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Membrane contact sites (MCSs) between endosomes and the
endoplasmic reticulum (ER) are thought to act as specialized
trigger zones for Ca®" signaling, where local Ca®* released via
endolysosomal ion channels is amplified by ER Ca**-sensitive
Ca®" channels into global Ca®" signals. Such amplification is
integral to the action of the second messenger, nicotinic acid
adenine dinucleotide phosphate (NAADP). However, func-
tional regulators of inter-organellar Ca®* crosstalk between
endosomes and the ER remain poorly defined. Here, we iden-
tify progesterone receptor membrane component 1 (PGRMC1),
an ER transmembrane protein that undergoes a unique heme-
dependent dimerization, as an interactor of the endosomal two
pore channel, TPC1. NAADP-dependent Ca®* signals were
potentiated by PGRMC1 overexpression through enhanced
functional coupling between endosomal and ER Ca®" stores
and inhibited upon PGRMC1 knockdown. Point mutants in
PGMRCI1 or pharmacological manipulations that reduced its
interaction with TPC1 were without effect. PGRMCI1 therefore
serves as a TPCl1 interactor that regulates ER-endosomal
coupling with functional implications for cellular Ca** dy-
namics and potentially the distribution of heme.

Nicotinic acid adenine dinucleotide phosphate (NAADP) is
a potent second messenger that releases Ca®* from endosomes
and lysosomes (1-3). NAADP-evoked Ca" release from these
organelles locally controls membrane trafficking events to
regulate transport throughout the endolysosomal system. This
action likely underpins many of the physiological roles for
NAADP in processes such as fertilization, synaptic trans-
mission, neurite extension, angiogenesis, and cholesterol ho-
meostasis (4, 5). Dysfunction of the NAADP signaling pathway
has been shown in a growing portfolio of disease states -
particularly neurodegeneration, infectious disease, and cancer
such that interventions to manipulate NAADP action are
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receiving increased scrutiny as a potential therapeutic
approach (5-8).

NAADP causes Ca>* release from endosomes and lyso-
somes by targeting ion channels known as two-pore channels
(TPCs) resident within endosomes and lysosomes. TPCs are
evolutionarily ancient members of the voltage-gated ion
channel superfamily (9, 10), with two distinct family members
—TPC1 (biased toward endosomal compartments) and TPC2
(predominantly lysosomal)—expressed in human cells. The
finite size of endolysosomal Ca>* stores, the relatively low
permeability of TPCs for Ca>*, and the lack of positive feed-
back regulation of TPCs by Ca>* would be expected to restrict
NAADP-evoked Ca®" signals to a local domain of action
around these organelles. However, the spatial action of
NAADP is extended via an amplification process that depends
on the recruitment of Ca**-sensitive Ca®* release channels in
the endoplasmic reticulum (ER). ER-resident Ca** channels
(ryanodine receptors and IP;3 receptors) are thought to be
engaged by TPC-mediated Ca®* signals at specific locales
known as membrane contact sites (MCSs) where the mem-
branes of both these cellular organelles occur in close appo-
sition (11, 12). TPC1 is enriched at MCSs formed between late
endosomes and the ER, with endosomal membranes that are in
contact with the ER displaying a higher density of TPC1 than
endosomal membranes that are not in contact with ER (13).
Aside from their role in coupling Ca®* dynamics between or-
ganelles, MCSs also play important roles in the exchange of
lipids and metabolites, regulation of membrane dynamics, and
various signaling processes unique to specific organelle-
organelle pairings (11, 12).

Given the functional impact of Ca®>* amplification at these
trigger zones, it is important to understand how TPC1 is
enriched at MCSs to globalize NAADP action. Here we identify
progesterone receptor membrane component 1 (PGRMCI1), a
heme-binding transmembrane protein resident in the ER, as a
TPC1 interactor that regulates the amplification of NAADP-
evoked Ca®" signals at MCSs between endosomal and ER
Ca®" stores.
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PGRMCT1 regulates NAADP-evoked Ca’" release

Results

PGRMCT is a TPC1 interactor that potentiates NAADP-evoked
Ca** release

PGRMCI is a single-pass transmembrane protein (195
amino acids, Fig. 1A4), found in the endoplasmic reticulum that
has been implicated in various cellular functions (14-19),
including modulation of cellular Ca®" homeostasis (20, 21).
PGRMCI1 acts as a heme-binding chaperone, able to dimerize
through a unique heme-heme stacking mechanism. Crystalli-
zation of the COOH-terminal region of PGRMC1 (amino acids
72-179, Fig. 1B)) resolved the structural basis for this heme-
dependent dimerization (22). Tyrosine 113 (Y113) acts as an
axial ligand coordinating the heme iron within the PGRMC1
monomer. One heme-bound PGRMC1 monomer then asso-
ciates with a second heme-bound PGRMC1 monomer via
hydrophobic interactions between the two heme groups
(Fig. 10).

