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The intracellular life of insulin secretory granules (ISGs) from biogenesis to secretion depends on

. their structural (e.g. size) and dynamic (e.g. diffusivity, mode of motion) properties. Thus, it would be

. useful to have rapid and robust measurements of such parameters in living 3-cells. To provide such
measurements, we have developed a fast spatiotemporal fluctuation spectroscopy. We calculate an
imaging-derived Mean Squared Displacement (iIMSD), which simultaneously provides the size, average
diffusivity, and anomalous coefficient of ISGs, without the need to extract individual trajectories.
Clustering of structural and dynamic quantities in a multidimensional parametric space defines the ISGs’

. properties for different conditions. First, we create a reference using INS-1E cells expressing proinsulin

. fused to a fluorescent protein (FP) under basal culture conditions and validate our analysis by testing

. well-established stimuli, such as glucose intake, cytoskeleton disruption, or cholesterol overload. After,

. weinvestigate the effect of FP-tagged ISG protein markers on the structural and dynamic properties

. of the granule. While iMSD analysis produces similar results for most of the lumenal markers, the

. transmembrane marker phogrin-FP shows a clearly altered result. Phogrin overexpression induces a

. substantial granule enlargement and higher mobility, together with a partial de-polymerization of the
actin cytoskeleton, and reduced cell responsiveness to glucose stimulation. Our data suggest a more

. careful interpretation of many previous ISG-based reports in living 3-cells. The presented data pave the

° way to high-throughput cell-based screening of ISG structure and dynamics under various physiological

. and pathological conditions.

The lifespan of insulin secretory granules (ISGs) within (3-cells, from their biogenesis at the Trans Golgi Network
(TGN) to their exocytosis at the plasma membrane, is the result of a complex sequence of molecular signalling
events'. The dynamic activity of ISGs within 3-cells have been suggested to influence the biphasic secretion of
insulin?, control autophagy?®, and act as a signalling hub for different membrane proteins during their matura-
tion*. Thus, regulation of ISG structural (e.g. size, morphology) and dynamic (e.g. diffusion, directed motions, and
docking) properties is expected to be crucial for their function®. In fact, defects in granule structural/dynamic
. properties are found as hallmarks of pancreatic 3-cells dysfunction. For example, it has been suggested that hyper-
cholesterolemia (an hallmark of type-2 diabetes) is associated with an overall increase of granule size accompa-
nied by impaired granule trafficking®. Also, very recently, Wan and co-workers demonstrated that older ISGs may
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change their structural and functional properties through fusion with lysosomes, a process of relevance in type-1
diabetes onset’. In spite of the huge interest in such arguments, however, rapid and robust measurement of both
structural and dynamic parameters of ISGs in living 3-cells has remained a challenging task. On one hand, in fact,
current knowledge of ISG structure relies on Transmission Electron Microscopy (TEM), which does not allow
dynamic measurements, and can be prone to fixation artifacts®. Other structural studies have utilized Structured
Mumination Microscopy (SIM), but the relatively slow speed of this approach causes structural information to be
convolved with the dynamic properties of ISGs®. On the other hand, most of the knowledge about ISG dynamics
has relied on Total Internal Reflection Fluorescence (TIRF) imaging and Single Particle Tracking (SPT) analysis.
The TIRF approach is limited to the first ~100 nm inside the cell-coverslip interface, revealing ISG trafficking only
near the plasma membrane®!!. SPT, in principle, extends the spatial scale of the analysis to the whole-cell level
and it affords the capability of localizing and tracking multiple objects in a single time-lapse acquisition (for an
exhaustive review see ref.'?). Still, it remains inherently time-consuming and technologically challenging when
applied to a three-dimensional (3D) environment where many of the objects are packed closer than the resolution
limit of non-super-resolution microscopy; as in the case of labelled ISGs'*-"".

Spatiotemporal fluorescence fluctuation spectroscopy allows quantitative measurement of average structural
and dynamic properties for molecules!®-*! or sub-cellular organelles?>-2*. This live-cell-imaging approach does not
require any preliminary assumptions or knowledge of the system. Information is extracted in the form of a mean
square displacement (MSD) versus time-delay plot (hereafter: image-derived MSD, or iMSD). A distinguishing
feature of iMSD is that it yields dynamic information combined with the average size of the moving objects!®?2.
The dynamic properties of the same objects, such as their average diffusivity or mode of motion, are extracted by
fitting the iMSD trace?>=**.

Here, we describe the application of the iMSD approach to study ISGs in living 3-cells. To obtain fluorescent
ISGs, we use an EGFP-tagged variant of proinsulin® transiently transfected into INS-1E cells. For each cell, three
average parameters of ISGs are extracted from the iMSD trace: size, local diffusivity ‘D ;s (Dp), and anomalous
coeflicient ‘o’ These values represent a unique point in a 3D parametric space. Clustering of single-cell data points
depicts the overall structural and dynamic properties of the selected structure, i.e. the ISG population. We validate
the approach by comparing the measured parameters and their alterations with available literature and present
a quantitative screening of ISGs size and dynamics under different labeling conditions. To do this, ISGs were
labelled with FP fused to peptides or proteins in the granule lumen such as Islet Amyloid Poly-Peptide (IAPP)?,
Syncollin?, and proinsulin, or to a protein embedded in the granule membrane, such as phogrin?. Comparing
these different labels, we find similar iMSD parameters for all the lumenal markers, but highlight a clear shift in
the shape and position of phogrin-FP cluster. Of note, phogrin-FP induces a concentration-dependent increase in
both granule size and mobility. While the size effect might be expected because of protein overexpression on the
granule membrane, the change in mobility appears to be linked to phogrin-dependent depolymerization of the
actin meshwork. In addition, phogrin overexpression induces a decrease of cell responsiveness to high-glucose
stimulation. These effects have not been previously accounted for, and suggest that previous data on ISG should
be re-considered. Given the speed and robustness of iMSD, this approach will allow further cell-based screening
of ISG structure and dynamics under various physiological and pathological conditions.

