pair of nonpalindromic submotifs. The results thus led to the
conclusion that nonpalindromic submotifs overlap and mix to
produce a weak palindromic consensus.

Here, we have used unconstrained mixture models of multi-
ple (more than two) components to unravel heterogeneous

©2023 Mikliketal. Thisarticle, published in Genome Research, is available under
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Figure 1. Origin of palindrome consensus motifs at sites of retroviral integration. Generally, a palindromic DNA motif composed of two reverse-com-
plementary half-sites appears when palindromic sequences are aligned. (A) A weak palindromic motif appears when the sequences retrieved from the in-
tegration sites of retroviruses are aligned. The nature of the motif suggests the low frequency of the palindrome in aligned DNA sequences. Instead of
whole-set alignments, mixture model estimates can be used to describe the possible submotifs in the sequence population. (B) A constrained two-com-
ponent mixture model was used to analyze the consensus-forming submotifs, where an asymmetric motif appears on either of the half-sites of the target
DNA (tDNA). (C) In this work, we used unconstrained multicomponent mixture models formed by at least two components (an eight-component mixture
is depicted here). (D) Based on the submotifs appearing in multicomponent mixtures, we further performed quantitative analysis of the position-specific
motifs. The major position-specific motifs observed include positional palindromes (PPs), broken palindromes (BPs), and asymmetric pairs (APs). (E) We
described subpopulations of the frequently targeted sequences represented by low-abundant components in highly decomposed mixtures. We subse-
quently showed that one such component represents an abundant local hotspot of HIV-1 integration. Dashed lines in the sequence logos mark the cleav-
age sites of retroviral IN.

subpopulations of sequences targeted by retroviral integration number of components is not justified in our case, we estimated
(Fig. 1C). Using the information from the multicomponent mix- and characterized mixture models consisting of a variable number
ture models, we describe and quantify isolated position-specific of components (up to eight components owing to the reasons dis-
motifs and subpopulations of the frequently targeted sequences cussed throughout the work). A component is defined by (1) a nucle-
forming local hotspots. We hypothesize that the multicomponent otide position probability matrix (PPM) and (2) component weight
mixture-driven description of tDNA motif/sequence subpopula- representing the proportion of mixture covered by the component.
tions will provide novel insight into the preferences in retroviral To visualize the PPMs, we developed a sequence logo based on the
integration site (IS) selection. Kullback-Leibler information divergence (KLID) that emphasizes

the divergence of the observed frequencies to the genomic probabil-
ities of nucleotides. Additionally, we calculated the palindromic
Results defect, which is defined as the dissimilarity between the PPM and
its reverse-complement, indicates the level of the PPM asymmetry,
and is equal to zero for palindromic PPMs. The PPMs representing
entire retroviral IS sets showed weak sequence logos (Fig. 2A) and

EM algorithm uncovers palindromic and asymmetric submotifs
in retroviral IS

To uncover sequence motifs at retroviral ISs, we estimated the mix- close-to-zero palindromic defects (Fig. 2B) in correspondence to
ture models of IS data sets using the expectation-maximization the weak palindromic motifs at IS alignments.
(EM) algorithm. We collected data representing ISs of human im- The palindromic defect was next calculated for each PPM of es-
munodeficiency virus type 1 (HIV) (Zhyvoloup et al. 2017), hu- timated mixtures (Fig. 2B; Supplemental Fig. 1). The two-compo-
man T cell leukemia virus type 1 (HTLV) (Kirk et al. 2016), nent mixtures were represented by components with increased
maedi-visna virus (MVV) (Ballandras-Colas et al. 2022), Moloney palindromic defect compared with the whole-set PPM. The in-
murine leukemia virus (MLV) (De Ravin et al. 2014), prototype creased palindromic defect in two-component and other multicom-
foamy virus (PFV) (Lesbats et al. 2017), and avian sarcoma and leu- ponent mixtures indicates the presence of nonpalindromic motifs.
kosis virus (ASLV) (Malhotra et al. 2017). Starting at the number of three components, the multicomponent
Each IS set is characterized by a distribution mixture with a mixtures often constitute also one component displaying a low pal-
fixed number of components. Because a reliable choice of a “true” indromic defect—a marker of a possibly palindromic motif. This
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Figure 2. Identification of palindromic and asymmetric mixture components. (A) Scheme of retroviral integration and Kullback-Leibler information

divergence (KLID)-based sequence logos representing complete sets of retroviral IS and a set of random genomic sequences. The arrows and the dashed
lines mark the cleavage sites where the strand transfer reaction takes place. Logos represent IS sequences spanning 8 nt to each side from the center of the
sequences. KLID values express the informativity of the nth position in sequence alignment relative to the global nucleotide frequencies. The character
heights are proportional to the respective contributions of the nucleotides to the value of KLID. (B) Representation of palindromic defect that is defined
as the dissimilarity between the PPM and its reverse-complement and is equal to zero for palindromic PPMs. All PPMs of retroviral IS component mixtures
are represented. On the x-axis, mixtures are ordered by the number of components from two-component (M02) to eight-component (M08) mixture. The
palindromic defect of the complete IS set (sequence logos in Fig. 1A) is included as a dark circle in each column.

variability in palindromic defect values among the components of
identical mixtures suggests the coexistence of palindromic and non-
palindromic motifs in mixtures with three or more components.

Next, we examined the sequence logos of the mixture compo-
nents displaying the highest and the lowest palindromic defect ob-
served with a particular retroviral IS set (Supplemental Fig. 2B). The
most palindromic components identified by the lowest palin-
dromic defect are often derived from three-component mixtures
and (except for HIV) are enriched in A and T nucleotides with dom-
inant T/A palindromic motif. In contrast, the PPMs with the
highest palindromic defect (presumably representing nonpalin-
dromic motifs) are often derived from seven- or eight-component
mixtures and are asymmetrically enriched in G/C nucleotides on
either of the tDNA half-sites (Supplemental Fig. 2C). This observa-
tion validates the existence of diverse palindromic and nonpalin-
dromic/asymmetric motifs among the components of retroviral
IS mixture models.

