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HIV-1 exposure promotes PKG1-mediated phosphorylation
and degradation of stathmin to increase epithelial barrier
permeability
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Exposure of mucosal epithelial cells to the human immu-
nodeficiency virus type 1 (HIV-1) envelope glycoprotein gp120
is known to disrupt epithelial cell junctions by impairing
stathmin-mediated microtubule depolymerization. However,
the pathological significance of this process and its underlying
molecular mechanism remain unclear. Here we show that
treatment of epithelial cells with pseudotyped HIV-1 viral
particles or recombinant gp120 protein results in the activation
of protein kinase G 1 (PKG1). Examination of epithelial cells by
immunofluorescence microscopy reveals that PKG1 activation
mediates the epithelial barrier damage upon HIV-1 exposure.
Immunoprecipitation experiments show that PKG1 interacts
with stathmin and phosphorylates stathmin at serine 63 in the
presence of gp120. Immunoprecipitation and immunofluores-
cence microscopy further demonstrate that PKG1-mediated
phosphorylation of stathmin promotes its autophagic degra-
dation by enhancing the interaction between stathmin and the
autophagy adaptor protein p62. Collectively, these results
suggest that HIV-1 exposure exploits the PKG1/stathmin axis
to affect the microtubule cytoskeleton and thereby perturbs
epithelial cell junctions. Our findings reveal a novel molecular
mechanism by which exposure to HIV-1 increases epithelial
permeability, which has implications for the development of
effective strategies to prevent mucosal HIV-1 transmission.

Human immunodeficiency virus type 1 (HIV-1) affects
millions of people worldwide. The major routes of HIV-1
transmission are percutaneous injury (blood or bodily fluid),
cutaneous injury (skin wound), and contact with mucous
membranes. In most cases (>90%), HIV-1 infection is initiated
via different mucosal (e.g., genital, rectal, and occasionally oral)
epithelial surfaces after sexual contact (1, 2) and is associated
with increased mucosal permeability (3). Various vaccines and
topical microbicides have been developed that interfere with
viral transmission based on current knowledge of the initial
steps of mucosal penetration by HIV-1 (4, 5).
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The HIV-1 envelope glycoprotein gp120 binds to its primary
receptor cluster of differentiation 4 (CD4) and chemokine
coreceptors, including C-C chemokine receptor type 5 (CCR5)
and C-X-C chemokine receptor type 4 (CXCR4), and un-
dergoes entry-related conformational changes (6). CCR5 and
CXCR4 are expressed in genital, intestinal, and oral mucosal
membranes. The attachment of HIV-1 viral particles to the
mucosal membrane depends on the interaction of gp120 with
its chemokine coreceptors. The mucosal epithelium functions
as a selectively permeable barrier through the formation of cell
junctions, including tight and adherens junctions, which are
multiprotein complexes that connect adjacent epithelial cells
(7, 8). HIV-1 gp120 has been shown to compromise the
mucosal barrier by disruption of these junctions, resulting in
increased epithelial permeability (2).

The microtubule cytoskeleton participates in a variety of
cellular activities including cell motility, division, shaping, and
intracellular trafficking (9). In addition, microtubules play an
important role in the formation and maintenance of cell
junctions (10–12). Microtubules bind to the adherens junction
protein α-catenin via the centrosome-associated protein 350
(CAP350), which can influence the movement of adherens
junction proteins within the cytoplasm and their distribution
at the cell cortex (13). The minus ends of microtubules are
linked to E-cadherin/p120 catenin by the calmodulin-
regulated spectrin-associated protein 3 (CAMSAP3)/pleck-
strin homology domain-containing A7 (PLEKHA7) complex,
to maintain the integrity and stability of adherens junctions
(14). Microtubules are also critical for the assembly of tight
junctions by promoting CAMSAP3/PLEKHA7-dependent
recruitment of paracingulin and zona occludens 1 (ZO-1)
(15, 16).

