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ABSTRACT Endoplasmic reticulum (ER) calcium homeostasis is disrupted in diverse patholo-
gies, including neurodegeneration, cardiovascular diseases, and diabetes. Temporally defin-
ing calcium dysregulation during disease progression, however, has been challenging. Here
we describe secreted ER calcium-monitoring proteins (SERCaMPs), which allow for longitudi-
nal monitoring of ER calcium homeostasis. We identified a carboxy-terminal modification that
is sufficient to confer release of a protein specifically in response to ER calcium depletion. A
Gaussia luciferase (GLuc)-based SERCaMP provides a simple and sensitive method to moni-
tor ER calcium homeostasis in vitro or in vivo by analyzing culture medium or blood. GLuc-
SERCaMPs revealed ER calcium depletion in rat primary neurons exposed to various ER stres-
sors. In vivo, ER calcium disruption in rat liver was monitored over several days by repeated
sampling of blood. Our results suggest that SERCaMPs will have broad applications for the
long-term monitoring of ER calcium homeostasis and the development of therapeutic ap-
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proaches to counteract ER calcium dysregulation.

INTRODUCTION

Endoplasmic reticulum (ER) calcium is necessary for numerous intrin-
sic ER functions, including protein folding (Burdakov et al., 2005),
lipid metabolism (Fu et al., 2011), and trafficking of proteins through
the secretory pathway (Di Jeso et al., 1998). In addition, the gradient
created across the ER membrane is necessary for calcium-depen-
dent signaling pathways, the regulation of vesicle trafficking
(Micaroni, 2010), and ER-mitochondria cross-talk (Mattson et al.,
2000). Calcium in the ER lumen is maintained at concentrations
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1000- to 10,000-fold greater than in the cytoplasm by the sarco/
endoplasmic reticulum Ca?* ATPase (SERCA), a pump that trans-
ports Ca?* ions from the cytoplasm into the ER lumen. The majority
of calcium efflux from the ER is mediated by the ryanodine receptor
(RyR) and inositol triphosphate receptor (IP3R), calcium channels
that are activated by various cellular signals (Lanner et al., 2010;
Taylor and Tovey, 2010). Depletion of the ER calcium store can re-
duce chaperone activity and thereby activate the unfolded protein
response, a set of cellular adaptations that can have both helpful
and harmful effects (Rutkowski and Kaufman, 2004). The importance
of tight control over ER calcium is demonstrated by polymorphisms
that alter function of SERCA (Brody's disease and Darier's disease;
Odermatt et al., 1996; Sakuntabhai et al., 1999) and RyR (malignant
hyperthermia) (Gillard et al., 1992). Dysregulated ER calcium ho-
meostasis is also implicated in cardiac disease, diabetes, cancer,
and neurologic diseases, among others (Mekahli et al., 2011). A
common feature of these diverse pathologies is the depletion of ER
calcium, and approaches to reverse this process have great thera-
peutic potential.

Delineating the causal relationship between ER calcium imbal-
ance and disease progression is challenging due to limitations in
available methodologies. The development and recent improve-
ment of calcium-sensitive dyes and fluorescent proteins has led to
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significant advances in measuring ER calcium in vitro (Palmer et al.,
2004; Rehberg et al., 2008; Tang et al., 2011). These approaches,
however, have limitations that prevent them from being used in ex-
tended studies, which are often required to model disease progres-
sion. For example, assessing ER calcium in whole tissue is limited to
single—time point ex vivo analyses or surgery to visualize the tissue
of interest (Hara et al., 2004). Our goal was to develop an approach
to longitudinally monitor ER calcium homeostasis in vitro and in
vivo, thereby providing a platform to investigate the contribution of
ER calcium imbalance to disease pathogenesis.

Our recent study demonstrated that the carboxy-terminal
sequence of mesencephalic astrocyte-derived neurotrophic factor
(MANF), alanine-serine-alanine-arginine-threonine-aspartic ~ acid-
leucine (ASARTDL), was required for its secretion in response to ER
stress (Henderson et al.,, 2013). Here we determined that the
C-terminal ASARTDL sequence is sufficient to specifically confer
ER calcium-depletion-dependent secretion when appended to un-
related secreted proteins. We developed and characterized a
Gaussia luciferase-based secreted ER calcium-monitoring protein
(SERCaMP), which can be used to monitor ER calcium homeostasis
over time via sampling extracellular fluids both in vitro and in vivo.
Overall the ability to create proteins that are released in response
to ER calcium depletion has great potential for examining the rela-
tionship between ER calcium and pathogenesis, for use as a bio-
marker of disease states, and possibly for regulating the release of
therapeutic proteins.

RESULTS

Analysis of reporters tagged with KDEL-like C-terminal
sequences

Our previous studies revealed that the ASARTDL sequence of MANF
was required for thapsigargin (Tg)-induced secretion (Henderson
et al., 2013). To further assess the properties of the ASARTDL se-
quence, we created SH-SY5Y neuroblastoma cell lines that stably
express green fluorescent protein (GFP)-ASARTDL, GFP-ASAKDEL
(KDEL = canonical ER retention signal), or untagged GFP (Figure
1A). The signal peptide of MANF was appended to the N-terminus
of each construct to allow access to the secretory pathway. As ex-
pected, we observed intracellular retention of the ASARTDL and
ASAKDEL variants and increased secretion of the untagged variant
(Figure 1, B-D). We next examined secretory responsiveness to Tg
and observed a dose-dependentincrease in secreted GFP-ASARTDL
(Figure 1E).

Owing to limitations imposed when using GFP as a reporter—
primarily low signal-to-noise ratio when sampling from culture me-
dia—we created a set of Gaussia luciferase (GLuc)-based reporters.
In addition to the aforementioned carboxy-terminal sequences,
we constructed two additional variants: RTDL (lacking ASA) and
ASAKTEL (KTEL = C-terminus of cerebral dopamine neurotrophic
factor, or CDNF, a homologue of MANF; Lindholm et al., 2007;
Figure 1F). Successful targeting of GLuc-ASARTDL to the ER was
demonstrated by immunofluorescence analysis (Figure 1G). To con-
firm the Tg-inducible secretion, we tested four independently de-
rived stable cell lines expressing GLuc-ASARTDL and observed a
dose-dependent increase in secretion for all lines tested (Supple-
mental Figure STA). Using recombinant GLuc protein, we observed
a linear relationship between luminescence and GLuc concentration
in culture medium between 1 pg/ml and 1 pg/ml (Supplemental
Figure S1B). The sensitivity of the GLuc assay enabled detection of
Tg-induced release of GLuc-ASARTDL from <20 cells (Figure 1H
and Supplemental Figure S1C). We next compared secretion of
the GLuc variants with unique C-terminal tails. Untagged Gluc
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exhibited the highest basal secretion (Figure 11), and GLuc-ASARTDL
had the greatest secretory response to Tg (Figure 1J). The untagged
GLuc showed a minimal response to Tg and serves as a control for
nonspecific effects on global secretion in subsequent experiments.
Although the majority of our experiments use cells stably expressing
GLuc-ASARTDL, we also observed Tg-inducible secretion in a tran-
sient transfection model (Supplemental Figure S1, D and E). In addi-
tion, we observed similar results when the endogenous signal pep-
tide of Gluc was used in place of the MANF signal peptide
(Supplemental Figure S1F).

