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ABSTRACT The human immunodeficiency virus-1 (HIV-1) nucleocapsid protein (NCp7) 
is a nucleic acid chaperone protein with two highly conserved zinc fingers. To exert its 
key roles in the viral cycle, NCp7 interacts with several host proteins. Among them, the 
human NoL12 protein (hNoL12) was previously identified in genome wide screens as 
a potential partner of NCp7. hNoL12 is a highly conserved 25 kDa nucleolar RNA-bind­
ing protein implicated in the 5′end processing of ribosomal RNA in the nucleolus and 
thus in the assembly and maturation of ribosomes. In this work, we confirmed the 
NCp7/hNoL12 interaction in cells by Förster resonance energy transfer visualized by 
Fluorescence Lifetime Imaging Microscopy and co-immunoprecipitation. The interaction 
between NCp7 and hNoL12 was found to strongly depend on their both binding to 
RNA, as shown by the loss of interaction when the cell lysates were pretreated with 
RNase. Deletion mutants of hNoL12 were tested for their co-immunoprecipitation with 
NCp7, leading to the identification of the exonuclease domain of hNoL12 as the binding 
domain for NCp7. Finally, the interaction with hNoL12 was found to be specific of the 
mature NCp7 and to require NCp7 basic residues.

IMPORTANCE HIV-1 mature nucleocapsid (NCp7) results from the maturation of the 
Gag precursor in the viral particle and is thus mostly abundant in the first phase of 
the infection which ends with the genomic viral DNA integration in the cell genome. 
Most if not all the nucleocapsid partners identified so far are not specific of the mature 
form. We described here the specific interaction in the nucleolus between NCp7 and 
the human nucleolar protein 12, a protein implicated in ribosomal RNA maturation and 
DNA damage response. This interaction takes place in the cell nucleolus, a subcellular 
compartment where NCp7 accumulates. The absence of binding between hNoL12 and 
Gag makes hNoL12 one of the few known specific cellular partners of NCp7.
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T he human immunodeficiency virus 1 (HIV-1) nucleocapsid protein (NCp7) is a small 
basic structural protein resulting from the cleavage of the polyprotein Gag by the 

viral protease during the maturation of the virus particles. The mature NCp7 is composed 
of 55 amino acids (a.a.) with two highly conserved CCHC type zinc fingers (ZF) bridged 
by a small basic linker and flanked by unfolded N- and C-terminal basic domains (1–
4). NCp7 exhibits nucleic acid (NA) chaperone activity that relies on the formation of 
a hydrophobic plateau at the top of the two correctly folded ZF (5–9). The capacity 
of NCp7 to drive specific NA sequences toward their most thermodynamically stable 
conformation makes it a central player in several steps of the viral life cycle and a 
potential target for therapies against HIV-1 (10–12). In the early phase, NCp7 was shown 
to cover the incoming genomic RNA (gRNA) protecting it from cellular nucleases (5, 13, 
14). During viral reverse transcription, NCp7 regulates the efficiency and fidelity of primer 
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tRNA annealing to the Primer Binding Site on the gRNA and the two obligatory strand 
transfers (5, 15–18). Moreover, NCp7 is thought to stimulate the viral integration 
into the host cell genome in the nucleus (5, 19, 20). Interestingly, NCp7 was shown 
to be released from HIV-1 pseudoparticles during their journey to the nucleus (21), 
likely as a result of reverse transcription and capsid disassembly (22–25). Moreover, a 
small sub-population of mature infectious HIV-1 particles only disassemble near the 
integration sites in the nucleus (26–29), so that NCp7 may be also directly released in 
the nucleus. In the late phase of infection, NCp7 is found as a domain of the polyprotein 
Group-specific antigen (Gag) and binds specifically to the genomic encapsidation signal 
(psi) of the viral RNA, leading to its selective encapsidation into budding virions (30–32).

Among the functions attributed to NCp7, its role in the nucleus of the infected cell 
is still poorly understood. In fact, the incoming NCp7 is detected as soon as 8 h post 
infection (p.i.) in the nuclear fraction of CD4-positive HeLa-P4-infected cells (33). It was 
also detected by immunofluorescence at 10 h p.i. in the nucleus of lymphoblastic H9 
cells in which it accumulates till 18 h p.i. (34). Interestingly, after transient overexpression, 
NCp7 fused to eGFP, mCherry or other fluorescent proteins were found to be distributed 
all over the cell with a high concentration in the nucleoli (35–37). It is also the case 
when NCp7 is revealed by immunofluorescence after cell transfection with a plasmid 
coding for NCp7 (37). The association of NCp7 and the nucleoli was further confirmed by 
confocal microscopy showing that micro-injected NCp7 labeled by a fluorescent amino 
acid analog binds preferentially to ribosomal RNA (35, 38).

In this context, in order to decipher the functional role of NCp7 in the nucleus and 
more specifically in the nucleoli, we searched for a specific nucleolar partner of NCp7 in 
order to characterize their interaction and its functional consequence on the viral cycle. 
Several databases of potential partners of the HIV-1 proteins or of proteins functionally 
implicated in HIV-1 infection of the HIV-1 proteins were published (39–41). Among them, 
we focused our attention on the human nucleolar protein hNoL12 which was identified 
as a potential specific NCp7 partner as it was not retrieved with Gag. hNoL12 is a 25 
kDa nucleolar RNA-binding protein which possesses several orthologs called Nop25 in 
Rattus norvegicus, Rrp17p in the yeast Saccharomyces cerevisiae, and Viriato in Drosophila. 
Only few data are available on hNoL12 functions in the cells. The first data available on 
hNoL12 came from a set of studies on Nop25 showing that it harbors several nuclear 
and nucleolar localization signals (42, 43) and that it plays an important role in the 
architecture of the nucleolus (44). Most of the functional data are coming from the 
study of the yeast protein Rrp17p, which has been shown to be a 5′−3′-RNA exonuclease 
involved in the nucleolar maturation of the 5′ end of the 60S ribosomal RNA subunit. 
In addition, Rrp17p is thought to participate in the rRNA transport from the nucleoli 
toward the nuclear membrane making a link between ribosome assembly and transport. 
Rrp17p knockout is lethal for the yeast and can be rescued by the expression of hNoL12 
underlining that the two proteins must share some if not all of their functions (45). 
A study published in 2017 described hNoL12 as a multifunctional protein, localized in 
the nucleoli, the nucleoplasm and the cytoplasm. In the nucleoli, hNoL12 is implicated 
in the separation of large and small subunit rRNA precursors at site 2 (46). hNoL12 
also co-localizes with the RNA/DNA helicase Dhx9 and paraspeckles in the nucleoplasm 
as well as with GW/P-bodies in the cytoplasm. Moreover, its localization at sites of 
replication stress and DNA damage suggests that hNoL12 may also participate directly in 
the regulation of DNA repair and/or DNA damage repair signaling (46).

In this work, we showed that (i) hNoL12 is localized in the granular component of the 
nucleolus of mammalian cells, (ii) hNoL12 interacts with NCp7 in the nucleolus, and (iii) 
the interaction requires hNoL12 putative exonuclease domain and NCp7 basic residues 
as well as the binding of both proteins to RNA.

