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SUMMARY
The human immunodeficiency virus (HIV) enters the nucleus to establish infection, but the role of nuclear en-
velope proteins in this process is incompletely understood. Inner nuclear transmembrane proteins SUN1 and
SUN2 connect nuclear lamins to the cytoskeleton and participate in the DNA damage response (DDR).
Increased levels of SUN1 or SUN2 potently restrict HIV infection through an unresolved mechanism. Here,
we find that the antiviral activities of SUN1 and SUN2 are distinct. HIV-1 and HIV-2 are preferentially inhibited
by SUN1 and SUN2, respectively. We identify DNA damage inducers that stimulate HIV-1 infection and show
that SUN1, but not SUN2, neutralizes this effect. Finally, we show that chromatin movements and nuclear
rotations are associated with the effects of SUN proteins and Lamin A/C on infection. These results reveal
an emerging role of chromatin dynamics and the DDR in the control of HIV infection by structural components
of the nuclear envelope.
INTRODUCTION

Successful infection of cells by the human immunodeficiency vi-

rus (HIV) requires an active transport of the virus through the

physical barrier of the nuclear envelope. Nuclear entry of HIV is

coordinated with the completion of reverse transcription and se-

lection of integration sites (Dharan et al., 2020; Schaller et al.,

2011). The capsid (CA) protein of HIV engages multiple interac-

tions with nuclear pore complex (NPC) components and associ-

ated proteins such as cyclophilin A (CypA) to achieve this coor-

dination (Yamashita and Engelman, 2017).

In the nuclear envelope, in addition to NPC proteins, SUN pro-

teins located at the inner nuclear membrane impact HIV infection

(Bhargava et al., 2018). SUN1 and SUN2 are integral proteins of

the inner nuclear envelope of somatic cells. They play essential

roles in the maintenance of genomic stability and the resolution

of DNA damage (Lawrence et al., 2016; Lei et al., 2012). SUN

proteins possess a lamin-binding domain at their N terminus

located in the nucleoplasm. Lamins are intermediate filament

proteins that assemble the nuclear lamina, a dense meshwork

contributing to mechanical protection, organization of chromatin

domains, and recruitment of DNA repair factors (Burke and

Stewart, 2013; Gonzalo, 2014). At their C terminus, SUN proteins
Cel
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interact with the KASH domains of nesprins in the perinuclear

space. Nesprins are large integral proteins of the outer nuclear

membrane (Burke and Stewart, 2013). Nesprins have multiple

interactions with cytoskeletal proteins, enabling a dynamic

anchoring of the nucleus within the cells.

SUN2 was first identified as an antiviral factor against HIV-1 in

the context of a cDNA screen (Schoggins et al., 2011). Subse-

quent studies confirmed and extended the antiviral viral effect

of SUN1 and SUN2 overexpression on HIV-1 and HIV-2 infection

(Donahue et al., 2016; Lahaye et al., 2016; Luo et al., 2018;

Schaller et al., 2017). SUN1 and SUN2 overexpression limits

the level of HIV-1 nuclear import (Donahue et al., 2016; Luo

et al., 2018; Schaller et al., 2017), leading to reduced viral inte-

gration. Furthermore, nanotubes of HIV-1 capsid and nucleo-

capsid proteins produced in vitro pull down SUN1 and SUN2

proteins from cell lysates, suggesting that SUN proteins and

the viral capsid protein may interact directly or indirectly during

infection (Schaller et al., 2017).

The role of endogenous SUN2 in HIV-1 infection has

been examined, but a consensus has not been reached

(Donahue et al., 2017; Lahaye et al., 2016; Schaller et al.,

2017; Sun et al., 2018). Three studies concurred with a require-

ment for SUN2 in HIV-1 infection in primary CD4+ T cells, in
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monocyte-derived dendritic cells, and in THP-1 cells, although

the strength of this requirement varies between cell type (Dona-

hue et al., 2017; Lahaye et al., 2016; Schaller et al., 2017). A

fourth study obtained contradicting results and proposed that

endogenous SUN2 instead limits HIV infection at the level of viral

promoter expression (Sun et al., 2018). We initially proposed that

HIV infection requires an optimal level of SUN2 protein, and that

both depletion and overexpression impair infection, not neces-

sarily through the same mechanism (Lahaye et al., 2016). This

notion fits well with the structural role of the LINC complex in nu-

clear architecture. Of note, endogenous SUN2 level varies with

the extent of T cell activation (Sun et al., 2018). It is thus conceiv-

able that variable experimental conditions between studies,

particularly using sensitive primary immune cells, could account

for the variable effects of endogenous SUN2 on HIV infection.

SUN2 is also implicated in the effects of cyclophilin A on HIV-1

infection. In HeLa cells, SUN2 overexpression abrogates the

sensitivity of the HIV-1 capsid mutant N74D to cyclophilin A inhi-

bition (Lahaye et al., 2016). In primary CD4+ T cells and murine

bone marrow-derived dendritic cells, endogenous SUN2 is

required for the cyclophilin A-dependent steps of HIV infection

(Lahaye et al., 2016). Another study, however, did not observe

this effect in primary CD4+ T cells (Donahue et al., 2017). These

differences may reflect the use of different readouts for quanti-

fying the impact of cyclophilin A inhibition on infection.

Our understanding of the antiviral effect of SUN1 is less

advanced. In HEK293A cells, the antiviral effect of SUN1 overex-

pression requires the interaction of cyclophilin A with HIV-1

capsid protein (Luo et al., 2018). In THP-1 cells, endogenous

SUN1 is not required for HIV-1 infection (Schaller et al., 2017).

The strong antiviral effect of SUN protein overexpression

on HIV infection exploits one or several points of weakness

in the viral replication cycle. The cellular mechanisms by which

elevated levels of SUN expression block HIV infection are not

known. Intriguingly, SUN2 overexpression is associated with

alteration of nuclear envelope shape, suggesting that SUNmight

interfere with HIV infection through a perturbation of the integrity

of the nucleus (Donahue et al., 2016; Lahaye et al., 2016). How-

ever, it has not been possible so far to explain how SUN proteins

are perturbing cellular and nuclear physiology to impact HIV.

RESULTS

SUN1 and SUN2 proteins demonstrate HIV-strain-
specific antiviral effects
To gain insights in SUN1- and SUN2-mediated antiviral effects

on the early steps of HIV infection, we first performed a compar-

ative assessment of the antiviral effect of SUN1 and SUN2 onHIV

infection in primary cells. To this end, we overexpressed SUN1

and SUN2 in primary monocyte-derived macrophages (MDMs)

using lentiviral vectors (Figure 1A). In order to focus on the early

phase of infection, cells were infected using single-round HIV-1

and HIV-2 encoding GFP in the place of the Nef gene. SUN1

and SUN2 induced an antiviral effect on HIV-1 and HIV-2 (Fig-

ure 1B). Unexpectedly, SUN1 and SUN2 did not show an iden-

tical antiviral effect on the two strains. The calculation of the ratio

of inhibition by SUN1 over SUN2 revealed that HIV-1 was prefer-

entially inhibited by SUN1, while HIV-2 was preferentially in-
2 Cell Reports 36, 109763, September 28, 2021
hibited by SUN2 (Figure 1B). In MDMs, HIV-1 infection is sensi-

tive to inhibition by cyclosporin A (CsA) (Saini and Potash,

2006), and we previously showed that SUN2 overexpression

blocks the effect of CsA on infection in other cell types (Lahaye

et al., 2016). Here, SUN1 and SUN2 also blocked the effect of

CsA onHIV-1 infection inMDMs (Figure 1B). Although not the pri-

mary focus of this study, this strengthens the notion that the

SUN1 and SUN2 antiviral effects implicate a CsA-sensitive

step of HIV infection. We next analyzed the progression of HIV-

1 and HIV-2 infection in the context of SUN protein expression

using quantitative real-time PCR on viral DNA species, using

reverse transcriptase inhibitors as controls (Figure S1A). SUN1

and SUN2 overexpression had no significant impact on the total

amount of HIV-1 DNA, but they reduced the levels of 2-long ter-

minal repeat (LTR) circles, which are a hallmark of viral entry into

the nucleus, and of integrated viral DNA (Figure 1C). The reduc-

tion of HIV-1 integrated DNA was more significant for SUN1 than

SUN2, while it was the opposite for HIV-2. These experiments

indicate that SUN1 and SUN2 impact the nuclear steps of HIV

infection but have strain-specific antiviral effects.