Results

iMSD analysis of the structural and dynamic properties of ISGs in living 3-cells.  The workflow
from time-lapse imaging of ISGs to the derivation of their structural/dynamic properties has been carefully
assessed and validated in a recently published work® and shown for a typical experiment on ISGs in Fig. 1. We
use transient transfection of proinsulin-EGFP into INS-1E cells as a standard procedure to obtain fluorescent,
functional ISGs (punctate staining in Fig. 1A). After intra-granular enzymatic processing, the granules contain
a dense core of insulin and EGFP-tagged C-peptide®. A stack of images is obtained from a 12 x 12 um region of
interest (Fig. 1B) at ~200 ms/frame for at least 100 seconds, while keeping photo-bleaching under control (Suppl.
Fig. 1). The spatiotemporal correlation function is calculated by comparing acquired images at increasing time
delays (Fig. 1C) following standard spatio-temporal image correlation spectroscopy (STICS) procedures®’. The
width of the peak of the spatial autocorrelation function increases at increasing time delays as a function of the
movement of the fluorescent ISGs. By fitting the correlation function, the average iMSD of the imaged ISGs is
extracted (Fig. 1D). The iMSD trace is calculated up to time-lags with maximum length corresponding to 10%
of the total acquisition time (~10seconds in our measurements), as this satisfies statistical criteria for iMSD
calculation®. Extending the time window to larger time-lags increases the spatial scale retrieved (Suppl. Fig. 2,
see also ref.?%). ISG average displacement is linear in time (Fig. 1D inset) only at very short spatiotemporal scales
while it substantially deviates from linearity for larger scales'®. As shown in Fig. 1D, three parameters describe
the ISG properties: (i) the average diffusion coeflicient at short spatiotemporal scales (D,; note that this is not
the long-range diffusion constant, D, .., that depends on the time window analyzed (Suppl. Fig. 2)); (ii) the
anomalous coeflicient also known as ‘o, which describes the mode of motion of the dynamic object; and (iii) the
y-axis iMSD intercept ‘o> (subtracted in the inset of Fig. 1D), which yields the average apparent size of dynamic
objects (i.e. the actual size convolved with the instrumental Point Spread Function, PSF). These three parameters
are extracted from iMSD traces from 107 cells (Fig. 2A), and analyzed to provide the histogram distributions of
whole-cell-populations (Fig. 2B), with the mean & SD values reported in Table 1. The average structural/dynamic
parameters are invariant as a function of the amount of proinsulin-EGFP expressed by INS-1E cells (Fig. 2C). The
average apparent ISG size calculated from our experiments is 335 & 56 nm (Table 1). The analytical procedure
for PSF deconvolution (presented in the Supporting Material text) yields an average actual size of ISGs in INS-1E
cells of about 220 nm, in good accordance with direct TEM-based quantification of ISG size performed by us
(215439 nm from the analysis of N = 104 single granules from EM micrographs, Suppl. Fig. 3) and by others® on
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Figure 1. From time-lapse imaging to the iMSD of ISGs in living cells. (A) Confocal image of an INS-1E cell
transfected with proinsulin-EGFP: the visible punctuated pattern represents the ISGs containing the GFP-
tagged C-peptide fragment. (B) Acquisition of a cytoplasmic region (white square in A), consisting of 500
frames at 200 ms/frame, 256 x 256 pixels. (C) Temporal evolution of the spatiotemporal correlation function
obtained by STICS analysis performed on the stack of images in B (top row), with Gaussian fits and residuals
(middle and bottom rows). (D) iMSD curve obtained by Gaussian fitting of the spatiotemporal correlation
functions representing the average diffusion law of the whole population of captured ISGs. The inset contains
alog-log plot of the same data. For each experimental curve, values of o, D, and size are extracted by fitting
procedures.

the same cell line. For simplicity, hereafter the apparent sizes directly extracted as y-axis iMSD intercepts (o,?) will
be used to compare ISG structural properties across different conditions.

For validation of our calculated dynamic parameters (« coefficient and D,,), we can use previous SPT-based
studies on granule trafficking. These data typically rely on either confocal-microscopy- or TIRF-based granule
imaging and tracking with variable time resolutions, i.e. in the 1-200 Hz range!*-'731:32 In particular, recent
results suggest that intracellular motions of ISGs follow a subordinated random walk (i.e. sub-diffusion) over
the time scale of 1-100 seconds"’. This is consistent with our results using the iMSD both in terms of the average
anomalous coefficient (o < 1, indication of sub-diffusive behavior) and of the overall shape of the granule diffu-
sion law. In addition, we probe here average granule isotropic diffusion at a short spatiotemporal scale with local
diffusivity D, = (3.242.0) X 10~ um?/s, which is in agreement with previous SPT-based data'*~'>%. The advan-
tage of the iMSD algorithm is that it calculates the average displacement of all the ISGs in the image, with no need
to extract the trajectories of single granules, as typically done in a standard SPT experiment (the two methods are
compared quantitatively in Suppl. Fig. 4 to show that they yield analogous results if applied to labelled ISGs). The
data extracted from iMSD analysis can be viewed graphically as a multivariate 3D distribution for 62, D i, and
o parameters® for the population of analyzed cells (Fig. 2D). In this 3D parametric space, ISG data are displayed
in a characteristic position, which is eventually distinguishable from other sub-cellular structures labelled in
INS-1E cells (Suppl. Fig. 5) but, of note, conserved across immortalized 3-cell lines (such as MIN-6 and 3TC-3
cells, Suppl. Fig. 6). By diagonalizing the covariance matrix of the distribution, we define a confidential ellipsoid
that can be regarded as the 3D analog of the confidence interval (mean = SD) for 1D distributions (Fig. 2A). This
allows a global statistical analysis on whole-cell-population data based on the Mahalanobis approach®, and the
statistical cluster distance (Table 1) of each experimental point can be evaluated in comparison to a ‘reference.

Two experimental conditions were considered to validate the sensitivity of the iMSD-based measurements
of granule structural/dynamic properties. First, we switched the culture conditions from low (2.8 mM) to high
(16.7 mM) glucose concentration. Previous SPT measurements show that granule deployment upon glucose stim-
ulation is the result of two main effects: a 1.5 fold increase in local granule diffusivity combined with an increase
in their anomalous coefficient (o of 0.67 in low glucose and 0.76 in high glucose)!. Data from our iMSD analysis
are consistent with these findings (Table 1 and Suppl. Fig. 7). Second validation was made by loading the cells with
additional cholesterol. TEM data show that excess cholesterol is delivered specifically to insulin granules causing,
on average, a ~1.5-fold granule enlargement®. Again, this is mirrored by the results from our iMSD analysis: after
1 h treatment with 5mM cholesterol, ISGs increased ~1.5 folds in size, in average (Table 1 and Suppl. Fig. 7). In
our experiments, hypercholesterolemia also induces alteration of the granule dynamic behavior (4-fold increased
D,,, 2-fold decreased o, Table 1 and Suppl. Fig. 7). While this change has not been reported explicitly before,
cholesterol-impaired granule trafficking is expected based on the observed retention of syntaxin 6, VAMP4, and
clathrin in granule membranes®.

Unveiling the effect of granule labelling on I1SG structural and dynamic properties. The com-
monly used strategy for granule labeling in living cells is genetically-encoded FPs tagged to intrinsic protein
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Figure 2. From single iMSD traces to whole-cell-population analysis. (A) iMSD curves from 107 cell
acquisitions of proinsulin-EGFP expressing INS-1E cells with the average highlighted in bold green. (B)
Normalized relative distributions of D,,, o, and size parameters. (C) Protein expression level analysis. Each
point in the plots associates, for each acquisition, the obtained value of D, (top), o (middle), and size (low
panel) with the protein expression level (expressed in fluorescence counts). Solid green lines represent the
average values calculated for each parameter, plus/minus standard deviation (dashed green lines). Solid red lines
are calculated by averaging data points with a floating window corresponding to 8 experimental points. Dashed
green lines represent standard deviation of all experimental data points. (D) Structural and dynamic properties
of ISGs labelled with proinsulin-EGFP represented as a scatter plot in which the three values of o, D, and size
of each acquisition are organized in a 3-D parametric space. Darkness of the color represents the fluorescence
expression level. The 3D-plot projections of data points show the confidence ellipsoids of average values and SD.
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D,, (pm?/s)
Cell Labelling Size (nm) x10~3 a N SCD
INS-1E | Proinsulin-EGFP 335456 3+1.7 0.70£0.14 107 /
Syncollin-EGFP 340+ 60 24+18 0.71£0.16 48 0.157
Phogrin-EGFP 398483 8+5 0.55+0.17 72 0.525
IAPP-Emerald 345473 5+£15 0.72£0.18 103 0.33
Proinsulin-EGFP + Chol | 472 +97 11+7 0.39+0.20 71 0.538
Proinsulin-EGFP + LatrB | 356 +£72 10+9 0.46+0.18 65 0.489
Phogrin-
mCherry + Proinsulin- 487+ 64 14+6.7 0.44+0.12 21 0.91/0.29"
EGFP
EGFP-Phogrin 416+85 16+6 0.62+0.17 58 0.34
Proinsulin- Low High Low | High Low High Low | High .
EGFP + Glucose 353464 |357+61 |2+1 |4.6+32 |067£0.12 |076+£0.12 |58 |54 042
Mitochondria 867+101 38+22 0.64+£0.12 70 /
Lysosomes 445+61 8+3.8 0.65+£0.12 104 /
Clathrin-coated pits 370 £62 13+3.7 0.5740.11 33 /
MIN6 Proinsulin-EGFP 350+ 69 1.8+1.1 0.78+0.15 66 0.57
BTC3 Proinsulin-EGFP} 320433 1.14+0.7 0.68+£0.16 7 /