Our prior proteomic analysis of the TPC interactome
identified PGRMCI1 as a candidate TPC1 interacting protein
(Fig. S1, (23)). To assess any functional consequences of this
interaction, Ca®* imaging experiments were performed to
assess the impact of PGRMC1 on NAADP-evoked Ca®*
release. This was examined by microinjecting NAADP into
individual U20S cells, an osteosarcoma-derived cell line
routinely used for studying NAADP-evoked Ca®* release (24,
25). In U20S cells overexpressing PGRMC1 (RFP-PGRMC1),
endogenous NAADP-evoked Ca®* signals appeared larger
compared with responses to NAADP in control (untrans-
fected) cells (Fig. 24). Owing to the small amplitude of these
endogenous NAADP-evoked Ca®* signals, responses were also
examined in cells overexpressing TPC1 (biased toward endo-
somes) or TPC2 (biased toward lysosomes), a known manip-
ulation that enhances NAADP-evoked Ca** signals (26). In
cells overexpressing TPC1, NAADP-evoked Ca®" signals
became more pronounced than in control cells (Fig. 2B).
Overexpression of RFP-PGRMCI1 in this background further
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potentiated the NAADP-evoked Ca®>* mobilization (Fig. 2B).
Potentiation of NAADP responses by PGRMC1 was not
observed in cells overexpressing TPC2 (Fig. 2C). These data
are consistent with the observed association of PGRMC1 with
TPC1, but not TPC2 (Fig. S1). An endosomal localization of
TPC1 was necessary to support the observed potentiation of
NAADP-evoked Ca>* signals by PGRMCI. In cells where
TPC1 was rerouted to a lysosomal location by use of a
chimeric construct (TPC2[1-31]:TPC1[32-816)), which con-
tains the TPC1 backbone fused to the NH,-sequence of TPC2
that harbors lysosomal-targeting determinants, overexpression
of PGRMC1 did not potentiate NAADP-evoked Ca** release
(Fig. 2D). Quantitative analysis of these experiments is pro-
vided in Figure 2E. These results demonstrate that PGRMC1
acts to potentiate NAADP-evoked Ca* signals via TPCI.

Mutational ablation of the interaction between PGRMC1 and
TPC1 blocks potentiation of NAADP-evoked Ca** release

Mutational analysis was then performed with a goal of
identifying mutants that disrupt the PGRMC1-TPC1 interac-
tion. Residues 147 to 163 of PGRMCI1 form an a-helical
domain (Fig. 1B) that potentially serves as a protein interaction
interface. Five PGRMCI1 point mutants were generated
(Fig. 1B): the PGRMC1 dimerization breaking mutant Y113F
(PGRMCI1[Y113F] (22)), and four different proline mutants,
two within the o-helical domain (PGRMCI1[Q149P] and
PGRMCI1[Q159P]) and two outside this region (PGRMC1
[S143P] and PGRMC1[V167P]).

The PGRMC1[Y113F] mutant, which prevents heme bind-
ing to PGRMC1 and thereby PGRMCI1 dimerization, caused
an increase in monomeric PGRMCI1 (Fig. 34). Apo-PGRMC1
displayed decreased interactivity with TPC1 (Fig. 3B). Quan-
titative analysis of these experiments are shown in Figure 3C.
Two of the proline point mutants (PGRMC1[Q149P],
PGRMC1[Q159P]), also displayed decreased interaction with
TPC1. PGRMC1[Q159P] conferred the strongest inhibition

Figure 1. PGRMC1 structure and interaction with TPC1. A, schematic illustration of PGRMC1 (195 amino acids) which is a single-pass transmembrane
protein with a short NH,-terminal domain (amino acids 1-24), a transmembrane spanning region (residues 25-43), and a larger COOH-terminal domain
(residues 44-195). The topology of PGRMCT1 is debated with evidence for the COOH terminal domain residing within the cytoplasm and/or lumen of the ER.
B, crystal structure showing amino acids 72 to 179 of PGRMC1 (cyan). The structure was from Protein Data Bank (PDB 4X8Y). Point mutants used in this study
are highlighted to show the location with the PGRMC1 structure. These include four residues that were mutated to proline, two within the helical region
(Q149 and Q159, orange) and two outside this region (5143 and V167, white). The heme coordinating residue Y113 is also highlighted (green). C, dimer-
ization of PGRMC1 monomers via heme stacking as shown in (22).
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Figure 2. Expression of PGRMC1 potentiates NAADP-evoked Ca®* release via TPC1. A, fluorescence traces from single U20S cells microinjected with
buffer (“mock injection,” blue) or NAADP (100 nM pipette concentration) in the absence (black) or presence (red) of RFP-PGRMC1. B-D, similar microinjection
experiments in single U20S cells expressing (B) TPC1, (C) TPC2 or (D) TPC2[1-31]-TPC1[32-816] in the absence (black) or presence (red) of RFP-PGRMC1.
Traces report the fluorescence of GCaMP6M over time-averaged (mean + sd) from n > 3 injected cells, with only every third data point shown for
clarity. £, area under the curve from NAADP-evoked Ca** mobilization responses, values represent mean area = sd from independent fluorescence traces
recorded from n = 3 injected cells. Statistical significance was determined using paired two-tailed Student’s t test, p-values, *p < 0.05, ***p < 0.001.