GLuc-ASARTDL secretion does not occur in response

to all forms of ER stress

A major effect of Tg treatment is the induction of an ER stress re-
sponse (ERSR), and we speculated that activation of this pathway
might contribute to release of ASARTDL-tagged proteins. We com-
pared the timing of GLuc-ASARTDL release to up-regulation of the
ER chaperone BiP (GRP78), a classic marker of ERSR activation (Lee,
2005). Secreted Gluc was stable, once released into culture me-
dium (Supplemental Figure S1G), and therefore accumulates after
release. To assess the timing of GLuc-ASARTDL release relative to
Tg, a small volume of medium (5 pl) was collected and measured at
multiple time points (repeatedly from the same well) and compared
with the time-matched vehicle control. The levels of secreted GLuc-
ASARTDL increased before the increase in intracellular BiP protein
(Figure 2, A and B). The relatively rapid accumulation of GLuc-
ASARTDL in the medium suggested that the secretion response was
not dependent on ERSR transcriptional events. We confirmed that
Tg-induced GLuc-ASARTDL secretion did not require new protein
synthesis, using a 1-h pretreatment with cycloheximide (Supplemen-
tal Figure S2A); however, active trafficking through the classic secre-
tory pathway was required based on inhibition with brefeldin A
(Supplemental Figure S2C). Neither BFA nor cycloheximide pre-
treatment altered cell viability, as assessed by MTS assay (Supple-
mental Figure S2, B and D). These results support a model in which
ASARTDL-tagged proteins are maintained in the ER and traverse
the secretory pathway in response to a cellular stress signal.

To further examine the relationship between secretion and ER
stress, we tested additional stress-inducing compounds. A glycosy-
lation inhibitor, tunicamycin, and reducing agent, dithiothreitol
(DTT), both failed to increase the level of secreted GLuc-ASARTDL
(Figure 2C) despite their ability to activate ERSR as shown by BiP
up-regulation (Figure 2D) and decreased cell viability (Supplemental
Figure S2H). To rule out the possibility that these compounds were
preventing proper folding and maturation of GLuc, which would
preclude ER stress—induced release, cells exposed to tunicamycin or
DTT were subsequently treated with Tg. The GLuc-ASARTDL pro-
tein was in fact mature and still “secretable” in the presence of tuni-
camycin and DTT, further supporting the interpretation that release
of ASARTDL-tagged proteins is not a general response to ER stress
(Figure 2, E and F). Of note, secretion of ASARTDL-tagged GFP was
also unresponsive to tunicamycin or DTT treatment (Supplemental
Figure S2, E and F). In addition, release does not appear to be a
general consequence of cell death, as there was no correlation be-
tween cell viability and extracellular GLuc-ASARTDL when a panel
of stress-inducing molecules was assessed (Supplemental Figure S2,
G and H).

GLuc-ASARTDL is secreted in response ER calcium
imbalance

Thapsigargin disrupts ER calcium homeostasis by irreversibly inhibit-
ing the ER calcium ATPase, SERCA (Davidson and Varhol, 1995). To
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FIGURE 1: Creating a SERCaMP using a carboxy-terminal ASARTDL tag. (A) GFP-fusion proteins
were constructed to study the secretory properties of C-terminal ASARTDL and ASAKDEL
sequences. The signal peptide of MANF was appended upstream of GFP to target the proteins
to the secretory pathway. (B) GFP-ASARTDL and GFP-ASAKDEL show increased intracellular
fluorescence compared with untagged GFP by epifluorescence microscopy. Scale bar, 100 pm.
(C) Intracellular levels of the GFP variants were examined by immunoblot. (D) Comparison of
intracellular and secreted GFP. Intracellular levels were analyzed by densitometry of GFP
immunoblots and normalized to actin (mean + SD, n = 3, one-way analysis of variance [ANOVA],
p < 0.001; *p < 0.001, Newman-Keuls multiple comparison test vs. ASAKDEL; #p < 0.001,
Newman-Keuls multiple comparison test vs. No Tag). Secreted levels were examined by
measuring fluorescence of medium collected from cells (mean + SD, n = 4, one-way ANOVA,

p < 0.001; #p < 0.001 by Newman-Keuls multiple comparison test vs. No Tag). (E) Secretion of
GFP-ASARTDL is more responsive to thapsigargin than GFP-ASAKDEL (mean + SD, n = 4).

(F) Schematic of Gaussia luciferase (GLuc) fusion proteins. This first 18 aa of GLuc
(MGVKVLFALICIAVAEAK, signal sequence) were replaced with the signal sequence of MANF
(aa 1-23, MWATQGLAVALALSVLPGSRALR). The final amino acids of MANF (ASARTDL), or
additional similar sequences, were appended to the C-terminus. (G) GLuc-ASARTDL localizes to
the ER of SH-SY5Y cells. SH-SY5Y-GLuc-ASARTDL stable cells were transiently transfected with a

2830 | M. J.Henderson etal.

confirm the effect of SERCA inhibition on
GLuc-ASARTDL release, we tested the re-
versible inhibitor cyclopiazonic acid (CPA;
Seidler et al., 1989), which dose depend-
ently increased secretion of GLuc-ASARTDL
(Figure 3A). Washout experiments revealed
that a minimum of 20 min of CPA treatment
triggered subsequent release of Gluc-
ASARTDL over the next 2 h (Figure 3B).
Hence, we hypothesized that release of
ASARTDL proteins was due to alterations in
ER calcium levels. Treatment of cells with
A23187, a calcium ionophore that allows
calcium ions to freely cross lipid bilayers,
caused a dose-dependent release of GLuc-
ASARTDL (Supplemental Figure S3A) but
had a minimal effect on untagged GlLuc
(Figure 3C). SERCA inhibitors and A23187
deplete calcium in ER but also increase cal-
cium in cytoplasm. To separate the contribu-
tion of cytoplasmic versus ER calcium on the
release of ASARTDL proteins, we used the
low-affinity calcium chelator tetrakis-2-pyri-
dylmethyl-ethylenediamine (TPEN). This ap-
proach allowed for Ca?* depletion in high-
concentration organellar compartments
without a corresponding increase in cyto-
plasmic levels (Hofer et al., 1998). We ob-
served a dose-dependent increase in GLuc-
ASARTDL release after 2 h of TPEN
treatment (Supplemental Figure S3B). TPEN-
induced release was not observed for un-
tagged GLuc, which decreased after treat-
ment (Figure 3D). These results support
secretion of ASARTDL-tagged proteins in
response to ER calcium depletion.

We predicted that inhibiting calcium ef-
flux from the ER would reduce release of
GLuc-ASARTDL. To delay ER calcium deple-
tion in the presence of Tg, we treated cells

DsRed-ER plasmid, immunostained with
anti-GLuc, and examined by confocal
microscopy (blue, 4’,6-diamidino-2-
phenylindole [DAPI]). Scale bar, 10 pm.

