Endoplasmic Reticulum Calcium Mediates Drosophila Wing Development

Abstract

The temporal dynamics of morphogen presentation impact transcriptional responses and tissue
patterning (1). However, the mechanisms controlling morphogen release are far from clear. We
found that inwardly rectifying potassium (Irk) channels regulate endogenous transient increases in
intracellular calcium and Bone Morphogenetic Protein (BMP/Dpp) release for Drosophila wing
development (2). Inhibition of Irk channels reduces BMP/Dpp signaling, and ultimately disrupts
wing morphology (2, 3). Ion channels impact development of several tissues and organisms in
which BMP signaling is essential (2-15). In neurons and pancreatic beta cells, Irk channels
modulate membrane potential to affect intracellular Ca*™ to control secretion of neurotransmitters
and insulin (15-21). Based on Irk activity in neurons, we hypothesized that electrical activity
controls endoplasmic reticulum Ca*" release into the cytoplasm to regulate the release of BMP. To
test this hypothesis, we reduced expression of proteins that control endoplasmic reticulum calcium
(Stim, Orai, SERCA, SK, and Best2) and documented wing phenotypes. We found that reduced
Stim and SERCA function decreases amplitude and frequency of endogenous calcium transients
in the wing disc and reduced Dpp/BMP release in the wing disc. Together, our results suggest

control of endoplasmic reticulum is required for Dpp/BMP release.

Introduction
Cells communicate with each other to orchestrate cell division, differentiation, and
migration to reproducibly shape tissues, and ultimately organisms. Decades of research have

clucidated a multitude of molecular pathways that cells use to communicate. Cells secrete



morphogens that bind to receptors that activate transcription factors to control tissue patterning. A
set of highly conserved molecular pathways such as the Bone Morphogenetic Protein (BMP),
Notch, Hedgehog (Hh), Wnt, and EGF signaling work together to repeatedly instruct patterning in
a diverse range of tissues in vertebrates and invertebrates (22). For example, BMP/Dpp signaling
guides dorsal-ventral patterning in the Drosophila embryo, and later regulates growth and
patterning of many adult structures, including the wing at larval and pupal stages(23-27). BMP
ligands bind a complex of type 1 and type 2 serine threonine kinase receptors (28). Upon ligand
binding, type 1 receptors phosphorylate SMADs which can then enter the nucleus to affect
transcription. This pathway and its roles are conserved from flies to mammals(14, 29).
Considering the relatively small number of molecular signaling pathways that guide development
of diverse tissue architectures, each signal must be spatially and temporally regulated. This work
seeks to understand how cells deliver ligands at the correct time and place to control diverse
complex developmental processes.

We found that BMP/Dpp release is regulated by inwardly rectifying potassium (Irk)
channels for proper development of the Drosophila wing suggesting that cells could precisely
control temporal delivery of developmental signals using bioelectricity, mediated by ion channels.
Ion channels are required for morphogenesis in a wide variety of organisms ranging from
planarians to humans, suggesting a conserved role for bioelectricity in development (4, 5, 30-34).
In planarians, gap junction channels are required for directing the body plan of regenerating
planaria, and disruption of gap junction function can result in the growth of double-headed
organisms(35). A screen of ion channels in Drosophila melanogaster showed that at least 44
different ion channels are required for proper development of the Drosophila wing (32). Similarly,

genetic disruption of ion channels causes morphological abnormalities in zebrafish (5, 36),



chickens(37) (37), mice(3, 4), and humans (6, 38-48). Together, these studies and others provide

strong evidence that ion channels play an important role in development.

In excitable cells, such as neurons and pancreatic beta cells, ion channels modulate membrane
potential to control intracellular Ca™ to regulate secretion of neurotransmitters and insulin (15-
21). Based on ion activity in other excitable cells, we hypothesized that electrical activity mediates
intracellular Ca*" dynamics to regulate the release of BMP. Thus, ion channels could provide
precise temporal presentation of molecular signals for developmental signaling. In support of this
hypothesis, we found transient increases in intracellular calcium in the wing disc (wing primordia)
cells, when BMP/Dpp signaling is active. Inhibition of Irk channels alters Ca™ transients,
BMP/Dpp release dynamics, activation of BMP/Dpp targets, and ultimately wing morphology (2,
3). Endogenous calcium waves and transients have been found in diverse developing tissues in
multiple organisms including developing blue pansy butterflies (49), developing Drosophila wings
and air sac primordium (ASP) (50-54), zebrafish (55), Xenopus (55, 56), and chick feather buds
(37). Calcium oscillations are classified into four different groups: single cell transients, short
distance intracellular transients, long-distance calcium waves, and rapid low amplitude calcium
oscillations called “fluttering” (53). Abolishment of calcium transients disrupts normal
development, suggesting that they have a critical role (37, 49).

Ion channels are important for the proper trafficking and release or surface presentation of
signaling pathway components. Disruption of Irk2/Kir2.1 disrupts intracellular calcium (2) and
disrupts the secretion dynamics of BMP/Dpp, reducing BMP/Dpp signaling, and causing wing
developmental defects (2, 3, 32). These results suggest that that intracellular calcium dynamics

may be important for BMP/Dpp secretion (2). In the Drosophila ASP, disruption of Syt4 or



synaptobrevin (Syb), two calcium binding proteins involved in vesicle trafficking, disrupts
BMP/Dpp signaling, suggesting that calcium mediated vesicular trafficking may be important for
BMP/Dpp secretion (54). Together, these data led us to evaluate the role of intracellular calcium
modulation of the BMP signaling pathway.

Transient increases in intracellular calcium concentration could come from extracellular
calcium or release from the endoplasmic reticulum (ER). ER calcium stores are tightly regulated.
Stim and Orai are calcium release activated channels (CRAC) that respond to decreases in ER
calcium levels by mediating re-entry of calcium into the cell (57, 58). SERCA is an ER calcium
pump that maintains ER calcium homeostasis (59). SK is a potassium channel that activates in
response to increases in intracellular calcium to conduct outward flow of potassium, offsetting the
effect of increased intracellular calcium on the transmembrane potential (60). Finally, Best2 is a
calcium activated chloride channel. A Bestrophin mammalian homolog acts in the ER to
counterbalance calcium release and augment intracellular calcium transients, but little is known
about the function of Best2 in Drosophila (61, 62).

Here we show that during both the larval and pupal stages, developing Drosophila wings
have spontaneous calcium transients. At the larval stage these calcium oscillations can be
abolished by treatment with the SERCA inhibitor thapsigargin, or by RNAi knock down of
SERCA or Stim, suggesting that these oscillations are mediated by ER calcium stores. Disruption
of SERCA or Stim disrupts BMP/Dpp secretion dynamics suggesting a mechanism by which ER
calcium may impact developmental signaling. Together our results suggest that ER calcium
regulation is important for the BMP signaling pathway to drive proper patterning and development

of the Drosophila melanogaster wing.