(Fig. 3, D and E). Interestingly both these mutants lie within
the helical domain of PGRMC1 (Fig. 1B). In contrast, the
proline point mutants designed outside the PGRMC1 helical
domain failed to disrupt the interactivity between PGRMC1
and TPC1 (Fig. 3, D and E). Quantitative analysis of these
immunoprecipitation assays is provided in Figure 3F. These
data demonstrate that PGRMCI1 associates with TPC1, and
this interaction is selectively attenuated in cells when the heme
binding and dimerization of PGRMCI1 is prevented (PGRMC1
[Y113F]), or when a helix-breaking mutant is introduced
within the PGRMCI1 helical domain (PGRMC1[Q159P]).

SASBMB

Given the strong impact of each of these classes of mutants
on TPC1 interactivity, the functional effect of PGRMC1[Y113F]
and PGRMC1[Q159P] was probed using Ca®* imaging assays.
Overexpression of PGRMC1[Y113F] or PGRMC1[Q159P] in
U20S cells failed to potentiate endogenous NAADP-evoked
Ca®* signals (Fig. 3, G-I). Similarly, in U20S cells over-
expressing TPC1, the NAADP-evoked Ca** mobilization
response was not potentiated by expression of PGRMC1
[Y113F] or PGRMCI1[Q159P] in contrast to the potentiation
seen with wild type PGRMC1 (Fig. 3, /-L). The PGRMC1
[S143P] mutation, which failed to disrupt TPC1 interactivity,
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Figure 3. Molecular disruption of the PGRMC1-TPC1 interaction impairs PGRMC1 potentiation of NAADP-evoked Ca>* release. A-C, heme binding is
necessary for interaction with TPC1. A, Myc-tagged WT PGRMC1 and PGRMC1[Y113F] constructs were co-expressed in U20S cells with GFP-tagged TPCI1,
with detection by Western blot. B, immunodetection of myc-tagged PGRMC1 after TPC1-GFP immunoprecipitation. C, densitometry quantification of
immunodetection of myc-tagged PGRMC1 in TPC1-GFP immunoprecipitates. D-F, interaction of PGRMC1 with TPC1 is mediated by the COOH-terminal
coiled-coil domain of PGRMC1. D, PGRMC1 mutants harboring point-mutations in predicted carboxyl-terminus helices co-expressed with TPC1-GFP in
U20S cells, detected by Western blot. £, immunodetection of myc-tagged PGRMC1 mutants after TPC1-GFP immunoprecipitation. F, densitometry
quantification of immunodetected myc-tagged PGRMC1 mutants in TPC1-GFP immunoprecipitates, values represent mean + sd from n = 2 independent
experiments. G, traces of Ca>* flux in U205 cells expressing the indicated PGRMC1 constructs microinjected with NAADP (100 nM pipette concentration) as

4 | Biol. Chem. (2023) 299(12) 105378

SASBMB



retained potentiation of NAADP-evoked signaling, similar to
wild-type PGRMC1 (Fig. S2). Additionally, knockdown of
endogenous PGRMCI1 using gene-specific siRNA resulted in an
attenuation of NAADP-evoked Ca”* signals (Figs. S2 and S3).
Finally, a U20S TPC1-knockout cell line was used to assess the
effects of PGRMCI1 overexpression in the absence of TPC1. In
the TPC1 KO cell line, injection of NAADP was without effect,
as expected. TPC1 KO cells overexpressing PGRMC1 remained
unresponsive to NAADP, suggesting that PGRMC1 cannot
independently mobilize Ca®* in response to NAADP (Fig. S2).
Therefore, potentiation of NAADP action by PGRMC1 de-
pends on the ability of PGRMCI to interact with TPCI.

Pharmacological inhibition of the interaction between
PGRMC1 and TPC1 blocks potentiation of NAADP-evoked Ca**
release

As an alternative means of study the functional impact of
PGRMCI1 interactivity with TPC1, we employed a pharmaco-
logical approach. Two PGRMCI1 inhibitors were used: AG-205
and CORM3. AG-205, which competes with heme to bind the
cytochrome b5 domain is widely used as an inhibitor of
PGRMCI, although we note this drug has a broader poly-
pharmacology (27-30). CORM3 (tricarbonylchloro(glycinato)
ruthenium(Il)) is a carbon monoxide-releasing agent, which
blocks PGRMC1 dimerization by binding to the open coordi-
nation site in PBGRMC1-bound heme (16).