Full-Length Text Journal of Virology

September 2023  Volume 97  Issue 9 10.1128/jvi.00040-23 2

https://doi.org/10.1128/jvi.00040-23


MATERIALS AND METHODS

Mammalian cell culture and plasmids transfection

HeLa cells (ATCC CCL2) as well as HeLa cells stably expressing NCp7-eGFP or eGFP and 
293T cells were cultured in Dulbecco’s Modified Eagle Medium (Gibco Life Technologies 
ref 21885) supplemented with 10% fetal bovine serum (FBS, Gibco) and a mixture of 
penicillin (100 IU/mL) and streptomycin (100 µg/mL) antibiotics (Lonza DE17-602E) at 
37°C in a 5% CO2 atmosphere. Cells were transfected, using jetPEI Polyplus Transfection 
according to the manufacturer’s protocol.

Jurkat cells, clone E6-1 (ATCC TIB-121) were cultured in RPMI-1640 medium (Gibco 
Life Technologies ref A1049101) supplemented with 10% fetal bovine serum (FBS, Gibco) 
and a mixture of penicillin (100 IU/mL) and streptomycin (100 µg/mL) antibiotics (Lonza 
DE17-602E) at 37°C in a 5% CO2 atmosphere and passaged by dilution every 2–3 days. 
Cells were transfected, using Viafect (Promega E4981) at a DNA/Viafect ratio of 1/4 
according to the manufacturer’s protocol.

Plasmids

peGFP plasmid was obtained by the insertion of eGFP cDNA into a pcDNA3.1(+) 
vector. The plasmid constructs for VSV-G pseudotyped HIV-1 particles, pMD2.G and 
pULTRA-GFP, were obtained from Addgene. pCMV-dR8.91 was obtained from Pasteur 
Institute. peGFP-hNoL12 and its deletion mutants were cloned by Gateway cloning from 
pET52-hNoL12 vector, a generous gift from Dr Oeffinger Marlene (Institut de recherches 
cliniques de Montreal), using the primers listed in Table S1 into the destination 
vector peGFP-C1-GW. peGFP-NoLΔ(22–61) was generated by site-directed mutagenesis 
using Phusion site-directed mutagenesis kit (Thermoscientific, F541) according to the 
manufacturer’s instructions using the primers listed in Table S1.

The mEos2-hNoL12 construct was obtained by replacing the eGFP cDNA in the 
peGFP-C1-GW vector corresponding to the Gateway cloning version of peGFP-C1 
(Clontech) in order to obtain the vector pmEos2-C1-GW. To do so, the mEos2 cDNA 
was inserted between NheI and XhoI restriction sites of a digested peGFP-C1-GW. The 
cDNA coding for hNoL12 was thus cloned as described above. The integrity of all plasmid 
constructs was assessed by DNA sequencing (GATC Biotech, Germany).

To construct pNCp7-mEos2 plasmid, mEos2 cDNA was PCR amplified with primers 
harboring XhoI and XbaI restriction sites at the 5′- and 3′- termini, respectively. After 
purification, the PCR product was digested with XhoI and XbaI restriction enzymes and 
inserted into a pcDNA3.1 Zeo(+) vector digested by XhoI/XbaI and dephosphorylated to 
give pmEos2-pcDNA3.1 Zeo plasmid. The NCp7 cDNA was PCR amplified with primers 
harboring EcoRI and XhoI restriction sites. The PCR product was purified and digested 
by EcoRI and XhoI and inserted in fusion to mEos2 in the corresponding cloning sites of 
pmEos2-pcDNA3.1 Zeo.

NCp7-Flag construct was done by cloning PCR-amplified NCp7 cDNA into BamHI 
cloning site in 5′ of a 3xFLAG (Sigma, DYKDHDGDYKDHDIDYKDDDDK) coding sequence 
into a pcDNA3.1 expression vector.

Immunofluorescence

After fixation, cells were permeabilized with 1% Triton X-100 in phosphate buffered 
saline, pH 7.4 (PBS) for 10 min at room temperature (RT) and blocked in 1% BSA in PBS 
(Bovine serum albumin, Euromedex, ref 04–100-811-C) for 1 h before being stained. The 
cells were subjected to immunofluorescence staining with a rabbit anti-hNoL12 antibody 
(Bethyl Laboratories A302-733A; dilution 1:250) for 2 h at RT, then washed with 1 × 
PBS three times and incubated with Alexa 568-labeled anti-rabbit secondary antibody 
(Thermo Fisher, A11011; dilution 1:1,000) at RT for 1 h. After washing, cells were analyzed 
by confocal microscopy.
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Confocal microscopy

Twenty-four hours before transfection with the plasmids coding for the appropriate 
proteins, HeLa cells were seeded in 12-well plates on a glass coverslip at a density of 8 
× 104 cells/well. Twenty-four hours post-transfection, the cells were washed with 1X PBS 
and fixed with 4% paraformaldehyde in PBS for 15 min at RT. After fixation, cells were 
washed three times with 1X PBS and mounted on slides using Prolong Gold Antifade 
Reagent (Invitrogen Reference 36930). Images were acquired with a Leica TC SPE II 
confocal microscopy using a 63 × 1.4 NA oil immersion objective (HXC PL APO 63×/1.40 
OIL CS). The eGFP images were obtained by scanning the cells with a 488-nm laser line 
and using a 500- to 555-nm band-pass for emission. For the mCherry images, a 561-nm 
laser line was used with a 570- to 625-nm band-pass. Images were analyzed by Image J 
software (47).

For live cells imaging, cells were seeded in ibidi 35 mm dishes at a density of 1.5 
× 105 cells/dish and cultured in complete DMEM medium w/o phenol red (Gibco Life 
Technologies ref 21885). Twenty-four hours post-transfection, the cells were stained just 
before imaging with Hoechst (1/2,500) for 20 min at 37°C directly added into the culture 
medium. After a medium change, cells were imaged by confocal.

For the co-localization analysis, several Regions of Interest containing the cell nucleoli 
or cell nucleoplasm were selected in each cell and the Pearson’s coefficient (P) was 
calculated by using JACoP plug-in (48). The value of Pearson’s coefficient reflects the 
correlation between the pixel fluorescence intensities in both channels. P may range 
from 1 to −1, with 1 standing for complete correlation in the case of perfectly co-local­
ized signals, to −1 for an anti-correlation in the case of mutually excluded localizations. 
The P values near zero indicate no dependency between the two channels. The analysis 
was performed on a total of 50 cells, with 15–20 analyzed cells per experiment in three 
independent experiments.