Materials and Methods
Fly Stocks and wing imaging

The Bloomington Drosophila Stock Center supplied all fly lines used including MS1096-
gald (w/1118] P[GawB-DeltaKE]Bx[MS1096-KE]; BDSC #8696), nub-gald (w/*];
P/w/[nub.PK]=nub-GAL4.K]2; BDSC86108), dpp-gal4 w/*]; wg/[Sp-1]/CyO;
Piw[+mW.hs]=GAL4-dpp.blk1]40C.6/TM6B, Tb[1], BDSC 1553), SERCA RNAi (y/1]
w[67c23]; P[y[+mDint2] w[BR.E.BR]=SUPor-P][SERCA[KG00570]; BDSC# 25928 ), Orai
RNAi (/1] sc[*] v[1] sev[21]; P[y[+t7.7] v[+tl.8]=TRiP.HMC03562]attP40; BDSC 53333),
Stim RNAi (y/1] v[1]; P[y[+t7.7] v[+t1.8]=TRiP.JF02567]attP2; BDSC #27263), SK RNAIi
O[1] v[1]; P[y[+t7.7] v[+t1.8]=TRiP.HMJ21196]attP40; BDSC #53881), Best2 RNAi (y/1]
sc[*] v[1] sev[21]; P[y[+t7.7] v[+t].8]=TRiP.HMS02490]attP2; BDSC #42654), and GCaMP7s
w[1118]; P[y[+t7.7] w[+mC]=20XUAS-IVS-jGCaMP7s]su(Hw)attP5; BDSC #80905). Flies
were raised at 25°C on standard cornmeal food using recipe as described by Hazegh and Reis (63).
Wings for each of the RNAI lines were dissected and mounted on slides and wings were imaged
using a histology microscope (Nikon, eclipse 80I). The MS1096-gal4 driver is on the X
chromosome, and thus male flies are hemizygous for the MS096-gal4 driver and have a higher
dosage of any expressed RNAI than female flies. For consistency, all wing images were taken from
female flies.
Immunofluorescence

To collect larvae and pupae for dissection, egg collections were restricted to 4 hr periods.
Wing discs were dissected at 144-148 hours after egg laying (AEL). For pupal wing dissections,
prepupae were collected and pupal wing dissections performed the following day at 24 hours after

puparium formation (APF)



For wing disc immunofluorescence, discs were dissected in ice cold PBS. Isolated discs
were fixed in 4% paraformaldehyde in PBS for 30 minutes, washed with PBS twice for 5 minutes
each time, and then permeabilized in 0.3% Triton X-100 for 15 minutes. Discs were then washed
in PBS twice for 5 minutes each time before being blocked in blocking buffer (3% BSA, 5% goat
serum, 0.1% saponin in PBS) for 1 hour at room temperature. After blocking, discs were incubated
in the primary antibody solution diluted in blocking buffer overnight at 4°C. Discs were washed
in 0.1% saponin in PBS four times for 10 minutes each wash before being incubated in secondary
antibody for 2 hours at room temperature. Discs were then washed again in 0.1% saponin in PBS
four times for 10 minutes each time. Finally, discs were mounted in Vectasheild mounting medium
(Vector Labs). Stim RNAi, Orai RNAi, and Best2 RNAi immunostained wing discs were imaged
using a histology microscope (Nikon, eclipse 801) and SERCA RNAi immunostained wing discs
were imaged using a confocal microscope (Zeiss LSM 780).

Immunofluorescence of p-Mad stained wing discs was quantified by taking line scans
perpendicular to the A/P boundary just dorsal of the D/V boundary. Five line scans were taken for
each wing disc and values averaged to get an average fluorescence profile for each wing disc. The
minimum fluorescence value in each average fluorescence profile was used as the background
fluorescence value and was subtracted to normalize the fluorescence profiles. Maximum
fluorescence values from each average fluorescence profile were used to compare the max p-Mad
fluorescence between control and experimental wing discs, and #-tests or Mann-Whitney U tests
were used for statistical analysis.

For pupal wing immunofluorescence the pupal cases of 24 APF pupae were
removed, and the naked pupae were then fixed in 4% paraformaldehyde in PBS overnight. Wings

were isolated and cuticle removed in ice cold PBS and then permeabilized in 0.3% Triton X-100



for 15 minutes. Pupal wings were then washed in PBS twice for 5 minutes each time before being
blocked in blocking buffer (3% BSA, 5% goat serum, 0.1% saponin in PBS) for 1 hour at room
temperature. After blocking, pupal wings were incubated in the primary antibody solution diluted
in blocking buffer overnight at 4°C. The pupal wings were washed in 0.1% saponin in PBS four
times for 10 minutes each wash before being incubated in secondary antibody for 2 hours at room
temperature. The pupal wings were then washed again in 0.1% saponin in PBS four times for 10
minutes each time. Finally, the pupal wings were mounted in Vectashield mounting medium
(Vector Labs).

Primary antibodies used include rabbit anti-p-Mad (1:100 dilution, Cell Signaling
Phospho-Smad1/5 (Ser463/465) (41D10) Rabbit mAb, catalog #9516) and mouse anti-Wg (1:20
dilution, Developmental Studies Hybridoma Bank, catalog #4d4). Secondary antibodies include
Alexa Fluor 594 goat anti-rabbit IgG (1:700 dilution, Invitrogen) and Alexa Fluor 488 goat anti-

mouse IgG (1:700 dilution; Invitrogen).

GCaMP imaging

For larval wing disc GCaMP imaging, wing imaginal discs from 144-148 h AEL MS1096-
gal4>GCaMP?7s third instar larvae were dissected in HL3.1 saline solution (70 mM NaCl, 5 mM
KCl, 1.5 mM CaClz, 4 mM MgClz, 10 mM NaHCOs3, 5 mM trehalose, 115 mM sucrose, and 5 mM
HEPES, pH7.4) (64). Discs were placed on slides in HL3.1 saline between two pieces of double-
sided tape to prevent crushing of the disc under the coverslip. The peripodial membrane of the
wing discs faced the coverslip. The discs were then imaged using a 488 nm laser on a confocal

laser scanning microscope (Zeiss LSM 780) at 2 Hz for 4 minutes.



For assessment of impact of thapsigargin treatment on wing disc calcium activity, MS1096-
gal4>GCaMP7s wing discs were prepared and imaged as described above, but mounted in HL3.1
with 25 uM thapsigargin in DMSO. Control wing discs were mounted in HL3.1 with the equivalent
volume of DMSO. Regions of interest with highest variance that were 10 pixels wide to include
only one cell per ROI were selected for analysis. Five cells per wing disc were analyzed. The
fluorescence profile for the region of interest was measured and plotted over time, and the
maximum and minimum GCaMP fluorescence for each ROI was used to calculate the amplitude
of calcium oscillations. The average amplitude of GCaMP oscillations in control (DMSO treated)
and thapsigargin treated wing discs were compared using z-tests.

For pupal wing GCaMP imaging, dpp-gal4>GCaMP7s prepupae were selected 24 hours
prior to imaging. At 24 hours after puparium formation (APF), the pupal cases were removed from
the pupae, and pupae were mounted on slides in HL3.1 saline solution (64), between double sided
tape to prevent crushing and with wings facing the coverslip. The wings were then imaged using
a 488 nm laser on a confocal laser scanning microscope (Zeiss LSM 780) at 2 Hz for 5 minutes.
Cells with the highest variance were selected as regions of interest. The fluorescence profile for
the region of interest was measured and plotted over time, and the maximum and minimum
GCaMP fluorescence in each fluorescence profile was used to calculate oscillation amplitude.
Dpp-GFP secretion imaging

