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SARS‑CoV‑2 nucleocapsid protein promotes 
self‑deacetylation by inducing HDAC6 
to facilitate viral replication
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Abstract 

Background  The global outbreak of COVID-19 caused by the SARS-CoV-2 has led to millions of deaths. This unantici-
pated emergency has prompted virologists across the globe to delve deeper into the intricate dynamicity of the host-
virus interface with an aim to identify antiviral targets and elucidate host and viral determinants of severe disease.

Aim  The present study was undertaken to analyse the role of histone deacetylase 6 (HDAC6) in regulating SARS-
CoV-2 infection.

Results  Gradual increase in HDAC6 expression was observed in different SARS-CoV-2-permissive cell lines follow-
ing SARS-CoV-2 infection. The SARS-CoV-2 nucleocapsid protein (N protein) was identified as the primary viral factor 
responsible for upregulating HDAC6 expression. Downregulation of HDAC6 using shRNA or a specific inhibitor 
tubacin resulted in reduced viral replication suggesting proviral role of its deacetylase activity. Further investigations 
uncovered the interaction of HDAC6 with stress granule protein G3BP1 and N protein during infection. HDAC6-medi-
ated deacetylation of SARS-CoV-2 N protein was found to be crucial for its association with G3BP1.

Conclusion  This study provides valuable insights into the molecular mechanisms underlying the disruption of cyto-
plasmic stress granules during SARS-CoV-2 infection and highlights the significance of HDAC6 in the process.
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Introduction
The emergence of COVID-19 pandemic caused by beta 
corona-virus SARS-CoV-2 resulted in 7,049,617 deaths 
till May, 2024 and continues to infect through evolution 
of new variants [53]. The clinical course of COVID-19 
exhibits a broad spectrum of severity and progression 
patterns. While in a significant number of people, SARS-
CoV-2 infection led to mild upper respiratory disease or 

even asymptomatic sub-clinical infection, others devel-
oped symptoms and complications of severe pneumonia 
[12].

The SARS-CoV-2 genome is composed of a single 
stranded 30  kb positive sense RNA which encodes for 
fourteen ORFs. The 5′ orf1a/orf1ab encodes polypro-
teins, which are auto-proteolytically processed into six-
teen non-structural proteins (NSP1-16) which form the 
replicase/transcriptase complex (RTC) [6, 13]. The RTC 
consists several enzymes, including the papain-like pro-
tease (NSP3), the main protease (NSP5), the primary 
viral RNA-dependent RNA polymerase (NSP12), the 
NSP7-NSP8 primase complex, a helicase/triphosphatase 
(NSP13), an exoribonuclease (NSP14), an endonuclease 
(NSP15), and N7- and 2′O-methyltransferases (NSP10/
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NSP16). As many as thirteen ORFs are expressed from 
nine putative sub-genomic RNAs at the viral genome’s 
3’ end. These include four structural proteins: Spike (S), 
Envelope (E), Membrane (M) and Nucleocapsid (N), and 
nine putative accessory factors [2, 57]. Once inside a cell, 
viruses interact with host proteins and hijacks complex 
cellular pathways to evade antiviral host defences and to 
facilitate viral propagation. For example, SARS-CoV-2 
protein ORF9b antagonizes interferon response via pre-
venting virus-induced K63 polyubiquitination of NFκB 
essential modulator (NEMO) [54]. On the other hand, 
SARS-CoV-2 protease NSP5 was found to evade RIG-I 
and MAVS signalling by cleaving ten N-terminal amino 
acids from RIG-I which renders it incapable of activating 
MAVS [31]. The SARS-CoV-2 NSP8 is also reported to 
localize to mitochondria to initiate mitophagy [65].

Histone deacetylases (HDACs) were initially recog-
nized as enzymes that catalyse the removal of acetyl 
groups from the lysine residues present within histone 
proteins. Hence their role is extensively studied in the 
transcriptional regulation of genes. HDAC6, or Histone 
deacetylase 6, is a class II histone deacetylase enzyme and 
is unique among the HDACs because it is primarily local-
ized within the cytoplasm and deacetylates non-histone 
proteins, such as tubulin, HSP90, Cortactin, RIG-I and 
β-Catenin [18, 24, 56, 58–60]. Interaction of HSP90 with 
HDAC6 have diverse outcomes ranging from apoptosis, 
autophagy, protein stability, cell migration, etc. [30]. In 
addition, HDAC6 has also been shown to be a component 
of cytoplasmic stress granules (SGs) and interacts with 
SG protein G3BP1. SGs are translationally stalled cyto-
plasmic mRNA–protein aggregates which are formed 
during various crises like oxidative stress, starvation, heat 
shock, infection with intracellular pathogens, etc. Once 
the stress is resolved mRNAs trapped within the SGs can 
again enter polysomes and resume translation. Viruses, 
especially cytoplasmic RNA viruses consider these SGs 
as potential threat and have devised multiple strategies 
to protect viral RNAs from being targeted by these cyto-
plasmic RNA granules [22, 37, 47, 50, 51].

HDAC6 inhibitors are currently undergoing clinical 
trials as potential therapeutics against several types of 
cancers, neurodegenerative disorders, and other chronic 
inflammatory diseases [44]. HDAC6 has lately been 
under investigations for its potential involvement in the 
regulation of various viral infections, including herpes 
simplex, ZIKA, Ebola, and the Sendai virus. Inhibition 
of HDAC6 activity has been shown to reduce viral rep-
lication in cells infected with ZIKA and HCV, suggest-
ing that HDAC6 may be a potential target for antiviral 
drug designing [25, 45, 52]. Conversely, [64], reported a 
novel signalling pathway involving PKCα, HDAC6 and 

β-catenin which was essential for IFN gene induction fol-
lowing Sendai virus infection. PKCα activation promotes 
HDAC6-mediated deacetylation of β-catenin, enhanc-
ing its nuclear translocation where it acts as co-activator 
for IRF3-mediated transcription. Moreover, during HIV 
infection, HDAC6 targets key viral proteins Pr55Gag 
and Vif for autophagic degradation, while protecting the 
stability and expression of the HIV-1 restriction factor 
APOBEC3G [33, 49]. According to a recent study, non-
structural protein 5 (nsp5) of swine enteric coronaviruses 
employs a clever strategy to counteract the antiviral effect 
of HDAC6 by inducing the cleavage of HDAC6, thereby 
diminishing its antiviral role [28]. But, the role of HDAC6 
in Influenza A virus (IAV) infection remains controver-
sial. One study found that HDAC6 promotes IAV uncoat-
ing by facilitating aggressome formation [4]. In contrast, 
HDAC6 is claimed to suppress IAV replication by pre-
venting acetylation of α -tubulin and viral RNA polymer-
ase PA subunit [8].

The interaction between HDAC6 and viruses represent 
an active research area, and there is still much to learn 
about the precise mechanisms by which HDAC6 influ-
ences viral infections. In the present study we aimed 
to understand the role of HDAC6 in regulating SARS-
CoV-2 infection.