High-resolution microscopy

Super-resolution localization microscopy was performed on a home-built setup based 
on a Nikon Eclipse Ti microscope with 100 × 1.49 NA oil-immersion objective. Laser 
lines of 488 nm and 561 nm (Oxxius) were used for excitation of mEos2 and the 
405 nm laser was used for the photoconversion. Laser power during the experiments 
was set to 50 mW for the 561 nm laser resulting in 2  kW.cm−2 excitation intensity, 
and 0.5–120 W.cm−2 for the 405 nm laser. Laser lines were co-aligned into a single 
beam using single-band dichroic mirrors (Semrock). An acousto-optic tunable filter 
(AOTF; Opto-Electronic) was used to switch between lasers (shutter) and change the 
laser power. Emission from the sample was spectrally filtered by a multi-band dichroic 
mirror (405/488/561/635  nm, lasers BrightLine quad-edge super-resolution laser dichroic 
beamsplitter: Di03-R405/488/561/635-t1-25x36, Semrock) and notch filters (405 nm and 
561 nm StopLine single-notch filters: NF03-405E-25 and NF03-561E-25, Semrock), and 
imaged on an EM-CCD camera from Hamamatsu (ImagEM). An additional lens was 
used to obtain a final magnification of 150× corresponding to a pixel size of 106.7 nm. 
Before each experiment the point spread function was optimized, and residual optical 
aberrations (spherical, coma, etc.) were minimized using adaptive optics (Imagine Optics) 
with the help of TetraSpek bead. Z-stabilization was ensured by the perfect focus 
system (PFS, Nikon Eclipse Ti) on the microscope. A stack of 20,000 images of 256 
× 256 pixels was acquired and analyzed with the Thunder STORM plug-in in ImageJ 
(49). The following parameters were used to find and fit the signal of each particle: 
image filtering—wavelet filter B-Spline, scale:2, order:3; approximate localization of 
molecules—local maximum [peak intensity threshold: 1.4 × std (Wave.F1), connectiv­
ity: 8-neighbourhood]; sub-pixel localization of molecules—integrated Gaussian (fitting 
radius: 4 px, fitting method: weighted least squares, initial sigma: 1.3 px). Results were 
filtered by sigma 75 nm  < sigma  <  250 nm, precision  < 25  nm. Drift correction was 
performed either with fiducial markers (max distance: 100 nm, min marker visibility ratio: 
0.15, trajectory smoothing: 0.03) or by cross correlation (number of bins: 15, trajectory 
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smoothing factor: 0.25). Local density filter was used to remove noise created by isolated 
localizations (distance radius: 50 nm, minimum number of neighbors: 5).

Fluorescence lifetime imaging microscopy (FLIM)

FLIM measurements were performed using the time-correlated single photon counting 
approach, on a homemade two-photon excitation scanning microscope based on an 
Olympus IX70 inverted microscope with an Olympus 60 × 1.2 NA water immersion 
objective operating in the descanned fluorescence collection mode (50, 51). Two-photon 
excitation at 900 nm was provided by a mode-locked titanium-sapphire laser (Tsunami, 
Spectra Physics) or an Insight DeepSee (Spectra Physics) laser. Photons were collected 
using a set of two filters: a short-pass filter with a cutoff wavelength of 680 nm (F75-680; 
AHF, Germany) and a band-pass filter of 520 ± 17 nm (F37-520; AHF, Germany). The 
fluorescence was directed to a fiber-coupled avalanche photodiode (SPCM-AQR-14-FC; 
PerkinElmer), which was connected to a time-correlated single photon counting module 
(SPC830, Becker & Hickl, Germany). Typically, the samples were continuously scanned 
for about 60 s to achieve the appropriate photon statistics in order to reliably analyze 
the fluorescence decays. Moreover, to reach the Nyquist–Shannon sampling criteria, we 
carried out FLIM measurements using 20 μm × 20 µm scale and 256 pixels × 256 pixels. 
Data were analyzed using a commercial software package (SPCImage v2.8; Becker & 
Hickl, Germany). For Förster resonance energy transfer (FRET) experiments, the FRET 
efficiency (E) was calculated according to: E = 1 – (τDA/τD), where τDA is the lifetime of 
the donor (eGFP) in the presence of the acceptor (mCherry) and τD is the lifetime of the 
donor in the absence of the acceptor.

Co-immunoprecipitation (co-IP)

For co-IP of overexpressed proteins, 24 h before transfection or co-transfection with 2 µg 
of each of the plasmids encoding for the appropriate proteins, 293T cells were seeded in 
6-well plates at a concentration of 6 × 105 cells/well. Transfected cells were harvested and 
lysed after 48 h in the following buffer: Tris-HCl 10 mM pH 7.5, NaCl 150 mM, EDTA 1 mM, 
and 1% NP40, complete Mini-EDTA free protease inhibitor Cocktail Tablets (Roche). Cell 
lysates were cleared by centrifugation and the protein concentration was assessed by a 
Bradford assay. An input fraction (30 µg) was kept to check the protein expression level, 
and the equivalent of 1.5 mg of lysate was incubated for 2 h at 4°C with 1 µg of anti-Flag 
antibody (Sigma, F1804) on a rotating wheel. After equilibration, 50 µL of Dynabeads 
protein A (Life technologies, 10002D) were added and the mixture was incubated for 1 h 
at 4°C. Beads were washed three times with the lysis buffer, resuspended in Laemmli 
sample buffer (Bio-Rad, 161–0747), boiled for 5 min, and analyzed by western blot.

Co-IP of endogenous hNoL12 was done as mentioned above with slight modification 
of the lysis buffer composition: Tris-HCl 50 mM pH 7.5, NaCl 150 mM, EDTA 1 mM, 
0.5% NP40, complete Mini-EDTA free protease inhibitor Cocktail Tablets, and Phospha­
tase Inhibitor Cocktail 2 (Sigma; #P5726). The IP antibody is an anti-eGFP antibody (life 
technologies A11120). The IP was let overnight at 4°C.

Western blots

Proteins and cell lysates were analyzed by 12% SDS-PAGE gels and transferred onto a 
polyvinylidene difluoride membrane (Amersham, RPN303F). Membranes were immuno­
blotted either with an anti-Flag (Sigma, F1804; dilution 1:4,000), an anti-eGFP (Protein­
tech, 66002–1; dilution 1:10,000) or an anti-GAPDH antibody (Millipore, MAB374; dilution 
1:5,000) for 1 h at RT for the IP of overexpressed proteins and overnight at 4°C for 
the IP of cells stably expressing NCp7-eGFP or eGFP. Membranes were washed with 
Tris-buffered saline 0.1% Tween 20 (TBS-T) three times for 10 min, and then incubated 
with secondary antibodies (Promega, WB401B and W402B) conjugated to the horserad­
ish peroxidase (Promega, WB401B and W402B; dilution 1:10,000) for 1 h at RT. After 
washing the membranes with TBS-T, signals were visualized using a chemioluminescent 
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ECL system (Amersham, ref 25006264) on an Image Quant LAS 4000 apparatus (GE 
Healthcare).

Pseudovirus production and quantification

For pseudoviral production, 3 × 106 293 T cells were plated onto 100 mm plastic culture 
dishes. The next day, cells were co-transfected with 3 µg of pMD2.G, 12 µg of pULTRA-
GFP, and 6 µg of pCMV-dR8.91 vectors using Jet PEI. Forty-eight hours post transfection, 
cell culture supernatants were collected, passed through a 0.45-µm pore PVDF low 
binding filter (Millipore, SLHV033RS), and concentrated twice on a Vivaspin20 (Sartorius, 
VS2031). Lentiviral particles were aliquoted and stored at −80°C. Viral stocks were titrated 
by quantification of p24 viral antigen in the cell supernatants by anti-p24 enzyme-linked 
immunosorbent assay (ELISA) according to the manufacturer’s instructions (Lenti-X p24 
Rapid Titer Kit).

