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G protein—coupled receptors (GPCRs) regulate many pathophysio-
logical processes and are major therapeutic targets. The impact of
disease on the subcellular distribution and function of GPCRs is
poorly understood. We investigated trafficking and signaling of
protease-activated receptor 2 (PAR;) in colitis. To localize PAR, and
assess redistribution during disease, we generated knockin mice
expressing PAR,; fused to monomeric ultrastable green fluorescent
protein (muGFP). PAR,-muGFP signaled and trafficked normally.
PAR; messenger RNA was detected at similar levels in Par,-mugfp
and wild-type mice. Immunostaining with a GFP antibody and
RNAScope in situ hybridization using F2r/1 (PAR;) and Gfp probes
revealed that PAR,-muGFP was expressed in epithelial cells of the
small and large intestine and in subsets of enteric and dorsal root
ganglia neurons. In healthy mice, PAR,-muGFP was prominently
localized to the basolateral membrane of colonocytes. In mice
with colitis, PAR,-muGFP was depleted from the plasma mem-
brane of colonocytes and redistributed to early endosomes, consis-
tent with generation of proinflammatory proteases that activate
PAR,. PAR; agonists stimulated endocytosis of PAR, and recruit-
ment of Gag, Go;, and p-arrestin to early endosomes of T84 colon
carcinoma cells. PAR; agonists increased paracellular permeability
of colonic epithelial cells, induced colonic inflammation and hyper-
algesia in mice, and stimulated proinflammatory cytokine release
from segments of human colon. Knockdown of dynamin-2
(Dnm2), the major colonocyte isoform, and Dnm inhibition attenu-
ated PAR, endocytosis, signaling complex assembly and colonic
inflammation and hyperalgesia. Thus, PAR, endocytosis sustains
protease-evoked inflammation and nociception and PAR; in endo-
somes is a potential therapeutic target for colitis.

signaling | receptors | proteases | endocytosis | inflammation

protein—coupled receptors (GPCRs) are the largest family

of transmembrane receptors, control most physiological
and pathological processes, and are the target of >30% of
approved drugs (1). Despite their medical importance, the
effects of disease on the function and subcellular distribution of
GPCRs are poorly understood. GPCRs at the plasma mem-
brane interact with extracellular ligands and couple to intracel-
lular heterotrimeric G proteins. However, GPCR signaling at
the plasma membrane is often transient. GPCR kinases phos-
phorylate activated receptors, increasing their affinity for
B-arrestins (BARRS) (2). BARRs uncouple GPCRs from G pro-
teins, which mediates desensitization, and couple GPCRs to
clathrin and adaptor protein 2, which mediate endocytosis.
These processes terminate plasma membrane signaling. During
disease, the continued generation of agonists could trigger the
endocytosis of GPCRs. Although endosomes were once consid-
ered merely as a pathway for receptor trafficking, mounting evi-
dence indicates that endosomes are a site of sustained GPCR
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signaling by Ga- and PARR-mediated mechanisms (3-9).
GPCRs can also continue to signal from other intracellular
compartments, including the Golgi apparatus (10, 11). The con-
tribution of intracellular GPCR signaling to disease is not fully
understood.

We investigated the impact of colitis on endosomal signaling
of protease-activated receptor 2 (PAR,), which mediates the
proinflammatory and pronociceptive actions of proteases (12).
Trypsin (13), tryptase (14), coagulation factors VIIa and Xa
(15), and kallikreins (16) cleave PAR, to reveal a tethered
ligand that activates the receptor. Cathepsin S, legumain, and
elastase cleave at different sites and activate biased mechanisms
of PAR, signaling (17-19). During colitis, multiple proteases
from the host and the microbiome activate PAR, (20-25).
PAR; activation evokes the redistribution of ZO1 and occludin
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from tight junctions of colonocytes, leading to increased para-
cellular permeability, influx of proinflammatory macromole-
cules and bacteria into the mucosa, and inflammation (26, 27).
PAR; activation on nociceptors stimulates the release of neuro-
peptides that cause neurogenic inflammation and pain in the
skin (28, 29) and colon (7, 22, 30). Proteases and PAR, have
been implicated in colonic diseases, including inflammatory
bowel disease (IBD), irritable bowel syndrome, and cancer
(12). However, the signaling mechanisms by which PAR; indu-
ces disease are incompletely understood.

Our understanding of the function of PAR, is hampered by
an inadequate knowledge of its cellular and subcellular localiza-
tion in health and disease states. Because GPCR antibodies can
lack sensitivity and specificity and are unsuitable for studying
receptor trafficking in living cells, we generated a knockin
mouse expressing PAR, fused to monomeric ultrastable green
fluorescent protein (muGFP). Colitis resulted in translocation
of PAR,-muGFP from the basolateral membrane of colono-
cytes to early endosomes. Endocytosis of PAR, led to the
assembly of a signaling complex (signalosome) comprising
PAR; and Gay, Gaj, or BARR. Endocytosis of PAR; was neces-
sary for sustained increases in paracellular permeability, release
of proinflammatory cytokines and chemokines, and colonic
inflammation and hyperalgesia.

Results

Generation of Par,-mugfp Mice. To gain an understanding of the
cellular and subcellular distribution of PAR, and how it might
be altered during disease, we generated mice expressing mouse
PAR, fused at the intracellular C terminus to muGFP. muGFP
harbors stabilizing mutations (Q69L and N164Y), which
improve hydrophobic packing in the core and facilitate hydro-
gen bonding, and a mutation at the dimer interface (F223D),
which prevents dimerization (31). muGFP retains fluorescence
after harsh fixation and resists undesirable dimerization. To ver-
ify functionality of PAR,-muGFP, we compared signaling of
PAR,-muGFP and PAR, with N-terminal FLAG and
C-terminal HA11 epitopes transiently expressed in KNRK
cells, which express low levels of PAR, and have been used
extensively to study PAR, functions (13). Trypsin and 2-furoyl-
LIGRLO-NH, (2F), a PAR; agonist that is an analog of the
tethered ligand domain, stimulated a concentration-dependent
increase in IP-1 formation with similar potency and efficacy in
cells expressing PAR,-muGFP or PAR,-HA11 (half maximal
effective concentration of KNRK-PAR,-muGFP: trypsin, 5.4 X
10% M; 2F, 9.1 x 10® M; half maximal effective concentration of
KNRK-PAR,-HAL11: trypsin, 5.4 x 10° M; 2F, 7.8 x 10° M) (SI
Appendix, Fig. S1 A and B). There were no responses to trypsin
or 2F in cells expressing muGFP alone. Thus, PAR,-muGFP
signals similarly to PAR,-HA11 in KNRK cells, suggesting that
muGFP does not affect the normal functions of PAR,.