We have previously demonstrated that interaction of gp120
with mucosal epithelial cells induces autophagic degradation
of the microtubule-destabilizing protein stathmin. The
consequent reduction in stathmin levels leads to microtubule
hyperstabilization and disruption of junctional complexes,
allowing HIV-1 to reach and attack human immune cells (17).
However, the pathological relevance and molecular basis of
these events are unknown. In this study, we report a previously
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PKG1 impairs the mucosal barrier upon HIV-1 exposure
undescribed mechanism by which exposure of mucosal
epithelial cells to HIV-1 breaches the mucosal barrier to
initiate the infection cycle. We show that HIV-1 exposure
activates protein kinase G (PKG) 1 to phosphorylate stathmin
at serine 63, thereby promoting its degradation via autophagy.
This in turn triggers microtubule hyperstabilization and
disassembly of the junctional complex, leading to the disrup-
tion of the mucosal barrier.
Results

HIV-1 pseudoviruses damage cell junctions by inducing
stathmin degradation and microtubule hyperstabilization

To investigate the clinical significance and molecular basis
of mucosal barrier disruption by HIV-1 gp120, we examined
the integrity of cell junctions based on the localization of the
tight junction marker, ZO-1, and the adherens junction
marker, E-cadherin (18–20). Caco-2 human colon cancer cells
Figure 1. Exposure to Env-pseudotyped HIV-1 decreases the stathmin lev
immunofluorescence labeling of ZO-1 (A) and E-cadherin (C) in Caco-2 cells tre
109 PFU/mL) with or without AMD3100 (10 μM) for 24 h. Scale bars, 25 μm. B a
cell junctions. n = 3 biological replicates. E, immunofluorescence labeling of α-t
viruses with or without AMD3100 for 24 h. Scale bar, 20 μm. F, graphs showing
G, Caco-2 cells were treated with HIV-1 for 24 h, and cell lysates were collected
significant.
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were incubated with envelope (Env)-pseudotyped HIV-1 or
vesicular stomatitis virus glycoprotein (VSVG)-pseudotyped
control viruses. The junctional localization of ZO-1 and E-
cadherin was decreased upon HIV-1 exposure (Fig. 1, A–D).
AMD3100 is a CXCR4 antagonist that has been shown to
specifically inhibit HIV-1 entry and membrane fusion by
blocking interaction of the virus with CXCR4 (21). AMD3100
treatment abrogated the decrease in ZO-1 and E-cadherin
junctional signals following HIV-1 exposure (Fig. 1, A–D).

Microtubules play an important role in the delivery of
junctional proteins to cell contact sites and the assembly of
junctional complexes (15, 17, 22). We performed immuno-
fluorescence labeling to detect acetylated α-tubulin, a marker
of stabilized microtubules (23), and found that incubation with
HIV-1 pseudoviruses caused microtubule hyperstabilization in
Caco-2 cells (Fig. 1, E and F). To examine the relationship
between HIV-1 exposure and microtubule organization, we
used AMD3100 to block HIV-1 interaction with CXCR4.
el and hyperstabilizes microtubules to disrupt cell junctions. A and C,
ated with Env-pseudotyped HIV-1 or VSVG-pseudotyped control viruses (1 ×
nd D, graphs showing the mean ZO-1 (B) and E-cadherin (D) fluorescence at
ubulin and acetylated α-tubulin in Caco-2 cells treated with HIV-1 or control
the fluorescence intensity of acetylated α-tubulin. n = 3 biological replicates.
and analyzed by immunoblotting. Data are presented as mean ± SD. ns, not
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Microtubule hyperstabilization was largely reversed by
AMD3100 treatment (Fig. 1, E and F). Microtubule assembly
from α/β-tubulin heterodimers is inhibited by microtubule-
destabilizing proteins such as stathmin (24–26). We
observed that exposure to HIV-1 pseudoviruses decreased the
level of stathmin in Caco-2 cells (Fig. 1G), consistent with the
finding that HIV-1 exposure hyperstabilizes microtubules.
Thus, downregulation of stathmin leads to microtubule
hyperstabilization, allowing HIV-1 to compromise epithelial
cell junctions.

PKG1 interacts with stathmin and causes epithelial barrier
damage upon exposure to HIV-1

To investigate the molecular link between HIV-1 exposure
and stathmin degradation, we immunoprecipitated green
fluorescent protein (GFP)-tagged stathmin from transfected
Figure 2. PKG1 is activated by HIV-1 gp120 and mediates its disruption of c
the interaction of proteins with stathmin-GFP in HEK293T cells. B, PKG1 or A
immunoprecipitated from stathmin-GFP expressed HEK293T lysates with the G
phosphorylation of endogenous PKG1 in RKO cells with 0 or 1 μg/mL gp120 t
phosphorylation of endogenous ADCK3 in RKO cells with or without gp120 t
PKG1 or ADCK3 in Caco-2 cells. F, immunolabeling of ZO-1 or E-cadherin in cell
10 μm. G and H, analysis of ZO-1 (G) or E-cadherin (H) fluorescence intensity at
ns, not significant.
HEK293T cells and examined stathmin-interacting proteins by
mass spectrometry. Two candidate proteins were identified,
namely, PKG1 and AarF domain-containing kinase 3 (ADCK3)
(Fig. 2, A and B, and Table S1).

