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Abstract

The Sigma-2 receptor (S2R) (a.k.a TMEMZ97) is an important endoplasmic reticular protein
involved in cancer, cholesterol processing, cell migration, and neurodegenerative diseases,
including Niemann-Pick Type C. While several S2R pharmacologic agents have been discovered,
its recent (2017) cloning has limited biological investigation, and no endogenous ligands of

the S2R are known. Histatins are a family of endogenous antimicrobial peptides that have
numerous important effects in multiple biological systems, including antifungal, antibacterial,
cancer pathogenesis, immunomodulation, and wound healing. Histatin-1 (Hst1) has important
roles in epithelial wound healing and cell migration, and is the primary wound healing agent in
saliva. Little is understood about the downstream machinery that underpins the effects of histatins,
and no mammalian receptor is known to date. In this study, we show, using biophysical methods
and functional assays, that Hst1 is an endogenous ligand for S2R and that S2R is a mammalian
receptor for Hst1.
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Introduction

The Sigma-2 receptor (S2R) was recently identified as the endoplasmic reticular protein,
Transmembrane Protein 97 (TMEMZ97) [1]. S2R, implicated heavily in cancer and
neurodegenerative diseases, was originally described pharmacologically, with disparate
small molecules and drugs found to target S2R. These agents are active in multiple
areas including cancer, pain, Alzheimer’s disease, aging and mitochondrial disorders,
and multiple sclerosis [2]. TMEMO97 is also known to be important in cancer cell
metastasis, cellular migration and has a described interaction with the Niemann—Pick Type
C (NPC) intracellular cholesterol transporter 1 (NPC1) protein [1,2]. NPC1 is deficient,
or defective, in the vast majority of patients with Niemann—Pick Type C disease, and

is critical for cholesterol processing and distribution [3-5]. While numerous actions and
pharmacologic modulators have been tied to TMEM97/S2R, to our knowledge, no well-
described endogenous ligand is known [1,2].

Belonging to the endogenous antimicrobial peptide (AMP) family, histatins were originally
thought to be antifungal components of saliva [6]. In the last decade, numerous roles for
histatins have been described in multiple epithelial and nonepithelial systems, including
antiviral, antibacterial, wound healing, and immunomodulatory actions [7-9]. Histatins,
particularly histatin-1 (Hst1), are thought to be the primary wound healing agents in saliva
and are known to promote cell migration and modulate cellular adhesion in multiple cell
types [7-9]. Histatins are overexpressed in multiple cancer cell types and may modulate the
effects of epithelial-mesenchymal transition (EMT) factors in these cancers [9-12]. Although
there has been interest in finding the receptor for histatin peptides, limited information

has been described. Imamura et al. reported on the ability of histatin-3 (Hst3) to interact
with, but not clearly directly bind, the chaperone protein HSC70. No other mammalian
cellular interactors are known to explain the cell migration and wound healing effects of
Hst1 [13,14]. Other clues to a potential receptor include the sensitivity of the effects of
histatins to pertussis toxin application, suggesting at least a downstream functional role of a
G protein—coupled receptor (GPCR) [7-9].

Given our interest in histatins, we undertook a receptor screening assay to search for

a receptor for histatin peptides. This screening assay identified TMEMZ97 as a putative
partner for Hstl. We utilized multiple methods in vetting this interaction, including
radioligand binding, coimmunoprecipitation, ELISA assay, direct binding analysis using
surface plasmon resonance (SPR), circular dichroism (CD), immunolocalization, and
functional assays to validate Hstl as a binding partner of TMEM97, and identify an
endogenous secreted ligand for TMEM97. All of these experiments described herein
established TMEM97 as a mammalian histatin receptor. Moreover, we demonstrate that
the pro-migratory effects of Hst1 are abrogated by knockdown (KD) of TMEM97. These
results have broad importance to understanding how histatins promote cellular migration,
identifying an endogenous ligand for TMEM97, and improving our understanding of wound
healing and cellular migration.
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Results
Hstl Binds TMEM97

Screening for potential receptors for Hstl was carried out at the University of North
Carolina (UNC) Psychoactive Drug Screening Program (PDSP) using radioligand binding
assays on an existing library of overexpressed cell lines of various pharmacologically
important receptors. Binding of synthetic Hst1 with TMEM97 containing HEK293T
membranes was identified in a primary binding screen at 10 uM of Hst1 and confirmed
with a secondary dose—response binding assay using the same radioligand. Results were
compared with a reference inhibitor, haloperidol, over a range of doses as described [15],
and overlaid dose—response curves of the confirmatory radioligand binding assay test are
shown in Fig. 1A. The determined K;j value of the Hst1 was 239 nm, while that of
haloperidol was 44 nwm. This encouraging Hstl Kj value motivated us to design and carry out
further validation assays.