Initial analysis identified both asymmetric (i.e., nonpalin-
dromic with asymmetric nucleotide enrichment) and palindromic
components in estimated IS mixtures. Although two-component
mixtures preferably create pairs of asymmetric components,

three-component mixtures reveal at least one palindromic compo-
nent. Because multicomponent mixtures seem to produce diverse
components, the components of two- and three-component mix-
tures could still artificially reflect the overlap of distinct motifs and
the introduction of multicomponent mixtures might thus be nec-
essary to minimize the creation of artificial motifs.

Multiple motifs are present in mixtures of IS sequences

To get a complete picture of the mixture decomposition, we exam-
ined the sequence logos of all components forming the mixtures
(Supplemental Sequence Logos). We considered several features
as indirect “interpretational” evidence of high decomposition:
(1) frequent observation of the motifs that resemble another motif
in the mixture—the motif is observed repetitively, and (2) emer-
gence of components with low weight—the small populations of
highly similar sequences start to be classified separately. We ob-
served a high degree of motif decomposition already in mixtures
formed by eight or fewer components. We have also found that
in most cases the eight-component mixture is sufficient to reveal
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all relevant properties of the IS data. Therefore, we present the two-
to eight-component mixture models throughout the study.
Visual examination reveals the high heterogeneity of the se-
quence motifs both inside the mixtures and between the retroviral
IS sets. First, there is a clear separation of A-, T-, G-, or C-enriched
components. The simple nucleotide content thus may be a
common feature of some IS sequences. For instance, A/T-rich com-
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ponents are present in eight-component mixtures of HIV (compo-
nents C04, C02), HTLV (C02, C05), and MVV (CO03) IS sets (Fig. 3).
In particular, the A/T-rich palindromic component resembling the
C03 component of MVV eight-component mixture appears in ev-
ery MVV IS mixture that includes at least three components. This
component covers 7%-11% of the respective mixtures and lacks
otherwise ubiquitous enrichment for palindrome-forming G/C
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Figure 3. Sequence logo representations of the mixture model components of IS data sets. Eight-component (M08) mixtures of HIV, HTLV, MLV, and
MWV IS sets are shown as examples of highly decomposed mixtures. KLID is used to construct the logos. Sequence logos of the two- to eight-component
mixture models can be found in the Supplemental Sequence Logos file. Symbols in the gray field mark arbitrary component names as they appear in the
output of the EM algorithm. Numbers in the black field mark the percentage of the mixture covered by the component. Logos represent IS sequences
spanning 8 nt to each side from the center of the sequences. Vertical dashed lines mark sites where a strand transfer reaction takes place.
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nucleotides upstream to the cleavage sites. This observation of sep-
arated A/T-rich components thus suggests that A/T-rich sequences
may form a special category of target substrates.

Theenrichment for certain nucleotides at specific positions was
also repeatedly observed. The palindrome-forming enrichment of
the T/A nucleotides at positions outside the area between the cleav-
age sites is one frequently present motif. This palindromic motif is
most prominent in MVV and MLV mixtures, where it is present
even in G/C-rich components (MLV components C04 and C07
and MVV components C07, COS, and CO1) (Fig. 3) and rarely segre-
gates into an asymmetric motif. On the other hand, HIV and HTLV
mixtures contain components with asymmetric enrichment of G/C
nucleotides inside the area between the cleavage sites (HIV compo-
nents C03/C06 and HTLV components C06/C07) (Fig. 3). The
aforementioned components form the bona fide (i.e., unforced)
asymmetric reverse-complementary pairs that together cover 20%-—
40% of the respective mixtures. Other IS set-specific positional mo-
tifs like asymmetric G/C enrichment outside the area between the
cleavage sites (HTLV components C04/C01) (Fig. 3) or TA enrich-
ment at central positions in the area for in vitro PFV IS sequences
(PFViv eight-component mixture components C02 and CO06)
(Supplemental Sequence Logos) were observed. The components
enriched for the central TA dinucleotide were specifically observed
in the PFV IS data set derived from in vitro integration into deprotei-
nized DNA but not in the IS set obtained after cell infection.

Visual examination of the mixture models revealed the com-
plexity of the retroviral IS sets and validated the existence of both
palindromic and asymmetric motifs in the multicomponent
mixtures. The observation of motifs segregating into distinct com-
ponents indicates the existence of independent separable submo-
tifs. Importantly, the described motifs appear repeatedly in
independently estimated mixtures. Similar submotifs were ob-
served also in independent IS data sets derived from HIV- and
HTLV-infected cell cultures or patient blood cells (Supplemental Se-
quence Logo; Vansant et al. 2020; Melamed et al. 2022). Because
the outcome of the mixture models is highly dependent on the
component interpretability, the repeated observation of matching
submotifs across the mixtures and independent IS sets adds to the
reliability of the described submotifs.

Preferred nucleotide combinations at specific positions
of IS sequences

The nature of the mixture components obtained in our analysis ad-
mits the existence of both palindromic and asymmetric motifs at the
IS sequences. Because the results of the mixture models rely on their
interpretability, we sought to quantify motifs directly and in a posi-
tion-specific manner. We therefore determined the frequencies of
nucleotide combinations at complementary positions proximal to
the cleavage sites (in text, the positions are labeled by vertical bars;
for detailed description, see Methods) (see legends of Fig. 4 and Sup-
plemental Fig. 3 for schematic explanations).

First, we calculated KLID as an indicator of the cleavage site—
relative, position-specific enrichment for nucleotide combinations
(Fig. 4A; Supplemental Fig. 3). Generally, we observed that
high KLID values are caused by enrichment for either single domi-
nant combination or multiple nucleotide combinations. Single
dominant contribution is predominantly observed at cleavage
site-upstream positions |-2| or |-3| and is formed by the palin-
drome-forming T-T combination. The palindrome-forming G-G
combination is also enriched at the position |-1| of the MVV IS se-
quences. On the other hand, the KLID value at position |1] is often

higher than the value of a single contribution, pointing to the fact
that KLID contributions of multiple nucleotide combinations add
to its total value. In contrast to other sets of IS sequences, we ob-
served the HIV IS sequences consistently displayed the highest
KLID value at the position |1| (Fig. 4A; Supplemental Fig. 3).
Although the palindrome-forming G-G combination is dominant
here, other combinations certainly contribute to the total KLID val-
ue at this position.