To generate knockin mice, a targeting construct was gener-
ated comprising Par,-mugfp, a floxed PGK neomycin cassette,
and a downstream Kpnl site for Southern screening (Fig. 14).
Five embryonic stem cell clones expressing the construct were
identified by Southern blotting (1.25% incorporation); blotting
at the 3’ and 5’ arms of homology confirmed correct targeting
(Fig. 1B). Screening with an internal probe to the NEO cassette
excluded random integration or insertion of a concatemer. The
presence and the integrity of loxP sites and insertion of Par,-
mugfp were verified by sequencing. Two clones were injected
into BALB/c mouse blastocysts. Chimeras (black and white)
were generated from both clones and bred with wild-type
C57BL6J female mice to generate black F1 progeny, indicating
germline transmission. Expression of Par,-mugfp was confirmed
by Southern blotting (Fig. 1C) and reverse-transcription poly-
merase chain reaction (RT-PCR) (Fig. 1D).
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Characterization of Par,-mugfp Mice. We compared the expres-
sion of F2rl1, the gene encoding for PAR,, in Par,-mugfp and
wild-type mice using quantitative RT-PCR (qRT-PCR). F2rl]
expression in the stomach, duodenum, ileum, colon, and dorsal
root ganglia (DRG) was not different in Par,-mugfp and wild-
type mice (Fig. 1E). F2rll was expressed at higher levels in the
jejunum of Par,-mugfp mice for unknown reasons. Thus, in
most tissues, F2rl] is expressed at similar levels in Par,-mugfp
and wild-type mice.

Localization of PAR;-muGFP Immunoreactivity and Messenger RNA.
We localized PAR,-muGFP by indirect immunofluorescence
and confocal microscopy using a GFP antibody to amplify the
signal. This approach avoided use of GPCR antibodies, which
can lack selectivity. In Par,-mugfp mice, GFP immunoreactivity
was prominently localized to the basolateral plasma membrane
of epithelial cells of the villi and crypts in the duodenum, jeju-
num, ileum, and lining mucosal folds and crypts in the colon
(Fig. 2 A and B). There was no detectable GFP immunoreactiv-
ity in epithelial cells of the small or large intestine of wild-type
mice, which confirms selectivity of the GFP antibody (Fig. 2 4
and B). PAR,-muGFP immunoreactivity was detected at low
levels in the enteric nervous system of the small and large intes-
tines of Par,-mugfp mice, but the cellular localization was not
further studied.

We used RNAScope in situ hybridization with probes to
F2rll and Gfp to confirm PAR,-muGFP localization in the
colon. In Parymugfp mice, F2rll and Gfp were prominently
detected in colonocytes (Fig. 2C). In wild-type mice, F2rl1, but
not Gfp, was detected in colonocytes. RNAScope was used to
detect PAR, expression with high sensitivity in DRG neurons.
In Pary;-mugfp mice, F2rl1, and Gfp were coexpressed in a sub-
population of DRG neurons (Fig. 2D). F2rl1, but not Gfp, was
expressed in DRG neurons of wild-type mice (Fig. 2E).

These results confirm the expression of PAR, in intestinal
epithelial cells and a subpopulation of primary sensory neurons,
and they validate the use of Pary-mugfp mice for studies of the
cellular localization of this receptor.

Agonist-Evoked Trafficking of PAR,-muGFP in the Colon. Upon
activation, many GPCRs, including PAR,, undergo endocytosis
(3, 7). GPCR trafficking is usually studied in cell lines overex-
pressing receptors. Little is known about agonist-evoked traf-
ficking of endogenous GPCRs in intact tissues or organisms,
largely due to the inadequate specificity or sensitivity of GPCR
antibodies. To examine agonist-evoked trafficking of PAR; in
tissues, isolated segments of colon from Par,-mugfp mice were
incubated with trypsin (140 nM), 2F (100 pM), or vehicle (60
min, 37 °C). In vehicle-treated colon, PAR,-muGFP was princi-
pally localized to the basolateral plasma membrane of colono-
cytes (Fig. 3 A and B, arrowheads). Trypsin or 2F stimulated
depletion of PAR,-muGFP from the plasma membrane and
accumulation in intracellular vesicles (Fig. 3 4 and B, arrows).
Vesicles containing PAR,-muGFP were costained with an anti-
body to early endosomal antigen 1 (EEA1) and are thus early
endosomes (Fig. 3 C and D; SI Appendix, Fig. S2A4, arrows).
Some vesicles were costained with an antibody to Rab7a and
are late endosomes (SI Appendix, Fig. S2B). Quantification of
endocytosis, assessed by the cytosol-plasma membrane pixel
intensity, confirmed extensive endocytosis of PAR,-muGFP
(Fig. 3 E and F). Thus, agonists evoke robust endocytosis of
endogenous PAR; in the intact colon.

Inflammation-Evoked Trafficking of PAR,-muGFP in the Colon. Little
is known about the impact of disease on the subcellular distri-
bution of GPCRs. The continued generation of agonists during
chronic disease could induce the redistribution of receptors
from the plasma membrane to endosomes. Continued GPCR
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Fig. 1.

Generation and characterization of Par,-mugfp mice. (A) Par,-mugfp targeting construct comprising a downstream phosphoglycerine kinase neo-

mycin cassette flanked by /oxP sites and a downstream Kpnl site. (B) Southern blot confirming correct targeting. (C) Southern blot and (D) RT-PCR blot
confirming Par,-mugfp expression in mice. WT, wild-type. (E) Expression of F2r/1 (Par;) mRNA in the digestive tract and DRG of Par,-mugfp and wild-type
mice determined by qRT-PCR. n = 6 mice. Mean + SEM; ns, nonsignificant. *P < 0.05, Student’s t test.

signaling from intracellular compartments (e.g., endosomes)
underlies disease processes, including persistent pain (5-9).
This has implications for therapy, because GPCRs in endo-
somes might be inaccessible to antagonists that fail to penetrate
the plasma and endosomal membranes (e.g., monoclonal anti-
bodies) or cannot effectively engage conformations of GPCRs
within multiprotein signaling complexes in acidic endosomes
(32). Thus, an understanding of disease-evoked trafficking of
GPCRs is required for the design of optimal therapies. We
investigated whether PAR, redistributes to endosomes of colo-
nocytes during colitis, when multiple host and microbiome pro-
teases are activated (20, 22, 23, 25).