As phosphorylation is an important regulator of protein
kinase activity, we examined the activity of PKG1 and
ADCK3 following HIV-1 exposure. HIV-1 gp120 increased
the serine/threonine phosphorylation of PKG1 (Fig. 2C),
indicating its activation, whereas ADCK3 phosphorylation
was unaffected (Fig. 2D). Moreover, small interfering RNA
(siRNA)-mediated knockdown of PKG1 enhanced junctional
ZO-1 and E-cadherin signals in the presence of HIV-1 gp120
(Fig. 2, E–H). On the other hand, ADCK3 knockdown did
not abrogate the decrease in junctional ZO-1 and E-cadherin
localization (Fig. 2, E–H). These results suggest that HIV-1
exposure results in the activation of PKG1, which might be
ell junctions. A, immunoprecipitation and coomassie blue staining showing
DCK3 peptide sequences identified by mass spectrometry in the proteins
FP-beads. C, immunoprecipitation and immunoblotting results showing the
reatment. D, immunoprecipitation and immunoblotting results showing the
reatment. E, immunoblotting results showing the knockdown efficiency of
s incubated with gp120 for 24 h after PKG1 or ADCK3 knockdown. Scale bar,
cell junctions. n = 3 biological replicates. Data are presented as mean ± SD.
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related to stathmin degradation and microtubule
reorganization.

PKG1 binds and phosphorylates stathmin in the presence of
HIV-1 Gp120

PKG1 is a serine/threonine protein kinase that is activated
by cyclic GMP and regulates diverse signal transduction
pathways. We examined the molecular relevance of PKG1 in
HIV-1-induced degradation of stathmin by immunoprecipi-
tation and pulldown experiments. Reciprocal immunoprecip-
itation of PKG1-Flag and stathmin-GFP revealed an
interaction between the two proteins in HEK293T cells (Fig. 3,
A and B). The His pulldown assay confirmed their direct
interaction in vitro (Fig. 3C). Furthermore, endogenous PKG1
Figure 3. PKG1 interacts with stathmin and phosphorylates stathmin at se
the interaction of PKG1-Flag and stathmin-GFP in HEK293T cells. Immunoprec
assay revealing the in vitro interaction between His-stathmin and GST-PKG1. D,
endogenous PKG1 with stathmin in intestinal, oral, and vaginal epithelial cel
phorylation of stathmin-GFP in Ca9-22 cells transfected with indicated co
phosphotarget map showing S38 and S63 relative to other known phosphoryla
S38-stathmin in RKO cells treated with HIV-1 for 24 h (G) and with 1 μg/mL gp12
stathmin, and PKG1 or PKA in RKO cells treated with gp120 for 24 h after PK
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coimmunoprecipitated with stathmin in intestinal, oral, and
vaginal epithelial cells (Fig. 3D), indicating that PKG1 and
stathmin interact in vivo.

Stathmin undergoes extensive phosphorylation in response
to various extracellular factors, and its tubulin-sequestering
capacity is weakened by phosphorylation at one or more of
its four conserved serine residues (serine 16, 25, 38, and 63)
(27, 28). Based on these findings, we investigated whether the
interaction between PKG1 and stathmin leads to stathmin
phosphorylation by coexpressing PKG1-Flag and stathmin-
GFP in Ca9-22 cells. PKG1 overexpression increased stath-
min serine/threonine phosphorylation (Fig. 3E), suggesting
that stathmin is a substrate of PKG1; this was accompanied by
a decrease in stathmin protein levels, implying that
rine 63. A and B, immunoprecipitation and immunoblotting results showing
ipitation was performed with GFP (A) or Flag (B) antibodies. C, His pulldown
immunoprecipitation and immunoblotting results showing the interaction of
ls. E, immunoprecipitation and immunoblotting results showing the phos-
ncentrations of PKG1-Flag and treated with gp120. F, human stathmin
tion sites. G and H, immunoblot analysis of stathmin, p-S63-stathmin, and p-
0 for the indicated time (H). I and J, immunoblot analysis of stathmin, p-S63-
G1 or PKA knockdown.
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phosphorylation interferes with the stability of stathmin.
Treatment of cells with HIV-1 gp120 activated PKG1 and
further increased stathmin serine/threonine phosphorylation,
while markedly reducing stathmin protein levels (Fig. 3E).