For larval wing disc Dpp-GFP imaging, wing imaginal discs were imaged as previously
described (65). Wing discs from 144-148 h AEL dpp-gal4 > dpp-GFP third instar larvae were
dissected in HL3.1 saline solution (70 mM NaCl, 5 mM KCl, 1.5 mM CaCl,, 4 mM MgCl, 10
mM NaHCOs3, 5 mM trehalose, 115 mM sucrose, and 5 mM HEPES, pH7.4) (64). Discs were

placed on slides in HL3.1 saline containing either 25 uM thapsigargin in DMSO or the control



volume of DMSO between two pieces of double-sided tape to prevent crushing of the disc under
the coverslip. The peripodial membrane of the wing discs faced the coverslip. The discs were then
imaged using a 488 nm laser on a confocal laser scanning microscope (Zeiss LSM 780) at 2 Hz
for 4 minutes. Images were collected for analysis at both 5 minutes and 15 minutes after wing discs
were dissected and placed in media with thapsigargin or control DMSO. To analyze Dpp-GFP
secretion, rectangular regions of interest that were 75 pixels wide and 215 pixels high were selected
on the dorsal side of the Dpp-GFP secreting cells just ventral to the D/V boundary. The visible
D/V boundary was used as a landmark to ensure analogous regions of interest were selected from
each wing disc. Within each larger regions of interest fluorescent Dpp-GFP secretion events were
quantified to compare Dpp-GFP secretion event numbers between control (DMSO treated) and
thapsigargin treated wing discs. Four-pixel wide fluorescence profiles were taken of each Dpp-
GFP secretion event and the maximum and minimum fluorescence values used to calculate Dpp-
GFP secretion event amplitude. Mann-Whitney U statistical tests were used for comparisons
between control and thapsigargin treated wing discs.

Calculations of AUC

Background subtracted fluorescence values from the average of three line scans per wing disc in
each condition were transformed into R data frames using standard R packages [2-5]. Data frames
consist of a column representing relative distance, in microns, from the start of the line scan , as x.
There is one column per wing disc per condition containing fluorescence values that is designated
y in all calculations. The auc() function from the MESS [1] package was used to calculate auc
values as auc(x, y, from = 0, type = "linear”) using linear interpolation. We further optimized the
auc() function by adjusting the subdivisions argument in positive increments of 1000 to auc(x, y,

from = 0, type = linear”, subdivisions = 1000). We performed absolute and non-absolute



calculations for each dataset by setting the auc() function argument “absolutearea” to TRUE and
FALSE respectively. To separate the auc value of peak 1 from the auc value of peak 2, cut off
values were manually determined and added into the auc() function. To get peak 1 auc values, the
auc() function “from” argument was set to 0 and the “to” argument was assigned as the peak 1,
auc(x, y, from = peak 1 cut off, type = "linear”, subdivisions = 1000). To get peak 2 auc values,
the “from” argument was assigned as the peak 1 cut off auc(x, y, from = peak 1 cut off, type =
”linear”, subdivisions = 1000). All auc values were concatenated into an array and exported as .csv
files that were transferred to GraphPad PRISM for visualization and statistical analysis. All code,

output, and input data are found in a Git repository at https://github.com/jrb07/auc_bates.git

Results

Inhibition of SERCA disrupts spontaneous Calcium Oscillations in Third Instar Larval
Wing Discs

Cells in the Drosophila third instar larval wing disc undergo spontaneous calcium oscillations
(transients) (2, 50-54)98iTo determine if ER calcium contributes to larval wing disc calcium
transients, we expressed the calcium indicator GCaMP7s in the developing wing using the
MS1096-gal4 driver and live imaged fluorescence with and without treatment with thapsigargin, a
SERCA inhibitor. Untreated MS1096-gal; UAS GCamp larval wing discs exhibit spontaneous
calcium oscillations with an average amplitude of 18.2 +/- 12.33 AU (Figure 1B-D, N=3) across
the entire GCaMP expressing region (wing disc pouch). Inhibition of SERCA reduces the
amplitude of calcium transients (6.8 +/- 1.06 AU n=20, p<0.0001, t-test, Figure 1B-D). Calcium
transients were abundant in control wing discs such that we easily identified and quantified

attributes of 87 different calcium transients. Thapsigargin treatment reduced the number of calcium



transients such that only six transients could be identified in all treated discs (n=4 discs). This

suggests that the spontaneous calcium oscillations that occur in the developing larval wing disc

require SERCA function, indicating that the calcium oscillations are mediated by ER calcium.
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Figure 1: Endogenous transient changes in cytoplasmic calcium are mediated by ER calcium

stores. A. A schematic shows how five proteins work together to mediate ER calcium stores.

SERCA pumps cytoplasmic calcium into the ER. Ion channels like bestrophins act as

counterbalances to maintain membrane potential by passively allowing chloride to move into and

out of the ER. Stim senses calcium levels in the ER and works with Orai to open to allow

extracellular calcium to pass into the cytoplasm. SK is a potassium channel that works as a

counterbalance to Orai, letting potassium out of the cytoplasm. B. Sequential images of GCamp

fluorescence show transient changes in cytoplasmic calcium in a MS1096>GCamp wing control



(top) and with SERCA inhibition with thapsigargin (bottom row). C. Quantification of GCamp
fluorescence changes over time in MS1096>GCamp control (DMSO, black) and thapsigargin
(purple) show reduced amplitude of changes in fluorescence. D. Amplitudes of individual changes
in GCamp fluorescence are compared in DMSO control (black) and thapsigargin (purple) treated
larval wing discs.

Spontaneous Calcium Oscillations Occur in the Developing Pupal Wing

To determine if cells in pupal wings undergo transient changes in cytoplasmic calcium, we
expressed GCamp in the wing using the MS1096 driver, removed the pupal case 24 hours after
puparium formation (APF), and live imaged the wing. We found dynamic changes in GCamp
fluorescence in pupal wing cells. Like in the wing disc, transient changes in calcium could occur
in individual cells, independent from neighboring cells (Figure 2A, top row, Supplemental Video
1). Pupal wing calcium oscillations occur periodically at an average frequency of 2.6 +/-0.14 peaks
per cell per five minutes (Figure 2A, top row, n=8 pupal wings). Alternatively, calcium transients
in the pupal wing could be part of calcium waves- moving across the wing tissue (Supplemental
Video 2), or fluttering within single cells (Supplemental Video 3) . Pupal wing calcium oscillations
have an average amplitude of 16.4 +/- 12.9 AU (Figure 2C, N=8 pupal wings, and 84 cells (ROIs)).
Calcium oscillations were observed in all regions of the pupal wing examined including near the

wing hinge, along the wing edge and wing tip, in the intervein regions, and in the pro-vein regions.
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Figure 2: Pupal wings have endogenous transient changes in cytoplasmic calcium that are

mediated by ER calcium. A. Representative sequential images (left) and fluorescence profiles

(right) of Gecamp fluorescence in pupal wings in MS1096>GCamp (top panels), MS1096>GCamp;

Stim RNAi (middle panels), MS1096>GCamp; SERCA RNAI (bottom panels) show that reducing

Stim and SERCA expression reduce calcium transients. B. Quantification of calcium events per

field of view out of seven possible shows reduced number of calcium events with SERCA and stim

RNAI. C. Quantification of GCamp fluorescence peak amplitude shows that SERCA and stim

RNAIi reduces GCamp fluorescence peak amplitude. D. Duration of calcium events is reduced with



stim RNAI. E. Quantitative RT PCR shows that RNAi knockdown of SERCA and stim reduced
expression of each gene. F. GCaMP fluorescence values of the first frame in each video used for
analysis. Shown is every ROI taken from each genotype, to compare relative GCaMP (calcium)
expression after knockdown.
Knockdowns of Stim and SERCA Disrupt Spontaneous Calcium Oscillations in the Pupal
Wing