Pseudoviral infection and protein knockdown

Twenty-four hours before transfection with 50 nM of control siRNA or hNoL12 
siRNA (Dharmacon, LU-015834–00-0002 and L-014330–02) using Dharmafect reagent 
(Dharmacon, Dharmafect1, T-2001–02), HeLa cells were seeded in 6-well plate at a 
concentration of 105 cells/well. Seventy-two hours post transfection, cells were infected 
with a viral supernatant containing an amount of particle equivalent to 20 ng of p24/well 
in a complete DMEM with 8 µg/mL polybrene. After 8 h incubation, the cells supernatant 
was removed and replaced by virus-free medium. Cells were kept for 48 h before lysis 
and genomic DNA extraction using Qiagen mini blood kit. In this experiment, AZT (an 
RT inhibitor) applied at the time of the infection and kept throughout the infection at a 
5-µM concentration was used as a positive control.

Quantitative PCR

Quantification of integrated lentivector genome was done by PCR amplifications in 
Hard-shell PCR plates 384-well thin wall (Bio-Rad, HSP3805) in a total volume of 10 µL 
using the IQ Sybr Green supermix (Bio-Rad, ref: 1708886). Each condition contained 
250 nM primers. Gene expression was normalized to the housekeeping gene GAPDH. 
Primers for HIV pseudogene insertion were U3For: 5′-AGGGCTACGTAACTCCCAAC-3′ and 
PsiRev: 5′-AGAGCTCCTCTGGTTTCCCT-3′. Primers specific for GAPDH were GAPDHFor: 
5′-TCGACAGTCAGCCGCATCTTCTTT-3′ and GAPDHRev: 5′-ACCAAATCCGTTGACTCCGAC­
CTT-3′. Quantitative PCRs were done in a CFX384 real-time system (Bio-Rad), and the 
results were analyzed with the ΔΔCT method with untreated cells as controls.

RESULTS

hNol12 co-localizes with NCp7 in the granular compartment of the nucleolus

The endogenous hNoL12 protein was detected by immunofluorescence on fixed and 
permeabilized HeLa cells. We found a strong endogenous hNoL12 signal in the nucleoli 
and a diffused one all over the cytoplasm (Fig. 1A1). The nucleolar hNoL12 localization 
is in agreement with the one described for the hNoL12 rat ortholog (Nop25) which 
was found to be restricted to the nucleolus in COS7 cells (43). In parallel, HeLa cells 
were transiently transfected with either peGFP-hNoL12 or peGFP and fixed 24 h later. 
eGFP-hNoL12 was found to be mainly restricted to the nucleolus and the nucleoplasm 
(Fig. 1A2, compare to eGFP in Fig. 1A3). Two explanations can be given, the first is 
that hNoL12 overexpression tends to increase the nucleolar localization of hNoL12, the 
second is that the detection with anti-hNoL12 antibody used for the IF results in a certain 
amount of background in the cytoplasm. The second hypothesis is supported by the 
background observed in the western blot (Fig. 4B).

The nucleolus is the most prominent non-membrane enclosed substructure of the 
nucleus. It is organized in three components which are associated to distinct functions in 
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rRNA metabolism. Active pol I transcription of rRNA occurs at the interface between the 
most central regions, the fibrillar centers (FCs) and the dense fibrillar components (DFCs) 
which surround the FCs. Ribosomal RNA processing starts in the DFC and ends in the 
granular component (GC) found in the peripheral region of the nucleolus (52).

In a previous work, we demonstrated that the different compartments of the 
nucleolus can be imaged below the diffraction limit using super resolution localization 
microscopy (53). Each substructure can be visualized and identified by the independent 

FIG 1 Cellular localization of hNoL12. (A) Intracellular distribution of endogenous hNoL12 (A1), eGFP-hNoL12 (A2), and eGFP (A3). Twenty-four hours after 

transfection with plasmids coding the labeled proteins, HeLa cells were fixed with PFA and permeabilized to be immunostained with an anti-hNoL12 primary 

antibody and a secondary antibody coupled to Alexa Fluor 568 as described in Materials and Methods. Cells were imaged using confocal microscopy. The scale 

bars correspond to 10 µm. (B) PALM imaging of HeLa cells expressing mEos2-RPA194 (B1), mEos2-FBL (B2), mEos2-B23 (B3), mEos2-hNoL12 (B4), and scheme 

of the nucleolus (B5). Super-resolution images were reconstructed from a 20,000 images stack as described in the "High-resolution microscopy" part of the 

Materials and Methods section. Scale bars: 2 µm.
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expression of specific protein markers fused to the photoactivable mEos2 fluorescent 
protein. The RNA-polymerase I subunit A (RPA194) is specifically localized in the FC (Fig. 
1B1), the DFC is identified by the localization of fibrillarin (FBL, Fig. 1B2), and finally 
the GC is the site of nucleophosmin also called B23 accumulation (Fig. 1B3). In compari­
son, hNoL12 (Fig. 1B4) independently expressed as a fusion to mEos2 and imaged by 
photo-activated localization microscopy (PALM) is mainly localized in the GC subdomain.

To further check that hNoL12 and NCp7 fusion proteins co-localize in the nucleolus, 
HeLa cells were either transiently transfected with pNCp7-eGFP or co-transfected with 
pNCp7-mCherry and peGFP-hNoL12 and fixed 24 h later. We observed a strong co-
localization of endogenous hNoL12 (Fig. 2A1) and NCp7-eGFP (Fig. 2A2) in the nucleoli 
(composite image in Fig. 2A3) as well as between overexpressed eGFP-hNoL12 (Fig. 2B1) 
and NCp7-mCherry (Fig. 2B2 and B3 for composite image). The same co-transfection 
experiment was done in HeLa cells observed without fixation (see Fig. 2C) and in Jurkat 
cells imaged after fixation (see Fig. 2D). A co-localization analysis was performed on 
non-fixed HeLa cells, giving a value of Pearson’s coefficient, reflecting the correlation of 
the two channels, of 0.86 ± 0.11 in nucleoli. This high value indicated a strong positive 
correlation typical for co-localization of the two proteins. In contrast, the nucleoplasm 
Pearson’s coefficient value was 0.10 ± 0.09, indicating an absence of co-localization.

Thus, our data showed a precise sub-nucleolar localization of hNoL12 in agreement 
with its probable role in rRNA maturation and its co-localization with NCp7 in several 
types of cells.

