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Septin5 deletion enhances B-cell exocytosis
by releasing microtubule-tethered insulin
granules onto plasma membrane
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Septin5 interacts with SNARE proteins to regulate exocytosis in neurons, but
its role in pancreatic B-cells is unknown. Here, we report that Septin5 is
abundant in rodent and human B-cells, deletion of which dramatically
enhances biphasic glucose-stimulated insulin secretion, including in type 2
diabetes (T2D). Super-resolution imaging shows that Septin5 is preferentially
assembled in microtubule-plasma membrane contact sites in a microtubule-
dependent manner, which provides discrete harbor for secretory granule
anchoring. By decreasing the stability of the cortical microtubule meshwork,
Septin5 depletion increases insulin granule dynamics and access to the plasma
membrane. Analysis of spatiotemporal coupling of fusion events and localized
Ca? influx through L-type Ca®* channels show that Septin5 depletion increases
releasable granule pool clustering on Ca*" channels, previously shown to be
impaired in T2D, thus rectifying this T2D defect. Hence, inhibition of Septin5

can improve insulin secretion.

Septins are a highly conserved family of GTP-binding proteins
that were originally identified as filamentous proteins required
for cytokinesis in budding yeast' and have been implicated in a
diverse array of cellular functions, including cell division, secre-
tion, migration, and ciliogenesis®. Four yeast septins (Cdc3,
Cdcl0, Cdcll and Cdcl2) were originally identified in a
temperature-sensitive screen for cell division cycle defects®. In
mammals, there are 13 septins (Septinl-12 and Septinl4) that fall
into four groups with sequence similarity to the four yeast
septins®. Some of these, including Septin2, Septinll, Septin7, and
Septin9, have been shown to be involved in cytokinesis®”’. Similar
to actin and tubulin, septins are able to polymerize into filaments.
Septin filaments are thought to act as a macromolecular scaffold,
recruiting proteins to particular cellular locations in order to
mediate specific functions®. For instance, mammalian septins

have been shown to localize to the ingressing furrow in dividing
cells where Septin2 binds to non-muscle myosin Il to promote its
activation®. In addition, septin filaments also tend to reorganize
into ring structures that have been shown to act as diffusion
barrier, preventing the lateral movement of membrane and per-
ipheral proteins®°,

Septin5, a septin family member formerly called cell division
control related protein 1 (CDCrel-1), is encoded in the 200 kb region
and is abundantly expressed in the developing and adult brains of mice
and humans" ™. Septin5 is expressed in presynaptic terminals” and
exerts negative regulatory control over neurotransmitter release by
binding to the Syntaxin SNARE (soluble N-ethylmaleimide-sensitive
factor attachment protein receptor) protein'* and showed that it may
play a role in regulating SNARE function'*", Specifically, Septin5 was
shown to associate with vesicles and membranes through its
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interaction with the SNARE domain of syntaxin 1A and the 7S SNARE
complex, and appears to inhibit exocytosis, possibly by regulating
vesicle targeting and/or fusion events'*'°,

It was reported that Septin5 gene is expressed in normal and
neoplastic human endocrine pancreas”, and overexpression of Septin5
inhibited the secretion of storage granules from an insulin-secreting
cell line™. In this work, we comprehensively assess Septin5 function in
regulating B-cell insulin secretory granule (SG) exocytosis using Sep-
tin5 knockout (KO) mice’, non-obese T2D Goto-Kakizaki (GK) rats
known to closely mimic non-obese human T2D', and human donor
islets, and show that deletion of Septin5 enhances biphasic glucose-
stimulated insulin secretion (GSIS) and improves glucose homeostasis.
Further, we demonstrate the subcellular localization of Septin5 at
microtubule-plasma membrane (MT-PM) contact sites, deletion of
which results in MT remodeling upon glucose stimulation and conse-
quently releases SGs to dock onto calcium channels on the PM, thereby
increasing the size of the pool of primed SGs available for exocytosis;
which would be highly desirable in rescuing the insulin secretory
deficiency in T2D.
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Fig. 1| Septin5 is abundant in pancreatic islet B-cells. a Western blotting showing
Septin5 is present in human and rodent islets. Rat insulinoma INS-1 is shown for
comparison. b Western blotting showing Septin5 is present human islets, whose
levels were not reduced in T2D human islets, as is also the case with GK rat islets in
(a). SNARE proteins are reduced in both T2D human and GK islets (in (a)) compared
to normal islets. ¢ Quantification of band intensity (normalized to tubulin) in (b)
showing similar expression level of Septin5 in human normal and T2D islets (n=3
normal donors and 3 T2D donors). Statistical significance was assessed by a two-
tailed Student’s ¢-test (n.s., not significant). For boxplots, boxes indicate 25th and
75th percentiles, the lines within boxes mark medians, whiskers above and below