To determine if ER calcium contributes to pupal wing calcium oscillations, we expressed
stim or SERCA RNAI1 along with GCamp7s with a wing-specific MS1096-gal4 driver.
Quantitative RT-PCR showed that RNAi significantly reduced expression of SERCA and Stim
(Figure 2E). We live-imaged pupal wings 24 hours after puparium formation measuring
fluorescence of GCaMP twice per second over five minutes. Wild type pupal wing cells
underwent calcium transients at a frequency of 2.64 +/- 0.14 per five minutes. The number of
recorded calcium events per 5 minutes was reduced by knockdown of Stim (0.71 +/- 1.13, p-
value <0.0001, t-test) when compared to the wild type (Figure 2A middle row, 2B). SERCA
RNAI almost completely ablated calcium events, such that only two events were recorded across
all SERCA RNALI pupal wings (Figure 2A bottom row, 2B). The average amplitude of the
calcium events in wild type pupal wings was 16.41 +/- 0.86 AU. Stim RNAi and SERCA RNAi
significantly reduced the amplitude of the calcium oscillations ((8.75 +/- 1.13 AU Stim RNAI, p-
value <0.0001, t-test and 4.94 +/- 0.53 AU, p-value <0.0001, t-test respectively, Figure 2C). Stim
RNAIi knockdowns decrease duration of calcium transients (55s +/- 36.5 ms, p-value = 0.033, t-
test) compared to the wild type (68.9s +/- 34 ms) (Figure 2D). Both Stim and SERCA RNAi
significantly reduced baseline cytoplasmic calcium levels (46.9 +/- 3 AU WT, 153 +/- 1.9 AU

Stim RNAI, and 12.1 +/- 1.3 AU SERCA RNAI, p-value <0.0001, Kruskal-Wallis test, Figure



2F) measured by GCaMP7s fluorescence within the first frame of each video taken. Together,
these data show that pupal wings display endogenous calcium transients that are mediated by ER

calcium channels Stim and SERCA

ER Calcium Regulatory Channels are Required for Drosophila Wing Development

How calcium oscillations contribute to development and molecular signaling cascades is largely
unknown. To test the hypothesis that calcium oscillations contribute to Drosophila melanogaster
wing development, we reduced the function of five ER calcium regulatory proteins (SERCA, Stim,
Orai, SK, and Best2) specifically in the developing wing and assessed wing morphology. We used
three different wing-specific gal4 drivers (MS1096-gal4, nub-gal4, and Dpp-gal4) to drive RNAi
expression and knock down each channel in the developing wing. These three drivers express in
both the developing larval wing disc and the pupal wing within slightly different regions
(Supplemental Figure 1). Nub-gal4 and MS10960-gal4 are expressed throughout the wing disc
pouch during the larval stage, with MS1096-gal4 having slightly lower expression levels. At the
pupal wing stage, nub-gal4 becomes restricted to the vein regions while MS7096-gal4 maintains
a broader expression level throughout the wing blade making it possible to compare different
RNAI expression localization on phenotypes at the pupal stage (Supplemental Figure 1). dpp-gal4
is a useful driver for investigating potential cell autonomous effects on BMP/Dpp signaling
because it expresses along the A/P border specifically within the BMP/Dpp producing cells of both

the wing disc and the pupal wing and does not express broadly throughout the developing wing



Larval wing disc Pupal wing

MS1096-gal4
> UAS-GFP

Nub-gal4
> UAS-GFP

Dpp-gal4
> UAS-GFP

Supplemental Figure 1.

Supplement Figure 1: Gal4 drives expression of GFP in the third instar larval wing disc (left) and
the pupal wing (right). MS1096-gal4 drives expression in the wing pouch and broadly along pupal
wing veins. Nub-gal4 drives expression in the pupal wing veins. Dpp-gal4 drives expression along

the anterior posterior boundary in both the larval wing disc and the pupal wing.

Expression of mCherry RNAI driven by each of the three gal4 drivers results in normal wing
formation (Figure 3, top row). Wing-specific knockdown of any of the five channels gives rise to

severe wing defects, suggesting that ER calcium regulation is central to proper wing development



in Drosophila (Figure 3). Quantitative PCR confirmed reduced expression of each gene
(Supplemental Figure 2). The wing phenotypes that occur upon knockdown of ER regulatory
proteins can be grouped into two categories: thickened veins and loss of veins. Stim and Orai,
which function together to bring calcium into the cytoplasm, cause nearly identical phenotypes
with each driver. Knockdown of Orai or Stim in the wing pouch of the larval wing disc and the
blade of the pupal wing using either the MS1096-gal4 or nub-gal4 drivers results in thickening of
the wing veins and a reduction in overall wing size (Figure 3A, C-D). Reduction of Stim and Orai
function RNAi expression using the nub-gal4 driver produces slightly more severe phenotypes
(Figure 3A, C-D). Thickening of the wing veins occurs with disruption in pupal BMP/Dpp or
Notch signaling, suggesting that ER calcium may be important for Notch or BMP/Dpp signaling
(67, 68). Knockdown of SK and Best2, potassium and chloride channels which counterbalance
calcium flux across either the plasma membrane or the ER membrane (Figure 1A), result in a
reduction of wing size and a complete loss of veins (Figure 3A, E-F). Knockdown of SERCA
dramatically reduces wing size (Figure 4). The reduction in wing size upon knockdown of SERCA,
SK, or Best2 occurs in both the anterior and posterior compartments and suggests either cell death,

reduced proliferation, or a loss of wing blade growth.

qPCR of RNAi knockdown
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Supplemental Figure 2: Quantitative RT-PCR shows
that MS1096-gal4 driven expression of SERCA RNAi,
Stim RNAi, Orai RNAi, SK RNAi and Best2 RNAi

decreases expression of the target gene.
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Reducing function of ER calcium regulatory proteins with RNAi Dpp-gal4 limits the
phenotypes to the region of expression, near the third longitudinal vein (L3) (Figure 3, right
column). Dpp-gal4 driven Orai RNAI, Stim RNAi, and SERCA RNAI results in thickening of L3
while also reducing the L3/L4 intervein region (Figure 3, right column). Dpp-gal4 driven SK
RNAI or Best2 RNAI disrupts formation of the anterior cross vein (ACV) and reduces the L3/L4
intervein region size (Figure 3E-F). The L3/L4 intervein region spacing is controlled by Hh
signaling and thus a reduction in the size of this region may indicate a disruption in Hh signaling
(68). However, because reduction in L3/L4 intervein region size is not seen when the RNAi
constructs are driven by MS1096-gal4 or by nub-gal4, this phenotype may be more indicative of
cell autonomous cell death or disruption of short range signaling.

The phenotypes that result from disrupting SERCA, Stim, Orai, SK, and Best2 phenocopy
wing defects caused by disruption of the Bone Morphogenetic Protein (BMP/Dpp) signaling and
Notch signaling. Disruption of either of these pathways can cause thickening of veins or loss of
veins (68). During wing development, both Notch and BMP/Dpp signaling help maintain and
refine the wing veins. BMP/Dpp is important for growth of the wing pouch during wing
development and a loss of BMP/Dpp signaling can cause growth defects, leading to
underdeveloped wings (69). For each of the five RNAi constructs targeting the ER calcium
regulating proteins, the adult wings showed size defects, consistent with a loss of BMP/Dpp
signaling (Figure 3). During the early pupal stage of development BMP/Dpp signaling becomes
restricted to the wing veins and is important for the final vein cell fate determination (67, 68). Loss
of BMP/Dpp signaling at this stage can cause loss of vein formation similar to the phenotypes of
SK or Best2 RNAI expressing wings (67, 68). Vein thickening that is seen upon expression of Stim

or Orai RNAI is also consistent with an impact on BMP/Dpp signaling (Figure 3). During the pupal



stage of wing development, BMP/Dpp signaling is restricted to the wing veins by higher
expression of the BMP/Dpp receptor Tkv (67, 68). Loss of Tkv expression or an increase in
BMP/Dpp expression leads to a broader range of BMP/Dpp signaling, causing more cells to adopt
a vein cell fate and subsequent thickening of the wing veins (67, 68). In addition to BMP/Dpp,
Notch signaling is required for vein refinement and disruption can cause vein thickening during
wing development, as seen in phenotypes of orai and stim knockdown (67, 68). During
development Notch ligands Delta and Serrate are expressed within the proveins while Notch is
expressed in cells flanking the veins, this cellular crosstalk relies on Notch signaling to restrict
vein size Sotillos, 2005 #75;Blair, 2007 #84}. Additionally, overactivation of Notch signaling can
lead to the loss of veins (67, 68).

