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Intercellular miRNA exchange acts as a key mechanism to
control gene expression post-transcriptionally in mammalian
cells. Regulated export of repressive miRNAs allows the
expression of inflammatory cytokines in activated macro-
phages. Intracellular trafficking of miRNAs from the endo-
plasmic reticulum to endosomes is a rate-determining step in
the miRNA export process and plays an important role in
controlling cellular miRNA levels and inflammatory processes
in macrophages. We have identified the SNARE protein Syn-
taxin 5 (STX5) to show a synchronized expression pattern with
miRNA activity loss in activated mammalian macrophage cells.
STX5 is both necessary and sufficient for macrophage activa-
tion and clearance of the intracellular pathogen Leishmania
donovani from infected macrophages. Exploring the mecha-
nism of how STX5 acts as an immunostimulant, we have
identified the de novo RNA-binding property of this SNARE
protein that binds specific miRNAs and facilitates their accu-
mulation in endosomes in a cooperative manner with human
ELAVL1 protein, Human antigen R. This activity ensures the
export of miRNAs and allows the expression of miRNA-
repressed cytokines. Conversely, in its dual role in miRNA
export, this SNARE protein prevents lysosomal targeting of
endosomes by enhancing the fusion of miRNA-loaded endo-
somes with the plasma membrane to ensure accelerated release
of extracellular vesicles and associated miRNAs.

Repression by miRNAs and degradation of functional target
mRNAs are two spatio-temporally uncoupled events as the
miRNA-mediated repression occurs largely on the surface of
ER-attached polysomes while the target RNA degradation
takes place on late endosomes and multivesicular bodies
(MVBs) (1–4).

Other than intracellular gene silencing, miRNAs also play a
crucial role in intercellular communication as it has already
been reported that hundreds of miRNAs are exported out of
animal cells via extracellular vesicles (EVs). MVBs fuse with
the plasma membrane to release EVs in the extracellular
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milieu. The EVs contain several miRNAs, mRNAs, proteins,
and other cellular factors (5, 6). EV-bound extracellular miR-
NAs can be taken up by the neighboring cells to regulate the
genes. The miRNA exchange process is affected in diseased
tissue (5, 7, 8).

miRNAs also play a pivotal role in maintaining an optimal
cytokine expression in macrophages in a resting stage.
Macrophage cells are usually able to clear out the invading
pathogens by altering cytokine expression to upregulate the
expression of pro-inflammatory cytokines (9, 10). Bacterial
lipopolysaccharide (LPS) enhances the expression of pro-
inflammatory cytokines by binding to the Toll-like receptor4
(TLR4) and affects the activity of different miRNAs in
monocytes and macrophages (11). Conversely, the protozoan
parasite Leishmania donovani (Ld), the causative agent of
visceral leishmaniasis, escapes this pro-inflammatory cytokine
surge by inducing the expression of anti-inflammatory cyto-
kines and inhibiting the lysosomal fusion of parasitophorous
vacuoles inside the macrophages (9, 12, 13).

The alteration in cellular miRNA expression profile in in-
fectious diseases has been extensively studied for the last many
years. Additionally, several miRNAs regulate the host-
pathogen interaction by modulating macrophage polarization
upon infection. It has been reported that miR-146a, miR-210,
miR-155, miR-21, miR-125b, and miR-26 can promote
macrophage polarization (14). Previous reports from our
group have suggested that the Leishmania metalloprotease
gp63 can degrade DICER1 to downregulate the formation of
mature miR-122 from its precursor in hepatic cells. miR-122
downregulation has ultimately resulted in increased parasite
load in the mice liver (15). Reports also suggest that the EV-
mediated transfer of both parasites and host-derived factors
affect the infectivity and its propagation to noninfected
neighboring cells (16, 17). Internalized pathogens can suppress
pro-inflammatory responses inside the host macrophages by
preventing the uptake of miR-122-loaded EVs. Leishmania-
infected cells were also shown to increase the miR-146a pro-
duction and export via EVs that restrict the production of
miR-122 in the recipient liver cells. Overall, Leishmania sp.
can induce a significant alteration in the miRNA expression
profile in the context of host-pathogen interaction (16).
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Syntaxin 5 accelerates miRNA export
EV-biogenesis and the mechanism of miRNA packaging
into those vesicles have been an important research area in the
EV-research field. RNA binding proteins (RBPs) such as
hnRNPA2B1, SYNCRIP, YBX-1, MVP, and La protein specif-
ically bind to their target miRNAs and play a crucial role in the
sorting and packaging of miRNAs to EVs (18–21). Human
ELAVL1 protein (HuR or Human antigen R) also plays a
pivotal role in exporting miRNAs via EVs under cellular stress
conditions (22). HuR inhibits the cellular activity of specific
miRNAs mainly by uncoupling them from their targets and by
subsequently loading them inside into MVBs for their release
as part of EVs (23–25).

On the other hand, EV biogenesis mainly occurs by
recruiting the ESCRT proteins and by synthesizing ceramide
with the help of neutral sphingomyelinase 2 (nSMase2) (26).
The EV-biogenesis is a complex multistep process that is
strictly regulated by ESCRT, Rab, and other small GTPases and
SNARE proteins (27, 28). The release of EVs involves vesicle
fusion, a process that is governed by several different SNARE
proteins. Previous reports suggest depletion of one specific
SNARE protein can lead to reduced EV secretion in C. elegans
(29). However, how these SNARE proteins that modulate
endosomal pathways affect the cellular miRNA activity and
levels to alter the target cytokine profile and infection process
is yet to be explored in detail.

In this study, we have identified one t-SNARE protein,
Syntaxin 5 (STX5) that enhances the interaction between the
endoplasmic reticulum and early endosomes, which in turn
facilitates the release of EVs. Interestingly, STX5 was found to
be essential for EV biogenesis and export pathways and thus to
have a negative effect on cellular miRNA levels. Moreover,
STX5 with a perturbed SNARE domain was unable to show its
regulatory effect on cellular miRNA activity and level.
Expression of STX5 induces a decrease in miRNA activity to
allow expression of miRNA-repressed cytokines to restrict the
L. donovani infection in murine macrophage cells and in mice
liver. We have also observed a de novo miRNA binding activity
of STX5 both ex vivo and in vitro. The N-terminal 23 amino
acids long disordered region of STX5 was found to be essential
for miRNA binding and HuR interaction. Interestingly, human
ELAV protein HuR and STX5 act synergistically to load
miRNAs into endosomes for their export. STX5 plays a dual
role in miRNA export. The MVBs with miRNAs inside get
fused to the plasma membrane to release the content as EVs
into extracellular space in an STX5-dependent manner. Thus,
STX5 not only ensures binding and endosome loading of
miRNA, but it also facilitates membrane fusion in mammalian
macrophage cells to ensure EV release. In combination, STX5
ensures a selective miRNA export process in activated
macrophage cells.
Results

Synchronized expression of Syntaxin 5 with miRNA-activity
change in activated macrophage cells

Lipopolysaccharide molecules, derived from the outer
membrane of Gram-negative bacteria, stimulate the immune
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response in the macrophage cells by targeting TLR4 to activate
NF-kB pathway (30). During the early phase of LPS stimula-
tion, miRNPs get deactivated due to the uncoupling of phos-
phorylated Ago2 and miRNAs resulting in an enhanced
expression of pro-inflammatory cytokines in murine macro-
phage cells (9). In this study, we have used LPS-stimulated C6
rat glioblastoma cells to check the changes in miRNA activity
and cellular levels after early and prolonged LPS exposure.
Like what was observed in murine and human macrophage
cells reported earlier (9), we have noted a reduced let-7a ac-
tivity till 4 h of LPS treatment. The activity gets restored after
24 h of LPS exposure to the control level (0 h) (Fig. 1, A–C). A
similar observation was also there with murine macrophage
cells RAW264.7 (9, 13). We have also checked the change in
the level of key factors of miRNA machinery, Ago2, and HuR
during the time-dependent LPS stimulation in activated C6
cells. Ago2 and HuR (Fig. 1D) are known to regulate the ac-
tivity and export of miRNAs (13). Interestingly, while Ago2
protein does not change with time of LPS activation, we noted
an increase in the level of the SNARE protein Syntaxin 5 or
STX5 with time that gets reduced to the initial value after
prolonged exposure of LPS (24 h) (Fig. 1, D and E).STX5
homolog plays a crucial role in the exosomal export process in
C. elegans (29). Therefore, it is possible that STX5 may also
play a key role in the export of miRNAs in mammalian
macrophage cells and thus may play a role in the induced
cytokine production process.
Syntaxin 5 is necessary and sufficient for miRNA activity
modulation in activated macrophage cells

We wanted to know whether this SNARE protein has a role
to play in regulating the miRNA activity and their target
mRNA expression. To check that we have transfected a FLAG-
HA tagged version of STX5 (FH-STX5) in C6 cells and after 48
h of transfection, the miRNA activity was measured by Renilla
Luciferase-based reporter assay system for miRNA let-7a and
miR-122. FH-STX5 expressing cells showed a significant
decrease in the activity of both miR-122 and let-7a as
compared to the control cells (Fig. 1F). qPCR data showed that
along with the activity, cellular levels of different miRNAs were
downregulated due to the expression of FH-STX5 but this
decrease in the mature miRNA levels was not reflected in the
levels of the precursor-miRNAs (Fig. 1, G and H). Due to this
reduction in the miRNA activity, respective target mRNA
levels showed a significant upregulation (Fig. 1H). Down-
regulation of miRNA activity could be contributed by either
lowering of miRNA levels, degradation of miRNP components
or loss of miRNA-Ago2 interaction. To test the possibilities,
we have expressed FH-STX5 in C6 cells and Ago2 immuno-
precipitation was done using endogenous Ago2 specific anti-
body. A reduction in the association between Ago2 and miR-
122 or let-7a was observed due to FH-STX5 expression as
compared to the control cells but no change was observed in
the Ago2 level. The change in the cellular levels of Ago2 and
other proteins was also checked upon FH-STX5 expression.
(Fig. 1I).
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Figure 1. STX5 regulates cellular miRNA activity. A, the effect of lipopolysaccharide, LPS (1 μg/ml) on C6 glioblastoma cells was checked at different time
points (0, 1, 2, 4 and 24 h post LPS treatment). Cellular miRNA activity and endogenous miRNA levels were measured. B, schematic outline of different
Renilla luciferase (RL) reporter system used to evaluate miRNA activity. Calculation of fold repression is based on the measurement of firefly luciferase
normalized renilla luciferase values from control and experimental sets. C, cellular activity of let-7a was measured in control and LPS treated C6 cells by
Renilla Luciferase assay (C, n ≥ 3 independent experiments, p = 0.2896, 0.0248, 0.0028, 0.4332). D, C6 cells were treated with LPS (1 μg/ml) and harvested
after 0 h, 1 h, 2 h, 4 h, 8 h, 16 h and 24 h post-treatment. Western blot showed cellular levels of different proteins such as Ago2, HuR, and STX5. Beta-Actin
was used as the loading control. E, quantification was done and normalized (against beta-Actin); level of STX5 was graphically represented (n = 4 inde-
pendent experiments, p = 0.1487, 0.0406, 0.0363, 0.0609, 0.2791, 0.2679). F, cellular miR-122 and let-7a activity were measured C6 glioblastoma cells
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To revalidate STX5-mediated lowering of miRNA activity in
another cell line, we have over-expressed FH-STX5 in murine
macrophage cell RAW264.7 and after 48 h of transfection, we
measured the miRNA activity and cellular level by Renilla
Luciferase based reporter assay system and qRT-PCR respec-
tively. Like that of our previous observation, FH-STX5
expressing cells showed a significant reduction in both the
miR-122 and let-7a activity and cellular level (Fig. S1, A and B).
Along with that, we have also checked different target cytokine
mRNA levels as well and we have found that the levels of pro-
inflammatory cytokines such as TNFa, IL6, and IL1B mRNAs
were upregulated, whereas the anti-inflammatory IL10 mRNA
showed a significant reduction (Fig. S1C).