We then performed a coimmunoprecipitation assay to determine whether the potential
interaction between Hstl and TMEM97 was reproducible at the cellular level. After
exogenous application of Hstl to human corneal epithelial (HCE) cells, cell lysates were
obtained and immunoprecipitation with a TMEM97 antibody followed by immunoblotting
with an Hst1 antibody demonstrated that Hst1 was coprecipitated with TMEM97 (Fig. 1B).
Interestingly, two bands (one below 10 kDa and one just below 15 kDa) were noted on co-IP.
These bands may represent monomeric and multimeric versions of Hstl and are similar

to what has been seen with western blotting of Hst1 containing samples in the past [16].
These results suggest that the cell-free findings of this interaction (radioligand binding assay
in cell membrane preparations) are demonstrable in the physiologic cellular environment.
These results were confirmed with Hst1 antibody immunoprecipitation and blotting with
anti-TMEMO97 antibody (Fig. S1). In addition, proteomic analysis was performed using

the gel fragment taken from the co-IP (precipitated with anti-Hst1 and blotted with anti-
TMEMZ97) and confirmed the presence of TMEM97 (data not shown). Enzyme-linked
immunosorbent assay (ELISA) testing to detect bound Hstl on plates coated with TMEM97
was also performed and confirmed binding between Hstl and TMEM97 (Fig. 2).

Both the radioligand binding assay and co-IP were done in cellular environments with
other cellular components present with the possibility of having some other mediating
partners. Hence, we investigated direct binding analysis of Hst1 with purified recombinant
TMEMZO7 proteins /n vitro using the SPR technique. SPR testing was performed with the
highly sensitive SPR instrument Biacore 8K and demonstrated that Hst1 selectively bound
to full-length TMEM97, which was expressed in a eukaryotic system (HEK293 cells; Fig.
1C). Subsequent testing with a GST-tagged, wheat germ—derived, C-terminal domain of
TMEM97 (108-176) determined that Hst1 bound to the C-terminal region of TMEM97 with
similar binding affinity as the full-length protein (Fig. 1E). As shown in Table 1, Hstl
contains many charged residues, which could cause nonspecific charge—charge interactions
even though 150 mM salt was present in the SPR binding buffer to reduce this potential
nonspecific interaction. A scrambled peptide control version of Hstl, Hst1-scrambled
peptide (SP), contains the exact same amino acid residues as Hstl but with different order.

FEBS J. Author manuscript; available in PMC 2021 December 07.
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Hst1SP did not exhibit binding to either full-length TMEM97 or TMEM97 (108-176; Fig.
1D,F), indicating the observed binding interaction between Hstl and TMEM97 was unlikely
to be derived by nonspecific charge—charge interactions. These results suggest that there is a
specific and direct binding of Hst1 with the C-terminal domain of TMEM97.

Subsequently, we generated synthetic C-terminal TMEM97 (108-176) and found that C-
terminal synthetic TMEM97 (108-176) bound Hst1 with similar affinity to full-length and
GST-tagged recombinant TMEM97 (108-176; Fig. 2A). As expected, Hst1SP did not bind
to the synthetic TMEMZ97 (108-176; Fig. S3). In order to compare side by side, overlaid
steady-state affinity fitting curves of Hstl binding to a full-length TMEM97 (black), a
GST-TMEM97(108-176) (red) and a synthetic TMEM97(108-176) (green) are shown in Fig.
2B), and their determined Kp values are 5.3, 6.6 and 6.3 uwm, respectively. We then tested
the hypothesis that interaction between Hstl and TMEMZ97 could affect their structures upon
binding. We examined the secondary structure of Hstl, Hst1SP, and TMEM97 (108-176)

in solution using CD measurements (Fig. 2C). We noted that Hst1 and scrambled Hst1SP
alone are mostly disordered (over 50%) with some degree of p-strand (light and dark

blue lines, respectively, in Fig. 2C, while TMEM97 (108-176) contains mainly a-helical
(46%) and 23% B-strand regions with ~31% disordered (14% turns and 17% unordered)
regions (Fig. 2D). According to CD spectra comparison (pink line vs black line), there
appeared to be slightly more a-helical secondary structures formed upon Hst1 binding to
TMEM97 (108-176) than TMEM97 (108-176) alone, reducing turns region from 14% to
8% while B-strand and unordered regions remain similar. The scrambled peptide Hst1SP
did not induce increased secondary structural elements, unlike Hst1 (green line in Fig. 2C).
Simple sum (orange line) of CD spectra of TMEM97 (108-176) alone and Hst1 alone was
demonstrably different from Hstl bound to TMEMZ97 (108-176). CD data analysis using
DichorWeb revealed that disordered regions (turns plus unordered) of the Hst1-TMEM97
(108-176) complex are lower than each of them alone. These results suggested that not only
does Hstl bind to TMEM97, but the interaction may further induce secondary structures.

Hstl and TMEM97 co-localize in cellular environments

In order to determine whether the binding assay results were relevant to normal cellular
conditions and function, we performed several assays to confirm the existence and relevance
of an interaction between Hstl and TMEM97. We tested whether Hst1 could be internalized
into HCE cells and whether localization of internalized Hst1 could colocalize with
TMEMZ97. Figure 3A demonstrates the results of these experiments. Alexa-488 coupled
synthetic Hstl was applied exogenously and noted to be internalized into HCE cells at 24 h
after exposure, with relative enrichment of localization to the peri-nuclear area. Subsequent
immunolocalization of exogenously applied Hstl to HCE cells and visualization with an ER
staining agent demonstrated good colocalization (Fig. 3B). Finally, coimmunolocalization
of exogenously applied Hstl with TMEM97 demonstrated significant overlap (Fig. 3C).
These results suggest that Hstl is localized to the area where TMEMZ97 is thought to have

a functional role and that the previously described binding assays may have a physiological
correlate in live cells. In addition, we performed Hst1 localization by immunofluorescence
after exogenous application of Hstl in cells pretreated with escalating concentrations of
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1,3-di-o-tolylguanidine (DTG) and noted that Hst1 localization is reduced by pretreatment
with DTG, correlating well with radioligand binding assay results (Fig. S4).