We similarly overexpressed SUN1 and SUN2 in HeLa cells

(Figure 2A). SUN1 overexpression had a greater inhibitory effect

on HIV-1 infection than on SUN2 overexpression, whereas in

HIV-2 infection, SUN2 overexpression had a greater effect than

SUN1, recapitulating the results obtained in MDMs (Figures 2B

and 2C). In HeLa cells, wild-type (WT) HIV-1 is not sensitive to

CsA, but HIV-1 capsid N74D is, similar to HIV-1 WT in MDMs

(De Iaco and Luban, 2014). We thus used this mutant to address

the relationship between the antiviral effect of SUN and CsA

sensitivity. Both SUN1 and SUN2 abolished CsA sensitivity of

HIV-1 capsid N74D in HeLa cells (Figures 2D and 2E). We next

measured the levels of HIV-1 DNA species. SUN1 and SUN2

reduced the levels of integrated HIV-1 DNA, and this effect

was more pronounced for SUN1 (Figure S1B). We also observed

a small but significant inhibition of total viral DNA levels by SUN1

and of 2-LTR circles by SUN2. We compared the antiviral effects

of SUN1 and SUN2 on different HIV-1 strains. The antiviral effect

of SUN1 was more important than that of SUN2 for all HIV-1 lab

strains (NL4-3, Lai, JR-CSF, and YU-2) and transmitter/founder

strains (THRO, CH058, and CH077) tested. In contrast, the anti-

viral effect of SUN2 was more important than that of SUN1 for

two HIV-2 strains tested (ROD9 and JK71312As) (Figure 2F).

Of note, HIV-1 Lai and JR-CSF were resistant to SUN2, while

JK7312As was resistant to SUN1. We thus focused on HeLa

cells for additional experiments aimed at characterizing the

strain-specific inhibition of SUN1 and SUN2.

Strain-specific antiviral activity maps to the
nucleoplasmic domain of SUN proteins
Cell-cell communication factors of innate immunity, such as in-

terferons and cyclic guanosine monophosphate-adenosine

monophosphate (cGAMP), can contribute to antiviral effects on

top of cell-intrinsic restriction factors. Using a co-culture of

SUN1/2-expressing cells and control cells expressing a fluores-

cent marker (TagRFP657), we found that the strain-specific ef-

fect of SUN1 and SUN2 on HIV-1 and HIV-2 infection is entirely

cell-intrinsic in HeLa cells (Figure 3A). To determine whether

SUN1 and SUN2 induced an antiviral state at the cell-intrinsic
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Figure 1. Distinct antiviral activities of SUN1 and SUN2 against HIV-1 and HIV-2 in primary macrophages

(A) Detection of SUN1, SUN2, and actin in MDMs transduced with mTagBFP-2A control, SUN1, or SUN2 lentivectors (representative of n = 3).

(B) (Left) Viral titers as infectious units (IU) per mL based on percentages of GFP+MDMs 48 h after infection with serial dilutions of HIV-1 or HIV-2 encoding GFP in

Nef and pseudotyped with vesicular stomatitis virus glycoprotein G (VSV-G), with or without 2 mM CsA (n = 9 donors, paired repeated measures (RM) one-way

ANOVA on log-transformed titers with a Sidak’s post-test, line at mean). (Right) Ratios of titer fold change (FC) control over SUN1 (SUN1 FC) or control over SUN2

(SUN2 FC) (paired t test, line at mean).

(C) (Left) Detection of HIV-1 total DNA, 2-LTR circles DNA, and integrated DNA by quantitative real-time PCR at 24 h after infection with HIV-1 or HIV-2 (dilution

factor, 0.17) of MDMs transduced with mTagBFP (blue fluorescent protein)-2A control, SUN1, or SUN2 lentivectors. (Right) Infection levels for each donor (n = 6

donors, quantitative real-time PCR data are represented as donor-matched fold change compared to control; one-sample t test).

Ctrl, control. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns, not significant. See also Figure S1.
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level through expression of other antiviral genes, we performed a

transcriptomic analysis of SUN1 andSUN2 overexpressing cells.

Strikingly, we could not detect any differentially expressed genes

in this dataset, aside from SUN1 and SUN2 themselves (Fig-

ure S1C). Next, we generated chimeras between SUN1 and

SUN2 to map the strain-specific antiviral effect (Figures 3B and

3C). We found that the N-terminal nucleoplasmic domains of

SUN1 and SUN2 confer strain specificity (Figures 3D and 3E).

These results establish that SUN1 and SUN2 exert a cell-intrinsic

HIV-strain-specific antiviral effect on HIV infection that maps to

the nucleoplasmic domain of SUN proteins.

Interplay between SUN proteins, HIV infection, and the
DNA damage response
As a next step, we attempted to characterize the cellular pro-

cesses affected by elevated levels of SUN proteins. SUN1 and
SUN2 are required to limit the accumulation of DNA damage in

cells (Lei et al., 2012). Since HIV infection is a DNA-damaging

event, we considered the possible interplay between SUN pro-

teins, HIV infection, and the DNA damage response. We exam-

ined the level of gH2AX, an early marker of the DNA damage

response. At baseline, we did not detect any change of gH2AX

levels upon SUN1 or SUN2 expression (Figures 4A and 4B). To

induce DNA damage, we selected etoposide, a topo-isomerase

II inhibitor. Interestingly, SUN1 overexpression but not SUN2

significantly limited the levels of induced gH2AX after etoposide

treatment (Figures 4A and 4B). To explore the potential link be-

tween DNA damage and infection, we infected HeLa cells in

the presence of etoposide for the first 4 h of the experiment.

However, etoposide gradually induces apoptosis of treated cells

(Rello-Varona et al., 2006), which hampered our ability to detect

viable cells to measure infection after 48 h. To circumvent this,
Cell Reports 36, 109763, September 28, 2021 3
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(A) mTagBFP-2A Ctrl, mTagBFP-2A-SUN1, and

mTagBFP-2A-SUN2 expressing HeLa cells were

co-cultured at a 1:1 ratio with HeLa cells ex-

pressing TagRFP657-2A and infected with serial

dilutions of HIV-1 and HIV-2. Titers were calcu-

lated based on the percentage of GFP+ cells in 48-

h post-infection dilutions within the indicated

populations (n = 3 independent experiments,

paired RM one-way ANOVA on log-transformed

titers with Sidak’s post-test, line at mean).

(B) Schematic representation of chimeric proteins

between full-length SUN1 (red) and SUN2 (blue).

Amino acid residues retained in hybrid proteins

are indicated within brackets.

(C) Detection of SUN1, SUN2, and actin in HeLa

cells transduced with the indicated mTagBFP-2A

lentivectors. Two antibodies targeting SUN2 that

recognize different epitopes within the protein

were used.

(D) Percentage of GFP+ in BFP+ HeLa cells

transduced with the indicated mTagBFP-2A len-

tivectors, 48 h after infection with serial dilutions of

HIV-1 or HIV-2 (n = 3 independent experiments).

(E) Viral titers based on percentages of GFP+ cells

shown in (D) (n = 3, paired RM one-way ANOVA

with Sidak’s post-test, line at mean).

**p < 0.01, ***p < 0.001, ****p < 0.0001; ns, not

significant. See also Figure S1.
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we cultured cells in the presence of the caspase inhibitor

Q-VD-Oph and lower doses of etoposide. Q-VD-Oph did not

prevent gH2AX induction by etoposide treatment (Figure 4C).

Etoposide treatment increased HIV-1 infection by 2-fold on
(C) (Left) Viral titers based on percentages of GFP+ cells after infection with serial dilutions of the indicate

log-transformed titers, with Tukey’s post-test, line at mean). (Right) ratios of titer FC control over SUN1 (SUN1

line at mean).

(D) Percentage of GFP+ in BFP+ HeLa cells transduced with mTagBFP-2A control, SUN1, or SUN2 lentivectors

HIV-1 capsid N74D, with or without treatment with 2 mM of CsA (n = 3 independent experiments).

(E) Viral titers as in (D) (n = 3, paired RM one-way ANOVA on log-transformed titers with Sidak’s post-test, lin

(F) Viral titers based on percentages of GFP+ or p24+ cells after infection with serial dilutions of indicated HIV-1

ANOVA with Sidak’s post-test, line at mean + SD).

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns, not significant. See also Figure S1.

Cell R
average (Figure 4D). HIV-2 infection was

also increased but significantly at only

one dose of etoposide tested, with a

smaller fold change. Next, we combined

SUN expression with etoposide to deter-

mine the epistatic relationship between

DNA damage induction and SUN expres-

sion on the level of HIV infection. Here,

we used a higherMOI to observe the anti-

viral effect of SUN proteins. The increase

induced by etoposide treatment on

control cells was consistently observed

across experiments. Interestingly, SUN1

abrogated the proviral effect of etopo-

side treatment and, in sharp contrast,

etoposide treatment rescued cells from
the antiviral effect of SUN2 (Figures 4E and 4F). We next

explored the effects of bleomycin, which induces direct dou-

ble-stranded DNA breaks akin to etoposide. Bleomycin induced

upregulation of gH2AX (Figure S2A). SUN1 slightly reduced this
d viruses (n = 6, paired RM one-way ANOVA on

FC) or control over SUN2 (SUN2 FC) (paired t test,

, 48 h after infection with serial dilutions of HIV-1 or

e at mean).

and HIV-2 viral strains (n = 3, paired RM one-way
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induction in all experiments, while SUN2 had no impact. Similar

to etoposide, HIV-1 infection was increased by bleomycin treat-

ment (Figure S2B). This pro-viral effect of bleomycin was lost

upon SUN1 expression, while it was consistently maintained

with SUN2. Next, we tested hydroxyurea and UV treatments,

which causeDNAdamage rather throughDNA replication stress.