Next, we examined the frequencies of the nucleotide combi-
nations at the positions with elevated KLID values. The cleavage
site upstream T-T combination is present in 22% of HIV IS at po-
sition |-3| and in 27%-60% of PFVin, HTLV, MLV, and MVV IS se-
quences at position |-2| (Fig. 4B,C; Supplemental Fig. 4). At the T-
T enriched sites, frequencies of other nucleotides were increased
when in combination with T. In total, the T nucleotide is observed
at one of the sites forming |-2|/|-3| positions in up to 95% of IS se-
quences (Fig. 4D, top). On the other hand, G is the most disfavored
nucleotide at the position (Fig. 4D, bottom). Besides the T-rich |-2|
position, MVV IS sequences are enriched in G at position |-1|
where G-G and G-A combinations are observed in 35% and
33% of IS sequences (Supplemental Fig. 4).

Position |1] is the site where asymmetric components of HIV
and HTLV mixtures were enriched in G nucleotides. We observed
G-G palindrome-forming combination at position |1| in 17% of
HIV but only in 8% of HTLV IS sequences. More frequent are, how-
ever, the asymmetric G-A and G-C combinations that are each
present in 20% of HIV and 18% and 16% of HTLV IS sequences.
In total, 67% of HIV and 53% of HTLV IS sequences contain G at
position |1|. The most striking, however, is the disfavor of combi-
nations containing T nucleotide at position |1| observed also in
MLV and PFV IS sequences that otherwise display only mild pref-
erences for nucleotide combinations at the position (Fig. 4D, bot-
tom; Supplemental Fig. 5B).

In summary, we quantified the nucleotide combinations in a
position-specific way and showed that the preferences for nucleo-
tide composition concentrate on a few specific positions surround-
ing the cleavage sites. We reported two types of motif-forming
mechanisms that we refer to as broken palindromes and T-exclu-
sion. The broken palindromes appear upstream of the cleavage
sites and are created by less preferred nucleotides disrupting the
preferred palindrome-forming combinations. On the other hand,
the exclusion of T at positions downstream to the cleavage sites
causes the increase of other nucleotide frequencies at the position.

Component mixture models identify hotspot of HIV-l integration

Inspection of the multicomponent mixtures revealed low-weight
components with strong motifs in the sequence logo. We hypoth-
esize the components may describe small groups of highly similar
sequences possibly serving as local hotspots for integration. To
challenge the hypothesis, we characterized IS associated with the
palindromic component C0O7 of the eight-component HIV IS mix-
ture (Fig. 3).

We identified 1587 IS sequences associated with the C07 com-
ponent. First, we examined the genomic localization of the IS. The
majority of the CO7-associated IS (96%) overlap with Alu repeats
(Fig. 5A). When mapped to the Alu consensus sequence (Price
et al. 2004), the ISs concentrated to two loci (Fig. 5B;
Supplemental Table 2). The dominant locus with 62% of intra-Alu
ISs mapped at consensus position 262 and is characterized by the se-
quence CTGGGCGACAGAG. Next, we reduced the IS sequences to
the 13-bp motifs formed by palindrome-forming positions |1, |-2|,
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Figure 4. Preferred nucleotide combination at positions proximal to the cleavage site. Frequency of nucleotide combinations at complementary posi-
tions of both DNA strands. (A) KLID score of dinucleotide combinations at complementary sites marked by position relative to the cleavage site. The po-
sition of the cleavage site is marked by the vertical dashed line. Positions upstream to the cleavage site are marked with negative values. Gray bars represent
the total KLID value at the position. Colored points represent individual contributions of each of the nucleotide combinations. Colors and shapes of points
marking palindromic combinations are depicted in the legend. (B) Frequency of sequences with marked positional nucleotide combination. Gray bars rep-
resent the frequency observed in a control (random) set of sequences. The numbers to the right of the bars show the position relative to the cleavage site.
The left column represents the positions with the maximum KLID score upstream of the cleavage site, and the right column represents the cleavage site—
proximal position |1|. (C) Representation of frequency of T-containing dinucleotide combinations at position |-3| of HIV and position |-2| of HTLV, MLV,
and MWV IS sequences. (D) Representation of frequencies of the most (top) and the least (bottom) frequent nucleotide at a given cleavage site—relative po-
sition. The height of the bar represents the marked nucleotide frequency, and the colored area of the bar represents the frequency of nucleotide present at
complementary cleavage site-relative position (i.e., position with the same number but on opposite DNA strand). Black points represent the nucleotide
frequency in the random set of sequences.

and |-3| (Figs. 3, 4A). The palindromic CT..G...C..AG motif was the (N74D) (Zhyvoloup et al. 2017) or IN-LEDGF/p75 (LEDGIN treat-

most frequent motif in CO7-associated sequences (Fig. 5C) as well as ment or LEDGF/p75 KD) (Vansant et al. 2020) interactions were
in intra-Alu IS sequences from the whole HIV IS set (Fig. SE). disrupted. Uniform preferential integration into the CT..G...C...
Following our previous observations, most of the sequence motifs AG motif was documented in each of the analyzed IS sets (Fig.

of the top 10 intra-Alu-targeted motifs contained one half-site of 5G,H; Supplemental Figs. 6, 7). The substitutions of IN amino acids
the palindromic motif (5'-CT...G...-3’). Although ISs are enriched (Demeulemeester et al. 2014), however, impaired the targeting of

at the positions of the palindromic motif, enrichment is not the motif. It is noteworthy that every S119 mutant analyzed
observed in the proximity to the sites of the motif (Fig. SF). These displayed the shift away from the palindromic hotspot caused
results suggest that the exact positions, not the surrounding loci, by either more random selection for nucleotide combination at
are locally preferred HIV integration hotspots. ISs (S119G/I/K/R/V) or enhanced preference for nucleotide