Parymugfp mice were treated with 3% dextran sulfate
sodium (DSS) in drinking water for 7 d to induce mucosal
inflammation of the colon. Controls received plain water. DSS
induced signs of colitis, including fecal blood, diarrhea, weight
loss, and colon shortening (Fig. 4 A and B). PAR,-muGFP was
localized at the basolateral plasma membrane of colonocytes in
control mice (Fig. 4C, arrowheads). At 24 h after DSS treat-
ment, PAR,-muGFP was depleted from the plasma membrane
and prominently detected in intracellular vesicles of colono-
cytes (Fig. 4C, arrows). Par-mugfp mice were also treated with
trinitrobenzene sulphonic acid (TNBS; 4 mg/mL in 0.9% NaCl
and 50% ethanol, 150-pL enema) to induce transmural inflam-
mation of the colon. Control mice received vehicle (0.9%NaCl
and 50% ethanol). After 72 h, TNBS-treated mice had exten-
sive transmural inflammation, with mucosal and submucosal
infiltration of neutrophils (Fig. 4 D and E). PAR,-muGFP was
prominently detected in intracellular vesicles (Fig. 4F, arrows)
and also present at the plasma membrane (Fig. 4F, arrowheads)
of colonocytes. In regions of marked inflammation and mucosal
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disruption, PAR,-muGFP was detected in immune cells of the
mucosa (Fig. 4G, arrowheads) and EEA1l-positive early endo-
somes of colonocytes (Fig. 4G, arrows).

In two preclinical models of IBD, PAR,-muGFP redistrib-
utes from the plasma membrane to endosomes of colonocytes.
This redistribution is likely attributable to the activation of pro-
teases in the inflamed colon.

Mechanism and Pathway of PAR, Trafficking in Colonocytes. Activated
PAR; undergoes clathrin-mediated endocytosis and traffics to
early endosomes and lysosomes (13). PAR, ubiquitination is
necessary for lysosomal targeting (33). Recovery of cellular
responsiveness requires Gpy-dependent activation of protein
kinase D, which liberates newly synthesized PAR, from the
Golgi apparatus and stimulates translocation to the plasma
membrane (34, 35).

We used enhanced bystander bioluminescence resonance
energy transfer (ebBRET), which capitalizes on the affinity of
Renilla-tagged proteins, to study the intracellular trafficking of
PAR; in T84 human colon carcinoma cells (26). To assess PAR;
endocytosis, we coexpressed PAR; coupled to Renilla luciferase
8 (Rluc8) and the plasma membrane marker CAAX coupled to
Renilla. GFP (RGFP) or the early endosome marker Rab5a
coupled to tandem (td) RGFP. 2F (100 pM) decreased BRET
(i.e., proximity) between PAR,-Rluc8 and RGFP-CAAX and
increased BRET between PAR,-Rluc8 and tdRGFP-Rab3a,
consistent with endocytosis (Fig. 5 B and C). Hypertonic (0.45
M) sucrose, dominant-negative dynamin (Dnm) K44A, and
Dnm?2 siRNA inhibited endocytosis of PAR, (Fig. 5 D-G).
Dnm?2 was the predominant Dnm isoform in T84 cells, which
expressed Dnm1 and Dnm3 messenger RNA (mRNA) at lower

PNAS | 30f12
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Fig. 2. Localization of PAR,-muGFP in the intestine and DRG by immuno-
fluorescence and RNAScope in situ hybridization. (A and B) Localization of
GFP immunoreactivity in duodenum and jejunum (A) and ileum and colon
(B) of Pary-mugfp and wild-type mice. (C) RNAScope localization of F2rl1
and Gfp mRNA in colon of Par,-mugfp and wild-type mice. Arrowheads
indicate immunoreactivity at the basolateral membrane of epithelial cells
and mRNA expression within epithelial cells. (D and E) RNAScope localiza-
tion of F2rl1 and Gfp mRNA in DRG of Par,-mugfp (D) and wild-type (E)
mice. (Scale bars, 10 pm.) Representative images, independent experi-
ments. n = 5 mice.

levels (SI Appendix, Fig. S34). siRNA knockdown of Dnm?2 was
verified by qRT-PCR (SI Appendix, Fig. S3B).

To study the intracellular trafficking of PAR,, we expressed
BRET1 sensors for PAR2 and subcellular compartments in
HEK293T cells (Fig. 54), where BRET1 responses were larger.
2F (10 pM) and trypsin (100 nM) decreased BRET between
PAR,-Rluc8 and Venus-KRas (plasma membrane) and
increased BRET between PAR;-Rluc8 and Venus-Rab5a (early
endosome) (Fig. 5 H-K; SI Appendix, Fig. S4 A-D). BRET
between PAR,-Rluc8 and Venus-Rab7a (late endosome) was
unaffected (Fig. 5 L and M; SI Appendix, Fig. S4 E and F). 2F
increased BRET between PAR,-Rluc8 and Venus-Giantin (cis-
Golgi) and caused a transient decrease and then a sustained
increase in BRET between PAR,-Rluc8 and YFP-TGN-38
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(trans-Golgi) (Fig. 5 N-Q). Trypsin did not affect BRET
between PAR,-Rluc8 and Venus-Giantin but caused a transient
decrease in BRET between PAR;-Rluc8 and YFP-TGN-38 (S1
Appendix, Fig. S4 G-J). 2F and trypsin stimulated BRET
between PAR,-Rluc8 and Venus-Rablla (recycling endosomes)
(Fig. 5 R and S; SI Appendix, Fig. S4 K and L). DnmK44A
inhibited the recruitment of PAR; to most compartments.

To determine whether fusion to muGFP affects PAR, traffick-
ing, we expressed PAR,-muGFP in HEK293T cells expressing
markers of early and late endosomes and the Golgi apparatus
tagged with red fluorescent protein (RFP) and localized PAR,
and markers by confocal microscopy. 2F (10 pM, 30 min) stimu-
lated trafficking of PAR,-muGFP from the plasma membrane to
early endosomes (Fig. 5T; SI Appendix, Fig. S5). PAR,-muGFP
was not detected in late endosomes or the Golgi apparatus by
microscopy (Fig. 5U; SI Appendix, Fig. S6).