Results

Septin5 is abundant in pancreatic islet B-cells

Septin5 is present in rat, human and rat insulinoma cell line INS 832/13
(Fig. 1a). Whereas exocytotic SNARE protein levels are generally
reduced in T2D GK rat and T2D human islets as we and co-workers have
previously reported”, islet Septin5 levels were similar between normal
(Wistar rat, human) and the T2D islets, as are actin and tubulin used as
controls (Fig. 1b, ¢). Within the human and mouse islet, we observed
that Septin5 is abundantly expressed in all cell-types of the islets,
particularly, in B-cells (Fig. 1d, Supplementary Fig. 1a). When examining
the endogenous expression of Setpin5 with immunostaining in both
dispersed human B-cell and islets from six non-diabetic and three T2D
donors (donor information see Supplementary Information), we found
that all B-cells express Septin5 with variation in level rather than in an
all-or-none manner, with uneven distribution of Septin5 at intracellular
and intercellular levels (Fig. 1d, e), suggesting that the expression level
of Septin5 in B-cells across an islet is heterogeneous. The abundant
expression of Septin5 in B-cells suggested that SeptinS may be
involved in regulating insulin secretion, which we pursued.
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boxes indicate the 90th and 10th percentiles. d Lightning confocal images of
human islet (top) and dispersed single B-cell (bottom) immunostained with Septin5
and insulin show Septin5 is abundant in pancreatic -cells. A similar experiment was
performed on mouse islets (Supplementary Fig. 1). e Quantification of endogenous
Septin5 by immunostaining showing the heterogeneity of Septin5 expression in
both dispersed human f-cells and intact islets from six non-diabetic and three T2D
donors. Data are normalized to the average intensity. All the data shown are
representative of at least 3 separate experiments. Source data are provided as a
Source Data file.
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Fig. 2 | Septin5 KO mice have superior glucose tolerance as a result of higher
biphasic GSIS. a-d IPGTTs were performed to assess blood glucose (a, b) and
secreted insulin levels (c, d) and shown as AUC (area under the curve) analysis
encompassing 120 min of the IPGTT for blood glucose (b) and insulin levels (d).
N =5 mice for each group, with summary graphs shown as mean + SEM. Septin5
deletion was first confirmed in isolated islets, which did not affect the total islet
insulin content (Supplementary Fig. 2a). For boxplots, boxes indicate 25th and 75th
percentiles, the lines within boxes mark medians, whiskers above and below boxes
indicate the 90th and 10th percentiles. e Blood glucose levels during IPITT showing
no significant difference (n =4 for control, and 6 for Septin5 KO from three

biologically independent experiments). f Total insulin content is not affected in
Septin5 KO mice. g-h Biphasic GSIS determined by Islet perifusion assays (g) of WT
vs Septin5 KO mice and the corresponding AUC analysis (h) for first phase (first
10 min) and second phase (next 20 min) GSIS. Summary graphs from 4 biologically
independent experiments shown as mean + SEM. i Insulin-immunostained pan-
creatic sections. Septin5 KO does not alter the size, number and distribution of
islets within the pancreas. Supplementary Fig. 2b, c shows the analysis for islet size
and number. Scale bars, left, 1 mm, right, 100 um. Statistical significance was
assessed by a two-tailed Student’s t-test (*p < 0.05, the precise statistical results
indicated in figures). Source data are provided as a Source Data file.

Mice lacking Septin5 exhibit superior glucose tolerance as a
result of increased biphasic GSIS from pancreatic islets

We next assessed for glucose homeostasis and insulin secretion in our
global Septin5-KO mouse'. Septin5 deletion was confirmed in total
isolated islets, but the overall level of insulin was not affected (Sup-
plementary Fig. 2a). Septin5 KO mice exhibited a superior glucose
tolerance than WT mice evaluated by intraperitoneal glucose tolerance
tests (IPGTT) (Fig. 2a, b). In fact, plasma insulin collected during IPGTT
showed correspondingly higher insulin levels in Septin5-KO mice than
WT mice (Fig. 2c, d). We then performed intraperitoneal insulin tol-
erance tests (IPITT) and found there was no significant effect on insulin
sensitivity in Septin5-KO mice compared to WT mice (Fig. 2e, f). We
isolated islets from these mice and conducted islet perifusion assays to
assess physiologic biphasic GSIS (Fig. 2g). Area under the curve (AUC)
analysis (Fig. 2h) showed that Septin5-KO islets exhibited increases of
137% in first-phase (Septin5-KO: 2.06 + 0.27; WT: 0.87 + 0.06) and 122%

in second-phase (Septin5-KO: 5.53 + 0.85; WT: 2.49 + 0.39) GSIS over
WT islets. There was no difference in size, number and distribution of
islets between Septin5-KO and WT mice (Fig. 2i, Supplementary
Fig. 2b, ¢), indicating an increase in secretory capacity per Septin5-KO
B-cell (see next).

Septin5 deletion in human islets increased biphasic GSIS by
recruiting newcomer insulin SGs granules to PM to undergo
exocytosis

