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Abstract

Understanding the viral-host cell interface during HIV-1 infection is a prerequisite for the
development of innovative antiviral therapies. Here we show that the suppressor of G2 allele
of skpl (SUGT]1) is a permissive factor for human immunodeficiency virus (HIV)-1 infection.
Expression of SUGT1 increases in infected cells on human brain sections and in permissive
host cells. We found that SUGT1 determines the permissiveness to infection of lymphocytes
and macrophages by modulating the nuclear import of the viral genome. More importantly,
SUGTT1 stabilizes the microtubule plus-ends (+MTs) of host cells (through the modulation of
microtubule acetylation and the formation of end-binding protein 1 (EB1) comets). This effect
on microtubules favors HIV-1 retrograde trafficking and replication. SUGTI1 depletion
impairs the replication of HIV-1 patient primary isolates and mutant virus that is resistant to
raltegravir antiretroviral agent. Altogether our results identify SUGT1 as a cellular factor
involved in the post-entry steps of HIV-1 infection that may be targeted for new therapeutic

approaches.



77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

I ntroduction

The design of novel therapeutic antiviral approaches to inhibit the replication of drug-resistant
HIV-1 strains assumes a detailed understanding of the cellular factors that promote viral
replication steps. Independently from the process of viral entry into target cells, HIV-1 rapidly
traffics on stable microtubules, which are characterized by high acetylation levels of o-tubulin
at lysine 40 (K40), to reach the nucleus and integrate in the human genome (1, 2). A large list
of microtubule-binding proteins is involved in HIV-1 uncoating and stabilization of viral
complexes to accomplish reverse transcription and cytoplasmic viral trafficking (reviewed in
(3)). Since the suppressor of G2 allele of S phase kinase associated protein-1 (skpl) (SUGT1)
protein can attach proteins onto microtubules (4-8), we investigated the role of SUGT]1 in the
early cellular response to HIV-1 infection. Initially described as a co-chaperone of heat shock
protein 90, SUGT]1 is involved in the innate immune response in plants and mammals (9)
through the activation of nucleotide binding domain and leucine-rich repeat containing
(NLRP) proteins. Here, we showed that SUGT1 is a permissive cellular factor for HIV-1
infection. We demonstrated that SUGT1 promotes HIV-1 reverse transcription and nuclear
import through the stabilization of microtubule plus-ends that are required for efficient HIV-1
cytoplasmic trafficking. Altogether, our results identify and characterize SUGT1 as a cellular

factor that is essential for early steps of HIV-1 infection.
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Materialsand M ethods

Cellsand reagents

Buffy coats from healthy donors were obtained through the French blood bank (Etablissement
Frangais du sang (EFS)) as part of EFS-INSERM Convention in accordance with French law.
Monocytes were obtained from buffy coats and differentiated into macrophages as previously
described (10). Monocytes were first separated from peripheral blood mononuclear cells
(PBMC:s) by adherence to the plastic and then cultured for 6 to 7 days in hydrophobic Teflon
dishes (Lumox; Duthsher) in macrophages medium (RPMI 1640 supplemented with 200 mM
L-glutamine, 100 U of penicillin, 100 pug streptomycin, 10 mM HEPES, 10 mM sodium
pyruvate, 50 uM B-mercaptoethanol, 1% minimum essential medium vitamins, 1% non-
essential amino acids) containing 15% of heat inactivated human serum AB. MDMs were
then harvested and suspended in macrophage medium containing 10% of heat inactivated
fetal bovine serum (FBS). Flow cytometry analysis using anti-CD14 (eBioscience, #12-0149-
42), anti-CD11b (Pharmingen, #557918), anti-CD71 (Pharmingen, #555537), anti-CD163
(Pharmingen, #562669), anti-CD206 (Pharmingen, #551135) antibodies revealed that 91 to 96
% of MDMs expressed both differentiation (CD14, CD11b and CD71) and M2 macrophage
(CD163 and CD206) markers. The purity of MDMs was also controlled by the negative
staining for anti-CD56 (#560916) (NK cells), anti-CD3 (#555339) (T cells) and anti-CD20
(#559776) (B cells) antibodies. All antibodies used were from Pharmingen. The PBLs were
isolated from the non-adherent PBMCs fraction using T cells negative selection kit (STEM
CELL). Lymphocytes obtained by this method were 90 to 97% CD3 expressing T cells and
were cultured in RPMI medium containing 10% FBS. T lymphocytes (5x10%ml) were
stimulated by phytohemagglutinin (PHA-P) (5 ug/ml) for 72 hours in medium containing IL-

2 (25 units/ml) (Roche), suspended at 10°/ml in IL2 medium and cultured for additional two
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days for Western blot (WB) analysis of SUGT1 expression level and HIV-1 infection, and
three days for SUGT1 mediated siRNA silencing. Activation of T cells was determined with
anti-CD25 (BD Pharmigen, #560987) and anti-CD69 (BD Pharmigen, #557049) antibodies
by flow cytometry. HeLa CD4'CXCR4 ", HEK293T cells and U20S cell lines were obtained
from Prof. Guido Kroemer (Gustave Roussy Cancer Campus, France) and HelLa cells were
obtained from Dr. Guillaume Montagnac (Gustave Roussy Cancer Campus, France). These
cell lines were cultured in Dulbecco’s modified Eagle’s medium (DMEM)-Glutamax
supplemented with 10% FBS and 100 Ul/ml penicillin-streptomycin. All cell lines used were

mycoplasma-free.

Human autopsies

Human autopsies from frontal cortex were obtained in accordance with Italian and EU
legislations, after approval by the Institutional Review Board of the Italian Lazzaro
Spallanzani National Institute for Infectious Disease (Ethics Committee approval number
40/2006). Post-mortem frontal cortex sections were obtained from three uninfected
individuals and nine individuals with HIV-1-associated dementia (all men, mean age 36
years; the median values of HIV-1 viral load was 4.5£0.6 log;o cp/ml and <500 CD4 T
cells/ml). All individuals consented to the research use of their frontal cortex brain autopsies

at post-mortem.