Assembly of a PAR, Signaling Complex with G or BARR. GPCRs
can assemble Ga and BARR signaling complexes in endosomes,
which enable sustained signaling of internalized receptors (3, 4,
36, 37). Within endosomes, Ga subunits can transduce signals
and PARRSs serve as scaffolds that organize GPCRs and signal-
ing enzymes. Because agonists stimulated trafficking of PAR;
to early endosomes of T84 and HEK293T cells, we examined
the assembly of signaling complexes in this compartment. The
activation of Gog, Go; and Gag was studied using ebBRET to
detect recruitment of mini-Ga (mGa) coupled to Rluc8 to
RGFP-CAAX or tdRGFP-Rab5a (Fig. 64). mGa proteins are
N-terminally truncated Ga proteins that freely diffuse within
the cytosol and bind to active conformations of GPCRs, which
reflects Ga activation. mGo,q, and mGog were developed by
mutating mGay residues to equivalent Gogq and Ga; residues.
Recruitment of PARR was assessed by measuring ebBRET
between Rluc2-BARR2 and RGFP-CAAX or tdRGFP-Rab5a
(Fig. 64). In T84 cells, 2F (100 pM) stimulated the rapid
recruitment of mGayg, mGay;, or BARR2 to the plasma mem-
brane and endosomes, although BARR?2 recruitment to endo-
somes was slower and more sustained than recruitment to the
plasma membrane (Fig. 6 B-D). mGog was not recruited to the
plasma membrane or endosomes.

We studied the mechanisms of assembly of signaling com-
plexes in HEK293T cells. 2F (100 uM) and trypsin (100 nM)
stimulated the recruitment of mGay,, mGag, and BARR2 to
the plasma membrane and endosomes of HEK293T cells (S/
Appendix, Fig. S7 A-F). Whereas the recruitment of mGay,
mGog; and BARR2 at the plasma membrane declined over
1,400 s, their recruitment to endosomes increased or was sus-
tained. Hypertonic sucrose delayed the recruitment of mGag,
mGog, and PBARR2 to the plasma membrane, although
ebBRET signals ultimately reached those of controls. In con-
trast, hypertonic sucrose abolished recruitment of mGuayg,
mGayg;, and BARR?2 to endosomes.

Conventional BRET is limited to measuring the proximity
between two proteins. To simultaneously measure the proximity
between PAR,, an effector (mGa or BARR), and a localization
marker, we used NanoLuc Binary Technology (38), NanoBiT
BRET (nbBRET) (Fig. 6E). A split luciferase assay was devel-
oped in which PAR; was tagged at the C terminus with the nat-
ural peptide fragment of NanoLuc (NP, a 13-residue NanoLuc
fragment), and a plasma membrane or endosomal marker was
tagged with the large BiT fragment of NanoLuc (LgBiT-CAAX
or LgBiT-FYVE, respectively). Luminescence occurs from a
complex between PAR,-NP and LgBiT-CAAX or LgBil-
FYVE, which serves as an energy donor for fluorophore-tagged
mGa or BARR. In T84 colonocytes, 2F (100 pM) increased
nbBRET between PAR;, mGog, mGogg, or BARRI and
markers of the plasma membrane or endosome (Fig. 6 F-H).
In HEK293T cells, 2F and trypsin also stimulated nbBRET
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Fig. 3. Agonist-evoked endocytosis of PAR,-muGFP in the colon. (A and B) Localization of GFP immunoreactivity in isolated segments of colon from Par,-
mugfp mice incubated with vehicle, trypsin (A, 140 nM, 60 min) or 2F (B, 100 pM, 60 min). (C and D) Colocalization of GFP and EEA1 in segments treated
with trypsin (C) or 2F (D). Arrowheads denote plasma membrane, and arrows denote endosomes. (Scale bar, 10 um.) Representative images and indepen-
dent experiments are shown (n = 5 mice). (E and F) Quantification of PAR,-muGFP internalization after vehicle, trypsin (E), or 2F (F) (cytosol-plasma mem-
brane pixel intensity). Mean + SEM; n = 5 mice. ****P < 0.0001, Student's t test.

between PAR;, mGog, mGas, or PARRI and CAAX or
FYVE (Fig. 6 I-K; SI Appendix, Fig. S8 A-H). Recruitment of
mGa and PARR to early endosomes lagged behind recruitment
to the plasma membrane. nbBRET signals were maintained for
at least 1,200 s, suggesting assembly of stable PAR,/mGa or
PAR,/BARR complexes. Hypertonic sucrose inhibited agonist-
stimulated assembly of PAR,, mGag, mGagg, or PARRI com-
plexes in early endosomes (SI Appendix, Fig. S8 A, B, F, and
G). DynK44A had similar inhibitory effects on signalosome
assembly but to a lesser extent (SI Appendix, Fig. S8 C, D, G,
and H). The PAR; antagonist GB88 prevented 2F and trypsin-
stimulated signalosome assembly in endosomes of HEK293T
cells (SI Appendix, Fig. S8 I and J). Immunofluorescence and
confocal microscopy confirmed localization of HA-LgBiT-
CAAX at the plasma membrane and HA-LgBIT-FYVE in
endosomes (SI Appendix, Fig. S8K).

In unstimulated HEK293T cells, immunoreactive PAR, was
localized to the plasma membrane, and immunoreactive Gag
and YFP-BARRI1/2 were cytosolic (Fig. 6L). In cells exposed to
2F (10 pM, 30 min), PAR,, Go,, and YFP-ARR1/2 were colo-
calized in early endosomes.

Our results suggest that agonists induce assembly of a signal-
ing complex comprising PAR, and Gog, Gaj, or PARR1/2 in
early endosomes. This process requires Dnm-dependent endo-
cytosis of PAR,.

PAR; Endocytosis and the Colonic Epithelial Barrier. Tight junc-
tions between colonocytes form a barrier that prevents the
ingress of proinflammatory macromolecules and microbes from
the lumen. Alterations in tight junction structure contribute to
impaired barrier function and inflammation in IBD. PAR, ago-
nists promote paracellular permeability of the colon (39) by a
mechanism that involves BARR-dependent activation of ERK1/
2 and redistribution of ZO1 and occludin from tight junctions
(3, 26), suggesting a role for endosomal PAR; signaling.