Reduction in wing size, loss of venation, and vein thickening are phenotypes observed after
knockout of ER calcium regulatory proteins (SERCA, Stim, Orai, SK, and Best2). These
phenotypes are consistent with disruptions to developmental signaling cascades such as BMP/Dpp
and Notch signaling during the larval or pupal stages (67, 70-72). The similarity of the phenotypes

suggests that ER calcium regulation may be required for BMP/Dpp or Notch signaling.
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Figure 3: Wing specific knock down of SERCA, Stim, Orai, SK, and Best2 have severe wing
phenotypes. A) Representative images of female adult wings from MS1096> mcherryRNAi (left),
nub>mcherryRNAi (middle); dpp>mcherryRNAi (right) are controls for effects of driver lines. B)
Representative images show female adult wings from MS1096> SERCA RNAi (left) and
nub>SERCA RNAi (middle) dpp>SERCA RNAi (right) are reduced in size, have bristle patterning
defects, and disrupted venation. C) Representative images show female adult wings from
MS1096> stim RNAi (left) and nub>stim RNAi (middle) dpp>stim RNAi (right) have thickened
veins and are reduced in size. D) Representative images show female adult wings from MS1096>
orai RNAi (left) and nub>orai RNAi (middle) dpp>orai RNAi (right) have thickened veins and are
reduced in size. E) Representative images show female adult wings from MS1096> SK RNAi (left)
completely lack venation and are reduced in size. nub>SK RNAi (middle) have disrupted venation
pattern and are reduced in size. dpp>SK RNAi (right) are slightly reduced in size and lack the
anterior cross vein. F) Representative images show female adult wings from MS1096> best2 RNAi
(left) and nub>best2 RNAi (middle) completely lack venation and are reduced in size. dpp>best2
RNAi (right) are slightly reduced in size and lack the anterior cross vein.
ER calcium is important for developmental signaling

Disruption of BMP/Dpp or Notch signaling in the Drosophila wing during the larval or
pupal stages can lead to loss of veins or increase in vein width and growth of ectopic veins.
Previous studies in the Drosophila wing have found that Notch signaling is disrupted when the
function of SERCA or Stim was reduced (73, 74). Following wing specific RNAi driven
knockdown of SERCA, Stim, Orai, and Best2 we collected larval wing discs and stained for
wingless (Wg), a downstream transcriptional target of the Notch pathway (72). We found that wg

was expressed as expected near the Dorsal/Ventral (D/V) boundary when SERCA (n=11), Stim



(n=4), Orai (n-4), or Best2 (n=13) were knocked down (Supplemental Figure 3). Only Best2 RNAi
caused a minor decrease in Wg expression on the anterior side of the pouch (Supplemental Figure
2, n=13). Eid et al. found that wg expression in the larval wing disc was impacted by
overexpression of Stim (73). We did not find a similar impact on wg expression upon knock down

of Stim (Supplemental Figure 3). These results suggest that these ER calcium regulatory proteins



are not required for Notch signaling during

Wingless staining

mCherry RNAi

SERCA RNAI

=

Orai RNAI

Stim RNAi

_ Best2 RNAI

the

third

instar

larval

stage.

Supplemental Figure 3: Representative images of wing discs stained with an antibody against

Wingless (Wg) from MS1096>mCherry (A), MS1096>SERCA RNAIi (B), MS1096>0Orai RNAi

(C) Stim RNAi (D), and Best2 RNAI (E).



We previously found that ion channel function is important for BMP/Dpp signaling in the
Drosophila larval wing (2, 3, 32). To determine how ER calcium regulation affects BMP/Dpp
signaling we knocked down SERCA, Stim, Orai, or Best2 and measured phosphorylated Mad (p-
Mad), a downstream effector of BMP/Dpp, using immunofluorescence (Figure 4). In control larval
wing discs expressing wing-specific mCherry RNAI, p-Mad can primarily be found on either side
ofthe Anterior/Posterior boundary in the wing disc pouch (Figure 4A). This pattern is not disrupted
by RNAI reducing expression of SERCA, Stim, Orai, or Best2 in the wing disc (Figure 4 —
representative images). To determine whether BMP/Dpp signaling pathway was impacted in a
more subtle manner at the larval stage, p-Mad fluorescence was quantified using line scans across
the wing disc pouch dorsally to the D/V boundary (example line scan shown in Figure 4A-B —
quantifications and graphs). Expression Stim RNAi (n=11) significantly increases the posterior
peak fluorescence (Figure 4E), and the area under the curve of p-Mad fluorescence (Figure 4F).
Expression of Orai RNAi (n=5) trends toward an increase in the area under the curve of p-Mad
fluorescence (Figure 4)). Wing specific expression of SERCA RNAi (n=8) does not significantly
change p-Mad fluorescence (Figure 4L-N)). Best2 RNAIi causes a slight but significant decrease
in peak p-Mad fluorescence intensity and a trend towards decreased area under the curve of p-Mad
fluorescence (Figure 4P-R, n=13, p=0.0408, ¢-test). Together, these results indicate that reducing
function of Stim increases BMP/Dpp signaling and increases thickness of wing veins, while

reducing Best2 function slightly decreases BMP/Dpp signaling in the larval wing disc and reduces



venation in the wing.
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Figure 4: Phosphorylation of Mad is altered with the loss of Stim and Best2

A) A representative image of a MS1096>mcherryRNAi shows a wild type pattern of p-Mad
staining for control. (B) A representative trace of fluorescence across the wing disc from anterior
to posterior shows anterior (first peak) and posterior peak fluorescence (second peak) and area
under the curve. A representative image of MS1096> Stim RNAi shows an increase in p-Mad
fluorescence (C), a trend toward an increase in peak fluorescence for anterior peaks and a
significant increase in fluorescence of posterior peaks (D-E), and an increase in area under the
curve (F). A representative image of a wing disc expressing orai RNAi (G) shows a trend toward
an increase in average fluorescence anterior and posterior peak fluorescence and area under the
curve that is not significant (H-J). A representative image of a p-Mad stained MS1096>SERCA
RNAi (K) wing disc is not significantly different from controls (L-N). A representative image of
MS1096>Best2 RNAi shows a significant decrease in p-Mad staining fluorescence area under the

curve (P) and a trend towards a decrease in peak fluorescence (Q-R).