Materials and methods
Cell lines, culture condition and viruses
A549 (human lung adenocarcinoma cells), VERO 
E6 (African green monkey kidney epithelial cells; 
ATCC®CCL-81™), and Calu-3 (human lung adenocar-
cinoma epithelial cells; ATCC® HTB-55™) cells were 
maintained in minimum essential medium (MEM, 
Gibco, USA) supplemented with 10% US-certified 
heat-inactivated FBS (Gibco, USA) and 1% antibiotic/
antimycotic solution (Invitrogen, Carlsbad, CA, USA). 
Cells were maintained in a humidified incubator at 
37  °C and with 5% CO2. SARS-CoV-2 (GISAID acces-
sion id: EPI_ISL_430464 PANGO lineage: B.1.1 (Pango 
v.4.3 PANGO-v1.20) was isolated as a part of establish-
ment of ICMR-COVID-19 biorepositories (Approval No. 
A-1/2020-IEC) [27]. Viral titre was determined using 
plaque assay [10]. VERO, and Calu-3 cells were infected 
with SARS-CoV-2 virus at a multiplicity of infection 1 
and harvested at indicated time points post infection. 
A549 Cells were infected at a m.o.i. of 2 unless otherwise 
mentioned. In experiments that involved expression of 
HDAC6 catalytic mutant pcDNA-HDAC6.DC-FLAG, 
cells were infected at a m.o.i. of 0.5. All the experi-
ments associated with virus infection were performed 
at Biosafety level 3 (BSL-3) laboratory and the study was 
approved by institutional Biosafety committee.
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Estimation of infectious virus particle by plaque assay
Plaque assay was performed to estimate infectious 
virus particles. Confluent monolayers of VERO E6 cells 
grown in six-well plates were infected with serial dilu-
tions (102–108) of viral supernatants and plaque assay 
was performed as previously described [48]. Viral plaque 
forming unit (PFU) was calculated as PFU/mL (Original 
stock) = {(1/dilution factor) × (number of plaques) × (1/
[ml of inoculum/plate])} [3].

Quantitative real‑time PCR
Total RNA was isolated from A549 cells using TRIzol 
(Invitrogen, Grand Island, USA) according to the manu-
facturer’s instructions. Complementary DNA (cDNA) 
was synthesised from 1 μg of RNA using the Superscript 
II reverse transcriptase (Invitrogen) with random hex-
amer primers by incubating at 42  °C for 1  h. Real-time 
PCR was performed in triplicate using SYBR Green 
(Applied Biosystems, Foster City, CA, USA) in Step 
One Plus (Applied Biosystems). The temperature pro-
file was set to 50 °C for 2 min, 95 °C for 10 min, followed 
by 40 cycles of 95  °C for 15  s, 60  °C for 30  s, and 72  °C 
for 10  s. The specific sets of primers used in this study 
are listed in Table 1. The viral gene expression was nor-
malised with the expression of gapdh transcript using 
the formula 2−ΔΔCT (ΔΔCT = ΔCT Sample − ΔCT Con-
trol), where CT is the threshold cycle and the relative 
fold change in the viral transcript compared to gapdh 
transcript.

Western blot analysis
Protein lysates were prepared from harvested cells, 
washed once in phosphate-buffered saline (PBS), and 
lysed in Totex buffer (20 mM HEPES at pH 7.9, 0.35 M 
NaCl, 20% glycerol, 1% NP-40, 1  mM MgCl2, 0.5  mM 
EDTA, 0.1 mM EGTA, 50 mM NaF and 0.3 mM Na3VO4) 
containing a mixture of protease and phosphatase 

inhibitors (Sigma-Aldrich, St. Louis, Missouri, USA). 
Protein concentration from whole cell lysate was meas-
ured using Bradford reagent and equal amount of protein 
lysate from each sample was mixed with sample buffer 
(final concentration: 50  mM Tris, pH 6.8, 1% SDS, 10% 
glycerol, 1% -mercaptoethanol and 0.01% bromphenol 
blue) and boiled for 5 min. Boiled cell lysates were sub-
jected to SDS-PAGE and transferred to polyvinylidene 
difluoride (PVDF) membranes (Millipore). Membranes 
were then probed with the indicated primary antibod-
ies. Primary antibodies were detected using horserad-
ish peroxidase-conjugated secondary antibodies (Pierce, 
Rockford, IL, USA) and chemiluminescent substrate 
(Millipore, Billerica, MA, USA). Blots were re-probed 
with anti-GAPDH and anti β-actin antibodies to confirm 
equal protein loading. Blots were quantified using ImageJ 
software.

Cycloheximide chase assay
A549 cells either transfected with empty vector 
pcDNA3.1 or pcDNA3.1-N protein were treated with 
10  µM cycloheximide to prevent cellular protein trans-
lation at 18  h post-transfection. Cycloheximide-treated 
plates were harvested after 6, 12, and 18 h post-cyclohex-
imide treatment. In both the groups, mock-treated plates 
were harvested at the time of addition of cycloheximide 
in treated plates and designated as 0 h post-treatment.

Cloning of host and viral genes
Full length SARS-CoV-2 N gene was cloned into 
pcDNA3.1 /His B vector. Human pcDNA- HDAC6-
FLAG and pcDNA-HDAC6.DC-FLAG [21] plasmids 
were purchased from Addgene (# 30482 and #30483). 
The plasmids pTwist-EF1alpha-SARS-CoV-2-S and 
pLVX-EF1alpha-nsp13 were generously provided by the 
Krogan lab [16].

Knockdown of HDAC6
pLKO.1-Puro (#8453, Addgene) lentiviral plasmid con-
taining short hairpin sequences targeting HDAC6 was 
generated. pLKO.1-TRC cloning vector [35] was a gift 
from David Root (Addgene plasmid # 10878). For design-
ing oligos, a siRNA selection programme hosted by 
Whitehead Institute for Biomedical Research hosts was 
accessed. HDAC6 knockdown efficiency was analysed via 
western blotting from cells expressing HDAC6 shRNA 
using HDAC6-specific antibody.

Immunofluorescence analysis
A549 cells were grown on glass coverslips with 40%-50% 
confluency and were transfected with pcDNA3.1 N pro-
tein followed by treatment with tubacin as mentioned 
in results section. Cells were subsequently fixed with 4% 

Table 1  List of primers used in this study for the determination 
of cellular and viral transcript level by quantitative Real-time 
polymerase chain reaction

Gene names Primer sequence

gapdh Forward primer 5′-GTC​AAC​GGA​TTT​GGT​CGT​ATTG-3′
Reverse primer 5′-TGG​AAG​ATG​GTG​ATG​GGA​TTT-3′

hdac6 Forward primer 5′-ATG​TTG​GTT​CAC​AGC​CTA​GAATA-
3′

Reverse primer 5′-CAC​AGG​AGT​ATG​AGT​TCG​GATG-
3′

SARS-CoV-2 orf1a Forward primer 5′-TTC​TTG​GTA​CAG​GCT​GGT​AATG-3′
Reverse primer 5′-GGT​GTC​TTA​GGA​TTG​GCT​GTATC-