Latorre et al.
Mice expressing fluorescent PAR: reveal that endocytosis mediates colonic
inflammation and pain

Analysis of the expression of Dnm isoforms in the mouse
colon by RNAScope in situ hybridization and RT-qPCR
revealed prominent expression of Dnm2 in colonocytes,
whereas Dnml and Dnm3 mRNA were largely confined to the
enteric nervous system (Fig. 7 4 and B). When applied to the
basolateral surface of T84 monolayers, trypsin (100 nM) and
2F (10 pM) decreased transepithelial electrical resistance
(TEER) after 6 h, consistent with redistribution of tight junc-
tional proteins and increased paracellular permeability (Fig.
7C). The PAR, antagonist GB88 prevented these effects, con-
firming a role for PAR,. Dnm2 siRNA similarly prevented the
effects of trypsin and 2F on TEER, implicating a requirement
for PAR; endocytosis (Fig. 7 D and E).

PAR, Endocytosis, Colonic Inflammation, and Pain. To ascertain
whether Dnm2 could contribute to colonic inflammation in vivo,
we administered Dnm2 or control small hairpin RNA (shRNA)
into the colon of Par,-mugfp mice. After 48 h, RNAScope in situ
hybridization revealed ~50% knockdown of Dnm2 mRNA in
colonocytes of mice treated with Dnm shRNA compared to con-
trol sShRNA (Fig. 8 A and B). To assess the effects of Dnm2
knockdown on PAR,-mediated colonic inflammation and pain,
we administered 2F (100 pM) or vehicle into the colon by enema
(150 pL). Endocytosis of PAR,-muGFP, colonic levels of proin-
flammatory factors, and colonic nociception were assessed. In
mice receiving control shRNA, 2F stimulated endocytosis of
PAR,-muGFP in colonocytes after 6 h; Dnm2 shRNA inhibited
endocytosis (Fig. 8C). In control mice, 2F increased mRNA levels
of tumor necrosis factor a (TNF-a), C-X-C motif chemokine
ligand 1 (CXCL1), and interleukin-1p (IL-1p) in the colon (Fig.
8 D-F). Intracolonic 2F decreased withdrawal responses of the
abdomen to calibrated von Frey filaments from 1 to 5 h, which
indicates hyperalgesia (Fig. 8 G and H). These results are consis-
tent with the known proinflammatory and pronociceptive actions
of PAR, in the colon (7, 22, 30). Dnm2 shRNA inhibited
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and independent experiments are shown (n = 5 mice).

2F-stimulated inflammation and nociception. The pronociceptive
response to intracolonic 2F was similar in Par,-mugfp and wild-
type mice but was attenuated in Par,Na, 1.8 mice that lack PAR,
in Na,1.8-positive nociceptors (7) (Fig. 8 I and J). These results
implicate PAR, on Na,1.8-positive neurons in colonic pain and
are in line with our report that proteases induce somatic nocicep-
tion by activating PAR; on Na,1.8 neurons (7). The intraplanar
injection of trypsin (140 nM, 10 pL) induced mechanical allody-
nia to a similar degree in the ipsilateral paw but not contralateral
paw of Par,-mugfp and wild-type mice (SI Appendix, Fig. S9 A
and B). Mechanical allodynia was significantly attenuated in
Pary™'~ mice, confirming a role for PAR,.
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IL-8 is proinflammatory cytokine that is released by colono-
cytes (40). To examine whether PAR, evokes inflammation of
the human colon, we incubated explants of normal human
colonic mucosa with 2F (10 pM, 4 h) and measured IL-8
release into culture medium. 2F stimulated IL-8 release (Fig.
8K). Preincubation of explants with dyngo4a (30 pM), a Dnm
inhibitor, blocked PAR,-mediated IL-8 release.

These results suggest that PAR, agonists increase paracellu-
lar permeability, stimulate cytokine and chemokine release
from colonocytes, and sensitize colonic nociceptors. These
proinflammatory and pronociceptive actions require Dnm-
mediated endocytosis of PAR,.
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Discussion

Although proteases and PAR; are implicated in inflammatory
diseases, the impact of inflammation on the subcellular distri-
bution and function of PAR, has not been investigated. The
use of knockin mice expressing PAR; fused to muGFP allowed
examination of the effects of inflammation on the subcellular
trafficking of PAR, with high resolution. We detected a major
redistribution of PAR; from the basolateral membrane to early
endosomes of colonocytes in two preclinical models of IBD,
which is likely due to increased proteolytic activity in the
inflamed colon. By using BRET to probe the formation and
composition of PAR; signaling complexes, we found that ago-
nists induce the assembly of signalosome comprising PAR; and
Goj, Gag or BARR1/2 in colonic epithelial cells. Our results
suggest that Dnm2-mediated endocytosis of PAR; in the colon
is necessary for paracellular permeability, generation of proin-
flammatory cytokines and chemokines, and sensitization of
colonic nociceptors (Fig. 7E).

PAR; Localization and Trafficking. Mice expressing fluorescent
opioid receptors have been extensively used to analyze tissue
distribution and the effects of endogenous agonists and drugs
on receptor trafficking (41, 42). The use of knockin mice in
which Par, was replaced by Par,-mugfp enabled specific and
high-resolution analysis of the tissue distribution and subcellu-
lar trafficking of PAR; in inflamed tissues. Fusion of muGFP
did not affect PAR, signaling and trafficking in cell lines, and
mRNA encoding Par,-mugfp was expressed at similar levels to
endogenous Par, in most regions of the digestive tract and sen-
sory ganglia. PAR, agonists induced comparable somatic and
visceral nociception in Par,-mugfp and wild-type mice. These
findings suggest that PAR,-muGFP functions normally. Within
the digestive tract, PAR,-muGFP immunoreactivity was promi-
nently localized to the basolateral plasma membrane of epithe-
lial cells lining the small and large intestine. RNAScope using
probes to F2rll and Gfp confirmed expression by enterocytes
and colonocytes. The lack of GFP immunoreactivity and
mRNA in wild-type mice verified selectivity. The detection of
PAR; in intestinal epithelial cells confirms reports using recep-
tor antibodies and functional assays (27, 43).