(H) The minimum number of GLuc-ASARTDL
cells required for the secretion assay was
assessed. SH-SY5Y-GLuc-ASARTDL cells were
plated at the indicated densities
(supplemented with parental SH-SY5Y to
50,000 cells/well, 96-well plate). After
overnight incubation, cells were treated for
2 h with 300 nM Tg (or vehicle), and luciferase
was measured in the medium (mean, n= 6).
Thapsigargin-induced secretion (relative to
vehicle) is indicated for each density. (1) Basal
secretion of the GLuc variants was assessed
24 h after plating cells at equal density

(n =30 wells, normalized to ASARTDL
variant). (J) SH-SY5Y cells stably expressing
the carboxy-terminal GLuc variants were
treated with Tg for 4 h, and medium was
assayed for luminescence (mean £ SD, n = 6).
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FIGURE 2: GLuc-ASARTDL release precedes BiP up-regulation and does not occur in response
to all forms of ER stress. (A) Temporal analysis of BiP up-regulation in SH-SY5Y cells treated with
300 nM thapsigargin. Cells were lysed at the indicated time points after treatment and lysates
examined by immunoblot for BiP. (B) Release of GLuc-ASARTDL precedes BiP up-regulation.
Luciferase activity was compared with BiP protein levels in SH-SY5Y cells treated with 300 nM
Tg. BiP protein levels are relative to expression at t = 0 (mean + SD, n = 3, one-way ANOVA,

p < 0.001; *p < 0.05 by Dunnett’s multiple comparison test). Secreted luciferase values were
normalized to the vehicle control at each time point to examine the Tg-induced release

(mean = SD, n =6, one-way ANOVA, p < 0.001), *p < 0.05 by Dunnett’s multiple comparison
test). (C) SH-SY5Y cells stably expressing GLuc-ASARTDL were incubated with increasing
concentrations of thapsigargin (blue), tunicamycin (red), or DTT (green) for 6 h. Secreted
luciferase was measured (mean + SD, n = 3). (D) DTT and tunicamycin treatment elevate BiP
expression but do not alter secretion of GLuc-ASARTDL. Lysates were collected from cells
(treated as described in C) and immunoblotted for BiP and actin. (E) GLuc-ASARTDL in
tunicamycin-treated cells remains “secretable.” Cells were treated with 3 pg/ml tunicamycin for
3 h, followed by 300 nM thapsigargin for 3 h. Luciferase activity was measured in the medium
(mean = SD, n=12). (F) GLuc-ASARTDL in DTT-treated cells remains “secretable.” Cells were
treated with 500 uM DTT for 3 h, followed by 300 nM thapsigargin for an additional 3 h.
Luciferase activity was measured in the medium (mean + SD, n=12).

with dantrolene and xestospongin C to inhibit ryanodine and IP3
receptors, respectively. Dantrolene dose dependently inhibited Tg-
induced release (Figure 3E) but had no effect on untagged GlLuc
secretion (Figure 3F). Inhibition of IP3R with xestospongin C showed
a minimal effect on secretion (Supplemental Figure S3C) and no ef-
fect on cell viability (Supplemental Figure 3D). To examine the pos-
sibility that RyR activity may compensate during IP3R inhibition, we
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tested for synergism of the two compounds.
We observed no change from the individual
treatments, suggesting that the release
mechanism is primarily associated with RyR-
regulated Ca?* pools in SH-SY5Y cells (Sup-
plemental Figure S3E). Neither dantrolene
nor xestospongin C nor the combination
treatment had an effect on cell viability as as-
sessed by ATP assay (Supplemental Figure
S3F). On the basis of these results implicat-
ing RyR activity, we hypothesized that caf-
feine, a RyR agonist at high concentrations,
would induce ER Ca?* depletion and aug-
ment secretion of GLuc-ASARTDL. We ob-
served a dose-dependent release in response
to caffeine (Figure 3G and Supplemental
Figure S3G), whereas untagged GLuc release
was inhibited (Figure 3G). We tested an ad-
ditional agonist of the RyR, 4-chloro-m-cresol
(Herrmann-Frank et al., 1996), which in-
creased release and augmented Tg-induced
GLuc-ASARTDL release (Figure 3H).

GLuc-ASARTDL release is regulated by
the KDEL receptor

To gain insight into the mechanism of re-
lease in response to calcium depletion, we
examined the contribution of the Lys-Asp-
Glu-Leu endoplasmic reticulum protein re-
tention receptor (KDELR). The RTDL se-
quence is structurally similar to the
canonical KDEL sequence, which interacts
with KDELRs as part of the Golgi-to-ER
protein retrieval system (Raykhel et al.,
2007). Our previous work revealed that se-
cretion of the neurotrophic factor MANF
(ASARTDL protein) is modulated by
KDELRs (Henderson et al., 2013). To deter-
mine whether GLuc-ASARTDL secretion is
also affected by KDELRs, we overex-
pressed KDELR in the stable reporter cell
lines. Increasing the multiplicity of infec-
tion (MQOI) of lentivirus encoding human
KDELR decreased GLuc-ASARTDL secre-
tion after Tg treatment, whereas virus con-
taining noncoding vector had minimal ef-
fect (Figure 4, A and B). Furthermore,
KDELR had no effect on untagged Gluc,
indicating the ASARTDL is required for the
KDELR effect on secretion (Figure 4C). To
determine whether the ASARTDL directly
interacts with the KDELR, we developed
an enzyme-linked immunosorbent assay
(ELISA) approach in which KDELR-myc-
FLAG was captured in microwells using

FLAG or myc antibodies (Supplemental Figure S4, A and B). When
cell culture medium samples containing equivalent amounts of
the GlLuc-protein were incubated with the KDELR-coated plates,
we observed increased retention of the ASAKDEL and ASARTDL
variants compared with the untagged control, suggesting that
there is a physical interaction between these sequences and the
KDELR (Figure 4D). Overall these results demonstrate that the
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FIGURE 3: GLuc-ASARTDL secretion is triggered by ER calcium depletion. (A) SH-SY5Y stable
cell lines were treated with the reversible SERCA inhibitor cyclopiazonic acid (CPA). After 6 h,
luciferase was measured in the medium (mean £ SD, n= 12, one-way ANOVA, p < 0.001 for
each variant; *p < 0.001 by Dunnett’s multiple comparison test vs. vehicle control). (B) Stable
cells were treated with 50 uM CPA for varying durations, followed by washout with six 50%
medium exchanges. Luminescence values represent the CPA-induced response, as CPA-treated
samples were normalized to the time-matched vehicle-treated wells. CPA-induced release was
assessed immediately after treatment (solid lines) and 2 h after washout (dashed lines; mean +
SEM, n =12, two-way ANOVA, p < 0.001; *p < 0.001 by Bonferroni multiple comparison test
pretreatment vs. 2 h posttreatment). (C) The calcium ionophore A23187 increases secretion of
GLuc-ASARTDL but has no effect on untagged GLuc. Cells were treated with 5 pM A23817, and
luciferase activity was measured in the medium after 6 h (mean + SD, n = 8, two-way ANOVA,

p < 0.001 for treatment and cell line; *p < 0.001 by Bonferroni multiple comparisons). (D) The
low-affinity calcium chelator TPEN induces secretion of GLuc-ASARTDL. Stable cells were
treated with 1 mM TPEN as described in Materials and Methods, and luciferase activity was
measured in the medium after 5 h (mean + SEM, n = 10, two-way ANOVA, p < 0.001 for
treatment and cell line; *p < 0.01 by Bonferroni multiple comparisons). (E) SH-SY5Y-GLuc-
ASARTDL cells were pretreated with dantrolene for 30 min before addition of 300 nM
thapsigargin. Luciferase activity was measured in the medium after 4 h (mean £ SD, n=6,
one-way ANOVA, p < 0.001; *p < 0.05; **p < 0.001 by Dunnett’s multiple comparison test vs.
vehicle control). (F) Stable SH-SY5Y cells were pretreated with 60 uM dantrolene for 30 min and
treated with 300 nM thapsigargin for 6 h. Luciferase activity was measured in the medium (mean
+SD, n=8, two-way ANOVA, p < 0.001 for treatment and cell line; *p < 0.001 by Bonferroni
multiple comparisons Tg vs. Tg plus dantrolene). (G) Luciferase activity was measured in medium
collected from stable cell lines 72 h after adding 1, 5, or 10 mM caffeine (mean + SD, n=6,
two-way ANOVA, p < 0.001 for treatment and cell line; *p < 0.001 by Bonferroni multiple
comparisons). (H) Stable cells were pretreated with 4-chloro-m-cresol (4CmC) or vehicle control
for 30 min. Then 100 nM Tg or vehicle control was added, and GLuc was measured in the
medium after 24 h (mean + SD, n = 6, one-way ANOVA, p < 0.001; *p < 0.05, **p < 0.001 by
Dunnett’s multiple comparison test vs. vehicle control).