Liquid chromatography–tandem mass spectrometry (LC-
MS/MS) analysis identified serine 38 and 63 as the residues
in stathmin that were phosphorylated upon HIV-1 gp120
treatment (Fig. 3F, Fig. S1, A and B, and Table S2). Using
phosphorylation-specific antibodies, we found that serine 63
phosphorylation was increased in Caco-2 cells exposed to
HIV-1 pseudoviruses or treated with gp120, while serine 38
phosphorylation was not obviously affected (Fig. 3, G and H).
Treatment of cells with Rp-8-pCPT-cyclic GMPS sodium
(RPG), an inhibitor of PKG1 activity (29), abrogated the
Figure 4. PKG1-mediated stathmin phosphorylation leads to perturbatio
labeling of ZO-1 (A) and E-cadherin (C) in cells treated with gp120 and RPG (20
of ZO-1 (B) and E-cadherin (D) at cell junctions. n = 3 biological replicates. E a
2 cells transfected with GFP vector, WT stathmin-GFP, or S63A stathmin-GFP fo
quantification of ZO-1 (F) and E-cadherin (H) fluorescence intensity at cell junc
significant.
increase in stathmin serine 63 phosphorylation (Fig. S2A).
Moreover, siRNA-mediated PKG1 depletion could also block
the increase in serine 63 phosphorylation and degradation of
stathmin (Fig. 3I). As protein kinase A (PKA) could also
phosphorylate stathmin at serine 63, we carried out PKA
knockdown (Fig. 3J) or inhibition of its activity with H-89
(Fig. S2B) and found that PKA depletion could not abrogate
the increase of serine 63 phosphorylation and degradation of
stathmin. In addition, PKA depletion did not abrogate the
decrease in junctional localization of ZO-1 and E-cadherin
under HIV-1 gp120 treatment (Fig. S3, A–D). These results
indicate that interaction with PKG1 promotes stathmin
serine 63 phosphorylation and that this is enhanced upon
HIV-1 exposure.
n of cell junctions upon HIV-1 exposure. A and C, immunofluorescence
μM). Scale bars, 25 μm. B and D, quantification of the fluorescence intensity
nd G, immunofluorescence labeling of ZO-1 (E) and E-cadherin (G) in Caco-
r 24 h followed by treatment with HIV-1 for 24 h. Scale bars, 20 μm. F and H,
tions. n = 3 biological replicates. Data are presented as mean ± SD. ns, not
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PKG1-mediated stathmin phosphorylation underlies the
disruption of cell junctions by HIV-1

The pathological link between stathmin phosphorylation by
PKG1 and the disruption of cell junctions by HIV-1 is sup-
ported by our observation that PKG1 knockdown rescued the
junctional damage caused by HIV-1 gp120 treatment (Fig. 2,
E–H). Based on these data, we investigated whether inhibition
of PKG1 activity would rescue this junctional breakdown. As
expected, treatment with the PKG1 inhibitor RPG mitigated
HIV-1 gp120-induced loss of junctional integrity, including
that of tight junctions (Fig. 4, A and B) and adherens junctions
(Fig. 4, C and D). We next assessed the integrity of cell junc-
tions in the presence or absence of HIV-1 with stathmin
overexpression/rescue experiments in Caco-2 cells. HIV-1-
disrupted cell junctions could be rescued by overexpression
of stathmin-GFP (Fig. 4, E–H). However, mutation of the
stathmin serine 63 residue phosphorylated by PKG1 restored
junctional integrity much better. Thus, HIV-1-induced
epithelial junction damage is directly related to PKG1-
mediated stathmin phosphorylation.