Immunoprecipitation analyses were performed following
the treatment of cells with increasing concentrations of either
agent. Increasing concentrations of CORM3 caused a
concentration-dependent inhibition of the PGRMCI1 interac-
tion with TPC1 as evidenced by the decrease in the ~37 kDa
PGRMCI band in the TPC1 immunoprecipitates (Fig. 4, A-C).
A similar concentration inhibition was observed in cells
exposed to AG-205 (Fig. 4, D-F). Peak impairment of
PGRMCI1-TPC1 interactivity was observed following exposure
to either drug (30 uM) for 1 h. These conditions were subse-
quently employed in functional assays of NAADP action.
Under the same conditions, exposure to either drug inhibited
the PGRMCIl-dependent potentiation of endogenous
NAADP-evoked Ca** signals (Fig. 4, G—I). After drug treat-
ment, no potentiation of the peak amplitude (Fig. 4J) or extent
of NAADP-evoked Ca®" release was seen (Fig. 4K). These re-
sults, consistent with the PGRMCI1 mutational analysis
described earlier (Fig. 3), again demonstrate that inhibition of
the interaction of PGRMC1 with TPC1 prevents the potenti-
ation of NAADP-evoked Ca" signals.

PGRMCT localizes to the endoplasmic reticulum

While PGRMC1 can display a broad distribution in cells
(17-19), it is most consistently considered as an endoplasmic

PGRMC1 regulates NAADP-evoked Ca** release

reticulum (ER) resident protein. PGRMCI1 localization in
U20S cells was therefore examined by multicolor imaging in
live cells. Co-expression of PGRMC1-RFP with TPC1-GFP,
TPC2-GFP, or an ER marker (KDEL-GFP) revealed a clear co-
localization between PGRMC1-RFP and KDEL-GEFP (Fig. 5). In
contrast, no co-localization was seen between mitochondrial
and plasma membrane markers, COX8A[1-29]-CFP and
GAP43[1-20]-GEP, respectively (Fig. 5). Therefore, PGRMC1
behaves as an ER-resident protein in these experiments.

PGRMCT1 potentiation of NAADP action results from enhanced
mobilization of ER Ca®*

Does PGRMCI1 enhance the size of the Ca®* stores mobi-
lized by NAADP? As NAADP-evoked Ca** release from acidic
Ca®* stores is amplified through the recruitment of Ca**-
sensitive channels in the ER, the size of both the acidic Ca**
stores and ER Ca”* stores were resolved in control cells and
cells expressing PGRMC1. This was performed by treatment of
U20S cells with thapsigargin (Fig. 64) or bafilomycin Al
(Fig. 6B) respectively. These experiments revealed no differ-
ence in the magnitude of either Ca®" store between control
cells and cells expressing PGRMC1 (Fig. 6, C and D). NAADP-
evoked changes in cytosolic and ER Ca®* were then examined
using dual emission imaging to simultaneously resolve both
the cytosolic Ca** signal and luminal ER Ca** dynamics. In
U20S cells expressing two genetically encoded Ca®* indicators
(Fig. 6E), the kinetics of the endogenous NAADP-evoked
cytosolic Ca®* signal (resolved using GCaMP6M) closely par-
alleled the kinetics of luminal ER Ca®* depletion (resolved
using RCEPIAler). Following PGRMC1 expression, both sig-
nals increased in magnitude, with PGRMCI1 expression asso-
ciated with a larger, more protracted cytoplasmic Ca>" signal
in response to microinjection of NAADP (Fig. 6F). This
potentiation was also observed at the level of the ER, with the
larger cytoplasmic Ca®* signal correlating with a larger
depletion of ER Ca** (Fig. 6E). These effects were quantified in
Figure 6, G and H. Therefore, the potentiating action of
PGRMC1 on NAADP-evoked Ca®* signals is manifested
through enhanced mobilization of ER Ca**.

A parsimonious explanation for this effect is that PGRMC1-
TPC1 interaction between PGRMCI (localized in the ER) and
TPC1 (localized in endosomes) enhances the functional
coupling between NAADP-activated TPC1 channels in endo-
somes and Ca®*-activated Ca®* release channels within the ER.
Specifically, PGRMCI1 may increase the number (or longevity)
of membrane contact sites (MCSs) between TPCl-positive
endosomes and the ER. One method for assessing the func-
tional coupling between these organelles is through the mea-
surement of EGE-evoked Ca®* signals (13, 31). The kinetics of
EGFR-evoked Ca®* signals are regulated by the phosphoryla-
tion status of the EGFR. The tyrosine phosphatase, PTP1B,

detected by GCaMP6M fluorescence changes. Individual single-cell traces from n = 3 injections are shown, with averaged responses bolded. H, peak F/F,
values (mean * sd) from cumulative dataset shown in (G). /, area under the curve (mean * sd) of traces shown in (G). J, averaged traces of Ca?" flux in U20S
cells expressing TPC1-RFP and the indicated PGRMC1 constructs microinjected with NAADP (100 nM pipette concentration) as detected by GCaMP6M
fluorescence changes. Individual single-cell traces from n > 3 injections are shown, with averaged responses bolded. K, peak F/F, values (mean * sd) from
cumulative dataset shown in (J). L, area under the curve (mean * sd) of traces shown in (J). Statistical significance was determined using paired two-tailed