Table 1. Summary of iMSD-derived parameters. "SCD, statistical cluster distance is calculated between INS-1E
phogrin cluster (first value) and INS-1E proinsulin cluster (second value). “SCD, statistical cluster distance is
calculated between ISGs labelled by proinsulin-EGFP in INS-1E cells in low- and high-glucose medium.

markers of the granule. A few different granule-intrinsic proteins are available for this purpose: proinsulin-FP
(explained above), the islet amyloid polypeptide (IAPP-FP)?, the intralumenal zymogen granule protein,
syncollin-FP%, and the phosphatidylinositol phosphatase transmembrane protein phogrin-FP*. The first three
proteins are localized within the granule lumen, while phogrin is a transmembrane protein. Despite their exten-
sive use, little is known about potential overexpression artifacts of these labeling approaches on granule struc-
tural/dynamic properties. To elucidate this issue, we used iMSD-based analysis of ISGs labeled with each of the
four FP constructs in INS-1E cells. The three intraluminal proteins, syncollin-FP, IAPP-FP, and proinsulin-FP,
yield similar ISG properties in terms of average size and dynamics of labelled granules (Table 1 and Suppl. Fig. 8).

A large majority of the data from these three labels show no dependence on protein concentration, except
that, in a few cases, high concentrations of IAPP-FP do elicit a slight increase of average granule size (see Suppl.
Fig. 8H,I). This is most likely related to toxic effects on cells, in accordance with what has been reported for COS-1
cells®. In contrast to the three intralumenal proteins, transient over-expression of phogrin-EGFP on the ISGs
produces a dramatic change in both the structural and dynamic properties of granules, which is readily evident
with the iMSD analysis (Fig. 3A,B). Cells expressing phogrin-EGFP show ISGs that are, on average, enlarged 1.2
folds as compared to proinsulin-EGFP-labelled ISGs (Table 1). These ISGs also exhibit a ~3-fold higher D, than
proinsulin-EGFP-labelled ones (Table 1) and show a strong tendency to be confined by the intracellular environ-
ment, with «=0.5540.17, as compared to o =0.70 £ 0.14 of those labelled by proinsulin-EGFP (Table 1). Of
note, these differences also depend on the phogrin-EGFP expression level (Fig. 3C). At low phogrin-EGFP expres-
sion levels, in fact, the structural and dynamic properties of ISGs are similar to those of the proinsulin-EGFP ref-
erence, while alteration becomes clear above a certain concentration threshold for all the three parameters. This
is evident in the 3D plot showing color-coded phogrin-EGFP expression levels (Fig. 3D), and average statistical
distance between phogrin-FP and proinsulin-FP clusters (Table 1). In Suppl. Fig. 9 we also show that phogrin-FP,
in our experimental system, can reach expression levels much higher than its proinsulin-FP counterpart, with
similar alteration of the granule structural and dynamic properties. Worthy of note, a substantial increase in gran-
ule mobility in the presence of phogrin-FP can be also found in the literature, although it was not recognized as a
direct effect of protein overexpression'®. At this point, to better characterize these observations, we set out to per-
form a control experiment in which a mCherry-tagged variant of phogrin was co-transfected in INS-1E cells with
proinsulin-EGFP and imaged in a two-channel time-lapse experiment (Suppl. Fig. 10). Of note, the iMSD anal-
ysis of proinsulin-EGFP in these co-transfected cells exhibits enlarged and highly dynamic granules, revealing
a dominant effect of the phogrin protein (yellow dots in the 3D plot of Suppl. Fig. 10). The effect of phogrin-FP
overexpression on granule size is likely due to the accumulation of transmembrane proteins. This may result in a
physical perturbation of the membrane integrity above a critical concentration, similar to the conditions of cho-
lesterol overload on the granule membrane observed here (see Suppl. Fig. 7) or by others®. Please note that a simi-
lar concentration-dependent alteration of ISGs becomes visible also under stable-transfection conditions (Suppl.
Fig. 11). Worthy of mention, present results on granule enlargement are corroborated by analogous observations
made by us on a different sub-cellular organelle, the lysosome, under over-expression of GFP-tagged transmem-
brane protein markers*. The effect on granule dynamic properties, on the other hand, prompted us to speculate
on a possible effect of phogrin-FP overload on the correct granule docking to the trafficking machinery (e.g. the
cytoskeleton). Moving the FP tag from the outer surface to the lumen of the granule yields a similar effect on
granule size and mobility (Fig. 4A). We measured actin integrity by using Phalloidin-647 in fixed cells in presence
of different granule-specific proteins and experimental conditions (Fig. 4B-D).
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Figure 3. iMSD-based analysis of granule alteration induced by labelling. (A) On top, example image of a
phogrin-EGFP expressing cell (scale bar: 2 um) and schematic representation of fluorescent protein localization
in phogrin-EGFP transfected ISGs. iMSD curves of n = 94 acquisitions, with the average highlighted in bold
red, as compared to the reference (from Fig. 2) in bold green. (B) Normalized relative distributions of o, D,
and size for phogrin-EGFP expressing cells. (C) Fluorescence expression level analysis. The green area in
each plot defines the average position (+SD) of the proinsulin-EGFP reference, as showed in Fig. 2C. Each
point associates the obtained value of D, (top), o (middle) and size (low panel) with the protein expression
level (expressed in fluorescence counts). Solid red lines are calculated by averaging data points with a floating
window corresponding to 8 experimental points. The color-coded bars at the top of each graph indicate the
three expression regimes used to classify data in D. (D) Structural/dynamic properties of phogrin-EGFP
expressing cells as compared to the proinsulin-EGFP reference (represented as a 68% confidence ellipsoid in
green). Points are color-coded as a function of the protein expression level defined in C.
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Figure 4. Effect of phogrin overexpression. (A) Top left shows a schematic representation of the intragranular
localization of the fluorescent protein after transfection of EGFP-phogrin construct (EGFP on the luminal
side). Structural/dynamic properties of EGFP-phogrin expressing cells as compared to the phogrin-EGFP
(represented as a 68% confidence ellipsoid in red). (B) Representative case: proinsulin-EGFP transfected ISGs
(green), actin labeled with Phalloidin-647 (red) and overlay of the two channels. (C) phogrin-EGFP transfected
ISGs (green), actin labeled with Phalloidin-647 (red) and overlay of the two channels. (D) Proinsulin-