We investigated whether ER calcium regulation impacts BMP signaling at the pupal stage
of wing development. During this stage, BMP/Dpp signaling becomes restricted to the
presumptive wing veins (Figure 5A) and specifies wing vein differentiation (67). At the pupal
stage we found a dramatic change in p-Mad fluorescence upon knockdown of each of the ER
calcium regulating proteins. Knockdown of SERCA, Stim, or Orai results in thickening of the p-
Mad stripes along the presumptive wing veins (Figure SB-E) when compared to the control wings
(Figure 5B). This increase in p-Mad thickness may indicate an expansion of BMP/Dpp signaling
leading to the wing vein thickening that occurs when Stim or Orai is knocked down and the excess

of vein tissue that occurs upon SERCA knockdown (Figure 5B-E). Best2 RNAi also disrupts p-



Mad at the pupal wing stage, with immunostaining for p-Mad appearing diffusely across the entire
wing rather than being restricted to the presumptive veins (Figure 5F). Even in the early pupal
stage, Best2 RNAI expressing wings have developmental defects resulting in pupal wings that are
wrinkled and folded. Therefore, it is difficult to determine whether this increase in p-Mad
immunofluorescence in Best2 RNAi expressing pupal wings is due to an increase in Mad
phosphorylation or due to non-specific staining of antibody caught in the damaged wing tissue.
Adult MS1096-gal4>Best2 RNAi wings show a loss of veins (Figure 3F), which is more consistent
with a loss of Mad phosphorylation. Together, these results suggest that loss of ER calcium

regulation results in aberrant BMP/Dpp signaling, most noticeably in the pupal wings.

p-Mad staining of pupal wings

Cc

Control Schematic mCherry RNAI SERCA RNAI
D E F

]

stim RNAi orai RNAi best2 RNAI

Figure S: Representative images of p-Mad stained pupal wings show that knock down of ER
calcium regulatory proteins disrupts BMP signaling in the pupal wing. A) A schematic shows
where Dpp signaling specifies wing veins B) MS1096>mCherry RNAi pupal wings serve as

controls. C) MS1096>SERCA RNAI pupal wings have increased thickness of p-Mad staining



along longitudinal veins but reduced p-Mad staining in cross veins. D) MS1096>stim RNAi pupal
wings have increased p-Mad staining E) A representative image shows MSI1096>Orai RNAi
increased the domain of p-Mad staining in pupal wings. F) A representative image shows
disruption of p-Mad staining in MS1096>best2 RNAi adult wings.
Chemical Inhibition of SERCA Disrupts BMP/Dpp Secretion

To investigate if the ER calcium channels and cellular calcium oscillations are required
for BMP/Dpp secretion within the developing wing, we treated Dpp-GFP expressing wing discs
with uM thapsigargin, a concentration that abolished the calcium oscillations (Figure 1) and used
live imaging to examine Dpp-GFP secretion dynamics using a method developed in our lab (65).
We imaged the center of the wing disc pouch where Dpp-GFP is strongly expressed at a rate of
two frames per second for 4 minutes. Regions of interest were chosen using the visible D/V
boundary as a landmark (Figure 6A, red arrowhead).
In control wing discs treated with only DMSO, Dpp-GFP secretion can be seen as bright GFP
puncta close to the Dpp releasing cells (Figure 6A, white arrow). Quantification of small regions
of interest just outside of the Dpp-GFP region of the wing disc show discrete rises in Dpp-GFP
fluorescence consistent with Dpp-GFP secretion (example trace, Figure 6C). In wing discs
treated with thapsigargin, fewer discrete rises in Dpp-GFP fluorescence can be seen, suggesting
that SERCA function is required for proper Dpp-GFP secretion (example trace, Figure 6D).
Quantification of the number of release events within matching regions of interest in control and
thapsigargin treated wing discs 5 minutes after wing disc dissection and treatment show a
significant decrease in the number of Dpp-GFP release events upon thapsigargin treatment (6.33
+/- 1.25 control vs. 2.66 +/- 0.76 thapsigargin treated, Figure 6F, n=6 wing discs, p=0.0316, t-

test). This decrease in release events persists over time and by 15 minutes post wing disc



dissection and treatment, thapsigargin treated wing discs continue to have significantly fewer
release events (6.20 +/- 1.07 control vs. 1.40+/-0.51 thapsigargin treated Figure 6G, n=5 discs,
p=0.0036, t-test). Thapsigargin significantly decreases amplitude of Dpp-GFP release events at
both the 5 minutes (16.36 AU+/- 1.93 control n=6 wing discs vs. 9.79 +/- 1.56 AU, n=6
Thapsigargin treated wing discs, p=0.024, t-test, Figure 61) and 15 minute treatment timepoints
(control 13.44+/-1.54 AU control n= 5 wing discs, vs. 7.43+/-1.08 n=5 Thapsigargin treated
wing discs, p= 0.0128 respectively by t-test Figure 6J, n=6 wing discs, p=0.0243, n=5 wing
discs, p=0.0128, respectively t-test). This reduction in amplitude suggests that thapsigargin
treatment reduces the amount of Dpp-GFP that is released at each Dpp-GFP release event in
addition to decreasing the number of release events. Thus, inhibition of SERCA with
thapsigargin treatment, abolishes spontaneous calcium oscillations in the larval wing disc, and
disrupts Dpp-GFP secretion. Similarly, reducing function of Stim with RNAi knockdown (dpp-
gal4>stim RNAi; Dpp-GFP) reduced Dpp-GFP release events compared to controls (dpp-
gal4>Dpp-GFP control 6 +/- 0.89, dpp-gal4>stimRNAi,; dpp-GFP 2.5 +/-0.34, N=6, p-
value=0.0044, t-test, Figure 6E and 6H). Stim RNAi reduced average amplitude of Dpp-GFP
fluorescence peaks by 65% compared to control larval wing discs (dpp-gal4>Dpp-GFP control
12.94 +/-1.01 AU, dpp-gal4>Stim RNAi; Dpp-GFP 8.01 +/- 0.83 AU, N=6 discs, p-
value=0.0036) Figure 6K). Dpp release events were decreased over 2-fold. This data supports the
hypothesis that ER mediated calcium oscillations are required to maintain correctly timed

BMP/Dpp secretion events.
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Figure 6: Reduction of SERCA and Stim function reduces number and amplitude of Dpp-
GFP release events. A) A representative image of a dpp> dpp-gfp wing disc shows where Dpp-
GFP release events were measured. B) A representative image of dpp>gfp shows the expression
zone. C) A representative trace of Dpp-GFP fluorescence over time from a dpp>dpp-gfp wing
disc shows a dramatic change in fluorescence associated with Dpp-GFP release. D) A
representative trace of Dpp-GFP fluorescence over time in a dpp>dpp-gfp incubated thapsigargin

shows that SERCA inhibition reduces amplitude of Dpp-GFP fluorescence changes. E) A



representative trace of Dpp-GFP fluorescence over time from a dpp>dpp-gfp, stim RNAi wing disc
shows that knock down of Stim reduces Dpp-GFP release events. F) Graphs show that the number
of Dpp-GFP release events is significantly reduced by incubation in thapsigargin for 5 min and 15
min (G). H) A graph shows that knock down of Stim reduces the number of Dpp-GFP release
events. I) A graph shows that the amplitude of Dpp-GFP release events is reduced by incubation
in thapsigargin for 5 minutes (I) and 15 minutes (J). K) A graph shows that Stim knock down

reduces the amplitude of changes in Dpp-GFP fluorescence.