3′
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paraformaldehyde (dissolved in PBS) for 20  min. After 
3–4 times wash with PBS, cells were permeabilised by 
using PBS containing 0.1% Triton X-100 (v/v) for 30 min. 
After permeabilisation, cells were blocked in blocking 
buffer (PBS supplemented with 2% bovine serum albu-
min [w/v]) for 1 h followed by overnight incubation with 
primary antibodies specific for N protein and G3BP1 at 4 
°C. After 4–5 washes with PBS supplemented with 0.05% 
Triton X-100, cells were incubated with Rhodamine-
labelled and/or DyLight488-labelled (Jackson Laborato-
ries, Inc., West Grove, PA, USA) secondary antibodies in 
blocking buffer at room temperature for 1  h. After four 
washes with PBS containing 0.05% Triton X-100, cells 
were mounted with 4′, 6′ -diamidino-2-phenylindole 
(DAPI; [Vector Laboratories, Burlingame, CA, USA]) 
to visualize nucleus. Imaging was performed by using a 
Zeiss Axioplan microscope (63X oil immersion). To pre-
vent cross-talk between fluorophores, the excitation and 
emission detection of each fluorophore was performed 
sequentially. Zen blue software was used to analyse the 
acquired images.

Plasmid transfection
Plasmids (pcDNA3.1-N protein, pcDNA-HDAC6-FLAG 
and pcDNA-HDAC6.DC-FLAG) were transfected in 
A549 cells using Lipofectamine 3000 (Invitrogen, USA). 
Control cells were transfected with empty vectors (desig-
nated as mock-transfected). In all experiments pcDNA3.1 
empty vector was transfected as control.

Co‑immunoprecipitation
Infected or transfected cells were washed with cold PBS 
and lysates were prepared. Protein concentration was 
measured by using Bradford reagent (Sigma-Aldrich, 
USA) and then equal quantities of protein lysates were 
clarified by incubation with protein A- Sepharose beads 
(GE Healthcare, Uppsala, Sweden) in 4 °C rotor for 2 h. 
After clarification, the protein A-Sepharose beads were 
removed by brief centrifugation and the supernatant was 
incubated with specific antibodies overnight at 4 °C, fol-
lowed by incubation with protein A- Sepharose beads for 
4 h. The beads were washed five times with 1X lysis buffer 
and the bound proteins were resolved in 10% SDS-PAGE. 
Subsequently, presence of specific protein in the immu-
noprecipitate was detected by Western blot analysis.

Reagents and antibodies
Tubacin (cat no. SML0065) and Cycloheximide (239763-
M) were purchased from Sigma. NaAsO2 (cat no. 35000-
1L-R) was purchased from Thermo Fisher Scientific. 
Antibodies used in the study are listed in Table 2.

Statistical analysis
The data were expressed using the mean and standard 
deviation (SD) of at least three independent experiments 
(n = 3). To evaluate statistical significance, the unpaired 
Student’s t-test was utilised. In all experiments, p ≤ 0.05 
was considered statistically significant.

Results
SARS‑CoV‑2 infection leads to the upregulation of Histone 
deacetylase 6 expression
To understand the involvement of HDAC6 in regulation 
of SARS-CoV-2 infection, we analysed the expression of 
HDAC6 during SARS-CoV-2 infection at different time 
points (18–40  h post infection) in VERO cells. Mock 
infected cells were harvested at each time points and run 
on the same gel. Western blot analysis showed time point-
dependent progressive increase in HDAC6 protein level 
up to 32  h post infection (hpi) compared to respective 
mock infected controls (Fig.  1A). Next, we assessed the 
expression of HDAC6 in two other cell lines i.e., Calu-3 
and A549. Consistently, SARS-CoV-2 infection of Calu3 
cells showed increased expression of HDAC6 protein 
level up to 32 hpi followed by decrease at 40 hpi (Fig. 1B). 
However, A549 cells showed continuous increase in 
HDAC6 protein level up to 40 hpi which might be attrib-
uted to the moderate infectivity of SARS-CoV-2 in A549 
cells [5], hence delayed progression of infection (Fig. 1C). 
Further experiments were done in A549 as these cells are 
easy to transfect and have been used previously in many 
studies [1, 5, 7, 40, 41]. To determine whether expression 
of HDAC6 is regulated during transcription, we infected 
A549 cells with SARS-CoV-2 followed by quantification 
using quantitative real-time PCR. Relative RNA level of 
hdac6 compared to gapdh showed only a mild and incon-
sistent elevation of HDAC6 transcripts during the course 
of SARS-CoV-2 infection (Supplementary Fig.  1). The 
result is suggestive of post-transcriptional regulation of 
HDAC6 expression during SARS-CoV-2 infection.

Histone deacetylase 6 positively regulates SARS‑CoV‑2 
propagation in vitro
In order to assess the functional significance of induc-
tion of HDAC6 expression in regulation of SARS-CoV-2 
infection, A549 cells either transfected with shHDAC6 
expressing plasmid or pcDNA-HDAC6-FLAG or mock 
transfected followed by SARS-CoV-2 infection (24 hpi) 
were subjected to quantitative real-time PCR using 
SARS-CoV-2 orf1, hdac6 and gapdh specific primers. 
Quantification of SARS-CoV-2 orf1 transcripts showed 
significant decline (~ 6.8 fold) in shHDAC6-transfected 
cells compared to mock transfected cells, whereas, 
HDAC6-overexpressing cells showed ~ 4-fold increase 
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in SARS-CoV-2 RNA. Quantification of hdac6 mRNA 
confirmed efficient knockdown of hdac6 in shHDAC6-
transfected cells (Fig. 2A). Overall, the result suggested a 
proviral role of HDAC6 during SARS-CoV-2 infection. In 
the same set of experiments, expression of viral proteins 
was also assessed by immunoblotting. Results revealed 
reduced expression of SARS-COV-2 proteins non-struc-
tural protein 13 (NSP13) and Spike (S) in HDAC6 knock-
down cells whereas ectopic expression of HDAC6 led 
to increased level of respective proteins which further 
established proviral role of HDAC6 in regulating SARS-
CoV-2 infection (Fig. 2B).

To examine the mechanism by which HDAC6 may 
exert its proviral role, we inhibited the deacetylase activ-
ity of HDAC6 using increasing doses of selective dea-
cetylase activity inhibitor, tubacin (0.5–2.5 µM). Initially 
efficiency of tubacin (0.5–5 µM) was tested in A549 cells 
by assessing its impact on its substrate α-tubulin via 
western blot using acetylated α-tubulin-specific anti-
body. Acetylation of α-tubulin was found to increase 
significantly upon tubacin treatment showing maximum 
effect at the doses of 2.5 and 5 µM (Supplementary Fig. 2) 

which confirmed effective inhibition of HDAC6 activity 
by tubacin. In SARS-CoV-2-infected A549 cells, tubacin 
effectively reduced NSP13 and S protein expression in a 
dose-dependent manner showing maximum efficacy at 
2.5 µM (Fig. 2C). Consistent to the viral protein expres-
sion data, SARS-CoV-2 orf1a transcript was also found to 
be significantly downregulated in SARS-CoV-2-infected 
A549 cells in presence of 1–2.5  µM tubacin (~ 6-fold 
reduction at 1  µM tubacin & ~ 13-fold reduction at 
2.5 µM tubacin) (Fig. 2D). In addition, overexpression of 
HDAC6 catalytic mutant plasmid pcDNA-HDAC6.DC-
FLAG failed to induce the expression of viral transcripts 
compared to pcDNA-HDAC6-FLAG overexpressing cells 
which further emphasizes the role of HDAC6 deacetylase 
activity in positively regulating SARS-CoV-2 infection 
(Fig. 2E). Altogether, these findings suggest that HDAC6 
facilitates SARS-CoV-2 infection.