calcium-dependent secretion of ASARTDL can be modulated by
KDELRs, potentially via changes to the direct interactions be-
tween the proteins.

2832 | M. J. Henderson et al.

SERCaMP can be used in vitro to
examine ER Ca?* dysregulation in
primary neurons

The characteristics of GLuc-ASARTDL re-
lease suggest that it could be used as a re-
porter of ER calcium homeostasis in vitro
and in vivo. To test the feasibility of this
strategy in vitro, we developed a rat primary
cortical neuron (PCN) model using adeno-
associated virus (AAV) vectors (Figure 5A).
We confirmed Tg-induced release from
PCNs transduced with AAV-GLuc-ASARTDL,
with elevated secretion observed as early as
2 h after treatment (Figure 5B). Release from
PCNs was augmented by caffeine treatment
(Supplemental Figure S5A) and inhibited by
dantrolene (Supplemental Figure S5C), con-
sistent with responsiveness to ER calcium
depletion. In addition, overexpressing
KDELR protein inhibited the Tg-induced re-
lease (Supplemental Figure S5D).

We next examined hyperthermia and
glutamate toxicity, two physiologically rele-
vant models of ER stress. Hyperthermia is a
known activator of heat shock and ER stress
response pathways (Xu et al., 2011). Gluta-
mate activates IP3Rs through metabotropic
glutamate receptors, with excessive signal-
ing causing ER stress—associated neurotox-
icity (Sokka et al., 2007). The effects of hy-
perthermia and glutamate toxicity on ER
calcium, however, are not completely de-
fined. We observed an increase in secretion
of GLuc-ASARTDL from PCNs for each
model, indicating that ER calcium depletion
is caused by these insults (Figure 5, C-E).
Hyperthermia showed a similar effect in the
SH-SY5Y-GLuc-ASARTDL  stable cell line
(Supplemental Figure S6, A and B).

We also examined members of the cy-
clooxygenase-2 (COX-2) inhibitor (coxib)
class of compounds, as recent evidence re-
veals that a subset of these drugs have off-
target inhibitory effects on SERCA (Figure
5F, schematic; Johnson et al., 2002; Pyrko
et al., 2007). As predicted, celecoxib and its
noncoxib analogue 2,5-dimethyl-celecoxib
(DMC) both increased secretion of Gluc-
ASARTDL but had no effect on untagged
GlLuc (Figure 5, G and H). Valdecoxib, a
coxib that has no reported activity on
SERCA, did not alter the secretion of either
variant (Figure 5, G and H). Of importance,
dantrolene was able to diminish the effect of
both DMC and celecoxib, implying that ER
calcium depletion is a result of drug treat-
ment (Figure 5I).

Liver SERCaMP is released into the
blood after SERCA inhibition

To verify that a SERCaMP could be used in vivo, we developed a
model to monitor SERCaMP secretion from rat liver. A recent report
demonstrated that direct injection of AAV into rat liver resulted in
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3 h with 100 nM Tg. Luciferase activity was measured in the medium (mean + SD, n = 3, two-way
ANOVA, p < 0.001 for virus and MOI; *p < 0.05, **p < 0.001 by Bonferroni multiple
comparisons). (B) Cell viability at the time of luciferase assay was assessed by MTS assay (mean
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levels, which persisted for 3 d (Figure 6D).
The response to thapsigargin was similar
over a 100-fold range of AAV titers deliv-
ered intrahepatically (7.6 x 107 to 7.6 x 107
viral genomes [vg]), suggesting that a range
of SERCaMP transgene expression is possi-
ble for in vivo experiments (Figure 6D). At a
viral titer of 7.5 x 10'° vg, however, we
observed a rapid and complete loss of
enzymatic activity between days 7 and 17
(without Tg exposure), possibly due to an
immunologic response to the transgene
(Supplemental Figure S7C).

We next compared the Tg-induced re-
sponse of GLuc-ASARTDL to the untagged
control. The effect of gas anesthesia on
GLuc secretion was assessed by subjecting
the animals to three rounds of blood collec-
tion before the Tg challenge, which resulted
in no appreciable change in GLuc in plasma
(Figure 6E, —24 through O h). A single
1 mg/kg thapsigargin exposure resulted in a
small but significant increase in GLuc-No
Tag at the 50-h time point but less induction
relative to the ASARTDL variant (Figure 6E,
dark gray shaded box). GLuc levels returned
to baseline between 3 and 6 d post-Tg, con-
sistent with elevated secretion in response
to Tg exposure. Together these data sup-
port the further use and development of
SERCaMPs as genetically encoded biosen-
sors for monitoring ER calcium dysfunction.

DISCUSSION

Our results demonstrate that the carboxy-
terminal SERCaMP modification (ASARTDL)
can be used to create a reporter protein that
enables monitoring of ER calcium depletion
caused by pharmacological and pathologi-
cal conditions (Figure 7). With the robust
brightness of GLuc, we were able to detect
calcium depletion in as few as 16 cells in cul-
ture (Figure TH). This sensitivity provided an
optimal platform to assess the utility of the
reporter in vivo, where small volumes of
blood (or other body fluids) can be sampled.
Previous work indicated that GLuc can be
measured in blood and urine from rats (Badr

detectable levels of a cytoplasmic luciferase protein (Sobrevals
etal., 2012). We used a similar approach, with rats receiving intrahe-
patic injections of AAV-GLuc-ASARTDL (Figure 6A). SERCaMP ex-
pression in the liver was confirmed by immunostaining (Figure 6B
and Supplemental Figure S7A), and enzymatic activity was detect-
able in the blood, with a linear relationship between GLuc concen-
tration and activity (Supplemental Figure S7B). By intravenous injec-
tion of GLuc-ASARTDL protein into naive rats, we calculated the
half-life to be <5 min in circulation (Figure 6C). This suggests that
changes in plasma GLuc-ASARTDL secreted from the liver represent
an increase in the rate of secretion proximal to the time of sampling
and not a protracted accumulation over days.

Asingle intraperitoneal (i.p.) injection of thapsigargin at 1 mg/kg
(day 12 post-AAV) resulted in an increase in GLuc-ASARTDL plasma
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et al., 2007), and our in vivo studies reveal that GLuc-ASARTDL is
detectable in blood when expressed in the liver. The observed in-
crease in GLuc-ASARTDL in circulation after thapsigargin exposure,
followed by a return to preexposure levels, indicates the potential of
SERCaMPs for longitudinally monitoring ER calcium homeostasis in
living organisms.