EGFP transfected ISGs (green) and treated with 10 pM Latrunculin-B before fixation, actin labeled with
Phalloidin-647 (red) and overlay of the two channels. Scale bar = 5pm. (E) Insulin release (expressed as % of
total insulin content) from non-transfected INS-1E cells (Ctrl) and stably expressing phogrin-EGFP INS-1E
cells (Phogrin stable) exposed to low glucose concentration (2.8 mM, grey bar) and high glucose concentration
(16.7mM, black bar). *p < 0.05 for Kolmogorov-Smirnov test (n =6). (F) Stimulation index (i.e. ratio between
insulin release in high and low glucose condition) for non-transfected INS-1E (Ctrl) and stably expressing
phogrin-EGFP (Phogrin stable) INS-1E.
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In almost all the analyzed cells (N = 30), Phogrin-FP expression induces extensive actin depolymerization
(exemplary case in Fig. 4B, additional images in Suppl. Fig. 12A). Notably, this effect is not seen in cells expressing
only the proinsulin-EGFP (Fig. 4C, additional images in Suppl. Fig. 12B, N = 25). This phogrin-induced actin phe-
notype can be artificially reproduced by treating proinsulin-EGFP-expressing cells with an actin-depolymerizing
agent, Latrunculin-B (example in Fig. 4D, N =12)%. These results are consistent with the iMSD analysis on
proinsulin-EGFP expressing cells treated with Lat-B, which shows a ~3-fold increase in granule local diffusivity,
a concomitant ~1.5-fold decrease of the o coefficient, and as expected for proinsulin-EGFP, no effect on granule
size (Suppl. Fig. 13 and Table 1). In general, to exclude the possibility that Phogrin-FP overexpression is trigger-
ing autophagy (and eventually inclusion of granules into autophagosomes) we performed a 2-channel control
experiment with autophagosomes labelled by a specific FP-tagged marker (LC3b) and granules labelled by either
FP-tagged syncollin and phogrin. Results are included in Suppl. Fig. 14 and demonstrate that autophagy does not
significantly contribute to the imaging of ISGs in our experimental system.

As a final test, we evaluated insulin secretion from the phogrin-FP expressing stable cells and compared it
to unlabeled cells. In case of low-glucose concentrations (2.8 mM), insulin release appears to be unaffected by
phogrin-FP expression (Fig. 4E). In contrast, high-glucose concentrations (16.7 mM) showed a 30% reduction in
normalized insulin secretion from phogrin-FP expressing cells as compared to unlabeled cells (Fig. 4F).

Discussion

The proper intracellular function of ISGs depends on both structural (e.g. size) and dynamic (e.g. diffusion mode)
properties (1). Defects in granule structural/dynamic properties are recognized hallmarks of pancreatic 3-cells
dysfunction such as those found under hypercholesterolemia conditions®. Despite the importance of these ISG
properties, no currently utilized method provides simultaneous, rapid, and robust access to both structural and
dynamic information of ISGs in living cells. Electron microscopy achieves high spatial resolution at the expenses
of dynamic information (and can be prone to fixation artifacts)®. On the other hand, approaches such as SPT pro-
vide valuable dynamic information but typically underexploit the structural one. These methods are also limited
by the time-consuming extraction of trajectories and challenges inherent with a crowded 3D environment where
many objects are packed within the microscopy resolution limit!*!>17.

This work exploits the simultaneous estimation of the structural (size) and dynamic (diffusivity and mode
of motion) properties of ISGs by iMSD-based spatiotemporal correlation spectroscopy in living 3-cells. The
iMSD approach, originally introduced to study molecules'®?!, and recently adapted to study endocytic vesicles®,
is applied here to insulin secretory granules. The method achieves high temporal resolution at the expense of
distinguishing local heterogeneities, yielding quantitative information at the whole-cell level (without the need
to extract individual trajectories). This becomes particularly evident if results reported here are compared to
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SPT-based analyses from the literature. It is interesting to note, for instance, that Hoboth and co-workers report
on the co-existence in the cell of three granule sub-populations, defined as “highly dynamic” (D~1072 um?/s),
“restricted” (D~107> um?*/s), and “nearly immobile” (D ~10~* pm?/s), with the latter two populations being far
more abundant’®. As expected, here, averaging the whole population of granules by iMSD, we obtain an overall
diffusivity that is in the order of 10~ um?/s. It shall be kept in mind that, as any other fluctuation-based statistical
method, also iMSD could be in principle biased towards the detection of larger/brighter objects. We excluded
such possibility for experiments on labelled ISGs by cross-correlating iMSD results on size and dynamics with
those obtained, independently, by TEM, optical microscopy and SPT: nicely, it is concluded that no clear corre-
lation is present between the size/intensity of granules and their diffusivity (data reported in Suppl. Figs 3 and 4).

Exploiting the high-throughput potential of the iMSD method, we measure structural and dynamic features of
whole cell populations of trafficking granules, in particular under different labelling conditions (i.e. protein over-
expression). We find similar iMSD-derived clusters for all lumenal markers, but a clear shift in the shape and posi-
tion of the phogrin-FP cluster. In our experiments, phogrin-FP induces a concentration-dependent increase in
both granule size and mobility. The size effect is consistent with steric hindrance due to protein overexpression on
the membrane. However, the change in mobility appears to be linked to phogrin-dependent depolymerization of
the membrane actin meshwork. It has been proposed that phogrin functions to reduce plasma membrane phos-
phatidylinositol 4,5-bisphosphate (PI(4,5)P2) abundance, which, in turn, induces actin depolymerization®>®. In
addition, we report that phogrin overexpression induces a substantial decrease (~30%) of insulin secretion under
high glucose stimulation. Our measured biophysical size and dynamics parameters using phogrin-FP labeled cells
are consistent with the secretion data, which give added confidence in our results. Still, it is not clear how to rec-
oncile existing contradictory literature in which different cell lines and experimental conditions have been tested,
and phogrin overexpression was alternatively associated with suppression of glucose-stimulated insulin secretion,
its stimulation, or even with no substantial effect®. The decreased insulin secretion from stably-transfected cells
reported here suggests that the impact of phogrin overexpression is limited to cell responsiveness at high glucose
concentrations. We does not see phogrin dependent variations at lower concentrations, and that my also explain
some of the disparate data in the literature.

Granule-specific labelling effects have not been previously described as an explicit parameter in (3-cell func-
tion. Our data suggest that it will be useful to re-interpret and evaluate many previously published results. We
expect that the information obtained with iMSD analysis can be increased by combining it with ‘intelligent’ dyes/
proteins to simultaneously probe selected parameters on the structure of interest (e.g. pH, membrane order, etc.).
Such implementation could transform the basic strategy presented here in a flexible, multiplexed platform to
quantitatively address the complex regulation of insulin granule trafficking.

Materials and Methods

Cell culture, transfection and fluorescence staining. INS-1 E cells* were maintained in culture at
37°C, 5% CO, in RPMI 1640 medium containing 11.1 mM D-glucose, 10 mM Hepes, 10 mM L-Glutamine, 100
U/ml penicillin-streptomycin, 10 mM sodium-pyruvate, 50 uM tissue culture grade 3-mercaptoethanol (all pur-
chased from Life Technologies, Thermo Fisher). Before live-cell imaging, cells were plated onto IbiTreat u-Dish
35mm, high walls, #1.5 polymer coverslip, tissue culture treated, sterilized and fluorescence microscopy suitable
(Ibidi, Martinsried, Germany). INS-1E cells were transfected using lipofectamine 2000 reagent as per manufac-
turer’s instructions and using Optimem culture medium (Life Technologies, Thermo Fisher). Mitochondria and
Lysosomes staining in INS-1E cells were performed using MitoTracker-Green FM and Lysotracker Red dnd-
99 (Thermo Fisher), following the manufacturer’s instructions. Transferrin-Alexa Fluor® 488 (Thermo Fisher)
was used to label clathrin-mediated endocytosis. INS1- E cells were incubated in medium containing 20 nM
of transferrin conjugate at 37 °C for 20 minutes before imaging. To generate a stably Phogrin-EGFP expression
line of INS-1E, cells were transfected with Lipofectamine 2000, as previous described here, with Phogrin-EGFP
plasmid, carrying NeoR gene which confers resistance to Geneticin (G418). 48 h after transfection, the medium
was replaced with fresh complete medium supplemented with G418 at 50 pg/mL and a 15 days selection allowed
obtaining a stable polyclonal cell population expressing Phogrin-EGFP localized in ISGs. After selection, G418
concentration was reduced at 10 pg/mL as maintenance for 1 week. The day before experiment, 5 x 10° stably
transfected cells were seeded onto IbiTreat u-Dish in complete medium devoid of G148.