TMEMO97 is required for migration promotion by Hstl

Testing was then performed to determine whether the known functions of Hst1 on HCE or
HeL a cells were dependent upon TMEMZ97 expression, including cell migration and wound
healing. In order to assess the importance of TMEM97 in the known functions of Hstl, we
performed a sSiRNA KD of TMEM97 in HCE and HeLa cells (Fig. 4). Internalization and
localization of Hstl in KD cells versus control cells were then tested (Fig. 4C). Notably,
KD of TMEMZ9Y7 significantly disrupted internalization and/or localization of Hstl in HCE
KD cells. Boyden chamber-based cell migration assays were performed in HCE and HelLa
cells with and without siRNA KD of TMEM97 and demonstrated that, as predicted, Hstl
treatment caused a dose-dependent increase in cellular transmigration toward a stimulus (2%
FBS). KD of TMEM97 in HCE and HeLa cells abolished this response to Hst1, suggesting
that transmigration acceleration in response to Hst1 is dependent upon the presence of
TME97 (Fig. 4D-F). Subsequently, we tested whether Hst1-dependent increases in wound
healing of HCE cells, using a standard scratch assay, were dependent upon TMEMZ97.

In order to do this, we generated a ShRNA KD of TMEM97 in HCE cells (Fig. 4G).
Similarly, we noted the predicted increases in wound healing rates in response to Hstl in
HCE cells and sShRNA KD of TMEM97 abolished this responsiveness (Fig. 4H-1). Figure
S5 demonstrates a similar necessity of TMEM97 in HCE cells to increase rates of scratch
closure in response to Hstl using a sSiRNA-mediated KD. As the mechanism for Hst1l
induced wound healing and epithelial cell migration has been the subject of much study
and is still unknown, this finding suggests a novel potential pathway/mechanism for this
phenomenon.

Discussion

This study represents the demonstration of an endogenous ligand for TMEM97 and

a mammalian receptor for Hst1l. We discovered this novel ligand—receptor relationship
through radioligand binding assay screening and confirmed these results by multiple
different biochemical/biophysical methods of measuring protein—protein interaction. We
also confirmed the necessity of TMEM97 for the wound healing activity of Hst1 peptides
and found potential domains for interaction between these two proteins. These results
may impact understanding of processes including wound healing, cholesterol processing,
pathogen processing, and mucosal immunity.

TMEMO97 was recently reported to be the elusive S2R [1]. S2R is the target of numerous
pharmacologic ligands and is targeted for multiple purposes including cancer, schizophrenia,
Alzheimer’s disease, aging and mitochondrial disorders, and multiple sclerosis [2].
TMEMO97 is an intrinsic ER protein involved in cholesterol and lysosomal processing

that has been implicated in cell migration and interacts with NPC cholesterol transporter

1 protein, NPC1 [1,2]. NPC1 is critically important in cholesterol processing, pathogen
processing, autophagy, and apoptosis [3-5]. Reduction of TMEMZ97 levels in NPC1 mutant
cells leads to relative normalization of free cholesterol levels, a critical feature of NPC
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disease, suggesting a therapeutic role for modulation at the TMEMZ97 protein for NPC
disease [17].

S2R targeting agents have also been implicated in migration, caspase-mediated apoptosis,
autophagy, reactive oxygen species generation, and mitochondrial stability [2]. One of the
most important effects of the S2R/TMEM97/MAC30 is the promotion of cell migration
and association with malignancies [18-22]. TMEM97 up- and downregulation has been
seen in multiple tumor types, with upregulation seen in many cancers, and downregulation
seen in renal and pancreatic cancers [23]. Interestingly, changes in cancer cell motility,
invasiveness, and deregulation of epithelial-mesenchymal transition markers have been
seen with derangement of TMEMO97 levels [18,19,23,24]. While multiple actions and
pharmacologic modulators have been tied to TMEM97/S2R and great importance has been
placed on TMEM®97, no endogenous ligand is known [1,2].

Histatins are an important class of endogenous AMPs. Other exemplary AMPs include
LL-37 and B-defensins [6]. Histatin peptides are a histidine-rich family of peptides, arising
from two genes (HTN1 and HTN3). Histatins were first described as antifungal agents in the
saliva, but have since been found to have antiviral, antibacterial, wound healing, and even
antiinflammatory activities [7-9]. Histatins, particularly Hst1 are thought to be the primary
wound healing agents in the oral mucosa and promote cell migration and modulate cellular
adhesion in epithelial, stromal, and vascular endothelial cells [7-9]. Migration induced

by Hst1 in some cell types may involve endosomal protein recruitment and MAP kinase
signaling changes [7-9]. Interestingly, it was recently reported that Hst1 is readily taken up
into human buccal epithelial carcinoma cells and localized to the ER and mitochondria [25].