The sum of our data supports a model in which a carboxy-termi-
nal ASARTDL tag, when appended to unrelated reporter proteins, is
sufficient to confer secretion in response to ER calcium depletion
but not all types of ER stress. This is in agreement with regulation of
the MANF protein, which is the origin of the SERCaMP modification.
Glembotski et al. (2012) showed that tunicamycin, DTT, and thapsi-
gargin all trigger ER stress; however, only thapsigargin induces
the secretion of MANF. Other reports indicate that the effects of
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(n =40 wells). (B) Rat PCNs were treated on DIV12 with thapsigargin, and secreted luciferase
was measured at 1, 2, 4, and 8 h posttreatment (mean + SEM, n = 8). (C) Rat PCNs were
transduced with AAV-GLuc-ASARTDL. On DIV13, cells were either shifted to 41°C or maintained
at 37°C. Gaussia luciferase was measured in the medium at 12, 24, and 48 h (mean + SEM,
n=12, two-way ANOVA; *p < 0.05, **p < 0.01 by Bonferroni multiple comparison test). (D) Rat
PCNs were equivalently transduced with the ASARTDL or untagged variant of GLuc. Luciferase
activity was measured in the medium 48 h after temperature shift (mean = SEM, n = 20, two-way
ANOVA; **p < 0.01 by Bonferroni multiple comparison test). (E) Rat PCNs were transduced with
lentivirus encoding GLuc-ASARTDL. On DIV13, glutamate was added to the cultures, and cells
were incubated for 48 h. Luciferase activity was measured in the medium at the indicated time
points post glutamate (mean + SEM, n = 6, one-way ANOVA; *p < 0.05; **p < 0.01 by Dunnett's
multiple comparison test vs. vehicle control). (F) Schematic showing the effect of coxib-type
compounds on COX-2 and SERCA. (G, H) Rat PCNs transduced with AAV-GLuc-ASARTDL (G) or
untagged AAV-GLuc (H) were treated with valdecoxib, celecoxib, or 2,5- dimethyl-celecoxib on
DIV14. Medium was measured for luciferase after 4 h (mean £ SEM, n =4, one-way ANOVA;

*p < 0.05; **p < 0.01 by Dunnett’s multiple comparison test vs. vehicle control). (I) Rat PCNs
transduced with AAV-GLuc-ASARTDL or untagged AAV-GLuc were pretreated on DIV13 with

60 pM dantrolene for 30 min before adding the coxibs. Luciferase was measured in the medium
after 1.5 h of coxib treatment (mean + SEM, n = 4, two-way ANOVA; **p < 0.01 for dantrolene
factor).
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tunicamycin and DTT on ER calcium are cell-
type dependent (Caspersen et al., 2000;
Hammadi et al., 2013), and our results sug-
gest that these compounds do not signifi-
cantly deplete the ER calcium store in SH-
SY5Y cells. We anticipate that SERCaMPs
will be a useful tool for further delineating
the relationship between ER calcium deple-
tion and ER stress in various models.

The Golgi also contains a high concen-
tration of calcium relative to the cytosol,
which is in part maintained by the same
pumps and channels found in the ER (Pizzo
et al., 2011). This overlap makes it challeng-
ing to deplete Ca?* pharmacologically from
the ER exclusively. Based on our results, it
remains possible that depletion of calcium
from other compartments of the secretory
pathway contributes to the release of SER-
CaMPs. We attempted to examine the con-
tribution of Golgi calcium using bisphenol,
an inhibitor of SPCA, the Ca?* ATPase local-
ized to the trans-Golgi (Supplemental Figure
S3H; Lai and Michelangeli, 2012). We de-
tected no change in secretion of GlLuc-
ASARTDL, indicating that any Golgi-based
release mechanism would likely be restricted
to the early Golgi, where SERCA is localized
(Pizzo et al., 2011).

The mechanism that regulates SERCaMP
release when ER calcium is depleted remains
unknown; however, we found that KDEL re-
ceptors are capable of modulating release,
similar to our previous observations for
MANF (Henderson et al., 2013). We specu-
late that the KDELR-mediated Golgi-to-ER
retrieval process is altered when secretory
pathway calcium is depleted. Of note, re-
lease of ER luminal proteins containing the
canonical KDEL sequence has previously
been observed in response to ER calcium
imbalance, although the mechanism is un-
clear (Booth and Koch, 1989). We similarly
observed release of KDEL-tagged luciferase
(Figures 1, E and J, and 3F), although at a
much lower magnitude than for ASARTDL,
suggesting the ASARTDL sequence has
lower affinity for the KDELR and is more
likely to be released after Ca?* depletion.
This is consistent with a study that demon-
strated that KDELRs more efficiently retain
proteins containing a KDEL versus an RTDL
tail (Raykhel et al., 2007). Using modified
ELISA, we detected an interaction of KDEL
receptors with  GLuc-SERCaMPs  (GLuc-
ASARTDL and GLuc-ASAKDEL (Figure 4D);
however, the nature of this interaction and
its dependence on calcium remain to be de-
termined. Overall we predict that many
KDEL-like proteins can be secreted (to
different extents) in response to calcium
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collected from tail, and plasma was assayed for GLuc activity. (B) Transgene expression in liver
was examined by immunohistochemistry. Rats were intrahepatically injected with GLuc-
ASARTDL or AAV-GFP and stained with anti-GLuc (red) to examine expression. The viral titer
injected (3 x 10" vg) was ~400-fold higher than in E (7.6 x 108 vg) to allow for detection by
immunohistochemistry. Nuclei were stained with DAPI (blue). Scale bar, 200 um. (C) Half-life of
GLuc proteins in vivo. Conditioned medium collected from stable SH-SY5Y cells was normalized
for enzymatic activity and injected into WT rats fitted with a back port connected to the jugular
vein, and blood was collected at indicated time points. Half-life is estimated to be <5 min
(one-phase decay; 95% confidence interval, 3.5-4.7 min [ASARTDL] and 3.1-3.5 min [No Tag]).
Rate of turnover for ASARTDL vs. No Tag was not significantly different (t test, p = 0.92).

(D) Effect of viral titer on SERCaMP release into plasma. Rats received intrahepatic injection of
AAV-GLuc-ASARTDL at varying titers (n = 3 each). Tg was administered intraperitoneally at

1 mg/kg (on day 12, after sampling blood for “pre” measurement), and luciferase activity was
measured in the plasma at the indicated time points (mean + SEM, normalized to the pre-Tg

on day 12). The three viral concentrations displayed similar Tg-induced secretion (two-way
ANOVA day12-day15; virus concentration F(2,21) = 0.48 [p = 0.63]; time factor F(3,21) = 13.8

[p < 0.0001]). (E) Effect of thapsigargin on plasma levels of GLuc-ASARTDL and GLuc-No Tag
was assessed (mean + SEM, n= 15 [ASARTDL], n =10 [No Tag]). The light gray shaded box
indicates pre-thapsigargin samples, to monitor the effect of gas isoflurane anesthesia. Blood was
collected 6, 24, 31, 50, and 144 h after 1 mg/kg Tg administration, indicated by the dark gray
shaded box (ASARTDL: one-way ANOVA, p < 0.001; ***p < 0.001, ****p < 0.0001 by Dunnett’s
multiple comparison test vs. 0 h; No Tag: 1-way ANOVA, p = 0.09; *p < 0.05 by Dunnett'’s
multiple comparison test vs. 0 h). Thapsigargin-induced response was greater for ASARTDL than
with No Tag (two-way ANOVA, p < 0.0001).

days after
virus
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depletion and these C-terminal sequences
(Raykhel et al., 2007) are good candidates
for creating additional SERCaMPs.