We depleted Septin5 in human islets by ~-81.9% (Fig. 3a, Supplemen-
tary Fig. 3a) using an adeno-Septin5 shRNA and conducted islet
perifusion assays (Fig. 3b), which showed that Septin5 depletion
increased first-phase GSIS by 46% (Septin5-KD: 7.05+0.49; WT:
4.83+0.37) and second-phase GSIS by 82% (Septin5-KD: 18.6 +1.81;
WT: 10.2 £1.22, Fig. 3c). We then assessed the population of insulin
SGs that account for this increase in biphasic GSIS. To visualize the
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Fig. 3 | Septin5 depletion in human islets increases biphasic insulin secretion by
increasing the exocytosis of newcomer insulin granules. a Western blotting
showed that Septin5 level was 81.9% reduced compared to control (Ad-control)
when human islets infected with Ad-Septin5 shRNA (Septin5 KD) (n = 3. Quantita-
tive analysis of the experiments shown in Supplementary Fig. 3a). b Human islets
perifusion assay showed that depletion of Septin5 in human islets increased both
first-and second-phase GSIS. ¢ AUC analysis of first-phase (10-20 min) and second-
phase (21-41 min) GSIS. Basal secretion was not significantly affected. Plotted are
the mean values of 4 biologically independent experiments, and bars represent
SEM for (b, ¢). d-g TIRF imaging showed the fusion events in the first phase (first
5min) and second phase (6-15 min) (n=10 cells for each condition from 5 normal

donors. Supplementary Movie 1), expressed as mean + SEM. f The summary of
fusion events with pre-docked and newcomer granules in first and second phase in
both conditions. Pre-docked granules at basal (2.8 mM glucose) were not different
between WT and Septin5 KO B-cells (Supplementary Fig. 3b, c). Boxes indicate 25th
and 75th percentiles, the lines within boxes mark medians, whiskers above and
below boxes indicate the 90th and 10th percentiles. g Normalized cumulative
fusion events of SGs per unit area from control and Septin5 KD human B-cells.
Statistical significance was assessed by a two-tailed Student’s t-test (*p < 0.05, the
precise statistical results indicated in figures). Source data are provided as a Source
Data file.

spatio-temporal mobilization of populations of SGs and single SG
fusion dynamics, we employed time-lapse total internal reflection
microscopy (TIRFM) to monitor exocytosis of SGs tagged with NPY-
EGFP as described before?*?. At basal 2.8 mM glucose, we seldom
found spontaneous fusion events, with total docked SGs not differ-
ent between WT and Septin5-KD cells (Supplementary Fig. 3b, c).
When stimulated with 16.7 mM glucose, single SG fusion events were
observed as flashes of fluorescence, which rapidly dissipated in a
cloud-like diffusion pattern. We compared fusion events with pre-
docked and newcomer granules in each minute between control and
Septin3-KD cells (Fig. 3d, e, Supplementary Movie 1). Consistently,
assessment of cumulative fusion events over time showed many
more fusion events during the 15 min stimulation in Septin5-KD than
in control B-cells (Fig. 3g), in which Septin5-KD increased both first-

and second-phase GSIS (Fig. 3f). In first-phase GSIS, predocked SGs
accounted for >50% of exocytotic events in control cells, but there
was no difference between control and Septin5-KD cells (Fig. 3f). The
larger increase from Septin5-KD B-cells seems to be mainly attributed
to a 128% increase in exocytosis of newcomer SGs (Septin5-KD:
5.2+ 0.8 events/100 um?% WT: 2.3+ 0.5 events/100 um?). Newcomer
SGs, unlike predocked SGs, undergo minimal to no residence time at
the PM before undergoing fusion®’. Second phase GSIS is attributed
almost entirely to newcomer SGs?, and here, the observed increase
in second-phase GSIS from Septin5-KD B-cells was due to a large
increase of 76% in newcomer SGs fusion (Septin5-KD: 6.7 + 1.1 events/
100 um% WT: 3.8+ 0.7 events/100 um?). These results indicate that
Septin5 deletion mainly increases the exocytosis efficiency of new-
comer SGs.
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Septin5 assembles at MT-PM contact sites in a MT-

dependent manner

Septins are filamentous GTP-binding proteins found to be associated
with the synergistic MT and actin cytoskeleton®. Septin5 has been
classified into Septin2 group based on sequence similarity, whose
members have been shown to associate with MT and affect MT orga-
nization and growth* . To assess its dependence on the cytoskele-
ton, Septin5-regulated insulin secretion in human islets was further
analyzed by pharmacological perturbations of MT and actin. B-cell
secretion in response to glucose stimulus is regulated by stability of
the MT network, destabilization of which leads to significant over-
secretion, while hyper-stabilization greatly suppresses secretion” .
We found the Septin5-depletion induced over-secretion compared to
control was eliminated by MT destabilizer nocodazole but remained
constant by actin destabilizer latrunculin. Furthermore, MT stabilizer
taxol caused major inhibition of GSIS from Septin5-depleted islets but
seemed to also more mildly inhibited GSIS in WT control islets (Fig. 4a).
Therefore, these results indicate that Septin5 associates with MT to
modulate GSIS.