RNA interference

The siGenome smart small interfering RNAs (siRNAs) were all purchased from Dharmacon.
The siRNA against SUGT1 (siSUGT1) gene is composed a pool of four siRNAs. The
indicated  siRNAs  have the  following  sequences: siSUGTI1: (1) 5’-

GAUCAAGAAUGUUCAGAAG-3’, (2) 5-GAACUUCUUCAUCCUAUAA-3’, (3) 5’-
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GCAAAGAAGUCUCUAGAAC-3’ and (4) 5’- GAACCUAUAUCCAUCAUCA-3’. The
control siRNA is a pool of four on target plus non-targeting siRNAs (siCo.). The single
siRNA against SUGT1 (siSUGT1-1) used for HeLa CD4 ' CXCR4" cell lines was previously
described (9): 5’AAGGCUUUGGAACAGAAACCA-3’ and the corresponding control
siRNA: 5’-UUCAAUAAAUUCUUGAGGU-3> were both synthetized from Sigma.
Macrophage silencing was previously described with some modifications (10). Briefly,
MDMs (1x10%ml of macrophages medium + 10% FBS) were allowed to be attached at 37°C
for 2 hours prior to siRNAs transfection, which was performed with the INTERFERin
(Polyplus Transfection). siSUGT]1 or siCo. (8 ul from 20 uM stock solution) were pre-diluted
in 1 ml of Opti-MEM in which 40 pl of INTERFERin were added and the transfection mix
was incubated at room temperature for 10 minutes. The transfection mix (500 ul) was added
to 10° for 50 nM final siRNA concentration. MDMs were then incubated at 37°C for 24 hours
and the medium was replaced with fresh macrophage medium supplemented with 10% FBS
for additional 48 hours prior infections. Activated lymphocytes were suspended in RPMI-IL2
medium (10" PBLs/ml) to which 125 pl of the transfection mix containing: 1 ml Opti-MEM,
20 pl INTERFERin and 4 pl of siRNA from 20 pM stock solution were added for 6.25 nM
final siRNA concentration. After six hours incubation, PBLs were suspend in fresh RPMI-IL2
medium (5 10° cells/ml) and cultured for additional 72 hours prior HIV-1 infection. For
HeLa, HEK293T and U20S cells, the final siRNAs concentrations were at 10 picomol
transfected with RNAi MAX (Promega) following the manufacturer’s instructions. Cell
lysates were assayed for protein expression by Western blot to determine the knockdown
efficiency at infection at 72 hours for MDMs, PBLs and HEK293T cells and 48 hours for
U20S and HeLa cells post-silencing. Cell viability and cytotoxicity following silencing were
determined by WST-1 assay, MTT assay or the lactate dehydrogenase (LDH) release assay

(all from Sigma).
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Plasmid transfections

HEK293T cells (2.5 10°) were transfected with 5 pg pcDNA3-HA-IN (HA-IN) pcDNA3-HA
(HA) empty vector using Fugene (Promega). After 48 hours of transfection, cells were
harvested for co-immunoprecipitation assays. U20S cells (5 10°) were silenced by siSUGT]
(20 nM) and siControl siRNAs using RNAi max (Qiagen) and at 24 hours later were
transfected with 0.5 pg pcDNA3-HA-IN or pcDNA3-HA for 24 hours. For bulk SUGTI
overexpression, HEK293T cells (10°) were transfected with 0.75 pg of pCMV-SPORT6-
SUGT!1 (SUGT1) or pEGFP-N1-GFP control plasmid using Fugene (Promega). After 48
hours of transfection, cells were infected and analysed by western blots. For GFP-based flow
cytometry sorting, HEK293T cells (10°) were transfected with 0.75 pg of pRLL-EF1-SUGT1-
PGK-GFP using Fugene (Promega). After 48 hours of transfection, the GFP" and GFP" cells

were sorted by FACS, kept for further 24 hours prior western blot analysis and infections.

Viral constructs, viruses, lentiviral vectorsand in vitro infections and transductions

Single round HIV-1 infections were performed with the VSV-G envelop pseudotyped viruses:
HIV-1gnwNL4-3-Lue and HIV-1agawnLa-3-iNnpeap that contain luciferase as a reporter gene, HIV-
1 AEnvNL4-3-GFP-vpr that incorporates GFP-Vpr molecules or with HIV-1CMV-GFP-I-SCEI.
HIV-1gnwNL4-3-Lue, HIV-1aenyNLa-3-nDsag and HIV-1agpynra-3.grp Were obtained through the co-
transfection of 3 10° HEK293T cells with 20 pg pNL4.3-Luc Nef- Env-, pD64E, both from
NIH AIDS research reagents and 5 ug pMD2-VSV-G expression vectors following calcium
phosphate transfection procedure (Promega). HIV-1Agnwr4-3-Grp-vpr Was obtained through the
transfection of 3 10° HEK293T cells with 10 ug pNL4-3-Luc Nef- Env- (NIH AIDS research
reagents), 2.5 ug pGFP-Vpr and 2.5 ug pMD2-VSV-G expression vectors using Fugene

(Promega) following manufacturer’s instructions. For HIV-1agnwNr4-3-Grr-vpr (VSV-G)
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supernatants harvest at 48 hours post-transfection and were concentrated by 2 hours of
ultracentrifugation in 20% (wt/vol) sucrose cushion. VSVG-pseudotyped HIV-1cmvy-Grp-1-scer
was obtained as previously described (11). Briefly, HIV-1cmv-grp-1-scgr virions were produced
by transient transfection of 3 10° HEK293T cells by using 150 nM polyethylenimine (PEI)
reagent (Sigma) with 20 pg of pHR-CMVGFP-I-Scel plasmid, 15 pug of pA8.91 packaging
and 5 pug of pVSV-G envelope expressing plasmid. Supernatants were collected after 48
hours, filtered through a 0.45 um pore size filter and then concentrated by ultracentrifugation
in 20% (wt/vol) sucrose cushion. HIV-1n.ggpp virions (12) were produced by transfecting 3
10° HEK293T cells by using 150 nM polyethylenimine (PEI) reagent (Sigma) with 6 ug of
pVpr-IN-EGFP, 6 pg of pD64E and 1 ug of pVSV-G. Supernatants were collected after 48
hours, filtered through a 0.45 um pore size filter and then concentrated by ultracentrifugation.
For replication competent viruses HIV-1yp43 and HIV-1apg were obtained through the
transfection of 3 10° HEK293T cells with 15 ug of pHIV-1-NL4-3 and pHIV-1-ADS
following calcium phosphate transfection protocol (Promega). HIV-1n14.3.1n140/148 TEplication
competent virus (13) was pseudotyped with VSV-G to allow its entry in macrophages. Viral
particles in the cell supernatant were harvested at 48 hours post transfection, passed through
0.45 pum pore size filters and viral titers were determined by p24 content quantification by
ELISA (PerkinElmer).