To further confirm the role of STX5 in the activity regula-
tion of miRNAs, we have knocked down the level of STX5
using an ON-target plus siRNA smart pool against it in C6
cells and measured the activity as well as the cellular miRNA/
mRNA levels after 72 h of siRNA transfection. We have found
that the target cytokine levels such as IL6 and IL1B showed no
change with respect to the siControl level. Moreover, Western
blot images showed the lowering of endogenous STX5 level,
but no such change was observed in the level of other cellular
proteins such as Ago2 and HuR (Fig. 1J). Cellular miR-122
activity was upregulated whereas let-7a activity showed no
such change due to the knock-down of STX5 (Fig. 1K).
However, the cellular miRNA levels of miR-122 and let-7a
showed an increase in the siSTX5-treated set with respect to
the siControl group (Fig. 1L) suggesting that knocking-down
of STX5 has an opposite effect on cellular miRNA level
compared to FH-STX5 expression. Overall, these results sug-
gest that STX5 downregulates cellular miRNA activity by
lowering the miRNA levels and by reducing the Ago2-miRNA
interaction. Due to this reduced miRNA activity, cellular target
mRNAs and cytokine levels showed an enhanced expression in
cells expressing FH-STX5.

Does reversible miRNA activity alteration during LPS
treatment is controlled by STX5? To investigate that we
transfected FH-STX5 or siSTX5 in C6 cells and treated the
cells with LPS for 4 h before harvesting and measured the
miRNA activity and cellular levels of miRNA along with target
mRNA levels. With respect to pCIneo control plasmid
transfected with miR-122 expression plasmid (pmiR-122) and FH-STX5 or pCI-ne
independent experiments; p ˂ 0.0001, ˂0.0001). Expression of FH-STX5 was als
pre-miR122 and pre-let-7a were also measured where GAPDHmRNA level was
0.3089). H, cellular levels of different miRNAs were quantified in C6 cells expre
quantified by qRT-PCR and normalized against U6 snRNA level. (H, top panel,
miRNA target mRNA levels such as CAT1, IL6, IL1B, TRAF-6, and IRAK-1 were als
panel, n ≥ 2 independent experiments. For IL6 and IL1B, n ≥ 7 independent e
Ago2 from both control (pCI-neo) and FH-STX5 expressing C6 cells also expr
quantification of associated miR-122 and let-7a levels that were further norm
independent experiments; p = 0.016). Western Blot analysis was done to show t
panel). Western blot images also showed the cellular levels of different protein
was knocked down using siRNA against it in C6 cells, and then mRNA levels of
panel, n = 4 independent experiments; p = 0.0742, 0.3431). The knockdown of
analysis. GAPDH level was taken as the loading control. Apart from STX5, diffe
panel). K, siSTX5 transfected C6 cells were transfected with pmiR-122 and total
(n ≥ 3 independent experiments; p = 0.0010, 0.7457). L, in siSTX5 and pmiR-12
levels normalized against U6 RNA levels (n = 4 independent experiments; p = 0
SD. For statistical analysis, all experiments were done a minimum of three tim
experiments unless mentioned otherwise; ns, nonsignificant, *p < 0.05, **p < 0
markers are marked and shown with the respective Western blots.
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transfected cells, FH-STX5 expressing cells showed enhanced
reduction in let-7a activity while the activity changes observed
in siSTX5-treated cells were marginal (Fig. 2, A and B).
Interestingly, the reduced miRNA activity in cells expressing
FH-STX5 could be attributed to reduced levels of let-7a
miRNA whereas STX5 knocked-down cells showed an
enhanced cellular expression of let-7a as compared to the
control set. No significant changes were observed in the pre-
cursor form of the let-7a, suggesting that STX5 regulates the
expression of the mature form of the miRNAs (Fig. 2C). We
have also checked the level of two pro-inflammatory cytokine
mRNA levels IL6 and IL1B under the same conditions. As
reported earlier, LPS treatment was found to induce cellular
cytokine expression. However, FH-STX5 showed a positive
effect on the induction of cytokine mRNA expression but the
knock-down of STX5 resulted in a significant drop in the levels
of both the cytokine mRNA as compared to the control cells
(Fig. 2D). The cellular abundance of endogenous STX5 along
with other cellular proteins such as Ago2, HuR, and HA-STX5
were also checked under these experimental conditions by
Western blot. GAPDH was taken as the loading control
(Fig. 2E).

Restoration of miRNA activity after prolonged LPS exposure
has been reported earlier (9). Interestingly, upon 24 h of LPS
treatment, a significant downregulation of let-7a activity was
found upon FH-STX5 expression compared to the control
group (Fig. 2F). This effect was also reflected in the cellular
miRNA level and FH-STX5-expressing cells showed a signifi-
cant reduction in the let-7a level as well (Fig. 2G). Altogether,
these findings indicate that STX5-mediated lowering of
miRNA activity in LPS-stimulated cells happened due to
miRNA lowering.

Lowering of total cellular miRNAs can happen due to
various reasons like extracellular export via extracellular ves-
icles or due to miRNA degradation or due to retarded miRNA
transcription/processing steps. As no change was observed in
the precursor forms of miRNAs on STX5 level manipulation
(as shown in Fig. 1G), the possibility of faulty transcription/
processing may not be the primary reason for observed
changes in mature miRNA levels. Next, we wanted to check
whether the export pathway plays any role in this STX5-
o and Renilla reporter plasmids for respective miRNAs (F, bottom panel, n ≥ 5
o shown by Western blot analysis (F, top panel). G, relative cellular levels of
used as the normalizing control (n = 4 independent experiments; p = 0.7394,
ssion using pCIneo or FH-STX5 expression plasmids. The miRNA levels were
n ≥ 3 independent experiments; p = 0.0023, <0.0001). Along with miRNAs,
o measured using qRT-PCR and normalized against GAPDH level (H, bottom
xperiments; p = 0.0218, 0.0389). I, immunoprecipitation (IP) of endogenous
essing miR-122 and FH-Ago2 were performed followed by qRT-PCR based
alized against the relative pulled down Ago2 levels (I, bottom panel, n ≥ 2
he pulled-down Ago2 level in the two sets along with the Heavy chain (I, top
s due to FH-STX5 over-expression (I, middle panel). J, endogenous STX5 level
IL6 and IL1B were quantified and normalized against GAPDH levels (J, bottom
STX5 protein level using siSTX5 in C6 cells was observed in the Western Blot
rent other protein levels were also checked by Western blot analysis (J, top
miRNA activity for miR-122 and let-7a were measured using luciferase assay
2 transfected C6 cells qRT-PCR data showing the cellular miR-122 and let-7a
.0425, 0.0439). In all experimental data, error bars are represented as mean ±
es, and p-values were calculated by two-tailed paired t test in most of the
.01, ***p < 0.001, ****p < 0.0001, respectively. Positions of molecular weight
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Figure 2. STX5 is necessary for LPS-mediated derepression of miRNA activity in mammalian macrophages. A, the effect of LPS (1 μg/ml) on C6
glioblastoma cells was checked at different time points (0, 4, and 24 h post-LPS treatment). Cellular let-7a activity and endogenous let-7a level were
measured. B–D, In addition to the 0 and 4 h of LPS treatment, C6 cells were also transfected with FH-STX5/siSTX5, and change in the cellular let-7a activity
was measured by Luciferase assays (B, n = 4 independent experiments; p = 0.0027, <0.0001, 0.0315; unpaired t test, p = 0.0142, 0.0816). The change in the
total cellular levels of both mature let-7a (C, top panel, n ≥ 3 independent experiments; p = 0.0592, 0.0402, 0.0644; unpaired t test, p = 0.0005, 0.0265) and
pre-cursor let-7a (C, bottom panel, n ≥ 3, p-value = 0.8233, 0.4826, 0.3423) were quantified against U6 level. qRT-PCR was done to check the cellular target
cytokine levels. IL6 and IL1B levels were measured and normalized against the GAPDH level. (D, n = 4 independent experiments; unpaired t test, p = 0.3970,
0.0161, 0.5748, 0.0376). E, Western blot image showed the endogenous STX5 level in these experimental conditions along with other cellular proteins such
as Ago2, HuR, HA and GAPDH was taken as the loading control. F and G, both control and FH-STX5 expressing C6 cells were treated with 1 μg/ml LPS for
24 h. Another set of LPS-treated STX5 expressing cells was treated with 10 microM GW4869 for 24 h. F, total cellular let-7a activity was measured for each set
using a Luciferase-based assay system (n = 3 independent experiments; p = 0.0017, 0.3795). qRT-PCR showing the total cellular let-7a levels normalized with
U6 (n = 4 independent experiments, p = 0.0513, 0.8703). H and I, both control and FH-STX5 expressing C6 cells were treated with 10 microM GW4869 and
incubated for 24 h. DMSO was added to the control sets. Cellular let-7a activity was measured and analyzed (H, n ≥ 3 independent experiments, p = 0.0261,
0.6149, 0.2106, unpaired t test p = 0.7518) and cellular level of let-7a was also quantified and normalized against U6 RNA level (I, n ≥ 3 independent
experiments; p = 0.0157, 0.032, 0.0404, unpaired t test p = 0.7531). In all experimental data, error bars are represented as mean ± SD. For statistical analysis,
all experiments were done a minimum of three times, and p values were calculated by two-tailed paired t test in most of the experiments unless mentioned
otherwise; ns, nonsignificant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, respectively. Positions of molecular weight markers are marked and shown
with the respective Western blots.

Syntaxin 5 accelerates miRNA export
mediated lowering of miRNAs. Extracellular Vesicles play an
important role in the export of different molecules such as
miRNAs, mRNAs, or proteins from various types of
mammalian cells including macrophages (31). GW4869, a
neutral sphingomyelinase (nSMase) inhibitor, is the most
widely used pharmacological agent for blocking EV biogenesis
(32). We have expressed FH-STX5 in C6 cells and treated the
cells with LPS along with GW4869 before analyzing miRNA
J. Biol. Chem. (2024) 300(4) 107170 5



Syntaxin 5 accelerates miRNA export
activity and levels. In cells, where perturbation of the export
pathway by GW4869 treatment was done, FH-STX5 failed to
downregulate both the cellular activity and level of let-7a
(Fig. 2, F and G). Furthermore, we have transfected FH-
STX5 in C6 cells and after 48 h of transfection, cells were
treated with 10uM GW4869 (or DMSO as control set) and
incubated for 24 h before harvesting. Luciferase reporter-based
assay showed that STX5 was able to lower the let-7a activity
when the cells were treated with DMSO but no such change in
the activity was reported in the GW4869 treated set. A similar
observation was noted for the cellular miRNA level as well.
Cellular let-7a level was significantly downregulated upon FH-
STX5 expression in the control set but GW4869 treated cells
showed no such change in the cellular let-7a level (Fig. 2, H
and I). This data indicates the importance of extracellular
export in the STX5-mediated lowering of miRNA activity.

The role of GW4869 on STX-mediated lowering of miRNA
activity was also validated in RAW264.7 cells. RAW264.7 cells
were transfected with FH-STX5 and were treated with 10uM
GW4869 (or DMSO as control set) and 10 ng/ml LPS and
incubated for 24 h before harvesting. Luciferase assay showed
that STX5 was able to lower the let-7a activity when the cells
were treated with DMSO but no such change in the activity
was observed when GW4869 treatment was done. Similarly,
cellular let-7a level was significantly downregulated upon
STX5 over-expression in the DMSO treated control set but in
GW4869 treated cells no such change in the let-7a level was
noted either (Fig. S1, D and E).
Syntaxin 5-mediated miRNA activity lowering prevents
infection of mammalian macrophages by invading pathogen
L. donovani both ex vivo and in vivo

L. donovani (Ld), the causative agent of visceral leishmani-
asis, infects the host macrophage cells and escapes the immune
response by inhibiting ROS generation, pro-inflammatory
cytokine production and by inducing the expression of anti-
inflammatory cytokine IL10 (33). From our observations, it is
obvious that STX5-mediated lowering of miRNA activity re-
sults in an enhanced expression of pro-inflammatory cytokine
mRNAs inside the macrophage cells. We were curious to know
whether this pro-inflammatory cytokine surge has any role to
play in regulating the host–pathogen interaction in the
macrophage cells. To test that we have expressed FH-STX5 in
murine macrophage cell RAW264.7, and after 48 h of trans-
fection, the cells were infected with Leishmania parasite and
incubated for 24 h before harvesting. Along with Ld, GW4869
was also added to one experimental set to check whether
exosomal export pathway control by STX5 may affect the
infection event. As reported earlier (34), Ld lowers the miRNA
activity while the relative cellular miRNA level goes up in
infected macrophages (Fig. 3, A and B). FH-STX5 expressing
RAW264.7 cells, infected with Ld, showed downregulation of
both the activity and cellular level of let-7a. Interestingly,
GW4869 treated FH-STX5 expressing infected cells showed
no or little change in let-7a level and activity as compared to
the pCIneo control plasmid transfected and Ld infected cells
6 J. Biol. Chem. (2024) 300(4) 107170
(Fig. 3, A and B). Endogenous Ago2 was pulled down from the
control and FH-STX5 expressing infected RAW264.7 cells.
Interaction between Ago2 and let-7a was reduced due to FH-
STX5 expression, but the total pulled-down Ago2 level did not
change (Fig. 3C).