NCp7 interacts with hNoL12 in the nucleoli

Since hNoL12 and NCp7 co-localize in HeLa cell nucleoli, we checked for their direct 
interaction using FRET-FLIM (Förster Resonance Energy Transfer-Fluorescence Lifetime 
Imaging Microscopy) technique. HeLa cells were co-transfected with plasmids, coding 
the two proteins fused to eGFP and mCherry as fluorescence donor and acceptor, 
respectively. A FRET between eGFP and mCherry only occurs when both fluorophores 
are less than 10 nm apart, a distance corresponding to intermolecular protein–protein 
interactions (54, 55). By measuring the fluorescence decay at each pixel of the image, 
the FLIM technique allows the extraction of the fluorescence lifetime (τ) that, in contrast 
to fluorescence intensity, does not depend on the instrumentation or the concentration 
of each fluorophore. In the case of interaction between the two proteins of interest, the 
energy transfer causes a decrease of the eGFP (donor) fluorescence lifetime. Hence, this 
technique enables to evidence and map protein–protein interactions within the cell.

As a control, cells expressing eGFP-hNoL12 in the absence of NCp7-mCherry were 
imaged to determine the mean fluorescence lifetime (τm) of eGFP-hNoL12 (Fig. 3A). The 
fluorescence lifetime, as indicated through a color code in Fig. 3A, is 2.44 ± 0.03 ns, which 
is very similar to the one of free eGFP (2.39 ± 0.08 ns) (56). Co-expression of eGFP-hNoL12 
and NCp7-mCherry resulted in a significant decrease of eGFP fluorescence lifetime, as 
shown by the color change in Fig. 3B1 with respect to the control in Fig. 3A. This is even 
more visible when the eGFP-hNoL12 lifetime distribution of all the measured pixels in 
11 imaged cells is plotted (Fig. 3C), showing a clearly shifted distribution toward lower 
lifetime values in the presence of mCherry-labeled NCp7. The average lifetime value in 
the presence of NCp7-mCherry is 2.15 ± 0.02 ns (Fig. 3B1) giving an average FRET of 
12%, a value well above the 5% threshold, required to define a bona fide interaction 
(55). A more relevant way to analyze the fluorescence decays is to use a two compo­
nents model which allows taking into account the coexistence of two populations: a 
free eGFP-hNoL12 and/or a bound one to NCp7-mCherry, being associated with two 
different fluorescence lifetimes. In this two components model: F(t)=α1e−t/τ1+α2e−t/τ2, the 
long-lived lifetime τ2 is associated with the free eGFP-hNoL12 population and is thus 
fixed at the lifetime of eGFP-hNoL12 expressed alone (2.44 ns). The short component τ1 is 
associated to the bound species undergoing FRET and its value as well as its population 
α1 are allowed to float. Using this two components model, we found that 35 ± 2% of 
the eGFP-hNoL12 proteins (Fig. 3B3) were associated with a lifetime of 1.38 ± 0.07 ns 
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FIG 2 Cellular co-localization of hNoL12 and NCp7. (A) Co-localization in fixed HeLa cells of endogenous hNoL12 (A1) and NCp7-eGFP (A2) and resulting 

composite image (A3). Co-localization of eGFP-hNoL12 (B1, C1, and D1), NCp7-mCherry (B2, C2, and D2), and resulting composite image (B3, C3, and D3) in fixed 

HeLa cells (B), living HeLa cells (C), and fixed Jurkat cells (D). HeLa cells and Jurkat cells were fixed with PFA 4% 24 h or 48 h after transfection, respectively (A, B, 

and D) and in case of panel A permeabilized to be immunostained with an anti-hNoL12 primary antibody and a secondary antibody coupled to Alexa Fluor 568 

as described in Materials and Methods. Cells were imaged using confocal microscopy. The scale bars correspond to 10 µm.
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and were thus able to FRET with NCp7-mCherry with a high FRET efficiency of 43% 
indicating a close distance between the fluorescent proteins in the complex (Fig. 3B2). It 
is noteworthy that the decrease of the eGFP lifetime is particularly important in the 
nucleoli as indicated by the blue color in the color code in Fig. 3B2. All together, these 
data clearly demonstrate an interaction between NCp7-mCherry and eGFP-hNoL12 in 
the cell nuclei and more precisely in the nucleoli.

NCp7-hNoL12 interaction is RNA dependent

In a next step, to confirm the interaction between NCp7 and hNoL12, co-immunoprecipi­
tation experiments (co-IP) were performed on lysates from 293T cells co-transfected with 
plasmids coding Flag-NCp7 and eGFP-hNoL12 and analyzed by western blot.

The correct expression and detection of Flag-NCp7 (Fig. 4A, lanes 2, 4, and 5), 
eGFP-hNoL12 (lanes 3 and 4), and eGFP (lane 5) were controlled by western blot using 
an anti-Flag or an anti-eGFP antibody in parallel to the homogenous loading of the input 

FIG 3 Study of the NCp7/hNoL12 interaction by FRET-FLIM. HeLa cells were transfected by peGFP-hNoL12 without (A) or with pNCp7-mCherry (B). Twenty-four 

hours post-transfection, the fluorescence decays were measured for each pixel and analyzed using a one- or two-population model. The mean eGFP fluorescence 

lifetime (τm) value of each pixel converted into a color code is given in A and B1 for the one population analysis. In B2 and B3 are given the values of the 

short-lived lifetime (τ1) and its amplitude (α1), when a two-population model was used to treat the data. Scale bars correspond to 1 µm. (C) Normalized 

distribution of τm values, expressed in picoseconds for cells expressing eGFP-hNoL12 in the absence (black) or in the presence of NCp7-mCherry (red). Tau values 

are given as the mean ± SEM for N = 11 cells.
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(western-blot anti-GAPDH). The specific Flag-NCp7 immunoprecipitation by an anti-Flag 
is observed in lanes 2′, 4′, 4′′, and 5′ as it does not occur in the absence of an anti-Flag 
antibody (lane 6′). The eGFP-hNoL12 co-IP is observed only in the presence of Flag-NCp7 
(compare lanes 4′ and 3′) and is not due to the eGFP tag as revealed by the absence 
of eGFP co-IP with Flag-NCp7 (lane 5′). The interaction between Flag-NCp7 and eGFP-
hNoL12 is thus confirmed by co-IP. As both NCp7 and hNoL12 interact with NAs and 
particularly RNAs, a co-IP was also performed from a lysate of cells expressing Flag-NCp7 
and eGFP-hNoL12 and treated with RNase. A loss of the NCp7-hNoL12 interaction was 
observed underlining the RNA-dependent nature of the NCp7/hNoL12 interaction (lane 
4′′). Taken together, our results demonstrate an RNA-dependent interaction between 
HIV-1 NCp7 and hNoL12 in cellulo after transient overexpression of both proteins in cells.