The PKG1/Stathmin axis modulates HIV-1-induced
microtubule hyperstabilization

The tubulin-binding capacity of stathmin is reduced and the
microtubule-depolymerization function of stathmin is inhibi-
ted by its phosphorylation at serine 63 (27). We tested whether
the PKG1/stathmin signaling axis mediates stathmin-
dependent changes in microtubule stability induced by HIV-
1 exposure. In addition to restoring cell junctions, PKG1
knockdown abolished the microtubule-hyperstabilizing effects
of HIV-1 gp120 (Fig. 5, A and B), confirming the essential role
of PKG1 in HIV-1-induced microtubule hyperstabilization.

Application of the microtubule-depolymerizing agent
nocodazole to disrupt bundled microtubules reversed the
damage to tight and adherens junctions caused by HIV-1
gp120 (Fig. 5, C–E), suggesting that the junctional disruption
was caused by PKG1/stathmin-mediated microtubule hyper-
stabilization. To evaluate this possibility, stathmin was over-
expressed in cells with or without HIV-1 exposure, and
microtubule morphology was analyzed. Overexpression of
stathmin-GFP abrogated HIV-1-induced microtubule hyper-
stabilization, and this effect was enhanced when the stathmin
S63A (phosphodeficient) mutant was overexpressed (Fig. 5, F
and G). Thus, PKG1-mediated stathmin phosphorylation un-
derlies the microtubule hyperstabilization induced by HIV-1.

Stathmin phosphorylation at serine 63 promotes its
autophagic degradation

Our previous work showed that stathmin was targeted for
autophagic degradation by treatment with HIV-1 gp120 (17).
Overexpression of PKG1 decreased stathmin protein levels
(Fig. 3E), whereas PKG1 depletion had the opposite effect
(Fig. 3I). We examined the relationship between stathmin
phosphorylation and autophagic degradation in greater detail
by comparing the half-lives of WT, S63A (phosphodeficient)
mutant, and S63D (phosphomimetic) mutant stathmin-GFP
6 J. Biol. Chem. (2021) 296 100644
proteins. The S63A and S63D mutants had longer and
shorter half-lives, respectively, than WT stathmin (Fig. 6, A
and B), indicating that stathmin phosphorylation at serine 63
decreases its stability.

Autophagosomes can be visualized by detection of fluo-
rescently labeled microtubule-associated protein 1A/1B-light
chain 3 (LC3) puncta (30, 31). We examined the intracellular
distribution of WT, S63A, and S63D stathmin-GFP proteins.
We found that more S63D stathmin was targeted to intracel-
lular LC3 puncta compared with the WT protein following
gp120 treatment (Fig. 6C). To investigate the underlying
mechanism, we analyzed the domain of stathmin that interacts
with p62 using a set of stathmin deletion mutants fused to GFP
(Fig. 6D). Immunoprecipitation experiments showed that p62
interacted with different domains of stathmin, but much less
with the N-terminal truncation mutant (Fig. 6E). Moreover,
less S63A and more S63D stathmin-GFP coprecipitated with
Flag-p62 compared with the WT protein (Fig. 6F). These re-
sults indicate that PKG1-mediated phosphorylation of stath-
min at serine 63 promotes stathmin degradation by autophagy.
Discussion

The binding of HIV-1 gp120 to its chemokine coreceptor
CCR5 or CXCR4 is known to trigger the activation of multiple
signaling pathways related to the pathogenesis of HIV-1
infection (32–35). The results presented here reveal the mo-
lecular mechanism by which HIV-1 penetrates the epithelial
barrier as well as the pathological significance of this novel
regulatory pathway (Fig. 6G). HIV-1 exposure triggers PKG1
activation and stathmin phosphorylation, inhibition, and
degradation, leading to the hyperstabilization of microtubules
and disruption of epithelial cell junctions (Fig. 6G). The gp120
protein is the major focus of developing HIV-1 vaccines (36).
Efforts to develop HIV-1 vaccines targeting gp120, however,
have been hampered by the chemical and structural properties
of gp120, which make it difficult for antibody binding. The
present study provides novel insights into the molecular
mechanisms of HIV-1-induced mucosal barrier dysfunction,
which may facilitate the development of vaccines targeting
gp120.