MDMs and PBLs (106) were infected with 100 ng p24 of HIV-14ps, HIV-1n14.3, HIV-1;32y,
HIV-1gx0s , HIV-1py12 or the VSV-G envelope pseudotyped viruses (HIV-1agnyNL4-3-Lucs
HIV-1gnyNLa3-8Deae OF HIV-1agnyNLa3N140/148) fOr four hours at 37°C. For HIV-1 long
replication, MDMs or PBLs (10°) were infected with 400 ng CAp24 of HIV-1pg or 200 ng
CAp24 HIV-1n14.3, respectively. Every three days, cell supernatants were harvested and
replaced with fresh culture medium (10° MDMs/ml and 2 10° PBLs/ml) during 21 days. Viral

replication was monitored by quantifying CAp24 release in the cell supernatants using ELISA
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method (PerkinElmer). For viral cDNA detection with qPCR, the viral stocks were pretreated
with benzonase (Sigma) for 20 minutes at room temperature. The infections were determined
by p24 content quantification by ELISA (Zeptometrix Crop) in the supernatant of cells, the
luciferase activity from HIV-1agnwras-tue (VSV-G) in lysed cells using Luciferase kit
(Promega) and also by qPCR analysis of HIV-1 cDNA species at different time points. For
HIV-1emv.grpscer (VSV-G) infection, HEK293T cells lines (0.5 10° ) were transfected with
siSUGT1 or siCo siRNAs at 10 picomol in 500 pl complete medium using RNAi max
(Qiagen). At 72 hours post silencing, 1 pg of pCBASce plasmid encoding ISCel endonuclease
were transfected using Fugene (Promega). Six hours post-transfection cells (0.2 10°) were
infected using 600 ng p24 of the virus for two hours at 37°C and then fresh medium was
replaced and cells were cultured for further 48 hours, detached and let to adhere on poly-L-
lysine solution (Sigma) pretreated chamber slides for two hours before fixation in 2% Neutral
buffered formalin (Sigma) for 10 minutes. For HIV-1gnNr4-3-Grp-vpr (VSV-G) and HIV-1pn.
earp (VSV-G) infections, U20S or HeLa cells (0.2 10°) were seeded (in a well of 8 wells
chamber slides (BD)) and transfected at 10 picomol with siSUGT1 or siCo. siRNAs using
RNAi max (Promega). Cells were then infected with 200 ng p24 of HIV-1spnyNL4-3-GFP-Vpr
(VSV-Q) at 48 hours post-silencing for 4 hours before 2 % neutral buffered formalin (Sigma)
fixation for 10 minutes. For HIV-1necrr (VSV-G) infections, U20S or HeLa cells at 48
hours post- siRNA silencing were infected with 500 ng p24 of the virus with the addition of
polybrene (10 pug/ml) during the different times of infection before fixation with 2 % neutral
buffered formalin (Sigma) or with cold methanol for EB1 staining. When U20S cells were
analysed by live imaging microscopy, they were plated in ibidi 8 well chamber slides
(ibiTreat) before siRNA transfection.

For the lentiviral vectors pLKO.1, pLKO.1-shSUGT1-3’UTR-1

(5’CCGGGCTCTCATCGTATTGTGTATACTCGAGTATACACAATACGATGAGAGC



246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

TTTTT3’) and pLKO.1-shSUGT1-3’UTR-2: (5’CCGGATTGTGTATATTCACCTAATGCT
CGAGCATTAGGTGAATATACACAATTTTTTG3’), pRLL-EF1-PGK-GFP, PRLL-EF1-
SUGT1-PGK-GFP were produced by transfecting 3 10° HEK293T cells with 1 ug pDM2-
VSV-G, 2.5 ug pA8.91 packaging and 2 pg the lentiviral vector using JetPRIME transfectant
(Polyplus). Supernatants were harvest at 72 hours post-transfection and quantified for p24
content by ELISA. MDM (1 10°) were transduced simultaneously using 1.5 ug p24 of each
pLKO.1-shSUGT1 and/or 2ug PRLL-EF1-SUGT1-PGK-GFP (pSUGT1) and/or with the
equal amounts of control empty lentiviral vectors, with the addition of polybrene during
transduction (10 pg/ml), for 6 hours at 37°C and then kept for 72 hours before analysis by
WB or infections. HEK293T cells (106) were infected with 20 ng CAp24 HIV-1gnwNL4-3-Luc
(VSV-QG) after 48 hours of transfection with pCMV-SPORT6-SUGT1 (for SUGT1 bulk
transfection) or pEGFP-N1-GFP control plasmid (for SUGT1 bulk transfection) or after 72
hours of pRLL-EFI-SUGTI1-PGK-GFP transfection and 24 hours after GFP-based flow

cytometry sorting.

Quantitative PCR

The quantification of the HIV-1 early reverse transcripts (ERT), late Reverse Transcripts
(LRTs), 2-LTRs circles and integrated proviruses were performed as previously described
(10); (14). DNA was extracted with the DNeasy Tissue Kit (Qiagen) at 6- and 24 hour post-
infection (h.p.i.) for ERT detection, 24 and 72 h.p.i. for LRT and 2-LTRs detections, at 48
and 72 h.p.i. for integrated proviruses, respectively, in PBLs and MDMs. The qPCR analysis
was carried on an ABI prism 7000 Sequence Detection System. The amounts of HIV-1 cDNA
copies were normalized to the endogenous reference gene albumin. Standard curve were

generated by serial dilutions of a commercial human genomic DNA (Roche).

10
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Immunofluor escence, confocal microscopy, SIM and live imaging

Brain autopsies of frontal cortex from three uninfected individuals and three HIV-1 infected
persons were obtained in accordance with the Italian and EU legislations, after approval by
the Institutional Review Board of the National Institute for Infectious diseases Lazzaro
Spallanzani. Autopsies were deparaffinized, rehydrated and subjected to high-temperature
antigen retrieval (96°C for 30 minutes) in 10 mM sodium citrate buffer, pH 6. After one hour
blocking in 0.1% BSA in PBS, autopsies were incubated at 4°C for overnight with the
primary antibodies anti-SUGT1 (Abcam, #ab30931) and anti-CAp24 (Abcam, #ab9044)
diluted at 1/20 in 0.1% BSA in PBS. After three washings in PBS, the secondary antibodies
anti-rabbit and anti-mouse IgG conjugated to Alexa-fluor 488 (#A11001, #A11034) and 647
fluorochromes (#A21245) from Invitrogen, respectively, and/or the recombinant anti-Ibal
conjugated to Alexa Fluor 568 with Hoechst 33342 (Invitrogen, #1874027) for nuclei were
added at 1/500 dilution for two hours at room temperature. Immunostained autopsies were
then mounted onto glass slides with Fluoromount G (Southern Biotech). At least 5 mosaic
autopsy fields (115.33x115.33 um each) were acquired by confocal microscopy (SPS8, Leica)
using a 63X objective. SP8 confocal microscope is equipped with two PMT and two high
sensitivity hybrid detectors. Z series optical sections for autopsies were at 0.8 pm steps.
HEK?293T, HeLa and U20S cells were rinsed with PBS, fixed with 2% neutral buffered
formalin (Sigma) for 10 minutes, permeabilized for 15 minutes with 0.3% Triton-X100 in
PBS, washed twice in PBS and then blocked for one hour at room temperature in 10% FBS in
PBS prior to the incubation with the primary antibodies in 10% FBS in PBS for 2 hours at
room temperature. For anti-EB1 staining, the fixation was performed with cold methanol on
ice for 2 minutes. After three washes in PBS, the secondary antibodies conjugated with
Alexa-Fluor 488 (#A11001; #A11034), 546 (#A20189; #A11035) or 647 (#A21245) (1/500,