Histatins may be overexpressed in several cancer cell types and may modulate effects

of EMT factors in some cancer cell types [9-12]. Moreover, a number of antimicrobial
peptides genes (HTN1, HTN3, STATH, MUCY7), with similar chromosomal localization (chr
4; 4913.3) are seen to be significantly overexpressed in the peri-tumor area in papillary
thyroid cancer samples, suggesting some potential interaction of these AMPs with cancerous
lesions [26]. Hst5 also has sequence homology with CCL28 a chemokine with antimicrobial
activity that has been tested as an adjuvant for HIV1 vaccine development and is upregulated
in multiple cancers [27].

While Imamura et al. have reported on the ability of Hst3 to interact with, but not clearly
directly bind, the chaperone protein HSC70, no other mammalian cellular interactors

are known to explain the migratory effects of Hst1 [13,14]. Interestingly, HSC70 may

be a modulator of NPC and levels of HSP70/HSC70 contributing to stabilization or
destabilization of NPC1 levels [28].

Other clues to a potential interaction among histatins, TMEM97, and NPC1 are also

seen in disparate reports of these previously unassociated proteins being involved in viral
processing, infectivity, and invasion. HIV1 infected patients have been reported to have
decreased Hst5 levels and increases in Candida albicans infections [9,29]. Moreover, NPC1
has been identified as the Ebola virus receptor. The common tie among these observations
could be the importance of cholesterol processing in many viral infections [30].

FEBS J. Author manuscript; available in PMC 2021 December 07.
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While we believe it is exciting and impactful to identify an endogenous receptor for Hstl
and an endogenous ligand for TMEMZ97, it is not yet clear whether all of the actions of
histatin peptides are explained by an interaction with TMEMZ97, or whether all the actions of
TMEMZO7 are driven by histatins. It is possible that the associations of both of these proteins
with phenotypic cellular changes are contextual and depend on tissue type, environmental
conditions or other factors. This study does not answer whether a GPCR still exists to
underpin some actions of histatin peptides and whether such a receptor is up or downstream
of TMEMO97. Finally, the interaction we describe could be one of the multiple interactions,
and future experiments are still needed to solve the structures of TMEM97 and Hst1 alone
and together.

In conclusion, Hstl is an endogenous ligand for TMEM97 and TMEM97 is a mammalian
receptor for Hstl. Moreover, TMEMZO97 is necessary for transduction of the epithelial
migration promoting effects of Hst1. These results help to resolve the search for an

Hst1 receptor and broaden our understanding of physiological interactors for TMEM97.
Implications for these findings may be found in our understanding of cholesterol processing,
NPC disease, wound healing, and cell migration.

Materials and methods

Peptide synthesis

Hstl, Hstl-scrambled peptide (Hst1SP) and TMEM97 (108-176) peptides were synthesized
according to previously published protocols [31]. Briefly, standard solid-phase peptide
synthesis was carried out using Fmoc-based solid-phase peptide synthesis chemistry
followed by purification using reversed-phase HPLC and subsequent characterization by
electrospray ionization mass spectrometry. Table 1 shows the sequences of the synthetic
peptides used in experiments.

Radioligand binding assay

Radioligand binding/competition assays were performed by the University of North
Carolina (UNC) Psychoactive Drug Screening Program (PDSP) as described [15]. An

S2R transient overexpression HEK293T cell line was used for membrane preparations.
Primary and secondary radioligand binding assays were then performed using an initial

10 um concentration of Hst1 followed by determination of equilibrium binding affinity
over multiple concentrations, in triplicate. The ‘hot ligand’ for S2R was [3H]-1,3-di-
o-tolylguanidine ([3H]-DTG) and haloperidol was used as the prototypical inhibitor.
Calculations of the percentage inhibition for each assay plate with total binding (with buffer)
as 0% inhibition and nonspecific binding (in the presence of the reference compound)

as 100% inhibition over an average of 4 experiments are used to identify whether the
compound is suitable for secondary screening (> 50% inhibition). Secondary screening
results are reported as amount of hot ligand binding [counts per minute (CPM)] remaining
with a standard reference dose—response curve (all in triplicate). Determination of Ki’s for
the reference drug (haloperidol) and the experimental article (Hst1) is then performed.
Secondary screening assays are performed three separate times with three technical
replicates for each experiment. Further details are available in the PDSP assay manual [32].

FEBS J. Author manuscript; available in PMC 2021 December 07.
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Human corneal epithelial (HCE) cells were provided by Deepak Shukla (University of
Illinois at Chicago, Chicago, IL, USA). HCE cells were cultured in a Medium Essential
Media (MEM) (10-010-CV, Corning, Cellgro, Manassas, VA, USA) supplemented with
10% Fetal Bovine Serum [(FBS), 26140-079, Gibco Life Technologies, Grand Island, NY,
USA] and 1% penicillin- as reported prior [33,34]. Standard cell culture conditions (37
°C, 5% CO2, > 95% humidity) were used during routine passages, as has been done
previously [35]. HeLa cells were maintained in Dulbecco’s modified Eagle’s medium
(DMEM; Life Technologies, Grand Island, NY, USA), and media were supplemented with
10% fetal bovine serum (FBS; Gibco/Life Technologies, Carlsbad, CA, USA) and 1%
penicillin-streptomycin (Gibco/Life Technologies, Carlsbad, CA, USA).