Detection of PAR, in DRG neurons required the sensitivity of
RNAScope in situ hybridization, which revealed expression in a
subset of neurons, in agreement with other reports (7, 44). The
activation of PAR; in DRG nociceptors stimulates the release of
substance P and calcitonin gene-related peptide, which mediate
neurogenic inflammation in peripheral tissues and the central
transmission of pain (28, 29). Proteases may cause pain in the
colon directly by activating PAR, on nociceptors or indirectly by
activating PAR, on colonocytes and stimulating release of prono-
ciceptive factors. The observation that deletion of PAR, from
Na, 1.8 neurons blunts colonic nociception supports a primary role
for neuronal PAR,. Deletion of Par, from Na,1.8 neurons also
attenuates protease-evoked somatic nociception (7, 44).

The identity of the proteases that activate PAR, and stimu-
late endocytosis was not addressed in the current study. Prote-
ase probes and proteomics have been used to identify serine
and cysteine proteases that are activated in the colon of mice
with colitis and patients with IBD (20-25). These include pro-
teases from immune cells [e.g., neutrophil elastase and cathep-
sin S (20-22)], proteases from colonocytes [e.g., trypsins (45)],
and proteases from the microbiome. An understanding of
whether PAR; is principally expressed at the apical or basolat-
eral membrane of intestinal epithelial cells has implications for
mechanisms of activation. Luminal proteases from epithelial
cells, exocrine glands, or colonic bacteria could activate apical
PAR,, whereas proteases from mucosal immune or epithelial
cells could activate PAR, at the basolateral membrane. Our
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finding of predominant basolateral expression is consistent with
reports that basolateral, but not apical, application of PAR,
agonists increases paracellular permeability (43), although
PAR; has also been detected at the apical membrane (27).

PAR, Signaling Complexes. We studied the intracellular trafficking
of PAR; in colon-derived epithelial cells (T84) and model cell lines
(HEK293T) by using BRET to assess the proximity of PAR; to
subcellular markers and confocal microscopy to localize PAR;. Our
results show that trypsin and 2F deplete PAR, from the plasma
membrane and induce accumulation in early endosomes, which
were identified using several markers (Rab5a, EEAl, FYVE, and
CellLights RFP). Dominant-negative DnmK44A, knockdown of
Dnm?2 (the principal isoform of T84 cells and colonocytes), and
hypertonic sucrose blunted endocytosis of PAR,, suggesting a
major role for Dnm2. We did not detect PAR, in Rab7a-positive
late endosomes, possibly due to receptor degradation. 2F, but not
trypsin, increased the BRET signal for PAR; in the cis-Golgi and
stimulated a transient decrease and then a sustained increase in the
BRET signal in the frans-Golgi. The differential effects of 2F and
trypsin likely relate to their different mechanisms of PAR; activa-
tion. Agonist-evoked depletion of PAR, from the frans-Golgi is
consistent with our studies showing that proteases induce Gfy- and
protein kinase D-dependent mobilization of PAR; from the Golgi
apparatus to the plasma membrane (34, 35). Agonist-evoked trans-
location of PAR, from the plasma membrane to the Golgi appara-
tus was not prominent, because we detected PAR,-muGFP in early
endosomes, but not the Golgi apparatus.

Several observations support the hypothesis that PAR, agonists
induce assembly of a PAR; signaling complex with Ga or ARR
in early endosomes of T84 and HEK293T cells. ebBRET revealed
that 2F and trypsin stimulated the recruitment of Gayg, Go;, and
BARR?2 to early endosomes. NbBRET, a split luciferase BRET
assay that allows simultaneous measurements of proximity
between PAR,, an effector (Ga, PARR), and an early endosomal
marker, confirmed agonist-evoked recruitment of receptor and
effector to early endosomes. Dominant-negative DnmK44A,
Dnm?2 siRNA, and hypertonic sucrose inhibited the recruitment
of PAR;, Gog, Go;, and PARRI1/2 to endosomes. We also
detected PAR,, full-length Ga,, and PARR in endosomes by
microscopy. Further experiments are needed to determine
whether a PAR;, Ga, and BARR megaplex forms in endosomes.
It remains to be determined whether the complex traffics from
the plasma membrane to endosomes or PAR, recruits Go and
BARR to endosomes. Because GPCRs can form megaplexes with
Ga and PARR, the former possibility is more likely. A limitation
of our work is that we did not investigate the signals that emanate
from internalized PAR,. We have previously reported that PAR,
in endosomes regulates kinases (MEKK1 and ERK1/2) in certain
subcellular compartments (3, 7). The endosomal complex was sta-
ble during the period of measurement (1,200 s), which might give
rise to sustained signals in subcellular compartments that control
critical functions of colonocytes, including tight junction assembly
and release or proinflammatory and pronociceptive factors. Our
results do not exclude the possibility that PAR, signals from other
organelles, such as the Golgi apparatus, as is the case for thyroid-
stimulating hormone receptors and opioid receptors (10, 11). Pro-
teases of late endosomes, including cathepsin S and legumain, can
activate PAR, even in acidic conditions, which could facilitate
receptor activation in other subcellular compartments (17, 22).
However, the most parsimonious explanation of our results is that
signalosomes comprising PAR; and Gag, Gay, or PARR1/2 assem-
ble predominantly in early endosomes.