Student’s t test, p-values, *p < 0.05, ***p < 0.001.
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Figure 5. PGRMC1 localizes to the endoplasmic reticulum in U20S cells. A, U20S cells imaged using various live cell markers (left) and co-transfected
with PGRMC1-RFP (center). The fluorescence overlay of PGRMC1-RFP and the organelle marker channel is shown on the right. Markers were TPC1-GFP, TPC2-
GFP, an endoplasmic reticulum marker (CYP2C9[1-27]-GCaMP-6M), a plasma membrane marker (GAP43[1-20]-GFP) and a mitochondrial marker (COX8A[1-
29]-CFP), Scale bar, 10 pm. Right, dashed line represents a line scan of fluorescence intensity from the green, blue or red fluorescence channels along the
indicated axis. Gamma values were uniformly adjusted for clarity.
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Figure 6. Expression of PGRMC1 increases NAADP-evoked Ca®* release from the endoplasmic reticulum. A and B, averaged fluorescence traces as
detected by GCaMP6M fluorescence changes reporting NAADP-evoked Ca®* release in U205 cells transfected with empty vector or in cells expressing
PGRMC1. Microinjections were performed with NAADP (100 nM pipette concentration) in the presence of (A) thapsigargin (1 pM) or (B) bafilomycin A1
(100 nM). C, quantification of peak AF/F, values from (A and B). D, quantification of the area under the curves from (A and B). E, left, Images of U20S cell co-
expressing GCaMP6M (top) and RCEPIA1er (bottom). Middle, pseudocolored images of GCaMP6M and RCEPIA1er fluorescence intensity before (middle
image) and after (right image) microinjection of NAADP. Scale bar,10 pm. F, representative traces of GCaMP6M fluorescence (top) and RCEPIA1er fluo-
rescence (bottom) in response to microinjection of NAADP (100 nM pipette concentration) in U20S cells transfected with empty vector (grey), or from cells
expressing PGRMC1 (red). G, quantification of AF/F, values from the cumulative dataset for GCaMP6M (top) and RCEPIAler fluorescence (bottom). H,
quantification of area under the curves from the cumulative dataset for GCaMP6M (top) and RCEPIA1er fluorescence (bottom). Statistical significance was
determined using paired two-tailed Student’s t test, p-values, *p < 0.05, **p < 0.01.

which dephosphorylates the EGER is localized on the ER, with
dephosphorylation of the EGFR dampening Ca>* release ac-
tivity. Therefore, the structural intimacy between endosomes
and the ER dictates EGFR phosphorylation status and thereby
the magnitude of EGF-evoked Ca** signals. Decreased EGF-
mediated Ca®* signals reflect an enhanced proximity be-
tween these organelles (31). EGF-evoked Ca** responses were
therefore compared between control U20S cells and U20S
cells expressing PGRMC1-RFP (Fig. 7A). Responses to EGF in
control U20S cells were robust and were dampened in those
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cells expressing PGRMCI1 (single cells identified by RFP fluo-
rescence, Fig. 7B). Both the peak magnitude and size (AUC) of
EGF-evoked Ca®* signals were depressed in PGRMCI-
expressing cells (Fig. 7, C and D). However, no changes in
Ca®* signals evoked by acetylcholine were noted between the
same cells (Fig. 7, C and D). Therefore, by using EGF activity as
a reporter for endosome-ER connectivity, these data demon-
strate that the interaction between PGRMCI1 and TPCl
enhanced functional Ca®* crosstalk between TPCI-positive
endosomes and the ER.

SASBMB



fluo-4

PGRMC1-RFP

[ | untransfected

C D
[l PGRMC1-RFP

ns —

4] * L .

E— ° -

® <

SRS ST

b | >

<, |[Te o °° 3

— | () —

S H L

o (an

1 ol "o >

@©

o

0 ©

EGF ACh

PGRMC1 regulates NAADP-evoked Ca** release

AF/F =1

ransfected

[ ]untransfected
[ | PGRMC1-RFP
ns
)
°
200 * I 1
. Lot
H °
1001 Io *
®
.
0 | ;

EGF ACh

Figure 7. Expression of PGRMC1 inhibits EGF-evoked Ca?* release. A, U20S cells were transfected with vector encoding PGRMC1-RFP (top right) and
loaded with fluo-4 dye (top left). Pseudocolored images of fluo-4 fluorescence intensity after addition of buffer (bottom, left) or EGF (32 PM, bottom, right).
Kinetics of Ca®* signals (fluo-4 fluorescence) from U20S cells expressing PGRMC1-RFP (red boxes) and untransfected cells (white boxes) were compared.
Scale bar, 20 um. B, single-cell fluorescence traces from EGF responses in U20S cells in the absence (black, top) or presence of PGRMC1-RFP (red, bottom). C
and D, quantification of (C) peak F/F, or (D) area under the curve (AUC) in response to EGF (32 PM) or acetylcholine (ACh, 100 uM) in control U20S cells

(black) or cells overexpressing PGRMC1 (red). Data are shown as averagetse
test, p-values, *p < 0.05; ns, not significant.