We further went on to decipher the effect of dea-
cetylase activity of HDAC6 on the production of 
mature SARS-CoV-2 virus particles. Tubacin-treated 
(1–2.5 µM) and SARS-CoV-2-infected A549 cell super-
natants were collected at different time points post 

Table 2  List of antibodies used in the study

Antibody/Reagent name Species (IgG) specificity Catalogue number Manufacturer

Primary antibodies

SARS- CoV-2 Spike Rabbit 40591-T62 Sino Biological

SARS-CoV-2 NSP13 Rabbit PA5-120711 Thermo Scientific

SARS-CoV-2 Nucleocapsid Rabbit 40143-R001 Sino Biological

SARS-CoV-2 Nucleocapsid Mouse MA5-29981 Thermo Scientific

HDAC6 Mouse ab56926 Abcam

HDAC6 Rabbit ab133493 Abcam

HDAC6 Rabbit 7558S Cell signaling

G3BP1 Mouse Ab56574 Abcam

G3BP1 Mouse Sc-365338 Santa Cruz Biotechnology

TIA-1 Rabbit A6237 ABclonal

Acetyl-α-Tubulin Rabbit 5335S Cell signaling

HSP90 Rabbit 4875 Cell signaling

Ac-lysine Antibody Mouse sc-32268 Santa Cruz Biotechnology

PABP Mouse sc-32318 Santa Cruz Biotechnology

GAPDH (HRP conjugate) Mouse sc-25778 Santa Cruz Biotechnology

K48-linkage Specific Polyubiquitin Antibody Rabbit 4289 Cell signaling

Phosphoserine Antibody Mouse sc81514 Santa Cruz Biotechnology

Beta Actin Antibody (C4) HRP Mouse Sc-47778 Santa Cruz Biotechnology

Secondary antibodies

Anti-Rabbit IgG Rhodamine conjugate Goat 31670 Thermo Scientific

Anti-Mouse IgG Rhodamine conjugate Goat 31660 Thermo Scientific

Anti-Rabbit IgG DyLight™ 488 conjugate Goat 35552 Thermo Scientific

Anti-Mouse IgG DyLight™ 488 conjugate Goat 35502 Thermo Scientific

Anti-Rabbit IgG HRP conjugate Goat 31460 Thermo Scientific

Anti-Mouse IgG HRP conjugate Goat 31430 Thermo Scientific
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infection (24–72 hpi) followed by plaque assay. Tuba-
cin treatment at a concentration of 1  µM and 2.5  µM 
resulted in significant reduction in viral progeny yield 
(Fig. 2F). To further assess the impact of HDAC6 dea-
cetylase activity on the generation of mature viral 
particles, we collected supernatants from SARS-CoV-
2-infected (24–72 hpi) A549 cells transfected with 
either pFLAG HDAC6, pcDNA-HDAC6.DC-FLAG, 
or shHDAC6. Subsequently, we performed plaque 
assay. Significant reduction in mature viral progeny 
production was observed in cells ectopically express-
ing catalytic deficient HDAC6 compared to wild type 
HDAC6-overexpressing cells (Fig.  2G), similar to the 
reduction observed during tubacin treatment (Fig. 2F). 
Additionally, cells transfected with shHDAC6 exhib-
ited a significant reduction in viral particle production 

compared to empty vector-transfected control cells 
(Fig. 2G).

Interaction between HDAC6 and G3BP1 is increased 
during SARS‑CoV‑2 infection
Next, we focused on investing the mechanism by which 
HDAC6 exerts its proviral role in regulating SARS-CoV-2 
infection. HDAC6 has been identified as one of the major 
cytoplasmic tubulin deacetylase [18, 59]. Hence, we 
assessed the level of acetylated α -tubulin in A549 cells 
during SARS-CoV-2 infection at different time points via 
western blot. To our surprise, no significant change in 
the acetylation of α-tubulin was observed during SARS-
CoV-2 infection (Fig.  3A). Next we analysed the acety-
lated α -tubulin levels in VERO and Calu-3 cells during 
the course of SARS-CoV-2 infection and we did not 
observe any significant change in the expression level of 

Fig. 1  SARS-CoV-2 infection leads to increased expression of HDAC6. A VERO E6 cells (at a MOI of 1), B Calu-3 cells (at a MOI of 1) and C A549 cell 
(at a MOI of 2) infected with SARS-CoV-2 or kept mock-infected were harvested at indicated time post-infection (18, 32, and 40 hpi) and cellular 
lysates were prepared. Lysates were run on SDS-PAGE followed by western blot analysis using anti-HDAC6 antibody. GAPDH and NSP13 were used 
as internal loading control and SARS-CoV-2 infection marker respectively
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acetylated α -tubulin levels in Calu-3 cells. Mild decrease 
in the level of acetylated α-tubulin level was observed in 
VERO cells at 18 hpi which restored from 24 hpi (Sup-
plementary Fig. 3A and B). Altogether the data suggests 
the involvement of α-tubulin-independent mechanisms 
in regulating SARS-CoV-2 infection during HDAC6 inhi-
bition. In addition to α-tubulin, HDAC6 interacts and/
or mediates deacetylation of an array of other non-his-
tone proteins including Heat Shock protein 90 (HSP90), 

cortactin and Ras GTPase-activating protein-binding 
protein 1 (G3BP1) [24, 58]. To investigate the associa-
tion of HDAC6 with HSP90 and G3BP1, we performed 
co-immunoprecipitation assay during SARS-CoV-2 
infection (18–32 hpi) using HDAC6-specific antibody. 
Immunoblot analysis of HDAC6 immunoprecipitates 
using anti-HSP90 antibody revealed no significant altera-
tion in association between HDAC6 with HSP90 at dif-
ferent time post virus infection (Fig.  3B). Whereas, the 

