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The Arp2/3 Inhibitory Protein Arpin Is Required for Intestinal Epithelial Barrier Integrity
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The intestinal epithelial barrier (IEB) depends on stable interepithelial protein complexes such as tight junctions (TJ), adherens junctions (AJ), and the actin cytoskeleton. During inflammation, the IEB is compromised due to TJ protein internalization and actin remodeling. An important actin regulator is the actin-related protein 2/3 (Arp2/3) complex, which induces actin branching. Activation of Arp2/3 by nucleation-promoting factors is required for the formation of epithelial monolayers, but little is known about the relevance of Arp2/3 inhibition and endogenous Arp2/3 inhibitory proteins for IEB regulation. We found that the recently identified Arp2/3 inhibitory protein arpin was strongly expressed in intestinal epithelial cells. Arpin expression decreased in response to tumor necrosis factor (TNF)α and interferon (IFN)γ treatment, whereas the expression of gadkin and protein interacting with protein C-kinase α-subunit 1 (PICK1), other Arp2/3 inhibitors, remained unchanged. Of note, arpin coprecipitated with the TJ proteins occludin and claudin-1 and the AJ protein E-cadherin. Arpin depletion altered the architecture of both AJ and TJ, increased actin filament content and actomyosin contractility, and significantly increased epithelial permeability, demonstrating that arpin is indeed required for maintaining IEB integrity. During experimental colitis in mice, arpin expression was also decreased. Analyzing colon tissues from ulcerative colitis patients by Western blot, we found different arpin levels with overall no significant changes. However, in acutely inflamed areas, arpin was significantly reduced compared to non-inflamed areas. Importantly, patients receiving mesalazine had significantly higher arpin levels than untreated patients. As arpin depletion (theoretically meaning more active Arp2/3) increased permeability, we wanted to know whether Arp2/3 inhibition would show the opposite. Indeed, the specific Arp2/3 inhibitor CK666 ameliorated TNFα/IFNγ-induced permeability in established Caco-2 monolayers by preventing TJ disruption. CK666 treatment also attenuated colitis development, colon tissue damage, TJ disruption, and permeability in dextran sulphate sodium (DSS)-treated mice. Our results demonstrate that loss of arpin triggers IEB dysfunction during inflammation and that low arpin levels can be considered a novel hallmark of acute inflammation.
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SIGNIFICANCE TO THE FIELD

Intestinal epithelial barrier dysfunction is a hallmark of inflammatory bowel diseases, but the underlying mechanisms remain poorly understood. Interepithelial junctions that are connected to the actin cytoskeleton stabilize cell contacts. While the role of junctional transmembrane and scaffolding proteins for barrier integrity has been extensively studied, the role of actin-binding proteins in this context is still poorly understood. Thus, it is critical to improve our understanding of how actin-binding proteins regulate both TJ and cytoskeleton architecture during inflammatory disorders. Here, we provide in vivo, in vitro, and in situ evidence that the actin-branching nucleator Arp2/3 and its regulatory protein arpin are critical for maintaining proper barrier functions in the colon under basal and inflammatory conditions. Our data suggest that loss of arpin is a new hallmark of acute inflammation in ulcerative colitis and that the Arp2/3 complex may serve as a therapeutic target to treat inflammatory bowel diseases.



INTRODUCTION

The intestinal epithelium is a single layer of cells lining the gut lumen that not only provides a physical barrier against luminal bacteria and antigens but also regulates absorption and diffusion of water, nutrients, and ions. Epithelial cells are joined together by tight junctions (TJ), adherens junctions (AJ), and desmosomes (Turner, 2009). Under inflammatory conditions as occurring for example in ulcerative colitis (UC), the intestinal epithelium gets compromised by junction protein internalization and actin cytoskeletal remodeling (Utech et al., 2010; Luissint et al., 2016; Lechuga and Ivanov, 2017). An important actin regulator responsible for the formation of branched actin filaments is the highly conserved heptameric actin-related protein 2/3 (Arp2/3) complex (Rotty et al., 2013). The subunits Arp2, Arp3, ArpC1, ArpC2, ArpC3, ArpC4, and ArpC5 assemble the Arp2/3 complex. Of note, the presence of one subunit means the presence of the whole functional complex, as subunits are unstable in their uncomplexed form (Mullins et al., 1997; Molinie and Gautreau, 2018). The Arp2/3 complex has a low basal activity and requires interaction with nucleation-promoting factors (NPFs) to become fully activated. A strict regulation of Arp2/3 activity is guaranteed by proteins inhibiting Arp2/3 (PIAs) that antagonize NPF in certain cellular substructures (Molinie and Gautreau, 2018). For example, Wiskott–Aldrich syndrome protein (WASP)-family verprolin-homologous protein (WAVE) activates Arp2/3 at lamellipodia, where it is antagonized by arpin (Dang et al., 2013). At clathrin-coated pits, Arp2/3 activity is triggered by neural Wiskott–Aldrich syndrome protein (N-WASP) and negatively modulated by protein interacting with protein C-kinase α-subunit 1 (PICK1) (Rocca et al., 2008). At endosomes, Arp2/3 is activated by Wiskott–Aldrich syndrome protein and SCAR homolog (WASH) and inhibited by gadkin (γ-1 and kinesin interactor) (Maritzen et al., 2012). The importance of the Arp2/3 complex and its activator WAVE in epithelial barrier formation has been well studied (Verma et al., 2004, 2012; Zhou et al., 2013, 2015). Moreover, in endothelial cells, Arp2/3 and WAVE mediate junction stability through temporal formation of junction-associated intermittent lamellipodia (JAIL) (Abu Taha et al., 2014). During inflammation, Arp2/3-dependent lamellipodia participate in healing endothelial micro-wounds induced by transmigrating leukocytes (Martinelli et al., 2013). In the epithelium, lamellipodia drive the restoration of barrier integrity in vitro and in vivo (Begnaud et al., 2016). Arp2/3 is also involved in epithelial junction regulation in the Drosophila notum, where it contributes to junction protein internalization (Georgiou et al., 2008). Thus, fine-tuning Arp2/3 activity at junctions seems to be critical for proper epithelial barrier functions, but it is currently unknown how this is achieved. A possibility is that PIAs control Arp2/3 activity at epithelial junctions in competition with NPF (Chanez-Paredes et al., 2019). The most recently identified PIA is arpin that competes with the WAVE complex in lamellipodia to regulate random cell migration (Dang et al., 2013), but not chemotaxis (Dang et al., 2017). While the importance of arpin has been shown in different cancer types (Liu et al., 2016; Lomakina et al., 2016; Li T. et al., 2017; Li Y. et al., 2017; Zhang et al., 2019), nothing is known about arpin functions in intestinal epithelium and in epithelial barrier regulation during inflammatory disorders including UC.

We hypothesized that Arp2/3 is locally inhibited by arpin to regulate barrier integrity by controlling actin cytoskeleton and TJ architecture. To test this hypothesis, we employed two different strategies: (1) depleting the endogenous PIA arpin and (2) using the well-established specific pharmacological Arp2/3 inhibitor CK666.



MATERIALS AND METHODS


Cell Culture

The colorectal adenocarcinoma epithelial Caco-2 (clone C2BBE1) cell line was obtained from ATCC (Manassas, VA, United States) and cultured according to their instructions. Confluent Caco-2 monolayers were treated with 50 ng/ml tumor necrosis factor (TNF)α (Peprotech, Mexico) and 10 ng/ml interferon (IFN)γ (Peprotech, Mexico) and incubated for 48 h in a humidified atmosphere with 5% CO2 at 37°C to mimic inflammation.