Next, we focused on the level of cytokine and other target
mRNAs in host macrophages under infection conditions. We
have checked different target mRNA levels such as TNFa,
IL1B, IL10, and aAmastin. As expected, both Ld-infected cells
and GW4869 treated Ld infected cells showed a down-
regulation in the pro-inflammatory cytokine levels (TNFa,
IL1B) and an enhanced expression of anti-inflammatory IL10
(Fig. 3, D–F). On the other hand, FH-STX5 expressing infected
cells showed an overall pro-inflammatory cytokine response in
macrophage cells by promoting the production of TNFa, IL1B
and by inhibiting anti-inflammatory IL10 production (Fig. 3,
D–F). iNOS (inducible nitric oxide synthase) is an enzyme that
produces nitric oxide (NO) which plays an important role in
killing the internalized Leishmania parasite by the host mac-
rophages (35). Therefore, the greater the level of iNOS, the
higher the level of NO production, and consequently lesser the
chance of pathogen survival inside the host cells. Normal Ld-
infected cells showed a lesser expression level of iNOS whereas
FH-STX5 expressing infected cells showed a significant
upregulation of the same (Fig. S2A). But interestingly, when
the EV biogenesis was blocked with GW4869 in infected cells,
FH-STX5 failed to induce any such pro-inflammatory
response inside the macrophages which was evident from
the downregulation of TNFa, IL1B, and simultaneous upre-
gulation of IL10 mRNA levels (Fig. 3, D–F).

Along with the mRNA levels, cytokine protein levels were
also measured under these conditions by ELISA. Like that of
mRNA data, FH-STX5 expressing RAW264.7 cells showed
enhanced expression of pro-inflammatory cytokine proteins
such as TNFa and IL6 and a significant reduction in the IL10
cytokine production (Fig. 3, G–I). LPS-treated cells were taken
as the positive control for TNFa and IL6 cytokine production
in the ELISA experiment (Fig. 3, G and H).

Now, to check the level of parasite internalization we have
measured the cellular aAmastin level that denotes the inter-
nalized Leishmania amastigote population in the host
macrophage cells. The result showed that FH-STX5 was able
to lower the amastigote-specific amastin level as compared to
PCIneo control transfected and Ld infected cells whereas
GW4869 treatment reversed the lowering of amastin level due
to FH-STX5 expression in infected RAW264.7 cells (Fig. 3J).
Confocal microscopy analysis of the infected cells was also
done to check the level of Ld internalization (Fig. 3, K–L). The
percentage of Ld infection was quantified, and it was observed
that FH-STX5 was able to prevent the internalization of
Leishmania into the host macrophage significantly as
compared to the infected pCIneo control plasmid transfected
RAW264.7 cells. However, the infection load again went back
to a higher level due to the GW4869 treatment of infected cells
even after the expression of FH-STX5 (Fig. 3, K–L). Therefore,
it can be said that STX5-mediated lowering of miRNA activity
and cellular level induces a pro-inflammatory response inside
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Figure 3. STX5 clears internalized pathogens by inducing expression of inflammatory cytokines in mammalian macrophages. A and B,
RAW264.7 cells expressing FH-STX5 were infected with Leishmania donovani strain Ag83 at a ratio of 1:10 (macrophage:Ld). Along with this Ld infection, one
set of cells was also treated with GW4869 and incubated for 24 h before harvesting. Luciferase-based assay system was used to measure the relative let-7a
activity for each set (A, n ≥ 3 independent experiments; p = 0.0011, 0.0015, 0.0053; unpaired t test, p = 0.0078, 0.7374). B, qRT-PCR was done to check the
cellular let-7a level change in each set. U6 was taken as the normalizing control. (n ≥ 3 independent experiments; unpaired t test, p < 0.0001, 0.8701). C,
immunoprecipitation was done with anti-Ago2 antibody from Ld infected RAW264.7 cells expressingFH-STX5 or pCIneo. Ago2 associated let-7a level was
checked by qRT-PCR. (C, left panel, n = 3 independent experiments) and pulled-down Ago2 level along with the heavy chain was also shown (C, right panel).
D–I, in addition to the above-mentioned experimental sets (in A and B panels) Ld infected RAW264.7 cells were treated with 10 mM GW4869 for 24 h, qRT-
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the Ld-infected host murine macrophage cells both by pro-
moting the pro-inflammatory and suppressing the anti-
inflammatory cytokine expression that ultimately prevents
the internalization of the invading pathogen significantly. But
this STX5-mediated regulation of host-pathogen interaction
gets reversed when the host cells were treated with GW4869 to
block the EV-biogenesis pathway.

Can STX5 control the infection process in the in vivo
context? Both in liver tissue or murine primary peritoneal
exudates cells (PEC) or murine macrophage RAW264.7 cells,
the endogenous level of STX5 showed a reduction due to Ld
infection as compared to the noninfected control set (Fig. 3M).
In RAW264.7 cells the endogenous STX5 level showed a
further decrease at 48 h post-infection (Fig. 3M). If we incu-
bate soluble Leishmania antigens (SLA) with RAW264.7 cell
extract, SLA targets endogenous STX5. We detected degra-
dation of endogenous STX5 but this reduction in STX5 level
was reversed when SLA was pre-incubated with the Zn2+

chelator ortho-phenanthroline (OPT) (Fig. 3N). It has been
reported earlier that Leishmanial Zn-metalloproteases are
involved in the cleavage of HuR and Dicer1 protein in infected
cells to restrict miRNA activity. gp63 is the most abundant Zn-
metalloprotease that cleaves DICER1 and HuR in Ld-infected
cells (13, 15). With purified gp63, we found a significant
lowering of STX5 level also along with HuR protein upon
incubation of RAW264.7 cell extract. Beta actin levels did not
show much change (Fig. 3N). Hence, it can be assumed that
Leishmanial Zn-metalloprotease gp63 may cleave cellular
STX5 protein to downregulate the pro-inflammatory cytokines
that ensure better internalization of the pathogen inside the
host macrophages. Levels of STX5 also get downregulated in
the liver of Ld-infected mice (Fig. 3O). Leishmania thus targets
endogenous STX5 to downregulate for its survival. Can exo-
geneous expression of FH-STX5 reverse the infection process?
To test, 4-6 weeks male Balb/C mice were injected with pCI-
neo or FH-STX5 expression plasmid via tail-vein route fol-
lowed by intracardiac Leishmania infection. After 35 days of
PCR was done to check different target cytokine mRNA levels such as TNFa (D
IL1B (E, n ≥ 3 independent experiments, unpaired t test, p = 0.2366, 0.013, 0.
0.0009, 0.). G–I, ELISA was done to check the cytokine protein levels such as TNF
4 independent experiments, unpaired t test, p = 0.0003) and IL10 (I, n = 4 inde
the amastigote stage of the parasite population inside the infected cells and
control. qPCR showed the cellular aAmastin level (n ≥ 3 independent experim
expressing FH-STX5 were infected with CFSE-stained Ld at a ratio of 1:10 (mac
same time i.e., 24 h before harvesting. Confocal microscopy was done to check
not expressing FH-STX5 (K). Beta-actin was used to mark the cellular boundary
shown in yellow. Nuclei were stained with DAPI (blue). The percentage of Ld i
independent fields of views were analyzed; unpaired t test, p < 0.0001,
RAW264.7 cells were infected with Ld. Western blot was done to check the e
macrophage cells (M, right panel) and RAW264.7 cells (M, left panel). Beta-actin
taken as the loading control for RAW264.7 cells. N, RAW264.7 cell lysate was i
donovani lysate, for 30 min at 37 �C. Another set of RAW264.7 cellular lysate was
30 min at 4 �C. RAW264.7 lysate was also incubated with Leishmania-derived p
check the endogenous level of cellular Ago2, HuR, and STX5 for all the above-
analysis was done to check the endogenous level of STX5 in Ld-infected and n
the loading control. P, schematic of the animal experiment where 4-6 weeks old
and intracardiacally infected with Ld for 35 days before sacrifice. Liver samp
expression checks. Q, RNA was isolated from all the liver samples, and differen
level of Ld infection), TNFa, IL10, and IL1B were checked and normalized aga
0.0004, 0.0161, <0.0001, 0.0331). R, along with the aAmastin level, kDNA levels
liver tissues (Biological replicates = 3, technical replicates = 6, p < 0.0001). S
encoding plasmid-injected mice liver tissues. Beta-actin was taken as the load
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repeated injection of FH-STX5 expression plasmid at regular
intervals, the mice were sacrificed, and liver tissue and blood
samples were collected for further protein and RNA analysis
(Fig. 3P). As the liver is the first tissue that gets infected during
the Ld infection process, we isolated RNA from the homoge-
nized liver tissue samples, and target cytokine and cellular
miRNA levels were measured. Like the ex vivo observations,
we have found that in the infected liver, pro-inflammatory
cytokines (TNFa and IL1B) showed a significant increase
along with a reduction in the anti-inflammatory IL10 level
upon FH-STX5 expression (Fig. 3Q). Moreover, aAmastin
level also showed a significant drop in FH-STX5 expression
(Fig. 3Q). Apart from aAmastin, we have also checked the level
of kinetoplast DNA or kDNA level in both the Ld infected
control and STX5 over-expressed mice liver tissue samples.
Level of kDNA or mitochondrial DNA of Leishmania sp.
directly indicates the parasite load inside the infected host cells
or tissues (36). To do so we have isolated genomic DNA from
infected mice liver tissues. qPCR data showed that there was a
significant reduction in kDNA level in STX5 over-expressing
mice liver samples (Fig. 3R). Altogether, these data suggest
that FH-STX5 mediated pro-inflammatory response in the
liver tissue clears Leishmania infection in the infected mice
liver. Total tissue miRNA levels in infected liver were also in
alignment with the cell line experiments as most of the miR-
NAs like miR-122, let-7a or miR-155 showed a significant
downregulation upon FH-STX5 expression in the infected
mice. However, miR-146a, an anti-inflammatory miRNAs
known to get upregulated in Ld-infected macrophages (16),
did not get reduced by FH-STX5 (Fig. S2B).