Fig. 2  Inhibition of HDAC6 resulted in reduction of SARS CoV-2 replication. A A549 cells were either transfected with shHDAC6 
or pcDNA-HDAC6-FLAG followed by SARS-CoV-2 infection (at a MOI = 1). Total RNA was isolated after 24 h of infection followed by qRT-PCR 
using SARS-CoV-2 orf1a, hdac6 and gapdh-specific primers. Data represent means ± SD of three independent experiments. ***p ≤ .001, unpaired 
t-test and **p ≤ .01, unpaired t-test. B Protein was extracted from SARS-CoV-2 infected cells at 24 hpi (MOI = 1) ectopically expressing shHDAC6 
or pcDNA-HDAC6-FLAG. S, NSP13 and HDAC6 expression levels were analysed via western blotting. C SARS-CoV-2 infected (24 hpi) A549 cells 
were treated with increasing doses of tubacin (0–2.5 μM). Cellular extracts were subjected to immunoblot to analyse levels of S and NSP13. 
GAPDH was used as internal loading control. D Total RNA was isolated from tubacin treated SARS-CoV-2 infected cells (MOI = 1) at 24 hpi followed 
by qRT-PCR using SARS-CoV-2 orf1a and gapdh specific primers. Data represent means ± SD of three independent experiments. ***p ≤ .001, 
unpaired t-test and **p ≤ .01, unpaired t-test. E A549 cells were either transfected with empty vector or pcDNA-HDAC6-FLAG or pcDNA-HDAC6.
DC-FLAG followed by SARS-CoV-2 infection (at a MOI = 0.5). Total RNA was isolated after 24 h of infection followed by qRT-PCR using SARS-CoV-2 
orf1a, hdac6 and gapdh-specific primers. Data represent means ± SD of three independent experiments. ***p ≤ 0.001, unpaired t-test, *p ≤ 0.1, 
unpaired t-test and ns = not significant, unpaired t-test. F A549 cells were infected with SARS-CoV-2 (MOI = 1) either in presence or absence 
of tubacin (1–2.5 μM) for 24, 48 and 72 h followed by plaque assay. Viral titers were measured as plaque forming units [log (pfu/ml)]. Data represent 
means ± SD of three independent experiments. **p ≤ .01,multiple t-tests,***p ≤ .001, multiple t-tests and ns = not significant, multiple t-tests. G A549 
cells were either transfected with empty vector or shHDAC6 or pcDNA-HDAC6-FLAG or pcDNA-HDAC6.DC-FLAG followed by SARS-CoV-2 infection 
(at a MOI = 0.5) for 24, 48 and 72 h followed by plaque assay. Viral titers were measured as plaque forming units [log (pfu/ml)]. Data represent 
means ± SD of three independent experiments. ***p ≤ .001, multiple t-tests, *p ≤ 0.05,  multiple t-tests and ns = not significant, multiple t-tests
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association between G3BP1 and HDAC6 was found 
to increase gradually with increasing time points post 
SARS-CoV-2 infection. As a control HDAC6 immu-
noprecipitate was also blotted for viral protein NSP13 
and no interaction was found, suggesting that increased 
HDAC6 and G3BP1 interaction during SARS-CoV-2 
infection is specific (Fig. 3B). Reciprocal co-immunopre-
cipitation assay using anti-G3BP1 antibody also corrobo-
rated increased interaction between HDAC6 and G3BP1 
during SARS-CoV-2 infection in a time-dependent man-
ner (Fig.  3C). Phosphorylation of G3BP1 at the serine 
149 residue has been previously reported [26] to be criti-
cal for its interaction with HDAC6. Co-immunoprecip-
itation assay using phospho-serine specific antibody in 
A549 cells infected with SARS-CoV-2 followed by immu-
noblotting with G3BP1 revealed no significant change in 
serine phosphorylation of G3BP1 during SARS-CoV-2 
infection (Supplementary Fig. 4).

SARS‑CoV‑2 N protein engages in interaction with HDAC6
SARS-CoV-2 N protein has been previously reported to 
interact with and sequester G3BP1 during infection to 
attenuate SG formation [29, 62]. Hence, we looked into 
the possibility of interaction between HDAC6 and N 

protein. Lysates prepared from SARS-CoV-2-infected 
A549 cells were pulled down with anti-HDAC6 antibody. 
Immunoprecipitates were probed using N protein-spe-
cific antibody. Presence of N protein in HDAC6 immu-
noprecipitate suggested interaction between HDAC6 and 
N protein (Fig. 4A). N protein is one of the most abun-
dant protein of SARS-CoV-2 [11], hence to dismiss the 
possibility of non-specific pull down of N protein due to 
high abundance, we probed the membrane with another 
highly expressed protein of SARS-CoV-2, namely Spike 
protein. Absence of Spike protein in the immunoprecipi-
tates of HDAC6 confirmed specific interaction between 
HDAC6 and SARS-CoV-2 N protein (Fig. 4A). Co-immu-
noprecipitation assay from A549 cells overexpressing 
pcDNA3.1-N protein using anti-HDAC6 antibody also 
showed presence of N protein in the immunoprecipi-
tate when probed with anti-N protein antibody. Inter-
estingly, input lanes of pcDNA3.1-N-transfected lysate 
showed increased expression of HDAC6 compared to 
mock-transfected lysate (Fig.  4B). Reciprocal co-immu-
noprecipitation assay using anti-N protein antibody dur-
ing SARS-CoV-2 N protein overexpression also validated 
the interaction between HDAC6 and N protein. In con-
sistence with the previous observation, input lanes of 

Fig. 3  Increased interaction between G3BP1 and HDAC6 during SARS-CoV-2 infection. A Cellular lysates from A549 cells either infected 
with SARS-CoV-2 at a MOI of 2 (18–32 hpi) or kept mock-infected were run on SDS-PAGE and protein level expression of acetylated α-tubulin, 
HDAC6 and NSP13 protein was analysed via western blotting. B SARS-CoV-2-infected (18–32 hpi) or mock-infected lysates were pulled down using 
HDAC6-specific antibody followed by western blot analysis of the immunoprecipitates by anti-G3BP1, anti-HSP90 and anti-NSP13 antibodies. 
Inputs were probed with anti-HSP90, anti-G3BP1, anti-HDAC6, anti-NSP13 and β-actin antibodies confirming protein expression. (C) Reciprocal 
co-immunoprecipitation analysis was carried out in SARS-CoV-2-infected (18–32 hpi) or mock-infected lysates; anti-G3BP1 was used for pull 
down and immunoblot analysis was performed with HDAC6-specific antibody. Inputs were probed with anti-G3BP1, anti-HDAC6 and β-actin 
antibodies
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ectopically expressing N protein again showed elevated 
level of HDAC6 in comparison to mock-transfected con-
trol (Fig. 4C).