To test the effect of preintegration complex tethering to chro- combinations at certain positions relative to ISs (S119A/T)

matin, we extracted HIV IS data sets in which capsid-CPSF6 (Supplemental Fig. 8).
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Figure 5. Characterization of HIV integration hotspot in Alu repeats. (A-C) The characterization of HIV-1 IS sequences associated with component C07 of
an eight-component mixture. (A) Barplot showing the frequency of 1596 component-associated ISs in repetitive elements. Five repeat families with the
most ISs are depicted. (B) Intra-Alu component-associated sequences mapped to Alu consensus sequence. The plot shows single-base binned consensus
positions (length 290 bp) and a percentage of 1063 sequences mapped to individual positions of Alu consensus. Sequences of the two most frequent po-
sitions in the Alu consensus sequence are displayed. (C) Frequency of sequence motifs in sequences associated with component CO7. The 10 most frequent
sequence motifs are shown. In sequence motifs, dots (“.”) substitute any nucleotide. (D-F) Data for HIV-1 obtained from the complete HIV IS set. (D)
Barplot showing afrequency of IS found in Alu repeats. The gray bar represents the expected random targeting of Alu repeats. (E) Frequency of the sequence
motifs among intra-Alu IS. Gray bars represent the mean expected frequency. The 10 most frequent sequence motifs are shown. (F) Frequency of integra-
tion into and in proximity to the most frequently targeted motif CT..G...C..AG. Plots show the frequency of intra-Alu IS 33 bp downstream from and up-
stream of the motif relative to Alu repeat orientation. (G-/) Results of the same analysis as shown for D—F performed for different studies. Each experimental
set contains a control with normal (WT) integration preference. N74D is HIV-1 capsid mutation, LEDGIN marks the usage of LEGFF/p75-IN interaction in-
hibitor, and LEDGF-KD transduction of cells in which LEDGF/p75 protein is knocked down. The right part of the bar plots represents IN mutants. Mutants of
S119 are shown in blue, mutants of R231 in green, and mutant of both S119 and R231 in yellow. (G) Frequency of HIV-1 IS in Alu repeats. (H) Frequency of
intra-Alu repeats in palindromic motif CT..G...C..AG. (/) Frequency of 10 most frequent sequence motifs.

Using the information from the mixture components, we quences targeted by retroviral integration. Results retrieved from

identified a local integration hotspot of HIV. The hotspot has a
form of CT..G...C..AG palindromic motif, which is preferentially
located near the 3’ end of Alu repeats. The sequence hotspot is ob-
served irrespective of the tethering of the HIV preintegration com-
plex to chromatin and is an intrinsic feature of HIV IN. Under
conditions not disrupting integration preference, about one in
175 HIV ISs (Supplemental Table 3) is, on average, located at the
hotspot.

Discussion

The selection of the tDNA sequence is the last step in the complex
process of retroviral IS determination. Using multicomponent
mixture models, we unraveled the submotifs present in the se-

the mixture models and subsequent analysis showed that the
weak palindromic motif of retroviral ISs is formed by separate mo-
tifs formed by broken palindromes and nucleotide exclusion. In
addition, we showed that the models can be used to identify local-
ly preferred sequences of retroviral integration. In this way, we
characterized HIV-1 palindromic hotspot in Alu repeats.

A previous study suggested that the weak palindromic motif
appears as a consequence of a nonpalindromic motif occurring
on one of the tDNA half-sites (Kirk et al. 2016). The mixture model
used was imposed to create two reverse-complementary motifs,
and although the unconstrained clustering (rather than the un-
constrained mixture model) was considered in the work, the inves-
tigators interpreted the two-component model as a correct
explanation of the weak palindromic motif at retroviral IS. Here,
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we showed that even the unconstrained two-component mixture
models are selective toward the creation of asymmetric pairs of
motifs, confirming that a significant fraction of target sequences
are nonpalindromic. The introduction of multicomponent mod-
els, however, reveals that the low number of components possibly
creates the averaged motifs, as is true for the weak palindromic
consensus motif. With the higher number of components, the
components describe smaller portions of the whole mixture, and
we can observe a decomposition of the motifs observed with the
lower number of components. The asymmetric pairs then describe
the consensus motif only partially and various motifs, including
the palindromic ones, contribute to the formation of the consen-
sus motif.

We cannot define the definitive number of submotifs from
the estimated mixture models, as a reliable choice of a “true” num-
ber of components is not justified in the case of categorical data.
Instead, we rely on the interpretability of components that was
shown to be essential for inferring biological implications from
mixture models of categorical data (Gyllenberg et al. 1994). With
interpretability as a major qualitative result of the mixture model
analysis, we used various multicomponent models to observe the
motifs in independently estimated mixtures. Both the more pre-
cise components and the recurrence of motifs in independently es-
timated mixtures contribute to interpreting the components with
increased confidence. Critically, we challenged the interpretations
with a direct mixture-independent quantitative analysis of the po-
sitional combinations that confirmed the presence of position-
specific motifs.

One explanation for the nucleotide preferences might reside in
specific interactions at the IN-tDNA interface. About 3 bp upstream
of the cleavage site, structurally conserved intrusion into the minor
groove of small amino acids like serine (HIV, RSV), proline (HTLV,
MVV, MLV [Aiyer et al. 2015], and MMTV [Jézwik et al. 2022]),
and alanine (PFV) was documented. Albeit no nucleotide-specific
interactions seem to be present at the position, mutations of HIV-
1 IN S119 (Harper et al. 2001; Demeulemeester et al. 2014; Serrao
et al. 2014) affect the preference of IN target site selection. The sub-
stitutions of S119 can either enhance or cancel the preference for
nucleotides at positions proximal to the cleavage site and can dis-
rupt the T-exclusion at the position downstream from the cleavage
site. The identity of the minor groove-intruding amino acid is thus
the major determinant of IN preference for tDNA composition.

The exclusion of T at the position downstream from the cleav-
age site was previously explained by hindering the target phospho-
diester by the CS5-methyl group of T (Maertens et al. 2010).
Additional preference for G at the position of HIV-1 IS could po-
tentially be explained by the interaction of G N5 with the major
groove-intruding arginine (R231) (Passos et al. 2017). Although
R231G mutation was previously associated with mild global retar-
geting of HIV-1 integration (Demeulemeester et al. 2014), we did
not observe altered targeting of Alu hotspot nor altered nucleotide
preferences of IN R231 mutants. In addition, no significant prefer-
ence for G downstream from the cleavage site is present in IS sets of
PFV and MVYV, where the major groove-intruding arginine is pre-
sent. Moreover, obstruction of the strand transfer reaction by the
T C5-methyl group may be overcome by substitutions of other
amino acids. Hence, the contribution of major groove-invading ar-
ginine to G preference at the position is disputable.