Discussion

We show that developing Drosophila wings have spontaneous calcium oscillations at both
the larval and pupal stages (Figures 1, 2). These spontaneous calcium oscillations are abolished by
inhibition of SERCA and are significantly reduced by RNAi knockdown of Stim, suggesting that
they are mediated by ER calcium (Figure 1,2). Wing-specific disruption of five ion
channels/pumps (SERCA, Stim, Orai, SK, and Best2) that regulate ER calcium and cytoplasmic
levels causes severe wing defects in Drosophila (Figure 3). These severe wing phenotypes suggest
that control of cytoplasmic and ER calcium is important for Drosophila wing development.
Disruption of SERCA, Stim, Orai, SK, and Best2 changes BMP/Dpp signaling at the larval stage
(Figure 4) and pupal stage (Figure 5) demonstrating that ER calcium regulation is important for
proper function of this signaling pathway. Disruption of calcium oscillations via inhibition of
SERCA decreases BMP/Dpp-GFP secretion events and Dpp-GFP secretion event amplitude

(Figure 6). Together, these data support the hypothesis that ER calcium helps regulate spontaneous



calcium oscillations and that calcium oscillations in turn regulate the secretion of BMP/Dpp

(Figure 7).
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Figure 7 Potential model for ER calcium mediated regulation of BMP/Dpp signaling. Together
SERCA, Orai, Stim, SK, and Best2 help regulate the flux of ER calcium. Calcium movement out
of the ER potentially through IP3R regulates calcium oscillations that in turn regulate the fusion
of BMP/Dpp containing vesicles impacting downstream signaling.

Wing specific RNAi for SERCA, SK, and Best2 reduce wing venation, while disruption of
Stim and Orai causes an increase in venation and vein thickness. Evidence suggests that in some
contexts bestrophin chloride channels like Best2 provide a negative ion to counterbalance positive
Ca++ pumped into the ER. Similarly, SK is a slow leak potassium channel that counterbalances
positive Ca++ in the cytoplasm. Opposing phenotypes suggest that SERCA, SK, and Best2
counterbalance the effects of Stim and Orai on wing venation. A thickened vein phenotype can
arise if SERCA, Stim, or Orai knockdown changes Notch or BMP/Dpp signaling during the pupal
stage. Our work suggests that one of the ways that each of these channels impact wing development
is via alteration of BMP/Dpp signaling. While SERCA knockdown reduces Dpp-GFP release

events in the wing disc, it broadens the domain of Mad phosphorylation, a readout of Dpp

signaling. At first glance, these results appear contradictory, however there are multiple hypotheses



that could explain these results, which we are currently exploring. One possibility is a negative
feedback loop in which the cell surface localization of Dpp receptors depends upon regulated Dpp
release. When the presentation of the ligand is changed, Dpp receptors are retained on the cell
surface. Another possibility is that the loss of SERCA and thus change in calcium levels has a
different effect on Dpp producing cells as it does on Dpp receiving cells. For example, calcium
levels could potentially alter dynamics of intracellular receptor-associated endocytic vesicles to
increase their signaling within the cell. These possibilities could be addressed by knocking down
SERCA in clones of cells and assessing phosphorylation of Mad with an internal control.

Calcium oscillations occur throughout the pupal wing and are not strictly associated with
Dpp-producing cells. While our results suggest that ER and cytoplasmic calcium levels regulate
Dpp release, our data does not address whether observed calcium oscillations are controlling other
morphogen signaling. For example, SERCA, Stim, and Orai directly regulate ER calcium levels
and their activity is important for regulating the cell cycle, cell polarity, and Notch signaling (75-
78). Calcium oscillations could also be important for wing XXXX

If our hypothesis is correct, there must be an ER calcium release channel regulating calcium
release from the ER into the cytoplasm. A likely candidate is the inositol triphosphate receptor
(IP3R). Knockdown of IP3R disrupted calcium oscillations in the developing wing (53).
Disruption of IP3R reduces wing size and leads to a loss of the formation of the posterior crossvein
(PCV (53)). Long range BMP/Dpp signaling is essential for the formation of the PCV (79), this
phenotype is consistent with a loss of BMP/Dpp signaling making IP3R a likely candidate for
regulating the ER calcium release that may be necessary for regulation of BMP/Dpp secretion.
Future experiments will determine if reduction in IP3R function impacts Dpp release and Mad

phosphorylation in the wing disc.
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Our data add to a growing body of evidence that the spontaneous calcium oscillations in a
wide variety of organisms play an essential role in development. Calcium oscillations have been
reported in cultures of mesenchymal stem cells (80), chondrocytes (81), osteoblasts (82),
keratinocytes (83), endothelial cells (84-86), and epithelial cells (87-90), during early embryonic
development in zebrafish (55), Xenopus (56), and mouse embryos (reviewed in (91). Spontaneous
calcium oscillations can be found in developing chick feather buds, and disruption of these
oscillations leads to disrupted cellular migration and feather bud defects (37). In blue pansy
butterflies’ disruption of spontaneous calcium waves during pupal wing development leads to
defects in wing scale development and eye spot formation (49). Calcium oscillations have
previously been reported in the larval Drosophila wing disc (2, 52-54). We show that these calcium
oscillations occur in vivo at the pupal stage of Drosophila wing development (Figure 2). The
presence of calcium oscillations in various developing tissues and organisms suggests that
oscillations may play an overlooked role in cellular communication during development.

Regulation of endoplasmic reticulum (ER) calcium stores is required for the functioning of
multiple developmental signaling pathways. Orail, a Ca®" release activated Ca** (CRAC) channel
that mediates calcium entry to the cell when ER calcium stores are depleted, is required for BMP
signaling in mice (92). In humans, mutations in the genes encoding STIM1 and ORAI1 are
associated with developmental defects including facial dysmorphism, severe dental enamel
defects, and abnormalities of the skin, consistent with the evidence that these channels may
regulate developmental signaling pathways (93-95). Work done in human leukemia cells suggests
that SERCA may be important for the Notch signaling pathway with disruption of SERCA
resulting in a loss of surface accumulation of Notch (96). SERCA and Stim, another CRAC

channel that works with Orai, are both important for proper Notch signaling in Drosophila,



suggesting that ER calcium regulation may contribute to regulating Notch signaling in addition to
BMP/Dpp (73, 97, 98). Disruption of Stim in the Drosophila wing results in wing defects including
thickening of the veins, and overexpression of Stim leads to defects in Wg signaling (73). These
defects could be rescued by expression of a constitutively active Notch allele, suggesting that Stim
may play a role in Notch signaling (73).

The ion channels we investigated are primarily involved in replenishing ER calcium stores
(CRAC and SOCE related channels) rather than the flux of calcium out of the ER. However, the
inositol triphosphate receptor (IP3R), which mediates release of calcium from the ER, is required
for the propagation of calcium oscillations in the Drosophila wing disc (50, 52). Furthermore,
wing specific RNAi knockdown of IP3R reduces wing size, causes venation defects including
incomplete posterior cross vein, and causes the wings-held out phenotype, three Dpp loss-of-

function h)henotypes (53). K}ap junctions, which mediate calcium flux between cells, are required

for calcium oscillation propagation and for normal wing ddvelopment‘ (37,50, 52). Together, these
data suggest that ER calcium stores — and the flux of calcium into and out of the ER — play an
essential role in regulating the calcium oscillations that occur in developing tissues.

