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MATERIALS and METHODS

Study population. HIV-1 infected individuals were enrolled prior to initiation of ART, and had

study blood collected at regular clinic visits, in accordance with a protocol approved by the
Seattle Children's Institutional Review Board for Human Subjects. Clinical parameters, including
plasma HIV RNA, CD4 cell counts and prescribed antiretroviral drugs were extracted from
participants’ medical records. Children with median plasma HIV-1 RNA levels of <50 copies/mL

for >10 years of ART with available banked specimens were selected for this study (2, 8, 44).

HIV integration site loop amplification (ISLA) assay. The ISLA assay is outlined in Figure

S1. To develop and optimize the method, DNA extracted from ACH-2 cells, a T cell clone with
one common integrated proviral copy (46, 47), was mixed with DNA from Molt-4, a HIV-

uninfected lymphoblast clone (48, 49) at diminishing concentrations of ACH-2 DNA.

Extraction and quantification of HIV DNA. Nucleic acids were extracted from cell lines and HIV-

infected participants’ peripheral blood mononuclear cells (PBMC) using the Gentra DNA
purification system (Qiagen, Valencia, CA) or the ArchivePure DNA purification system (5
Prime, Gaithersburg, MD). HIV DNA was quantified by nested PCR of env (C2V5 region) using
serially diluted nucleic acids (three replicates of each 5-fold dilution) and the QUALITY software

program (50); http://indra.mullins.microbiol.washington.edu/quality/.

Linear_extension reactions. For unidirectional amplification of the proviral DNA from HIV env

through the site of chromosomal integration two forward primers were used, one in HIV env and
one in HIV nef (Figure S1, Step 1). These primers were combined with ~3 copies of proviral
DNA, as quantitated above (3 copies were typically required to achieve 30% success in
integration site amplification reactions). Multiple linear reactions were conducted with each
specimen (~100 reactions to achieve 30 positive reactions). The DNA was combined with 15

pmol each of primers env.6880F (5-CCCCGGCTGGTTTTGCGATTCTAAAGTGTA-3) and


http://indra.mullins.microbiol.washington.edu/quality/

nef.8948F (5'-CCAATGCTGATTGTGCCTGGCTAGAAGCA-3), and 1x Advantage2 buffer
(Clontech, Palo Alto, CA), 200 uM dNTPs, 5 U Notl (New England Biolabs, Ipswich, MA), and
0.5uL of Advantage2 50x polymerase in 50 uL total reaction volumes. The reactions were
incubated as follows: 30 minutes (min) at 37°C, 2 min at 95°C, followed by 30 cycles of 20

seconds (sec) at 94°C, 30 sec at 60°C and 3 min at 72°C.

Bind random decamers tailed with a U5-specific primer sequence. To create a reverse primer

site for loop formation of the proviral integration site and adjacent human sequence, random
decamers tailed with a U5-specific primer (decal.Us; 5-
TCAAGTAGTGTGTGCCCGTCTGTNNNNNNNNNN-3’) were hybridized to an aliquot of the
single-stranded linear extension reaction generated in Step 1 (Figure S1, Step 2). This primer
was extended by combining 13 uL of the linear extension reaction with 40 pmol of decal.U5 and
25 U of MyTaq in 0.5x MyTaq buffer (Bioline, London, UK) in a total volume of 20 uL.
Concurrently, to stabilize the unused single-stranded template during storage, the remaining
~37uL of each linear-extension reaction was converted to double-stranded DNA by adding 15

pmol of decal.U5 primer and 2.5 U of MyTagq in a total volume of 50 uL.

Both sets of reactions were incubated at 68°C for 2 min, cooled to 65°C for 1 min, and then
progressively cooled by 1°C per minute until reaching 25°C. The reactions were reheated to
60°C and ramped down by 1°C per minute, as before, until reaching 20°C. Following the two

ramped cooling steps, the 50uL reactions were stored at -20°C.