Endosomal PAR, Signaling, Colonic Inflammation, and Pain. Our
results suggest that endosomal signaling of PAR, in the colon
increases paracellular permeability and evokes secretion of cyto-
kines and chemokines, which would be expected to amplify
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Fig. 5. PAR; trafficking to endosomes. (A) BRET assays of the proximity between PAR,-Rluc8 and Venus- or YFP-tagged proteins resident to plasma membrane
(PM; CAAX or KRas), early endosomes (EE; Rab5a), late endosomes (LE; Rab7a), recycling endosomes (RE; Rab11a), cis-Golgi (CG; giantin), or trans-Golgi (TG;
TGN38). (B-G) Effects of 2F (100 pM) on translocation of PARy-Rluc8 from the plasma membrane (RGFP-CAAX) to early endosomes (tdRGFP-Rab5a) of T84 cells
treated with vehicle, hypertonic sucrose, or DnmK44A or Dnm2 siRNA. (H-S) Effects of 2F (10 pM) on translocation of PAR,-Rluc8 from the plasma membrane
[KRas-Venus (H and /)] to early endosomes [Rab5a-Venus (J and K)], late endosomes [Rab7a-Venus (L and M)], cis-Golgi [giantin-Venus (N and O)], trans-Golgi
[TGN38-YFP (P and Q)], and recycling endosomes [Rab11-Venus (R and S)] in HEK293T cells. Cells were transfected with DnmK44A or untransfected (control). AUC,
area under the curve. Mean + SEM; n = 6-11 independent experiments. **P < 0.01, ***P < 0.001, and ****P < 0.0001, one-way ANOVA or Tukey’s test. (T and U)
Localization of PAR,-muGFP and CellLight markers of early endosomes (T) and the Golgi complex (U) in HEK293T cells. Arrows denote colocalization of PAR,-
muGFP and marker of early endosomes. Representative images of n = 5 experiments are shown. (Scale bars, 10 pm.)
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and (D) area under the curve (AUC). (E) NbBRET uses luciferase split into two fragments to detect BRET between receptor and effector (PAR, and mGa or
PARR) for proteins resident to the PM (CAAX) or early endosomes (FYVE). (F-H) Effects of 2F (100 pM) on recruitment of mGayq, mGay; (F) or BARR1 (G) to
the plasma membrane (LgBiT-CAAX) or early endosomes (LgBiT-FYVE) of T84 cells, and (H) AUC. (/I-K) Effects of 2F (10 uM) on recruitment of mGaosq, MGa;
(), BARR1 or mGaos (J) to the PM (LgBiT-CAAX) or early endosomes (LgBiT-FYVE) of HEK293T cells. (K) AUC. Mean + SEM. n = 6-11 independent experi-
ments. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. (D and K) One-way ANOVA with Dunnett’s (D) or Holm-Sidak’s (K) test compared to vehi-
cle. (H) Unpaired t test. (L) Localization of immunoreactive HA-PAR;, Gag and EEAT plus YFP-BARR1 and YFP-BARR2 in HEK293T cells. Cells were unstimu-
lated or incubated with 2F (10 M, 30 min). Arrowheads, plasma membrane. Arrows, colocalization of HA-PAR,, Gag and YFP-BARR1 +2 in EEA1-positive
early endosomes. (Scale bars, 10 pm.) Representative images from n = 5 experiments are shown.

2F (10 pM, 30 min)
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Fig. 7. PAR, endosomal signaling and colonic inflammation and pain. (A)
Localization of Dnm1-3 in mouse colon by RNAScope in situ hybridization.
(Scale bars, 50 pm.) Representative images, independent experiments, n = 3
mice. (B) Expression of Dnm1-3 in mouse colon by gRT-PCR. n = 4 mice. (C)
Effects of trypsin (100 nM), 2F (10 uM), or vehicle (saline, control) on TEER of
T84 cells after 6 h. Cells were preincubated with GB88 (PAR, antagonist) or
vehicle (DMSO, control). (D) Effects of trypsin (100 nM), 2F (10 pM), or vehicle
(saline, control) on TEER of T84 cells after 5 h. Cells were preincubated with
Dnm2 or control siRNA. Mean + SEM. **P < 0.01, ***P < 0.001, and ****P <
0.0001 by one-way ANOVA, Tukey's test, or Student's t test. (E) Proposed
mechanism by which proteases (e.g., tryptase) from mucosal inflammatory cells
(e.g., mast cells) activate PAR; at the basolateral membrane of colonocytes to
evoke PAR; endocytosis and assembly of a PAR,, Ga, and PARR signalosome in
endosomes. Endosomal signaling causes disassembly of tight junctions (TJ) and
release of proinflammatory cytokines (e.g., IL-8) and possibly proteases (e.g.,
trypsins) from colonocytes. The ingress of microbes, proteases, and metabolites
from the colonic lumen, and the release of cytokines and proteases from colo-
nocytes, cause inflammation and pain. Proteases activate PAR, on nociceptive
terminals in the colon to cause pain.

inflammation. In two preclinical mouse models of IBD, PAR; was
depleted from the basolateral plasma membrane of colonocytes
and prominently detected in cytosolic vesicles, including early
endosomes. The proteolytic environment of the inflamed intestine
is likely to activate PAR, and trigger endocytosis and sustained
endosomal signaling. In health, tight junctions between colono-
cytes maintain a barrier that prevents the ingress of macromole-
cules and microbes from the colonic lumen into the mucosa, which
protects against inflammation. Disruption of the barrier would be
expected to promote inflammation. When applied to the basolat-
eral surface, trypsin and 2F decreased electrical resistance of polar-
ized monolayers of T84 cells, consistent with a loss of barrier
function. The finding that a PAR, antagonist and Dnm?2 siRNA
inhibited this effect suggests a major role for PAR, endocytosis
and endosomal signaling in redistribution of tight junctional

PNAS
https://doi.org/10.1073/pnas.2112059119

10 of 12 |

proteins and loss of barrier function. We previously reported that
PAR; agonists, including mast cell tryptase, stimulate a redistribu-
tion of ZO1 and occludin from tight junctions of T84 cells by a
mechanism that involves PARRs, MEKK1, and ERK1/2 (26), in
line with a role for endosomal signaling of PAR; in this process.
The observations that Dnm2 knockdown inhibited agonist-induced
endocytosis of PAR,-muGFP in colonocytes and prevented release
or proinflammatory cytokines and chemokines in vivo, and that a
Dnm inhibitor blocked PAR,-stimulated secretion of IL-8 from
biopsy specimens of human colon, further support a role for PAR,
endocytosis in colitis. Dnm2 knockdown also abrogated 2F-evoked
colonic hyperalgesia, a finding that could be secondary to reduced
release from colonocytes of cytokines or proteases that sensitize
nociceptors. Because deletion of PAR, from Na,1.8-positive neu-
rons blunted 2F-evoked colonic hyperalgesia, the latter is likely.
The identity of colonocyte-derived proteases remains to be deter-
mined, although colonocytes express isoforms of trypsin that acti-
vate PAR; (45). Further studies are required to ascertain whether
endocytosis is necessary for other actions of PAR; in the intestine,
such as inflammation associated with bacterial proteolysis and
food allergies (46).