Other than liver tissue, miRNAs were also checked from the
serum samples of the infected mice. Serum isolated from the
peripheral blood also contains circulating miRNAs packaged
in extracellular vesicles (37). All three miRNAs that we have
checked in serum samples such as miR-122, let-7a, and miR-
146a showed upregulation in mice expressing FH-STX5
(Fig. S2, C and D). Western blot analysis using anti-STX5
, n ≥ 3 independent experiments, unpaired t test, p = 0.0079, 0.0421, 0.004),
0018), IL10 (F, n ≥ 3 independent experiments, unpaired t test, p = 0.1702,
a (G, n = 4 independent experiments, unpaired t test, p = 0.0278), IL6 (H, n =
pendent experiments, unpaired t test, p = 0.0074). J, aAmastin level denotes
is a representation of infection level. GAPDH was used as the normalizing
ents; unpaired t test, p = 0.0249, 0.4726). K and L, similarly, RAW264.7 cells
rophage:Ld). GW4869 was added to on each set of infected cells around the
the level of internalized Ld number in infected RAW264.7 cells expressing or
(magenta), CFSE-stained Ld was shown in green, and FH-STX5 expression is
nfection or internalization was calculated and graphically shown (L, n ≥ 15
0.0551, <0.0001). M, mouse primary peritoneal macrophage cells and
ndogenous level of STX5 in both the Ld infected and noninfected primary
was taken as the loading control for primary macrophage and GAPDH was
ncubated with soluble Leishmania antigens (SLA), isolated from Leishmania
treated with SLA which was pre-incubated with 10 μM o-phenanthroline for
urified metalloprotease, gp63 for 30 min at 37 �C. Western blot was done to
mentioned sets. Beta-actin was used as the loading control. O, Western blot
oninfected mice liver samples (infected for 30 days). Beta-actin was taken as
male Balb/c mice were injected with pCIneo or FH-STX5 plasmid via tail vein
les were collected and further processed for subsequent RNA and protein
t target cytokine and other mRNA levels such as aAmastin (to measure the
inst the GAPDH level (Biological replicates = 3, technical replicates ≥5; p =
were also measured from these Ld-infected control and STX5 over-expressed
, Western blot showed the level of FH-STX5 in both control and FH-STX5
ing control. Scale bar 5 μm.
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antibody confirmed the enhanced expression of STX5 in mice
injected with FH-STX5 plasmid (Fig. 3S). Altogether, excess
expression of STX5 was able to prevent Leishmanial infection
in the liver tissues of infected mice by lowering the miRNA
levels that may contribute to the upregulation of pro-
inflammatory cytokine expression.
Syntaxin 5 regulates miRNA activity by promoting its export
via EVs

As mentioned earlier STX5-mediated lowering of miRNAs
can happen due to various reasons such as faulty transcrip-
tion/processing of precursor miRNAs, export via EVs, or by
its degradation. No change in the cellular level of the pre-
cursor miRNAs suggested that the transcription process was
not affected due to the FH-STX5 expression. Next, to check
the export pathway, we expressed FH-STX5 in C6 cells, and
conditioned media or culture supernatant was collected to get
the EVs secreted by respective cells (Fig. 4A). EVs were
characterized by Nano-particle tracking analysis (Fig. 4B).
Data obtained from the NTA showed that there was a sig-
nificant increase in the number of EVs released from the FH-
STX5 expressing cells as compared to the control cells
(Fig. 4C). No such change was observed between the sizes of
the EVs. Different protein factors were also checked and as
expected Ago2 and HuR were not detected in the EV but the
EV marker proteins such as Alix and Flotillin-1 showed an
increase in their levels due to FH-STX5 expression which
further strengthens our finding that FH-STX5 promotes EV
export (Fig. 4D). Moreover, the presence of FH-STX5 in EV
fraction was detected in the Western blot suggesting that FH-
STX5 not only promotes the EV export but also gets pack-
aged into the EVs as well (Fig. 4D). Cellular levels of these
above-mentioned proteins such as Alix, Ago2, Flotillin-1,
HuR, and HA were also checked in control and FH-STX5
expressing C6 cells (Fig. 4D). Next, we measured the
miRNA content in the EVs, and qPCR data normalized
against the number of EVs released showed that the level of
miR-122 and let-7a packaged per EV was significantly upre-
gulated upon FH-STX5 expression (Fig. 4E). The total
amount of miRNA associated with EVs thus becomes >2
folds more in the FH-STX expression condition. So STX5
facilitates both the EV number and the EV-associated miRNA
levels that might explain the lowering of cellular miRNAs
observed in the presence of FH-STX5.

To avoid any kind of cell type-specific bias, we have also
checked the effect of STX5 on EV and EV-associated miRNA
export in RAW264.7 cells. RAW264.7 cells were transfected
with FH-STX5 and pCIneo. Conditioned media was collected
and EVs were isolated and characterized by NTA. It showed
that STX5 significantly promotes EV export (Fig. S3A).
Western blot showed the abundance of EV marker proteins
such as Alix and Flotillin-1 in those fractions (Fig. S3B). EV-
associated miRNA levels were also measured and it showed
that along with the EV number, STX5 was also able to pro-
mote the export of cellular miRNA such as miR-122 and let-7a
via EVs from RAW264.7 cells (Fig. S3C).
To confirm that STX5 facilitates EV-export, we have
knocked down the expression of STX5 using siSTX5, and EVs
were isolated from the conditioned media and analyzed further
by NTA (Fig. 4F). NTA data showed a significant drop in the
EV number due to STX5 knock-down (Fig. 4G) suggesting that
STX5 plays a crucial role in the genesis of the extracellular
vesicles. However, the level of miRNAs (miR-122 and let-7a)
that are getting exported out of the cells per EV showed no
drop or significant alteration (Fig. 4H). However, there was a
drop in total miRNA content for let-7a miRNA but the change
was statistically nonsignificant as compared to the siControl.
Overall, when the STX5 level was knocked-down the total
miRNAs that were getting exported out via EVs showed a
reduction and the effect was also reflected in the increase in
cellular miRNA levels.

EVs are primarily released from mammalian cells when the
MVBs fuse with the plasma membrane to release their inter-
lunimal vesicles (ILVs) into the extracellular milieu as “exo-
somes” (38). MVBs can either go fuse with the plasma
membrane to release EVs or it can fuse with the lysozomes for
degradation. Now previous results showed that STX5 pro-
motes the EV-mediated export. But how it affects the endo-
somal/MVBs trafficking to lysozomes? To check how it affects
the intracellular trafficking of MVBs, we have perturbed the
fusion of MVBs to plasma membrane or lysozomes individu-
ally. We have mentioned earlier that GW4869 blocks
ceramide-dependent EV biogenesis by inhibiting neutral
sphingomyelinase (nSMase) (32). Alix is an ESCRT-III-
associated protein that plays a key role in the fusion process
of MVBs to the plasma membrane to release EVs in extra-
cellular space and hence knocking-down of Alix should result
in the lowering of EV-release from the cells (39). Alternatively,
lysosomal targeting of MVBs can be blocked by Bafilomycin A
(BAF-A), a macrolide that targets V-ATPase to prevent the
acidification of the endosome essential for its fusion with
lysozomes (40). Brefeldin-A (BFA) is a macrolide that disrupts
membrane traffic and vesicular transport between ER and
Golgi. It has also been reported to block the release of exosome
and exosome-like vesicles (41–44).

FH-STX5 expressing cells showed an enhanced EV-export
but whether it has any effect on the lysosomal targeting of
MVBs was an unexplored question. We have measured the
cellular miRNA levels from each set of experiments to check
what part of the endocytic pathway is responsible for STX5-
mediated lowering of cellular miRNAs. Interestingly, when
the cells were treated with GW4869, STX5 was unable to
lower the cellular miR-122 and let-7a levels (Fig. 4, I and J).
Similar findings were also observed when the cells were
transfected with siAlix. In the siControl set, FH-STX5 showed
a significant lowering of let-7a level but when Alix was
knocked-down, no such difference was found in the let-7a level
between control and FH-STX5 expressing cells (Fig. 4, K–L).
Interestingly, after treatment of BAF-A (DMSO was used in
the control set), FH-STX5 was able to lower the cellular let-7a
level (Fig. 4M). As BAF-A is a known inhibitor of autophagy,
the autophagic marker protein LC3B showed an upregulation
in BAF-A-treated cells as compared to the DMSO-treated cells
J. Biol. Chem. (2024) 300(4) 107170 9
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Figure 4. STX5 lowers cellular miRNAs by accelerating their export. A, C6 cells expressing FH-STX5 or transfected with pCIneo (control) were allowed to
grow in the EV-depleted media for 24 h before harvesting. Exosomal vesicles were isolated from the conditioned media by ultracentrifugation. B, isolated
extracellular vesicles were resuspended in PBS and subsequently analyzed and characterized by a Nano-particle tracking analyzer (NTA). C, the number of
EVs released from the both control and FH-STX5 expressing cells were quantified by NTA (n = 4 independent experiments; unpaired t test, p < 0.0001). D,
Western blot analysis showed the level of different marker proteins such as Alix and Flotilin-1 in the EV samples derived from control and FH-STX5
expressing cells. It also showed the presence of FH-STX5 in the EVs from FH-STX5 expressing cells. Ago2 and HuR were not detected in EV fractions.
Cellular levels of these proteins were also checked by Western blot analysis. E, qRT-PCR was done to check the miRNA content in EVs. An equal amount of
RNA was used as the template to check the miR-122 and let-7a levels in the EV fraction and miRNA levels were normalized either against the number of EVs
or the level of Flotilin-1 in the respective sets (n ≥ 5 independent experiments; p = 0.0077, 0.0459). F, EVs were isolated from the conditioned media of both
siControl and siSTX5 treated C6 cells using ultracentrifugation, and those vesicles were subsequently characterized by a nano-particle tracking analyzer. G,
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(Fig. 4N). But when the intercellular vesicular trafficking was
inhibited with BFA, STX5-mediated lowering of both let-7a
activity and cellular level didn’t occur which was observed in
the control set (without BFA) (Fig. 4, O–P). Overall, these data
suggest that STX5-mediated lowering of cellular miRNAs is
primarily dependent on the vesicular membrane trafficking
and enhanced EV release, but it does not get affected if the
lysosomal targeting of MVB is perturbed.

Syntaxin 5 promotes EV-mediated miRNA export by
enhancing its accumulation in MVBs and prevents targeting of
miRNA-loaded MVBs to lysozomes

It has been reported earlier that miRNA activity heavily
depends on the endocytic pathway and miRNA-mediated
repression and target mRNA degradation are two spatio-
temporally uncoupled events (3). In this study, we have seen
STX5 promotes the extracellular export of miRNA but we
wanted to check what effect it has on the subcellular locali-
zation of miRNAs. To do so, differential centrifugation was
done to separate the different cellular organelles based on their
density on an Optiprep Gradient, and fractions were collected
and used for further protein and RNA isolation and analysis
(Fig. S4A). Early fractions were positive for Endosomal pro-
teins EEA1, Alix, and HRS positive and negative for ER protein
Calnexin, whereas the late fractions enriched for ER, were
Calnexin positive but EEA1, Alix and HRS negative. STX5 was
found to be present in both the endosomal and ER fractions
(Fig. S4A). RNA was isolated from both the endosomal and ER
fraction and qPCR data showed that miR-122 and let-7a were
getting more enriched in the endosomal compartment as
compared to the ER due to FH-STX5 expression (Fig. S4, B
and C). The polysomal fraction was isolated to check the
associated miRNA levels in control and FH-STX5 expressing
C6 cells (Fig. S4D). The polysomal fraction was positive for
marker protein L7a (Fig. S4D). RNA samples were isolated
from the polysomal fraction and analyzed further to check the
associated miRNA levels. FH-STX5 expressing cells showed
lesser enrichment of miR-122 and let-7a in the polysomes
(Fig. S4E) which was consistent with the sub-cellular frac-
tionation data, suggesting miRNA accumulation in endosomal
fraction in cells expressing FH-STX5.
the number of EVs released from both these sets was quantified by NTA and
0.0040). H, miR-122 and let-7a levels were checked for both siControl and siSTX
and the miRNA levels were normalized against the number of EVs released from
diagram to show the endocytic pathway and the steps which were perturbed
lysozomes by adding different chemical compounds or siRNA to check the effe
pCI-neo (control) or FH-STX5 expression plasmids and cells from both sets wer
let-7a levels were measured against the U6 content (n = 3 independent experi
and FH-STX5 encoding plasmids and cells from both the sets were treated with
cellular let-7a level against U6 (n ≥ 3 independent experiments; p = 0.0183; u
treatment was shown in the Western blot image, beta-actin level was consid
endosomes, both control and FH-STX5 expressing cells were treated with 100 n
and normalized against U6 level (n ≥ 3 independent experiments; p = 0.0441
change in the autophagic marker LC3B level due to bafilomycin treatment as co
P, C6 cells were transfected with pCIneo or FH-STX5 encoding plasmid and afte
DMSO for 4 h. Cellular let-7a activity was measured by Luciferase based repo
cellular level was also checked against U6 (P, n = 4 indeendent experiments,
mean ± SD. For statistical analysis, all experiments were done a minimum of th
the experiments unless mentioned otherwise; ns, nonsignificant, *p < 0.05, **
weight markers are marked and shown with the respective Western blots.
Next to check the effect of STX5 on lysosomal targeting of
the miRNA-loaded MVBs, we did confocal imaging to quan-
titatively measure the level of interaction between late endo-
somes/MVBs (marked with Rab7, green) and lysozomes
(marked with lysotracker, magenta) in both FH-STX5
expression and STX5 knocked-down conditions (Fig. S4,
F and I). Pearson’s co-efficient of colocalization was measured
for both the experiments and the results suggest down-
regulated MVB–lysozome interaction in FH-STX5 expressing
cells, whereas no major change was observed in the STX5
knocked-down cells (Fig. S4, G and J). The expression of FH-
STX5 and knock-down of STX5 was checked for the respective
experiments by Western blot study (Fig. S4, H and K).