Trim ends of duplex fragments. Using the 20uL reactions from Step 2, the single-stranded DNA

3’ to the random decamer annealing site was removed by addition of 10 U of Exonuclease 1
(Exol) (New England Biolabs, Ipswich, MA), followed by incubation at 37°C for 45 min (Figure
S1, Step 3a). To ensure complete digestion by Exol, the temperature was then increased by

1°C, at intervals of 3 minutes, until reaching 43°C to melt any template partially annealed to the



U5 region of the primer. The reactions were then incubated at 72°C for 15 min to allow
extension by MyTaq of the region complementary to the U5 primer sequence (Figure S1, Step

3b), followed by 5 min at 95°C to inactivate Exol.

Form and extend loops and 1*-round PCR amplification. The fragments from Step 3 were

subsequently cycled through denaturing/annealing/extension steps in the presence of MyTaq
and the 1%-round PCR primer (RF2). Because the 3-end of the fragment was engineered to
bind to its complementary site in U5, hybridization will result in the formation of a loop (Figure
S1, Step 4a). MyTaq will extend from the U5 priming site, through the end of the fragment,
creating a loop of human genomic sequence with the HIV LTR duplicated on each end (Figure
S1, Step 4b). Once the loop is formed and the LTR is duplicated, the RF2 primer can bind and

begin amplification (Figure S1, Step 5).

These looping/1%-round PCR reactions were composed of 20uL of the product from Step 3, 1x
MyTaq buffer, 30 pmol RF2 primer (5-TCTGAGCCTGGGAGCTCTCTG-3") and 3.75 U of
MyTaq in a total volume of 50 uL. Reactions were incubated for 2 min at 95°C; followed by 10
cycles of 20 sec at 94°C, 30 sec at 60°C, and 2 min at 72°C; then followed by 40 cycles of 10
sec at 92°C, 15 sec at 65°C, and 2 min at 72°C; and a final 5 min incubation at 72°. Additional
second and third round PCR reactions with nested LTR primers were performed to ensure a
product that was specific, and could be visualized on a gel. Second round PCR mixtures
contained 5 uL of the 1% round reaction, 30 pmol of RF1 (5-
TTAAGCCTCAATAAAGCTTGCCTTG-3'), 1x MyTaq buffer and 3.75 U MyTaq in 50 uL. Third
round PCR mixtures contained 2 uL of the 2™ round reaction, 30 pmol of 1.U5 (5™
TCAAGTAGTGTGTGCCCGTCTGT-3'), 1x MyTaq buffer and 3.75 U MyTaq in 50 uL. Cycling
parameters were the same for both: 2 min at 95°C, followed by 34 cycles of 20 sec at 94°, 30

sec at 65° and 2 min at 72°, and a final 5 min incubation at 72°C.



Identify chromosomal integration site. Third round-PCR products from Step 5 were identified by

gel electrophoresis and sequenced using 2.U5 (5-GTTGTGTGACTCTGGTAACTAGAGAT-3),
an U5-specific primer located downstream of the looping site. Sequences were edited using
Sequencher v5.0.1 and the last 40 bases of the HIV 3’ LTR sequence was used to pinpoint the

site of provirus integration into the human genome (Figure S1, Step 6).

Design primers to integration sites. Nested primers were designed in the human sequence 3’ to

each integration site. T,s ranged from 62° - 68°C (based on Integrated DNA Technologies’

OligoAnalyzer;  https://www.idtdna.com/analyzer/Applications/OligoAnalyzer/), and when

possible, the AG for the 3’ end was less negative than -7.5 kcal/mol. If the integration happened
to occur near or within a repetitive element, the primer was designed so that it did not overlap
the element (Figure S1, Step 7). All primer sequences were analyzed using Primer-BLAST (51)
to identify whether primers would likely amplify unintended regions of the human genome.(51) If
necessary, the primers were revised to specifically amplify the intended target. Because each
env amplification used a unique primer, there were no positive control DNA templates to

optimize the PCR primers or conditions.