Because there are no clear correlates between IN-tDNA inter-
face composition and the strength of tDNA motifs, the motif may
reflect a need for tDNA to adopt specific conformation. Yet, there is
no major distortion of the B-form tDNA structure at the position

occupied by preferred T (Jozwik et al. 2022). Also, the number of
documented H-bond-forming interactions between IN and tDNA
does not correlate with the preference for T-palindrome upstream
to the cleavage site.

Given the symmetry of retroviral intasome, the existence of
nonpalindromic submotifs is an interesting feature of the tDNA se-
quences. Imperfect palindromes are known to regulate the binding
of transcription factors, where changes in one half-site affect the
binding of the transcription factor to the other half-site of the
motif (Datta and Rister 2022). Unlike the motifs of transcription fac-
tors, retroviral IS motifs are limited to a few positions and are prob-
ably not the consequence of the sequence-specific IN-tDNA
interactions. However, we showed that the presence of the preferred
nucleotide at one half-site of tDNA can increase the chances of the
less preferred nucleotide appearing at the other half-site of tDNA.
We thus consider the model in which triggering the strand transfer
reaction after tDNA recognition by IN can act asymmetrically.

In vitro experiments suggested that HIV-1 IN preference to-
ward tDNA patterns shapes the local distribution of HIV-1 integra-
tion (Leavitt et al. 1992; Carteau et al. 1998). Using the mixture
models, we identified a group of highly similar sequences within
in cellulo IS set. This hotspot was located in Alu repeats and repre-
sents the sequence with a palindromic pattern that might be an
ideal template for HIV-1 integration (Carteau et al. 1998). We ob-
served the hotspot with constant frequency (about one in 175 ISs)
in independent IS sets, and we showed that the targeting of the
hotspotis an attribute of HIV-1 IN. The existence of such a hotspot
highlights the fact that, at least for HIV-1 integration, the sequence
composition shapes the local distribution of proviruses and that
scanning of tDNA by IN may take place before integration.

In summary, we showed a novel statistical approach for the
analysis of retroviral IS sequences, which can form a valuable
tool in the analysis of DNA motifs. So far, studies exploring
tDNA composition approached the tDNA as the perfect palin-
drome or worked on the averaged global alignment of IS sequenc-
es. We propose that the shown variability of target site sequences
should be considered to understand the natural process of retrovi-
ral integration.

Methods

IS sequences

Sources of IS data are described in Supplemental Table 1. Only ISs of
HTLV were obtained as genomic preintegration sequences from
Supplemental Data from Kirk et al. (2016). For the rest of IS sets, ge-
nomic coordinates of LTR-proximal nucleotides were obtained
from published coordinates, sets of mapped reads, or raw sequenc-
ingreads. In case the data were not previously publicly available (re-
quested data), we made coordinates of mapped IS available in the
form of BED files along with published IS sequences. Details on
the data processing can be found in Supplemental Methods.
Briefly, genomic coordinates of nucleotides proximal to proviral
LTRs were first obtained from available data. In the case of HIV
data, IS coordinates were obtained from the Supplemental Table
from Zhyvoloup et al. (2017). Replicates of DMSO-treated samples
of wtand capsid N74D mutant were joined to create wtand N74D IS
sets. Genomic coordinates of HIV IS data were obtained from the
Supplemental Table of the NCBI Gene Expression Omnibus
(GEO; https://www.ncbi.nlm.nih.gov/geo/) entry (Vansant et al.
2020). wt, LEDGIN, and LEDGF-KD data sets were created joining
bulk, GFP*, and GFP~ samples from the identical treatment group.
HIV IS coordinates from Demeulemeester et al. (2014) were
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extracted from tables provided by the study’s investigators. For each
variant, data from the transduction of different cell lines were
mixed. Coordinates of MVV ISs from HEK293T cells (Ballandras-
Colas etal. 2022) and PFV IS sets (Lesbats et al. 2017) were obtained
from the GEO database. MLV (De Ravin et al. 2014) set was obtained
from raw sequencing reads that were mapped to hg38 human ge-
nome assembly using Bowtie 2 (Langmead and Salzberg 2012).
Only reads mapping from the first nucleotide and mapping unique-
ly to the genome were accepted. Data from CEF cells transduced
by RCASC (Malhotra et al. 2017) were used as data representing
ASLV integration. Mapped reads in SAM format were obtained
from the investigators of the study. Alignments were filtered and
converted to BED format using SAMtools view (Danecek et al.
2021) and BEDTools (Quinlan and Hall 2010) bamtobed tools.
Another ASLV IS set (Moiani et al. 2014) was retrieved as raw reads
and processed as IS raw reads of MLV and PFV. However, this IS
set was not used in the main study as some uncertainties were ob-
served during the analysis of mixture models (Supplemental Fig. 9).
Next, single-base pair coordinates of LTR-proximal nucleo-
tides in BED format were transformed to ranges spanning 13 bp to
each side. As a result, ranges of length 26 nt (HTLV, MLV, MVV,
PFV,and ASLV)and 27 nt (HIV) were created. Sequences from respec-
tive genomes were obtained using BEDTools getfasta tools.
Whenever IS coordinates were available in the original publication,
we obtained sequences from the reference genome used in the
publication and reproduced the IS set reported in a given publica-
tion. The genome references used are listed in Supplemental Table
1 along the data set information and include hgl8, hgl9, hg38,
and galGal4. FASTA files were then transformed into tables of se-
quences. For the purpose of mixture modeling, nucleotides were en-
coded to numeric strings where A=1, C=2, G=3, T=4, and N=5.