End-Point PCR and Quantitative RT-PCR

Total RNA was isolated using TRIzol reagent, quantified using a NanoDrop ND-1000 spectrophotometer, and treated with RNase-free DNase I. RNA was reverse-transcribed using oligo-dT primers and SuperScript II reverse transcriptase according to the manufacturer’s instructions. End-point PCR was performed using Platinum®, PCR SuperMix, 0.15 μM forward primers, 0.15 μM reverse primers (Supplementary Table 1), and 100 ng cDNA. PCR conditions were as follows: 95°C for 3 min, followed by 35 cycles of 95°C for 30 s, 55°C for 30 s, 72°C for 30 s, and a final extension at 72°C for 10 min and 4°C ∞. The PCR products were separated by electrophoresis on 2% agarose gels. All reagents were from Thermo Fisher Scientific (Waltham, MA, United States).

qRT-PCR was carried out in a total volume of 10 μl, containing 5.0 μl Power SYBR Green PCR Master Mix 2 × (Applied Biosystems, Foster City, CA, United States), 0.15 μM forward primer, 0.15 μM reverse primer, and 100 ng cDNA using a StepOneTM Real-Time PCR System (Applied Biosystems). Conditions were as follows: activation at 95°C for 10 min, 40 cycles including denaturation phase at 95°C for 15 s, and data acquisition during the annealing/extension step at 60°C for 60 s. Following the last cycle, the melting curve was generated by heating from 60°C to 95°C in increments of 0.6°C/s. Relative expression was quantified using the 2–ΔΔCT method (Rao et al., 2013).

Human 7SL (Galiveti et al., 2010) and mouse Actb were used as housekeeping genes.



Western Blot

Radioimmunoprecipitation assay (RIPA) buffer cell and tissue lysates were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), transferred to 0.45-μm-pore nitrocellulose membranes (Bio-Rad, Hercules, CA, United States), blocked with Tris-buffered saline (TBS) containing 0.05% Tween (TBS-T) and 5% skim milk, or 5% bovine serum albumin (BSA) for myosin-II light chain (MLC) and phosphorylated-MLC (p-MLC), for 1 h at room temperature (RT), and incubated overnight in primary antibodies at 4°C with gentle agitation. Membranes were washed with TBS-T three times for 10 min each and incubated with species-specific secondary antibodies conjugated to horseradish peroxidase for 1 h at RT with gentle agitation. After another three washes for 10 min each, bands were visualized using SuperSignal West Pico substrate (Thermo Fisher Scientific) and a ChemiDoc device (Bio-Rad, Hercules, CA, United States). Pixel intensity was quantified using ImageJ software (NIH, Bethesda, MD, United States). Primary and secondary antibodies are listed in Supplementary Table 2. Full blots including the molecular weight markers are shown in Supplementary Figure 1.



Co-immunoprecipitation

10 μl of Protein G-sepharose beads (Sigma-Aldrich) were equilibrated in 500 μl of lysis buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% NP-40, and 2 × cOmpleteTM protease cocktail and 2 × PhosSTOPTM) and shaken gently for 4 h at 4°C. Cell extracts (1 mg protein) were pre-cleared with equilibrated beads for 2 h at 4°C. Then, beads were pelleted at 3,500 rpm for 5 min at 4°C, and pre-cleared extracts were incubated overnight at 4°C under gentle rotation with primary antibodies. Unrelated serum was used as a negative control. The next day, 10 μl of equilibrated G-agarose beads blocked with lysis buffer containing 4% BSA were added to the antibody–antigen complex and incubated overnight at 4°C with gentle rotation. The antibody–antigen–beads conjugates were separated by centrifugation at 3,500 rpm for 5 min at 4°C, washed three times with 1 × phosphate-buffered saline (PBS) and eluted with Laemmli buffer. Samples were denatured by boiling for 5 min at 95°C and analyzed by Western blot.



Immunofluorescence Microscopy

Cells on glass coverslips were fixed either in 4% paraformaldehyde (PFA) for 10 min at RT and permeabilized with 0.2% Triton X-100 in PBS for 5 min at RT or in absolute ethanol for 30 min at −20°C. Coverslips were then blocked for 20 min in PBS containing 3% BSA. Primary antibodies were incubated overnight at 4°C. Then, coverslips were washed and incubated with species-specific fluorescently labeled secondary antibodies for 1 h at RT. Coverslips were mounted in Prolong medium containing 4’,6-diamidino-2-phenylindole (DAPI; Thermo Fisher Scientific) and analyzed using a confocal laser microscope (Leica TCS, SPE).



Transmission Electron Microscopy

Cells were processed as previously reported (Muniz-Hernandez et al., 2011). Briefly, cells were grown in Petri dishes to a confluency of about 90% and fixed with 2.5% glutaraldehyde for 1 h. After thorough washings with PBS, cells were carefully scraped off, rinsed with PBS, and postfixed for 1 h in 1% OsO4 at 4°C. Subsequently, cells were dehydrated with increasing concentrations of ethanol, embedded in Spurr’s resin (Electron Microscopy Sciences, Washington, DC, United States), and polymerized at 60°C for 48 h. Ultrathin sections were cut using an Ultracut E ultramicrotome (Reichert-Jung, Wien, Austria), stained with uranyl acetate and lead citrate, and analyzed using a JEOL 1400 electron microscope (JEOL LTD, Japan). Quantification of microvilli and vesicle numbers and TJ length was done in at least six cells of each tested condition from two independent experiments. To this end, frames were drawn at intercellular junctions (5 × 2 μm) and along the entire apical membrane of single cells in order to delimit zones for counting of junction-related vesicles and microvilli, respectively.



Transepithelial Electrical Resistance Measurement

Here, 6 × 105 Caco-2 cells were seeded on 0.4-μm pore size Transwell filters (Corning-Costar, Acton, MA, United States). Transepithelial electrical resistance (TER) was measured using a Milicell-Electrical Resistance System (Milicell-ERS) MERS00001. TER is presented as Ω × cm2 or as relative TER normalized to control cells. In the experiments using CK666 during the formation of monolayers, culture medium containing CK666 or dimethylsulfoxide (DMSO) alone was exchanged every 2 days.



Paracellular Flux Assay

At the end of each TER assay, monolayers were rinsed three times with pre-warmed Hanks’ balanced salt solution (HBSS) supplemented with 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), glucose, and Ca2+/Mg2+. Then, 100 μg of fluorescein isothiocyanate (FITC)-dextran (4 kDa, Sigma-Aldrich, St. Louis, MO, United States) were added to the apical side and incubated for 2 h at 37°C. Medium from the bottom chamber was collected, and the amount of diffused dextran was measured using a fluorometer. Emission values were normalized to control cells (set to 100%).



Generation of Arpin-Depleted Cells

A stable arpin-depleted Caco-2 cell line was generated by lentiviral transduction using the trans-lentiviral packaging kit (Thermo Fisher Scientific) and the pLKO.1 plasmid (Addgene, Cambridge, MA, United States) according to the manufacturer’s instructions. The following shRNA sequences were used: shRNA scrambled: 5′-CGGAGAAGTGGAGAAGCATAC-3′ and shRNA arpin: 5′-GGAGAACTGATCGATGTATCT-3′ (Dang et al., 2013). shRNA insertion after cloning was verified by sequencing.



Actin Density Quantification

Actin density was quantified using ImageJ (NIH, Bethesda, Maryland). Briefly, maximum projections of confocal stacks were converted to 8-bit format. Then, five cells from each of four independent experiments were delineated with the “free selection tool.” Area, mean gray value, and integrated density were measured for each cell and for three random background fields. Corrected density was calculated using the following formula: Corrected density = integrated density – (Area ∗ mean gray of background). Resulting data were normalized to the average of shCtrl cells.



Animal Studies

All experiments have been approved by the Institutional Animal Care and Use Committee of CINVESTAV-IPN. Animals were handled according to Mexico’s official norm NOM-062-ZOO-1999 established for the production, care, and use of laboratory animals in agreement with international standards. Adult male C57BL/6 mice (20–25 g) were used in colitis experiments. All animals were given ad libitum access to standard pellet diet and water over the entire experimental period of 7 days. The colitis group received 2.5% dextran sulphate sodium (DSS; molecular mass 40 kDa; Carbosynth, CA, United States) in drinking water. To assess the severity of colitis, the disease activity index (DAI) was scored daily from 0 to 4 based on body weight loss, diarrhea, and intestinal bleeding (Mennigen et al., 2009; Park et al., 2013). For CK666 administration, groups of mice were intraperitoneally (i.p.) injected with 5 mg/kg CK666 (Park et al., 2013; Li et al., 2018) at days 3, 4, 5, and 6 of colitis induction or 10% DMSO in PBS as control. The control groups received normal drinking water and the same daily dose of DMSO or CK666. After 7 days, animals were euthanized, and the colon and ileum were removed, measured, and then used in further experiments.