To examine the locations and relationship of Septin5, MT and SGs,
we employed three-color labeling, including immunostaining with
anti-Septin5-TxRed and anti-tubulin-Cy5 antibodies, and infected with
Ad-NPY-EGFP to label insulin SGs; and then imaged by super-resolution
structured illumination microscopy (SR-SIM). As shown in the depth-
color encoded 3D SIM images, similar red (orange) color of Septin5
and MT overlap each other while connecting to granules with color
shifting to the cell interior, well depicted in the enlarged boxed images
(Fig. 4b, ¢; Supplementary Fig. 4 for one more representative {3-cell),
suggesting that Septin5 assembles at the contacts sites of cortical MT
and PM, serving as harbors for granule anchoring. Given that the ultra-
thin optical sectioning capability makes TIRF being considered as
“gold standard” for investigating PM-related contact structure of
adherent cells®**, the MT-PM contact sites where Septin5 assembled
were visualized more clearly in the TIRF section images obtained by 3D
SIM (Fig. 4c). Moreover, from observation of the localization of an
estimated 30,000-45,000 insulin granules from ~80 human pancrea-
tic B-cells, none of the granules was observed locating within the
region of the contact sites. Given the fact that the size of granules
varies from 50 nm to 500 nm®, our observation above demonstrated
that even the smallest granules are not able to enter the narrow
apposition space of the MT-PM contact sites, suggesting that the
apposition distance between MT and PM is less than 50 nm, which is
generally in line with the reported 15-25nm definition of contact
sites®®. Therefore, the color-shifting depiction of the localization of
anchored granules more into the cell interior makes sense. The cortical
MT meshwork and anchoring of SGs to the MT-PM contact sites were
not altered by Septin5 deletion (Fig. 4d and bottom optical section in
Fig. 4e). On the other hand, although majority of filamentous MT dis-
rupted as punctate (Supplementary Fig. 5a) after treatment with MT-
depolymerizing nocodazole, Septin5 associated with PM can be still
assembled at MT-PM contact sites the same as its location in the
control (Fig. 4b, c). Conversely, actin-depolymerizing latrunculin did
not alter the MT-PM contact sites (Supplementary Fig. 5b). Taken
together, these super-resolution imaging results suggested that Sep-
tin5 assembles at MT-PM contact sites in a MT-dependent manner.

Septin5 depletion increase SGs mobility and its access to PM by
regulating cortical MT stability

To understand how this particular component of the cytoskeleton, the
cortical MT-associated GTP-binding protein SeptinS, affects insulin
granule behavior, specifically SG mobility and its access to PM, we
performed a series of single-granule tracking and spatiotemporal
averaging analyses using live-cell TIRF microscopy. Using trajectory
sum of granules analysis, which reflects the pathway the SGs traveled
after arriving at the PM, there were more SG dynamic movements in

Septin5-depleted (-cells than control B-cells during glucose stimula-
tion (Fig. 5a, b). Comparing the histogram of single granule diffusion
coefficients during glucose stimulation, the highly dynamic compo-
nent (as indicated by asterisk) significantly increased in Septin5-KD
compared to control B-cells, while the restricted SGs (the middle
population as red fit-curve indicated) decreased correspondingly
(Fig. 5¢, d). Cortical MT controls SGs’ access to PM, which on glucose
stimulation would undergo depolymerization and reduce granule
withdrawal to the cell interior, leading to release of SGs to docking
sites”2*7%, To visualize the movement of granules before fusion
occurs at nanoscale, a scale beyond the resolution limit of the live
fluorescence microscopy, we introduced an analysis method by spa-
tially aligning and then temporal averaging of single fusion events to
visualize the PM access of insulin SGs. To be specific, we spatially
aligned the SG fusion events using their center coordinates with a
window size of 9 x9 pixels and temporally averaged the NPY-GFP signal
during the 5-s preceding fusion pore opening*’. Ensemble average
intensity revealed the PM region that SG “explored” before fusion.
Apparently, SGs explored a larger area of the PM surface in Septin5-
depleted cells before fusion occurred (Fig. Se). We reasoned that the
nanoscale density fluctuation of cortical meshwork would allow
increased likelihood of granules to explore more PM surface and be
captured by the fusion machinery. To evaluate the dynamics of cortical
MT after glucose stimulation, we further assessed whether the MT-
templated assembly of Septin5 at MT-PM contact sites plays a role in
MT stability. We assessed the relative stability by immunostaining
detyrosinated alpha-tubulin (Glu-tubulin), a marker having been
reported to indicate the stability of MT*.. As shown by the ratio of Glu-
tubulin to tubulin, Septin5 depletion decreased the MT stability after
high glucose stimulation without markedly affecting the overall den-
sity of the tubulin meshwork, while no significant change was observed
under basal condition, suggesting that the MT instability specifically
induced by Septin5 depletion is dependent on glucose metabolism
(Fig. 5f and Supplementary Fig. 6). Given the fact that increased motion
and travel of SGs increases fusion probability*?, these collective ana-
lyses suggested that Septin5 depletion increases granule fusion by
remodeling the cortical MT meshwork and consequently facilitate SG
access to PM fusion sites.