Random genomic sequences and shuffled controls

Sets of randomly selected genomic sequences were created to esti-
mate the expected frequencies of nucleotides at loci targeted by ret-
roviral integration. First, 9000 random genomic ranges of lengths
26 and 27 from hgl9 and 10,000 ranges of length 26 bp from
galGal4 were created using BEDTools random tool. Ranges were
then transformed to FASTA sequences using the BEDTools getfasta
tool. Sequences containing N’s were removed, and sequences were
then encoded to numeric strings as described for IS sequences.
Sequences derived from the hgl9 assembly were used as controls
for all IS sets derived from the human genome, including those
mapped to the hg38 assembly. Background nucleotide frequencies
used for the creation of the sequence logo were obtained as a
mean nucleotide frequency across all positions of 26-bp random se-
quence-derived PPMs obtained from hgl9 genome assembly
(Supplemental Table 4).

To control for the expected frequency of nucleotide combina-
tions at complementary positions of the IS, the frequency of the
combination was calculated in sets of random sequences derived
from hg19 or galGal4 assemblies for human or chicken genomes,
respectively.

To control for random targeting of genomic features, a
BEDTools shuffle tool was used with a sample BED file and a file
containing chromosome lengths of the targeted genome obtained
from UCSC goldenpath (https:/hgdownload.soe.ucsc.edu/
downloads.html). In the case of shuffled controls created to ISs in-
side genomic features (i.e. Alu repeats), -incl and -f 0.6 options were
included in the BEDTools shuffle command. The BEDTools get-
fasta tool was used to retrieve genomic sequences of generated
ranges. When stated, shuffling was repeated several times, and tar-
get frequency was calculated as a mean of the frequency obtained
in a particular iteration.

The mixture of multiple product components

Given a collection of aligned nucleotide sequences of length N, the
basic statistical description of the data follows from the relative fre-
quencies of the four bases A, C, G, and T at each position. We
denote the set of bases as B= {A, C, G, T}. The probabilities of
bases are usually presented in the form of a PPM of size 4 xN.
Denoting V' = {1, 2, ..., N}, we can write

PPM = (pu(9), €€EB, n€N, Y pu(d=1. (1)

B

Here the rows of PPM correspond to the four bases A, C, G,
and T, and the columns relate to the respective nucleotide posi-
tions n=1, 2, ..., N. In each column, the probabilities sum to
one. The PPM of the whole collection—in the following, we use
the notation PPMy—can be viewed as a basic statistical model of
IS sequences of the considered retrovirus. To describe the statistical
properties of IS sequence populations in a more specific way, we
have applied a general unconstrained mixture model of multiple
components, which can be estimated using the EM algorithm.
We have found that the reverse-complementary components
tend to occur in mixtures spontaneously, without any enforced
condition, and the additional components may uncover
other interesting properties of the IS sequences. For this
purpose, we assume the multivariate probability distribution
P(x) in the form of a weighted sum of multiple product compo-

nents P(xjm), me M={1, 2, ..., M}:
P@) =} wnPxlm), X € X, @)
meM
Pxim) = [ puCalm), Y pa(éim) = 1. ®)
nexN &EeB

Here, w,, is the probabilistic weight of the mth component,
and p,(x,|m), n € N are the related component-specific position
probabilities of the bases A, C, G, T. In other words, the distribu-
tions p,(-/m), n € N define the component PPM,,, of the underly-
ing subpopulation.

EM algorithm

The distribution mixture (Equation 2) is a widely used general stat-
istical model to approximate unknown discrete probability distri-
butions. The standard way to estimate the mixture parameters
W, Pm(-lm), m € M is to maximize the log-likelihood criterion

L :% Zlog[ Z me(xlm):| “4)

XES mem
using the iterative EM algorithm (Grim 2017). Let S be a collection
of IS sequences of a retrovirus:
S=(x0, x@, x0) x=(x1, ..., ), xEB (5

To compute the m. — I. estimates of the unknown parameters
Wi, Pn(-|m) , we repeat the basic EM iteration equations:

Wy, P(x|m)

— mZ VT 6
q(m|x1> s wed MEM (©)
w,, = EXEES qm|x), me M, xS, 7)
1
' = 375 xn )
PEm) =y 2 36 X)) ®)

where |$| is the number of sequences, w,,, p,,(-|m) are the new pa-
rameter values, and 8(§, x,) denotes the usual delta-function,
namely, 3(&, x,) =1 for £=x, and otherwise is §(, x,,)=0.

The EM algorithm generates a nondecreasing sequence
{L®}7, and the iterations are stopped when the relative increment
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of the criterion is less than a chosen threshold. As Criterion 4 is
bounded above (L <0), the monotonic property implies conver-
gence of the sequence {L®}§ to a possible local maximum of the
criterion, whereby the local maximum may be starting point de-
pendent. To decrease the risk of locally optimal solutions, the ini-
tial parameters p,,(€|m) are usually generated randomly, and the EM
optimization is repeated several times with different initial values.

A difficult problem is a proper choice of the number of compo-
nents M. Unlike Gaussian mixtures, the mixtures of discrete prod-
uct components are not identifiable. As shown by Grim (2006), any
discrete mixture can be equivalently described in infinitely many
ways, and therefore, a reliable choice of a “true” model or “true”
number of components is not justified. By increasing the number
of components, we can increase the model accuracy in the statisti-
cal sense in terms of higher likelihood criterion. However, the num-
ber of low-weight marginal components would also increase, and
some reasonably interpretable components could decompose. In
this sense, the estimated components provide an opportunity to
uncover the properties of underlying sequences in a transparent
way, because the statistical properties of each component are de-
fined by its PPM, and the related sequences are easily identified. It
is known that in practical experiments the well-defined compo-
nents are reasonably identifiable from data (Carreira-Perpifian
and Renals 2000), but there is no exact formulation of this property.

The situation is very similar to the application of multivariate
Bernoulli mixtures to bacterial taxonomy (Gyllenberg et al. 1994).
We recall that Bernoulli mixtures, as a special case of discrete mix-
tures, are not identifiable, and consequently, different classes of
bacteria could become questionable. However, like in bacterial tax-
onomy, our problem is not a statistical but a genetic one, and
therefore, we accept the interpretability of the resulting mixture
model in terms of data as the ultimate criterion.