Invitrogen) supplemented with Hoechst 33342 (Invitrogen, #1874027) for nuclei staining in

11
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10% FBS in PBS were added to the cells for 30 minutes at room temperature. After three PBS
washings, cells were then mounted with Fluoromount G (Southern Biotech), except for SIM
visualization U20S cells were mounted with ProLong antifade mountant (Thermofisher
Scientific) and incubated for 5 hours at 30°C prior analysis. The antibodies used for cells
immunostaining were: anti-SUGT1 (BD Transduction Laboratories, #61204) for HEK293T
cells and PBLs, anti-SUGT1 (Abcam, #ab30931) for U20S cells, anti-HA (Biolegend,
#90513), anti-phospho-H2AX (Ser139) (Millipore,#05-636), anti-a-tubulin (Sigma, #T9026),
anti-o-tubulin  (Curie Institute, A-R-H#02 2017), anti-acetylated o-tubulin on lysine 40
(Sigma, #T6793), anti-EB1 (BD transduction laboratories, #610535), anti-HIV-1-CAp24
(Abcam, #ab9044) and anti-Ibal-Alexa-Fluor 568 (Abcam, #ab221003). Cells were mainly
imaged by confocal microscopy (SPS8, Leica) using hybrid detectors (pinhole airy: 0.6; pixel
size: 180 nm) at optimal optical sectioning (OOS) of 0.2 um. For acetylated [I-tubulin and
EB1 comets, the OOS was 0.11 pm. Fluorescence intensity related to SUGT1 and
microtubule expressions were quantified by Image J software in the best focal plan for the
total cell expression for at least 100 cells. The number of acetylated o-tubulin signals and the
length of EBI comets at the cell cortex were analyzed on maximum intensity of z projection
images obtained by Image J software. Briefly, scan lines were drawn at the levels of cell
cortex, EB1 comets. Then, the number of fluorescence intensity peaks for acetylated o-
tubulin and the length of EB1 comets were quantified using Image J software. The viral
particles of HIV-Iagwnra-3-Grpvpr (VSV-G) immunofluorescence were performed as
previously described (15) and then were visualized by confocal microscopy (SP8, Leica)
using hybrid detectors (pinhole airy: 0.6; pixel size: 180 nm) and parameters adjusted for
deconvolution by Huygens software (Scientific Volume). For U20S cells, acquisitions were
performed in 3D SIM mode, with a N-SIM structured illumination Nikon microscope before

image reconstruction using the NIS Elements software. The system is equipped with an APO
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TIRF 100x 1.49NA oil immersion, a laser illumination (488nm, 200mW and 561nm,
100mW) and an EMCCD DU-897 Andor camera. Images were acquired with the following
protocol: a Z stack (0.12 um step) was acquired. Images were then reconstructed using Nikon
elements software. The lateral resolution of SIM microscopy is about 32 nm. The distances
between two different fluorochrome-labeled proteins for SIM microscopy images were
calculated on one Z-stack and using “Spot function> colocalize spot” functions of Imaris 5.7
software (Bitplane AG) on the cropped subcellular area where GFP-labeled HIV-1 particles
were detected or not (HIV-1 GFP" or HIV-1-GFP"). Briefly, this function determines the mass
center of each fluorescent molecule on the raw SIM images and determines the event number
of two colocalized molecules in predefined distance segment. Fluorescence from at least 300
molecules were quantified and the frequency of the events was determined by dividing the
events number in each distance segment by the total event numbers of the analyzed area in the
cytoplasm. For U20S cells, images were also acquired with a high precision wide-field
Eclipse NiU Upright Microscope (Nikon) equipped for image deconvolution. Acquisition was
performed using a 100x Plan Apo VC 1.4 oil objective and a highly sensitive cooled
interlined charge-coupled device (CCD) camera (Roper CoolSnap HQ2). Acquired images
were denoised using NdSafir software before deconvolution. All microscopy images with
saturated signals were excluded. The colocalization threshold Mander’s correlation coefficient
and the fluorescence spectrum overlap for colocalization were determined for different
fluorochrome-labeled proteins using Image J software, in the cropped subcellular area where
GFP-Vpr-labeled HIV-1 was detected in the merged SIM images. The colocalization
threshold Mander’s correlation coefficient (with values varying from 0 to 1) is used to
quantify the co-localization or the co-occurrence proportion of two fluorescent probes in the
same pixels of the region of interest or structure (16). The threshold M1 (tM1) was used to

quantify the occurrence of green channel signals (HIV-1in.ggrp) in the pixels of the detected
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red channel signals (o-tubulin). For live imaging, U20S cells depleted for SUGT1 (siSUGT1)
and control cells (siCo.) (0.5 10°) plated in ibidi 8 well chamber slides (ibiTreat) were
infected with HIV-1n.ggrr (VSV-G) (250 ng CAp24) in the presence of polybrene (10 pg/ml)
and Hoechst 33342 (1 pg/ml) (Invitrogen) and imaged simultaneously at 1 h.p.i. using a
confocal spinning disk (CSU-XIMI1; Yokogawa) microscope (DMI6000; Leica) equipped
with a CoolSnap HQ2 camera (Photometrics) in heating chamber at 37°C with 5% CO2 for
further 3 hours. Three field positions of each condition (siCo or siSUGT1) were imaged
using a 63x oil lens (1.4 NA) every 20 min and with at least 40 series of Z stacks. The best
focal plan images of the nucleus were then analyzed with Icy software for the mounting of the
video and for quantification of infected cells with HIV-1in.ggrp RTCs/PICs in the nucleus or

those with only cytoplasmic viral events.

Western blots and immunopr ecipitations

Cells were lysed in NEHN lysis buffer (20 mM Hepes pH 7.5, 300 mM NaCl, 0,5% NP40,
20% glycerol, ImM EDTA) provided with protease and phosphatase cocktails inhibitors
(Roche). Protein were quantified with Protein assay kit (Biorad) and 30 to 50 pg of cell
extracts were diluted in the Laemmli buffer (Biorad), boiled for 5 min at 95 °C. Proteins were
then loaded on the Nupage 10% or 12 % Bis Tris gel (Life Technologies) for electrophoresis
separation and blotted on the PVDF (0.45 wm) transfer membrane (Thermo Scientific). After
blocking with 5% bovine serum albumin (BSA), membranes were incubated with the primary
antibodies followed by the secondary horseradish peroxidase (HRP) anti-rat and anti-rabbit,
anti-mouse antibodies (Southern Biotech, #6180-01; #4050-05 and #1031-05, respectively).
For co-immunoprecipitation assays, the Trueblot HRP secondary antibodies used were from
eBioscience (#18-8816-33; #18-8817-33). The proteins were revealed by G:Box I CHEMI