The effect of FH-STX5 on restricted lysosomal targeting of
MVBs was also validated by organellar immunoprecipitation
assay using anti-RILP antibody (Rab-interacting lysosomal
protein). FH-STX5 expressing cells showed a reduction in the
level of RILP-associated Rab7 (late endosomal marker)
(Fig. S4L) suggesting that STX5 prevents the lysosomal
interaction of MVBs.

On the contrary, the interaction of ER with early endosomes
gets enhanced on the expression of FH-STX5 and quantitative
imaging study suggests increased Pearson’s co-efficient of
colocalization between ER and endosomes in cells expressing
FH-STX5 (Fig. S5, A and B). The organellar immunoprecipi-
tation done with anti-EEA1 antibody from endosomes
enriched fraction resulted in enhanced ER co-precipitation
with endosomes marked by an increased calnexin signal in
immunoprecipitated materials in FH-STX5 expressing cells
(Fig. S5, C and D).

SNARE domain of Syntaxin 5 is necessary for its miRNA-
lowering activity

EV release is a complicated multistep process that heavily
includes vesicle fusion which is mainly driven by different
SNARE protein complexes. SNARE domain helps in the for-
mation of SNARE complexes and is essential for the tethering
of the vesicles during extracellular export (45). STX5 has a
SNARE domain ranging from 263 to 325 amino acids and we
wanted to check the role of this SNARE domain on STX5
mediated miRNA activity regulation. We have made truncated
showed in the graph (n = 3 independent experiments; unpaired t test, p =
5 treated cells. An equal amount of RNA was used for the qRT-PCR reaction
each set (n = 3 independent experiments; p = 0.3929, 0.1742). I, schematic

to stop the fusion of late endosomal vesicles to either plasma membrane or
ct of STX5 on late endosomal fusion events. J, C6 cells were transfected with
e treated with 10 μM GW4869, 24 h before harvesting. Cellular miR-122 and
ments; p = 0.0912, 0.9417). K, C6 cells were transfected with pCIneo (control)
siControl and siAlix for 72 h. qRT-PCR was done to check the change in the
npaired t test, p = 0.7165). L, change in the cellular Alix level due to siRNA
ered as the loading control. M, to perturb the lysosomal targeting of late
M bafilomycin-A (BAF-A) or DMSO for 8 h. Cellular let-7a level was measured
; unpaired t test p < 0.0001). N, Western blot image showed a significant
mpared to DMSO control. Beta-actin was taken as the loading control. O and
r 48 h of transfection, the cells were treated with 5 μg/ml Brefeldin A (BFA) or
rter assay (O, n ≥ 3 independent exeriments, p= 0.0044, 0.0941) and let-7a
p = 0.0059, 0.5074). In all experimental data, error bars are represented as
ree times, and p-values were calculated by two-tailed paired t test in most of
p < 0.01, ***p < 0.001, ****p < 0.0001, respectively. Positions of molecular
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version of the protein by deleting a part of the SNARE domain
(STX5-T) (Fig. 5A). Next, we expressed the truncated FH-
STX5-T in C6 cells and measured the change in both the
activity and cellular level of miRNA along with changes in
target mRNA level. FH-STX5-T expressing cells showed a
nonsignificant change in the miR-122 activity as well as in the
cellular miR-122 and let-7a levels as compared to the control
cells (Fig. 5, B and C). Also, unlike FH-STX5 mediated
enhanced cellular cytokine expression, the truncated protein
showed no such change in the IL6 and IL1B levels (Fig. 5D).

EVs were also isolated from the conditioned media of the
FH-STX5-T expressing cells and analyzed by NTA (Fig. 5E).
Data gathered from the NTA analysis showed that there was
no change in the sizes of EVs released from the cells
expressing STX5 and STX5-T (Fig. 5F) but truncation in the
SNARE domain of the STX5 led to a reduced EV export as
compared to the full-length protein (Fig. 5G). However, the
number of miRNAs that are getting packaged per EV upon
the expression of truncated STX5 showed almost similar
changes as the full-length protein (Fig. 5H). Overall, all these
data suggest that the C-terminal SNARE domain plays a
crucial role in the STX5-mediated EV export and therefore
affects the activity regulation of cellular miRNAs possibly by
affecting the export process rather than affecting the miRNA
loading into MVBs.

We have noted that full-length STX5 promotes ER–
endosome interaction to enhance the export of miRNAs via
EV, and we wanted to check what effect the truncated protein
has on the interaction between ER and endosome. Confocal
imaging was done to calculate the colocalization co-efficient
between the contact points of ER and early endosomes (EE).
ER was tagged with ER-dsRed plasmid (magenta), EE was
marked with EEA1 (green). Unlike what was observed with
full-length protein, Pearson’s co-efficient of colocalization
showed nonsignificant change in the ER-EE interaction due to
truncated STX5 expression as compared to the control cells
(Fig. 5, I and J). Therefore, as expected the SNARE domain of
STX5 is necessary for enhanced ER and endosome interaction-
a step essential for miRNA packaging into endosomes and
MVBs for the subsequent exit via EVs.
Syntaxin 5 acts synergistically with miRNA uncoupler protein
HuR to accelerate miRNA export from activated macrophage
cells

HuR is an RNA-binding protein that resides in the nucleus
but under specific conditions such as amino acid starvation or
LPS stimulation, it comes to the cytosol to downregulate
miRNA activity by uncoupling them from their targets and
also facilitate miRNA export via EVs (23). The results
described here showed STX5, like HuR, also lowers the cellular
miRNA activity/level by promoting their export via EVs.
Therefore, we were curious to know whether STX5 and HuR
interact with each other, or whether they work independently
to regulate cellular miRNA level and their export.

We have transfected FH-STX5 and siHuR simultaneously in
C6 cells and measured the let-7a level after 0 and 4 h of LPS
12 J. Biol. Chem. (2024) 300(4) 107170
treatment. In no LPS-treated samples, STX5 was able to lower
the let-7a level even when the HuR level was knocked down
(Fig. 6A). But when the cells were treated with LPS for 4 h,
siHuR-treated samples showed a higher level of let-7a as
compared to the siControl set even in the FH-STX5 expressing
cells (Fig. 6, B and C). In another experiment, we reversed the
experimental parameters and we transfected C6 cells with
siSTX5 and HA-HuR simultaneously. miRNA let-7a level was
measured after 0 and 4 h of LPS treatment. Here also we have
found that in no LPS condition siSTX5 treated samples
showed an increased let-7a level even in HA-HuR expressing
cells whereas HA-HuR expressing cells treated with siControl
showed a downregulation of the same (Fig. 6D). But after 4 h of
LPS treatment, HuR expressing cells showed a lower let-7a
level as compared to the control set despite of knocking-
down STX5 (Fig. 6, E and F). Therefore, STX5 and HuR
may regulate the miRNA levels in a redundant way. Under
nonactivated conditions STX5 plays a dominant role over HuR
to control miRNA level but when the cells are activated with
LPS, HuR takes over the charge.

Do HuR and STX5 interact among themselves? Immuno-
precipitation assay was done using anti-HA antibody from the
control and FH-STX5 expressing C6 cells to check whether
there is any association between HuR and STX5 with and
without LPS treatment. Western blot analysis showed even
without the LPS stimulation there was an association found
between the FH-STX5 and HuR and this interaction was
enhanced significantly when the cells were treated with LPS for
4 h (Fig. 6G). We also checked the FH-STX5-associated
miRNA levels. Ct values of FH-STX5 associated miR-122
and let-7a were reduced compared to the pCIneo control
(Fig. 6H) suggesting that STX5 binds to miRNA either directly
or via associated HuR protein. Other than miR-122 and let-7a
few other miRNA levels were also checked for their possible
association with FH-STX5. miR-146a showed a relative in-
crease in the association whereas miR-155 and miR-24 showed
no such change and the associated miR-16 level went down
compared to the control (Fig. 6I) suggesting that STX5 does
not interact with all the miRNAs rather may have some
specificity in miRNA association.

When immunoprecipitation reaction was done from con-
trol, FH-STX5 and FH-STX5-T expressing cells after 4 h of
LPS treatment, the association between HuR and FH-STX5 or
FH-STX5-T proteins was estimated. Western blot showed a
positive association between HuR and FH-STX5-T in LPS-
treated C6 cells and truncated FH-STX5-T also showed an
increase in miR-122 binding in LPS-treated cells (Fig. S6, C
and D). It suggested that FH-STX5-T, like its full-length
counterpart, could also interact with miR-122. HA-HuRΔB
(Hinge region deleted mutant of HuR) is less efficient in
promoting the extracellular export of miRNAs due to its
defective ubiquitination (23).To check the association be-
tween full-length or truncated HuR and endogenous STX5,
immunoprecipitation was done using anti-HA antibodies
from HA-HuR and HA-HuRΔB expressing cells after 4 h of
LPS treatment. Western blot data confirmed a positive
interaction between endogenous STX5 and pulled-down
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Figure 5. The SNARE domain of STX5 is necessary for miRNA export function. A, the map of full-length STX5 and truncated STX5 (STX5-T) were shown
along with their structural domains. A truncation in the full-length STX5 was made by deleting a stretch of 57 amino acids from the C-terminal SNARE
domain and this truncated protein was expressed in C6 cells. B, a luciferase-based assay system was used to check the cellular miR-122 activity in FH-STX5
and FH-STX5-T expressing C6 cells (n ≥ 3 independent experiments; p < 0.0001, 0.0735). C and D, qRT-PCR data showed the change in both the cellular
miRNA and cytokine levels upon expression of FH-STX5 or FH-STX5-T expression. miR-122 and let-7a levels were measured and normalized against U6
snRNA level (C, n ≥ 3 independent experiments; p = 0.0023, 0.9987, 0.0019, 0.4460) and IL6 and IL1B levels were measured and normalized against cellular
GAPDH level (D, n = 4 independent experiments; p = 0.0091, 0.8492, 0.0428, 0.1290). E, the EVs were isolated from the conditioned media of pCIneo (control)
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HA-HuR or HA-HuRΔB (Fig. S6, A and B). Altogether, these
experimental results showed a strong interaction between
STX5 and HuR. It also suggests a possible association of
STX5 with miRNAs in C6 cells under LPS stimulation.
However, the direct miRNA association of STX5 was yet to be
established.
Direct binding of Syntaxin 5 with miRNAs

Our next objective was to understand whether the miRNA-
STX5 binding is direct or a HuR-dependent process. We iso-
lated the EV fraction from FH-STX5 expressing cells and
found FH-STX5 in the EVs while HuR was not detected.
Immunoprecipitation of FH-STX5 from EV fraction was done
using anti-HA antibody to check for any association between
FH-STX5 and miRNA present there (Fig. 6J). qPCR data
showed an increase in the HA-STX5-associated miR-122 and
let-7a levels in EVs. FH-STX5 expressing cells showed higher
EV-associated miR-122 and let-7a content also (Fig. 6J).
Western blot also confirmed that there was no association
between FH-STX5 and HuR in EVs (Fig. 6K). We have tried to
knock-down the cellular level of HuR using siRNA and
expressing FH-STX5 in those C6 cells depleted for HuR. RNA
estimation from the immunoprecipitated materials obtained
using anti-HA antibody from the lysate of those cells was done
to check the FH-STX5 associated miRNA levels in control and
siHuR treated cells. It was found that even in the HuR
knocked-down cells no change was observed in the HA-
associated miR-122 and let-7a levels (Fig. S6, E and F) sug-
gesting that knocking-down of cellular HuR might not have
any role to play in static STX5-miRNA interaction. Western
blot of the immunoprecipitated samples from siHuR trans-
fected cells showed an expected reduction in the association
between FH-STX5 and HuR as compared to the siControl
samples. These findings suggested that STX5 might have a
direct miRNA binding ability.