Both treatments induced upregulation of gH2AX (Figure S2C).

However, they did not have an effect on the rate of HIV-1 infec-

tion (Figure S2D), indicating that HIV infection is modulated by

only a subset of DNA damaging agents. Overall, these results

show that SUN1 overexpression, which restricts HIV-1 infection

more than SUN2, operates downstream of DNA damage induc-

tion, while SUN2 overexpression impacts infection upstream of

DNA damage induction.

DNA damage induction by ATR inhibition and role of
HIV-1 Vpr
Next, we looked for a different approach to induce DNA damage

that would be functionally linked to the nuclear envelope. ATR is

a DNA damage sensor that functions as a checkpoint at the nu-

clear envelope in response to mechanical stress (Kumar et al.,

2014). ATR inhibition heightens DNA damage in cells (Foote

et al., 2018). Furthermore, in HIV-1, expression of the accessory

protein Vpr causes DNA damage and activates ATR (Roshal

et al., 2003), although the relevance of this effect in the context

of virion-packaged Vpr is unknown. Considering the significance

of ATR at the nuclear envelope and its relationship with Vpr, we

asked whether DNA damage induction by ATR inhibition, SUN,

and Vpr are functionally related. We inhibited ATR using

AZD6738, a next-generation inhibitor with improved specificity

(Foote et al., 2018). As expected, ATR inhibition increased the

levels of gH2AX in HeLa cells (Figure S3A). We next infected

HeLa cells with p24-normalized and sucrose cushion purified

stocks of the HIV-1 single-round virus and its HIV-1 Vpr-deficient

(Vpr�) counterpart. ATR inhibition increased Vpr-positive HIV-1

infection in HeLa cells by 2-fold, similar to etoposide treatment

(Figure S3B, left panel). Concomitant SUN protein overexpres-

sion inhibited HIV-1 infection and reduced the magnitude of

the proviral effect of ATR inhibition. Unexpectedly, the titer of

the p24-normalized HIV-1 Vpr� was slightly higher than the

HIV-1 WT counterpart in HeLa cells, and HIV-1 Vpr� was insen-

sitive to ATR inhibition (Figure S3B, right panel). However, HIV-1

Vpr� remained sensitive to the antiviral effect of SUN protein
Figure 4. Interplay between HIV-1 infection, SUN proteins, and the DN
(A) Viability and gH2AX intracellular staining in HeLa cells transduced with mTag

etoposide or 1% DMSO as control (representative experiment from n = 3).

(B) Quantification of gH2AX+ HeLa cells treated as in (A) (n = 4, paired RM one-w

(C) Quantification of gH2AX+ HeLa cells 24 h after a 4-h treatment with 5 or 50 m

throughout the experiment (n = 3, paired RM one-way ANOVA with Sidak’s post

(D) (Top) Percentage of GFP+ HeLa cells 48 h after infection with two dilutions o

simultaneously, and the drugs and the virus were washed out at 4 h post-treatm

(Bottom) Viral titers based on percentages of GFP+ cells (n = 3, paired RM one-w

(E) Quantification of gH2AX+ HeLa cells transduced with mTagBFP-2A control, S

responding DMSO control (n = 3, paired RM one-way ANOVA with Sidak’s post-

(F) (Left) Percentage of GFP+ cells in BFP+ HeLa cells expressing control, SUN1, o

(plasmid HIVGFP env�nef�). Right, GFP+ percentages at viral dilution 0.02 (n = 3, e

least significant difference [LSD] test). 50 mM Q-VD-Oph was maintained through

hpt, hours post-treatment. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns,
expression. In sum, these data implicate the kinase ATR in

limiting HIV infection of HeLa cells. Intriguingly, the data also re-

vealed that sensitivity to ATR inhibition is a HIV-1 Vpr phenotype

in single-round infection of HeLa cells.

Endogenous Lamin A/C limits HIV-1 infection in HeLa
cells
We sought to further explore the relationship between infection,

DNA damage, and structure of the nuclear envelope. Electron

microscopy analysis revealed that both SUN1 and SUN2 over-

expression induced deep invaginations of the nuclear enve-

lope, which appeared more pronounced with SUN2 (Figure 5A).

This raised the possibility that alteration of the shape of the nu-

cleus could be responsible for the antiviral effect. We searched

for an orthogonal approach to perturb the nuclear envelope

structure and the DNA damage response. Lamin A/C expres-

sion is required to maintain a regular nuclear shape (Lammerd-

ing et al., 2004) and to protect from DNA damage (Singh et al.,

2013). We used short hairpin RNA (shRNA) to reduce expres-

sion of Lamin A/C (Figure 5B). Similar to SUN protein overex-

pression, knockdown of Lamin A/C compromised the regularity

of the nuclear envelope shape (Figure 5C). To quantify this ef-

fect, we measured the shape descriptor ‘‘solidity’’ of the nu-

cleus: solidity values close to 1 indicate smoothly convex nuclei

while lower values correspond to deformed, lobulated nuclei,

presenting concave invaginations. Overexpression of SUN pro-

teins and silencing of Lamin A/C increased nuclear envelope

deformation, and this effect was less pronounced in cells over-

expressing SUN1 compared to SUN2 (Figure 5D). The endoge-

nous levels of Lamin A/C and SUN proteins were not recipro-

cally affected by SUN overexpression or Lamin A/C silencing.

(Figure 5B). After infection, Lamin A/C knockdown unexpect-

edly increased HIV-1 infection levels by 1.6-fold, while HIV-2

infection was not affected (Figure 5E). Lamin A/C thus limits

HIV-1 infection in HeLa cells. Given the opposing effects of

SUN overexpression and Lamin A/C knockdown on HIV-1

infection, we examined whether the antiviral effect of SUN pro-

teins requires endogenous lamins. We knocked down Lamin

A/C, Lamin B1, and Lamin B2 and co-expressed SUN proteins

(Figure 5F). Viable Lamin B1-depleted HeLa cells could not be

maintained in culture. Lamin A/C depletion enhanced HIV-1

infection as above, and Lamin B2 depletion had no effect

(Figure 5G). SUN proteins maintained their antiviral effect
A damage response
BFP-2A control, SUN1, or SUN2 lentivector, 24 h after treatment with 500 mM

ay ANOVA with Sidak’s post-test, line at mean).

M etoposide or corresponding DMSO control. 50 mM Q-VD-Oph was present

-test, line at mean ± SEM).

f HIV-1 (plasmid HIVGFP env�nef�) or HIV-2. Cells were treated and infected

ent/infection. 50 mM Q-VD-Oph was maintained throughout the experiment.

ay ANOVA with Sidak’s post-test, line at mean).

UN1, or SUN2 lentivectors, 4 h after treatment with 50 mM etoposide or cor-

test, line at mean ± SEM).

r SUN2 lentivectors and treated as in (E), 48 h after infection with purified HIV-1

xperimental pairs are indicated; RMANOVA two-way test, uncorrected Fisher’s

out the experiment.

not significant. See also Figures S2 and S3.
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irrespective of the level of Lamin A/C and Lamin B2. This

shows that the effect of elevated levels of SUN proteins is

dominant on the effect of Lamin A/C depletion on HIV-1 infec-

tion. Furthermore, these results indicate that the increase in nu-

clear envelope shape irregularities does not explain how Lamin

A/C depletion and SUN protein overexpression affect HIV

infection.

Next, we examined the level of gH2AX after etoposide treat-

ment and Lamin A/C depletion. Treatment with a high dose of

etoposide (500 mM) for 24 h induced an increase of gH2AX level

in WT HeLa cells, while a lower dose (50 mM) had no impact at

this time point (Figure S4). In the absence of Lamin A/C, HeLa

cells became hypersensitive to etoposide treatment (Figure S4).

Thus, the increase in HIV-1 infection observed after Lamin A/C

depletion correlates with an increased sensitivity to DNA dam-

age. Altogether, these results establish a functional correlation

between the effect of SUN protein and endogenous Lamin A/C

on HIV-1 infection and the cellular response to DNA damage

induced by an exogenous compound.