SARS‑CoV‑2 N protein triggers the expression of HDAC6 
via increasing its stability
In the preceding section, increased level of HDAC6 was 
observed in input lysates of N protein-expressing cells 
(Fig.  4A and B), hence, we hypothesized that HDAC6 
expression may be regulated by N protein. To confirm, 
A549 cells were transfected with increasing concentra-
tion of pcDNA3.1-N (1–3  µg) and lysates were ana-
lysed for HDAC6 expression via immunoblot analysis. 
Result showed a dose-dependent positive correlation 
between the amount of transfected pcDNA3.1-N and 
the induction of HDAC6 expression suggesting that 
N protein alone is sufficient to induce protein level 
expression of HDAC6 during SARS-CoV-2 infection 
(Fig.  5A). Moreover, the in  vitro ectopic expression of 

either SARS-CoV-2 Spike protein or NSP13 failed to 
induce HDAC6 expression. This finding further cor-
roborates specificity of SARS-CoV-2 N protein in regu-
lation of HDAC6 expression (Supplementary Fig. 5). In 
line with the infection scenario, increased association 
between HDAC6 and G3BP1 was also found in cells 
ectopically expressing SARS-CoV-2 N protein which 
further confirmed involvement of N protein in regu-
lating HDAC6 expression during infection (Fig.  5B). 
Similar to infection scenario, quantitative real-time 
PCR from pcDNA3.1-N-transfected A549 cells showed 
no significant change in the expression level of hdac6 
RNA when normalized to gapdh (Fig.  5C). The result 
suggests that SARS-CoV-2 N protein regulates expres-
sion HDAC6 post-transcriptionally. To analyse whether 
HDAC6 expression is regulated at the translation level, 
Cycloheximide (CHX) chase assay was performed in 
cells overexpressing N protein. Briefly, A549 cells were 
transfected with either empty vector or pcDNA3.1-N 

Fig. 4  SARS-CoV-2 N Protein interacts with HDAC6. A Cellular lysates from SARS-CoV-2-infected or mock-infected A549 cells were 
co-immunoprecipitated with anti-HDAC6 antibody. Western blot analysis was performed to check the expression of N protein and SARS-CoV-2 
Spike protein within the HDAC6 immunoprecipitates. Inputs were probed with anti-HDAC6, anti-N and anti-Spike antibodies confirming protein 
expression. B A549 cells were either transfected with pcDNA3.1-N plasmid or empty vector followed by immunoprecipitation with anti-HDAC6 
antibody. Immunoblot analysis was performed with anti-N protein and anti-HDAC6 antibody. C Reciprocal co-immunoprecipitation assay 
from A549 cells either transfected with pcDNA3.1-N or empty vector using anti-N protein antibody was performed. Immunoprecipitates were 
analysed for the expression of HDAC6 and N protein. Inputs were probed with anti-HDAC6, anti-N and anti-β-actin antibodies confirming protein 
expression
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protein followed by CHX (10  µM) treatment at 18  h 
post-transfection. Cells were harvested at indicated 
time points (0, 6, 12, 18  h). Cells ectopically express-
ing empty vector showed gradual decrease in the 
expression level of HDAC6 following CHX treatment. 
A549 cells expressing N protein did not show signifi-
cant alteration in the expression level of HDAC6 up 
to 18  h post-CHX treatment, thus suggesting that N 
protein-mediated induction in HDAC6 protein level 
was not due to accelerated translation (Fig. 5D). Next, 
we evaluated the K48-ubiquitination status of HADC6 

in A549 cells ectopically expressing pcDNA3.1 N pro-
tein. Co-immunoprecipitation using K48-ubiquitin-
specific antibody showed reduced K48-ubiquitylation 
of HDAC6 in N protein-overexpressing cells compared 
to empty vector-transfected cells (Fig.  5E). Similar 
reduction in K48-ubiquitylation of HDAC6 was also 
observed during SARS-CoV-2 infection (Fig.  5F). Col-
lectively, these findings suggest that the SARS-CoV-2 N 
protein enhances the stability of HDAC6 during infec-
tion via reducing its proteasomal degradation, thereby 
leading to elevated levels of HDAC6 protein.

Fig. 5  SARS-CoV-2 N Protein induces expression of HDAC6. A Cellular lysates were prepared from A549 cells either transfected with increasing 
concentration of pcDNA3.1-N (1–3 μg) or transfected with empty pcDNA3.1 vector. Expression of HDAC6, N protein and GAPDH was analysed 
via western blotting. B Co-immunoprecipitation analysis was performed in A549 cells either pcDNA3.1-N protein-transfected or empty 
vector-transfected A549 cells using anti-G3BP1 antibody and immunoblot analysis was performed using HDAC6 and N protein-specific 
antibodies. C Total RNA was isolated from A549 cells either transfected with empty vector or pcDNA3.1-N protein followed by qRT-PCR using 
hdac6 and gapdh-specific primers. ns = not significant, unpaired t-test. D A549 cells were either transfected with empty vector or pcDNA3.1 N 
protein followed by CHX treatment at 18 h post-transfection. Cells were harvested at indicated time post-CHX treatment (0, 6, 12, 18) and HDAC6, 
SARS-CoV-2 N protein and GAPDH expressions were analysed via immunoblotting. E A549 cells were either transfected with pcDNA3.1-N protein 
or empty vector followed by immunoprecipitation with anti-K48-ubiquitin antibody. Immunoblot analysis was performed with anti-HDAC6 
antibody. F SARS-CoV-2-infected (24–32 hpi) or mock-infected lysates were pulled down using with anti-K48-ubiquitin antibody. Immunoblot 
analysis was performed with anti-HDAC6 antibody
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HDAC6‑mediated deacetylation of SARS‑CoV‑2 N protein 
is crucial for its interaction with SG protein G3BP1
Interaction between G3BP1 and SARS-CoV-2 N protein 
has been established, thus the association of HDAC6 
with N protein may be merely a consequence of this 
interaction. Hence we went on to find out the functional 
relevance of the presence of HDAC6 along with G3BP1 
in the immunoprecipitates of SARS-CoV-2 N protein. 
A549 cells were co-transfected with pcDNA3.1-N along 
with either shHDAC6 plasmid or pcDNA-HDAC6-FLAG 
followed by immunoprecipitation with G3BP1 anti-
body. Western blot analysis of G3BP1 immunoprecipi-
tates revealed significantly reduced level of N protein in 
HDAC6 knocked down cells whereas high amount of N 
protein was found in HDAC6-overexpressing cells. This 
suggested that HDAC6 umpires the interaction between 
G3BP1 and SARS-CoV-2 N protein (Fig.  6A). Next, we 
assessed the interaction between G3BP1 and N pro-
tein either in presence or absence of tubacin. Interest-
ingly, the association between SARS-CoV-2 N protein 
and G3BP1 was found to decrease in presence of tubacin 
(2.5 µM) compared to only DMSO treatment suggesting 
the role of deacetylase activity of HDAC6 for mediat-
ing the association between SARS-CoV-2 N protein and 
G3BP1 during SARS-CoV-2 infection (Fig. 6B). The posi-
tive regulatory role of HDAC6 deacetylase activity in the 
association between G3BP1 and N protein was further 
established when catalytic mutant of HDAC6 failed to 
enhance their association in A549 cells, in contrast to the 

cells overexpressing the wild-type HDAC6 (Fig. 6C). This 
rules out the possibility of any off target activity of tuba-
cin that could have interrupted the interaction between 
SARS-CoV-2 N protein and G3BP1.

Next, we assessed the acetylation status of N protein 
and G3BP1 either in presence or absence of tubacin. To 
check this, we performed co-immunoprecipitation assay 
using Ac-Lys-specific antibody in pcDNA-N protein-
overexpressing cells either treated with tubacin (2.5 µM) 
or left untreated, followed by western blotting to analyse 
the levels of N protein and G3BP1. To our surprise, acety-
lation of SARS-CoV-2 N protein was found to increase 
significantly in presence of tubacin (Fig.  6D). Simi-
lar increased acetylation of N protein was observed in 
HDAC6-depleted cells (Supplementary Fig.  6), suggest-
ing that HDAC6 deacetylates N protein during infection. 
Collectively, the results suggest that HDAC6 promotes 
deacetylation of SARS-CoV-2 N protein which positively 
modulates the N protein and G3BP1 interaction (Fig. 6D 
and Supplementary Fig. 6). In contrast, acetylation status 
of G3BP1 remained unaltered during HDAC6 inhibi-
tion as well as during shRNA-mediated knock down of 
HDAC6 (Fig. 6D and Supplementary Fig. 6).