FIG 4 Interaction between hNoL12 and NCp7 or Gag analyzed by co-immunoprecipitation. (A) Lysates of non-transfected 

293T cells (lane 1 and 1′) were compared with lysates of cells transfected with pFlag-NCp7 (lane 2 and 2′), peGFP-hNoL12 (3 

and 3′), or co-transfected with pFlag-NCp7 and peGFP-hNoL12 (lane 4, 4′, and 4′′) or peGFP (lane 5 and 5′). The lysates were 

loaded on an SDS-PAGE gel before (1 to 5) or after (1′ to 5′) immunoprecipitation with protein A beads linked to an anti-Flag 

antibody. Lane 6′ represents the lysate used in 2′ incubated with beads without the anti-Flag antibody. After transfer to a 

nitrocellulose membrane, the presence of each protein is revealed by western blot using the indicated antibodies. (B) Lysates 

of HeLa cells stably expressing NCp7-eGFP or eGFP were loaded on an SDS-PAGE gel before (Input lanes) or after (IP anti-eGFP 

lanes) immunoprecipitation with protein A beads linked to an anti-eGFP antibody. After transfer to a nitrocellulose membrane, 

the presence of each protein is revealed by western blot using the indicated antibodies. In the anti-NoL12 western blot, the 

specific hNoL12 band is indicated with a black arrow head. (C) Lysates of 293T cells non-transfected (1 and 1′); transfected 

with pFlag-hNoL12 (2 and 2′); pGag-G2A (3 and 3′); pGag (4 and 4′); and co-transfected with pFlag-hNoL12, pGag-G2A (5 

and 5′), or with pFlag-hNoL12 and pGag (6 and 6′) were loaded on an SDS-PAGE gel before (1 to 6) and after (1′ to 6′) 
immunoprecipitation with protein A beads linked to an anti-Flag antibody. After transfer to a nitrocellulose membrane, the 

presence of each protein is revealed by western blot using the indicated antibody.
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To verify that NCp7-eGFP interacts with endogenous hNoL12, we used HeLa cell 
lines stably expressing eGFP or NCp7-eGFP and performed immunoprecipitation using 
an anti-eGFP. hNoL12 was co-immunoprecipitated from NCp7-eGFP expressing cells but 
not from the one expressing eGFP (Fig. 4B compares the two “IP anti-eGFP” lanes). 
The correct expression and detection of NCp7-eGFP, eGFP, and hNoL12 at their correct 
size were checked in the input lanes. Taken together, these results confirm the specific 
interaction between endogenous hNoL12 and NCp7.

As NCp7 is also a domain of the polyprotein Gag responsible for the virus budding at 
the plasma membrane in the late phase of the infection, we also checked by co-IP if Gag 
and hNoL12 interact. We performed the experiment in HeLa cells overexpressing Gag 
or GagG2A, the non-myristoylated form of Gag. While Gag is rapidly driven to the cell 
plasma membrane where hNoL12 is not found, the GagG2A mutant is mostly localized 
in the cell cytoplasm where the probability to interact with hNoL12 is increased (57–
59). As shown in Fig. 4C, neither Gag nor GagG2A was co-immunoprecipitated with an 
anti-Flag from 293T cells lysates co-expressing Gag or GagG2A and Flag-hNoL12, strongly 
suggesting that hNoL12 specifically interacts with the mature NCp7 protein.

hNoL12 interactions with NCp7 is mediated through hNoL12 exonuclease 
domain and NCp7 basic residues

In order to identify the hNoL12 domain responsible for the interaction with NCp7, we 
constructed hNoL12 deletion mutants which are presented in Fig. 5. We designed these 
mutants according to the data available on both the rat homolog of hNoL12, Nop25, for 
which the cellular localizations of several deletion mutants were analyzed and a putative 
nucleolar localization signal (NoLS) was found (43); and on the yeast ortholog Rrp17p on 
which a putative exonuclease domain was localized (Fig. S1) (45).

First, we constructed the mutants B to G in fusion to eGFP and tested them for their 
co-IP with Flag-NCp7 from lysates of 293T cells transfected with plasmids coding hNoL12 
mutants in fusion to eGFP and Flag-NCp7. The immunoprecipitates were analyzed by 
western blot (Fig. 6). We observed, in the input, the correct expression and detection 
at the appropriate sizes of Flag-NCp7 (lanes 2, 4–10) and all the hNoL12 fragments in 
fusion to eGFP (lanes 3–10). Flag-NCp7 protein was also specifically immunoprecipitated 
with an anti-Flag antibody (lane 2′, 4′−10′). As for full-length hNoL12 (lane 4′), the 
deletion mutants B, C, and D (lane 5′, 6′, and 7′) co-immunoprecipitated with Flag-NCp7, 
underlining the importance of the hNoL12 N-terminal 96 a.a. in the NCp7/hNoL12 
interaction. The co-IP was neither due to an interaction between eGFP and Flag-NCp7 
as eGFP was not co-IP with Flag-NCp7 (lane 15′) nor to a binding of eGFP-hNoL12 to 
the beads (lane 3′). None of the mutants E to G co-immunoprecipitated with Flag-NCp7 
(lanes 8′ to 10′), showing that the interaction domain is localized in the first 96 a.a.

To determine more precisely the hNoL12 domain implicated in the interaction with 
NCp7, we next constructed the mutants H to K fused to eGFP (Fig. 6 lanes 11 to 14 and 
11′ to 14′). The mutants I and J co-immunoprecipitated with Flag-NCp7 (lane 12′ and 
13′), indicating that the interaction domain could be restricted to the a.a. 22–61, which 
corresponds to the putative exonuclease domain of hNoL12 (Fig. S1). In parallel, the 
cellular localization of these mutants (B to K) in living HeLa cells (Fig. S2 and summary 
in Fig. 5) revealed that the absence of co-IP between NCp7-eGFP and hNoL12 mutants 
E to H was not due to an inappropriate localization in the cell as all these mutants were 
found in the nucleoli. In contrast, the absence of nucleolar localization of mutant K could 
be responsible for the lack of co-IP between this mutant and NCp7-eGFP.

Finally, to confirm the involvement of a.a. 22–61 of hNoL12 in the interaction with 
NCp7, we constructed two other hNoL12 mutants fused to eGFP. The first one corre­
sponds to hNoL12 deletion of a.a. 22–61 [hNoL12Δ(22–61)] and the second one to the 
putative interacting domain [hNoL12(22–61)] (respectively, mutant L and M, Fig. 5). As 
shown in Fig. 7, these mutants were tested for their capacity to co-IP with Flag-NCp7. We 
observed in the input the correct expression and detection at the expected sizes of both 
hNoL12 mutants (lanes 4, 5, 7, and 8). After Flag-NCp7 immunoprecipitation using an 
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anti-Flag antibody (lanes 2′ and 6′ to 9′), we observed a co-IP of hNoL12(22–61) (lane 7′) 
but not of hNoL12Δ(22–61) (lane 8′) indicating that a.a. 22 to 61 of hNoL12 are necessary 
and sufficient for the interaction with NCp7.

From the confocal microscopy study on the different hNoL12 mutants, it seems that 
hNoL12 possesses at least two NoLS. One is localized between a.a. 21 and 61 (Nter-NoLS) 
and the second, as suggested from the study on Nop25, is between a.a. 176 and 213 
(Cter-NoLS). Both of them are able to target hNoL12 to the nucleolus as observed by the 
strong nucleolar signals observed for mutants F and M (Fig. 5; Fig. S2). However, another 
sequence between a.a. 61–96 seems to affect the nucleolar localization driven by the 
Nter-NoLS as mutants J and K are not found in the nucleolus even if they harbor the 
Nter-NoLs (Fig. S2).