Insulinoma cell line MIN6*! were cultured at 37 C and 5% CO, in Dulbeccos modified eagle medium (DMEM)
supplemented with 25 mM glucose, 10% fetal bovine serum (FBS) and penicillin/streptomycin. Cells were grown
in these conditions on 29 mm Glass bottom dish with 20 mm micro-well (#D29-20-1.5-N, Cellvis) for 24 hrs or
to 40-50% confluency prior to transfection with Effectene transfection reagent (Qiagen). After a 24-hrs of incu-
bation, the cells were ready to be imaged. 3TC3 cells were a kind gift from Cris Brown in Fumihiko Urano’ lab at
Washington University in St. Louis. They were cultured in high glucose RPMI 1640 medium supplemented with
2 mM L-glutamine, 10% fetal bovine serum, 100 pg/ml penicillin, and 50 pg/ml streptomycin at 37 °C under an
atmosphere of 5% CO,. Cells were grown in these conditions on 29 mm Glass bottom dish with 20 mm micro-well
(#D29-20-1.5-N, Cellvis) for 24 hrs or to 40-50% confluency prior to transfection with Effectene transfection
reagent (Qiagen). After 24 hrs of incubation, the cells were ready to be imaged.

Plasmids. Proinsulin-EGFP was cloned as described in ref.*2. Phogrin-EGFP plasmid was obtained
subcloning EGFP coding sequence from EGFP-N3 plasmid (Clonetech) by PCR and introducing Agel
(ACCGGT) and BsrGI (TGTACA) restriction enzyme sites at 5" and 3’ ends, respectively. (Forward primer:
5/-gactgg ACCGGTcgecaccatggtgageaagggcgagg-3'; Reverse primer: 5'-cctggg TGTACAgctegtccatgecgagag-3').
These sites were used to clone the fragment in phogrin-mCherry plasmid* by double-digestion with the same
enzymes to remove mCherry sequence and subsequent ligation. Syncollin-EGFP plasmid was a kind gift of
Michael Edwardson (Department of Pharmacology, University of Cambridge). IAPP-Emerald plasmid was a kind
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gift of Erik Renstrom (Department of Clinical Sciences, Lunds University). EGFP-Phogrin plasmid was cloned
starting from Phogrin cDNA sequence, EGFP was inserted three amino acid before the KK cleavage site by PCR.

Actin staining. For actin staining experiments, cells were fixed with 4% paraformaldehyde (PFA) 24 h after
transfection and stained for actin cytoskeleton with Phalloidin-647 (Life Technologies, Thermo Fisher) following
standard protocol. In case of Latrunculin-B treatment, cells were incubated with 10 pM Latrunculin-B for 40 min-
utes prior to fixation.

Drug treatments. For cholesterol overloading, cells were incubated with 5mM CHOL (soluble cholesterol
from Sigma; 1 g cholesterol-MBCD complex contains approximately 40 mg cholesterol) at 37 °C for 1h. In order
to disrupt the actin meshwork at the plasma membrane, transfected cells were treated with 10 uM Latrunculin-B
(Sigma-Aldrich) for 15 minutes before live cell imaging. For glucose-stimulation experiment, standard RPMI
culture media was replaced with RPMI media containing 2.8 mM glucose after 24 hours and grown for a further
24hours. Cells were equilibrated in a low-glucose buffered solution (HBSS: 114mM NaCl, 4.7 mM KCI, 1.2 mM
KH,PO,, 1.16 mM MgSO,, 20 mM Hepes, 2.5 mM CaCl,, 25 mM NaHCOj3, 2.8 mM glucose, 2% BSA, pH 7.2) for
2hours at 37 °C. Subsequently, RPMI complete medium supplemented with 16.7 mM glucose was added to dishes
before transferring the plates to the microscope for live-cell imaging.

Insulin secretion assay. Insulin secretion was measured as previously described*!. Briefly, INS-1E cells were
exposed to glucose-free RPMI medium for 2h and then, after a 30 min washing period with a Krebs’ solution
containing 2.8 mM glucose, they were exposed to 2.8 or 16.7 mM glucose for 30 min. At the end, the supernatant
was collected and stored at —20°C. Total insulin content was extracted with an acid ethanol solution and insulin
levels were quantified by the High Range Rat Insulin ELISA kit following the manufacturer’s protocol (Mercodia
AB, Uppsala, Sweden).

Fluorescence microscopy. Fluorescence microscopy experiments on INS-1E transfected cells, bathed in
11 mM glucose RPMI-1640 complete medium, were carried out with a Leica SP5 inverted confocal microscope.
Images were acquired illuminating the sample with a 488-nm laser for EGFP and Emerald excitation and 561-nm
laser for mCherry excitation, using a 40x (N.A. 1.27) oil-immersion objective. EGFP fluorescence was collected
between 500 and 600 nm, while mCherry fluorescence was collected between 570 and 670 nm. Each acquisition
consists in a collection of 500 frames (256 x 256 pixels) at a sampling frequency of 1400 Hz/lines (~3 ps/pixel)
and with a pixel size of 50 nm. Pinhole aperture was set to 1 Airy. Experiments on MING6 cells were performed
with an inverted Zeiss LSM 880 confocal microscope. The objective used is a Zeiss Fluar 40x/1.30 NA Oil M27,
the acquisition time per each 256 x 256-pixels frame was 202.5 ms. The total field of view was 12.5 microns. Cells
were kept at 37 C and 5% CO, thanks to a PECON stage-top incubator. Experiments were performed acquiring
500 frames with no signal averaging, for a total time of a minute and 41 seconds. Photobleaching experiments
were carried out before the acquisition of individual plates to determine the optimal excitation intensity on the
sample. Both phenol-free DMEM and KRBH buffer with 13 mM glucose concentration were used as imaging
buffers, but no significant differences were noticed after the analysis of the data. Imaging experiments on actin
cytoskeleton stained with Phalloidin-647 were performed on Zeiss LSM 800, using a 63x/1.47 Oil objective and
collecting fluorescence emission of transfected ISGs (EGFP) on 500-600 nm interval and on 650-750 nm interval
for Phalloidin-647 emission. In all experiments, a low laser illumination power at the objective was used (typically
0.5-1uW) to keep phototoxicity under control.