Induction of HDAC6 expression during SARS‑CoV‑2 
infection facilitates stress granule disruption
Association between G3BP1 and SARS-CoV-2 N protein 
is known to impair cellular SG formation [62]. Hence, 
we analysed the effect of inhibition of HDAC6 on the 

Fig. 6  HDAC6 mediates interaction between G3BP1 and SARS-CoV-2 N protein. A A549 cells were transfected with pcDNA3.1-N and co-transfected 
with either pcDNA-HDAC6-FLAG or shHDAC6 were analysed by co-immunoprecipitation by using anti-G3BP1 antibody. Immunoprecipitates 
were subjected to western blot analysis using HDAC6 and SARS-CoV-2 N protein-specific antibody. B A549 cells transfected with pcDNA3.1-N 
plasmid either in presence or absence of tubacin (2.5 μM), followed by co-immunoprecipitation of cellular lysates with anti-SARS-CoV-2 N protein 
antibody. Immunoblot analysis was performed to check the expression of G3BP1 and HDAC6. C A549 cells were transfected with pcDNA3.1-N 
and co-transfected with either pcDNA-HDAC6-FLAG or pcDNA-HDAC6.DC-FLAG. Cellular lysates were subjected to co-immunoprecipitation using 
anti-G3BP1 antibody. Western blot analysis was performed using SARS-CoV-2 N protein and HDAC6-specific antibodies. Input lanes were probed 
with anti-G3BP1, anti-HDAC6 and anti-SARS-CoV-2 N antibodies. D A549 cells transfected with pcDNA3.1-N and either treated with tubacin (2.5 μM) 
or treated with DMSO. Cell lysates were subjected to immunoprecipitation using anti-Ac-Lys antibody. Western blot was performed using G3BP1 
and HDAC6-specific antibodies
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status of cellular SGs during ectopic expression of N pro-
tein. Cell lysates were prepared from sodium arsenite 
(NaAsO2)-treated, pcDNA3.1-N protein-overexpressing 
A549 cells that were either treated with tubacin or were 
knocked down using shHDAC6. Cellular extracts were 
then subjected to immunoprecipitation using anti-TIA-1 
antibody, a well-known component of SG. Western blot 
analysis of the TIA-1 immunoprecipitates revealed sig-
nificantly increased association between SG components 
TIA-1, G3BP1 and PABP in HDAC6-knocked down cells 
compared to control cells during N protein overexpres-
sion. Similar pattern of increased association between 
TIA-1, G3BP1 and PABP was also observed during tuba-
cin treatment (2.5  μM) (Fig.  7A). Interestingly, sodium 
arsenite, a known oxidative stressor also failed to induce 
SG formation in cells overexpressing N protein. Overall, 
the data suggested that assemblage of different SG com-
ponents in N protein-overexpressing cells is inhibited 
by HDAC6. This observation was further validated via 
immunofluorescence microscopy in sodium arsenite-
treated cells using G3BP1 as marker. Oxidative stress-
induced bonafide SGs were found in mock-transfected 
control cells. Ectopic expression of N protein resulted 
in complete attenuation of NaAsO2-induced SG forma-
tion in A549 cells (Fig.  7B), whereas tubacin treatment 

restored SG formation in N protein-overexpressing cells. 
Overall the results suggest that induction of HDAC6 dur-
ing SARS-CoV-2 infection negatively impacts cellular SG 
formation (Fig. 7B).

Discussion
The role of HDAC6 in modulating virus infection 
remains enigmatic as it displays both pro- and antiviral 
effects. Antiviral role of HDAC6 is multifaceted ranging 
from upregulation of IFNβ production during Sendai 
virus infection [38] to modulation of the RIG-I-mediated 
antiviral sensing pathway [9]. Whereas proviral roles 
include positive regulation of HCV replication [25], facil-
itation of KSHV reactivation [46], and acting as granulo-
phagic cargo to evade antiviral immune response during 
coxsackievirus infection [61]. As SARS-CoV-2 has shown 
wide range of immune response modulation in the host, 
the present study was undertaken to decipher possible 
involvement of HDAC6 in the regulation of SARS-CoV-2 
infection. SARS-CoV-2 infection was found to result in 
gradual increase in the expression of HDAC6 protein in 
a three different cell lines including VERO, Calu-3 and 
A549 (Fig. 1).

Next we observed reduced expression of SARS-CoV-2 
viral genes in HDAC6-knocked down cells and ectopic 

Fig. 7  Induction of HDAC6 expression during SARS-CoV-2 infection facilities disruption of Stress Granules. A A549 cells were transfected 
with pcDNA3.1-N protein and/or co-transfected with shHDAC6 followed by either tubacin (2.5 µM) or DMSO treatment. Cells were treated 
with NaAsO2 1 h before harvesting. Co-immunoprecipitation was performed from the cellular lysates in using anti-TIA-1 antibody. Western 
blot was performed using PABP, N protein, G3BP1, HDAC6 and TIA-1-specific antibodies. B A549 cells were either transfected with pcDNA3.1-N 
protein or empty vector and either treated with tubacin (2.5 µM) or left untreated. 1 h before fixation cells were treated with NaAsO2 
followed by permeabilization and staining with anti-G3BP1 and anti-N protein primary antibody. Secondary staining was performed 
with Rhodamine-conjugated anti-mouse (for G3BP1) and DyLight™ 488-conjugated anti-rabbit (for N protein) secondary antibodies. DAPI was used 
for mounting. Imaging was done with a confocal microscope (63× oil immersion) and scale bar was set at 5 μm
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expression of HDAC6 resulted in increased expression 
of viral genes corroborating the proviral role of HDAC6 
(Fig.  2A and B). Inhibiting HDAC6’s deacetylase activ-
ity using a small molecule inhibitor, tubacin [32] led to 
a dose-dependent decrease in SARS-CoV-2 replication 
(Fig.  2C, D and F). Furthermore, ectopic expression of 
the catalytic mutant plasmid pcDNA-HDAC6.DC-FLAG 
failed to promote SARS-CoV-2 replication compared 
to pFLAG HDAC6 expressing cells highlighting the 
indispensability of HDAC6’s deacetylation activity dur-
ing SARS-CoV-2 infection (Fig.  2E and G). Altogether, 
SARS-CoV-2 growth kinetics data from HDAC6 depleted 
and overexpressing and Tubacin treated cells (Fig. 2F and 
G) establishes the proviral role of HDAC6 in regulating 
SARS-CoV-2 infection.