Septin5 depletion increases the number of granules that

associate and fuse with higher efficiency on L-type Ca** channels
While it is known that Ca*" entry through voltage-gated L-type Ca*
channels is required for insulin granules exocytosis, insulin secretory
granules actually cluster at and bind the L-type Ca®* channels** where
they undergo exocytosis, and this association could be pathologically
disrupted in T2D***’. To evaluate whether Septin5 could affect these
processes, we mapped the spatial distribution of L-type Ca** channels
using TIRFM by loading Fluo-5F, a fast-binding, low-affinity Ca?* indi-
cator as well as EGTA, a slow-binding but high-affinity Ca** chelator"’.
Upon Ca* influx induced by membrane depolarization, the local
fluorescence transients reflect the spatial distribution of L-type Ca*
channels. Since moving to a docking receptor is the prerequisite for
granule fusion, we asked whether the increased granule motion and
travel region before fusion induced by Septin5 depletion increased the
probability for granules to find a favorable location to cluster with
L-type Ca* channels for subsequent fusion. To maximize Ca*" influx to
deplete all readily releasable granules in close apposition to L-type Ca*
channels but minimizing the contribution from distant cytoplasmic
Ca” activity, high K* at 75 mM has been used to steeply depolarize and
rapidly open voltage-gated Ca®* channels that would deplete by exo-
cytotic fusion of secretion-ready insulin granules**%, On the other
hand, high concentration of Ca*" chelator EGTA together with short
pulses of high K" for 1s every 10 s restricts Ca®* influx in microdomains
(aradius of <100 nm), without contribution to the global cytoplasm by
hampering Ca®* diffusion****°. We compared the fusion events
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Fig. 4 | Septin5 assembles at MT-PM contact sites in a MT-dependent manner.
a Septin5 depletion in human islets increases GSIS by affecting MT rather than actin
microfilaments. Insulin secretion over 30 min upon 16.7 mM glucose stimulation as
measured by ELISA. Human islets after two-round infection with control or Ad-
Septin5 shRNA were incubated with DMSO, nocodazole, latrunculin or taxol. Data
are presented as box-plots where the central line represents the median value, the
box shows percentiles 25-75 and the whiskers include the most extreme values
(two-tailed Student’s t-test, n.s. denotes not significant). b-e Representative 3D
structured illumination microscopy images of human B-cells infected with granule
marker NPY-EGFP and Ad-shRNA-Control (b, ¢) or Ad-shRNA-Septin5 (d, e) for 48 h
and then immunostained with tubulin. Pseudo-color encodes the depth. Color
corresponds to the depth from the coverslip surface, with red being closest to the

Tubulin Septin5

Granule

PM surface and Cyan being in cell interior. b 3D reconstructed Super-resolution
imaging shows Septin5 is assembled at MT-PM contact sites (bottom, white arrows,
higher magnification view of white dashed rectangular region) as rod and punctate
structures, some granules were observed anchoring to Septin5-rich sites along the
MT (bottom, white circles, higher magnification view of white dashed rectangular
region). ¢ The TIRF optical section images of 3D SIM highlighted the MT-PM contact
sites of the region as the dashed box indicated in (b). d Septin5 deletion does not
alter the MT meshwork or the anchoring of granules (right, white circles). Image is
depth coded as indicated. e The TIRF optical section images of 3D SIM highlighted
the MT-PM contact sites of the region as the dashed box indicated in (d). Repre-
sentative results of three independent experiments.
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Fig. 5 | Septin5 depletion increases SGs dynamics and its access to PM and
regulates MT stability. a, b Spatiotemporal analysis of SG dynamics during glu-
cose stimulation in WT (a) and Septin5-depleted (b) human B-cells by TIRFM.
Representative TIRFM images (left), sum of SG trajectories (right), and time-lapse
images of typical SG dynamics before fusion (bottom). ¢, d Histogram of the granule
diffusion coefficient D measured from the trajectory of individual granules in WT
(c) and Septin5 knockdown (d) human B-cell after glucose stimulation. Diffusion
coefficient D is a measure of how constrained diffusion of the particles, smaller
values indicate more restricted movement. The raw data (dots) are fitted with a
three-component Gaussian function (red line), corresponding to the nearly
immobile, restricted and highly dynamic SG population, respectively (from left to
right). n =6 cells, -700 trajectories analyzed. e The spatial profile of SGs “exploring”

the PM before fusion showed that Septin5 depletion increases SGs access to PM. To
visualize the “exploring” region before fusion, time-lapse images of ~70 fusion

events spatially aligned by the center coordinates of fusion site within a window of
size 9x9 pixels were temporally averaged during the 5-s preceding fusion pore
opening (aligning point illustrated on left). Spatial profiles of the average signal of
NPY-EGFP at fusion sites showed in middle, single-granule profile included as
reference. Dashed lines represent raw data, and the histogram was fitted with
Gaussian function (right). Width, FWHM. f Septin5 depletion decreased the stability
of MT after high glucose stimulation as indicated by the ratio (fire) of glu-tubulin
(turquoise) to total tubulin (vermillion). The higher magnification (right) of regions
as the dashed box (left) indicated showed example of region with decreased MT
stability (bottom) compared to control (top). Representative images of human islets
treated with high glucose for 30 min and then stained for stable MT marker, Glu-
tubulin and total MT marker tubulin (n =3 independent experiments, quantitative
analysis of the experiments shown in Supplementary Fig. 6).

occurring at sites of Ca® entry during K* depolarization in human
normal donor (ND) versus T2D PB-cells (Fig. 6a, b). On average,
5.24 + 0.789 granules/100 pm? underwent exocytosis in response to K*
depolarization in Septin5 depleted human B-cells, which is more than

untreated normal B-cells (3.50 + 0.610 granules/100 pm?), with few
events observed during the depolarization interval. In human T2D (-
cells, Septin5 depletion increased the number of granules associated
with L-type Ca*" channels (2.61+0.547 granules/100 pm?) by 61.1%
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compared to untreated T2D B-cells (1.62+0.230 granules/100 pm?)
without affecting the number of Ca** channels and docked granules
(Supplementary Fig. 7). Altogether, these results suggested that the
increased granule motion and travel increase the tendency for granule
fusion; and that the impaired coupling of exocytosis from sites of Ca?*
entry could be rescued even in T2D B-cells. This increase in SG exo-
cytotic efficiency would be expected to culminate in improved
biphasic GSIS in both T2D humaniislets (Fig. 6d, e) and T2D GK rat islets
(Fig. 6f, g) after Septin5 depletion. The improved co-localization of
granules and Ca®* channels during stimulated secretion would be