To identify the NCp7 determinants for binding to Nol12, we tested the ability of two 
NCp7 mutants to interact with hNoL12. In the first mutant (NCp7 SSHS, Fig. 8A) (60), 
the six Cysteines of the two zinc fingers were mutated in Serine, which prevents zinc 
binding and zinc finger folding. In the second mutant (NCp7 5KR-5A), two N-terminal 
basic residues of NCp7 and three basic residues of the linker region were mutated 
in Alanine. These two mutants are reported to show a decrease in NA binding and 
chaperone activities of the protein, and to markedly impact the viral infectivity (8, 61–66). 
We found that the interaction with hNoL12 was abolished for NCp7 5KR-5A (Fig. 8B) and 

FIG 5 Identification of hNoL12 domains interacting with NCp7. Each hNoL12 deletion mutant was cloned in fusion to the C-terminus of eGFP. The putative 

exonuclease (A) and NoLS (B) domains were identified by Oeffinger et al. on Rrp17p (45) and Fujiwara et al. on Nop25 (42). The results of the co-IP experiments 

with Flag-NCp7 using anti-Flag antibody for the IP are shown in the penultimate column. The localization [cytoplasm (Cy), nucleoplasm (No), and nucleolus (Nu)] 

of each mutant is shown in the last columns according to the observed GFP signals in living HeLa cells expressing the corresponding mutant fused to eGFP after 

transient transfection (see Fig. S2).
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decreased for NCp7 SSHS (Fig. 8C), indicating that the basic residues of NCp7 are crucial 
for the interaction with hNoL12 while the folding of the zinc fingers seems somewhat 
less critical.

Evaluation of the impact of hNoL12 knockdown on the infection by an HIV-1 
lentivector

Having validated the interaction between NCp7 and hNoL12 and mapped the interac­
tion domains and determinants, our aim was to test the impact of hNoL12 knockdown 
on HIV-1 infection. For this purpose, we used a non-replicative lentiviral vector based on 
HIV-1 as a model of the early stages of infection. The lentivector is pseudotyped with 
the VSV-G (Vesicular Stomatitis Virus glycoprotein) to enlarge its cellular tropism. An easy 
way to follow lentiviral infection is to use a pseudovirus with a pseudogenome which 
encodes for a firefly luciferase (Fluc) gene allowing, after integration in the infected 
cell genome, the expression under a nonviral promoter of mRNA coding Fluc. However, 
as hNoL12 is involved in ribosome maturation, its knockdown could have an impact 
on cell protein synthesis. Therefore, to evaluate the impact of hNoL12 knockdown on 
HIV-1 infection, we quantified the integrated proviruses in the infected cells. In order 
to differentiate between actual integrated pseudogenome DNA and plasmids encoding 
pseudogenome DNA that are potentially transferred from lentivirus-producing cells, we 
used a lentivirus based on a pULTRA transfer plasmid. In this vector, we can use a couple 
of primers (U3For and PsiRev) to amplify specifically inserted genomic DNA using the 
replication of the U3 sequence at the 5′ end of the inserted viral genome during viral 
reverse transcription (Fig. 9A).

Seventy-two hours after siRNA transfection with either a control siRNA or a siRNA 
against hNoL12, HeLa cells were infected with the lentiviral vector for 48 h. Genomic DNA 
was extracted and integrated pseudogenome was quantified by qPCR and normalized to 
the signal of the housekeeping gene GAPDH. In parallel, in order to control for hNoL12 
knockdown, hNoL12 expression levels after siRNA treatment were evaluated by western 

FIG 6 Mapping of the hNoL12 domain interacting with NCp7. Lysates of non-transfected 293T cells (lane 1 and 1′) were compared with lysates of the same cells 

transfected with pFlag-NCp7 (lane 2 and 2′), peGFP-hNoL12 (3 and 3′), peGFP (15 and 15′), and co-transfected with pFlag-NCp7 and peGFP-hNoL12 (lane 4 and 

4′) or peGFP-hNoL12 mutants (lane 5 to 15 and 5′ to 15′). The lysates were loaded on an SDS-PAGE gel before (1 to 15) or after (1′ to 15′) immunoprecipitation 

with protein A beads loaded with anti-Flag antibody. After transfer to a nitrocellulose membrane, the presence of each protein is revealed by western blot using 

the mentioned antibodies. GAPDH was used as a loading control.
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blot and normalized to the expression level of GAPDH. The knockdown was observed to 
reduce hNoL12 expression by about 72% (Fig. 9B). After infection, the normalized level 
of integrated viral DNA in cells treated with siRNA against hNoL12 (1.12 ± 0.14) was not 
significantly different from the level in cells treated with control siRNA (1.16 ± 0.25) (Fig. 
9C). In contrast, the level of integrated viral DNA was close to zero for infected cells 
treated with AZT (5 µM, 0.007 ± 0.002), a reverse transcriptase inhibitor used as a positive 
control. Our data indicate that a partial knockdown of hNoL12 is not able to decrease 
HeLa cells infection by a pseudotyped non-replicative lentivector.

DISCUSSION

The highly conserved HIV-1 nucleocapsid protein (NCp7) plays key roles in the early steps 
of HIV-1 replication by notably chaperoning the reverse transcription and integration 
steps. Interestingly, although productive infection of cells is likely related to a small 
sub-population of integer viral capsids able to enter into the nucleus (29, 67), NCp7 has 
been shown to be massively released from viral particles in the cytoplasm of infected 
cells as a result of reverse transcription and the poor affinity of NCp7 to the double 
stranded viral DNA as compared to the single stranded gRNA (21). Since each viral 
particle contains between 1,200 and 5,000 copies of NCp7 (68–72) and since a cell may 
be simultaneously infected by several viral particles, this suggests that a large number 

FIG 7 hNoL12 amino acids 22–61 are necessary and sufficient for hNoL12 interaction with NCp7. Lysates of 293T cells 

transfected or co-transfected with pFlag-NCp7 (lanes 2 and 6 to 9), peGFP-hNoL12 (lanes 3 and 6), peGFP-hNoL12(22–61) 

(lanes 4 and 7, mutant M in Fig. 5), peGFP-hNoL12Δ22–61 (lanes 5 and 8, mutant L in Fig. 5), or peGFP (lane 9) were submitted 

to an immunoprecipitation with an anti-Flag antibody (lanes 1′ to 9′). Lysates and immunoprecipitates were loaded on an 

SDS-PAGE gel, transferred on a nitrocellulose membrane and revealed by western blot using the mentioned antibodies. Lanes 

1 and 1′ are the controls with lysates of non-transfected 293T cells. GAPDH was used as a loading control.
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of NCp7 proteins may be available to interact with host molecular partners and thus 
additionally contribute to the infection process. Potential host partners of the NCp7 
protein have been identified using various screening approaches (39–41).