Elevated SUN proteins do not alter NPC density, passive
import, or cell stiffness
We next sought to identify the mechanisms that delineate the ef-

fects of elevated SUN proteins and endogenous Lamin A/C

depletion on infection. We characterized biophysical and struc-

tural parameters in SUN-expressing cells. HIV-1 enters the nu-

cleus through NPCs. We labeled NPCs using a marker of

Nup153 on tangential confocal microscopy sections of the nu-

clear envelope (Figure S5A). Overexpression of SUN proteins

did not alter NPC density at the nuclear envelope (Figure S5B).

To determine whether the NPC functionality was impaired by

SUN protein overexpression, we measured passive diffusion

through the NPC using a fluorescence recovery after photo-

bleaching (FRAP) assay on ubiquitous GFP. SUN proteins had

no impact on the rate of recovery of nuclear GFP (Figure S5C;

Video S1). Lamin A/C depletion reduces stiffness of the nuclear

envelope, resulting in a more deformable nucleus (Lammerding

et al., 2004). To determine whether the expression of SUN pro-

teins induced the opposite to match the effects on infection,

wemeasured the viscoelastic properties of the nuclei using ami-

crofluidic micropipette assay (Davidson et al., 2019). While we

confirmed that Lamin A/C-depleted cells are more deformable,
Figure 5. SUN proteins inhibit HIV infection at the nuclear envelope ind

(A) Representative electron micrograph showing nuclei in control, SUN1, and SU

(B) Detection of SUN1, SUN2, Lamin A/C, and actin in HeLa cells transduced w

(shLacZ), or Lamin A/C (shLMNA) targeting shRNA-encoding lentivectors.

(C) Nuclei of HeLa cells lines as in (B) visualized on fixed cells using SiR-DNA dy

10 mm.

(D) Solidity index of nuclei as in (C). (Left) Data from one representative experime

Unpaired one-way ANOVA with Sidak’s post-test, line at median. (Right) Average

with Sidak’s post-test, line at mean).

(E) Viral titers based on percentages of GFP+HeLa cells lines from (B) after infectio

Sidak’s post-test, line at mean).

(F) Detection of SUN1, SUN2, Lamin A/C, Lamin B2, and actin in HeLa cells co-tran

Lamin A/C, or Lamin B2 (shLMNB2) targeting shRNA-encoding lentivectors.

(G) Viral titers based on percentages of GFP+ HeLa cells as shown in (F) after infec

with Sidak’s post-test, line at mean).

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns, not significant. See also Fi
expression of SUN proteins had no impact on nuclear deform-

ability (Figure S5D).

HIV-1 infection requires movement of the chromatin
Next, we turned our attention to the endogenous state of chro-

matin. We performed live imaging of cells with a DNA stain after

SUN overexpression or Lamin A/C depletion. We observed that

SUN1 and SUN2 overexpression appeared to lock the nucleus

in place, while nuclei of Lamin A/C-depleted cells appeared

highly dynamic (Figure 6A; Video S2). We first asked whether

the extent of chromatin movement inside the nuclei was altered.

We isolated videos of single nuclei and performed a registration

step to normalize x-y positions and angle, therefore suppressing

general nuclei displacement and rotation. We next measured

chromatinmovement in the registerednuclei byperforming apar-

ticle image velocimetry (PIV) analysis. Strikingly, SUN1andSUN2

overexpression reduced thedisplacement of chromatin over time

and this effect was more pronounced with SUN1, while Lamin

A/C depletion had the converse effect (Figures 6B and 6C).

HeLa cells also exhibit seemingly random rotation of their nuclei

at various speeds and frequencies. Using the same dataset, we

measured the rotation of the whole nucleus relative to the cyto-

plasm. We corrected the translational displacement of nuclei by

registration and measured the angle of rotation over time using

a custom-made analysis script (Video S3). SUN1 and SUN2

reduced the average speed of nuclear rotation (Figures 6D and

6E) and the fraction of time spent rotating above a threshold of

1� (Figures S6A and S6B). The rotation of Lamin A/C-depleted

nucleiwas visibly higher than that of controls but could not be reli-

ably quantified due to the high levels of chromatin displacement

that hampered the ability to set reference points.

If SUN proteins inhibit HIV infection by limiting chromatin

movements, increasing rotation would be expected to overcome

the viral restriction. SUN proteins form the LINC complex with

nesprins at the nuclear envelope by interaction with their KASH

domain within the perinuclear space. Expression of the isolated

KASH domain (spectrin repeat-KASH, SR-KASH) functions as a

dominant negative by disrupting the SUN-nesprin interaction

and displacing nesprins from the nuclear envelope (Starr et al.,

2003).We co-expressedSR-KASHwith SUNproteins (Figure 7A;

Video S4). Strikingly, SR-KASH increased the rotation speed of

chromatin in control and SUN-overexpressing cells (Figures 7B
ependently of endogenous lamins

N2 overexpressing HeLa cells (scale bars, 10, 2, and 5 mm, respectively).

ith mTagBFP-2A control, SUN1, or SUN2 lentivectors, negative control LacZ

e. Images show signal from an individual, central confocal plane. Scale bars,

nt out of three. Legend indicates total number of nuclei analyzed per cell line.

solidity index across three independent experiments (paired one-way ANOVA

nwith serial dilutions of HIV-1 andHIV-2 (n = 3, paired RMone-way ANOVAwith

sduced with mTagBFP-2A control, SUN1, or SUN2 lentivectors and with LacZ,

tion with serial dilutions of HIV-1 and HIV-2 (n = 3, paired RM one-way ANOVA

gures S4 and S5 and Video 1.
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Figure 6. SUN protein overexpression and endogenous Lamin A/C limit movements of the chromatin

(A) Particle image velocimetry (PIV) of DNA within nuclei of HeLa cells transduced with mTagBFP-2A control, SUN1, or SUN2 lentivectors, negative control LacZ,

or Lamin A/C targeting shRNA-encoding lentivectors. PIV is shown for individual representative nuclei of each cell line; top panels show overall flow, and bottom

panels show individual vectorial displacements between two consecutive frames corresponding to 2 min of imaging. Scale bars, 5 mm. Reference color scale for

pixel displacement per time frame is shown on left.

(B) Quantification of DNA displacement as mm/min from images as in (A). Results are shown for one experiment from n = 2. (Left) Unpaired one-way ANOVA with

Sidak’s post-test, line at mean. (Right) Unpaired Student’s t test, line at mean.

(C) Average chromatin displacement within nuclei of HeLa cells transduced with mTagBFP-2A control, SUN1, or SUN2 lentivectors (n = 5 independent exper-

iments, paired one-way ANOVA with Dunnett’s post-test, line at mean).

(D) Quantification of nuclear rotation speed as degrees/min in HeLa cells transduced with mTagBFP-2A control, SUN1, or SUN2 lentivectors and imaged as in (A).

Results are shown for one experiment from n = 5. Unpaired one-way ANOVA with Sidak’s post-test, line at mean.

(E) Average nuclear rotation speed within nuclei of HeLa cells as in (D) (n = 5 independent experiments, paired one-way ANOVA with Holm-Sidak’s post-test, line

at mean).

*p < 0.05, **p < 0.01, ****p < 0.0001; ns, not significant. See also Figure S6 and Videos S2 and S3.
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and 7C) and significantly increased the fraction of time that

SUN1-overexpressing cells spent rotating (Figures S6C and

S6D). In contrast, SR-KASH had no significant effect on the

shape of the nuclei (Figure S6E). Upon HIV-1 infection, SR-
10 Cell Reports 36, 109763, September 28, 2021
KASH partially reverts the antiviral effects of SUN1 and SUN2

(Figure 7D). Overall, these results indicate that the impact of

SUN and Lamin A/C proteins on HIV-1 infection is associated

with the movement of chromatin within the cells.
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Figure 7. Increased rotations of chromatin limit the SUN-mediated antiviral state

(A) Detection of SUN1, SUN2, GFP, and actin in HeLa cells transduced with TagRFP657-expressing control, SUN1, or SUN2 lentivectors, combined with control

GFP or SR-KASHDN fused toGFP-expressing lentivectors. The same lysates were loaded onto two separatemembranes; the housekeeping control is shown for

both.

(B) Quantification of nuclear rotation speed as degrees/min in HeLa cell lines as in (A), based on images taken every 6 min. Results are shown for one experiment

from n = 3. Unpaired one-way ANOVA with Sidak’s post-test, line at mean.

(C) Average rotation speed of nuclei as in (B) (n = 3 independent experiments, paired one-way ANOVA with Sidak’s post-test, line at mean).

(D) (Left) Percentage of BFP+ within tagRFP657+ HeLa cells 48 h after infection with serial dilutions of HIV-1 encoding BFP in the place of Nef, pseudotyped with

VSV-G. (Right) Viral titers based on percentages of BFP+ cells (n = 3, paired RM one-way ANOVA on log-transformed titers, with Sidak’s post-test, line at mean ±

SEM).

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns, not significant. See also Figure S6 and Video S4.