Discussion

Here we demonstrate that PGRMC1 interacts with TPC1 to
regulate functional crosstalk between ER and endosomal Ca**
stores. Overexpression of PGRMC1 enhanced NAADP-evoked
Ca®* signals (Fig. 2) by causing a greater mobilization of ER
Ca** (Fig. 6). Loss of PGRMCI1-TPC1 interactivity, effected
using mutational or pharmacological strategies (Figs. 3 and 4),
prevented this potentiation. Knockdown of endogenous
PGRMC1 also inhibited NAADP-evoked Ca** signals (Fig. S2).
This role for PGRMCI1 in regulating the gain of NAADP-
evoked Ca®" signaling is novel, although PGRMC1 has been
implicated in many facets of cellular physiology that show
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m. Statistical significance was determined using paired two-tailed Student’s t

overlap with established roles for NAADP (14—19). Such roles
include endocytic trafficking (32—-34), insulin homeostasis (35,
36), lipid homeostasis (34, 37), as well as axonal guidance and
synaptogenesis (14). PGRMC1 is also implicated in various
pathophysiological outcomes such as non-alcoholic fatty liver
disease (38), diabetes (39) and cancer (22, 29, 40, 41), which
parallel the emerging role of the TPC complex in many of the
same disease states (5, 7, 8). We note PGRMC1 is highly
expressed in several cancer types, serving to accelerate tumor
progression and being associated with poor clinical prognosis.
Potentially, the coupling of NAADP—evoked Ca** release to
ER Ca** signals is also enhanced by the elevated levels of
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PGRMCI in these tumors, and this may contribute to the
pathological events driving carcinogenesis (42).

Our data evidencing a functional role for PGRMCI1 at
endosome-ER membrane contact sites is further supported by
the recent identification of PGRMCI as a reticulon-3 binding
(RTN3) partner (43). RTN3 regulates endosomal maturation at
sites of endosomal-ER contact (44). PGRMC1 has also been
localized at other types of MCSs formed between the ER and
other organelles. These include ER-plasma membrane junc-
tions (21) and ER-mitochondria contacts (45).

A key facet of PGRMCI1 biology is the ability of PGRMCI1 to
bind heme (K4 of 50 nM, (22)) and then dimerize via a unique
heme-heme stacking interaction, mediated via hydrophobic
interactions between the heme moieties of two heme-bound
PGRMC1 monomers. Therefore, while we have shown that
PGRMC1 regulates Ca** signaling between endosomes and the
ER, the localization of PGRMC1 at ER-endosomal junctions
may also have significance for the cellular transport of heme.
The cytoplasmic concentrations of free heme, just like free
Ca®*, must be tightly regulated to avoid cellular toxicity. After
synthesis inside mitochondria, heme must be distributed
throughout the cell to fulfill various biological roles (46, 47). It
has been proposed that the ER may act as an efficient conduit
for heme distribution, a concept supported experimentally
through the use of genetically encoded heme biosensors (48,
49). PGRMC1 has previously been implicated as a chaperone
for mediating heme efflux from mitochondria at contact sites
between ER and mitochondria (46, 48, 50). PGRMC2 also plays
a role in heme trafficking between mitochondria and the nu-
cleus (51). Our data could implicate a role for PGRMC1 at
endosomal-ER contacts to mediate the transfer of heme be-
tween the ER and the endosomal system. The hydrophobic
nature of heme makes shuttling between heme-binding pro-
teins clustered at MCSs a feasible solution for heme transfer
that avoids elevation of the cytosolic concentration of labile
heme. Mutation of the tyrosine residue Y113 (Y113F) decreased
PGRMC1 interactivity with TPC1 (Fig. 3B). This residue, as a
tyrosinate, acts as the 5-coordinating ligand for the heme iron
atom (16) such that the Y113F mutant prevents heme binding
and PGRMCI1 dimerization. Heme association with PGRMC1
may therefore increase affinity for TPC1, coupling changes in
local ER heme concentration to MCS formation.

The interaction between PGRMCI1 and TPC1 establishes a
regulable nexus supporting crosstalk between discrete organ-
elles. Exploration of cues that impact PGRMC1 properties in
the context of MCS function has merit for future study. These
include physiological levels of carbon monoxide, which
dissociate the PGRMCI1 dimer, cancer-associated mutants in
PGRMCI, as well as changes in PGRMC1 phosphorylation or
protein-protein interactions.

One particular PGRMC1 interaction that is especially
intriguing is with STIM1, the ER Ca®* sensor that activates
store-operated Ca®* entry following ER Ca* store depletion
(21). This forms part of a growing body of literature con-
cerning PGRMCI1 and Ca** entry (20, 21). PGRMCI, and
PGRMC1[Y113F], translocate on Ca" store depletion through
association with the coiled-coil domain of STIM1 to interact
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with Orail channels at ER-plasma membrane junctions (21).
That an endosome-ER MCS component (regulating Ca** store
depletion) transitions to a cell surface-ER junction (regulating
Ca®* store refilling) underscores the dynamic nature of MCS
components and differential functional roles that are keyed to
their specific spatial localization.