Image processing and data analysis. Main theoretical framework of iMSD analysis can be found in'® for
molecules diffusing on cell membranes, and in?>-** for studying the motion of nanostructures in cell cytoplasm.
Briefly, each time-lapse acquisition (N =500 frames) was analyzed using a custom script working on MATLAB
(MathWorks Inc., Natick, Ma) (for more details on the script see?*) which computes by Fast Fourier methods the
spatiotemporal correlation function, defined as follows:

(i, Dilx + &y +m b+ 1) .
(i(x, y, 1)) 1)

g(& m, 7) can be fitted with a standard Gaussian function of the form:

g&n )=

€ — 1) + (= )
o%(1) @)

8(& m, 7) = g, + g(T)expi —

whose variance 0%(T) is analogous to the mean square displacement extracted directly from imaging, iMSD. Each
iMSD curve was fitted with the following equation to define the diffusion law and to extract the diffusion param-
eters o, Dyiro» and o2 Please note, as already reported in a previous work®, that in all the experiments on labelled
granules the peak of the spatiotemporal correlation function remains centered at (0, 0) while increasing in width.
This reflects the diffusive behavior of granules, while excluding net collective movements, such as those eventually
produced by whole-sample drifts.

oX(r) = kT + of 3)
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With Eq. (3) the ISG’s motion is categorized according to the value of o in (aw=1) isotropic diffusion, (o < 1)
anomalous diffusion, (> 1) guided diffusion. In case of (partially) confined diffusion (4) is used to fit 6(T)
trend, where L defines the linear size of the confinement area, 7. is an index of how fast confinement occurs,
D,acr is the diffusivity at large time scale and represents % of the derivative of 6 for 7— 00. D,,,;, is calculated by
the slope of 62 for 7— 0, it represents the diffusivity inside the confinement area and is defined by the following
relation:

D,

micro

=D 4+ =
macro 1272 (5)

In both [3] and [4], o} is the intercept value which is related to the average particle size, as already discussed
in [2]. In particular, the apparent particle size could be calculated using:

Sizeyyy = ‘/‘7—02 (6)

In this case, Size,,, (apparent) represents the average diameter of imaged ISGs, i.e. the real size of the ISGs con-
volved with instrument’s PSE. For the derivation of the actual size, refer to equations presented in Supplementary
Material. The PSF at 488 nm was calibrated using 30-nm fluorescent beads and resulted to be 270 nm.

Cluster similarity analysis. The measured parameters (i.e. the short-scale diffusion coefficient D, the iMSD
intercept value 0%, and the anomalous coefficient o) of each image-stack define a data point in a 3-dimensional
space. Thus, the set of data points corresponding to the dynamics of a specific system is a 3D multivariate distri-
bution of the measured values. To quantify a degree of similarity among the investigated dynamics, we calculated
the statistical difference d between two distributions, as follows:

d= J Clp, — 11,)"'S (= 1) @)

where C is a scale factor, i, and p, are three-component vectors representing the mean values of the first and
second distribution, respectively. >_ is defined in terms of the corresponding covariance matrices, >, and >,

_ut+Y
2 (8)

Equation (1) generalizes the Mahalanobis distance between a point and a distribution and represents a meas-
urement of statistical distance that take into accounts extents, relative positions and orientations of the observed
distributions in the parameter-space. For a single distribution, a confidence volume can be computed from the
covariance matrix and is represented as an ellipsoid. The ellipsoid is therefore defined by the distribution itself;
its location, size and orientation, depend on averages and standard deviations of the observed variables. The scale
factor in Eq. 1 is related to the dimensionality of the problem and can be normalized (i.e. C=1.1396) to ensure
that the statistical meaning of the ellipsoid represent the 3D generalization of the error bars, which are usually
employed for 1D distribution. In other words, 68% of the observed data falls within the ellipsoid. In terms of sta-
tistical distance, with this normalization, two distributions with the same mean values have d =0, independently
of their covariance matrices. If the average values are different and the corresponding ellipsoids intersect each
other, then 0 < d < 1. If the ellipsoids are externally tangent, then d = 1. If the distributions are far enough that
there is no intersection between the ellipsoids, then d > 1. Finally, an overlap coefficient between two distribu-
tions can be estimated. We employed the definition of the Szymkiewicz-Simpson coefficient* and calculated the
overlap as follows:

b))

Q2
min {2, Q,} 9)

where Q; and Q, are the volumes of the two ellipsoids and Q represents the volume of their intersection.

Fluorescence-based expression level analysis. Average fluorescence intensity was calculated on the
first frame of each acquired movie, by means of ImageJ plugin Analyze Particles, used to isolate ISGs fluorescence
spots. The obtained value was normalized based on the laser intensity and PMT gain of each acquisition using
green Autofluorescent Plastic Slides from CHROMA® as a reference. For IAPP-Emerald fluorescence intensity
analysis, fluorescence counts are firstly normalized to EGFP counts using brightness ratio between the two FP.

Trajectory analysis. Trajectories analysis was performed using TrackMate plugin for Image]. LogDetector
algorithm was used to detect fluorescence spots; Lap Tracker algorithm was used to perform the analysis of tra-
jectories. MSDs were computed using a custom made Matlab tool.

Granule morphometric analysis from TEM micrographs. INS-1E cells were grown on Petri dishes
till confluence. For the ultrastructural analysis of insulin granules produced by cells we developed a conven-
tional embedding procedure as previously described*’. Briefly INS-1E cells monolayers were fixed in a 1.5%
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glutaraldehyde solution in Na cacodylate buffer 0.1 M pH 7.4, for 1 h at room temperature. Next, cells were
scraped, collected and centrifuged at 13200 rpm and RT for 15 min in the same fixative solution, until a visible pel-
let was obtained, and kept in new fixative solution overnight at 4 °C. Then samples were post-fixed with reduced
osmium tetroxide (1% OsO4 plus 1% K3Fe(CN)6 in the same buffer, rinsed, stained en bloc with 3% solution
of uranyl acetate in 20% ethanol, dehydrated and embedded in epoxy resin (Epon 812, Electron Microscopy
Science, Hatfield, PA, USA) that was then baked for 48 h at 60 °C. For the TEM analysis, thin 90-nm sections
were cut using a UC7 (Leica Microsystems, Vienna, Austria). Sections were examined with a Zeiss LIBRA 120
plus transmission electron microscope equipped with an in-column omega filter. Electron digital micrographs
(2048 x 2048 16bit) were used for the evaluation insulin granules diameter using the software Fiji.

References

1

2.

3.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.
32.

. Hou, J. C., Min, L. & Pessin, J. E. Insulin granule biogenesis, trafficking and exocytosis. Vitam Horm 80, 473-506, https://doi.

0rg/10.1016/S0083-6729(08)00616-X (2009).

Pedersen, M. G. & Sherman, A. Newcomer insulin secretory granules as a highly calcium-sensitive pool. Proc Natl Acad Sci USA
106, 7432-7436, https://doi.org/10.1073/pnas.0901202106 (2009).

Goginashvili, A. et al. Insulin granules. Insulin secretory granules control autophagy in pancreatic beta cells. Science 347, 878-882,
https://doi.org/10.1126/science.aaa2628 (2015).

. Suckale, J. & Solimena, M. The insulin secretory granule as a signaling hub. Trends Endocrinol Metab 21, 599-609, https://doi.

org/10.1016/j.tem.2010.06.003 (2010).

. Rorsman, P. & Renstrom, E. Insulin granule dynamics in pancreatic beta cells. Diabetologia 46, 1029-1045, https://doi.org/10.1007/

$00125-003-1153-1 (2003).

. Bogan, J. S., Xu, Y. & Hao, M. Cholesterol accumulation increases insulin granule size and impairs membrane trafficking. Traffic 13,

1466-1480, https://doi.org/10.1111/j.1600-0854.2012.01407.x (2012).

. Wan, X. et al. Pancreatic islets communicate with lymphoid tissues via exocytosis of insulin peptides. Nature 560, 107-111, https://

doi.org/10.1038/541586-018-0341-6 (2018).

. Fava, E. et al. Novel standards in the measurement of rat insulin granules combining electron microscopy, high-content image

analysis and in silico modelling. Diabetologia 55, 1013-1023, https://doi.org/10.1007/s00125-011-2438-4 (2012).

. Ohara-Imaizumi, M. et al. TIRF imaging of docking and fusion of single insulin granule motion in primary rat pancreatic beta-cells:

different behaviour of granule motion between normal and Goto-Kakizaki diabetic rat beta-cells. Biochem J 381, 13-18, https://doi.
org/10.1042/BJ20040434 (2004).