Histology

Cross sections of colon Swiss rolls (Bialkowska et al., 2016) embedded in paraffin and mounted on glass slides were stained with hematoxylin and eosin according to standard protocols. A general histology score was determined by a pathologist in a blinded fashion, taking into account the degree of inflammation, extent of inflammation, and crypt damage in relation to the percentage of epithelium involved (Mennigen et al., 2009). Also, a more detailed score including loss of goblet cells, cryptitis, hyperemia, lamina propria inflammation, epithelial erosion, mucosal edema, crypt dropout, and architectural distortion was determined as published previously (Shukla et al., 2018).



In vivo Intestinal Epithelial Permeability

Animals were anesthetized by i.p. injection of ketamine/xylazine (100 mg/kg and 13 mg/kg of body weight, respectively) in 0.9% saline solution. After laparotomy, colons were exposed, and a G22-polyethylene tube was inserted into the colon ascendens. The colon was flushed with PBS followed by instillation of 1.5% Evans blue solution. The dye was incubated for 15 min, then mice were euthanized, and colons were removed, rinsed with abundant PBS, and washed with 1 ml of 6 mM N-acetylcysteine in PBS to eliminate excess dye. Colon weight was recorded, the dye was extracted overnight at RT in 2 ml of N, N dimethylformamide and measured spectrophotometrically at 610 nm (Vargas Robles et al., 2017).



Human Tissue Samples

Human tissue samples were obtained from UC patients who underwent surgical resection. The study was approved by the ethics committee of the University of Würzburg (protocol numbers 113/13, 46/11, 42/16) (Meir et al., 2019), and written informed consent was obtained from all patients. Control tissue samples were from surgical colon resections from patients with colon carcinoma, as these resections routinely involve removal of a large part of healthy, uninflamed colon surrounding the tumor. For our experiments, we only used resected tissue far away from the tumor that has no spatial relation with the tumor and can thus be considered healthy (Meir et al., 2019). Control tissue was used only from patients who did not suffer from UC or Crohn’s disease. Patient characteristics are summarized in Table 1. For Western blot, tissue samples were taken immediately after resection and lysed in SDS lysis buffer containing 25 mM HEPES, 2 mM ethylenediaminetetraacetic acid (EDTA), 25 mM sodium fluoride (NaF), and 1% SDS. Another part of the tissue was fixed in 4% PFA, embedded in paraffin, sectioned, and stained as described above.


TABLE 1. Clinical data from control and ulcerative colitis (UC) patients.

[image: Table 1]


Statistics

Data are presented as mean ± standard deviation (SD) and are representative of at least three independent experiments. Significance between groups was assessed by two-tailed Student’s t-test, two-tailed t-test followed by a Mann–Whitney test, or ANOVA with Bonferroni’s correction or Tukey’s post hoc test, as indicated in the figure legends. Statistical analyses were performed using GraphPad Prism software v5.0. Values of probability p < 0.05 were considered statistically significant. ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001.




RESULTS


Arpin Is Expressed in Epithelium and Associates With Junction Proteins

Arpin is a recently discovered PIA, and little is known regarding its expression profile in organs and tissues. We performed RT-PCR analysis and observed arpin mRNA expression in mouse lung, heart, kidney, liver, spleen, brain, and colon (Figure 1A). To explore the potential role of arpin in colon epithelium, we confirmed arpin expression in monolayers of the well-established human colon epithelial cell line Caco-2 by RT-PCR (Figure 1A). Arpin expression was also observed in monolayers of the epithelial cell line HEK293 (Figure 1A). The integrity and function of the intestinal epithelial barrier (IEB) significantly rely on the stability of epithelial junctions. We analyzed a publicly available dataset of E-cadherin’s interactome in epithelial cells and found arpin as a potential binding partner of E-cadherin (Guo et al., 2014). Thus, we performed immunoprecipitation assays and found that arpin co-precipitated not only with the AJ protein E-cadherin (Figure 1B) but also with the TJ proteins claudin-1 and occludin (Figure 1C), suggesting that arpin is located at junctions and involved in IEB regulation. It remains to be proven whether these interactions with transmembrane proteins are direct or mediated by the scaffold proteins β-catenin and zonula occludens 1 (ZO-1) that are known interaction partners of E-cadherin and claudin-1/occludin, respectively. Tubulin was used as a negative control and absent in all precipitates (Figures 1B,C). In an effort to search for potential functional domains, we performed an in silico analysis of the arpin protein sequence using “The Eukaryotic Linear Motif” and “PhosphoSitePlus” resources (Hornbeck et al., 2012; Kumar et al., 2020). Several putative interaction motifs and three putative phosphorylation residues were found that remain to be experimentally confirmed (Supplementary Figure 2).


[image: image]

FIGURE 1. Arpin is downregulated under inflammatory conditions. (A) RT-PCR for Arpin and Actb using cDNA derived from the indicated mouse tissues (left) and ARPIN and 7SL as housekeeping gene using cDNA derived from the indicated human cell lines (right); n = 3. (B) Western blot of E-cadherin immunoprecipitates. β-catenin was probed as a positive control of interaction and γ-tubulin as a negative control; n = 3. Input = whole cell lysate; IgG0 = IP using IgG as control, IP = IP using specific antibodies. (C) Western blots of claudin-1 and occludin immunoprecipitates. ZO-1 was probed as a positive control and γ-tubulin as a negative control, n = 3. (D) Quantitative real-time RT-PCR for the Arp2/3 inhibitors ARPIN, PICK1, and AP1AR using cDNA from Caco-2 colon epithelial cells treated or not with tumor necrosis factor (TNF)α/interferon (IFN)γ (n = 3; two-tailed t-test). Data are shown as relative expression normalized to the housekeeping gene 7SL. (E) Western blot for arpin and the Arp2/3 subunit ArpC5 in Caco-2 cells treated or not with TNFα/IFNγ. Guanylate-binding protein-1 (GBP-1) was used as an inflammation positive control. (F) Densitometric analysis of panel (E) (n = 4; two-tailed t-test). (G) Western blot for arpin and ArpC5 in colons from control and dextran sulphate sodium (DSS)-treated mice. (H) Densitometric analysis of panel G (nCtrl = 4, nDSS = 7; two-tailed t-test followed by Mann–Whitney test). ns, non-significant; *p < 0.05; **p < 0.01.




Arpin Is Downregulated During Inflammation Both in vitro and in vivo

The pro-inflammatory cytokines TNFα and IFNγ synergize to induce IEB dysfunction (Wang et al., 2005; Capaldo et al., 2014). In order to unravel the expression of PIA during inflammation, we analyzed the expression of ARPIN, PICK1, and AP1AR (human homolog of gadkin) in control and TNFα/IFNγ-treated Caco-2 cells by qRT-PCR and found that only arpin was significantly downregulated during inflammation (Figure 1D). Western blots and subsequent densitometric analysis confirmed this decrease at the protein level (Figures 1E,F). Importantly, the ArpC5 subunit (representative of Arp2/3) showed no significant changes, and guanylate-binding protein-1 (GBP-1), a marker for IFN responses used here as a positive control for inflammation, was upregulated (Figure 1E). Of note, arpin protein was also significantly downregulated in colons from mice with DSS-induced colitis, whereas ArpC5 levels were again unaltered (Figures 1G,H). Disease parameters proving the severity of colitis in these experiments are shown in Supplementary Figure 3. We also analyzed arpin expression in the ileum (the most proximal part of the small intestine to the colon), in which also inflammation in response to DSS has been described (Rehal et al., 2018). However, we did not observe significant differences in arpin levels in DSS-treated ileun in comparison to controls (Supplementary Figure 4). It remains to be determined whether the reduction in arpin levels is indeed specific to colon inflammation. In future studies, we will investigate arpin functions in other inflammation models.