In conclusion, these data demonstrate a molecular interac-
tion between PGRMC1 and TPC1 that regulates the amplitude
and duration of NAADP-evoked Ca®* signals. This role estab-
lishes PGRMCI1 function at an MCS interface, between endo-
somes and the ER, where PGRMCI1 acts as a regulatory adaptor
impacting Ca>* dynamics and potentially heme transport.

Experimental procedures
Drugs and molecular reagents

CORM-3, AG-205, bafilomycin Al, thapsigargin, and
acetylcholine chloride were from Sigma Aldrich. The recom-
binant human epidermal growth factor was from BioVision
(Waltham, MA). NAADP was synthesized in-house by incu-
bating nicotinamide adenine dinucleotide phosphate (NADP,
Sigma Aldrich) with nicotinic acid (Sigma Aldrich) in the
presence of Aplysia ADP-ribosyl cyclase and purified by high-
performance liquid chromatography, as previously described
(52). The following plasmids were sourced from Addgene
(Watertown, MA): pcDNA3-Clover (plasmid# 40259), pGP-
CMV-GCaMP6M (plasmid# 40754), and pCMV-R-CEPIAler
(plasmid# 58216). pDONR221 vector containing cDNA
encoding PGRMCI1 (accession NM_006667.3) was sourced
from DNASU (Clone ID FLH179805.01L). PGRMC1 cDNA
was subcloned into pCS2+Myc and pCS2+mRFP using Clal
and EcoRI restriction sites. PGRMCI1 point mutants were
made by PCR-based mutagenesis. pCS2+ vectors containing
TPC sequences with either 5x Myc, EGFP or mRFP tags have
been previously described (23), and were used as templates to
subclone TPC1 and TPC2 ¢cDNA into pcDNA3.1(+)-Clover at
the EcoRI restriction site. PGRMC1-specific siRNA (catalog
#4390824, siRNA ID 521310, 5 — CAGUUCACUUUCAA-
GUAUCtt- 3') was sourced from Thermo Fisher (Waltham
MA). Endoplasmic reticulum marker (CALR[1-17]-GFP-
KDEL) was sourced from Invitrogen, plasma membrane
marker (GAP43[1-20]-GFP) and mitochondrial marker
(COX8A[1-29]-CFP) were originally sourced from Clontech.
Antibodies were sourced and utilized as follows: rabbit anti-
PGRMCI1 (0.2 pg/ml; Santa Cruz Biotechnology, sc-393015),
mouse anti-GFP antibody (0.2 pg/ml; Santa Cruz Biotech-
nology, sc-9996), rabbit anti-myc antibody (0.2 pg/ml; Thermo
Fisher Scientific; PA5-85185). Antibody specificity was vali-
dated by probing membranes in the absence of targeted
overexpressed proteins, or after knockdown of targeted
endogenous protein. IRDye near-infrared secondary antibodies
(0.1 pg/ml; Li-COR Biosciences) were used for fluorescent
immunodetection.

Cell culture and transfection

Wild-type parental U20S cells (RRID:CVCL_0042) were
sourced from ATCC. U20S cells were maintained in
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Dulbecco’s Modified Essential Medium (DMEM, supple-
mented with 10% FBS and 100 U/ml penicillin and strepto-
mycin) and cultured in a humidified incubator (5% CO, at
37 °C). U20S TPC1l knockout cells were generated in
collaboration with Synthego (Redwood City, CA), using
CRISPR-Cas9 with three independent guide RNAs targeting
exon 4 (sgRNA1, CGCCAGCGCCUUGGCAUCCU; sgRNA2,
GGGCCGUGGCCAGCUCCAUCG; sgRNA3, CCGGAGUGC
GGGGACGGCGQG). Deletion of exon 4 was validated by
Sanger sequencing of isolated genomic DNA. For over-
expression experiments, U20S cells were transfected with
constructs using Lipofectamine 3000 (Thermo Fisher Scienti-
fic). Briefly, 3 x 10° cells were seeded in a 75 cm? flask in the
absence of antibiotics. The following day, transfection com-
plexes were produced by combining plasmid DNA (15 pg),
P3000 reagent (30 pl) and Lipofectamine 3000 reagent (20 pl),
consistent with the vendor protocol. The DNA-lipid com-
plexes were then added to cells and incubated overnight. Cells
to be used the following day for imaging experiments were
trypsinized and reseeded into MatTek dishes (Ashland, MA).
Cells being used for biochemical experiments were harvested
48 h post transfection. All cells are free of mycoplasma
contamination and are routinely tested using standard PCR-
based methods.