The stability of GLuc-SERCaMP in vitro
(>72 h in culture medium; Supplemental
Figure S1G) and in vivo (<5 min in rat circula-
tion; Figure 6C) was starkly different, which is
of importance when interpreting results and
designing experiments. In the case of in vitro
experiments, in which accumulation is ex-
pected to occur, a small volume of medium
can be repeatedly sampled from an individ-
ual dish or well to track timing of release.
Alternatively, washout or perfusion methods
can be used to reduce the accumulated
background signal. In vivo, the short half-life
of GLuc-ASARTDL (<5 min) is a strength,
which makes it possible to define more
precisely the timing of SERCaMP release.
Owing to the rapid turnover, changes in cir-
culating GLuc are indicative of secretion that
occurred proximal to sampling and do not
represent an accumulation occurring over
hours or days. For the case of thapsigargin,
we observed elevated GLuc-ASARTDL in
plasma after 48 h, suggesting that calcium
imbalance in the liver was unresolved after 2
d. We speculate that this protracted GlLuc-
SERCaMP secretion is due to irreversible
SERCA inhibition and persistent calcium
depletion in hepatocytes; however, the
pharmacokinetics of thapsigargin after sys-
temic exposure and the turnover of SERCA
in rat hepatocytes are unknown.

Our in vitro studies using rat primary
neurons demonstrate the usefulness of SER-
CaMPs for monitoring alterations in ER cal-
cium. The models were chosen based on
their connection to ER stress, with the goal
of determining a temporal relationship be-
tween insult and ER calcium homeostasis. In
the case of hyperthermia, a report demon-
strated that elevated temperature caused
decreased SERCA expression in rat PC12
cells (Caspersen et al., 2000). We observed
an increased release of GLuc-ASARTDL
from rat primary neurons grown at elevated
temperature, implicating effects on ER cal-
cium. Glutamate signaling has acute effects
on ER calcium through activation of IP3R
(Pin and Duvoisin, 1995); however, we did
not detect a rapid release of the reporter
(Figure 5E). This is consistent with the mini-
mal contribution of IP3Rs observed in other
experiments. Alternatively, we observed a
delayed release of GLuc-ASARTDL from
cells exposed to glutamate. We speculate
that the delayed ER calcium imbalance may
be due to alterations ER calcium pump func-
tion caused by glutamate-induced energy
failure (Budd and Nicholls, 1996; Smith
etal., 2013).
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SERCaMPs have potential use in preclinical toxicology studies,
which is highlighted by our studies of the coxibs. Although it is now
clear that some “selective” coxibs can have off-target effects on
SERCA, these compounds were initially considered specific based
on an ability to inhibit COX-2 but not COX-1 (Warner et al., 1999).
As predicted, the SERCaMP clearly identified the compounds that
have known SERCA activities (Figure 5G). We can envision future
use of SERCaMPs to screen therapeutics for possible side effects on
ER calcium homeostasis, which may signal a potential for toxicity. Of
note, the identification of compounds that induce ER calcium deple-
tion may also be a desirable under certain scenarios. For example,
coxibs that disrupt SERCA activity are now being considered as po-
tential antitumor agents (Pyrko et al., 2007; Schénthal, 2007). In ad-
dition to identifying calcium-disrupting effects, SERCaMPs could
also be used to screen for compounds that augment ER calcium
homeostasis, which would be of interest in numerous pathological
conditions. The low background, high sensitivity, rapid activation,
and ability to perform washouts make GLuc-based SERCaMPs ame-
nable to high-throughput approaches.

Whereas current in vivo techniques to monitor ER homeostasis
are limited to single time point analyses, we have developed a sim-
ple approach that allows for longitudinal assessment of ER calcium
homeostasis with repeated sampling of extracellular fluids. Collec-
tively our results indicate that SERCaMPs can be used to monitor ER
calcium homeostasis as a component of “ER stress” and will allow a
more specific understanding of the underlying mechanisms that
govern ER stress pathways. Use of this tool will enhance our ability
to characterize progressive diseases associated with ER dysfunc-
tion, such as Parkinson’s disease and diabetes, for which the cause—
effect relationships with ER calcium homeostasis are not fully under-
stood. Moreover, in diseases for which evidence of SERCaMP
release is identified, it is plausible that the release of potentially
therapeutic trophic factors or hormones can be regulated by the
extent of ER calcium dysregulation via SERCaMP modification. This
would provide a novel regulatory release mechanism of gene-based
therapeutics.

MATERIALS AND METHODS

Plasmid construction

Lentiviral GFP plasmids were created through pDONR221 (Life
Technologies, Grand Island, NY) intermediates. The pDONR221-SP-
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GFP entry vector containing the MANF signal peptide was produced
by replacing the Eagl-Rsrl fragment of p DONR221-MANF (Hender-
son et al., 2013) with the coding region and endogenous stop codon
of enhanced GFP. The pDONR221-SP-GFP-RTDL and pDONR221-
SP-GFP-KDEL entry vectors were produced by amplifying the SP-
GFP open reading frame (from pLentié.3-SP-GFP) using attB-linked
oligos, with the reverse oligo including the nucleotides encoding the
ASARTDL or ASAKDEL sequences (Henderson et al., 2013). The len-
tiviral and AAV vectors encoding Gaussia luciferase were created by
amplifying the GLuc open reading frame (ORF) from pGLuc-Basic
(New England Biolabs, Ipswich, MA) and cloning into the Eagl and
Rsrll sites of a pPDONR221-hMANF plasmid. The coding region for
GLUC (omitting the signal peptide) was amplified by PCR and re-
combined into the Eagl and Rsrll sites using the In-Fusion HD Clon-
ing Kit (Clontech, Mountain View, CA). This effectively replaced
hMANF (amino acids [aa] 23-173) with GLUC (aa 19-185), retaining
the signal peptide and carboxy-terminal ASARTDL sequences of
MANF. For lentivirus, GLuc-ASARTDL was recombined into pLenti6.3
using LR Clonase Il (Life Technologies) according to the manufac-
turer's instructions. The additional carboxy-terminal variants were
cloned using attB-linked oligos (reverse oligos to include tail-specific
sequences) and plenti6.3-GLuc-ASARTDL as the template. PCR
fragments were inserted into pDONR221 using a BP reaction and
moved to plenti6.3-DEST using an LR reaction. For AAV, the coding
region for MANFsp-GLUC-ASARTDL was amplified by PCR and re-
combined into pdsAAV CMV eGFP, a self-complementary AAV pack-
aging vector (Wang et al., 2003), after removal of the existing eGFP
ORF by digestion with BamHI and Notl. The amplified inserts and
the cloning junctions were verified by sequencing for each vector. All
plasmids were propagated in StBI3 recombination-deficient cells
(Life Technologies) cultured at 30°C. The myc-FLAG(DDK)-tagged
human KDELR ORFs were purchased from Origene, Rockville,
MD (KDELR/accession numbers KDELR1/NM_006801.2, KDELR2/
NM_006854.2). Lentiviral KDELR plasmids were created by amplify-
ing the ORFs and cloning into the BamHI and Mlul sites of pLentié.3
using the In Fusion PCR Cloning Kit.