Immunoprecipitation/western blotting

The day before, HCE cells were plated at the concentration of 5 x 10° cells/well in a

100 mm dish and were treated with 20 pum of Hstl for 6 h. Cells were harvested with

lysis buffer (1% NP40, 137 mm sodium chloride, 20 mm Tris [pH 8.0], and 10% glycerol)
and the lysates were incubated with 5 pL of a validated rabbit polyclonal anti-TMEM97
antibody (NBP1-30436, Novus Bio., Littleton, CO, USA) overnight at 4 °C [36]. The
lysates were incubated with 30 uL of a suspension of protein A/G (sc-2003, Santa Cruz
Biotechnology, Dallas, TX, USA) for 2 h at 4 °C with gently shaking. After centrifugation
for 5 min, pellets were washed three times and resuspended in 50 pL of 2X NuPAGE

LDS sample buffer (NP10007, Invitrogen, Carlsbad, CA, USA) and boiled for 10 min. For
detecting bounded Hstl to TMEMO97 protein, the lysates were subjected to electrophoresis
on 12% NuPAGE bis-Tris gels (NP0342BOX, Invitrogen, Carlsbad, CA, USA), followed
by transfer to nitrocellulose membranes (Amersham Protran, GE Healthcare, Pittsburgh,
PA, USA). Membranes were then blocked with Tris-buffered saline containing 3% nonfat
dry milk for 1 h and incubated with rabbit primary antibody against Hst1(MBS2002621,
Mybiosource, San Diego, CA, USA,; 1 : 1000) overnight at 4 °C [16]. After washing in
0.05% Tris-buffered saline containing 0.05% Tween 20 (TBST), membranes were then
incubated for 1 h with goat anti-rabbit-HRP (BD Biosciences, San Jose, CA, USA; 1 :
2000) as the secondary antibody. The membranes were developed using MYELC Imager
(Thermo Fisher Sci. Waltham, MA, USA) and ECL Pro solution (PerkinElmer, Waltham,
MA, USA). B-actin was used as an internal control. For immunoprecipitation detection

by mass spectrometry, the eluant was proteolytically digested using suspension trapping
(S-Trap, ProtiFi, Farmingdale, NY, USA) and protein identification was carried out using
nanoLC-MS on a Q-Exactive mass spectrometer as previously described [37]. Protein
identifications at the 95% confidence interval with a minimum of two unique peptides were
considered.

Surface plasmon resonance (SPR)

Recombinant full-length TMEM97 (also called MAC30) and GST-TMEM97 (108-176)
proteins were purchased from OriGene and Abnova, respectively (recombinant Full-length
TMEM97 (TP316927, OriGene, Rockville, MD, USA) from HEK?293 cells; recombinant
GST-C-terminal TMEM97 (108-176, H00027346, Abnova, Taipei City, Taiwan, ROC
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from wheat germ). TMEM97 (108-176) peptide was synthesized. Two proteins and a
peptide were initially prepared in HBS buffer containing [10 mm HEPES, pH 7.4,

150 mm NaCl, and 0.05% n-dodecyl-p-D-maltoside (DDM)]. DDM is known to be an
effective membrane protein stabilizing detergent [38-40]. The CM5 sensor chip surface was
first activated by 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC)/N-
hydroxy succinimide (NHS) mixture using a Biacore 8K instrument (Cytiva). Two
recombinant proteins, full-length TMEM97 and GST-TMEM?97 (108-176), were diluted

to 50 pg-mL~1 in 10 mm sodium acetate at pH 5.5 and immobilized to flow channels

1 and 2 followed by ethanolamine blocking on the unoccupied surface area. Synthesized
peptide TMEMO7 (108-176) was diluted to 50 pg-mL~1 in 10 um sodium acetate at pH 4.0
and immobilized to flow channel 3 on the same sensor chip. Each flow channel has its

own reference channel, and blank immobilization using EDC/NHS and ethanolamine was
done for all reference channels. Histatin solutions with a series of increasing concentrations
(0.78-25 pm at twofold dilution) were applied to all four channels at a 30 pL-min~1 flow rate
at 25 °C. The data were double-referenced with a reference channel and zero concentration
responses, and reference subtracted sensorgrams were fitted with 1 to 1 Langmuir kinetic
model using a Biacore Insight evaluation software, producing two rate constants (4, and
ky). The equilibrium dissociation constants (KD) were determined from two rate constants
(Kb = Kyl ky). For steady-state affinity fittings, response units at each concentration were
measured during the equilibration phase, and the Kp values were determined by fitting the
data to a single rectangular hyperbolic curve equation (1), where y is the response, Ymax IS
the maximum response and x is the histatin concentration.