Arpin Depletion Increases Epithelial Permeability and Actin Filament Formation and Causes Junction Disruption

To analyze the role of arpin in IEB regulation, we generated stable arpin-depleted Caco-2 cells with 96% reduction in arpin protein levels (Figures 2A,B). These cells did not show alterations in total levels of ArpC5 (Figures 2A,B). Interestingly, although monolayer formation was achieved, loss of arpin caused a significant decrease in TER (Figure 2C), along with increased macromolecular permeability for 4 kDa FITC-dextran (Figure 2D). We then tested whether such a decrease in TER was associated with an alteration of junctional proteins. Protein levels of ZO-1, occludin, claudin-1, E-cadherin, and β-catenin showed no changes in arpin-depleted cells when compared to control cells (Figures 2E,F). By contrast, we did observe changes in the distribution pattern of β-catenin, claudin-1, and ZO-1. Control cells showed the expected mostly junctional localization of β-catenin, whereas arpin-depleted Caco-2 cells showed predominantly cytosolic staining of β-catenin (Figure 2G), suggesting that the absence of arpin favors internalization of β-catenin. Given the importance of AJ for intercellular epithelial adhesion, it seems likely that disturbed AJ composition affects TJ architecture. In control cells, claudin-1 was detected at the periphery and apical regions of cells in the monolayer (Figure 2H), whereas in arpin-depleted cells, the claudin-1 signal showed a more diffuse pattern at the cell periphery and partial loss of apical localization, suggesting that claudin-1 gets more internalized without arpin (Figure 2H). On the other hand, the apical localization of ZO-1 was preserved at cell contacts. However, we observed morphological differences in ZO-1 patterns, changing from strictly linear in control cells to wavy in arpin-depleted cells (Figure 2I). Such wavy ZO-1 patterns have previously been reported to be correlated with increased epithelial permeability (Zhou et al., 2013) and are thus in agreement with our permeability data described above. On the other hand, the apical junctional actin belt is critical for epithelial barrier integrity, and it is intuitive to think that arpin as Arp2/3 inhibitor would affect actin dynamics. Indeed, F-actin labeling using phalloidin showed an overall increased actin filament content in arpin-depleted Caco-2 cells (Figure 2J). Quantification of the pixel intensity of the phalloidin signal revealed a statistically significant increase in F-actin content in the absence of arpin (Figure 2K). This result is in agreement with the fact that arpin is an Arp2/3 inhibitor, and its absence would lead to more active Arp2/3 and thus increased formation of Arp2/3-dependent branched actin filaments (Verma et al., 2004; Dang et al., 2013). However, in addition to increased cortical F-actin, we also observed increased fibers crossing the cell body resembling contractile stress fibers that are known to exert pulling forces on junctions and thus contribute to junction destabilization (Bogatcheva and Verin, 2008, 2009; Citalan-Madrid et al., 2017; He et al., 2020). Increased contractility of the perijunctional actomyosin ring leading to reorganization of tight junction and increased epithelial permeability is a consequence of myosin-II light chain kinase (MLCK) and Rho-associated coiled-coil containing protein kinase 1 (ROCK1) activation and myosin-II light chain (MLC) phosphorylation. Indeed, we detected a significant increase in MLC phosphorylation (Figures 2L,M), suggesting that this is the mechanism driving junction destabilization in the absence of arpin. During intestinal inflammation, this mechanism is triggered by pro-inflammatory cytokines including TNFα and IFNγ (Bruewer et al., 2003; Lechuga and Ivanov, 2021). Given that arpin is clearly downregulated by TNFα and IFNγ (Figures 1D–H), arpin can be considered part of the molecular machinery driving inflammation-induced actin remodeling and junction disruption.
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FIGURE 2. Arpin depletion causes hyperpermeability and altered architecture of junctions and the actin cytoskeleton. (A) Western blot for arpin and ArpC5 of lysates from control (shCtrl) and arpin-depleted (shArpin) Caco-2 cells. (B) Densitometric analysis of panel (A) (n = 3; two-tailed t-test). (C) Transepithelial electrical resistance (TER) development in control and arpin-depleted Caco-2 monolayers (n = 6; two-way ANOVA with Bonferroni‘s correction). (D) Paracellular flux using confluent control and arpin-depleted Caco-2 monolayers (n = 3; two-tailed t-test). (E) Western blot for claudin-1, zonula occludens 1 (ZO-1), occludin, E-cadherin, and β-catenin in control and arpin-depleted cells. (F) Densitometric analysis of panel E (n = 3; two-tailed t-test). (G) Immunostaining for β-catenin (green) in control and arpin-depleted Caco-2 monolayers (n = 3). Bar = 20 μm. (H) Immunostaining for claudin-1 in control and arpin-depleted Caco-2 monolayers. xz-planes are shown below for claudin-1 (green) and the nuclei as reference (blue). Images are representative of n = 3. Bar = 20 μm. (I) Immunostaining for ZO-1 (green) in control and arpin-depleted Caco-2 monolayers. xz-planes are shown below with nuclei as reference (blue); n = 3. 3 × digital zoom of junctions is shown on the right. Bar = 20 μm. (J) Location of apical, medial, and basal actin filaments in control and arpin-depleted Caco-2 cells stained with phalloidin; n = 4. Bar = 20 μm. (K) Actin density quantification normalized to the average of shCtrl cells (n = 20 cells per condition randomly selected from four independent experiments, two-tailed t-test). (L) Western blot for myosin-II light chain (MLC) and pMLC in control and arpin-depleted cells. (M) Densitometric analysis of panel (L) (n = 3; two-tailed t-test). **p < 0.01; ***p < 0.01. ns = not significant.




Arpin Depletion Alters Epithelial Morphology

To further support the concept that arpin regulates junction architecture and epithelial morphology, we performed ultrastructural analysis by transmission electron microscopy of control and arpin-depleted cells in the absence and presence of TNFα/IFNγ. Control cells showed normal morphology including homogeneously distributed microvilli along the apical surface (Figure 3A). As expected, control cells had discrete dense TJ with very few electron-dense structures corresponding to endocytic vesicles near them (Figure 3A). When control cells were exposed to TNFα/IFNγ, microvilli were mostly conserved, but several electron-dense vesicles were observed close to TJ likely corresponding to inflammation-induced internalization processes (Figure 3B). Surprisingly, in arpin-depleted cells, microvilli were mostly lost, and TJ appeared as elongated wavy electron-dense structures with several electron-dense vesicles in the TJ vicinity (Figure 3C). Arpin-depleted cells treated with TNFα/IFNγ showed many more electron-dense vesicles of different sizes near the TJ (Figure 3D). Quantification of microvilli, vesicles, and TJ lengths was performed according to the scheme in Figure 3E. The number of microvilli per cell was similar in control cells with and without TNFα/IFNγ. Absence of arpin strongly reduced the numbers of microvilli, and this was not further reduced by TNFα/IFNγ treatment (Figure 3F). Strikingly, the number of electron-dense vesicles close to TJ was significantly increased to the same extent by both arpin depletion or TNFα/IFNγ treatment (Figure 3G). Of note, TNFα/IFNγ-treated arpin-depleted cells showed even a higher number of vesicles surrounding junctions, suggesting that inflammatory stimuli can induce even more internalization in the absence of arpin. Arpin depletion, in contrast to TNFα/IFNγ, also caused significant elongation of TJ (Figure 3H), which is in agreement with the observed wavy ZO-1 pattern (Figure 2H). Taken together, these data show that arpin is a critical regulator of epithelial morphology, including microvilli integrity and TJ architecture. Loss of arpin alone induces an increase in junction-associated vesicles similar to pro-inflammatory stimuli, which is most likely the reason for the observed barrier dysfunction. Thus, we conclude that arpin localizes at junctions to maintain Arp2/3 activity low, thus preventing spontaneous internalization.
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FIGURE 3. Arpin depletion alters the ultrastructure of intestinal epithelial cells. Morphology of resting (A) and tumor necrosis factor (TNF)α/interferon (IFN)γ-treated (B) control cells (shCtrl). Morphology of resting (C) and TNFα/IFNγ-treated (D) arpin-depleted cells (shArpin). In the low-magnification micrographs on the left, overall morphology of entire epithelial cells can be observed (V, vacuoles; bar = 2 μm). Frames indicate areas from which the high-magnification images (on the right) were taken. Arrows indicate tight junctions at the apical-most cell contacts. Red asterisks indicate accumulation of electron-dense endocytic vesicle (right images, bar = 1 μm). (E) Scheme of the method for quantification of the number of microvilli, vesicles, and tight junction (TJ) length. Panels (F–H) correspond to the quantification of number of microvilli, number of vesicles, and TJ length, respectively (n = 6–11; one-way ANOVA with post hoc Tukey test). ***p < 0.001.