developer (Syngene, Ozyme) by using Super Signal West pico (Pierce) or ECL prime (GE
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healthcare). The primary antibodies used were: anti-SUGT1 (BD Transduction Laboratories,
#61204), anti-HA (3F10, Roche, #11867423001), anti-GAPDH (Millipore; #MAB374), anti-
CAp24 (NIH AIDS research reagents, #4250), anti-Actin (Abcam, #ab49900), anti-acetylated
o-tubulin K40 (AcK40-o-tubulin) (Sigma, #T6793), anti-o-tubulin (Sigma, #79026) and,
anti-HIV-1 integrase (IN-2) (Santa-Cruz, #sc-69721) in 5% skimmed milk in TBS-1% tween.
For immunoprecipitations, HEK293T cells expressing HA-IN through transfection at 48
hours post transfection or U20S cells infected for 4 hours with HIV-1 gpyNia-3-Luc (VSV-G)
were harvest and then lysed in NEHN buffer. Anti-HA (3F10; Roche, #11867423001) or anti-
SUGT1 (Abcam, #ab30931) (2.5 pug) were added to the cell lysates (1 mg) for 12 hours
incubation at 4°C on the wheel. Then, 30 pl of the protein G sepharose 4 fast flow beads (GE
healthcare) were added for additional 4 hours incubation. Immuno-complexes immobilized on
the beads were washed twice with NEHN buffer (300 mM NaCl) and third time with NEHN
buffer (500 mM NaCl), resuspended in Laemmli buffer (Biorad) and boiled at 95°C for 5

minutes. Immunocomplexes were then analyzed by WB.

Statistical analysis

We used the two-tailed unpaired t-test for two group comparison and the two-way ANOVA
test for the multiple comparisons (more than two groups) of the absolute values means, means
of frequencies or means of fold changes = SEM (standard error of the mean). Fold changes
were calculated as the ratio of the mean value from the treated sample to the mean value of
the control sample. The statistical tests were represented in the figures for n>10 sample size.
When n<10, the experiments were represented as individual data points without error bars.
Data were analyzed with Graphpad prism 6 software. Statistical significance was given as *p

<0.05 and **p <0.01, ***p<0.001, ***%p<0.0001.
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Results

The SUGT1 protein promotes per missivenessto HIV-1 infection

Confocal immunofluorescence microscopy was used to evaluate SUGT1 expression at the
single cell level in brain frontal cortex sections from HIV-1 infected and uninfected persons.
Interestingly, infected cells expressed higher levels of SUGT1, as compared to uninfected
cells within the same HIV-1 patient brain section or cells in the brain sections of uninfected
controls (Fig. 1a-d). These cells also expressed the ionized calcium-binding adaptor protein-1
(Ibal, Supplementary Fig. Sla), indicating that SUGT! 1is increased in
macrophages/microglia of HIV-1 patient brain sections. Furthermore, SUGT1 expression was
increased in activated T cells, which are susceptible to HIV-1 infection as compared to resting
primary T lymphocytes, which resist HIV-1 infection (Fig. le and Supplementary Fig. S1b).
The expression of SUGT]1 also strongly increased in primary monocyte-derived macrophages
(MDMs), which are permissive for HIV-1, compared with monocytes, which are refractory to
HIV-1 infection (Fig. 1f and Supplementary Fig. Slc), indicating that SUGT1 expression
increases in permissive cells. We then analyzed the impact of SUGT1 depletion on HIV-1
replication. SUGT1 was silenced using a smart pool of small interfering RNAs (siSUGT1) in
MDMs (Fig. 1g). SUGT1-depleted MDMs were infected with R5-tropic HIV-14pg, and viral
replication was determined by quantifying CAp24 release. SUGT1 depletion strongly
suppressed HIV-1 replication without affecting cell viability (Fig. 1j,k and Supplementary
Fig. S1d). These results were confirmed in activated primary blood T-lymphocytes (PBLs)
(Fig. 1h,m and Supplementary Fig. Sle,f) and in cervical epithelial (HeLa) cells engineered to
express CD4/CXCR4 and a Tat-inducible [-galactosidase (B-Gal) (Fig. 1li,n and
Supplementary Fig. S1g). These results were corroborated using a different SUGT1 siRNA
(siSUGTI1-1) (Supplementary Fig. S1h-j) and revealed no effects on CD4 and CXCR4

expression levels nor on cell viability (Supplementary Fig. S1k,l). In addition, long term
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analysis of CAp24 release from MDMs or PBLs that were infected, respectively, with R5-
tropic HIV-1apg or X4-tropic HIV-1n14.3 (Fig. lo,p and Supplementary Fig. SIm-p) showed
that SUGT1 depletion abolished HIV-1 replication and further indicated that SUGT1 is a

permissive factor for HIV-1 infection.

Theearly pre-integrative stepsof HIV-1life cycleare controlled by SUGT1

To identify the viral replication steps that are controlled by SUGT1, MDMs and PBLs were
silenced for SUGT1 and infected with luciferase (Luc)-expressing HIV-1agnynra3-10e (HIV-
lvsv.g), which is defective in the HIV-1 envelope and pseudotyped with a VSV-G envelope
(which allows the virus to enter cells by endocytosis). SUGT1 depletion strongly reduced the
infectivity of HIV-1appwwra3-tue (VSV-G) in MDMs (Fig. 2a,b) and PBLs (Fig. 2c¢,d),
implying that SUGT1 modulates post-entry steps. In MDMs (Fig. 2e) and PBLs (Fig. 2f)
whose SUGT1 had been depleted by a pool of two short hairpin RNAs (shSUGTI), the
expression of SUGT1 cDNA resistant to shSUGT1 restored the infectivity of HIV-1agnyNL4-3-
e (VSV-G) (Fig. 2g (for MDMs) and Fig. 2h (for PBLs)). Consistently, the exogenous
SUGT]1 overexpression in HEK293T cells significantly enhanced the infectivity of HEK293T
cells with HIV-1agnpwNL4-3-Luc (VSV-G) (Supplementary Fig. S2a-d), demonstrating the specific
effect of SUGT1 in promoting HIV-1 infection.