_ Ymax " X
y= Kp+x

)]

Circular dichroism (CD)

CD analysis was performed on a Jasco 815 CD spectrometer at room temperature. Synthetic
TMEM 97 (108-176) and two Hstl peptides (Hstl and Hst1SP) were prepared as 10 mm
stock in 25% DMSO/water and water, respectively, and diluted to 0.15 mg-mL™1 final
concentration in CD buffer [10 mm NagHPOy, pH 7.4, 0.05% n-dodecyl-p-D-maltoside
(DDM, 89903, Thermo Fisher Sci. Waltham, MA, USA)]. A total of 400 uL of each
sample was added into a 1 mm quartz sample cell, and CD spectra were recorded from

260 nm to 190 nm wavelength. Data points were measured in 0.5 nm wavelength step at

a scanning speed of 100 nm-min~1. A total of 5 spectra were acquired for each sample

and averaged. CD buffer without histatin peptides was used as a control curve, which

was subsequently subtracted from the CD spectra of peptide samples. The resulting buffer
control subtracted CD intensity row data in millidegrees were submitted to DichroWeb
(http://dichroweb.cryst.bbk.ac.uk) and fitted with multiple embedded models and converted
to mean residue ellipticity.

FEBS J. Author manuscript; available in PMC 2021 December 07.
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Immunofluorescence imaging

HCE cells were seeded on glass coverslips (Fisher Scientific Co., Pittsburgh, PA, USA)
within a 6-well plate at 3 x 10° (cells/well) seeding density. The cells were washed with
media and were treated 20 pm of Hst1 or untreated, both with reduced serum conditions
(0.5% FBS in MEM media) for 6 h. HCE cells were then fixed in 3.7% paraformaldehyde,
permeabilized with phosphate-buffered saline (PBS) containing 0.2% Triton X-100 for

5 min, and washed three times for 5 min each time in PBS. For blocking, cells were

and incubated at room temperature for 30 min with 5% bovine serum albumin (BSA)

and 5% normal goat serum in PBS. For the Endoplasmic Reticulum (ER) staining, a
Cytopainter ER staining kit (ab139481, Abcam, Cambridge, MA, USA) was used, following
the manufacturer’s instructions. After washing with 1X Assay buffer, cells were incubated
with Green Detection Reagent to cover the monolayer of cells. For the detection of Hstl
and TMEM97, mouse anti-Hst1 antibody (ab 70024, Abcam, Cambridge, MA, USA), rabbit
primary antibody against Hst1(MBS2002621, Mybiosource, San Diego, CA, USA, and
rabbit anti-TMEMZ97 antibody (NBP1-30436, Novus Bio., Littleton, CO, USA) were used
[16,36]. Cells were incubated overnight at 4 °C with primary antibodies, washed three times
for 5 min each time in PBS before incubation with secondary antibodies for 30 min. Cells
were then counterstained with 1 ug-mL~1 4”,6-diamidino-2-phenylindole (DAPI) solution in
PBS for 3 min, then washed three times with PBS containing 0.05% Triton X-100 for 5

min each time, twice with PBS for 5 min each time, and once with distilled H,O for 10

s. The cells were mounted in Fluoro gel with Tris buffer (Electron Microscopy Sciences,
Hatfield, PA, USA) and observed under a confocal microscope (Zeiss LSM 710 Confocal
Microscope, Oberkochen, Germany) using a 40x objective. Alexa Fluor™ 488 NHS Ester
(A20000, molecular probes, Carlshad, CA, USA) was used for making Alexa-488 coupled
synthetic Hst1.

Transfection/ knockdown of TMEM97

Sub-confluent monolayers of HCE or HeLa cells grown in 35-mm six-well plates were
transfected with reaction mixtures consisting of 100 pmol of a pool of 3 target-specific
19-25 nt human small interfering RNAs (siRNA) to TMEM97 (sc-93890, Santa Cruz
Biotechnology, Dallas, TX, USA) for 48 h and 5 pL of Lipofectamine 2000 (11668027,
Invitrogen, Carlsbad, CA, USA) in Opti-MEM media (31985-070, Gibco Life Technologies,
Grand Island, NY, USA). Complexes were incubated for 20 min at 24 °C and then added to
cells at 37 °C. Incubation was continued for 24-48 h at 37 °C in 5% CO,. For the stable

cell line KD of TMEM97, HCE was transfected with sShRNA lentiviral particles to TMEM97
(sc-93890-V, Santa Cruz Biotechnology, Dallas, TX, USA) using polybrene (G062, Applied
Biological Materials USA Inc. Ferndale, WA, USA) overnight. The next day, media was
replaced with complete media without polybrene. After 48 h, transfected cells were selected
using puromycin (1-10 pg-mL~1, A1113803, Gibco Life Technologies, Grand Island, NY,
USA). KD of TMEM97 was confirmed with western blot using a rabbit anti-TMEM97
antibody (NBP1-30436, Novus Bio., Littleton, CO, USA) and analyzed by ImaceJ software
(ImageJd 1.47v, NIH, Thornwood, Bethesda, MD, USA).
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Cell migration assay

HCE migration assays were performed in a 48-well micro-chemotaxis chamber (Neuro
Probe, Inc., Cabin John, MD, USA), following the manufacturer’s instructions and a
modification of prior reports [41]. Polyester membranes (PFB12, Neuro Probe, Inc.,
Gaithersburg, MD, USA) with 12 um pores were used. HCE and HeLa cells were incubated
with Hstl for 6 h, harvested using Versene (15040-066, Life Technologies, Corp., Grand
Island, NYY, USA), resuspended in RPMI11640 (11875-093, Life Technologies, Corp., Grand
Island, NY, USA) containing 0.5% FBS. The bottom chamber was loaded with RPM11640
media containing 2% FBS, and the filter was laid over the media. The upper chamber was
loaded with 3 x 10%cells and then incubated at 37 °C for 16 h. The filters were then fixed and
stained using Eosin (71311, Richard-Allan Sci., Kalamazoo, MI, USA). Each condition was
studied in triplicate wells, and each experiment was performed three separate times, with
three replicates from a single experiment depicted in figures.