Lentiviral production and stable cell line generation

The plentié.3 expression vectors were packaged into virions using
the ViraPower Packaging Mixture (Life Technologies), and lentiviral
particles were concentrated by ultracentrifugation on a sucrose
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cushion (Han et al., 2009). Lentivirus resuspended in 1x Hank’s
buffered saline solution was titered using the Lenti-X p24 rapid titer
kit (Clontech) and used at a range of MOls to transduce SH-SY5Y
cells plated in 12-well plates. Selection of stable integrants was per-
formed with 2 pg/ml blasticidin over the course of several weeks,
until a majority of the cells died. The mixed populations derived
from the lentiviral dose that resulted in 3-10 colonies of cells/well
were expanded as individual “mixed populations” for further
experimentation.

AAV packaging and purification

All vectors were prepared by a triple transfection method as previ-
ously described in HEK293 cells (Howard et al., 2008). Cell and
media pellets were thawed and combined, then freeze-thawed two
times, vortexing after each thaw. MgCl, (2 mM final; Sigma-Aldrich,
St. Louis, MO) and Benzonase (EMD Millipore, Billerica, MA) were
added at 50 U/ml of cell solution for 1 h at 37°C with continuous
shaking. The solution was centrifuged for 20 min at 2450 x g
at 4°C. The supernatant was transferred to 75 ml of phosphate-
buffered saline (PBS) with 2 mM MgCl, and sequentially filtered
through 5-, 0.45-, and 0.22-um filters. The solution was then run
through a 1 ml of AVB Sepharose HI-TRAP column (GE Healthcare,
Pittsburgh, PA) using an AKTA purifier (GE Healthcare) at a rate of
2 ml/min and eluted using a 15 mM sodium citrate solution (Sigma-
Aldrich) at a rate of 1 ml/min. The fractions containing the peak of
the ODys54 and ODygq readings were collected and dialyzed using
a 10,000 MWCO dialysis cassette (Pierce, now Thermo Fisher
Scientific, Rockford, IL) in 1 | of PBS containing 0.5 mM MgCl, for
three exchanges over 25-30 h. The equilibrated virus was ali-
quoted, snap-frozen, and stored at =70°C.

AAV titering

Titers were calculated as viral genomes based on a standard curve
using a pdsAAV-CMV-MANFsigpep-GLUC-KAASARTDL plasmid
linearized with EcoRI (New England Biolabs). The linearized plasmid
was diluted in PBS to 1 x 107! to 10~° ng/ml. A viral aliquot was
thawed, sonicated for 10 s in a Fisher 180z ultrasonic cleaner (Fisher
Scientific), and serially diluted from 1:1000 to 1:10,000 in PBS (Life
Technologies). Standards and viruses (triplicates) were assayed by
TagMan Universal PCR Master Mix (Life Technologies) with the
following reaction conditions: 95°C x 5 min, 94°C x 20 s, and 60°C x
1 min for 41 cycles. The following GlLuc primers and probe
(Integrated DNA Technologies, San Jose, CA) were used: forward,
5-CACGCCCAAGATGAAGAAGT-3’; reverse, 5-GAACCCAGGAA-
TCTCAGGAATG-3'; probe (5’-6-FAM/3’-BHQ-1 labeled), 5-TAC-
GAAGGCGACAAAGAGTCCGC-3'. Real-time PCRs were run on a
CFX96 (Bio-Rad, Hercules, CA). The standard curve was used to
calculate viral genomes/milliliter of the AAV.

Cell culture

SH-SYS5Y neuroblastoma cells were maintained as previously de-
scribed (Henderson et al., 2013). Rat primary cortical cultures were
prepared as described previously (Howard et al., 2008) and in ac-
cordance with approved procedures by the National Institutes of
Health Animal Care and Usage Committee. We plated 6.0 x 10* cells
in polyethyleneimine-coated wells (96-well plate) and performed
half-medium exchanges on days 4, 6, 8, 11, and 13. Viral transduc-
tions were performed on day 6 in culture. For hyperthermia experi-
ments, cells were cultured at elevated temperature (41°C) as de-
scribed. Temperatures were monitored every 30 s using a temperature
data logger equipped with a K-type thermocouple probe (Omega,
Stamford, CT).
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Antibodies and other reagents

The antibodies used were monoclonal GFP (Roche Applied Science,
Indianapolis, IN), monoclonal actin (clone C4; Abcam, Cambridge,
MA), polyclonal actin (Sigma-Aldrich), polyclonal Gaussia luciferase
(New England Biolabs), polyclonal BiP (Cell Signaling, Danvers,
MA), monoclonal FLAG (clone M2; Sigma-Aldrich), and monoclonal
Myc (clone 4Aé; Millipore). Chemicals used (with diluent in paren-
theses) were thapsigargin (dimethyl sulfoxide [DMSQ] in in vitro
studies, ethanol in in vivo studies; Sigma-Aldrich), cycloheximide
(DMSO; Sigma-Aldrich), brefeldin A (ethanol; Sigma-Aldrich),
dithiothreitol (water; Sigma-Aldrich), tunicamycin (DMSO; Sigma-
Aldrich), cyclopiazonic acid (DMSO; Sigma-Aldrich), A23187
(DMSO; Sigma-Aldrich), TPEN (DMSQO; Sigma-Aldrich), dantrolene
(DMSQO; Sigma-Aldrich), xestospongin C (DMSO; Sigma-Aldrich),
caffeine (water; Sigma-Aldrich), glutamate (1 N HCI; Sigma-Aldrich),
celecoxib (DMSO; Sigma-Aldrich), valdecoxib (DMSO; Sigma-
Aldrich), and 2,5-dimethyl-celecoxib (DMSO; Sigma-Aldrich).
Vehicle controls at concentrations equivalent to treatments were
used in all experiments. Cell viability assays were performed with
the CellTiter 96 AQeous One Solution Cell Proliferation Assay (MTS)
or the CellTiter-Glo Luminescent Cell Viability Assay (ATP) following
the manufacturer’s instructions (Promega, Madison, WI).

Gaussia luciferase secretion assay

For luciferase secretion assays, 5 pl of culture medium was removed
from a well and transferred to an opaque-walled plate (multiple time
points collected from the same 96-well plate of cells). GLuc sub-
strate was PBS containing an additional 5 mM NaCl and 10 pM coel-
enterazine (Regis Technologies, Morton Grove, IL). Coelenterazine
stock solutions were prepared at 20 mM in acidified methanol (10 pl
of 10 N HCI/1 ml of methanol) and stored at —80°C as single-use
aliquots. Prepared substrate was incubated at room temperature for
30 m before use. Amount of luciferase was determined using a plate
reader with an injector setup (Biotek Synergy I, Winooski, VT) to
allow for immediate read of sample after injection. Typically, 100 pl
of substrate was injected to the well containing cell culture medium.
For secretion assays, vehicle controls were used in all experiments
at concentration equivalent to the treatments. For the TPEN assays,
extracellular calcium was chelated by exchanging medium with fresh
SH-SY5Y medium containing 1.8 mM ethylene glycol tetraacetic
acid before the addition of TPEN.