MDMs and PBLs were then depleted for SUGT1, infected with the same virus and analyzed
by quantitative real time PCR (qPCR) for early reverse transcripts (at 24 and 6 hours post-
infection (h.p.i.) of MDMs and PBLs, respectively), late reverse transcripts and 2-LTR circles
(at 72 and 24 h.p.i, respectively), as well as integrated proviruses (at 72 and 48 h.p.i,
respectively). No significant difference in the formation of HIV-1 early reverse transcripts
was observed in SUGTI1-depleted cells (Fig. 2i,j). A mild decrease of the late reverse

transcripts was observed in SUGT1-depleted MDMs (Fig. 2k) or PBLs (Fig. 21) (as compared
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with control cells). More importantly, SUGT1 depletion strongly inhibited the formation of 2-
LTR circles, a surrogate marker of nuclear viral import, in HIV-1 infected MDMs (Fig. 2m)
and PBLs (Fig. 2n). Consequently, the integrated proviruses (detected by the Alu-nested
gPCR) were decreased after SUGT1 depletion (Fig. 20,p). Similar results were obtained when
SUGT1-depleted MDMs were infected with R5-tropic HIV-1aps (Supplementary Fig. S2e-h).
The nuclear import (as evaluated by 2-LTR circles qPCR) of a HIV-1 mutant that is defective
for integration (HIV-1agnwwra3.mpese (VSV-G)) was also abrogated by the depletion of
SUGT]1 (Fig. 2q). Considering that mutant HIV-1npesg translocates efficiently to the nucleus
(17), this result implies that SUGT1 regulates HIV-1 pre-integrative phases. To further
characterize this process, we infected SUGT 1-depleted HEK293T cells with HIV-1cmyarp.r
scer (VSV-G), which encodes GFP as reporter gene and has been engineered by inserting, into
the viral DNA, the yeast ISCEI endonuclease cleavage site that is cut when its cognate
enzyme is introduced into human cells (11). In this system, the depletion of SUGT1 in
HEK293T cells strongly inhibited HIV-1 infection, as revealed by the reduction of the
percentage of cells that express immunofluorescent YH2AX-associated foci as well as the
expression of virus-encoded GFP (Fig. 2r,s). The lack of GFP detection in SUGT1-depleted
cells indicates the absence of 2-LTR’s circles forms (which can express the GFP reporter
gene) and further suggests that SUGT1 governs the nuclear translocation of HIV-1.
Altogether, these data imply that SUGTI expression dictates HIV-1 permissiveness by

promoting HIV-1 reverse transcription and mainly nuclear import.

SUGT 1l isassociated with microtubules bearing HIV-1
Considering the role of SUGTI in the stabilization and attachment of proteins to the
microtubule network (4), we investigated the presence of SUGT1 on microtubules bearing

HIV-1. U20S cells were infected with a VSV-G-pseudotyped HIV-1agnpyNia-3, which
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incorporates GFP-Vpr (HIV-1gn~r4-3-Gep-vpr (VSV-G)) (15), and the subcellular localization
of SUGT1, GFP-labeled viral complexes and microtubules was analyzed by super-resolution
structured illumination microscopy (SIM) and wide-field high precision microscopy at 4
hours post-infection. As expected, at this time point, GFP-labeled viral complexes colocalized
with cytoplasmic filaments (Fig. 3al) and aggregated at microtubule-organizing centers
(MTOC) (Supplementary Fig. S3a). Importantly, endogenous SUGT1 molecules were located
in close proximity to the microtubule-associated viral complexes (Fig. 3all). SUGT], viral
complexes, and microtubules often formed ternary structures (Fig. 3alll1-4). Fluorescence
overlap spectrum analysis confirmed these results, indicating that the three components
(SUGT1, GFP and microtubules) were located within a distance of <0.8 um (Fig. 3alll1-4). A
high colocalization Mander’s coefficient (~1) confirmed the tight association of SUGT1 with

microtubules that are used by HIV-1 for trafficking in host cells (Supplementary Fig. S3b,c).

Since HIV-1 integrase (IN) translocates to the nucleus to catalyze the integration of viral
cDNA into the human genome, we monitored the subcellular localization of HA-tagged
integrase (HA-IN) in SUGTI1-depleted U20S cells. Interestingly, we observed that the
silencing of SUGT1 (Fig. 3b) induced a diffused localization of IN in the cytoplasm and the
nucleus compared with control cells that had exclusive nuclear localization (Fig. 3c,d),
indicating that SUGT1 contributes to the nuclear accumulation of IN. In agreement with a
previous report showing that efficient nuclear translocation prevents cytoplasmic degradation
of HIV-1 IN (18), protein levels of HA-IN decreased in SUGT1-depleted cells (Fig. 3b).
However, no interactions between endogenous SUGT1 and HA-IN were detected by co-
immunoprecipitation in HEK293 T cells (Fig. 3e), suggesting that SUGT1 may act on HIV-1
nuclear translocation without interacting with viral proteins. Altogether, these data indicate

that SUGT]1 is associated with microtubules bearing HIV-1.
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SUGT 1 regulatesthe organization and the stability of the cortical microtubule plus-ends
To understand the mechanism by which SUGT1 contributes to HIV-1 nuclear import, we
investigated the effect of SUGT1 on the structural organization of microtubules. Although
SUGT]1 knockdown did not modify tubulin expression, nor disrupt the global architecture or
the density of the microtubule network (Fig. 4a,b and Supplementary Fig. S4a,b), confocal
microscopy revealed a significant alteration of the microtubule plus-ends (+MTs)
organization at the level of the cell cortex (Fig. 4a,c and Supplementary Fig. S4a). SUGT1-
depleted U20S cells exhibited +MTs that were dissociated and distributed perpendicularly to
the cell cortex, while in control cells, the +MTs were clustered and curved in parallel to the
cell cortex. Even though the total expression of stable microtubules (AcK40 o-tubulin) was
not affected by the SUGT1 knockdown (Supplementary Fig. S4b), the acetylation of +MTs at
the cell cortex significantly decreased in U20S and HeLa cells (Fig. 4d-f and Supplementary
Fig. S4c-f). These data indicate that the cortical +MTs, which are the first contact points of
HIV-1 with the microtubule network after viral entry, are unstable in SUGT1-depleted cells
and thus may not efficiently support the cytoplasmic trafficking of the virus. To confirm this
hypothesis, we analyzed whether SUGT1 depletion would affect the organization of the plus-
end tracking protein EB1, which promotes the cytoplasmic trafficking of HIV-1 on
microtubules (1). Considering that EB1 molecules bind to +MTs and form EB1 comets,
whose elongation is associated with an increased growth rate and a decreased stability (19-
22), the impact of SUGTI silencing on the length of EB1 comets was determined. A
significant increase in the length of EB1 comets was observed in SUGT1-depleted HeLa and
U20S cells, compared with control cells (Fig. 4g-i and Supplementary Fig. S4g-j), suggesting
that in SUGT1-depleted cells, +MTs are less stable and highly dynamic, and thus would not

sustain the trafficking of HIV-1 viral particles after viral entry. Taken together, our data
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reveal that SUGT1 controls the architecture and the stability of +MTs, which are required for

the attachment and efficient trafficking of HIV-1 on the microtubule network.