We make an essential modification to the EM algorithm,
where we use the structural mixture model to suppress the influ-
ence of less informative noisy variables. The structural model es-
sentially reduces the variability of resulting mixtures. In the
computational experiments, we have found that in most cases
the mixture of M =8 components is sufficient to reveal all relevant
properties of the IS data. Indirect evidence in this sense is the oc-
currence of several components of low or very low weight describ-
ing marginal properties.

Extraction of component-associated sequences

Given the estimated distribution mixture (Equation 2), we can
characterize any sequence x € § in terms of the conditional proba-
bilities q(m|x). The conditional posterior weight g(rm|x) can be in-
terpreted as a measure of the affinity of the sequence x with the
mth component or, in other words, as a membership value of x
for the mth subpopulation. In this sense, we can decompose the
original data S into subcollections §,, according to the maximum
values g(m|x), namely, using the Bayes formula. The membership
value was calculated by custom R script, and sequences with g(1]x)
>0.9 were identified and separated from IS data set as a compo-
nent-associated IS. Given Equation 7, the component weight w,,
can be interpreted as an estimate of the relative size of S,,,.

Reverse-complement distance and palindromic defect

For any two PPMs P, P,, the reverse-complement distance is de-
fined as the sum of absolute differences of reverse-complementary
position probabilities:

APy P2) = Y55 3 1 pulED) — parnlB2)1 ©)

LEBT neEN

If the distance (Equation 9) is zero then, by definition, the
two matrices P; and P, are reverse-complementary.

If we apply the Equation 9 to the same matrix P;=P,=P,,
then the corresponding value d(Py, Pp) can be viewed as a measure
of violation of the palindromic condition, namely, as a palindrom-
ic defect of the matrix P,. We denote

1 N
D(Po) = 35 3 1Pa(E0) — pra-n(@O)1 (10)
EEBT T neN
Here we ignore the central position if the number of positions
N is not even. The palindromic defect D(Py), (0 <D <2) is zero for
any palindromic Py and is positive otherwise.

Kullback-Leibler information divergence

If pa(gm), n € N, £ € B are the position probabilities of the mth
component and p,(§|0) the position probabilities of the back-
ground, then the KLID of the two distributions p,(-|m), p.(-|0)
at the position n € A is given by the formula

1paClm), puC10) = 3 put@mylog 8™~ (11
e Pal£00)

The KLID is nonnegative, equals zero only if the two distribu-
tions are identical, and can be interpreted as a measure of informa-
tion that is lost if the IS probabilities p,(&|m) are replaced by the
global background probabilities p,(&|0).

Sequence logo based on KLID

A popular way to illustrate the related viral preferences is the well-
known sequence logo derived from PPM,, which highlights the
overall IS motif. It is a histogram of N columns, each column dis-
plays proportionally the four probabilities of bases in descending
order and the total height of the column is proportional to the
Shannon information contained. The Shannon information is
zero in the case of uniform probabilities, and it is higher if some
bases are preferred.

However, in the present context, the KLID formula is a more
informative tool to illustrate the properties of mixture compo-
nents graphically by a histogram and can be used as a sequence
logo. Unlike the standard sequence logo, the value of the expres-
sion I(p,( - |m), p.(-|0)) can be viewed as a measure of information
importance of the nth position in the mth component, concerning
the statistical properties of the background. The KLID formula
(Equation 11) includes four terms that reflect the role of the four
possible nucleotides. The term is positive if the IS probability
pn(E|lm) is greater than the global (background) probability
Pn(€|0), and it is negative if it is smaller. In the case of nonspecific
background distribution, characterized by ¢,,,,=0, we have p,,(§|m) =
Pn(€l0), and the related KLID value is zero. At each position of
the histogram, the column height corresponds to the informativity
I(pn(-|m), pu(-10)). The four color-parts are proportional to the re-
spective contributions of the 4 nt to the value of KLID. In contrast
to the standard sequence logo, the contributions of the less-proba-
ble nucleotides are displayed as negative, to emphasize their relation
to the background.

The graphical representation of the sequence logo based on
KLID was created with the ggseqlogo R package (Wagih 2017; R
Core Team 2021). The functions of the package were modified to
display the contribution of each nucleotide to KLID at the posi-
tion. Given the set background probabilities (see section
“Structural mixture model”), the maximum values for each nucle-
otide are 1.2226 for A, 1.5865 for C, 1.5714 for G, and 1.2271 for T.
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Structural mixture model

The statistical analysis of a collection of aligned IS sequences based
on a mixture model is a suitable approach to identifying the local
IS preferences of a retrovirus. However, in this way, the statistical
properties of the near IS neighborhood may be influenced by ran-
dom properties of the more distant parts of genomic sequences. To
suppress the possible noisy influence of less informative positions
of IS sequences we have used a structural modification of the prod-
uct mixture (Equation 2). In particular, using binary structural pa-
rameters ¢,,, € {0, 1}, we can confine the estimation of component
parameters only to some informative variables (Grim 2017). If we
define

Px, ®) = Y wnP(XIm, ¢,), X€E X,
meM

PxIm, @) = [ ] paalm)®" pu(x,|0)'~4m,

nex

12)

then by setting the structural parameter ¢,,,,, =0, we can replace any
component-specific distribution p,(-|m) by a common fixed
“background” distribution p,(-]|0). In our case, we use the
four global genomic probabilities p(A]|0) =0.2968, p(C|0) =0.2049,
p(G|0)=0.2028, p(T|0)=0.2955 as a background distribution:

D PO =1, nEN.

t€B

Structural EM algorithm

The structural mixture (Equation 12) can be optimized by the EM
algorithm in full generality; namely, we can estimate both the
component-specific distributions p,(x,|m), m € M, and the opti-
mal binary structural parameters ¢,,,. For this purpose, we can use
the standard EM iteration equations with the only difference that,
in addition, we choose in each iteration the most informative pa-
rameters using KLID. In particular, making the substitution

Pim, ¢) = PIO)G(Im, ¢p), m € M, (13)
pn(xnlm)]“””
Gxim, o) = [— , (14)
,g/ Prx10)

in Equation 2, we can write the structural mixture in the form

P(XI (I)) = P(Xlo) Z WmG(ler ¢m)/

mem

P|0) = [ | pu(xal0), x € X,

neN

(1s)

where P(x|0) is a fixed nonzero “background” probability distribu-
tion, and the component functions G(x|m, ¢,,) include the binary
structural parameters ¢,,,€{0, 1}. Obviously, by considering
Equation 2, the structural mixture model (Equation 15) can be
viewed formally as a product mixture again.