Stathmin functions as an intracellular relay for multiple
regulatory pathways (37–39). Stathmin phosphorylation is
known to modulate the microtubule architecture (24, 26). For
example, phosphorylation by the Epstein-Barr virus kinase
BGLF4 at serine 16, 25, and 38 reduces the microtubule-
destabilizing capacity of stathmin (40). Our results reveal
that stathmin phosphorylation at serine 63 is markedly
increased upon HIV-1 exposure. Serine 63 phosphorylation by
PKA is known to inhibit stathmin activity and promote
microtubule depolymerization (41). We have sought to identify
the role of PKA in stathmin phosphorylation induced by HIV-
1 gp120. Our data show that PKA depletion could not block
the induction of stathmin phosphorylation, although PKA
knockdown could indeed decrease the basal level of stathmin
phosphorylation. In this study, we have identified PKG1 by
LC-MS/MS analysis as a novel kinase of stathmin that
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specifically phosphorylates the serine 63 residue in the pres-
ence of HIV-1 pseudoviruses or recombinant gp120 protein.
PKG1 acts as serine/threonine kinase that protects against
heart disease, neuronal disease, and thoracic aortic disease.
Serine 27, serine 45, serine 51, threonine 59, serine 65, serine
73, and threonine 85 residues of PKG1 have been reported to
undergo autophosphorylation in vitro (42). We provide evi-
dence that the phosphorylation of PKG1 is increased by gp120
treatment. We speculate that PKG1 may be activated through
autophosphorylation upon gp120 treatment and then phos-
phorylate stathmin at serine 63. These findings indicate that
the inhibition of stathmin activity by PKG1-mediated phos-
phorylation contributes to HIV-1-induced microtubule
hyperstabilization.

Binding of gp120 to its chemokine coreceptor CCR5 or
CXCR4 is known to trigger the activation of multiple signaling
pathways related to HIV-1 pathogenesis (32–35). Autophagy is
critically involved in the defense against viral infection and
antiviral immune responses. It has been demonstrated that
autophagy is induced by various pathogens, such as HIV-1,
herpes simplex virus type 1, and hepatitis C virus, impli-
cating autophagy as a potential antiviral target. HIV-1 Tat is
shown to induce autophagy in neuroblastoma cells (43). The
interaction of gp120 with CXCR4 has been reported to
Figure 5. The PKG1/stathmin axis mediates microtubule hyperstabilizatio
acetylated α-tubulin in cells treated with gp120 for 24 h following PKG1 knockd
n = 3 biological replicates. C, immunofluorescence labeling of ZO-1 and E-cadhe
last hour. Scale bar, 25 μm. D, quantification of ZO-1 fluorescence intensity. n =
n = 3 biological replicates. F, immunofluorescence labeling of α-tubulin and ac
GFP, or S63A stathmin-GFP for 24 h followed by HIV-1 treatment. Scale bar, 20
replicates. Data are presented as mean ± SD. ns, not significant.
mediate HIV-1 Env-mediated autophagy (35). PKG1, as a key
mediator of nitric oxide signaling, has been shown to induce
autophagy through phosphorylating tuberous sclerosis com-
plex 2 (TSC2) (44). These findings, together with our obser-
vation that stathmin phosphorylation by PKG1 results in
autophagic degradation of stathmin, suggest a complex regu-
lation of protein levels by autophagy upon HIV-1 infection. It
is tempting to speculate that, at the early stage of HIV-1
transmission, gp120 may trigger autophagy in the epithelium
via activation of the PKG1/TSC2 axis. Further studies are
warranted to test this possibility. In addition to gp120, gp41,
another glycoprotein of the HIV-1 envelope, has been shown
to mediate HIV-1 envelope-induced autophagy via its fuso-
genic function in uninfected bystander CD4+ T cells (45). The
recombinant gp120 used in our study contains the N-terminal
heptad repeat and C-terminal heptad repeat domains of gp41
but does not contain its fusion peptide, largely excluding the
involvement of gp41 in HIV-1-induced autophagy.

Our findings have important implications for the prevention
of sexual transmission of HIV-1 because they indicate that
HIV-1-induced disruption of epithelial cell junctions can be
effectively abrogated by pharmacological inhibition of PKG1
activity. Additional studies are needed to determine whether
specifically targeting stathmin phosphorylation, microtubule
n upon HIV-1 exposure. A, immunofluorescence labeling of α-tubulin and
own. Scale bar, 10 μm. B, quantification of acetylated α-tubulin fluorescence.
rin in cells treated with gp120 for 24 h; 10 μM nocodazole was added for the
4 biological replicates. E, quantification of E-cadherin fluorescence intensity.
etylated α-tubulin in Caco-2 cells transfected with GFP vector, WT stathmin-
μm. G, quantification of acetylated α-tubulin fluorescence. n = 3 biological
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dynamics (46, 47), or junctional complex formation can alle-
viate the effect of HIV-1 on epithelial cell junctions. Moreover,
elucidating the molecular mechanisms underlying the earliest
stages of HIV-1 infection can guide the development of
effective vaccines and microbicides that block HIV-1 trans-
mission and prevent systemic infection and associated
pathologies.