Amplification and sequencing of HIV env linked to integration sites. Forty-five uL of the saved

linear extension reaction from Step 2 was combined with 90 pmol of env.6984F (5'-
ACAGTACAATGTACACATGGAATTA-3"), 90 pmol of the outer integration site-specific primer,
200 nM dNTPs, 1x Advantage?2 buffer and 0.5 uL Advantage2 50x polymerase in a total volume
of 300 uL. This was split into three 100 uL aliquots and cycled as follows: 2 min at 95°, followed
by 45 cycles of 10 sec at 94°C, 15 sec at 65°C, and 3 min at 68°C, and ending with 5 min at
72°C. The 2"-round PCR contained 5 uL of 1%-round product, 15 pmol of env.6963F (5'-
TGGAATTAGGCCAGTAGTATCAACTCA-3), 15 pmol of the inner integration site-specific
primer, 200 nM dNTPs, 1x Advantage?2 buffer and 0.5 uL Advantage?2 in a total volume of 50 uL

(Figure S1, Step 8). Cycling parameters were the same as for 1%-round PCR, except the


https://www.idtdna.com/analyzer/Applications/OligoAnalyzer/

number of cycles was decreased to 34. Positive reactions were detected by gel electrophoresis
and the C2V5 region of HIV env was bi-directionally sequenced with the primers DR7 (52) and

BH2 (53).

Laboratory procedures to reduce the risk of amplicon carryover contamination. We used a

separate area within the laboratory to set-up 1%-round PCR without exposure to potentially
contaminating PCR amplicons. Given that our method includes three rounds of PCR, a second
area was designated solely to set-up 2"™-round PCR. The benchtop was covered with a
disposable absorptive pad that was replaced frequently. Pipet tip boxes were assigned for

exclusive use in this area and pipettors were wiped with soap and water prior to use.

Alignment of human seqguences with inteqrated provirus. Bowtie 2 (54) was used to align all

trimmed sequences against human genome version 19 (hg19). The top two alignments for each
read that aligned at more than one location and whose alignment lengths were within one
percent of each other were also aligned with BLAT (55). These alignments were mapped to
known genes based on annotations from RefSeq genes (56) and UCSC known genes (57). For
GO analysis and analysis involving comparison to known cancer genes, we only considered
protein coding genes and characterized long non-coding RNAs. All integration sites were

eventually mapped to a single chromosomal position.

Gene Ontology (GO) Analyses: Enrichment of GO terms for ontology biological process terms

was tested with topGO package (58) in R using “classic” and elim” methods and Fisher
statistics. To identify GO terms enriched in genes with HIV integration compared to all human
genes, we required the GO terms to be significant (p-value < 0.05) by both “elim” and “classic”
methods. To define cancer-related GO categories, we used the 43 GO terms defined across 10

hallmarks of cancer (23, 24) from a recent study (25).



Statistical Methods. For comparison of two-by-two contingency tables, we applied two-sided
Fisher's exact tests (58) at the standard 5% type-| error rate. For evaluation of GO category
enrichment of genes with integration sites in the three participants as compared with all genes in
the human genome, we used the method described above. For evaluation of integration site
enrichment for gene annotation features, which includes 1) the 43 hallmark cancer-related GO
terms, tested individually and collectively as the inclusion of any of the terms, and 2) inclusion of
the gene in the set of 1332 known cancer-related genes (11-15), we compared the fraction of
(unique) integration sites that have the evaluated feature in each participant (pooled over the
three time points) and in any participant (pooled over participants and time points) in our data to
integration sites in Jurkat cells reported by Wang et al. (20). Specifically, the Jurkat cells data
was used to construct a null distribution, as estimated by repeatedly uniformly sampling
integration sites (with replacement) using a one-sided test at a 2.5% nominal type-I| error rate.
Individual GO annotations evaluated in this manner were corrected using the Holm-Bonferroni
method (59) across the evaluated 43 hallmark GO terms. We repeated this analysis using only
the subset of integration sites found multiple times (and therefore confirmed to be proliferating),
pooled over participants. We also used the unique integration site samples to evaluate the null
hypothesis that the number of unique integration sites per gene (among genes having any
integration sites) is what would be expected if the observed unique sites followed the distribution
found in the Jurkat cell data, and to evaluate the number of genes having integration sites
observed in more than one of the three subjects. To evaluate trends over time in the percentage
of unique integration sites that fall in genes having a particular feature (such as being a known
cancer gene), we applied the Cochran-Armitage test (45) at a 5% nominal type-| error rate. All
hypothesis tests were conducted using the R statistical computing language except as noted
above, and p-values for individual analyses were not corrected for multiple comparisons except

as noted above.