In this study, we focused on the host nucleolar protein hNoL12 that was suggested 
to be a selective partner of the mature NCp7 protein. By using FRET-FLIM and co-IP, 
we unambiguously confirmed the interaction of hNoL12 with the mature NCp7 when 
both proteins were co-overexpressed or between over-expressed NCp7 and endogenous 
hNoL12. In contrast, the NC domain-containing HIV-1 polyprotein Gag or a myristoyla­
tion defective mutant of Gag known to accumulate in the cytoplasm were not co-immu­
noprecipitated with Flag-hNoL12 (Fig. 4C). These results suggested that hNoL12 is thus 
one of the few specific partners of the mature form of the HIV-1 nucleocapsid protein 
even if we cannot rule out that the interaction between Gag and hNoL12 was unde­
tectable in our experimental conditions. The interaction between NCp7 and hNoL12 
was found to strongly depend on their both binding to RNA, as shown by the loss of 
interaction when the cell lysates were pretreated with RNase. Thus, RNA acts a scaffold 
to allow the two proteins to stably interact together. Using hNol12 and NCp7 mutants, 
the interaction between the two proteins was found to be mediated by the exonuclease 
domain of hNoL12 and the basic residues of NCp7. The folded zinc fingers were shown 
to also contribute to the interaction. This interaction of NCp7 with hNoL12 is fully 
consistent with the previously observed accumulation of overexpressed NCp7 in the 
nucleoli as well as its interaction with 80S ribosomes (35).

In this study, we further showed by PALM imaging that NCp7 preferentially localizes 
in the nucleolar granular component, a compartment where the rRNAs are assembled 
with ribosomal proteins (73). The nucleolus plays a key role in ribosome biogenesis and 

FIG 8 Interaction between hNoL12 and NCp7 mutants analyzed by co-immunoprecipitation. (A) Scheme of NCp7 WT, NCp7 5KR-5A, and NCp7 SSHS mutants. 

(B) Lysates of non-transfected 293T cells (lane 1 and 1′) were compared with lysates of cells co-transfected with pFlag-NCp7 and peGFP-hNoL12 (lane 2 and 

2′) or peGFP (lane 3 and 3′) or pFlag-NCp7-5KR-5A and peGFP-hNoL12 (lane 4 and 4′) or peGFP (lane 5 and 5′) or transfected with peGFP-hNoL12 (lane 6) and 

peGFP (lane 7). The lysates were loaded on an SDS-PAGE gel before (1 to 7) or after (1′ to 5′) immunoprecipitation with protein A beads linked to an anti-Flag 

antibody. After transfer to a nitrocellulose membrane, the presence of each protein is revealed by western blot using the indicated antibodies. (C) Lysates of 

non-transfected 293T cells (lane 1 and 1′) were compared with lysates of cells co-transfected with pFlag-NCp7 and peGFP-hNoL12 (lane 2 and 2′) or peGFP (lane 

3 and 3′) or pFlag-NCp7-SSHS and peGFP-hNoL12 (lane 4 and 4′) or peGFP (lane 5 and 5′) or transfected with peGFP-hNoL12 (lane 6) and peGFP (lane 7). The 

lysates were loaded on an SDS-PAGE gel before (1 to 7) or after (1′ to 5′) immunoprecipitation with protein A beads linked to an anti-Flag antibody. After transfer 

to a nitrocellulose membrane, the presence of each protein was revealed by western blot using the indicated antibodies. For B and C, eGFP and eGFP-hNoL12 

are indicated by white and black arrowheads, respectively, and NCp7 and its mutant with arrows. Stars indicated the detection of heavy (≈ 50 kDa) and light (≈ 

25 kDa) chains of the antibody used for the IP.
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numerous cell functions (74), but is also thought to be involved in several viral infections 
(73, 75–77). The interaction between NCp7 and hNolL2 could have several functional 
impacts due to hNoL12 implication in rRNA maturation and response to DNA damage 
and its binding to proteins involved in mRNA metabolism in the nucleus (46).

Similar to its yeast counterpart Rrp17p, hNoL12 is associated with rRNA metabolism 
and is required for efficient processing at site 2 of the precursors of small and large 
ribosomal subunits RNA, one of the first step of rRNA maturation in the nucleolus (46, 
78). One possibility is that the hNoL12 interaction with NCp7 impacts hNoL12 activity 
in the process of rRNA maturation. In line with this hypothesis, Kleinman et al. have 
shown that HIV-1 infection of Jurkat CD4 +T cells leads to the downregulation of genes 
encoding for proteins involved in the regulation of ribosome biogenesis and especially 
pre-rRNA processing. In fact, they found that the pre-rRNA 30S obtained after cleavage 
at site 2 was decreased in infected cells (79). The same defect in site 2 cleavage was 
observed when hNoL12 expression was knocked down by siRNA (46). In this context, it 
may be speculated that NCp7 interferes with hNoL12 function in rRNA processing, and 
thus modifies rRNA production and maturation.

Another interesting partner of hNoL12 is the RNA/DNA helicase Dhx9/RHA, which 
was found to copurify with hNoL12 in an affinity purification mass spectrometry assay 
and to co-localize in vivo with hNoL12 at replication stress and DNA damage sites (46). 

FIG 9 Effect of hNoL12 knockdown on HIV-1 lentiviral vector infection. (A) Scheme of the transfer vector used to quantify provirus integration and localization 

of the forward and reverse primers for qPCR specific to integrated DNA. (B) Western blot against hNoL12 at 72 h post-transfection of HeLa cells treated with 

siControl or sihNoL12. GAPDH was used as a loading control. (C) qPCR quantification of provirus integration 48 h post-infection with a lentivirus of HeLa cells 

previously treated for 72 h with siControl or sihNoL12. The relative quantification was calculated using the ΔΔCt method using the housekeeping gene GAPDH as 

loading control. AZT (5 µM) was used as a positive control. Data of three independent experiments (n.s.: non-significant, ***: P < 0.001). Error bars SEM.
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Dhx9/RHA is also known to be incorporated in HIV-1 virion by binding to the primer 
binding site in the 5′ untranslated region of unspliced and single spliced HIV-1 RNA 
(80). Moreover, a lower infectivity of Dhx9/RHA defective HIV virions was attributed 
to a decreased reverse transcription processivity while DHxA/RHA was identified as a 
processivity factor of HIV-1, increasing the rate of (-)cDNA synthesis (81). Noteworthy, 
NCp7 ability to increase HIV-1 reverse transcription was linked to its nucleic acids 
chaperone activity (82), and notably to its ability to unwind G-quadruplexes (83–85). 
In parallel, Dhx9/RHA was shown to be implicated in the resolution of aberrant DNA and 
RNA structures including G-quadruplexes, D- and R-loops preventing genomic instability 
(86–88). It is thus possible that the hNoL12/NCp7 interaction engages the hNoL12/DHx9 
complex in the regulation of HIV-1 reverse transcription. NCp7 would thus benefit of this 
association by increasing its NA chaperone activity as it was already proposed for Gag 
(89).

Taken together, our data clearly showed that hNoL12 is a specific partner of the 
mature form of HIV-1 nucleocapsid even if the functional implication of this interaction 
is still to be determined as no impact on a model of HIV-1 infection by a non-replicating 
lentivirus was observed in our hands. As only few data are available on hNoL12 functions, 
its interaction with NCp7 raises, as shown in this discussion, a number of unanswered 
questions. The determination of NCp7 impact on rRNA maturation profile and ribosome 
production as well as the study of the functional impact of this interaction in reverse 
transcription and integration processes would be good tasks to begin with.
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