To investigate further on STX5-mediated miRNA binding
and map the domain necessary for miRNA interaction we
generated different FLAG-HA tagged versions of STX5 with
deletions of domains to check which domain(s) might be
responsible for the miRNA binding property of the protein.
We have expressed all these deletion mutants in C6 cells and
immunoprecipitation was done to check the associated level of
miR-122 expressed in C6 cells exogenously. The amino acid
stretch from 28th to 51st of the STX5 protein represents a
disordered region and the disordered region mainly lacks the
hydrophobic amino acids to form the structured domain.
or FH-STX5 or FH-STX5-T expressing cells using ultracentrifugation and subse
particle tracker data showed the size (F) and also the number of the EVs iso
periments, unpaired t test; p < 0.0001, 0.5431). H, qRT-PCR data showed the m
expressing cells. An equal amount of RNA from each experimental set was used
EVs released from the respective sets (n = 4 independent experiments; p = 0.2
expression on the interaction between the endoplasmic reticulum (ER) and ea
plasmid (magenta), early endosomes were detected with anti-EEA1 antibody
Pearson’s coefficient of colocalization was calculated for both control and F
different fields were analyzed; unpaired t test, p = 0.3648). In all experimenta
experiments were done a minimum of three times, and p values were calculat
otherwise; ns, nonsignificant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
with the respective Western blots. Scale bar 10 μm.
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There are reports that suggest disordered regions are involved
in regulating different cellular functions including interactions
with proteins or nucleic acids (46, 47). Interestingly,
STX5ΔN55 (the disordered domain deleted mutant) showed
lesser interaction with miR-122 as compared to the other
mutants used, and this mutant also showed reduced associa-
tion with endogenous HuR (Fig. 6, L and M) suggesting a
possible role of this domain in miRNA binding observed with
STX5.

HuR transfers miRNA to the disordered region of STX5

To confirm the miRNA binding role of STX5 we did an
in vitro miRNA association assay where either single-stranded
miR-122 or preformed miR-122–recombinant HuR complex
were added to the FLAG bead-bound STX5. After washing the
unbound miR-122 content, bead-bound STX5 was eluted out
using FLAG peptide followed by protein and RNA estimation
of the eluted FH-STX5 solution to check the associated level of
miR-122 and recombinant HuR. Full-length STX5 showed a
direct association with His-tagged recombinant HuR (Fig. 6O
and P). Unlike the full-length STX5, the associated miR-122
level was downregulated even in the presence of rHuR when
the N-terminal deleted FH-STX5ΔN55 was used (Fig. 6P)
suggesting that this 23-amino acids long disordered domain
might play a crucial role in the RNA binding property of the
protein. To explore further, we expressed FH-STX5 or FH-
STX5ΔN55 and immunoprecipitation reaction was done using
an anti-HA antibody to check the level of associated miR-122.
As compared to the full-length protein, truncated STX5
showed lesser association with miR-122 and also the interac-
tion with endogenous HuR was affected due to this truncation
at the N-terminal of FH-STX5ΔN55 (Fig. 6N).

RNA binding defective STX5ΔN55 can accelerate the EV
biogenesis but could not load miRNA to MVB for export

Overall, our data suggest that STX5 has a direct RNA
binding property, and the HuR-miRNA complex transfers the
miRNA to the disordered region of STX5 that possibly initiates
the miRNA-STX5 complex formation and packaging into
endosomes for export. As per our hypothesis, the STX5 should
have a dual role in the miRNA export process. In the initial
step, the RNA-binding activity contributed by the N-terminal
region should pack the HuR-uncoupled miRNAs to MVBs and
in the process itself remain bound to miRNA. In its dual role, it
should accelerate the membrane fusion of MVBs to the plasma
membrane to release the MVB content (Fig. 7). In this process,
quently characterized by a nano-particle tracking analyzer. F and G, nano-
lated from the cells in each set of experiments (G, n ≥ 3 independent ex-
iR-122 and let-7a content in EVs isolated from both control and FH-STX5-T
for the assay and the miRNA levels were normalized against the number of
340, 0.0090). I, confocal imaging was done to check the effect of FH-STX5-T
rly endosomal vesicles (EE) in C6 cells where ER was tagged with ER-dsRed
via indirect fluorescence (green) and nuclei was shown with DAPI (blue). J,
H-STX5-T expressing cells and represented graphically (n ≥ 24 cells from
l data, error bars are represented as mean ± SD. For statistical analysis, all
ed by two-tailed paired t test in most of the experiments unless mentioned
, respectively. Positions of molecular weight markers are marked and shown
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Figure 6. HuR and STX5 cooperative binds miRNAs to accelerate their export. A–C, C6 cells were treated with siHuR and siControl. After 24 h of siRNA
transfection, cells were transfected either with FH-STX5 or pCIneo. Cellular let-7a level was measured by qRT-PCR under no LPS (A, n ≥ 3 independent
experiments; p = 0.0382, 0.0369) and 4 h of LPS (1 μg/ml) treatment (B, n ≥ 3 independent experiments; p = 0.0302; unpaired t test, p = 0.6835 for siHuR-
STX5 and siHuR+STX5, 0.0053 for siControl+STX5 and siHuR+STX5). U6 snRNA level was considered as the normalizing control. C, endogenous HuR level was
shown by Western blot when the cells were transfected with siHuR. Beta-actin was taken as the loading control. D–F, conversely, C6 cells were treated with
siSTX5 and siControl. After 24 h of siRNA transfection, cells were transfected with HA-HuRencoding plasmid or pCIneo. Cellular let7a level was measured by
qRT-PCR under no LPS (D, n = 4 independent experiments; p = 0.0372; unpaired t test, p = 0.6698 for siSTX5-HuR and siSTX5+HuR, 0.0088 for siControl+HuR
and siSTX5+HuR) and 4 h of LPS (1 μg/ml) treatment (E, n ≥ 3 independent experiments; p = 0.0015; unpaired t test, p = 0.0204 for siSTX5-HuR and
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a separate molecule, other than the one already bound to
miRNA may operate. Therefore, the STX5ΔN55 should be
able to accelerate the EV biogenesis by promoting the MVB-
membrane fusion similarly to the full-length STX5 as both
have intact SNARE domains essential for this EV export
function. We observed a reduction in the lysosomal targeting
of late endosomes in cells expressing STX5ΔN55 (Fig. S7, A
and B) suggesting that like full-length STX5, STX5ΔN55
might also facilitate the MVB-plasma membrane fusion and
we also noted a decrease in cellular miRNA content and ac-
tivity in cells expressing STX5ΔN55 (Fig. S7, C and D). Does
STX5ΔN55 is incapable of loading miRNAs to endosomes or
MVBs? In STX5ΔN55 expressing cells the endogenous STX5
may complement the miRNA loading defect of STX5ΔN55
and thus in endogenous STX5 positive cells, the RNA binding
defective mutant STX5ΔN55, by accelerating EV-biogenesis
can lower cellular miRNAs. To confirm the essentiality of
RNA binding of STX5 for miRNA lowering and export pro-
cess, we depleted endogenous STX5 by treating the C6 cells
with rat STX5-specific siRNAs. In STX5-depleted cells,
expression of human STX5ΔN55 failed to lower miRNAs
(Fig. 6Q). Therefore, if the endogenous STX5 is not available to
complement the defective miRNA binding and loading func-
tion of STX5ΔN55, the mutant failed to show miRNA export
enhancer action despite its intact membrane fusion function.
Discussion

Recent studies have revealed that apart from the mature
miRNAs (19–23 nt), Ago proteins are also able to bind other
shorter RNAs named tiny RNAs or tyRNAs (10–18 nt) which
have been reported to carry out physiological functions similar
to that of mature miRNAs (48). Overall, miRNA-mediated gene
regulation is a multistep process that occurs at different stages
of protein translation to regulate the majority of genes that
siSTX5+HuR, 0.9791 for siControl+HuR and siSTX5+HuR). U6 snRNA level was c
by Western blot when the cells were transfected with siSTX5. Beta-Actin was t
anti-HA antibody from pCIneo and FH-STX5 expressing C6 cells treated with LP
associated levels of Ago2 and HuR were also checked (G). FH-STX5 associated m
experimental sets and the Ct values were plotted and shown graphically (H). I, i
STX5 expressing C6 cells, and associated levels of different miRNAs such as
Western blot showed pulled-down FH-STX5 level as well (I, right panel). J, EVs w
immunoprecipitation was done from the lysates prepared with the EV fractions
PCR was done to check the levels of miR-122 and let-7a from the FH-STX5-ass
experiments). K, Western blot showed the pulled-down FH-STX5 level from th
different truncated FH-STX5 mutants alongside the full-length version are sho
deleted), STX5N51 (Habc domain, I x M motif and SNARE domain deleted), STX
completely deleted) and STX5N298 (SNARE domain partially deleted). M, C6
versions along with the full-length FH-STX5 or pCIneo and immunoprecipitat
ciated miR-122 level as compared to the control (M, left panel, n = 2). Wester
proteins (M, right panel). N, C6 cells were transfected with pCIneo or FH-STX5
antibody to check the associated miR-122level with both the proteins (N, left p
the associated endogenous HuR level (N, right top panel) and also the cellular l
of an in vitromiRNA association assay was shown where C6 cells were transfect
cellular lysates from the different experimental sets were loaded on FLAG be
(rHuR) or BSA mix were added to the FLAG bead-bound STX5/STX5ΔN55 and k
peptide after washing off the unbound miRNA analyzed further to check the as
done to check the associated level of miR-122 both in the presence and the
independent experiments; p = 0.0303, 0.0004) and FH-STX5ΔN55 (P, right panel
and His-tagged recombinant HuR (P, middle panel). Q, C6 cells were treated wi
overexpressed with FH-STX5/F.H-STX5ΔN55 (cloned from human origin) and
experiments). In all experimental data, error bars are represented as mean ±
times, and p-values were calculated by two-tailed paired t test in most of the e
0.01, ***p < 0.001, ****p < 0.0001, respectively. Positions of molecular weigh

16 J. Biol. Chem. (2024) 300(4) 107170
belong to different physiological pathways (1). Previous reports
suggest that miRNA activity is heavily dependent on the proper
trafficking and interaction or organelles (3). Vesicle-mediated
intracellular miRNA trafficking is a multistep process that in-
cludes vesicle formation, translocation, tethering, and fusion of
vesicles. Each of these steps is strictly regulated by a different set
of proteins such as coat proteins, small GTPases, motor pro-
teins, Rab proteins, and SNARE proteins (49). The final step of
the vesicle transport, fusion with the target membrane is gov-
erned by the SNARE family of proteins where a particular
vesicle-SNARE (v-SNARE) pairs with a target-SNARE (t-
SNARE) to form the SNARE complex that mediates the fusion
between the vesicular membrane and target membrane (50).

t-SNARE protein Syntaxin-5 (STX5), which resides in the
ER-Golgi network, is known to form a SNARE complex with
GosR2 or GosR1, Bet1, and Ykt6 or Sec22B to regulate the
docking and fusion of the ER-derived COPII vesicles to
assemble the ER-Golgi intermediate compartments (51).
Furthermore, STX5 is also reported to be involved in traf-
ficking from endosomes to the trans-Golgi network and/or
intra-Golgi retrograde trafficking of COPI vesicles (52, 53).
Other reports suggest that STX5 along with its other inter-
acting partners such as Ykt6, Sec22B and VAMP7 are required
for the export of the ER-derived vesicles in the extracellular
milieu by unconventional secretion pathway (54–56), and
moreover, depletion of SYX-5 (an STX5 homolog in
C. elegans) inhibits the fusion of late endosomes to plasma
membrane hence reducing the extracellular vesicles (29). We
explored what affect STX5 has on cellular miRNA trafficking
and activity regulation and whether this activity regulation has
any significant role to play in immunoregulation.