Wound healing in vitro scratch assay

HCE cells were cultured in a 96-well plate at 5 x 10* (cells/well) seeding density

and were grown to confluence. Subsequently, a straight line scratch mark was made

with a multiscratch wound maker (Incucyte® 96-well Woundmaker Tool # 4563, Essen
Biosciences, Ann Arbor, MI, USA). The cells were then washed twice with PBS to remove
cellular debris. Wounded areas were then treated with or without 20 or 50 pum of Hstl

in reduced serum conditions (0.5% FBS). Scratches were photographed microscopically

at 4x magnification (Image express Micro, Molecular devices, San Jose, CA, USA) every
hour over the course of the experiment. The wound areas were measured using ImageJ
software (ImageJ 1.47v, NIH, Thornwood, Bethesda, MD, USA). Relative wound closure
was calculated by dividing the closure of the treated wound by that of the untreated control
wound. Each condition was studied in triplicate wells, and each experiment was performed
three separate times, with three replicates from a single experiment depicted in figures.

Statistical analysis

All experiments were analyzed using standard statistical methods (Student’s £test,
ANOVA), with the application of methods for multiple comparisons where appropriate using
GraPHPAD prism software 5.0 (GraphPad Software, La Jolla, CA, USA).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Identification of TMEM97 as a potential Hst1 receptor. (A) Radiolig and binding assay
demonstrates that Hst1 binds to TMEMZ97. Binding affinity of Hstl to TMEM97 was
determined using HEK239T cellmembranes with overexpression of TMEM97. Hstl
demonstrated a Kj of 239 nm as opposed to reference inhibitor haloperidol (K = 44 nm),
indicating the pharmacologic relevance of this novel potential interaction. Experiments
were performed in triplicate in three separate experiments. CPM = counts per minute.

Error bars indicate SEM. (B) Hstl coimmunoprecipitates with TMEM97. Hst1 was applied
exogenously to HCE cells followed by immune precipitation with a TMEMZ97 antibody

and subsequent immunoblotting with an Hst1 antibody. Images are representative of

two separate experiments. Results indicate that Hst1l and TMEMO97 are able to interact

in physiological cellular environments. Un = Untreated sample. (C—F) Surface plasmon
resonance (SPR) analysis demonstrates direct, specific binding between Hstl and TMEM97.
Sensorgrams of recombinant TMEM97 (FL) binding to a series of increasing concentrations
of Hstl (C) and scrambled peptide control (Hst1SP) (D). Sensorgrams of recombinant
GST-TMEM97 (108-176) binding to Hstl (E) and Hst1SP (F). These results indicate Hstl
can bind to FL-TMEMB7 or its C terminus with similar affinities and that Hst1SP is unable
to bind either recombinant form of TMEM97. Kp values were calculated from two rate
constants determined by fitting the data (see Methods for details) with 1 to 1 Langmuir
kinetic model, and the average Kp values and the standard deviations were calculated from 2
to 4 different experiments.
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Fig. 2.

Direct binding analysis by surface plasmon resonance (SPR) and secondary structure
analysis using circular dichroism (CD). SPR analysis demonstrates binding of Hst1

with synthetically generated C-terminal domain TMEM97 (108-176). (A) Sensorgrams of
synthetic TMEM97 (108-176) binding to Hstl. (B) Overlaid steady-state affinity fitting
curves of Hstl binding to full-length TMEM97 (black), GST-TMEM?97 (108-176) (red)

and synthetic TMEM97 (108-176) (green). Results indicate that Hst1 can bind to synthetic
C-terminal domain of TMEM®97 with similar affinities to recombinant FL and C-terminal
TMEMZ97. Kp values were calculated from two rate constants determined by fitting the

data (see Methods for details) with 1 to 1 Langmuir kinetic model, and the average Kp
values and the standard deviations were calculated from two to four different experiments.
Kp values determined from steady-state affinity fittings were very similar to those from
kinetic fittings. (C-D) Hst1 binding to TMEMO97 increases secondary structures in both. CD
spectrum of Hstl (light blue line) or HstSP (dark blue line) alone shows equal to or over
50% of disordered pattern while TMEM97 alone (black line) CD data demonstrates that it
is 46% a-helix and 23% f-strand region. Mixture of TMEM97 and Hst1 in solution reduces
turn regions and increases helical configuration (pink line) as compared with each alone.
Moreover, combining Hst1SP and TMEMZ97 (green line) did not induce increased secondary
structural features. These results suggest that TMEM97 and Hst1 binding can induce further
secondary structures in solution. Each sample was run in duplicate, and CD data analysis
was done on DichroWeb Data Analysis. Dotted lines are the fitted lines.
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Fig. 3.
Hst1 colocalizes with TMEMZ97 at the endoplasmic reticulum (ER). (A) Hstl is internalized