SUGT1 is essential for the association of HIV-1 with stable microtubules and its
translocation to the host cell nucleus

Co-immunoprecipitation assays revealed an interaction between SUGTI1 and stable
microtubules (Fig. 5a). This interaction was strongly enhanced after 4 hours of infection of
U20S cells with HIV-1agnyNLa-3-Luc (VSV-G), further demonstrating that SUGT1 is associated
with the microtubules that are used by HIV-1 for trafficking (Fig. 5a). Using HIV-1ingGrp
virus pseudotyped by VSV-G envelope that contains enhanced GFP labeled IN (12, 23), we
showed that in SUGT1-depleted U20S cells, and in contrast to control cells (Fig. 5b), HIV-
Iinggrp viral complexes did not aggregate at the MTOC and displayed a diffuse distribution
in the cytoplasm (Fig. 5d). Accordingly, the colocalization of HIV-1in-EGrp complexes with
microtubules significantly decreased in SUGT1-depleted cells (Fig. 5¢), suggesting that, in
the absence of SUGTI, a defect in the migration to the perinuclear area is associated with a
defect in the association of the virus with microtubules. In agreement with the results obtained
with HIV-1 IN expressed as a single protein (Fig. 3b), the mean fluorescence intensity of
HIV-1in-EGrp complexes detected after 4 hours of infection of SUGT1-depleted cells was
significantly decreased, as compared with control cells (Supplementary Fig. S5a), indicating
that the failed nuclear translocation of HIV-1 induces its rapid cytoplasmic degradation.
Moreover, SUGT1 depletion decreased the percentage of cells with HIV-1n.ggrp nuclear
events at 4 and 6 h.p.i. and increased the percentage of cells showing only cytoplasmic viral
events (Fig. 5e). Consistent with these results, live imaging microscopy showed nuclear
translocation of HIV-1in.ggrp viral complexes in control U20S cells (Movie 1), while in the

SUGT1-depleted cells, viral complexes did not translocate to the host cell nucleus (Movie 2),
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leading to a decrease of HIV-1 nuclear events (Supplementary Fig. S5b). Interestingly, a
significant elongation of EB1 comets was detected in SUGT1-depleted HeLa cells infected
with HIV-Inggre (VSV-G) (Fig. 5f,g) or HIV-1agnwNL4-3-Luc (VSV-G) (Supplementary Fig.
S5c¢) for 6 hours, as compared with control cells. Accordingly, the nuclear accumulation of
HIV-1inscrp viral complexes was significantly decreased in SUGT 1-depleted cells (Fig. Sh).
Altogether, these results demonstrate that SUGT1 promotes HIV-1 nuclear import by
increasing its association with microtubules and its cytoplasmic trafficking to reach the host

nucleus.

SUGT 1 depletion abolished permissivenessto HIV-1 primary isolates and ART-resistant
viral mutant

In order to evaluate the potential of SUGT]1 inactivation for HIV-1 therapy, we determined
the impact of SUGT1 depletion on the permissiveness of MDMs to infection with HIV-1
primary isolates (HIV-1gxos, HIV-13w and HIV-1py2) and to HIV-1 clone (HIV-114¢/145), a
double mutant virus that is resistant to raltegravir antiretroviral treatment (ART) (13).
Interestingly, SUGT1 depletion strongly inhibited the formation of 2-LTR circles (Fig. 6a-d)
and CAp24 release (Fig. 6e-g) from MDMs that were infected with CCRS (RS5) tropic (HIV-
Isxos and HIV-1;3w) or CCR5/CXCR4 (R5X4) dual tropic (HIV-1pgi2) HIV-1 primary
isolates (Fig. 6a-e). In addition, the depletion of SUGT1 drastically impaired viral integration
(Fig. 6h) and CAp24 release (Fig. 61) from MDMs that were infected with an HIV-1 double
mutant G140S-Q148H in integrase polypeptide (HIV-1,4¢/148) that is resistant to the integrase
inhibitor raltegravir. Altogether, these results highlight the potential for SUGT1 as a cellular

target to inhibit viral replication and overcome viral resistance to ART.
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Discussion

In the present study, we demonstrate that SUGT]1 is a host factor that determines lymphocyte
and macrophage susceptibility to HIV-1 infection and replication via an effect on the post-
entry replication steps. SUGT1 stabilizes the +MTs, thereby promoting the association of
HIV-1 with stable microtubules, allowing their efficient trafficking to the nuclear pores, and
viral import into the nucleus and subsequent integration into the host genome. In contrast to
the previously described microtubule-associated proteins (such as EB1 and Kif4 (1-3, 24)),
which increase microtubule stability (by enhancing AcK40 o-tubulin) following infection,
SUGTT contributes to maintain the stability of microtubules mainly at the level of the plus-
end TIPs, by inhibiting their dynamic and preserving their acetylation. The fact that we
showed that SUGT1 expression is upregulated in the HIV-1 permissive activated T cells and
macrophages with respect to their cognate resting lymphocytes and monocytes refractory to
HIV-1 infection, does not exclude the possible contribution of synergetic pathways involved
during differentiation and activation in the stabilization of the microtubules and enhancing the
susceptibility to HIV-1. A recent report demonstrated that the rapid proteasome-mediated
degradation of the viral cores in the cytoplasm is detected when their uncoating fails to occur
progressively up to their trafficking to the nuclear pores (25). Consistent with this report, the
intensity of the fluorescent viral complexes, which were mainly accumulated in the cytoplasm
of host cells, was significantly decreased in SUGT1-depleted cells, as compared with control
cells, suggesting their degradation by proteasomes due to lack of efficient trafficking to the
nuclear pores. Similarly, HIV-1 IN was shown to be stabilized on the MTOC, prior to its
nuclear translocation, through direct interaction with microtubule—associated proteins (such as
the centrosomal protein STU2P (yeast homolog of XMAP215) and the dynein light chain
protein DYN2P) (26, 27) and its failure to be recruited to the nucleus leads to its rapid

degradation by proteasomes in the cytoplasm of host cells (18). Future studies will explore the
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potential role of SUGT]1 in the trafficking of other viruses that employ the microtubule
network, such as Hepatitis C virus, Dengue virus or African Swine Fever virus. Finally, our
results demonstrate that SUGT1 should be considered as a target in novel therapeutic
strategies to inhibit infection with HIV-1 strains that are resistant to raltegravir antiretroviral

treatment (ART).
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Figure 1. SUGT1 determinesHIV-1 permissivenessin human cells.

(a-¢) Immunofluorescence of brain autopsies from uninfected persons (n=3) (a) and HIV-1
infected patients (n=3) (b) for SUGT1, CAp24 and nucleus. (C) Magnification.

(d) Quantification of SUGT1 expression in CAp24™ (n=45) or CAp24™ (n=690) cells detected
in brain sections. Fluorescence intensities (FI) are shown. Means + SEM are indicated. P
values were calculated using two-tailed unpaired t-test using Bonferroni correction (*p <0.1).
(e, ) Representative  human  resting/PHA-P/IL2-activated @ PBLs (e) or
monocytes/macrophages (f) WB of endogenous SUGT1 levels are shown (n=3). SUGTI1 a
and b isoforms are indicated.

(g-i) SUGT!1 depletion in human MDM:s (g), PBLs (h) and CD4 'CXCR4" HeLa cells (i) are
shown (n=3).