Arpin Is Downregulated in Colon Tissue From Patients With Ulcerative Colitis

To provide insights about the relevance of arpin expression in human disease, we analyzed arpin protein levels in the human inflammatory bowel disease UC, in which IEB functions are compromised (Martini et al., 2017). Patient characteristics are presented in Table 1. Western blot analyses of tissue samples from UC patients and patients undergoing colon surgery who did not suffer from inflammatory bowel diseases revealed that arpin was differently expressed in colon tissue samples of UC patients with a tendency toward lower levels compared to controls that did not reach statistical significance due to the high variation (Figures 4A,B). In agreement with our observations in cells and mice, ArpC5 levels were similar in control and UC tissues. While there was no clear correlation of arpin levels with patient characteristics (Table 1), it is interesting to note that arpin levels were significantly lower in those patients who did not take any medication compared to controls and that arpin levels were restored to normal levels in UC patients taking mesalazine in their medication regimen, suggesting that mesalazine can contribute to arpin restoration as a mechanism of alleviating inflammation (Figure 4C). Also, in these groups, ArpC5 levels were not significantly changed.
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FIGURE 4. Arpin is downregulated in inflamed areas of colon tissue from ulcerative colitis (UC) patients. (A) Western blot for arpin and ArpC5 from resection specimens of patients with UC and non-inflamed controls. β-actin was probed as the loading control. (B) Quantification of pixel intensities including all bands (compare Table 1 for single values; nCtrl = 8, nUC = 10; two-tailed t-test followed by Mann–Whitney test; ns, non-significant. We only excluded sample UC 5 as a technical outlier because of the absence of both arpin and ArpC5 and a much weaker β-actin band. (C) Comparison of pixel intensities from bands of control samples, samples from patients receiving no treatment, and patients receiving mesalazine in their medication regimen. **p < 0.01. (D) Representative immunostaining for occludin and arpin from resection specimens of patients with histologically active UC and non-inflamed controls; n = 3. Bar = 20 μm. (E) Arpin mRNA analysis in biopsies from UC patients compared to controls (n: Control = 11, UC = 10; one-way ANOVA with Kruskal–Wallis correction. (F) mRNA analysis of arpin from publicly available datasets (n: non-inflamed mucosa = 5, inflamed mucosa = 8; two-tailed t-test with Welch’s correction). ***p < 0.001. ns = not significant.


Arpin downregulation in tissue areas that showed histological signs of acute inflammation (crypt dysplasia, occludin downregulation) was confirmed by confocal microscopy (Figure 4D). Moreover, clear changes in arpin localization could be observed. In control tissue, arpin was clearly enriched in the cell periphery close to cell contacts along the basolateral border together with a sharp occludin signal. In UC tissue, the arpin signal along the basolateral border was lost and the signal was more diffusely distributed (Figure 4D). Next, we analyzed RNA sequencing (RNAseq) data from control and UC tissue biopsies available in the Gene Expression Omnibus (GEO) database. An overall comparison between control and UC tissues showed a trend toward lower arpin levels in UC tissue that was non-significant (Figure 4E). By contrast, comparing arpin expression in inflamed and non-inflamed areas of UC patients, a significant downregulation of arpin in the inflamed areas was revealed (Figure 4F). Thus, the RNAseq data clearly confirm our protein data that arpin is differently expressed and only reduced if the tissue is acutely inflamed. Together, these data show that loss of arpin could be a novel hallmark of acute inflammation in UC.



CK666 Strengthens the Intestinal Epithelial Barrier and Ameliorates Tumor Necrosis Factor-α/Interferon-γ-Induced Epithelial Dysfunction in vitro

To date, arpin’s functions have been attributed exclusively to its role as an Arp2/3 inhibitor. Given that the depletion of arpin (i.e., decrease in Arp2/3 inhibition) leads to alteration of the IEB, as shown by permeability assays (Figures 2C,D), we tested whether pharmacological Arp2/3 inhibition would also regulate IEB integrity. We analyzed the effect of the Arp2/3-specific small-molecule inhibitor CK666 on IEB functions under basal and inflammatory conditions. Caco-2 epithelial monolayers were treated with CK666 or vehicle (DMSO) in the presence or absence of TNFα/IFNγ. As expected, a significant reduction in TER (Figure 5A) and an increase in paracellular flux of 4 kDa FITC-dextran (Figure 5B) were observed after treatment with TNFα/IFNγ compared to control cells. Interestingly, co-treatment with CK666 significantly ameliorated cytokine-induced permeability (Figures 5A,B). Surprisingly, CK666 alone increased epithelial barrier integrity, as indicated by an increase in TER of control monolayers (Figure 5A), whereas it did not affect paracellular flux under basal conditions (Figure 5B). These results demonstrate for the first time that Arp2/3 inhibition protects established epithelial monolayers and attenuates IEB dysfunction under inflammatory conditions in vitro. We emphasize that this protective effect of CK666 was only observed in well-established cell monolayers because treatment of sparse Caco-2 cells with CK666 significantly delayed formation of monolayers (Figure 5C), confirming published data that Arp2/3 is needed for the formation of monolayers likely because it also regulates proliferation and lamellipodia formation required for cell migration and establishing cell contacts (Henson et al., 2015; Molinie et al., 2019). Next, we asked whether the observed effects on TER development in the absence of arpin and with CK666 treatment are related. To this end, we performed experiments in which we treated arpin-depleted Caco-2 cells with the specific Arp2/3 inhibitor CK666 and monitored TER development. Interestingly, Arp2/3 inhibition with CK666 did not show additional effects on top of the effects of arpin depletion (Figure 5D), suggesting that potential Arp2/3 effects on junction formation are fully reflected by the arpin knockdown. It will be interesting to analyze in more detail the relation of arpin and Arp2/3 in epithelial cells, as it was recently demonstrated for Arp2/3 and formin-like proteins (FMNL2/3) using Arp2/3-depleted cells (Dimchev et al., 2021).
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FIGURE 5. CK666 reinforces the epithelial barrier. (A) Transepithelial electrical resistance (TER) measurements of confluent Caco-2 cells treated or not for 48 h with tumor necrosis factor (TNF)α/interferon (IFN)γ and CK666. The vehicle dimethylsulfoxide (DMSO) was used as control (n = 3; one-way ANOVA). (B) Paracellular flux of confluent Caco-2 cells treated or not for 48 h with TNFα/IFNγ and CK666 was measured 2 h after adding 4 kDa fluorescein isothiocyanate (FITC)-dextran; color code as in panel (A); n = 4; one-way ANOVA. (C) Time-course TER measurements of sparse Caco-2 cells in the presence or absence of CK666 (n = 5; two-way ANOVA). (D) Time-course TER measurements of sparse control and arpin-depleted Caco-2 cells in the presence or absence of CK666 (n = 6; two-way ANOVA). Data are compared with shCtrl DMSO-treated cells (*p vs. shCtrl + CK666, $p vs. shArpin + DMSO, and &p vs. shArpin + CK666). (E) Western blot for claudin-1, zonula occludens 1 (ZO-1), and occludin of Caco-2 monolayers treated or not with TNFα/IFNγ in the presence or absence of CK666. (F) Densitometry analysis of panel (D) (n = 3; one-way ANOVA with Bonferroni’s correction). (G) Confocal microscopy analysis of apical actin, claudin-1, occludin, and ZO-1 in Caco-2 cells treated or not with TNFα/IFNγ and CK666; n = 3. Bar = 10 μm. **p < 0.01; ***p < 0.001.