GFP-based secretion assay

Methods are described in detail in Henderson et al. (2013). In brief,
medium was collected and measured for GFP fluorescence on a
Biotek Synergyll using excitation at 485/20 and emission at 528/20
filters (BioTek).

Immunocytochemistry and immunohistochemistry

Cells were seeded in six-well plates on 25-mm round glass coverslips
(Warner Instruments, Hamden, CT) at 4.0 x 10° cells and allowed to
grow overnight. Cells were transfected with DsRed-ER (Clontech)
using 0.4 pg of DNA and 2 pl of Lipofectamine 2000 (Life Technolo-
gies) per well. After 24 h, cells were fixed in 4% paraformaldehyde
(in 1x PBS, pH 7.4), permeabilized with PBS/0.1% Triton-X, blocked
for 1 h with PBS/0.1% Triton X/2% bovine serum albumin (BSA)/5%
goat serum, and immunostained with anti-Gaussia luciferase. Cells
were mounted on glass sides with Mowiol 4-88 (EMD) and imaged
using a confocal microscope (Nikon Eclipse C1; Melville, NY)
equipped with a 60x objective (1.4 numerical aperture [NA]). Images
were acquired with Nikon EZ C1 software and processed in Adobe
Photoshop (San Jose, CA). For rat liver immunohistochemistry,
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100 pl of virus diluted to 3.1 x 10"? vg/ml in saline was injected into
the liver at three different locations with a 30-gauge needle. AAV-
eGFP was used as a control. At 18 d postinjection, animals were
perfused with 4% paraformaldehyde, and livers were excised and
transferred to 18% sucrose. Frozen livers were sectioned on a Leica
cryostat (40 um; Leica Microsystems; Buffalo Grove, IL), stained with
anti-GLuc (New England Biolabs) and anti-GFP (Roche), both at
1:500, and mounted to glass slides. Images were captured with us-
ing a Nikon Eclipse E800 equipped with Qlmaging Rolera em-c?
camera and a 10x objective (0.45 NA).

Western blot

Cells were lysed in a modified RIPA buffer containing 50 mM Tris-
HCI (pH 7.4), 0.25% sodium deoxycholate, 150 mM NaCl, 1 mM
EDTA, 1% Nonidet P-40, and 1x protease inhibitor mixture. After
quantifying samples using a DC assay (Bio-Rad), equal amounts of
total protein were separated on 4-12% NuPAGE gels using 3-(N-
morpholino)propanesulfonic acid or 2-(N-morpholino)ethanesulfo-
nic acid (MES) running buffer. Proteins were transferred to 0.20-ym
polyvinylidene fluoride membranes (Life Technologies) and immu-
noblotted with the primary antibodies described earlier and LI-COR
blocking reagent (LI-COR Biosciences, Lincoln, NE). Secondary anti-
bodies were IR700 and IR800 (Rockland Immunochemicals,
Gilbertsville, PA), and blots were scanned using an Odyssey scanner
(LI-COR).

KDELR microplate interaction assay

Maxisorp 96-well plates (Nunc, now Thermo Fisher Scientific,
Rockford, IL) were coated with 1 pg of antibody (or immunoglobulin
control, or no antibody control) per well diluted in 50 mM bicarbon-
ate/carbonate binding buffer (pH 9.6). Antibodies were allowed to
adhere overnight and washed twice in 200 pl of PBS. Wells were
blocked with PBS/2% BSA for 3 h at room temperature. Protein
lysates were collected from SH-SY5Y cells transfected for 48 h with
pCMV6-KDELR1-myc-DDK using a buffer containing 25 mM MES
hydrate (pH 6.4 at 4°C), 110 mM NaCl, 1 mM CaCly, 1% 3-[(3-chol-
amidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS), and
protease inhibitors. Lysates containing myc-FLAG-tagged KDELR1
were diluted 1:10 in the foregoing buffer without detergent (final
CHAPS, 0.1%), added to the wells, and incubated overnight at 4°C.
After binding, wells were washed four times with the 25 mM MES
hydrate (pH 6.4 at 4°C), 110 mM NaCl, 1 mM CaCl,, 0.1% CHAPS,
and protease inhibitors. Supernatants collected from stable SH-
SYSY cells expressing the GLuc variants were normalized to equiva-
lent luciferase RLUs using conditioned medium from parental SH-
SY5Y cells. Supernatants were spun at 2000 x g for 5 min to pellet
large debris and dialyzed using Slide-A-Lyzer dialysis cassettes
(Pierce) into 25 mM MES hydrate (pH 6.4 at 4°C), 110 mM NaCl, and
1 mM CaCl,. Three exchanges of 1.5 | of dialysis buffer were per-
formed over 24 h at 4°C. CHAPS was added to the dialyzed super-
natants to a final concentration of 0.1%, and then samples were
added to the KDELR1-coated microplate and incubated overnight
at 4°C. Wells were washed on ice four times with 200 pl of 25 mM
MES hydrate (pH 6.4 at 4°C), 110 mM NaCl, 1T mM CaCl,, 0.1%
CHAPS, and protease inhibitors. After the final wash, 100 pl of PBS
was added to each well and incubated at room temperature for 20
min before injection of coelenterazine substrate as described for the
GLuc secretion assays.

In vivo Gaussia luciferase assays
All animal procedures were performed in accordance with National
Institutes of Health Animal Care Guidelines. Male Sprague Dawley
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rats received intrahepatic injections of AAV-GLuc-ASARTDL or AAV-
GLuc under anesthesia. Virus (100 pl diluted to 7.6 x 107 vg/ml) was
injected into the liver at three different locations (~33 pl per site) with
a 30-gauge needle. For blood collection, animals were anesthetized
with gas anesthesia, tails clipped, and blood collected into tubes
prefilled with heparin (50 pl at 1000 U/ml). The ratio of blood to
heparin was normalized for all samples to 2:1 before further pro-
cessing. Samples were centrifuged at 2000 x g for 5 min at 4°C
to isolate plasma, which was stored at —80°C until time of luciferase
assay. Animals received a single i.p. injection of thapsigargin
(Sigma-Aldrich; 1 mg/kg) on day 8. For luciferase assays, 10 pl of
plasma was transferred to an opaque walled plate and substrate
PBS + 100 pM coelenterazine + 500 mM ascorbic acid to reduce
substrate oxidation) was injected using an automated plate reader
as described above.

Gaussia luciferase half-life

Male Sprague Dawley rats underwent jugular catheterization under
anesthesia. Catheters were connected to a back port (Plastics One,
Roanoke, VA); catheter patency was assessed with heparinized sa-
line following port implantation and sealed with port cap to prevent
coagulation. Three days post—catheterimplantation, GLuc-ASARTDL
half-life was measured in animals without anesthesia. Briefly, 400 pl
of conditioned medium from SH-SY5Y-GLuc-ASARTDL cells was in-
fused through back ports. Ports were immediately flushed with hep-
arinized saline following media infusion. Blood was collected 5, 15,
30, and 60 min following media infusion into tubes prefilled with
heparin (50 pl at 1000 U/ml). The ratio of blood to heparin was nor-
malized for all samples to 2:1 before further processing. From this
point forward, samples were handled as those described above.
Half-life was calculated using a one-phase decay model (GraphPad
Prismé; La Jolla, CA).
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