(j-n) Effect of SUGT1 depletion on viral production obtained from MDMs (j, k), PBLs (I, m)
or CD4'CXCR4" HeLa cells (n=3) (n) infected with HIV-1apg (j, k) or HIV-1nr43 (I-N).
CAp24 release for representative donor (j, |) and fold changes (n=7 for MDMs, n=3 for
PBLs) (k, m) are shown.

(o, p) Effect of SUGTI depletion on viral production obtained at indicated times post-
infection from MDMs (0) and PBLs (p) infected with HIV-14pg (0) or HIV-1x14.3 (p). CAp24

release from representative donors is shown (n=3).

Figure2. SUGT1 promotesearly HIV-1 replication steps.

(a-d) HIV-1 infectivity of control or SUGT1-depleted MDMs (a, b) and activated PBLs (c, d)

that were infected with HIV-1ppyNpa-3-Lue (VSV-G) for 72 hours. Luciferase activity from
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representative donor (a, €) and fold changes (n=8 for MDMs and n=4 for PBLs) (b, d) are
shown.

(e-h) MDMs (e) and PBLs (f) were transduced with lentiviral vectors expressing control
(shCo.), a pool of two shRNAs against SUGT1 (shSUGT1) and/ or SUGTT1 resistant cDNA
(pSUGTT1) for 72 hours prior infection with HIV-1apnwra30e (VSV-G). WB (ef) and
luciferase activity at 48 h.p.i. from representative donors is shown (g,h) (n=3).

(i-q) Fold changes of HIV-1 early reverse transcripts (i, j), late reverse transcripts (K, |), 2-
LTRs circles (m, n, q) and integrated proviruses (0, p) were determined by qPCR in control
or SUGT1-depleted macrophages (i, kK, m, o, q) or lymphocytes (j, |, n and p) that were
infected with HIV-1agpynra-3-Lue (VSV-G) (i-p) or with HIV-1agnwwra-3-mpeae (VSV-G) (Q)
(n=3).

(r, s) Representative confocal micrographs of HIV-,cmv-grp.r-scer-infected HEK293T cells (r)
and percentages of HIV-1 infected (GFP") cells with YH2AX" foci (S) are shown. Means +
SEM are indicated (n=3). P values were calculated using two-tailed unpaired t test (**p

<0.01).

Figure3. SUGT 1 isassociated with microtubulestrafficking HIV-1.

(a) Representative SIM micrograph of 4 hour HIV-14gnNL4-3-Gep-vpr (VSV-Q) infected U20S
cells showing SUGT1 and o-tubulin expression (al). (all) is a magnification of the dashed
region in (al). (all1-4) are the magnifications of the dashed regions in (all). Fluorescence
overlap spectrums of (al | 1-4) cropped regions, are shown.

(b) HIV-1 IN and SUGT1 expression levels by WB in control and SUGT1-depleted U20S

cells after 48 hours siRNA transfection and expression of exogenous HIV-1 IN for 24 hours.
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(c, d) Representative confocal micrographs of HIV-1 HA-IN expression in control and
SUGT1-depleted U20S cells (C) and percentages of cells showing nuclear or diffused HIV-1
IN (d).

(e) Immunoprecipitation of HA-IN in control and HA-IN-overexpressing HEK293T cells and
expression of indicated proteins by WB.

WB and images are representative of three independent experiments. Means = SEM are

indicated from at least three independent experiments. P values were calculated using two-

way ANOVA test (****p<0.0001).

Figure4. SUGT 1 stabilizes microtubuletips at the cell cortex.

(a) Representative confocal micrographs and magnifications showing a-tubulin and nucleus
in control and SUGT1-depleted U20S cells.

(b) Fluorescence intensity of o-tubulin.

(c) Percentages of cells with +MTs parallel or perpendicular to the cell cortex.

(d-f) Representative confocal micrographs of o-tubulin, AcK40 o-tubulin and nucleus in
control and SUGT 1-depleted U20S cells (d). Magnifications (€). Quantification of AcK40 o.-
tubulin signals normalized to 100 um of cell cortex length in cells (f).

(g-1) Representative confocal micrographs of o-tubulin, EB1 and nucleus in control and
SUGT1-depleted HeLa cells (Q). Separate fluorescence images of (g) are shown in
Supplementary Fig. S4g,h. Magnifications (h). Quantification of EB1 comet length (n=559)
of cells (n=60) (i).

Means + SEM are indicated from at least three independent experiments. P values were
calculated using two-way ANOVA test for (C) and two-tailed unpaired t test for (f) and (i)

(¥%%%p<0,0001).
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Figure5. SUGT1 promotes the association between HIV-1 and microtubules.

(a) Co-immunoprecipitation of endogenous SUGT1 with AcK40 o-tubulin in control and
HIV-1gnwNLa-3-Lue (VSV-G)-infected U20S cells for 4 hours and expression of indicated
proteins by WB.

(b, d) Representative confocal micrographs of HIV-1n_ggrp Virus and a-tubulin in control (b)
and SUGT1-depleted (d) U20S cells that were infected for 4 hours.

() Mander’s correlation coefficient (tM1) of HIV-1in.kgepr' and o-tubulin in control and
SUGT1-depleted U20S cells at 4 h.p.i..

(€) Percentages of cells showing nuclear or cytoplasmic HIV-1n.egrp events at 4 and 6 h.p.i..
(f) Representative confocal micrographs of HIV-1inggrp, (1111 and nucleus in control and
SUGT1-depleted HeLa cells that were infected with HIV-1in_ggpp for 6 hours. Magnifications
are shown.

(9) Lengths of EB1 comets (n=400) of cells (n=100) are determined.

(h) Percentages of control or SUGTI1-depleted HeLa cells showing nuclear or only
cytoplasmic HIV-1ygarp' events at 6 h.p.i.

Means + SEM are indicated from at least three independent experiments. P values were
calculated using two-tailed unpaired t-test for (C) and (g) and two-Way ANOVA for (€) and

(h) (***p<0.001 and ****p<0.0001).

Figure 6. SUGT1 depletion impairs replication of HIV-1 primary isolates and ART
mutant resistant virus.

(a-d) HIV-1 2-LTRs circles quantification by qPCR 72 h.p.i. with HIV-1gx0s (&, b) and HIV-
1132w (C, d) primary isolates of control and MDMs that were silenced for SUGT1 during 72

hours. Representative donor (&, €) and fold changes (n=3) (b, d) are shown.
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(e-g) HIV-1 CAp24 detected by WB in the cell supernatants (SN) of MDMs that were
depleted (or not) for SUGT1 and infected with HIV-1gxos (€), HIV-13w (f) and HIV-1ppi2
(9). Representative WB revealing CAp24, SUGT1 and Tubulin expressions are shown (n=3).

(h, i) Control and SUGT1-depleted primary human MDMs were infected with HIV-1,40/148

and evaluated for proviral integration and for CAp24 release at 72 h.p.i. (n=2).
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