To evaluate whether the number of genes found to have insertion sites in more than one of the
three subjects is significantly more than what would be expected by chance, given the number
of genes found to have any integration sites in each subject, we conducted a one-sided
hypothesis test (at nominal type-l error rate alpha = 0.025). We compared the observed
number, 12, to a null distribution estimated by repeatedly counting the number of genes with at
least two integrations across three sets of genes selected randomly from all genes observed to
have any integrations in the Wang et al. dataset, with each gene set of size equal to the total
number of genes for which any integration site was found in the corresponding subject. We
sampled genes (without replacement) with probabilities proportional to the number of integration

sites per gene observed in the Jurkat cell dataset.

This project was conceived and funding obtained by LMF, JIM; the project was designed by
TAW, SM, JIM, LMF; specimens were collected by LMF, TAW, data were generated by SM,
HCH, SS; data were analyzed by TAW, SM, KG, CYKC, PTE, JIM, LMF; and the manuscript

was written by TAW, SM, KG, CYKC, PTE, JIM, LMF.

Supplemental Figures

Figure S1. Overview of HIV integration site by loop amplification (ISLA)

Figure S2. Phylogenetic relationships between HIV-1 env (C2V5 region) genes sampled from
participant B1 through time. Phylograms generated and labeled as described in the legend of
Figure 2. In cases where HIV C2V5 env sequences were generated from cells that shared a
specific integration site, the env sequences (~625bp) were identical. In contrast, among
proviruses integrated at different chromosomal sites, only 3 clusters of sequences shared
identical C2V5 sequences. Two of these clusters were made up of pairs of two sequences each,
and when the entire C2env-nef-3'LTR region (~2.8kb) was sequenced, these differed by 2

mismatches in one case and 39 mismatches plus 2 indels (insertion/deletion) in the second. The



third cluster consisted of 4 sequences, two identical in the C2env-nef-3'LTR region and
integrated in the same position in the CCDC64 gene; whereas the other sequences differed

from the identical pair by 36 bases plus one indel, and 3 mismatches, respectively.

Figure S3. Phylogenetic relationships between HIV-1 env (C2V5 region) genes sampled from

participant R1 through time. Sequences organized as described in the legend for Figure 2.

Supplemental Tables

Table S1. Panel A. Genes with HIV integrations detected in multiple study participants, and
detection of proliferating cells (=2 cells with identical integration site). Panel B. Genes with
proliferating cells detected within each participant. Panel C. Multiple integration sites within the

same gene found in a participant, without demonstrated proliferation.

Table S2. Top20 Gene Ontology (GO) terms overrepresented in ART-suppressed study

participants compared to those annotated in the human genome.

Table S3. Sequences of HIV-3'LTR and adjacent chromosome integration sites.
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Table S1, Panel A. Genes with HIV integrations detected in multiple study participants, and detection of proliferating cells (22 cells with identical integration site)

Proliferation in | Proliferation No
2 participants inl proliferation
participant detected
BACH2 OXCT1 STAT5B* ANKRD13C C2CD3 CREBBP* HNRNPUL1 IKZF3 KCTD13 MAPK1 ST8SIA4 TRAPPC10
Gene:
Participant-B1
# different integration sites
# times integration site detected
# same HIV C2V5 detected at other time
points
Total # times detected in gene 1 1 1 1 1 1
Participant-L1
# different integration sites 7 3 1 1 1 1
# times integration site detected 4,2,1,1,1,1,1 1,1,1
# same HIV C2V5 detected at other time
points
Total # times detected in gene 11 1 3 1 1 1 1 1 1 1 1
Participant-R1
# different integration sites 2 2
# times integration site detected 2,2 1,1 1 1 1 1
# same HIV C2V5 detected at other time 1
points
Total # times detected in gene 5 2 1 1 1 1 1 1 1

* Indicates gene associated with cancer




Table S1, Panel B. Genes with proliferating cells detected within each participant