In this sense, we can estimate both the component-specific
distributions p,(x,|/m) and the binary structural parameters ¢y,
(Grim 2017) by means of the standard EM iteration Equations 6
through 8. Using substitution (Equation 15), we can write the
structural log-likelihood criterion in the form

1
L=—) logPx, ®
lSlZ g P(x, D)

XES
- %lz log[ > WuPEI0)G(x|m, gpm)}, (16)
XES meM

and, by using the formula of Equation 13, we can reduce the iter-
ative Equation 6 to informative variables only:

Wi G(X|m, @)
Yiem WiGKlj, @)’

The next two equations, Equations 7 and 8, are unchanged.
The only difference is that, in addition, we choose in each iteration
the most informative parameters using the well-known KLID.

In each iteration, the KLID formula (Equation 11) is evaluated
for all components and variables, and the following weighted
mean is used to derive a suitable threshold value:

1

T=ap O O Wl (PaCm), pu(10)). (18)

MmeEMneN

q(m|x) = meM, xeX. 17)

In the next iteration step, only the sufficiently informative
component distributions p,,( - |m) are used to satisfy the inequality:

WmI(pn(‘lm)r pn(‘o)) >ar, neE N, me M. (19)

Here, o is an optional coefficient that can be used to control
the level of suppressed noise. By setting 0.=0.0, we would estimate
all component-specific parameters, as in the general mixture. The
value a.=1.0 would eliminate all position distributions p,(- |m) of
below-average informativity. In our case, we have used a=0.2
to replace only the low informative position distributions by
background.

KLID is widely used in statistics and information theory as a
measure of discrimination information. However, it should be em-
phasized that the application of KLID in the present context is not
intuitively motivated but directly follows from the monotonic
condition of the EM algorithm (Grim 2017).

The EM iterations have been stopped when the relative incre-
ment of the criterion was less than 107>, Again, to decrease the risk
of locally optimal solutions, the EM algorithm has been initialized
randomly and repeated 100 times with different initial values. The
maximum log-likelihood has been used as a criterion to select the
representative mixture.

Positional nucleotide combinations

To provide information about the frequency of nucleotide combi-
nations at cleavage site-relative positions, cleavage site-relative
PPMs were created, denoted as PPMcs. First, the alignments of IS se-
quences were split into equally long left A; and right Ag halves.
The middle position (marked by 0 in PPM) is ignored if the original
number of positions N is odd. The length of each half-alignment
Ap, Aris H = |N/2]. Positions of both half-alignments were given
cleavage site-relative values: Positions downstream from the cleav-
age site were given positive values that increase with the distance
from the cleavage site; positions upstream of the cleavage site
were given negative values that decrease with the distance to the
cleavage site. To analyze nucleotides forming the DNA strand on
which strand transfer reaction takes place, nucleotides contained
in Ag were transformed into the complementary nucleotides, cre-
ating Ag. Given that an identical cleavage site-relative position ex-
ists in A; and Ag, nucleotide combination C is formed by a pair of
nucleotides at identical positions / of the same sequence x (repre-
sented by a row in an alignment). PPMcs is then defined as a matrix
of size 16 x H and is formed by nucleotide combination probabili-
ties at positions: PPMcs = (pn(c)), ¢ € C, h € H. The positional
matrices PPMcs were calculated also for the alignments of random-
ly selected genomic sequences. Here, we refer to the probabilities
derived from random matrices PPMcs as py(c|0). KLID values for
PPM_s were calculated as described in Equation 11. The observed
probability p,(&|m) was substituted by nucleotide combination
probability p,(c), and background probability was substituted by
random nucleotide combination probability p,(c). Results were
displayed as a combined plot, where bars represent the positional
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KLID value (KLIDy), and colored points represent the contribution
of each of the nucleotide combinations ¢ to the KLIDy,.

Targeting of repetitive elements

RepeatMasker annotations were obtained from UCSC goldenpath
as rmsk.txt tables. BED files were created from the rmsk tables us-
ing a custom awk script. The BEDTools intersect tool was used to
identify overlaps between IS ranges of length 27 bp and repeat
annotations.

Mapping sequences to the Alu consensus

An Alu repeat consensus was obtained from a previous publication
(Price et al. 2004). Bowtie 2 was used to map genomic pre-IS se-
quences of length 27 bp to the Alu consensus sequence. First,
Bowtie 2 indexes of the Alu consensus sequence were created
with the bowtie-build command. Next, two rounds of mapping
and filtering were run to select well-mapped IS sequences. In the
first round, sequences were mapped to consensus with Bowtie 2
-f-L5-N1-i5§,1,0.2 --score-min L,0,-2 --all command. Only reads
mapped to a single site in consensus were selected. In the second
round, a Bowtie 2 -f -L 5 -N 1 -i §,1,0.2 --all command was run
on multimappers from the first round, and alignments with a sin-
gle entry were again selected. Selected alignments from both
rounds were joined and converted to ranges stored in BED files.
Finally, each of the ranges was transformed into a single position
representing the center of the range.

Distance to the intra-Alu sequence motif

To locate coordinates of sequence motifs, a SeqKit locate -i -r -p
CT..G...C..AG command from SegKit tool (Shen et al. 2016) was
used. A BEDTools intersect tool was used to locate motifs posi-
tioned inside the Alu elements. To calculate the distance from
the nearest motif to each IS, both IS and motif ranges were reduced
to the center position, and distances were calculated using
BEDTools closest tool with a -D option to discriminate upstream
and downstream integrations.

Data access

The source code is available at GitHub (https://github.com/
dalibormiklik/IS_Motifs.git) and as Supplemental Code. Support-
ing data are available as Supplemental Material and at Figshare
(https://figshare.com/projects/Motifs_in_Retroviral_Integation_Si
tes/154179).
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