expected to increase formation of excitosomes, which is a protein
complex of SNARE proteins and calcium channels®. This was indeed
the case, whereby after Septin5 deletion (Supplementary Fig. 8a, b) of
INS-1 cells (B-cell surrogate that has more protein than islets allowing
immunoprecipitation assays), glucose stimulation resulted in
increased Stx3 (for newcomer SG fusion)*>* and Stxla (for predocked
SG fusion) SNARE complex formation with Ca,1.3 (Supplementary
Fig. 8b-e).

We then assessed whether the increased excitosome formation
caused by Septin5 deletion could affect Ca** sensitivity of SG fusion
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Fig. 6 | Septin5 depletion increases the number of granules associated with
L-type Ca* channels and increases the Ca* sensitivity of granule fusion.

a Normal and T2D human B-cell infected with granule marker NPY-tdOrange2 and
loaded with Ca* sensor 2 uM FluoSF as well as EGTA-AM stimulated with high K*
(75 mM). The localized FluoSF signal indicated the Ca** influx sites after depolar-
ization. b, ¢ Fusion events of granules associated with L-type Ca** channels in
human normal (b) and T2D (c) B-cells. d, e Septin5 depletion improves GSIS in
human T2D islets. The corresponding area-under-the-curve (AUC) analysis was
summarized in (e) (Data from n =3 biologically independent experiments were
represented as mean + SEM). f-g The glucose-stimulated insulin secretion of GK rat
islets is assessed by perfusion. 25 islets exposed to 2.8 mM glucose for 10 min,
followed by 16.7 mM glucose for 30 min, during which the sample collected every
2.5min. The corresponding AUC analysis was summarized in (g) (Data from n=3
biologically independent experiments were represented as mean + SEM).

h-k Septin5 deletion increases Ca** sensitivity to both low (h, i) and high (j, k)

calcium concentrations but did not cause any change in calcium channel opening
or density (Supplementary Fig. 8f, g). h The whole-cell capacitance change recor-
ded during direct application of 200 nM free Ca*" via patch pipette into human f-
cells. i The average capacitance increments in control and Septin5 KD cells at 150 s
following initiation of Ca*" infusion and normalized to initial cell size. j Exocytosis
was elicited by flash photolysis and monitored by whole-cell membrane capaci-
tance measurement. Averaged capacitance changes from control (black, n=11) and
Septin5 KD (gray, n=11) cells. Arrow indicates the flash time. k Averaged ampli-
tudes of the highly calcium-sensitive pool from control (black) and Septin5 KD
(white) cells respectively (n =11 from three independent experiments). Statistical
significance was assessed by a two-tailed Student’s ¢-test (the precise statistical
results indicated in figures). For boxplots, boxes indicate 25th and 75th percentiles,
the lines within boxes mark medians, whiskers above and below boxes indicate the
90th and 10th percentiles. Source data are provided as a Source Data file.

by performing whole-cell capacitance measurement (Cm) recording.
We first dialyzed 200 nM free Ca®* via patch pipette to test low-level
Ca*-dependent exocytosis (Fig. 6h, i), which showed that Septin5
deletion increased exocytosis by 141% (Septin5-KD: 508 + 104 fF/pF;
control: 211+23 fF/pF). We employed a second strategy of flash
photolysis of caged Ca*" to induce a step-like and homogenous
increase of Ca* capable of raising intracellular Ca** concentration
[Ca?T; to a high level of 2-5uM (Fig. 6], k). Here, right after the flash
spike, there is a fast component that releases earlier than the readily
releasable pool, named the highly calcium sensitive pool. Through
curve fitting analysis of the first component of the Cm increase
occurring during the flash photolysis, deletion of Septin5 changed
the kinetics of the secretory response, showing an increase of 45% of
the Cm size (Septin5-KD: 568 +26 fF; control: 392+34 fF). The
current-voltage relationship of Ca,s in human p-cells showed that
deletion of Septin5 did not change Ca, current or density (Supple-
mentary Fig. 8f, g), consistent with the imaging results in Supple-
mentary Fig. 7. Taken together, Septin5 deletion increases the Ca*
sensitivity for insulin SG exocytosis, suggesting Septin5 might be also
act as a fusion clamp or brake in addition to serving as anchor sites
for newcomer SGs and Ca,s.

Discussion

In summary, we comprehensively demonstrated the role of Septin5 in
insulin secretion in vivo, ex vivo, and in vitro by independent analyses.
First, in Septin5 knock-out mice, improved glucose tolerance was
shown by IPGTT and IPITT. Second, human islets depleted of
Septin5 showed increase in GSIS from perifused islets as a result of
increased recruitment and exocytotic fusion of newcomer insulin
granules in individual human f-cells as shown by TIRFM imaging.
Third, we demonstrated the mechanism by super-resolution struc-
tured illumination imaging, which revealed that Septin5 is pre-
ferentially assembled at MT-PM contact sites where insulin SGs could
anchor, which when depleted, results in an increased instability of MT
upon glucose stimulation leading to increased insulin SG mobilization
to PM calcium channels.