Experimental procedures

Cell culture and transfection

Caco-2 and RKO human epithelial cell lines were cultured
in Minimal Essential Medium (Thermo Fisher Scientific).
HEK293T human embryonic kidney cells were cultured in
Dulbecco’s Modified Eagle’s Medium (Hyclone). All cells were
Figure 6. PKG1-mediated phosphorylation promotes stathmin degradatio
S63D stathmin-GFP expression in cells treated with 100 μg/mL cycloheximi
stathmin-GFP levels. n = 3 biological replicates. C, colocalization of LC3 puncta
nM bafilomycin A1 (BFA1) or 25 μM chloroquine (CQ) for 24 h. Scale bars, 5
noprecipitation and immunoblotting results showing the interaction of Flag-
stathmin-GFP (F) in HEK293T cells. G, model of HIV-1-induced microtubule hy
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cultured in medium supplemented with 10% to 20% fetal
bovine serum and penicillin/streptomycin (100 U/mL, both
from Biological Industries) at 37 �C in a humidified incubator
of 5% CO2. AMD3100, chloroquine, 4’,6-diamidino-2-
phenylindole (DAPI), and bafilomycin A1 were purchased
from Sigma-Aldrich; H-89 was from MedChemExpress; and
RPG was from Santa Cruz Biotechnology. Cell transfection was
performed as described (17, 48).

Generation of pseudotyped HIV-1

Env-pseudotyped HIV-1 and VSVG-pseudotyped control
viruses were obtained by cotransfecting HEK293T cells with
NLENY1-ES-IRES encoding the HIV-1 backbone (provided by
Dr David Levy, University of Alabama at Birmingham), along
n via autophagy. A, immunoblot analysis of wildtype (WT) and S63A and
de (CHX) for the indicated time. B, quantification of WT, S63A, and S63D
with WT or S63A or S63D stathmin-GFP in cells treated with gp120 and 100
μm. D, schematic illustration of stathmin deletion mutants. E and F, immu-
p62 with stathmin-GFP deletion mutants (E) and with WT, S63A, or S63D
perstabilization via the PKG1/stathmin axis.
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with pSRHS-Env (provided by Dr Eric Hunter, Emory Uni-
versity), or pVSVG (provided by Dr David Levy), respectively,
as described (49). The supernatant was collected 48 h after
transfection. To determine the viral titer, harvested viruses
were used to infect TZM-bl reporter cells and the luciferase
assay was performed using a GloMax luminometer (Promega)
(49).

Plasmids, siRNAs, and purified proteins

Stathmin and p62 cDNAs were amplified by PCR and
cloned into the pEGFP-N1 and pCMV5-Flag vectors, respec-
tively. pCMV6-Flag-PKG1 was obtained from OriGene.
Stathmin deletion and point mutants were generated using the
QuikChange Site-Directed Mutagenesis kit (Stratagene).
siPKA (5’-CAAGGACAACUCAAACUUA-3’), siPKG1 (#1:
5’-CACCGAGUGAAGACCCAGU-3’ and #2: 5’-GGAUA
GAGGUUCGUUUGAA-3’), and siADCK3 (#1: 5’-CGGGAC
AAGUUGGAAUACU-3’ and #2: 5’-GGGCUCAGCCAGGA
GAUUC-3’) were synthesized by RiboBio. Recombinant HIV-1
gp120 was expressed in stably transfected Drosophila S2 cells
and purified by affinity chromatography followed by size
exclusion chromatography, as described (50).