Article
ll

OPEN ACCESS
DISCUSSION

Our findings reveal that SUN1 and SUN2, although paralogs,

have distinct effects on HIV infection. SUN1 overexpression is
more efficient at inhibiting HIV-1 than is SUN2. Meanwhile,

SUN2 overexpression shows a marked antiviral activity against

HIV-2. An analysis of the viral step impacted by these two pro-

teins also reveals differences: SUN1 inhibits more significantly
Cell Reports 36, 109763, September 28, 2021 11
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HIV-1-integrated DNA than does SUN2, while it is the converse

for HIV-2. The strain-specific antiviral effects of SUN1 and

SUN2 were conserved across all viral clones tested. We also

reveal that SUN1 and SUN2 differ in their response to DNA dam-

age and its impact on HIV infection. SUN1 limits the response to

etoposide as measured by the levels of gH2AX, while SUN2 en-

hances the response. Strikingly, etoposide largely rescues the

antiviral effect of SUN2 overexpression on HIV-1, while SUN1

is resistant to this effect. This result suggests that SUN1 and

SUN2 may differ in the ways in which they establish interactions

and functions within the nucleus, in line with previously reports

showing non-redundant effects of SUN1 and SUN2 (Lei et al.,

2009; Liu et al., 2007; Zhu et al., 2017)

Etoposide treatment also enhances the infection by HIV-1 by

2-fold in HeLa cells in the absence of SUN protein overexpres-

sion, while HIV-2 is largely unaffected. Stimulation of HIV-1 infec-

tion was also observed with bleomycin. Such a proviral effect of

DNA damage has been previously observed in conditions of in-

tegrase inhibition (Ebina et al., 2012; Koyama et al., 2013). In

contrast, it was previously reported that etoposide treatment in-

hibits HIV-1 infection in MDMs (Mlcochova et al., 2018). We

speculate that this is explained by the presence of a SAMHD1-

dependent block induced by etoposide in macrophages, but

not in HeLa cells.

Similar to etoposide and bleomycin, ATR inhibition also en-

hances HIV-1 infection by 2-fold. The lack of a requirement for

ATR in HIV infection is consistent with prior studies (Ariumi

et al., 2005; Dehart et al., 2005). Interestingly, the effect of ATR

inhibition requires the presence of the Vpr gene in HIV-1. As a vi-

rus-encoded gene, Vpr has been shown to induce an ATR-

dependent G2 arrest of the cell cycle (Zimmerman et al., 2006).

Using purified and p24-normalized virus preparations, we

made the unexpected observation that the Vpr-deficient virus

is actually as infectious as the WT virus stimulated with ATR in-

hibition. In other words, in this asynchronous system of single-

round infection of HeLa cells, the presence of the Vpr gene ap-

pears to provide a counter-intuitive 2-fold reduction in infectivity

of the virus, which is alleviated by ATR inhibition. However, Vpr

has been associated with an enhanced expression for the viral

LTR during G2 arrest (Goh et al., 1998). We speculate that in

terms of viral replicative fitness, the reduction in single-round

infectivity entailed by Vpr is cancelled out by this proviral effect

of Vpr during G2 arrest. Of note, both SUN1 and SUN2 overex-

pression inhibit HIV-1 infection irrespective of ATR inhibition. In

contrast, etoposide rescues the antiviral effect of SUN2 on

HIV-1, raising the possibility that ATR itself might play a role in

the rescue of the SUN2 antiviral effect.

Multiple lines of evidence fromour work indicate that the struc-

ture of the nuclear envelope impacts HIV infection. The ability of

SR-KASH to partially rescue the antiviral effects of SUN proteins

indicates that the LINC complex, which is located at the nuclear

envelope, is involved. Despite the important morphological

changes induced by SUNprotein expression, we did not observe

any change at the level of gene expression. This result suggests

that SUN-mediated effects on the nucleus and HIV infection are

post-transcriptional or that other changes in nucleic acid con-

tents not assessed by our method are implicated. ATR is

enriched at the nuclear envelope during the S phase and upon
12 Cell Reports 36, 109763, September 28, 2021
mechanical stretching, two processes that increase nuclear

envelope stress (Kumar et al., 2014). ATR-deficient cells exhibit

deformed nuclei, reminiscent of Lamin A/C depletion or SUN

protein overexpression (Kidiyoor et al., 2020). Vpr overexpres-

sion was previously shown to induce herniations of the nuclear

envelope associated with defects in the nuclear lamina (de Noro-

nha et al., 2001). We also find that endogenous Lamin A/C has an

antiviral effect, in agreement with a previous study (Sun et al.,

2018).

We examined several effects of SUN protein overexpression

and endogenous Lamin A/C on nuclear shape, deformability,

NPC distribution and function, and chromatin dynamics. The ef-

fects on HIV-1 infection match the effects of the proteins on

chromatin dynamics: decreased HIV-1 infection is associated

with a decreased chromatin motility inside the nucleus and

with decreased rotation of the nucleus relative to the cytoplasm.

In contrast, HIV-2 infection is more susceptible to SUN2 than

SUN1 and is not affected by Lamin A/C depletion. Overexpres-

sion of SUN2 deforms nuclei more than SUN1 but internal chro-

matin dynamics and nuclear rotation are less impacted. This

strain specificity could be linked to a different dependency on

host factors between HIV-1 and HIV-2 (Braaten and Luban,

2001). SUN and lamin proteins have been previously linked to

chromatin mobility and nuclear rotation (Ji et al., 2007; Lotters-

berger et al., 2015; Oza et al., 2009; Ranade et al., 2019).

Interestingly, nuclear rotation is required for optimal infection

by another nuclear-invading virus, human cytomegalovirus

(HCMV) (Procter et al., 2018). This rotation is required to promote

spatial chromatin segregation that favors viral gene expression

(Procter et al., 2018). We propose that HIV-1 infection requires

nuclear rotation and chromatin movements for optimal integra-

tion and subsequent viral expression.

Our results highlight the interplay betweenHIV infection, struc-

tural proteins of the nuclear envelope, and the DNA damage

response. Nuclear rotation and chromatin dynamics emerge as

potentially important factors that control HIV infection. Future

studies are required to address the underlying molecular mech-

anisms, which we anticipate will require the use of biophysical

approaches. It will also be important to examine these mecha-

nisms in the frame of the diversity of lentiviruses and their rele-

vance for viral replication and innate immune sensing mecha-

nisms in primary target cells.
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Antibodies

Actin (Clone C4) Millipore Cat# MAB1501, RRID: AB_2223041

Vinculin (Clone hVIN-1) SIGMA Cat# V9264, RRID: AB_10603627

SUN1 (EPR6554) Abcam Cat# ab124770 RRID:AB_10976056

SUN2 Atlas antibodies Cat# HPA001209 RRID:AB_1080465

SUN2 Millipore Cat# ABT272

Lamin A/C Sigma Cat# SAB4200236 RRID:AB_10743057

Lamin B2 clone LN43 Abcam Cat #ab8983 RRID:AB_306912

NUP153 Sigma Cat# HPA027896 RRID:AB_10611243

GFP Antibody Dylight 488 Conjugated

Pre-Adsorbed (Polyclonal)

Rockland Cat# 600-141-215 RRID: AB_1961516

HIV-1 p24 Clone KC57 – FITC Beckman Coulter Cat# 6604665 RRID:AB_1575987

H2AX p-S139 Clone N1-431 BD Cat# 562377 RRID:AB_2737611

Mouse IgG1 k isotype control Clone MOPC-21 BD Cat# 554680 RRID:AB_395506

Rabbit-IgG (H+L) Alexa Fluor 546 conjugated Invitrogen Cat# A-11010 RRID:AB_2534077

Rabbit-IgG HRP-linked Ozyme Cat# 7074S RRID:AB_2099233

Mouse IgG HRP-linked Ozyme Cat# 7076S RRID:AB_330924

Bacterial and virus strains

HIVGFP (NL4-3 strain) Manel et al., 2010 Vif-, Vpr-, Vpu-, Env-, Nef-; GFP in Nef

HIVGFP N74D Lahaye et al., 2016 Vif-, Vpr-, Vpu-, Env-, Nef-; GFP in Nef;

CA mutation N74D

HIVGFP env-nef- This study Vif+, Vpr+, Vpu+, Env-, Nef-; GFP in Nef

HIVGFP env- nef- vpr- This study Vif+, Vpr-, Vpu+, Env-, Nef-; GFP in Nef

HIV-mTagBFP2 (NL4-3 strain) This study Vif-, Vpr-, Vpu-, Env-, Nef-; BFP in Nef

pLai DEnv GFP3 Yamashita et al., 2007 Vif+, Vpr+, Vpu+, Env-, Nef-; GFP

pTHRO.c/2626 NIH HIV Reagent Program ARP-11745 Full-length transmitter/founder HIV-1 clone

pCH058.c/2960 NIH HIV Reagent Program ARP-11856 Full-length transmitter/founder HIV-1 clone

pCH077.t/2627 NIH HIV Reagent Program ARP-11742 Full-length transmitter/founder HIV-1 clone