Whereas the notion that the actin cytoskeleton regulates insulin
secretion in pancreatic [-cells through remodeling had long been
postulated®®, only very recent progress using high-resolution cryo-
electron tomography revealed that the dynamic actin remodeling
occurs at nanoscale of 12-13nm during glucose-stimulated insulin
secretion®’. Previous studies on the roles of MT in insulin secretion
have clarified the ambiguous description that MT instability increases
secretion by deciphering the well-orchestrated contributions between
interior and cortical MT meshwork to control the proximity of insulin
granules to the PM and their anchoring onto docking receptors” %73,
A pool of MT-detached granules was identified to be available for
subsequent docking and secretion induced by local cortical MT

depolymerization®®., Consistent with that report, we demonstrated that
the decreased stability of cortical MT induced by Septin5 depletion
increased the number of detached granules from MT and subsequently
made granules more dynamic to explore expanded regions for dock-
ing sites. The dense MT network-dependent transportation (including
delivery and withdrawal) of granules to PM tightly collaborates with
glucose-driven MT destabilization to control the availability of
detached granules from MT to docking sites®. Attributed to its fila-
mentous appearance and association with actin and MT, the highly
conserved septins have been recognized as the fourth component of
the cytoskeleton®. Septins have been reported to be associated with
MT and regulate the nucleation, organization, dynamics and post-
translational modifications of MT, and even MT-dependent granule
transport>. Here we show that, SeptinS depletion influences MT sta-
bility and subsequent granule release to docking sites (Fig. 5) without
affecting the overall density of the MT meshwork (Fig. 4). An expla-
nation is that Septin5, as an MT-binding protein, could regulate local
MT dynamics. Further studies are required to show whether this is by
direct effect or not, given the fact that its group mate, Septin2, had
been shown to direct MT directionality by affecting the MT cata-
strophe and MT growth™.

Our results in pancreatic 3-cells, taken together with its previously
reported role in neurons™*, showed Septin5 depletion releases both
large dense-core insulin-containing and small clear synaptic vesicles
towards PM-bound calcium channel sites where exocytosis pre-
dominantly occurs in both cell types. Whereas secretion in B-cells in
response to elevated glucose lasts for tens of minutes in a biphasic
fashion, neuronal secretion is typically triggered by action potentials
and undergoes an extremely rapid process in milliseconds. Several
possibilities could explain the role of Septin5 in rapid secretory
response over timescales from milliseconds to minutes: serving as a
switch for the common SNAREs shared by both cell types or as a
controller of a bottleneck that can continuously deliver newcomer SGs
to a readily-release state. Septin5-dependent MT dynamics serving to
control the timing and access of SGs to docking receptors would be
more plausible since it can be exquisitely regulated by both glucose
metabolism (B-cells) and Ca** influx (both B-cells and neurons) trig-
gered by action potentials®*°. Surprisingly, Septin5 depletion could
also rescue the deficient GSIS in T2D GK rat islets (Fig. 6f, g) which was
shown to be in part attributed to depletion of the SNARE exocytotic
machinery”, further supporting our notion that Septin5 acts as a
controller to limit the number of insulin granules available for secre-
tion. Further work using the multimodal imaging methods by com-
bining fluorescent super-resolution microscopy and cryo-electron
tomography could be much more useful to decipher the mechanisms
underlying Septin5’s specific recruitment at the sites of MT-PM contact
and even directly visualize how Septin5 couples MT instability to
granule secretion.
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Methods

Animals and human samples

All animal procedures and use of human pancreas were carried out in
accordance with ethical guidelines of the University of Toronto’s Ani-
mal Care Committee and Research Ethics Board of the University
Health Network, Toronto, ON, Canada, and with approved IRBs. Ani-
mals were cared for and housed in the animal facility at The Division of
Comparative Medicine (DCM), University of Toronto in accordance
with the Canadian Council on Animal Care Standards and the Animals
for Research Act of Ontario. Animals were maintained on a 12 h light/
dark cycle at constant ambient temperature (22-23 °C) and fed stan-
dard chow and water ad libitum with nesting materials. Septin5 KO
mice were previously reported by W S. Trimble (Hospital for Sick
Children, Toronto, ON, Canada)®®. The GK rat, original obtained from
Karolinska Institute, Stockholm, Sweden and age-matched male Wistar
(Charles River) were studied. Diabetes was confirmed at 8-10 weeks of
age in the GK rats. Human islets were isolated and provided by Islet-
Core (P. MacDonald) of the University of Alberta, Canada, which were
from institutional review board-approved donors with preoperative
written informed consent for research by donors themselves and their
family; the basic information is listed in Supplementary Table 1.