ARHGAP35* CCDC64 MOB1A* MGA* PDE3B PRKCH SESN SMG6 SRSF3 TBCD TNRC6A UBE2H WDR26 XAF1*
Gene:
Participant-B1
# different integration sites 1 1 1 1 1 1 1 2 1 1 1 1 1 1
# times integration site detected 2,2 4,1 2 1,2 2 2 1 1,9 2,1,1 51,1 1,2,2 1,2 3,2 3,3,3
# same HIV C2V5 detected at other time 3 5 4 7 4
points
Total # times detected in gene 7 5 2 3 2 2 6 14 4 14 5 3 5 13
ACSF3 APOBEC3C GPC3* MDC1 MKL2 RNF217
Gene:
Participant-L1
# different integration sites 1 1 1 1 3 1
# times integration site detected 3 1,1,2 2 7,16,9 2,1,1
# same HIV C2V5 detected at other time 2 11 25
points
Total # times detected in gene 5 15 2 57 4 2
CBL* HSF1 HSF5 LMO7 OXCT1 PHF2 RALGPS2 SPC25 USPL1 ZHX3
Gene:
Participant-R1
# different integration sites 1 1 2 1 1 1 1 1 1 1
# times integration site detected 2 2 1,1 1,1 1,1 5 1,4
# same HIV C2V5 detected at other time 1 8 1 4 2 1
points
Total # times detected in gene 2 3 10 3 2 9 7 5 3 3

* Indicates gene associated with cancer

Table S1, Panel C. Multiple integration sites within the same gene found in a participant, without demonstrated proliferation

B1 GCN1L1 NSMCE2 R1 GCN1L1 NSMCE2
Participant/Gene:
# different integration sites 2 2 2 2
# times integration site detected 1,1 1,1 1,1 1,1
Total # times detected in gene 2 2 2 2

* Indicates gene associated with cancer




Table S2. Top-20 Gene Ontology (GO) terms overrepresented in ART-suppressed study participants
compared to those annotated in the human genome

GO Term” Biological Function Annotated Expected | Genes with | p value
Genes with number of HIV (elim)
given GO Term Genes integration
G0:0000278* mitotic cell cycle 824 13.38 31| 0.00016
GO0:0007173¢t epidermal growth factor receptor signaling pathway 222 3.61 14| 0.00019
GO0:0051726t regulation of cell cycle 725 11.77 25| 0.00032
G0:0006491 N-glycan processing 9 0.15 3| 0.00033
G0:0045944¢ positive regulation of transcription from RNA 764 12.41 25( 0.00069
polymerase Il promoter
G0:0019048¢ virus-host interaction 364 5.91 15| 0.00092
G0:0036092*| phosphatidylinositol-3-phosphate biosynthetic process 14 0.23 3| 0.00135
GO0:0006511 ubiquitin-dependent protein catabolic process 420 6.82 16| 0.00143
G0:0048015* phosphatidylinositol-mediated signaling 206 3.35 10( 0.00202
G0:0032008* positive regulation of TOR signaling 16 0.26 3| 0.00203
G0:0033962 cytoplasmic mRNA processing body assembly 16 0.26 3| 0.00203
G0:0009790 embryo development 980 15.92 30| 0.00208
G0:0007219* Notch signaling pathway 141 2.29 8| 0.00214
G0:0043603¢t cellular amide metabolic process 34 0.55 4| 0.00215
G0:0045646 regulation of erythrocyte differentiation 34 0.55 4| 0.00215
G0:0048011 neurotrophin TRK receptor signaling pathway 281 4.56 12 0.0022
G0:0022402t cell cycle process 1074 17.44 37| 0.00225
G0:0045070g positive regulation of viral genome replication 17 0.28 3| 0.00243
G0:0051294 establishment of spindle orientation 17 0.28 3| 0.00243
G0:0061003 positive regulation of dendritic spine morphogenesis 5 0.08 2| 0.00254

A The top 20 biologic functions enriched among the genes with HIV integration, ranked according to p-values generated by "elim"
method and Fisher statistics

1 Statistically significant (p<0.025) after controlling for multiple comparisons




* Includes human cancer associated genes
@ Expected to have a strong influence on viral life cycle
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