Tumor Necrosis Factor-α/Interferon-γ-Induced Internalization of Junction Proteins Is Prevented by CK666

While total junction protein levels are usually unchanged in epithelial monolayers challenged with TNFα/IFNγ, they are redistributed from junctions to the cytosol by endocytotic processes, causing barrier disruption and hyperpermeability (Li et al., 2008; Cao et al., 2013). In agreement with this, overall protein levels of the TJ proteins claudin-1, ZO-1, and occludin were not altered after cytokine exposure (Figures 5E,F). Neither CK666 alone nor in combination with TNFα and IFNγ changed these protein levels (Figures 5E,F), indicating that Arp2/3 inhibition does not induce changes in overall junction protein expression. Analysis of the distribution of these proteins by confocal microscopy revealed the expected internalization of claudin-1, ZO-1, and occludin after TNFα/IFNγ exposure. Interestingly, such internalization was ameliorated by co-treatment with CK666 (Figure 5G). In agreement with the TER increase (Figure 5A), CK666 alone led to accumulation of claudin-1 at cell contacts, especially at tricellular junctions (Figure 5G). TNFα/IFNγ-induced actin remodeling, as indicated by reduced apical actin rings, was also attenuated by CK666 (Figure 5G). These data show that inhibition of Arp2/3 strengthens IEB integrity of intestinal epithelial monolayers by maintaining junction and actin cytoskeletal architecture under basal and inflammatory conditions. These Arp2/3 inhibition data also agree with our arpin depletion data (theoretically more active Arp2/3) showing barrier dysfunction due to increased junction protein internalization.



CK666 Protects Against Dextran Sulphate Sodium-Induced Colon Tissue Damage

We assessed whether the protective effect of Arp2/3 inhibition during inflammation in vitro also occurs in vivo. To this end, we administered CK666 in mice with DSS-induced colitis. The DAI consisting of body weight loss, diarrhea, and intestinal bleeding was evaluated daily during an experimental period of 7 days. Either 5 mg/kg of CK666 or DMSO alone (vehicle control) were i.p. injected daily starting on day 3 of DSS treatment when colitis symptoms started to manifest. The dose of 5 mg/kg of CK666 showed beneficial effects in previous studies in vivo (Park et al., 2013; Li et al., 2018). We also tested daily i.p. administration of CK666 at 5 mg/kg and 10 mg/kg from day 0 (Supplementary Figure 5A), without observing superior effects. No alterations in DAI were observed in the control groups that received water and were injected with DMSO or CK666 (Figure 6A). The group treated with DSS and injected with DMSO showed a progressive increase of DAI, reaching a maximum of 10.75 ± 0.53 on day 7. Importantly, colitic mice that were treated with CK666 reached a maximum DAI of only 8.25 ± 1.41 (Figure 6A), with the strongest protective effects being observed on intestinal bleeding followed by weight loss and stool consistency (Supplementary Figures 5B–D). No changes were detected in colon lengths between CK666-treated and control groups (Figure 6B). Histological analyses showed normal mucosal tissue morphology in DMSO- and CK666-treated animals (Figure 6C, micrographs at 20× and 40×). As expected, DSS-treated mice showed typical signs of colitis such as apical erosion, edema formation, crypt shortening, and immune cell recruitment. Importantly, all these colitis signs were reduced in DSS-treated mice that received CK666 injections (Figure 6C). Histological score showed a significant protective effect of CK666 on DSS-induced tissue damage (Figure 6D). Detailed evaluation of histological parameters as previously published (Shukla et al., 2018) revealed a significant protective effect of CK666 on loss of goblet cells, cryptitis, lamina propria inflammation, epithelial erosion, crypt dropout, and architectural distortion, whereas there was only a tendency toward improved hyperemia and mucosal edema (Supplementary Figure 6). Evans blue-based intestinal epithelial permeability assays in vivo showed similar low permeability in control and CK666-treated mice (Figure 6E). DSS treatment induced the expected strong increase in permeability, which was significantly reduced in colitic mice treated with CK666 (Figure 6E). This protective effect could be attributed to better conserved junction and cytoskeletal architecture, as CK666 prevented DSS-induced ZO-1 gaps at TJ and loss of the cortical apical actin ring (Figure 6F).
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FIGURE 6. CK666 ameliorates tissue damage in a dextran sulphate sodium (DSS)-induced colitis mouse model. (A) Disease activity index of mice with DSS-induced colitis and treated with either the vehicle dimethylsulfoxide (DMSO) or 5 mg/kg CK666 intraperitoneally (i.p.) starting on day 3 (n = 8–9 per group; two-way ANOVA with Bonferroni’s correction). (B) Colon lengths after DSS-induced colitis (n = 6 per group; one-way ANOVA with Bonferroni’s correction). (C) Hematoxylin/eosin-stained colon tissue sections in 20 × magnification (left) and 40 × (right). Bars = 50 μm (left), 25 μm (right). Crypt dysplasia and ulceration (*), immune cell infiltration (arrow), and edema formation (e) are highlighted; n = 3 per group. (D) Histological inflammation score of colitic mice (n = 3 per group; two-tailed test). (E) Colon permeability to Evans blue in control and colitic mice treated with either DMSO or CK666 (n = 4 per group; one way-ANOVA with Bonferroni’s correction). (F) Immunostaining of zonula occludens 1 (ZO-1) (red) and actin (green) in colon tissue from control and colitic mice treated with DMSO or CK666; n = 3. Bar = 35 μm. *p < 0.05; **p < 0.01; and ***p < 0.001. ns = not significant.


Together, our data demonstrate that arpin expression and Arp2/3 inhibition protect against IEB dysfunction during inflammation both in vitro and in vivo.




DISCUSSION

Here, we analyzed for the first time the role of the endogenous Arp2/3 inhibitory protein arpin in the regulation of IEB functions. Arpin, PICK1, and gadkin are endogenous PIAs that bind to Arp2/3 through their C-terminal acidic domain, and it has been suggested that they inhibit Arp2/3 in a compartmentalized manner within the cell (Molinie and Gautreau, 2018). Arpin is the most recently identified PIA that colocalizes with Arp2/3 and the Arp2/3 activator WAVE at lamellipodia (Dang et al., 2013). Because arpin is enriched at lamellipodia and these structures are involved in intercellular junction formation, we wondered whether arpin participates in tissue barrier regulation. The importance of both Arp2/3 and WAVE in cell–cell contact formation and permeability regulation in epithelial cells has been demonstrated (Verma et al., 2012; Zhou et al., 2013), but virtually nothing was known about the role of the endogenous negative regulation of Arp2/3 in this context. Here, we show that arpin is indeed ubiquitously expressed in mouse organs and epithelial cells and that arpin associates with the AJ proteins β-catenin and E-cadherin and the TJ proteins ZO-1, occludin, and claudin-1. Further experiments are needed to assess whether such interactions occur directly or through additional proteins. Of note, we now also show for the first time that after challenging colon epithelial cells with pro-inflammatory cytokines, only the mRNA levels of arpin were reduced, while mRNA expression of PICK1 and AP1AR (human gadkin homolog) remained unaltered, thus evidencing a relevant role of arpin during inflammation. Inflammation also caused downregulation of arpin protein in vivo in a DSS-induced colitis mouse model. Downregulation of arpin in this context likely means that less inhibitory protein is available at junctions to balance Arp2/3 activity, thus enabling Arp2/3 hyperactivation and Arp2/3-induced junction protein internalization and IEB disruption (Figure 7). This idea is supported by our findings that arpin-depleted cells had more internalized claudin-1 and β-catenin, lost linearity of ZO-1, had many vesicles close to elongated TJ, and showed increased epithelial permeability. These data agree with findings in ArpC3-deficient primary keratinocytes that also showed wavy ZO-1 patterns and hyperpermeability (Zhou et al., 2013). ZO-1 binds to the TJ proteins occludin and claudins and connects them to the actin cytoskeleton (Itoh et al., 1999; Fanning et al., 2007; Van Itallie et al., 2009, 2017), whereas β-catenin is involved in the connection of E-cadherin to the actin cytoskeleton (Buckley et al., 2014). Thus, it is also possible that arpin contributes to junction–actin anchorage and that its absence reduces junction stability, leading to epithelial barrier dysfunction. This is in line with the observed increased F-actin content and MLC phosphorylation, suggesting increased actomyosin contractility causing the observed junction destabilization. Whether these effects are a causal consequence of these altered actin dynamics or lack of direct arpin interaction with junction proteins or both needs to be unraveled in future studies.
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FIGURE 7. Current working model for arpin functions and Arp2/3 inhibition in intestinal epithelial cells. Under basal conditions, arpin localizes at cell junctions to maintain Arp2/3 activity low and prevent junction protein internalization. During inflammation, arpin is downregulated, allowing for Arp2/3 activation, junction protein internalization, stress fiber formation, and thus barrier dysfunction. On the other hand, CK666 strengthens the epithelial barrier and protects from inflammation-induced barrier dysfunction by preventing Arp2/3-dependent junction protein internalization. Question marks indicate that the exact mechanism of internalization is still unclear.