JR-CSF Dan Littman lab, New York University Full length HIV-1

YU-2 Dan Littman lab, New York University Full length HIV-1

HIV-2 ROD9 DenvDnef mTagBFP2+ This study Vif+, Vpr+, Vpx+, Env-, Nef-; BFP in Nef

HIV-2 ROD9 DenvDnef GFP Manel et al., 2010 Vif+, Vpr+, Vpx+, Env-, Nef-; GFP in Nef

pJK7312As Dnef GFP+ Silvin et al., 2017 Vif+, Vpr+, Vpx+, Env+, Nef-; GFP in Nef

pSIV3+ Mangeot et al., 2000 /

Biological samples

Human Healthy blood donors for primary

PBMCs and MDMs

This manuscript N/A

Human serum Sigma Cat# H4522

Chemicals, peptides, and recombinant proteins

Human M-CSF Miltenyi Biotec Cat# 130-096-492

TransIT�-293 Transfection Reagent Euromedex Cat# MIR2706

Puromycin Invivogen Cat# ant-pr-1 CAS: 58-58-2

Protamine sulfate salt from salmon SIGMA Cat# P4020-1G CAS: 53597-25-4

Fetal bovine serum from Eurobio Eurobio Cat# CVFSVF0001

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Fetal bovine serum from GIBCO Thermo Fisher Scientific Cat# 10270-106

Fetal bovine serum from Corning Thermo Fisher Scientific Cat# 15377636

Penicillin-Streptomycin Thermo Fisher Scientific Cat# 15140122

Ficoll-Paque PLUS Dutscher Cat# 17-1440-03

Gentamicin (50mg/ml) Thermo Fisher Scientific Cat# 15750037

HEPES (1M) Thermo Fisher Scientific Cat# 15630080

DMEM, high glucose, GlutaMAX supplement Thermo Fisher Scientific Cat# 61965026

RPMI 1640 Medium, GlutaMAX supplement Thermo Fisher Scientific Cat# 61870010

cOmplete, EDTA-free, Protease inhibitor

cocktails tablets

Roche Cat# 11873580001

Azidothymidine SIGMA Cat# A2169; CAS: 30516-87-1; AZT

Nevirapine SIGMA Cat# SML0097; CAS: 129618-40-2; NVP

Cyclosporine A Euromedex Cat# S2286; CAS: 59865-13-3; CsA

Saponin from quillaja bark Sigma Aldrich S7900-100G

Goat serum Sigma Aldrich Cat# G9023-10ML

Fluoromount G with DAPI eBioscience Cat# 00-4959-52

Fluoromount G eBioscience Cat# 00-4958-02

SiR-DNA Tebu-Bio Cat# SC007

NucBlue DNA staining Invitrogen Cat# R37605

Etoposide SIGMA Cat# E1383-100MG CAS: 33419-42-0

Hydroxyurea Sigma Cat# H8627 CAS: 127-07-1

Bleomycin Sigma Cat# B8416 CAS: 9041-93-4

Q-VD-Oph Selleckchem Cat# S7311 CAS: 1135695-98-5

AZD6738 Selleckchem Cat# S7693 CAS: 1352226-88-0

DMSO VWR Chemicals Cat# BDH1115 CAS: 67-68-5

Critical commercial assays

Purelink HiPure Plasmid Midiprep Kit Thermo Fisher Scientific Cat# K210015

Nucleospin Gel and PCR Clean-Up kit Macherey-Nagel Cat# 740609.50

CD14 MicroBead human Milteny Biotec Cat# 130-050-201

LS columns Milteny Biotec Cat# 130-042-401

NucleoSpin RNA Macherey-Nagel Cat # 740955.50

NucleoSpin Tissue Macherey-Nagel Cat# 740952.50

LightCycler480 SYBR Green I Master Roche Cat# 4887352001

HIV-1 p24 ELISA Kit Xpressbio Cat# XB-1010

Foxp3 / Transcription Factor Staining Buffer Set eBioscience Cat# 00-5523-00

Deposited data

Raw and analyzed data This manuscript NCBI GEO: GSE162019

Experimental models: Cell lines

293FT Thermo Fisher Scientific Cat# R70007 RRID: CVCL_6911

HeLa Laboratory of Dan Littman,

New York University

N/A RRID: CVCL_0030

GHOST X4R5 NIH AIDS Reagent Program Cat# 3942 RRID: CVCL_1E10

Oligonucleotides: See Table S1

Recombinant DNA

pCMV-VSVG Manel et al., 2010 N/A

psPAX2 Manel et al., 2010 N/A

pTRIP-SFFV-tagBFP-2A Cerboni et al., 2017 BFP

pTRIP-SFFV-TagRFP657-2A This study RFP657

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

pTRIP-SFFV-EGFP Lahaye et al., 2016 GFP

pTRIP-CMV-EGFP-2A GFP

pTRIP-SFFV-tagBFP-2A-SUN1 This study (MGC cDNA cloneID: 40148817) BFP

pTRIP-SFFV-tagBFP-2A-NtSUN2 This study BFP

pTRIP-SFFV-tagBFP-2A-SUN1 Dharmacon

(1-298)-ntSUN2 (220-717)

This study BFP

pTRIP-SFFV-tagBFP-2A-NtSUN2 (1-219)-SUN1

Dharmacon (299-785)

This study BFP

pTRIP-SFFV-TagRFP657-2A-SUN1 Dharmacon This study (MGC cDNA cloneID: 40148817) RFP657

pTRIP-SFFV-TagRFP657-2A-ntSUN2 This Study RFP657

pTRIP-SFFV-EGFP-SR-KASH This study GFP

pLKO1puro-shLACZ pLKO.1 clone ID TRCN0000072229 shRNA sequence:

GCGATCGTAATCACCCGAGTG

pLKO.1-Puro-LMNA sh2 pLKO.1 clone ID TRCN0000061835 shRNA sequence:

GAAGCAACTTCAGGATGAGAT

pLKO.1-Puro-LMNB2 sh5 pLKO.1 clone ID TRCN0000072422 shRNA sequence:

CTACAAGTTCACGCCCAAGTA

Software and algorithms

GraphPad Prism 7 and 8 GraphPad https://www.graphpad.com/

Fiji ImageJ https://fiji.sc/

FlowJo Tree Star https://www.flowjo.com

Image Lab software – Version 5.2.1 BioRad https://www.bio-rad.com/fr-fr/

product/image-lab-software?

ID=KRE6P5E8Z

LightCycler 480 Roche https://lifescience.roche.com/

en_fr/products/lightcycler14301-

480-software-version-15.html

R R Project https://www.r-project.org

Bioconductor (packages listed in STAR methods) Bioconductor https://www.bioconductor.org
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Nicolas

Manel (nicolas.manel@curie.fr).

Materials availability
Plasmids generated in this study will be provided directly or through Addgene or similar service upon request.

Data and code availability
Gene expression data have been deposited at GEO and are publicly available as of the date of publication. The accession number is

listed in the Key Resources Table. Microscopy data reported in this paper will be shared by lead contact upon request.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines and primary cultures
GHOST (GHOST X4R5), 293FT and HeLa female cell lines were cultured in DMEM with Glutamax, 10% fetal bovine serum (FBS)

(Corning), and penicillin-streptomycin (GIBCO). Human peripheral blood mononuclear cells (PBMCs) were isolated from buffy coats

from normal human donors (approved by the Institut National de la Santé et de la RechercheMédicale ethics committee) using Ficoll-

Paque PLUS (GE). CD14+ cells were isolated by a positive selection with anti-human CD14 magnetic beads (Miltenyi) from PBMCs.
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To obtain MDMs, CD14+ cells were cultured in RPMI with Glutamax, 5% FBS (Eurobio), 5% human serum (Sigma), Penicillin-Strep-

tomycin, Gentamicin (50 mg/ml, GIBCO) and HEPES (GIBCO) in the presence of recombinant human M-CSF (Miltenyi) at 50 ng/ml.

Fresh media was added at day 5 or 6, and cells were treated/infected at day 9, after detachment via incubation with StemPro

Accutase Cell Dissociation Reagent (GIBCO) for 30 minutes at 37�C. Drug treatments performed on cultured cells are listed in

Key Resources Table.