We show that the spontaneous calcium transients in developing tissues may regulate cell-
cell communication by regulating canonical developmental signaling pathways. Using GFP tagged
Dpp to investigate BMP/Dpp secretion dynamics, we found that blocking calcium transients via
inhibition of the calcium ATPase SERCA disrupts Dpp-GFP secretion (Figure 6). This agrees with
prior research from our lab showing that disruption of an inwardly rectifying potassium channel
abolishes calcium oscillations and disrupts Dpp-GFP release (2). In pancreatic B-cells, rises in
cytoplasmic calcium induce insulin secretion (18, 99, 100). In neurons, transient increases in

calcium regulate the release of neurotransmitters at synapses (101, 102). The secretion of
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hormones in neuroendocrine cells is similarly controlled by calcium (103-105). Changes in
calcium levels also induce the exocytosis of insulin-containing secretory granules in pancreatic 3-
cells (106). Our results propose that a similar mechanism may be used to regulate the secretion of
BMP/Dpp in the developing Drosophila wing.

Indeed, other similarities to the mechanisms of neurotransmitter or insulin release in
excitable cells have been found in developing tissues. In neurons and pancreatic B cells,
intracellular calcium activates the SNARE complex of proteins to mediate vesicle fusion and
control release of signaling components (102, 107). The exocyst complex acts in cells to regulate
the trafficking of vesicles to the cell’s surface for SNARE mediated fusion (108). There is evidence
that members of the SNARE and exocyst complexes also play roles in the development of non-
neuronal tissues and may regulate trafficking of developmental signaling pathway components.
Knockdown of synaptobrevin, a member of the SNARE complex family, or synaptotagmin-1, a
calcium sensor that activates the SNARE complex, causes a disruption in BMP/Dpp signaling in
the Drosophila air sac primordium (54). In Drosophila ovary stem cells Sec5, Sec6, Sec10, and
Secl15 are required for BMP/Dpp signaling and in Drosophila testis stem cells knockdown of Sec6
or Sec8 results in subsurface accumulation of Dpp (109, 110). In the Drosophila larval wing disc
Dpp accumulated subcellularly when cells lacked Sec5 and reducing Sec5 copy number rescued
lethality of Dpp overexpression (109). These data support a model in which calcium regulates the
vesicular secretion of BMP/Dpp to regulate wing development (Figure 7).

The oscillatory nature of the calcium fluctuations that we observed as well as our
observations of the dynamics of Dpp-GFP secretion suggests that BMP/Dpp may be secreted in a
pulsatile manner rather than constitutively. Temporal dynamics of exposure to the BMP/Dpp-like

ligand TGFp were important for the transcriptional response of receiving cells within a stem cell



culture model (1). Pulses of ligand exposure resulted in far higher transcriptional responses and a
better regulation of cell fate than constant ligand exposure (1). This result may be due to negative
feedback loops, where a constant exposure to ligand induces a higher level of negative feedback
(such as receptor internalization or inhibition) than pulsatile ligand exposure does, resulting in
more pathway downregulation (1, 111). Future work comparing the dynamics of calcium
oscillations and the dynamics of BMP/Dpp pulsatile secretion would help determine whether
calcium oscillation drive BMP/Dpp pulses.

ER calcium inhibition might disrupt BMP/Dpp signaling because it is important for
formation or maintenance of the filipodia-like cell-cell signaling structures known as cytonemes.
It is possible that thapsigargin mediated inhibition of SERCA may disrupt the formation of
cytonemes that are important for signaling in the wing disc. SERCA function may be important
for cytoneme formation in the air sac primordium and that cytonemes are required for proper
BMP/Dpp signaling in the ASP (54). Thapsigargin treatment of the wing discs may similarly
disrupt BMP/Dpp signaling by its effects on cytoneme formation or maintenance.

While our work suggests that calcium oscillations are necessary for proper BMP/Dpp
release, future experiments are needed to probe whether calcium is sufficient to induce BMP/Dpp
release. Our experiments do not eliminate the possibility that inhibition of SERCA with
thapsigargin causes cell death or protein misfolding leading to the failure of BMP/Dpp releasing
cells to secrete BMP/Dpp. Thapsigargin can induce apoptosis (112). To avoid inducing cell death,
we treated wing discs with thapsigargin for only five minutes before imaging Dpp-GFP secretion
(see Methods). Other studies show that cells must be exposed to thapsigargin for hours rather than
minutes to induce cell death (112, 113). We saw a decrease in Dpp-GFP secretion events and

fluorescence amplitude within five minutes of thapsigargin treatment, suggesting that SERCA



inhibition causes BMP/Dpp secretion disruption prior to any potential cell death. We tested for
apoptosis in Thapsigargin treated, SERCA RNAI, or Stim RNAi wing discs and found no apoptosis
in 3" instar wing discs in any of these conditions (Supplemental figure X). Future studies looking
at BMP/Dpp secretion upon induction of calcium oscillations with channel rhodopsin will be able
to determine whether calcium oscillations directly induce BMP/Dpp secretion or are simply
necessary to provide the conditions for BMP/Dpp secretion.

It is interesting to note that our results suggest that BMP/Dpp signaling is most disrupted
at the pupal stage rather than the larval stage (Figure 4, 5). Due to the technical difficulties of
treating pupal wings with thapsigargin, however, we investigated the secretion dynamics of
BMP/Dpp at the larval stage (Figure 6). While BMP/Dpp signaling is only slightly impacted at the
larval stage upon expression of SERCA RNAi (Figure 4K-N), we found a disruption of BMP/Dpp
secretion dynamics upon treatment with thapsigargin at this developmental stage (Figure 6). This
difference may be due to the very strong inhibitory impact of thapsigargin on SERCA (114) as
opposed to the potentially lessor impact of the RNAi construct on SERCA expression. Our results
also suggest that thapsigargin treatment does not entirely abolish Dpp-GFP secretion, as
thapsigargin treated wing discs still exhibit Dpp-GFP release (Figure 6). It is possible that this
decrease in Dpp-GFP secretion is not significant enough to cause large changes in downstream
BMP/Dpp signaling explaining our immunohistochemistry results. Calcium oscillations in the
developing wing disc are highest during early development and was reduced as the wing disc
approached the late third instar stage (53). We examined both p-Mad levels and the impact of
thapsigargin on Dpp-GFP secretion at the late third instar stage, the relatively modest impacts of
ER calcium channel disruption on Dpp-GFP secretion and Mad phosphorylation is consistent with

the reduced calcium activity at this stage. Future studies investigating the impact of ER calcium
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channel disruption on Mad phosphorylation and Dpp-GFP secretion in the wing disc at the second
instar stage when calcium activity is higher will help elucidate whether BMP/Dpp signaling levels
correlate with calcium activity. We observed calcium activity during the pupal stage and more
dramatic impacts on BMP/Dpp signaling at this later stage (Figure 2 and 5). Future studies
investigating whether disrupting ER calcium oscillations during the pupal stage via expression of
SERCA RNAIi more significantly disrupts BMP/Dpp secretion will help determine whether the
more severe impacts on BMP/Dpp seen at the pupal stage are due to a greater disruption in
BMP/Dpp secretion. Because ER calcium plays important roles in many cellular processes
including cell death and cell cycle regulation, it is likely that the severe phenotypes seen in adult
Drosophila wings upon expression of SERCA, Orai, Stim, SK, or Best2 RNAIi are due to the
cumulative impacts of disruptions of multiple processes rather than a disruption of BMP/Dpp
signaling alone.

We show that the ER calcium regulating channels are necessary for Drosophila wing
development and help mediate spontaneous calcium oscillations the developing wing at both the
larval and pupal stages. Our results suggest that that BMP/Dpp is secreted in a pulsatile manner
requiring the function of SERCA and Stim. Disruption of the spontaneous calcium oscillations that
occur in the larval wing via SERCA inhibition disrupts BMP/Dpp secretion, suggesting one

mechanism by which ER calcium regulates development.
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