Ma, L. et al. Direct imaging shows that insulin granule exocytosis occurs by complete vesicle fusion. Proc Natl Acad Sci USA 101,
9266-9271, https://doi.org/10.1073/pnas.0403201101 (2004).

Seino, S., Shibasaki, T. & Minami, K. Dynamics of insulin secretion and the clinical implications for obesity and diabetes. J Clin
Invest 121, 2118-2125, https://doi.org/10.1172/JCI45680 (2011).

Chenouard, N. et al. Objective comparison of particle tracking methods. Nat Methods 11, 281-289, https://doi.org/10.1038/
nmeth.2808 (2014).

Tabei, S. M. et al. Intracellular transport of insulin granules is a subordinated random walk. Proc Natl Acad Sci USA 110, 4911-4916,
https://doi.org/10.1073/pnas.1221962110 (2013).

Heaslip, A. T. et al. Cytoskeletal dependence of insulin granule movement dynamics in INS-1 beta-cells in response to glucose. PLoS
One 9, €109082, https://doi.org/10.1371/journal.pone.0109082 (2014).

Hoboth, P. et al. Aged insulin granules display reduced microtubule-dependent mobility and are disposed within actin-positive
multigranular bodies. Proc Natl Acad Sci USA 112, E667-676, https://doi.org/10.1073/pnas.1409542112 (2015).

Ivarsson, R., Obermuller, S., Rutter, G. A., Galvanovskis, J. & Renstrom, E. Temperature-sensitive random insulin granule diffusion
is a prerequisite for recruiting granules for release. Traffic 5, 750-762, https://doi.org/10.1111/j.1600-0854.2004.00216.x (2004).
Hao, M. et al. Regulation of two insulin granule populations within the reserve pool by distinct calcium sources. J Cell Sci 118,
5873-5884, https://doi.org/10.1242/jcs.02684 (2005).

Di Rienzo, C., Gratton, E., Beltram, F. & Cardarelli, F. Fast spatiotemporal correlation spectroscopy to determine protein lateral
diffusion laws in live cell membranes. Proc Natl Acad Sci USA 110, 12307-12312, https://doi.org/10.1073/pnas.1222097110 (2013).
Di Rienzo, C., Gratton, E., Beltram, F. & Cardarelli, F. From fast fluorescence imaging to molecular diffusion law on live cell
membranes in a commercial microscope. J Vis Exp, 51994, https://doi.org/10.3791/51994 (2014).

Di Rienzo, C., Gratton, E., Beltram, F. & Cardarelli, F. Super-Resolution in a Standard Microscope: From Fast Fluorescence Imaging
to Molecular Diffusion Laws in Live Cells. In: Super-Resolution Imaging in Biomedicine. Taylor & Francis Group, 19-47 (2016).

Di Rienzo, C., Piazza, V., Gratton, E., Beltram, F. & Cardarelli, F. Probing short-range protein Brownian motion in the cytoplasm of
living cells. Nat Commun 5, 5891, https://doi.org/10.1038/ncomms6891 (2014).

Digiacomo, L., Digman, M. A., Gratton, E. & Caracciolo, G. Development of an image Mean Square Displacement (iMSD)-based
method as a novel approach to study the intracellular trafficking of nanoparticles. Acta Biomater 42, 189-198, https://doi.
org/10.1016/j.actbio.2016.07.031 (2016).

Digiacomo, L. et al. Dynamic fingerprinting of sub-cellular nanostructures by image mean square displacement analysis. Sci Rep 7,
14836, https://doi.org/10.1038/s41598-017-13865-4 (2017).

Ferri, G. et al. Time-lapse confocal imaging datasets to assess structural and dynamic properties of subcellular nanostructures. Sci
Data 5, 180191, https://doi.org/10.1038/sdata.2018.191 (2018).

Liu, M., Hodish, L., Rhodes, C. J. & Arvan, P. Proinsulin maturation, misfolding, and proteotoxicity. Proc Natl Acad Sci USA 104,
15841-15846, https://doi.org/10.1073/pnas.0702697104 (2007).

Nishi, M., Sanke, T., Nagamatsu, S., Bell, G. I. & Steiner, D. F. Islet amyloid polypeptide. A new beta cell secretory product related to
islet amyloid deposits. ] Biol Chem 265, 4173-4176 (1990).

Hays, L. B. et al. Intragranular targeting of syncollin, but not a syncollinGFP chimera, inhibits regulated insulin exocytosis in
pancreatic beta-cells. ] Endocrinol 185, 57-67, https://doi.org/10.1677/joe.1.05934 (2005).

Caromile, L. A., Oganesian, A., Coats, S. A., Seifert, R. A. & Bowen-Pope, D. F. The neurosecretory vesicle protein phogrin functions
as a phosphatidylinositol phosphatase to regulate insulin secretion. ] Biol Chem 285, 10487-10496, https://doi.org/10.1074/jbc.
M109.066563 (2010).

Hebert, B., Costantino, S. & Wiseman, P. W. Spatiotemporal image correlation spectroscopy (STICS) theory, verification, and
application to protein velocity mapping in living CHO cells. Biophys J 88, 3601-3614, https://doi.org/10.1529/biophys;j.104.054874
(2005).

Kulkarni, R. P, Wu, D. D., Davis, M. E. & Fraser, S. E. Quantitating intracellular transport of polyplexes by spatio-temporal image
correlation spectroscopy. Proc Natl Acad Sci USA 102, 7523-7528, https://doi.org/10.1073/pnas.0501950102 (2005).

Oheim, M. & Stuhmer, W. Tracking chromaffin granules on their way through the actin cortex. Eur Biophys J 29, 67-89 (2000).
Schubert, S. et al. beta2-Syntrophin is a Cdk5 substrate that restrains the motility of insulin secretory granules. PLoS One 5, €12929,
https://doi.org/10.1371/journal.pone.0012929 (2010).

SCIENTIFICREPORTS| (2019) 9:2890 | https://doi.org/10.1038/s41598-019-39329-5 11


https://doi.org/10.1038/s41598-019-39329-5
https://doi.org/10.1016/S0083-6729(08)00616-X
https://doi.org/10.1016/S0083-6729(08)00616-X
https://doi.org/10.1073/pnas.0901202106
https://doi.org/10.1126/science.aaa2628
https://doi.org/10.1016/j.tem.2010.06.003
https://doi.org/10.1016/j.tem.2010.06.003
https://doi.org/10.1007/s00125-003-1153-1
https://doi.org/10.1007/s00125-003-1153-1
https://doi.org/10.1111/j.1600-0854.2012.01407.x
https://doi.org/10.1038/s41586-018-0341-6
https://doi.org/10.1038/s41586-018-0341-6
https://doi.org/10.1007/s00125-011-2438-4
https://doi.org/10.1042/BJ20040434
https://doi.org/10.1042/BJ20040434
https://doi.org/10.1073/pnas.0403201101
https://doi.org/10.1172/JCI45680
https://doi.org/10.1038/nmeth.2808
https://doi.org/10.1038/nmeth.2808
https://doi.org/10.1073/pnas.1221962110
https://doi.org/10.1371/journal.pone.0109082
https://doi.org/10.1073/pnas.1409542112
https://doi.org/10.1111/j.1600-0854.2004.00216.x
https://doi.org/10.1242/jcs.02684
https://doi.org/10.1073/pnas.1222097110
https://doi.org/10.3791/51994
https://doi.org/10.1038/ncomms6891
https://doi.org/10.1016/j.actbio.2016.07.031
https://doi.org/10.1016/j.actbio.2016.07.031
https://doi.org/10.1038/s41598-017-13865-4
https://doi.org/10.1038/sdata.2018.191
https://doi.org/10.1073/pnas.0702697104
https://doi.org/10.1677/joe.1.05934
https://doi.org/10.1074/jbc.M109.066563
https://doi.org/10.1074/jbc.M109.066563
https://doi.org/10.1529/biophysj.104.054874
https://doi.org/10.1073/pnas.0501950102
https://doi.org/10.1371/journal.pone.0012929

www.nature.com/scientificreports/

33. Tsuboi, T, DaSilva, X. G., Leclerc, I. & Rutter, G. A. 5'-AMP-activated protein kinase controls insulin-containing secretory vesicle
dynamics. J Biol Chem 278, 52042-52051, https://doi.org/10.1074/jbc.M307800200 (2003).