METHOD DETAILS

Constructs
The plasmid constructs for lentiviral expression and HIV infection used in this study are listed in the Key Resources Table. pTRIP-

SFFV-tagBFP-2A-SUN1 Dharmacon was generated by overlapping PCR cloning from commercially bought cDNA (MGC cDNA clo-

neID: 40148817) into pTRIP-SFFV-tagBFP-2A (Cerboni et al., 2017). pTRIP-SFFV-tagBFP-2A-ntSUN2was generated by overlapping

PCRmutagenesis from pLX304-SUN2 (Lahaye et al., 2016) into pTRIP-SFFV-tagBFP-2A with concomitant introduction of silent mu-

tations that are not targeted by SUN2 shRNA 4 and 5 (respectively GAGCCTATTCAGACGTTTCACTTT to GAACCGATCCAAAC

TTTCCATTTC and AAGAGGAAATCCAGCAACATGAAG to AAACGCAAGAGTTCTAATATGAAA). pTRIP-SFFV-tagBFP-2A-SUN1

Dharmacon (1-298)-ntSUN2 (220-717) and pTRIP-SFFV-tagBFP-2A-ntSUN2 (1-219)-SUN1 Dharmacon (299-785) were generated

by overlapping PCR cloning from the full-length constructs. pTRIP-SFFV-tagRFP657-2A-SUN1 and pTRIP-SFFV-tagRFP657-2A-

ntSUN2 were generated via restriction enzyme digestion from the tagBFP expressing vectors and ligation into pTRIP-SFFV-

TagRFP657-2A backbone. HIV-GFP env-nef- was generated by PCR-mediated insertion of the Vpr+Vif+Vpu+ cassette from

NL4-3 into HIV-GFP (Manel et al., 2010). HIV-GFP env-nef-vpr- was generated by overlapping PCR mutagenesis from HIV-GFP

env-nef-, introducing a frameshift mutation within vpr, after the codon corresponding to amino-acid I63 (gaattc to gaaTTAAttc).

HIV-mTagBFP2 and HIV-2 ROD9 DenvDnef mTagBFP2+ were obtained via overlapping PCR mutagenesis, replacing GFP with

the mTagBFP from pTRIP-SFFV-mTagBFP-2A.

Virus production
Viral particles were produced by transfection of 293FT cells in 6-well plates with 3 mgDNA and 8 mL TransIT-293 Transfection Reagent

(Mirus Bio) per well. For VSV-G pseudotyped SIVmac virus-like particles (VLPs), 0.4 mg CMV-VSVG and 2.6 mg pSIV3+ was used. For

VSV-G pseudotyped HIV-1 and HIV-2 viruses used in the study, 0.4 mg CMV-VSVG and 2.6 mg HIV DNA was used. For overexpres-

sion or shRNAmediated knock-down, 0.4 mg CMV-VSVG, 1 mg psPAX2 and 1.6 mg of lentivector of interest were combined. One day

after transfection, media was removed, cells were washed once, and 3 mL per well of RPMI medium with Glutamax, 10% FBS

(GIBCO), PenStrep (GIBCO), 50 mg/ml Gentamicin (GIBCO) and 0.01 M HEPES (GIBCO) were added. Viral supernatants were har-

vested 1 day later, filtered using 0.45 mm pore filters, used fresh or aliquoted and frozen at �80�C. When required, the virus was pu-

rified and concentrated on a 20% sucrose cushion in phosphate buffered saline (PBS) in Ultra Clear Centrifuge tubes (Beckman

Coulter), via ultracentrifugation at 4�C at 31,000 x g in a SW32Ti swinging bucket rotor (Beckman Coulter). Viral pellets were then

resuspended in complete medium at a 100-fold concentration compared to crude. Viral titers were measured on GHOST cells (titra-

tion as previously described (Manel et al., 2010) or using HIV-1 p24 ELISA (XpressBio). ELISA absorbance acquisitions were acquired

on a FLUOstar OPTIMA (BMG Labtech) and data were analyzed and exported to Excel with MARS Data Analysis Software (BMG

Labtech).

Cell transduction for protein overexpression or knockdown
HeLa cells were counted and seeded in 6-well plates on the day prior to transduction. Purified virus was added at a 2:1 volume ratio

on medium containing protamine at a final concentration of 1 mg/ml. CD14+monocytes were seeded in 10-cm dishes in the presence

of 50 ng/ml M-CSF to induce differentiation into macrophages and transduced with purified SIVmac VLPs and lentiviruses carrying

vector of interest, mixed at a 1:1 ratio. Human serum was added at day 1 post transduction. Transductions of monocytes was

performed in the presence of protamine at a final concentration of 1 mg/ml. HeLa cells were washed once in PBS and passaged

at 48 hours post transduction with or without 2 mg/ml of puromycin. For MDMs, medium was replaced at day 5-6 post transduction.

Overexpression was assessed by quantification of fluorescent reporter signal via flow cytometry on a BD FACSVerse flow cytometer.

Both overexpression and protein knock-down were confirmed by Western Blotting at day of experiment.

Cell infection
HeLa, GHOST and MDMs (day 8-9 post transduction) were seeded and infected in the presence of 1 mg/ml of protamine with serial

dilutions of frozen viral stocks in a BSL-3 laboratory. For HIV-1 and HIV-2, virusesmade with the plasmids HIVGFP (NL4-3 strain) and

HIV-2 ROD9 DenvDnef GFP (ROD strain), respectively, were used in most experiments, except noted otherwise. Virus was removed

at 48 hours post-infection, cells were washed, harvested, stained for viability using Fixable Viability Dye eFluor 780 in PBS where

required, fixed in 1% paraformaldehyde (PFA; Electron Microscopy Sciences) and analyzed for GFP, BFP or p24 positivity via

flow cytometry on a BD FACSVerse flow cytometer. Viral titers were calculated based on seeded cell number and the percentages

of infected cells, within the linear range of infection.
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DNA damage induction
For chemical induction of DNA damage, HeLa cells were seeded in 12-well plates 24 hours prior to treatment and infection. The

following day, cell medium was replaced with complete medium containing 1 mg/ml of protamine and different concentrations of

either etoposide, hydroxyurea or bleomycin (Sigma). Corresponding concentrations of diluents DMSO or water were used as

non-treated controls. Cells were infected immediately after treatment, as described above. Four hours later, drugs and viruses

were removed and cells were washed once with PBS. 1mL of fresh medium per well was added and cells were put back in culture

for 44 hours. In the case of etoposide treatment, medium was supplemented with 50 mM of Q-VD-Oph to allow cell survival. One

control well per treatment condition was harvested at either 4 or 24 hours post treatment, for intranuclear gH2AX staining, as

described.

For UV irradiation, HeLa cells were seeded in 12-well plates 24 hours prior to irradiation and infection. Media was replaced

the following day to include 1 mg/ml of protamine and cells were UV irradiated at a 1 mJ/cm2 setting for 2 s using UVILink CL 508

Crosslinkers from UVITec. Infection was performed immediately after irradiation and cells were left in culture for another 48 hours.

One control well per irradiation condition was harvested at 4 hours post irradiation, for intranuclear gH2AX staining, as described.

HIV DNA quantification
HeLa cells and MDMs were infected as described, with the addition of infected wells treated with reverse transcriptase inhibitors as

negative control. For this purpose, either 24mMofAZT (Sigma) or 10mMofNVP (Sigma)wereused.After 24hours, cellswerewashed in

PBS and harvested. Total DNA was extracted from cell pellets using NucleoSpin Tissue (Macherey-Nagel) kit, as per manufacturer’s

protocol.Quantitative real-timePCRanalysiswasperformed in aRoche LightCycler 480withRoche 480SYBRGreen Imaster reagent

in 20mLfinal volumeperwell according tomanufacturer specifications aspreviously described (Lahayeet al., 2013). Each samplewas

measured in triplicate for all primers. For beta-globin, primerswerebglobin-f andbglobin-r. Cycling conditionswere 1x95�C for 50; 35x
95�C for 10’’, 65�C for 20’’ (50�C for beta-globin) and 72�C for 30’’. Relative concentrations of total DNA (Late RT), 2-LTR circles and

integrated viral DNA were calculated relative to beta-globin using the DCt method. The primers used are listed in Table S1.

Western blotting
0.5 to 1 million cells were lysed in 100 mL of RIPA buffer (50 mM Tris HCl, 150 mMNaCl, 0.1% SDS, 0.5% DOC, 1%NP-40, Protease

inhibitor (Roche; 1187358001)). Lysis was performed on ice for 30’. Lysates were cleared by centrifugation at 8000 g for 8 minutes at

4�C, 20 ml of Laemmli 6x (12% SDS, 30% Glycerol, 0.375 M Tris-HCl pH 6.8, 30% 2-mercaptoethanol, 1% bromophenol blue) was

added and samples were boiled at 95�C for 15’. Cellular protein lysates were resolved on Criterion or 4% – 20% Bio-Rad precast

SDS-PAGE gels and transferred to PVDF membranes (Bio-Rad). Membranes were saturated and proteins were blotted with anti-

bodies in 5% non-fat dry milk, PBS 0.1% Tween buffer. ECL signal generated via Clarity Western ECL substrate (Bio-Rad) was re-

corded on the ChemiDoc-XRS or ChemiDoc Touch Bio-Rad Imager. Data were analyzed and quantified with the Image Lab software

(Bio-Rad). The antibodies used in this study are listed in the Key Resources Table.