Our findings support the hypothesis that proteases in the
inflamed colon evoke the assembly of a PAR, complex with Ga
or BARR in endosomes (Fig. 7E). Signals that emanate from
this complex disrupt tight junctions and promote release of
proinflammatory factors that drive inflammation and pain. The
influx of proteases from the colonic lumen could further
amplify PAR,-mediated inflammation and pain. Therapeutic
targeting of PAR; in endosomes, which might be achieved using
lipidated antagonists (7) or endosomally targeted nanoparticles
(8), could restrict endosomal signaling and ameliorate IBD and
other inflammatory and painful diseases associated with
enhanced proteolysis and PAR; activation.

Materials and Methods
See S| Appendix for details.

Animals. The institutional animal care and use committees of New York Uni-
versity and Monash University approved studies of mice.

Par,-mugfp Mice. A segment of genomic DNA containing exon 2 of mouse
Par, (F2ri1) was subcloned from a genomic bacterial artificial chromosome
(BACQ). The Par,-mugfp gene was synthesized by fusing muGFP to the 3’ end of
exon 2. The targeting construct comprised Par>-mugfp, a phosphoglycerine
kinase neomycin cassette flanked by loxP sites. The targeting vector was elec-
troporated into C57BL/6) embryonic stem cells. Clones were screened by
Southern blotting, sequenced, and injected into mouse blastocysts. Chimeras
were bred with wild-type female mice to generate black F1 progeny. Expres-
sion of Par,-mugfp was confirmed by Southern blotting and PCR.

qRT-PCR. cDNA was amplified with primers shown in S/ Appendix, Table S1.

Immunofluorescence. PAR,-muGFP was localized using a GFP antibody. Endo-
somes were detected using EEA1 and Rab7a antibodies, and the plasma mem-
brane was identified using E-cadherin antibodies. Neurons were identified
using antibodies to NeuN or PGP9.5.

RNAScope In Situ Hybridization. Probes to F2r/1, Gfp, and Dnm isoforms were
used for in situ hybridization (S/ Appendix, Table S1).

Ex Vivo PAR, Trafficking. Colon segments were incubated with trypsin, 2F, or
vehicle. PAR,-muGFP was detected by GFP immunofluorescence.

Colitis-Induced PAR, Trafficking. Mice were treated with DSS or TNBS to evoke
colitis.

Nociception. Investigators were blinded to treatments and genotypes. PAR,
agonists were administered into the colon or paw. Abdominal or paw with-
drawal thresholds von Frey filaments were assessed.
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Fig. 8. Contribution of Dnm2 to PAR,-evoked inflammation and pain in the colon. (A-H) Dnm2 or control (Ctrl) shRNA was administered to Par,-mugfp mice
by intracolonic injection. Mice were studied after 48 h. (A) Localization of Dnm2 by RNAScope. Representative images are shown. (Scale bars, 100 pm.) (B)
Quantification of Dnm2 in the colon. (C) Localization of GFP immunoreactivity in the colon at 5 h after intracolonic injection of 2F. Arrows denote endosomes;
arrowheads denote cell surface. (Scale bars, 10 pm.) (A-C) n = 5 mice. (D-F) Levels of TNF-a (D), CXCL1 (E), and IL-1B (F) in the colon 5 h after intracolonic injec-
tion of 2F. (G and H) Abdominal von Frey filament withdrawal responses 1-5 h after intracolonic injection of 2F. (G) Time course. (H) Area under the curve
(AUQ) from 0 to 5 h. (D-H) n = 6 mice. (I and J) Abdominal von Frey filament withdrawal responses of wild-type, Par>-mugfp, and Par,Na, 1.8 mice 1-6 h after
intracolonic injection of 2F. (/) Time course. (J) Area under curve from 0 to 6 h. n = 5 mice. (K) Effects of 2F (10 pM) on IL-8 release from explants of human
colonic mucosa. Explants were preincubated with dyngo4a or vehicle (DMSO, control). Mean + SEM; n = 6. (B) **P < 0.01 by Student'’s t test. (D-J) *P < 0.05,
**P < 0.01, ***P < 0.001, and ****P < 0.0001 by one- and two-way ANOVA or Tukey's test. (K) **P < 0.01 by Student's t test.

In Vivo shRNA Dnm2 Knockdown. Dnm2shRNA or control shRNA was adminis-
tered into the colon. PAR, endocytosis, expression of cytokines and chemo-
kines, and nociception were studied.

Trafficking of PAR,, PARR, and G, HEK293T cells stably expressing FLAG-
PAR,-HA were transfected with YFP-BARR1 plus YFP-BARR2. Cells were chal-
lenged with PAR; agonists, and then PAR;, Gag, and EEA1 were localized by
immunofluorescence and confocal microcopy.

Cell Lines, ¢cDNA, and Transfection. Complementary DNA (cDNA) encoding
BRET biosensors for PAR,, mGa, BARR1/2, markers of the plasma membrane,
endosomes, and the Golgi apparatus were transfected into T84 cells using Lipo-
fectamine 3000 and into HEK293T cells using PEl. Dominant-negative DnmK44A
or Dnm2 or control siRNA (S/ Appendix, Table S1) was similarly transfected.

BRET Assays. T84 or HEK293T cells were preincubated with luciferase sub-
strates and challenged with PAR; agonists, and BRET was measured using a
luminometer.

PAR,-muGFP Signaling. KNRK cells expressing PAR,-muGFP or PAR,-HAT1 T84 TEER. T84 cells were cultured on Transwell inserts until TEER was >2,000

were stimulated with PAR; agonists, and IP-1 formation was measured.

PAR,-muGFP Signaling. HEK293T cells expressing PAR,-muGFP and CellLight
organelle markers were challenged with PAR; agonists and examined by con-
focal microscopy.
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Q. PAR; agonists were added to the basolateral compartment, and TEER was
measured at 0 and 6 h. GB88 or vehicle was added to the basolateral and api-
cal compartments 30 min before PAR; agonists. Dnm2 siRNA or control siRNA
and Lipofectamine 3000 were added to both compartments overnight before
PAR; agonists.
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IL-8 Secretion from Human Colonic Mucosa. Institutional review board
approval was waived since no patient-identifiable information was obtained.
IL-8 secretion was measured by enzyme-linked immunosorbent assay (ELISA)
from isolated segments of colonic mucosa collected from patients undergoing
resection for treatment of colon cancer.

Statistics. Data are presented as mean + SEM. Differences were assessed using
Student’s t test for two comparisons and one- or two-way ANOVA and
Tukey's, Dunnett's, or Sidak’s post hoc test for multiple comparisons. P < 0.05
was considered significant at the 95% confidence level.
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