34. Mahalanobis, P. C. On the generalised distance in statistics. Proceedings of the National Institute of Sciences of India 2, 49-55 (1936).

35. Hiddinga, H. J. & Eberhardt, N. L. Intracellular amyloidogenesis by human islet amyloid polypeptide induces apoptosis in COS-1
cells. Am J Pathol 154, 1077-1088, https://doi.org/10.1016/S0002-9440(10)65360-6 (1999).

36. Durso, W., D’Autilia, E, Amodeo, R., Marchetti, L. & Cardarelli, F. Probing labeling-induced lysosome alterations in living cells by
imaging-derived mean squared displacement analysis. Biochem Biophys Res Commun 503, 2704-2709, https://doi.org/10.1016/j.
bbrc.2018.08.028 (2018).

37. Thurmond, D. C., Gonelle-Gispert, C., Furukawa, M., Halban, P. A. & Pessin, J. E. Glucose-stimulated insulin secretion is coupled
to the interaction of actin with the t-SNARE (target membrane soluble N-ethylmaleimide-sensitive factor attachment protein
receptor protein) complex. Mol Endocrinol 17, 732-742, https://doi.org/10.1210/me.2002-0333 (2003).

38. Sengelaub, C. A., Navrazhina, K., Ross, J. B., Halberg, N. & Tavazoie, S. E. PTPRN2 and PLCbetal promote metastatic breast cancer
cell migration through PI(4,5)P2-dependent actin remodeling. EMBO ] 35, 62-76, https://doi.org/10.15252/embj.201591973
(2016).

39. Hu, Y., Nishimura, T., Zhang, A. & Notkins, A. L. Comment on: Torii et al. (2009) Gene silencing of phogrin unveils its essential role
in glucose-responsive pancreatic beta-cell growth. Diabetes 58:682-692. Diabetes 58, 8, https://doi.org/10.2337/db09-0168 (2009).

40. Asfari, M. et al. Establishment of 2-mercaptoethanol-dependent differentiated insulin-secreting cell lines. Endocrinology 130,
167-178, https://doi.org/10.1210/endo.130.1.1370150 (1992).

41. Ishihara, H. et al. Pancreatic beta cell line MING6 exhibits characteristics of glucose metabolism and glucose-stimulated insulin
secretion similar to those of normal islets. Diabetologia 36, 1139-1145 (1993).

42. Rizzo, M. A., Magnuson, M. A., Drain, P. E & Piston, D. W. A functional link between glucokinase binding to insulin granules and
conformational alterations in response to glucose and insulin. J Biol Chem 277, 34168-34175, https://doi.org/10.1074/jbc.
M112478200 (2002).

43. Emmanouilidou, E. et al. Imaging Ca2+ concentration changes at the secretory vesicle surface with a recombinant targeted
cameleon. Curr Biol 9,915-918 (1999).

44. Ciregia, F. et al. Palmitate-induced lipotoxicity alters acetylation of multiple proteins in clonal beta cells and human pancreatic islets.
Sci Rep 7, 13445, https://doi.org/10.1038/s41598-017-13908-w (2017).

45. Ferri, G., Bugliani, M., Marchetti, P. & Cardarelli, E. Probing the light scattering properties of insulin secretory granules in single live
cells. Biochem Biophys Res Commun 503, 2710-2714, https://doi.org/10.1016/j.bbrc.2018.08.029 (2018).

46. Vijaymeena, M. K. & Kavitha, K. A survey on similarity measures in text mining. Machine Learning and Applications: An
International Journal 3 (2016).

47. Pezzini, L. et al. Cerium oxide nanoparticles: the regenerative redox machine in bioenergetic imbalance. Nanomedicine (Lond) 12,
403-416, https://doi.org/10.2217/nnm-2016-0342 (2017).

Acknowledgements

European Union Project T2DSystems in the Horizon 2020 Programme of the European Commission (H2020-
PHC-02-2015), Grant to PM. and M.B. DRINN Project (Diabetes Research Innovation) and Italian Diabetes
Association, Grant to PM., M.O., M.B., EC. US National Institutes of Health Grant DK098659 to DWP and the
Juvenile Diabetes Research Foundation Grant 3-APF-2018-573-A-N to Z.L. We thank Dr. Francesca Grano for
helping in insulin secretion essay.

Author Contributions

G.F performed experiments, analyzed data, prepared figures, wrote the manuscript; L.D. wrote the code for
iMSD analysis, analyzed data; Z.L. performed experiments on MIN-6 and 3TC3 cells, wrote the manuscript;
M.O. and M.B. provided INS-1 cells, reagents/protocols for cell treatments, discussed data, reviewed manuscript;
V.C. performed EM experiments; G.C., PM., D.W.P. and EC. conceived the study, wrote the manuscript. EC.
supervised research.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-39329-5.

Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:2890 | https://doi.org/10.1038/s41598-019-39329-5 12


https://doi.org/10.1038/s41598-019-39329-5
https://doi.org/10.1074/jbc.M307800200
https://doi.org/10.1016/S0002-9440(10)65360-6
https://doi.org/10.1016/j.bbrc.2018.08.028
https://doi.org/10.1016/j.bbrc.2018.08.028
https://doi.org/10.1210/me.2002-0333
https://doi.org/10.15252/embj.201591973
https://doi.org/10.2337/db09-0168
https://doi.org/10.1210/endo.130.1.1370150
https://doi.org/10.1074/jbc.M112478200
https://doi.org/10.1074/jbc.M112478200
https://doi.org/10.1038/s41598-017-13908-w
https://doi.org/10.1016/j.bbrc.2018.08.029
https://doi.org/10.2217/nnm-2016-0342
https://doi.org/10.1038/s41598-019-39329-5
http://creativecommons.org/licenses/by/4.0/

	Insulin secretory granules labelled with phogrin-fluorescent proteins show alterations in size, mobility and responsiveness ...
	Results

	iMSD analysis of the structural and dynamic properties of ISGs in living β-cells. 
	Unveiling the effect of granule labelling on ISG structural and dynamic properties. 

	Discussion

	Materials and Methods

	Cell culture, transfection and fluorescence staining. 
	Plasmids. 
	Actin staining. 
	Drug treatments. 
	Insulin secretion assay. 
	Fluorescence microscopy. 
	Image processing and data analysis. 
	Cluster similarity analysis. 
	Fluorescence-based expression level analysis. 
	Trajectory analysis. 
	Granule morphometric analysis from TEM micrographs. 

	Acknowledgements

	Figure 1 From time-lapse imaging to the iMSD of ISGs in living cells.
	Figure 2 From single iMSD traces to whole-cell-population analysis.
	Figure 3 iMSD-based analysis of granule alteration induced by labelling.
	Figure 4 Effect of phogrin overexpression.
	Table 1 Summary of iMSD-derived parameters.