Live confocal imaging
For live imaging, HeLa cells were plated either in a glass bottom FluoroDish (World Precision Instruments) or in a glass-bottom Cell-

view Cell Culture Dish with 4 compartments (Greiner Bio-One), on the day prior to experiments. One hour before imaging, cells were

incubated with either 1 mM of SiR-DNA (Tebu Bio) or 2 drops of NucBlue Live Ready Probes (Invitrogen), directly in the culture me-

dium, at 37�C. Images of cells were acquired with a Leica DmI8 inverted microscope equipped with an SP8 confocal unit using a 20x

dry objective (NA = 0.75, pixel size was fixed to 0.284 mm). Imaging was performed in an on-stage incubator chamber at 37�C, with

5% CO2. An image per condition was taken every 2 or 6 minutes, depending on the experiment.

Image analysis was performed using Fiji software (Schindelin et al., 2012). For chromatin dynamics analysis, a homemade macro

was first used to do segmentation of each nucleus on the Video and identify them using the 3D object counter. Particle Image Ve-

locimetry (PIV) analysis was then performed on SiR-DNA staining using the PIV plug-in (Tseng et al., 2012). PIV is a basic optic flow

analysis, that divides each image of a stack in small clusters of pixels (interrogation windows) andmeasures the displacement of each

cluster between pairs of consecutive frames. The cross-correlation then generates a pattern of ‘‘movements’’ within the nucleus that

are color-coded based on the amplitude of the vector corresponding to the displacement of each cluster. An in-house script was

used to first align each individual nucleus, then measure and average SiR-DNA displacements over the ten first time points. Red

shades indicate higher amplitudes of displacement while violets correspond to quasi-immobile clusters. For nuclear rotation anal-

ysis, a macro was used tomeasure rotation angles across the first 30 frames. Briefly, individual nuclei were first aligned using a trans-

lation transformation of the MultiStackReg plug-in (Brad Busse, Stanford), then they were aligned using the rotation transformation

and the transformation was applied to a reference image containing 2 fixed points (one at the center and one on the edge) tomeasure

the rotation. A threshold of 1 degree/minute was used to define rotating nuclei. The percentage of rotation time and the average ve-

locity was then computed.

Confocal Immunofluorescence Imaging
For immunofluorescence, HeLa cells were grown overnight onto 12 mm glass coverslips (Thermo Scientific) placed in 6-well plates.

For nuclear shape quantification, 1 mMof SiR-DNAwas added in cell culturemedia and cells were incubated for 2 hours at 37�C. Cells
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were then fixed with 4% PFA for 20 minutes at room temperature. Coverslips were washed multiple times with PBS and quenched

with 0.1 M Glycine in PBS (Life Technologies) for 10 minutes at room temperature. For nuclear shape quantification, coverslips were

washed multiple times in PBS, rinsed once in distilled water and were ready for mounting and imaging. For intracellular staining, cov-

erslips were further blocked with PBS, 0.2% (w/v) bovine serum albumin (BSA) (Euromedex), 0.05% (w/v) Saponin from quillaja bark

(SIGMA) for 30 minutes at room temperature. Cells were stained overnight with anti-NUP153 antibody at 2 mg/mL (1:50 dilution) or

with Normal Rabbit IgG Isotype Control at corresponding concentration of the primary antibody, in PBS, 0.2% (w/v) BSA, 0.05% (w/v)

Saponin + 10% goat serum (Sigma), at 4�C in a humidified chamber. The following day, cells were washed multiple times and incu-

bated with the secondary antibody Alexa Fluor 546 goat anti-rabbit IgG (H+L) (Invitrogen; 1:200 dilution in PBS-BSA-Saponin) in the

presence of 1 mM of SiR-DNA for 2 hours in the dark, at room temperature. Coverslips were washed multiple times in PBS-BSA-

Saponin and finally rinsed once in distilled water. Coverslips for all experiments were mounted onto glass slides using Fluoromount

G (eBioscience) mountingmedium. The slideswere finally dried at 37�C for 1h and stored at 4�C.Cells were imagedwith a Leica DmI8

invertedmicroscope equippedwith an SP8 confocal unit using an oil immersion 63x objective (NA = 1.4) for NUP-153 staining or an oil

immersion 40x objective (N = 1.3) for nuclear shape measurement, with applied Type F Immersion Liquid (Leica).

Fluorescence recovery after photobleaching
Cells were seeded at 2.5 3 105 cells/dish in a glass bottom FuoroDish (World Precision Instruments) on the day prior to the

experiment. Cells were imaged with a Leica DmI8 inverted microscope equipped with an SP8 confocal unit using a 20x dry objective

(NA = 0.75). Imaging was performed in an on-stage incubator chamber at 37�C, with 5% CO2. Two independent modules were used

in a sequential manner: one for bleaching, one for imaging the signal recovery. During the application of the bleaching module, the

488 laser was focused at an intensity of 5% andwith a gain of 0.1%on to an area within the nucleus of each cell at maximum zoom for

20 s. Immediately afterward, the first sequence was manually cancelled, the resolution was optimized, imaging area was restored to

the whole cell for the second sequence. The laser power was set for optimal imaging level and images of the whole cell were acquired

for 3 min circa at the rate of one image every 2.2 s.

Intracellular staining for flow cytometry
Cell surface staining was performed in PBS, 1%BSA (Euromedex), 1 mM EDTA (GIBCO), 0.01%NaN3 (AMRESCO) (FACS Buffer) at

4�C. Viability staining (Live-Dead) with Fixable Viability Dye eFluor 780 was performed in PBS at 4�C. Intracellular p24 staining was

carried out as follows: 48 hours after infection, cells were extensively washed with PBS, harvested and fixed/stained using the BD

Cytoperm/Cytofix kit, as per manufacturer’s protocol, using the anti-HIV-1 core antibody clone KC57 coupled to FITC. Intracellular

staining of gH2AX was performed using the FOXP3/Transcription Factor Staining Buffer Set (eBioscience) as per manufacturer’s

protocol. Cells were resuspended in FACS Buffer prior to final acquisition. All flow cytometry acquisitions were performed on

the FACSVerse (BD) using the FACSSuite software (BD) and analyzed on FlowJo v10. The antibodies used are listed in the Key

Resources Table.

Electron microscopy
Cells were seeded at 53 104 cells/well in a 24w plate onto sterile 12 mm glass coverslips (Thermo Scientific) and left to adhere over-

night. The followingmorning, cells were washed in PBS andwere fixed using 2%glutaraldehyde in 0.1M cacodylate buffer, pH 7.4 for

1h, post fixed for 1h with 2% buffered osmium tetroxide, dehydrated in a graded series of ethanol solution, and then embedded in

epoxy resin. Images were acquired with a digital 4k CCD camera Quemesa (EMSIS GmbH, M€unster, Germany) mounted on a Tecnai

Spirit transmission electron microscope (ThermoFisher, Eindhoven, the Netherlands) operated at 80kV.

Micropipette aspiration microscopy
Prior to harvest, HeLa cell lines were incubated with 1 mM SiR-DNA dye from Tebu Bio for 1h30 at 37�C in cell culture medium. Cells

were washed, harvested, and resuspended at a concentration of 5x106 cells/mL in sterile 3% BSA in PBS-0.2% FBS. Cells were

subjected to the experimental conditions as described previously (Davidson et al., 2019).

Gene expression analysis by microarray
We performed three independent experiments with control, SUN1 and SUN2 expressing cells. Total RNA was extracted from 106

HeLa cells using NucleoSpin RNA and adjusted to 50 ng/mL. A WT PLUS amplification and labeling protocol was conducted with

100 ng of total RNA. Samples passed the quality control with a high score. The Affymetrix analysis was performed by the NGS plat-

form at Institut Curie using the Human Gene 2.0 ST chip. Human Gene 2.0ST array were scanned using a Genechip 7G scanner,

according to the supplier’s protocol. Micro-array analyses were processed with R using packages from Bioconductor. The quality

control was performed using ArrayQualityMetrics package without detecting any outlier among the experiment. Data were normal-

ized using the Robust Multi-Array Average algorithm from the Oligo package. Annotation of the probes was done using the hugene20

annotation data (chip hugene20sttranscriptcluster) from Bioconductor. Differential gene-expression analysis was performed with

Limma.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed in Prism 7 or 8 (GraphPad Software). The statistical tests used, as well as statistical parameters

including the exact value of n, dispersion, and precision measures, are reported in the figures and figure legends. In the figures, sig-

nificance is indicated as follows: *p < 0.05, **p < 0.01, ***p < 0.001; ****p < 0.0001; ns, not statistically significant.

ADDITIONAL RESOURCES

The graphical abstract was created with BioRender.com.
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