Antibodies and reagents

Septin5 (catalog 11631-1-AP) and actin (catalog 66009-1-Ig) antibodies
were from Proteintech Group (Rosemont, IL, USA); tubulin antibody
(catalog 11H10) was from Cell Signaling (Danvers, MA, USA); STX-1A
(catalog SAB5600255) and insulin (catalog SAB4200691) antibodies
were from Sigma-Aldrich (St. Louis, MO, USA); Muncl8a antibody
(catalog 610336) was from BD Transduction Laboratories (NULL, USA);
SNAP25 antibody (catalog 111 011) was from Synaptic Systems GmbH
(Goettingen, Germany). As gifts, Septin5 shRNA plasmid was from W S.
Trimble (Hospital for Sick Children, Toronto, ON, Canada); VAMP2
antibody was from A. Lowe (Stanford University, Stanford, California,
USA), and VAMPS antibody was from W. Hong (Institute of Molecular
and Cell Biology, Singapore). FITC (catalog 711900) and Texas Red
(catalog A6399) were from Thermo Fisher Scientific (Waltham, MA,
USA). All other chemicals, unless specified, were obtained from Sigma-
Aldrich.

TIRF and structured illumination microscopy imaging

The exocytosis study was performed with a Nikon TIRF microscopy
system with a numerical aperture 1.49 and 60x objective lens as pre-
viously reported®®%, To assess exocytosis, a monolayer of B-cells was
infected with Ad-NPY-EGFP and cultured for 48 h before imaging.
Fusion events, indicated by abrupt brightening of NPY-EGFP fluores-
cence, were manually selected, analyzed and categorized into pre-
docked (docked on the PM at basal, then fuses after stimulation) and
newcomer SGs (not predocked on PM at basal, then recruited to fuse
with PM with little to no resident time on the PM)**"*°, SR-SIM imaging
was performed with Zeiss Elyra microscopy system equipped with a
100x oil NA 1.46 objective and Andor iX3 885 detector as reported
recently’’. Human PB-cells (control and Septin5 KD conditions) were
stimulated with 16.7 mM glucose for 10 min and then fixed. Images
were acquired with Zeiss Zen 2012. Reconstruction of super-resolved
SIM images was performed by Zen Black software (Zeiss, Germany)
using a theoretically estimated optical transfer function (OTF) and
standard Wiener filtering. Each SIM image was reconstructed from 25
images in total, i.e., 5 grid orientations with 5 phases. 3 sequential
images averaging is applied to reduce random noise. The contrast of all
images was enhanced by linear adjustments.

Lightning confocal microscopy

This was performed as previously described***® using indicated pri-
mary antibodies at 1:200 dilution and corresponding secondary anti-
bodies. Inmunostained whole islets mounted on glass coverslips were

examined using a Leica SP8 Lightning inverted fluorescence micro-
scope containing a Stellaris 5 confocal scan head and 4x high-
performance power HyD detectors. Data acquisition and analysis were
performed using LAS X software. All images were deconvoluted to
remove background noise.

Morphology and immunohistochemistry

After fixation in 4% paraformaldehyde, pancreases from control and
transgenic mice were fixed for 24 h in 10% buffered formalin and
embedded in paraffin. The slices after hematoxylin and eosin staining
and antibodies incubation were visualized with a digital microscope
(Olympus, Japan). Morphometric analysis performed by quantifying
mean number of pancreatic islets and mean islet area.

IPGTT, ITT and GSIS

IPGTT and ITT were performed as previously described””. IPGTT 2 g
glucose/kg BW) was performed after an 18 h fast. The mice were gently
restrained without anesthesia for blood collection from the tail vein for
glucose determination by glucose strips and insulin determination by
RIA (EMD Millipore). ITT was conducted by i.p. injection of human
biosynthetic insulin (1 U/kg BW, Eli Lilly Canada Inc.) into mice after a
6-hour fast; a drop of blood obtained from the tail vein at the indicated
times was used for glucose determination. Perifusion assays on mouse
pancreatic islets (50-70 islets per chamber) were performed as pre-
viously reported to assess biphasic GSIS**. Insulin secretion was
determined by RIA. AUC was determined above basal levels.

Flash photolysis of caged Ca** and Cm measurement

Standard bath solution for flash photolysis experiments contained (in
mM): 138 NaCl, 5.6 KCl, 1.2 MgCl,, 2.6 CaCl,, 5 glucose, 5 HEPES (pH 7.4
with NaOH). Intracellular solution for flash experiments (in mM): 112
Cs-glutamate, 5 NP-EGTA, 3.7 CaCl,, 2 Mg-ATP, 0.3 Na,-GTP and 0.2
Mag-fura-2 (pH 7.2 with CsOH). NP-EGTA and Mag-fura-2 were pur-
chased from Life Technologies (Carlsbad, CA). [Ca®']; was measured
using Mag-fura-2 dye, which was excited with UV illumination alter-
nated between 340 and 380 nm using a monochromator-based system
TILL polychrome 5000 (TILL Photonics GmbH, Germany). The ratio of
the fluorescent signals was converted to [Ca®'];, using an in vivo cali-
bration curve. To obtain stepwise increase in [Ca?'];, short flashes of UV
light from a xenon arc flash lamp (Rapp OptoElectronics GmbH, Ger-
many) were applied to the whole cell. Cm was measured using an EPC-
10 patch-clamp amplifier (HEKA, Lambrecht, Germany) controlled by
the lock-in module of PULSE software. The capacitance traces were
imported to IGOR Pro (WaveMetrics, Lake Oswego, Oregon) to
analyze.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The authors declare that all data supporting the findings of this study
are available within the paper and/or the Supplementary Informa-
tion. Source data are provided with this paper.
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