Immunoblotting and immunoprecipitations

To prepare cell lysates, U20S cells were washed in PBS,
harvested by mechanical scraping, and then centrifuged at
800xRCF. Cell pellets were suspended in a lysis buffer con-
sisting of 110 mM KCl, 10 mM NaCl, 10 uM CaCl,, 20 mM
HEPES (pH 7.2), 1% Triton X-100, complete EDTA-free pro-
tease inhibitor cocktail (Roche), and Halt phosphatase inhibi-
tor cocktail (Pierce). Samples were lysed on a nutating mixer
for 30 min at 4 °C prior to centrifugation at 16,000xRCF for
10 min at 4 °C. Soluble supernatants were collected, and
protein concentrations were determined by Bradford assay
(Thermo Fisher Scientific). For immunodetection of proteins,
a sample (20 pg) of solubilized lysate was separated by SDS-
PAGE and transferred to nitrocellulose membranes using
standard methods. Nitrocellulose membranes were blocked in
5% skim milk in Tris-buffered saline supplemented with 0.1%
Tween 20 (TBST) for 1 h at room temperature. Membranes
were then incubated with primary antibodies (mouse anti-GFP
antibody, 0.2 pg/ml; rabbit anti-PGRMCI, 0.2 pg/ml) over-
night at 4 °C. The following day, membranes were washed
three times in TBST, before incubating membranes with
IRDye secondary antibodies (1:7000 dilution in 5% skim milk
TBST) for 1 h at room temperature. Membranes were pro-
cessed using a Li-COR Odyssey Imaging system. For co-
immunoprecipitation experiments with TPCs, 1 mg of solu-
bilized protein from U20S cell lines overexpressing TPC1-
GFP and PGRMCIl-myc was incubated with either mouse
IgG isotype control antibody (2 pg/ml) or anti-GFP antibody
produced in rabbit (2 upg/ml; Thermo Fisher Scientific,
G10362) at 4 °C for 1 h before overnight incubation with
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protein G agarose beads (Roche). Beads were collected after
brief centrifugation and washed three times with lysis buffer.
Immunoprecipitated complexes were eluted by incubating
beads with 2x Laemmli sample buffer at 95 °C for 10 min and
analyzed by SDS-PAGE and immunoblotting as described
above.

NAADP microinjection and Ca** imaging

Single-cell microinjections were performed as previously
described (26), using an InjectMan-4 micromanipulation sys-
tem and FemtoJet4i system (Eppendorf). Cells grown on glass-
bottom MatTek dishes were mounted on an Olympus IX81.
Dishes were perfused with Hanks Balanced Salt Solution
(HBSS) without Ca®* at a flow rate of 1 ml/min. Isolated cells
expressing GCaMP6M were identified by fluorescence. Cell
morphology was assessed by acquiring z-stack images and
reconstructing three-dimensional models of each cell to be
injected. Regions that were distant from the nucleus and from
the cell periphery were targeted for injection sites. Pipettes
(Femtotips II) were back-filled with an intracellular solution
composed of 110 mM KCl, 10 mM NacCl, and 20 mM HEPES
(pH 7.2) supplemented with NAADP (100 nM). Cells were
injected at a depth of approximately 70% of the cell thickness
at the site of injection, with an injection pressure of 85 hPa, a
compensation pressure of 40 hPa, a 0.5s injection duration, 45
injection angle, and a 600 pum/s injection speed. For single-
channel injection experiments, fluorescence was monitored
(Aex = 488 nm, Ay, = 514 = 15 nm bandpass). Dual-color
timelapse imaging was performed by alternating image
acquisition of GCaMP6M (A, = 488 nm, Aep, = 514 £ 15 nm
bandpass) and R-CEPIAler (Ao, = 561 nm, A, = 590 nm
longpass). All injections were performed using a Plan-
Apochromat 60x/1.42 oil differential interference contrast
objective.

For agonist-evoked Ca®" imaging experiments, cells were
cultured in the absence of serum for 16 h prior to imaging,
to prevent serum-mediated desensitization of EGF signaling.
Cells were washed twice with HBSS with Ca**, and incu-
bated with fluo-4-AM (4 uM), pluronic F127 (0.4%), and
probenecid (2.5 mM) for 25 min at room temperature. Cells
were then washed twice with HBSS and left at room tem-
perature for 30 min to allow de-esterification. Dishes were
mounted on an Olympus IX81 microscope and cells were
identified by fluorescence. Fluorescence was monitored (Aex
488 nm, A, 514 + 15 nm bandpass) using a Plan-
Apochromat 40x/1.4 oil differential interference contrast
objective. For all Ca** imaging experiments, fluorescence
changes were monitored using a Yokogawa spinning disk
confocal (CSU-X-MIN), and an Andor iXon Ultra 888
EMCCD camera. Image acquisition and data collection was
done using Metamorph version 7.10. Traces of fluorescence
intensity over time were plotted and the area under the
curve calculated using the curve integration function in
Origin (Origin 2020b, OriginLab).
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All data necessary for evaluating the conclusions of this
study are present within the manuscript and the supporting
information.
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