HDAC6 exerts its antiviral role during IAV infection 
by inducing deacetylation of microtubules which in turn 
results in reduced trafficking of viral components to 
plasma membrane [19]. However, we did not observe any 
significant alteration in the expression level of acetylated 
α-tubulin during the course of SARS-CoV-2 infection in 
A549, Calu-3 and VERO cells (Fig.  3A and Supplemen-
tary Fig.  3). Interaction between HDAC6 and HSP90, 
which is another cytoplasmic target of HDAC6, also 
remained unchanged during the course of SARS-CoV-2 
infection (Fig. 3B). This finding eliminates the likelihood 
of HSP90-mediated regulation of SARS-CoV-2 infec-
tion. Nevertheless, co-immunoprecipitation experiments 
confirmed substantial increase in interaction between 
HDAC6 and G3BP1 in time-dependent manner during 
SARS-CoV-2 infection (Fig. 3B, C).

Previous studies have shown that HDAC6 is a critical 
component for efficient formation of G3BP1-positive SGs 
[26, 52]. Interestingly, SARS-CoV-2 N protein impairs 
cellular SG formation via its interaction with SG protein 
G3BP1. SARS-CoV-2 N protein shifts the cellular RNA 
binding preferences of G3BP1, sequestering it away from 
its wild type targets which in turn negatively impacts SG 
formation [29, 36, 62]. These findings pose a sharp con-
trast to our observation of increased interaction between 
HDAC6 and G3BP1 which is suggestive of accelerated 
SG formation. In addition, interaction between HDAC6 
and N protein in SARS-CoV-2-infected cells as well as in 
cells ectopically expressing SARS-CoV-2 N protein was 
observed (Fig.  4A, B and C). Moreover, N protein itself 
was found to be sufficient to induce HDAC6 expression 
in a dose-dependent manner (Fig.  5A). Co-immunopre-
cipitation experiments revealed substantial increase in 
interaction between HDAC6 and G3BP1 during SARS-
CoV-2 N protein overexpression compared to mock-
transfected cells. Altogether these findings suggest that 
N protein alone is capable to induce HDAC6 expression 
and its interaction with G3BP1 (Fig. 5B). The addition of 

K48-linked polyubiquitin chains to proteins serves as a 
universal signal for degradation by the proteasome [43]. 
The decreased association of HDAC6 with K48-linked 
polyubiquitin during infection and SARS-CoV-2 N pro-
tein overexpression suggests that the N protein increases 
the stability of HDAC6 (Fig. 5E, F). Furthermore, deple-
tion of HDAC6 using either shRNA or inhibiting its 
deacetylation activity resulted in decreased association 
between G3BP1 and N protein, emphasizing the pivotal 
role of HDAC6 in interacting with N protein (Fig.  6A–
C). HDAC6-mediated K376 deacetylation of G3BP1 has 
been reported to be crucial for RNA binding and thus 
promotes the formation of cellular SGs [14]. In contrast, 
HDAC6-mediated deacetylation of Protein Arginine 
Methyltransferase 5 (PRMT5) has been reported to alter 
its methyltransferase activity, leading to reduced dimeth-
ylation of G3BP1 [15]. Additionally, the deacetylation of 
the cellular RNA helicase DDX3X via HDAC6 is neces-
sary for SG maturation [42]. Acetylation of the N pro-
tein of SARS-CoV and SARS-CoV-2 has been previously 
shown to be promoted by two human histone acetyltrans-
ferases namely, P300/CBP-associated factor (PCAF) and 
general control nonderepressible 5 (GCN5) [17], which 
led us to hypothesize that HDAC6-mediated deacetyla-
tion of either G3BP1 or N protein might influence their 
association. Indeed, either shRNA-mediated depletion of 
HDAC6 protein level or inhibition of deacetylase activ-
ity of HDAC6 reveals remarkably increased acetylation 
of SARS-CoV-2 N protein, whereas acetylation status of 
G3BP1 remained unaltered (Fig. 6D and Supplementary 
Fig. 6). Cumulatively, these findings suggest that HDAC6 
induces deacetylation of N protein which might be cru-
cial for its association of G3BP1. Furthermore, we did not 
observe any change in the serine phosphorylation level 
of G3BP1 during SARS CoV-2 infection (Supplementary 
Fig. 4), which according to [26] is essential for regulating 
its association with HDAC6 [26]. Therefore, we hypoth-
esize that the increased association between HDAC6 and 
G3BP1 observed during infection is independent of the 
phosphorylation status of G3BP1 and likely due to the 
presence of HDAC6 within the G3BP1 and N protein 
interaction complex.

SGs act as a signaling hub that plays a critical role in 
type I interferon responses during RNA virus infections 
[55]. Hence viruses evolved diverse strategies to combat 
SG-mediated stress response. Many viruses induce SG 
formation in cells, either through eIF2α phosphorylation-
dependent or -independent mechanisms [34, 39]. Typi-
cally, SGs dissipate at later stages of infection despite the 
continued phosphorylation of eIF2α [34]. Furthermore, 
external stressors like sodium arsenite fail to induce SGs 
in cells infected with many viruses, suggesting that these 
viruses can uncouple stress signals from SG formation 
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[20, 22, 50, 51]. SARS CoV-2 infection also inhibits cellu-
lar SG formation to promote its own replication [23, 30, 
31, 36, 63]. In the present study we observed inhibitory 
effect of HADC6 in assemblage of different SG compo-
nents namely TIA-1, PABP and G3BP1 in cells overex-
pressing N protein (Fig.  7A), suggesting that induction 
of HDAC6 might facilitate SG disruption during SARS-
CoV-2 infection. This assumption was confirmed when 
sodium arsenite-induced distinct SGs reappeared in N 
protein-expressing cells following tubacin treatment 
(Fig.  7B). These results are in sharp contrast to most of 
the existing studies linking SG formation with HDAC6 
which demonstrated that a variety of cellular stressors, 
including arsenite stress, heat shock, CCPP, and UV 
exposure trigger SG formation through the interactions 
of HDAC6 with microtubules, motor proteins, and SG 
components such as G3BP. The ability of HDAC6 to bind 
ubiquitinated proteins and dynein motors facilitates the 
transport of SGs along microtubules, further emphasiz-
ing its role in SG dynamics [14, 26]. Interestingly, Cox-
sackievirus A16, another enterovirus induces degradation 
of SGs using HDAC6 as a novel cargo for autophagic 
clearance of stress granules, thus disrupting SGs [61]. 
This finding aligns with our observation of the inhibitory 
role of HDAC6 on stress granules during SARS-CoV-2 
infection.

Conclusion
The present study underscores an efficient strategy 
employed by SARS-CoV-2 to antagonize the forma-
tion of cellular SGs which positively aids in unhin-
dered viral replication. SARS-CoV-2 N protein was 

found to promote its own deacetylation via inducing 
HDAC6 expression which is critical for its associa-
tion with SG protein G3BP1 to prevent SG formation 
(Fig. 8). Though this is the first report on proviral role 
of HDAC6 in SARS-CoV-2 life cycle via deacetylation 
of N protein, further investigations are warranted to 
delineate other pathways which may be impacted due 
to HDAC6 mediated deacetylation during SARS-CoV-2 
replication and propagation.
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