STX5 was found to reduce both the miRNA activity and
cellular level significantly and as a result target mRNA levels
were upregulated including the pro-inflammatory cytokine
encoding mRNAs in C6 glioma and macrophage cells. However,
onsidered as the normalizing control. F, endogenous STX5 level was shown
aken as the loading control. G and H, Immunoprecipitation was done using
S for 0 and 4 h. Western blot showed the pulled-down FH-STX5 level and the
iR-122 and let-7a levels were also measured from all the above-mentioned

mmunoprecipitation was done using anti-HA antibody from pCIneo and FH-
miR-146a, miR-155, miR-16, and miR-24 were checked (I, left panel, n = 2).
ere isolated from control and FH-STX5 expressing C6 cells and subsequently,
using anti-HA antibody to check associated protein and miRNA levels. qRT-
ociated as well as input both derived from EV fractions (n = 2 independent
e EV fractions and No associated HuR was detected. L, schematic outline of
wn. Five truncated versions are made such as STX5ΔN55 (disordered region
5N244 (SNARE domain and I × M motif deleted), STX5N262 (SNARE domain
cells were transfected with all the above-mentioned truncated FH-STX5

ion was done using anti-HA antibody to check the FH-STX5 mutants-asso-
n blot showed the associated HuR along with the pulled-down HA-tagged
(FL) or FH-STX5ΔN55 and immunoprecipitation was done using an anti-HA
anel, n = 2). Western blot showed the pulled-down HA proteins along with
evel of these proteins as well (N, right bottom panel). O, experimental outline
ed with either FH-STX5 or FH-STX5ΔN55 and after 48 h after transfection, the
ads. Pre-incubated ss-miR-122 (50fmoles) and 100 ng of recombinant HuR
ept for 30 min at 30 �C. Finally the bead-bound STX5 was eluted out of FLAG
sociated level of miR-122 and His-tagged recombinant HuR. P, qRT-PCR was
absence of recombinant HuR with full-length FH-STX5 (P, left panel n ≥ 5

, n = 2). Furthermore, Western blot showed the association between FH-STX5
th siSTX5 (rat specific) to knock down the endogenous STX5 level and then
qRT-PCR was done to check the cellular let-7a level (n = 2 independent
SD. For statistical analysis, all experiments were done a minimum of three
xperiments unless mentioned otherwise; ns, nonsignificant, *p < 0.05, **p <
t markers are marked and shown with the respective Western blots.



Figure 7. The miRNA export by STX5 initiates an inflammatory response in macrophages to clear the pathogen. The upper panels depict the “dual
role” of STX5 in miRNA export. The HuR protein transfers the bound miRNA to STX5 and the protein binds the miRNA via its N-terminal disordered domain.
The miRNA-STX5 gets packaged into MVBs for its subsequent export. The second molecule of STX5 present on the membrane of MVB may facilitate the
membrane fusion to enhance the EV release both by inhibiting endosome lysozome interaction and endosome/MVB fusion with the plasma membrane. In
the lower panel, we summarized the findings we have on the inflammatory effect that the STX5-mediated miRNA export has in macrophage cells. The
inflammatory response curtails the infection of the macrophages due to the upregulated expression of miRNA-repressed mRNAs encoding the inflam-
matory cytokines.
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the depletion of STX5 has a marginal effect than its over-
expression on the miRNA export process. This data suggests
a redundancy in the miRNA export process where miRNA
derepressor and exporter proteins HuR and STX5 may have
complementary functions. To investigate further how a SNARE
protein was able to reduce the miRNA activity we have found
that STX5 enhances the interaction between ER and early en-
dosome to transfer more miRNAs in the endosome and MVBs
to facilitate the export of those miRNA-loaded MVBs as
extracellular vesicles. Possibly, more MVBs fuse with the plasma
membrane in the presence of abundant STX5 while there is a
reduction in the lysosomal targeting of MVBs. Interestingly,
when the EV biogenesis and/or export pathway was perturbed
using GW4869, Brefeldin-A, or siAlix, STX5 was unable to
show any significant effect on the miRNA activity and cellular
level suggesting that intracellular vesicle trafficking and func-
tional extracellular export paths are crucial for STX5-mediated
activity regulation of miRNA. It has already been reported that
the SNARE proteins across all eukaryotes share a homologous
domain called the SNARE domain of approximately 60 to 70
amino acids and this SNARE domain acts as a scaffold to
facilitate the interaction with other SNARE proteins to form the
SNARE complex that in turn carry out the vesicular fusion
process (57). STX5 also has a 63-amino acid long SNARE
domain in the C-terminal and when this SNARE domain of
STX5 was truncated, it failed to show any change in the cellular
miRNA activity and level. This data in turn strengthens our
hypothesis that STX5-mediated activity regulation of miRNAs
greatly depends on the vesicle-associated membrane trafficking.

Previous reports have suggested that initial exposure to the
bacterial LPS transiently reduces miRNA activity, but cellular
miRNA level remains unchanged and after a prolonged LPS
exposure the miRNA activity restores back to normal (9).
However, we have observed that even after prolonged expo-
sure to the LPS, the activated cells still showed lower miRNA
activity and cellular levels in the presence of excess STX5.
J. Biol. Chem. (2024) 300(4) 107170 17
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Enhanced expression of pro-inflammatory target cytokine
mRNA levels was also observed. However, STX5-mediated
lowering of miRNAs was reversed when the cells were
treated with GW4869. Upon LPS activation, macrophage cells
export out miRNAs that enhance the intracellular level of their
target mRNAs including the number of pro-inflammatory
cytokines encoding mRNAs which inhibits the survival of
invading pathogens (16). But the protozoan parasite
L. donovani, the causative agent of visceral leishmaniasis, often
escapes this cytokine surge by shifting the balance towards
anti-inflammatory pathways and also by inhibiting lysosomal
fusion of the parasitophorous vacuoles so that it can survive
inside the host cell (58, 59). In this study we have shown in
both ex vivo and in vivo contexts of Ld infection of macro-
phages, FH-STX5 expression significantly lowers miRNA ac-
tivity to promote the pro-inflammatory cytokine expression
levels and NO production which in turn restricts the pathogen
internalization and reduces the level of Leishmania infection.
However, no significant effect of FH-STX5 on infection level
was noted when the macrophages were treated with GW4869,
the inhibitor of the EV export process.

miRNAs can be transferred between cells via extracellular
vesicles to play a crucial role in maintaining cell-to-cell
communication of epigenetic signals. The RNA binding protein
HuR under stress conditions uncouples miRNAs from their
target mRNPs and loads them inside the EVs to export them out
to the extracellular milieu (23). STX5 was also found to be
responsible for the lowering of miRNAs by facilitating their
export via EVs. Interestingly, in activated C6 cells, we have
observed a direct association between STX5 and HuR. Upon
further investigation, our experimental data suggested miRNA
binding of STX5 and this potential miRNA binding role has the
major contribution behind STX5-mediated miRNA lowering via
EV export. Interestingly, HuR and STX5 miRNA binding could
have compensatory action in targeting miRNAs to MVBs.
However, FH-STX5 remains bound to miRNA in a HuR-
independent manner within the EVs released. This suggests a
dual role of STX5 in miRNA export. HuR, after uncoupling the
miRNAs from Ago2, transfers the miRNAs to STX5 to get the
STX5-miRNA complex packaged to endosomes and in the sub-
sequent step, a separate molecule of STX5 located to endosomes
membrane, facilitates the endosomal trafficking to cell mem-
brane and release the endosomal content to extracellular space as
EVs. Importantly, it also retards the trafficking of the mature
endosomes or MVBs to lysozomes to prevent targeting of the
miRNA for lysosomal degradation (Fig. 7). By lowering the
miRNA function in macrophage cells, STX5 acts as a modulator
of expression of miRNA repressed cytokines to allow the pro-
inflammatory responses in macrophages to restrict infection by
an invading pathogen.
Experimental procedures

Cell culture and reagents

C6 rat glioblastoma cells were cultured in Dulbecco’s
Modified Eagle’s Medium (Gibco) supplemented with 10%
18 J. Biol. Chem. (2024) 300(4) 107170
fetal bovine serum (heat-inactivated fetal bovine serum) and
1% Penstrep. RAW264.7 murine macrophage cells were grown
in RPMI1640 medium (Gibco) with 2 mM L-glutamine and
0.5% β-mercaptoethanol along with 10% FBS and 1% Penstrep.

For isolation of primary murine peritoneal macrophages,
BALB/c mice were subjected to intraperitoneal injection of
1 ml of 4% starch solution. The next day, the peritoneal cavity
of the starch-injected mouse was washed with 1× ice-chilled
PBS to isolate the peritoneal macrophages. The isolated pri-
mary macrophages were then pelleted and seeded on the
culture dishes and RPMI1640 was added to those dishes (13).

All the plasmids and siRNAs were transfected using Lip-
ofectamine 2000 (Invitrogen) and RNAiMAX (Invitrogen)
respectively, following the manufacturer’s protocol.

For macrophage or C6 activation, LPS from Escherichia coli
O111:B4 (Calbiochem) was used at different doses for different
time points depending on the experiments.

Luciferase assay

miRNA repression activity was measured by performing a
dual-luciferase-based assay. 200 ng of firefly encoding plasmid
along with 20 ng of RL-con and RL-3×B-let-7a or RL-3×B-122
encoding plasmids were co-transfected per well of a 24-well
plate to study endogenous let-7a or exogenous miR-122 ac-
tivity in C6 cells. Cells were lysed with 1× passive lysis buffer
(PLB, Promega) before being subjected to a dual-luciferase
assay (Promega) following the supplier’s protocol on a
VICTOR X3 plate reader with injector (PerkinElmer). RL
expression levels for the control and reporter were normalized
with the firefly expression level for each sample, and finally, the
relative repression levels were measured. All samples were
done in triplicates.

RNA isolation and qRT-PCR

Total RNA was isolated from the cellular lysate by using
TRIzol or TRIzol LS reagent (Invitrogen) according to the
manufacturer’s protocol. miRNA levels were measured by real-
time PCR using specific TaqMan primers (Invitrogen). U6
small nuclear RNA (snRNA) was used as an endogenous
control. Two-step RT-PCR was done for quantification of
miRNA levels on a Bio-Rad CFX96 real-time system using a
TaqMan chemistry-based miRNA assay system. One-third of
the reverse transcription mix was subjected to PCR amplifi-
cation with TaqMan universal PCR master mix. The
comparative Ct method, which included normalization by the
U6 snRNA, was used for relative quantification. For each
mRNA quantification, 200 ng of total cellular RNA was sub-
jected to cDNA preparation followed by qPCR by the SYBR
Green (Eurogentec) method. mRNA levels were normalized
with GAPDH as the loading control. Each sample was analyzed
in triplicates using the comparative Ct method.