Mass spectrometry

To identify proteins interacting with stathmin-GFP, the
immunoprecipitated proteins bound to GFP-beads were
subjected to mass spectrometry by Lu-Ming Biotech Co. To
identify stathmin-GFP phosphorylation sites under HIV-1
gp120 treatment, the immunoprecipitated proteins bound
to GFP-beads were subjected to Coomassie blue staining
and mass spectrometry by PTM Biolabs. The eluted proteins
from the immunoprecipitation assay were identified using a
gel-based LC-MS approach. The data processing was con-
ducted using the Q-Exactive or Orbitrap Elite mass spec-
trometer (Thermo Fisher Scientific). In the mass
spectrometry, Thermo Proteome Discoverer 2.1 was used as
the peaklist-generating software and the search engine. The
sequence database searched was homo sapiens (Homo_-
sapiens_9606_Swiss-Prot). The number of entries in the
database actually searched was 20,365. Trypsin/P was spec-
ified as the cleavage enzyme to generate peptides. The
number of missed and/or nonspecific cleavages permitted
was two. Carbamidomethyl on Cys were specified as fixed
modification. Oxidation (Met), acetyl (Protein N-term), and
deamidated (NQ) were specified as variable modifications.
Mass tolerance for precursor ions was set to 10 ppm. Mass
tolerance for fragment ions was set to 0.05 Da. Peptide
confidence was set at high, and peptide ion score was set
>20. The false discovery rate (FDR) was <1%. The FDR was
calculated (for large datasets) as follows: The protein data-
base used in the search database was called the positive li-
brary, and all protein sequences were reversed as the
antilibrary. If a peptide sequence could be attributed to both
the positive and the antilibrary, it would not be trusted. The
probability of a peptide going to the reverse library (the
FDR value) was required to be less than 1%.
Immunoprecipitation and immunoblotting

Total cell lysates were extracted in boiling sodium dodecyl
sulfate (SDS) sample buffer. Immunoprecipitation lysates
were prepared with Triton X-100 lysis buffer (50 mM Tris-
HCl [pH 7.4], 150 mM NaCl, 1 mM Na4VO3, 10 mM NaF,
1 mM EDTA, and 1% Triton X-100) supplemented with
phenylmethylsulfonyl fluoride (1 mM) and protease inhibitor
cocktail (Roche Diagnostics). Proteins were separated by
SDS–polyacrylamide gel electrophoresis and transferred to a
polyvinylidene difluoride membrane (Merck Millipore) that
was incubated overnight at 4 �C with primary antibodies and
then probed with horseradish peroxidase (HRP)-conjugated
secondary antibodies. Chemiluminescence detection was
performed with Western HRP substrate (Merck Millipore).
Immunoprecipitation, His pulldown, and coimmunopreci-
pitation assays were performed as described (17). Primary
antibodies against the following proteins were used: acety-
lated α-tubulin (Merck Millipore; Sigma-Aldrich); α-tubulin,
stathmin, phospho(p)-S63-stathmin, p-Ser/Thr, PKG1, and
E-cadherin (all from Abcam); stathmin and PKG1 (both from
Proteintech); pTyr, β-actin, GFP, and Flag (Abways); p62 and
LC3 (MBL); and ZO-1 (Thermo Fisher Scientific). HRP-
conjugated secondary antibodies were from Amersham
Biosciences. Protein A/G-agarose (Pierce), GFP-agarose
(MBL), and Flag-agarose (Abmart) beads were used for
immunoprecipitation.

Immunofluorescence analysis

The expression and localization of specific proteins were
detected by immunofluorescence labeling. Briefly, fixed cells
were blocked with 4% bovine serum albumin for 1 h and
incubated overnight at 4 �C with primary antibodies followed
by Alexa Fluor 488- or 568-conjugated secondary antibodies
(Abcam) at room temperature in the dark for 1 h. DAPI was
used to stain cell nuclei, and samples and coverslips were
mounted with 90% glycerol in phosphate-buffered saline. The
slides were observed with a fluorescence microscope (Leica) or
a laser confocal microscope (Leica) to obtain a z-axis scan. The
polyhedral tool of ImageJ software (National Institutes of
Health) was used to quantify fluorescence. The fluorescence
intensity of the samples was determined by subtracting back-
ground signal. The signal (%) of different junctional markers
was calculated as the ratio of fluorescence intensity in the
junction area to that in the whole cell as described (51).

Statistical analysis

All statistical comparisons were performed using Prism
software (GraphPad). Data are expressed as mean ± SD and
were analyzed with the unpaired two-tailed t test or by one-
way analysis of variance. p < 0.05 was considered statistically
significant.

Data availability

The mass spectrometry proteomics data have been depos-
ited to the ProteomeXchange Consortium via the PRIDE (52)
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partner repository (http://www.ebi.ac.uk/pride) with the
dataset identifier PXD023868 and PXD023906.
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information.
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