The observation that arpin is reduced in many patients with UC suggests an important clinical relevance of arpin in the colon. Of note, arpin levels were closest to control levels in UC patients taking mesalazine within their medication regimen, indicating that loss of arpin is related to intestinal inflammation and that restoration of arpin expression by mesalazine may contribute to inflammation resolution. In this respect, it will be interesting to analyze possible functional relations of arpin with resolvins that participate in epithelial repair in UC. For example, resolvin E1 has recently been shown to trigger epithelial migration and proliferation and thus wound healing (Quiros et al., 2020). Arpin also controls proliferation because the Rac1/WAVE/arpin axis modulates G1/S cell cycle progression (Molinie et al., 2019). Arpin fine-tunes speed and persistence of cell migration (Dang et al., 2013) and induces pauses during migration that allow cells to turn (Gorelik and Gautreau, 2015), so that it may play a critical role during intestinal epithelial wound healing. Moreover, it is well known that chronic inflammation can lead to cancer development (Greten and Grivennikov, 2019). In particular, UC increases the risk to develop colorectal cancer (Rabbenou and Ullman, 2020). Arpin downregulation has been associated with the development of different cancer types, including colon cancer (Lomakina et al., 2016; Li T. et al., 2017; Li Y. et al., 2017; Zhang et al., 2018). Thus, a treatment that restores arpin expression, as shown here for mesalazine, is critical not only for UC treatment but also for colon cancer prevention. Our data that arpin is reconstituted in patients treated with mesalazine provide a possible mechanism of mesalazine action that is related to junction and actin functions mediated by arpin.

Very recently, arpin has also been shown to be essential for phagocytosis in macrophages (Jubrail et al., 2020). Thus, arpin seems to be a critical protein in different cell types for different cellular functions. We are only at the beginning of understanding the true physiological relevance of arpin, and certainly, more discoveries regarding arpin functions will emerge. An important question to address in the future is if and how arpin can also act independently of Arp2/3.

In our study, arpin functions correlated well with Arp2/3 inhibition, as arpin depletion (potential Arp2/3 activation) induced IEB dysfunction, whereas Arp2/3 inhibition improved it. Pharmacological inhibition of the Arp2/3 complex has been used as a tool to dissect biological functions of this complex. CK666 is a small molecule that binds to the Arp2/3 complex, stabilizes its inactive conformation, and blocks its activation without promoting disassembly of preformed actin branches (Nolen et al., 2009; Hetrick et al., 2013). Arp2 and ArpC2-depleted fibroblast treated with CK666 did not show additional phenotypic effects, highlighting the specificity of this compound (Wu et al., 2012).

We found that pharmacological blocking of Arp2/3 activity via CK666 during inflammation prevented barrier dysfunction triggered by pro-inflammatory cytokines. Considering that arpin depletion would contribute to Arp2/3 activation, all our data coincide well and point to arpin-mediated Arp2/3 inhibition to prevent junction protein internalization. However, the fact that inhibition of Arp2/3 by CK666 reinforced the epithelial barrier was surprising because other studies demonstrated that inhibition of Arp2/3 had detrimental effects on several functions such as migration, lamellipodia formation, and cytokinesis in vitro (Sun et al., 2011; Ilatovskaya et al., 2013; Henson et al., 2015). Moreover, under basal conditions in Madin-Darby canine kidney (MDCK) epithelial cell monolayers, CK666-mediated Arp2/3 inhibition resulted in increased paracellular flux to 3 kDa FITC-dextran (Van Itallie et al., 2015). On the other hand, in epithelial cells from Drosophila notum, Arp2/3 is required for E-cadherin internalization and regulation of junction stability (Georgiou et al., 2008). More research is needed to resolve these discrepancies, but they could be a result of different cell types, duration of treatment, and different cell confluency. At mature epithelial cell contacts, Arp2/3 activity is low (Sumida and Yamada, 2015) to only regulate the low basal physiological intercellular junction turnover. Arpin expression at epithelial cell contacts may thus be required to maintain this low Arp2/3 activity. In turn, loss of arpin in response to inflammation may then be required to allow for Arp2/3 activation to trigger the well-known inflammation-induced junction protein internalization. This interpretation is also in line with our data that Arp2/3 inhibition prevents junction protein internalization and reinforces the epithelial barrier.

The situation is different in a developing monolayer where there are no or few stable junctions. Here, inhibition of Arp2/3 rather affects proliferation and lamellipodia formation (Henson et al., 2015; Molinie et al., 2019) to delay monolayer formation, as confirmed here. This seems logical considering the fact that Arp2/3-dependent lamellipodia contribute to AJ assembly via clustering and assembly of E-cadherin plaques between neighboring cells (Baum and Georgiou, 2011).

The physiological relevance of our findings was proven in vivo, where CK666 attenuated the DAI, histological damage, and intestinal epithelial hyperpermeability in mice with DSS-induced colitis. Although it is important to consider that other cell types (e.g., immune cells) might be contributing to the observed effect on the intestinal epithelium due to the systemic delivery of CK666, our in vitro data support that indeed Arp2/3 inhibition in the epithelial cells is at least partly responsible for the IEB protection under inflammatory conditions. The extent of contribution of Arp2/3 inhibition in other cell types remains to be determined.

Arp2/3 is critical for proper organ functionality and development. For example, mice with specific deletion of Arp2/3 in the intestinal epithelium and the epidermis presented impaired transcytosis and dehydration (increased permeability), respectively, both resulting in lethality (Zhou et al., 2013, 2015). Thus, Arp2/3 is important in different contexts, but the same as with so many other proteins, its activity has to be controlled strictly for proper cell functions, and arpin might be the endogenous regulator providing this spatiotemporal control of activation levels in the intestinal epithelium.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by Ethical Committee of the University of Würzburg (proposal numbers 113/13, 46/11, and 42/16) (61). The patients/participants provided their written informed consent to participate in this study. The animal study was reviewed and approved by Institutional Animal Care and Use Committee, CINVESTAVIPN.



AUTHOR CONTRIBUTIONS

SC-P performed the research and statistical analysis, analyzed and interpreted the data, and wrote the manuscript. AM-G, KC-O, JG-C, and HV-R performed the research and analyzed the data. RM-F performed the research and analyzed and interpreted the data. LC-B, MSh, and PN analyzed and interpreted the data. SF and NS analyzed human tissue samples and interpreted the data. AG provided essential reagents and interpreted the data. MSc conceived and supervised the study, analyzed and interpreted the data, and wrote the manuscript. All authors reviewed the manuscript.



FUNDING

This work was supported by a grant from the Mexican Council for Science and Technology (CONACyT, 284292 to MSc). SC-P, AM-G, and KC-O received pre-doctoral fellowship stipends from Conacyt (426506, 632392, and 339591, respectively).



ACKNOWLEDGMENTS

We thank Mónica Mondragón-Castelán, Department of Biochemistry, and Angélica Silva-Olivares, Department of Infectomics and Molecular Pathogenesis, CINVESTAV-IPN for excellent technical assistance. We are grateful to Sirenia González-Pozos, Electron Microscopy Facility, LANSE, CINVESTAV-IPN for help with EM image acquisition. We also thank Veronica Heimbach (University Hospital Würzburg) for expert technical assistance, Dr. Klemens Rottner and Dr. Theresia Stradal (Technical University Braunschweig and Helmholtz Center for Infection Research, Braunschweig, Germany) for providing antibodies against Arp2/3, and Dr. Ricardo Mondragón-González for critical comments on the manuscript.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcell.2021.625719/full#supplementary-material

Supplementary Figure 1 | Shows full blots including molecular weight markers.