Immunoprecipitation assay

For immunoprecipitation assay, cells were lysed in lysis
buffer [20 mMTris-HCl (pH 7.5), 150 mMKCl, 5 mM MgCl2,
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1 mM DTT, 0.5% Triton X-100, 0.5% sodium deoxycholate,
and 1× PMSF (Sigma), RNase inhibitor (Applied Biosystems)]
for 30 min at 4 �C, followed by three sonication pulses of 10 s
each. The lysates, clarified by centrifugation (15 min at 16,000g
at 4 �C), were incubated with primary antibody pre-bound
protein G agarose beads (Invitrogen) or with pre-blocked
anti-FLAG M2 beads and rotated overnight at 4 �C. The
next day, the beads were washed three times with IP buffer (20
mMTris-HCl [pH 7.5], 150 mMKCl, 5 mM MgCl2, 1 mM
DTT, 1 mM PMSF, and RNase inhibitor). Washed beads were
divided into two equal parts for protein and RNA isolation and
they were analyzed by Western blot and qRT-PCR,
respectively.
Western blotting

Cells and other samples were lysed in 1× SDS dye with β-
mercaptoethanol and subjected to SDS-polyacrylamide gel
electrophoresis, followed by transfer of the same to poly-
vinylidene fluoride (PVDF) membranes. The membrane was
blocked with 3% BSA in TBST (Tris-buffered saline with
Tween 20) and to probe the blot specific required antibodies
were used for at least 16 h at 4 �C. The next day, the blot was
washed thrice with 1× TBST and incubated for 1 h with
horseradish peroxidase-conjugated secondary antibodies
(1:10,000 dilution) at room temperature. Images of developed
western blots were taken using a UVP BioImager 600 system
equipped with VisionWorks Life Science software (UVP) v6.80
and images were quantified using ImageJ software, NIH.
Immunofluorescence and confocal imaging

For immunofluorescence studies, C6 glioblastoma cells were
grown on 18-mm gelatin-coated coverslips. After 48 h of
transfection, cells were fixed for 30 min in the dark with a 4%
paraformaldehyde (PFA) solution. Cells were blocked and
permeabilized in a buffer containing 1% BSA in PBS, 10% goat
serum, and 0.1% Triton X-100 for 30 min, followed by over-
night incubation with specific primary antibodies at 4 �C. The
next day, cells were washed three times with PBS and probed
with their respective secondary Alexa-Fluor antibodies (Life
Technologies, 1:500 dilution) for 1 h at room temperature. For
the detection of lysozomes, 200 nM of LysoTracker Red DND-
99 was added in the growing cells 1 h before harvesting.

For Leishmania donovani internalization, parasites were
stained with 1 μM carboxyfluoresceinsuccinimidyl ester
(CFSE) dye (green) for 30 min at 22 �C followed by PBS wash
thrice and then resuspended in media and added to the cells.
After the incubation, cells were fixed with 4% PFA for 30 min
after three PBS wash. Nuclei were stained with DAPI.

Images were captured using a Zeiss LSM800 confocal mi-
croscope and analyzed with Imaris7 software. All of the in-
teractions between organelles were measured by calculating
Pearson’s coefficient of colocalization using the coloc plug-in
of Imaris7 software. 3D reconstructions of specific bodies
and the number of those bodies or vesicles were measured
using the Surpass plug-in of Imaris7 software.
EV isolation and characterization

For isolation of the exosomal vesicles, we followed the basic
protocol of an earlier publication (60) with some minor
modifications. The cells were grown in DMEM supplemented
with 10% EV-depleted FBS and 1% Penstrep. EV depletion was
done by ultracentrifuging the FBS at 100,000g for 5 h at 4 �C.
After 48 h of plasmid transfection and 72 h of siRNA trans-
fection the conditioned media was centrifuged twice at 2000g
for 15 min and at 10,000g for 30 min. Then the supernatant
was collected and passed through a 0.22 μm filter unit to
further clear it. This clear media supernatant was loaded on
top of a 30% sucrose gradient and was followed by ultracen-
trifugation at 100,000g for 90 min on SW41Ti (Beckman
Coulter) rotor. The EV layer that was obtained on top of the
sucrose gradient was washed with PBS and pelleted by another
round of centrifugation 100,000g for 90 min. The pellet was
resuspended in PBS.

For characterization, the EVs were diluted 10 fold with PBS
and 1 ml of these diluted EV samples were injected in the
Nano-particle tracker (Nanosight NS-300) and the number,
size, and other parameters of EVs were measured.

Optiprep density gradient differential centrifugation

For subcellular fractionation differential centrifugation was
done following an earlier published protocol (61). Optiprep
(Sigma-Aldrich) was used to prepare a 3 to 30% Iodixanol
density gradient in a buffer constituting 78 mM KCl, 4 mM
MgCl2, 8.4 mM CaCl2, 10 mM EGTA, and 50 mM HEPES
(pH 7.0) for subcellular organelle fractionation. After the
experiment was completed, cells were lysed with Dounce ho-
mogenizer to homogenize the cells in a buffer containing
0.25 M sucrose, 78 mM KCl, 4 mM MgCl2, 8.4 mM CaCl2,
10 mM EGTA, and 50 mM HEPES (pH 7.0) supplemented
with 100 μg/ml cycloheximide, RNase inhibitor, 0.5 mM DTT
and 1× protease inhibitor. The lysate was centrifuged twice at
1000g for 5 min to clear out the debris. Then this clear cell
lysate was loaded on top of the gradient and ultracentrifuga-
tion was done for 5 h at 133,000g on the SW60Ti (Beckman
Coulter) rotor to separate each gradient. Ten fractions were
collected by aspiration from the top and further analyzed for
RNA and proteins accordingly.

Polysome isolation

To isolate the total polysomal fraction, cells were lysed in a
buffer containing 10 mM HEPES pH 8.0, 25 mM KCl, 5 mM
MgCl2, 1 mM DTT, RNAse inhibitor, 1% Triton X-100, 1%
sodium deoxycholate, 1×PMSF (Sigma) and cycloheximide
(100 μg/ml; Calbiochem). The cell lysate was cleared by
centrifuging at 3000g for 10 min and followed by another
round of centrifugation at 20,000g for 10 min to further clear
the lysate. This clarified cell lysate was loaded on top of the
30% sucrose cushion and ultracentrifuged at 100,000g for 1 h.
Then the cushion was washed with a buffer (10 mM HEPES,
pH 8.0, 25 mM KCl, 5 mMMgCl2, and 1 mM DTT) and
further ultracentrifuged for an additional 30 min at 100,000g.
The final polysomal pellet was resuspended in polysome buffer
J. Biol. Chem. (2024) 300(4) 107170 19
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(10 mM HEPES, pH 8.0, 25 mM KCl, 5 mM MgCl2, 1 mM
DTT, RNase inhibitor, and 1× PMSF) and further analyzed for
RNA and proteins (62).

Parasite culture and infection to the host macrophage cell line

Leishmania donovani (Ld) strain AG83 (MAOM/IN/83/
AG83) was obtained from an Indian Kala-azar patient and was
maintained in golden hamsters. The amastigote population of
the parasite was collected from the spleen of the Ld-infected
hamster and transformed into promastigotes. Promastigotes
were cultured in M199 medium (Gibco) supplemented with
10% FBS (Gibco) and 1% Pen-Strep (Gibco) at 22 �C. Murine
macrophage cells (RAW264.7) or primary macrophage cells
(PEC) were infected with stationary phase Ld promastigotes of
second to the fourth passage at a ratio of 1:10 (cell: Ld) for 24
or 48 h depending on the experimental requirement (15).

SLA preparation

SLA was prepared from the stationary-phase promastigotes
(�108 cells) following the published protocol (63). To pellet
down the stationary phase parasites centrifugation was done at
3000g for 10 min followed by repeated cycles of freezing (−70
�C) and thawing (37 �C) and also a 5 min incubation on ice in
between. After the completion of the freeze-thawing, cells
were then completely lysed by three rounds of sonication with
a 30 s pulse each followed by centrifugation at 10,000g for
30 min at 4 �C. The supernatant was collected and protein
estimation was done using the Bradford assay. For the exper-
imental purpose, macrophage cell lysates were treated with
10 μg/ml SLA and incubated for 30 min at 37 �C.

Cytokine protein level measurement by ELISA

RAW264.7 cells were transfected with pCI-neo control and
FH-STX5 and after 48 h of transfection cells were infected
with Ld parasite and also treated with 10uM GW4869. After
24 h of infection and GW4869 treatment, different cytokine
protein levels such asTNFa, IL6, and IL10 were measured from
culture supernatant using sandwich ELISA Kit (BD Pharmin-
gen) as per the manufacturer’s protocol. The cytokine levels
were determined by measuring the OD at 450 nm using a
microtiter plate reader.

Animal experiment

Four- to 6-week-old BALB/c male mice were divided into
two groups (3 mice each) of control and treated. For exoge-
nous expression of plasmids, 25 μg of pCIneo or FH-STX5
encoding plasmids were injected in the tail vein of the con-
trol and treated mice respectively. On the third day of the
experiment, all the mice from the two groups were infected
with 1 × 107 promastigotes by cardiac puncture. On the fifth
and tenth day of the experiment, booster doses of the plasmids
were injected into the respective groups. After 35 days all the
mice were sacrificed and tissues were snap-frozen for future
experiments.

Blood was collected by cardiac puncture just before
sacrificing the mice. To allow the blood to clot the samples
20 J. Biol. Chem. (2024) 300(4) 107170
were kept at room temperature undisturbed for 1 h. Then
the clot was removed by multiple rounds of centrifugation at
2500g for 10 min at 4 �C. Clear serum fraction was collected
from the top and further subjected to RNA and protein
analysis.

Approximately 10 mg tissue slice was homogenized using
1× RIPA buffer (25 mMTris–HCl pH 7.4, 150 mM NaCl, 1%
NP-40, 1% sodium deoxycholate, 0.1% SDS, 1× PMSF) then
sonicated and centrifuged to prepare the final tissue lysate
which was then subjected for protein estimation and Western
blot analysis. For total RNA isolation, TriZol was directly
added to the tissue slices and then homogenization was done
rigorously for thorough lysis (13).

All the animal experiments were performed according to the
National Regulatory Guidelines issued by the Committee for
Supervision of Experiments on Animals, Ministry of Envi-
ronment and Forest, Govt. of India. These experiments were
performed following the protocol approved by the Institutional
Animal Ethics Committee by CSIR-Indian Institute of
Chemical Biology, India. The BALB/c mice were kept in
individually ventilated cages under controlled conditions
(temperature 23 ± 2 �C, 12 h/12 h light/dark cycle).

In vitro miRNA association assay

FLAG-HA-STX5 and truncated STX5 encoding plasmids
were transfected in C6 cells using Lipofectamine 2000
following the manufacturer’s protocol. Cells were lysed after
48 h of transfection in the lysis buffer for 30 min at 4 �C,
followed by centrifugation at 16,000g for 20 min at 4 �C to
clear the lysate. Pre-blocked anti-FLAG-M2 affinity gel
(Sigma-A2220) was incubated with the cleared lysate over-
night at 4 �C to allow the binding between the bead and the
lysate. For background elimination, one set was kept as the
bead control where no cell lysate was added. Next day, 1 μM
purified recombinant HuR or BSA were pre-incubated with
50 fmoles/μL cold 50 p-labeled ss-miR122 (Eurogentec) in an
ASSAY buffer containing 20 mM Tris(pH 7.5), 5 mM
MgCl2, 150 mM KCl, 1× PMSF, 2 mM DTT, and 40 U/ml
RNase inhibitor at 4 �C for 15 min. The preparation of re-
combinant HuR and end-labeling of ss-miR122 was done
according to our previously published protocol (23, 64).
After the overnight incubation, FLAG beads were washed
thrice with IP buffer and incubated with the rHuR/BSA-ss-
miR122 reaction mix at 30 �C for 30 min in a thermo-
mixer. After the reaction, beads were washed with IP buffer
thrice and the bead-bound FLAG-HA-STX5/truncated STX5
was eluted using 3× FLAG peptide (Sigma) as per the
manufacturer’s instructions in a purification buffer (30 mM
HEPES pH 7.4, 100 mM KCl, 5 mM MgCl2, 0.5 mM DTT,
3% glycerol). The final eluted solution was divided into two
parts for further protein and RNA analysis.

Statistical analysis

All the graphs and statistical significance were done using
GraphPad Prism 8.0 (GraphPad). All the experiments were
performed at least three times unless otherwise mentioned.
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Paired and unpaired student’s t test was done to determine p
values. p < 0.05 was considered significant and p > 0.05 was
nonsignificant (ns). Error bars indicate mean ± SD.

Information on plasmids, oligos, siRNAs, miRNA assay, and
antibodies are available in Tables S1–S6.
Data availability

All data supporting the findings of this study are available
from the corresponding authors upon request.
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information.
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