by epithelial cells and localizes to the perinuclear area. Confocal microscopic imaging

of HCE cells 24 h after exposure to exogenous Alexa-488 coupled Hstl demonstrates
internalization of Hstl into cells and relative enrichment of localization to the peri-nuclear
area. (B) Hstl localizes to the endoplasmic reticulum (ER). Exogenously applied Hst1 was
immunolocalized with a rabbit anti-Hst1 antibody and colocalizes with an ER visualization
agent (Cytopainter ER staining kit; Abcam). (C) Colocalization of exogenously applied Hstl
with intrinsic ER protein TMEM97. Exogenously applied Hstl was visualized with a mouse
anti-Hst1 antibody and colocates with signal from a rabbit anti-TMEMS97 antibody. Taken
together, these findings indicate that colocation of Hstl and TMEMZ97 is demonstrable

in normal cellular environments and that this interaction occurs at predicted cellular sites

of TMEMO97 function. Scale bar = 20 pm. Images are representative of three separate
experiments.
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Fig. 4.
Knockdown (KD) of TMEMZ97 inhibits Hstl induced migration and wound healing. (A)

HCE cells were transfected for 48h with either control siRNA (Ctrl) or TMEM97 siRNA
[knockdown (KD)]. Whole cell lysates were then subjected to western blotting with
antibodies against TMEM97. (B) Densitometry measurements indicate that TMEM97KD
reduced protein levels by 70%. Notable is the significant reduction in TMEMZ97 signal in the
TMEMO97 siRNA treated samples indicating successful KD. (C) Immunolocalization shows
internalization of Hst1 to HCE and colocalization with TMEMZ97 in the perinuclear/ER area
with control siRNA transfection and loss of both TMEM®97 signal and loss of internalized
Hstl signal in KD cells, suggesting that TMEMZ97 is either necessary for internalization

or localization of Hstl. Scale bar = 20 um. Images are representative of three separate
experiments. (D-F) Boyden chamber migration assay testing for response of HeLa and
HCE cells to migrate across a membrane toward FBS in response to treatment with Hst1.
Control siRNA transfected cells increase transmigration in a dose-dependent manner in
response to Hstl exposure. This responsiveness to Hstl is lost in TMEM97 KD cells,
highlighting the importance of TMEMZ97 for this action of Hst1. (D) Images of Boyden
chamber membranes showing HeLa cells stained with Eosin. Scale bar = 200um. (E-F)
Cell counting of transmigrated cells (E = HeLa, F = HCE) in the Boyden chamber assay
with and without KD of TMEMS97 over a range of concentrations of Hst1. Notable is

the loss of Hst1 responsiveness in both cell types after KD of TMEM97. Statistical
significance was determined by 2-way ANOVA with Bonferroni’s post hoc test. **P <
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0.01. Error bars indicate Standard Error of the Mean. Experiments were performed in
triplicate. Statistical analyses were performed using GrapPHPAD PrISM software 5.0 (GraphPad
Software, La Jolla, CA, USA). (G-1) Wound healing experiment testing necessity of
TMEMO97 for Hstl responsiveness. (G) sShRNA mediated KD of TMEM97 in HCE cells

was tested using western blotting for TMEMO97 protein comparing control and KD cells.
Densitometry measurements indicate that ShRNA KD reduced protein levels of TMEM97
by 70%. (H) Time lapse microscopy [Image Express Micro (Molecular Devices, CA,

USA)] at 4x magnification, after standardized wounding of confluent HCE cells in serum
free conditions, was used to quantify migration rates and scratch closure times with and
without Hstl cotreatment at the time of wounding, with and without TMEM97 KD. Scale
bar = 500um. (1) Bar graph depicting scratch closure % over time. Notably, we found a
statistically significant improvement in scratch closure rates (versus untreated control) with
Hstl treatment (20 or 50 um) of concentrations at 8 and 16 h and loss of this response

to Hstl application in the TMEM97 KD cells. Statistical significance was determined by
1-way ANOVA with Bonferroni’s post hoctest. *P< 0.05; **P < 0.01. Error bars indicate
Standard Error of the Mean. Experiments were performed in triplicate. Statistical analyses
were performed using GrRapHPAD PrISM software 5.0 (GraphPad Software, La Jolla, CA,
USA). Taken together these results suggest that KD of TMEM97 can cause loss of Hstl
internalization or localization in HCE cells. Moreover, TMEMZ97 appears to be necessary for
increases in HCE and HeLa cell migration and HCE scratch closure in response to Hst1.
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Table 1.

Sequences of synthetic TMEM97, Hstl and Hst1SP used in experimentation

Name

Sequence

TMEM97 (108-176)
Histatin-1 (Hst1)
Hst1SP

MTTLIPILSTFLFEDFSKASGFKGQRPETLHERLTLVSVYAPYLLIPFILLIFMLRSPYYKYEEKRKKK
D,SHEKRHHGYRRKFHEKHHSHREFPFYGDYGSNYLYDN
HYHKFHRYYDPGSNLYKEHNHGFHHGYKDEFRRE,SRDS
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