Supplementary Figure 2 | Shows the in silico analysis of arpin protein.

Supplementary Figure 3 | Shows the disease activity index and colon length of colitic mice used to analyze arpin expression.

Supplementary Figure 4 | Shows representative Western blots of ileum from control and DSS-treated mice and the quantification of normalized pixel intensities.

Supplementary Figure 5 | Shows the disease activity index in mice treated with 5 and 10 mg/kg Ck666 daily and separated scores of the DAI presented in Figure 6A.

Supplementary Figure 6 | Shows a detailed histological examination of colon tissues from colitic mice treated with Ck666 or vehicle.

Supplementary Table 1 | Lists all primers.

Supplementary Table 2 | Includes all primary and secondary antibodies.



REFERENCES

Abu Taha, A., Taha, M., Seebach, J., and Schnittler, H. J. (2014). Arp2/3-mediated junction-associated lamellipodia control Ve-cadherin-based cell junction dynamics and maintain monolayer integrity. Mol. Biol. Cell 25, 245–256. doi: 10.1091/mbc.E13-07-0404

Baum, B., and Georgiou, M. (2011). Dynamics of adherens junctions in epithelial establishment, maintenance, and remodeling. J. Cell Biol. 192, 907–917. doi: 10.1083/jcb.201009141

Begnaud, S., Chen, T., Delacour, D., Mege, R. M., and Ladoux, B. (2016). Mechanics of epithelial tissues during gap closure. Curr. Opin. Cell Biol. 42, 52–62. doi: 10.1016/j.ceb.2016.04.006

Bialkowska, A. B., Ghaleb, A. M., Nandan, M. O., and Yang, V. W. (2016). Improved swiss-rolling technique for intestinal tissue preparation for immunohistochemical and immunofluorescent analyses. J. Vis. Exp. 113:54161. doi: 10.3791/54161

Bogatcheva, N. V., and Verin, A. D. (2008). The role of cytoskeleton in the regulation of vascular endothelial barrier function. Microvasc. Res. 76, 202–207. doi: 10.1016/j.mvr.2008.06.003

Bogatcheva, N. V., and Verin, A. D. (2009). Reprint of “The role of cytoskeleton in the regulation of vascular endothelial barrier function” [Microvascular Research 76 (2008) 202-207]. Microvasc. Res. 77, 64–69. doi: 10.1016/S0026-2862(09)00021-1

Bruewer, M., Luegering, A., Kucharzik, T., Parkos, C. A., Madara, J. L., Hopkins, A. M., et al. (2003). Proinflammatory cytokines disrupt epithelial barrier function by apoptosis-independent mechanisms. J. Immunol. 171, 6164–6172. doi: 10.4049/jimmunol.171.11.6164

Buckley, C. D., Tan, J., Anderson, K. L., Hanein, D., Volkmann, N., Weis, W. I., et al. (2014). Cell adhesion. The minimal cadherin-catenin complex binds to actin filaments under force. Science 346:1254211. doi: 10.1126/science.1254211

Cao, M., Wang, P., Sun, C., He, W., and Wang, F. (2013). Amelioration of IFN-gamma and TNF-alpha-induced intestinal epithelial barrier dysfunction by berberine via suppression of MLCK-MLC phosphorylation signaling pathway. PLoS One 8:e61944. doi: 10.1371/journal.pone.0061944

Capaldo, C. T., Farkas, A. E., Hilgarth, R. S., Krug, S. M., Wolf, M. F., Benedik, J. K., et al. (2014). Proinflammatory cytokine-induced tight junction remodeling through dynamic self-assembly of claudins. Mol. Biol. Cell 25, 2710–2719. doi: 10.1091/mbc.E14-02-0773

Chanez-Paredes, S., Montoya-Garcia, A., and Schnoor, M. (2019). Cellular and pathophysiological consequences of Arp2/3 complex inhibition: role of inhibitory proteins and pharmacological compounds. Cell Mol. Life Sci. 76, 3349–3361. doi: 10.1007/s00018-019-03128-y

Citalan-Madrid, A. F., Vargas-Robles, H., Garcia-Ponce, A., Shibayama, M., Betanzos, A., Nava, P., et al. (2017). Cortactin deficiency causes increased RhoA/ROCK1-dependent actomyosin contractility, intestinal epithelial barrier dysfunction, and disproportionately severe DSS-induced colitis. Mucosal. Immunol. 10, 1237–1247. doi: 10.1038/mi.2016.136

Dang, I., Gorelik, R., Sousa-Blin, C., Derivery, E., Guerin, C., Linkner, J., et al. (2013). Inhibitory signalling to the Arp2/3 complex steers cell migration. Nature 503, 281–284. doi: 10.1038/nature12611

Dang, I., Linkner, J., Yan, J., Irimia, D., Faix, J., and Gautreau, A. (2017). The Arp2/3 inhibitory protein Arpin is dispensable for chemotaxis. Biol. Cell 109, 162–166. doi: 10.1111/boc.201600064

Dimchev, V., Lahmann, I., Koestler, S., Kage, F., Dimchev, G., Steffen, A., et al. (2021). Induced Arp2/3 complex depletion increases FMNL2/3 formin expression and filopodia formation. Front. Cell Dev. Biol. 9:634708. doi: 10.3389/fcell.2021.634708

Fanning, A. S., Little, B. P., Rahner, C., Utepbergenov, D., Walther, Z., and Anderson, J. M. (2007). The unique-5 and -6 motifs of ZO-1 regulate tight junction strand localization and scaffolding properties. Mol. Biol. Cell 18, 721–731. doi: 10.1091/mbc.e06-08-0764

Galiveti, C. R., Rozhdestvensky, T. S., Brosius, J., Lehrach, H., and Konthur, Z. (2010). Application of housekeeping npcRNAs for quantitative expression analysis of human transcriptome by real-time PCR. RNA 16, 450–461. doi: 10.1261/rna.1755810

Georgiou, M., Marinari, E., Burden, J., and Baum, B. (2008). Cdc42, Par6, and aPKC regulate Arp2/3-mediated endocytosis to control local adherens junction stability. Curr. Biol. 18, 1631–1638. doi: 10.1016/j.cub.2008.09.029

Gorelik, R., and Gautreau, A. (2015). The Arp2/3 inhibitory protein arpin induces cell turning by pausing cell migration. Cytoskeleton 72, 362–371. doi: 10.1002/cm.21233

Greten, F. R., and Grivennikov, S. I. (2019). Inflammation and cancer: triggers, mechanisms, and consequences. Immunity 51, 27–41. doi: 10.1016/j.immuni.2019.06.025

Guo, Z., Neilson, L. J., Zhong, H., Murray, P. S., Zanivan, S., and Zaidel-Bar, R. (2014). E-cadherin interactome complexity and robustness resolved by quantitative proteomics. Sci. Signal. 7:rs7. doi: 10.1126/scisignal.2005473

He, W. Q., Wang, J., Sheng, J. Y., Zha, J. M., Graham, W. V., and Turner, J. R. (2020). Contributions of myosin light chain kinase to regulation of epithelial paracellular permeability and mucosal homeostasis. Int. J. Mol. Sci. 21:993. doi: 10.3390/ijms21030993

Henson, J. H., Yeterian, M., Weeks, R. M., Medrano, A. E., Brown, B. L., Geist, H. L., et al. (2015). Arp2/3 complex inhibition radically alters lamellipodial actin architecture, suspended cell shape, and the cell spreading process. Mol. Biol. Cell 26, 887–900. doi: 10.1091/mbc.E14-07-1244

Hetrick, B., Han, M. S., Helgeson, L. A., and Nolen, B. J. (2013). Small molecules CK-666 and CK-869 inhibit actin-related protein 2/3 complex by blocking an activating conformational change. Chem. Biol. 20, 701–712. doi: 10.1016/j.chembiol.2013.03.019

Hornbeck, P. V., Kornhauser, J. M., Tkachev, S., Zhang, B., Skrzypek, E., Murray, B., et al. (2012). PhosphoSitePlus: a comprehensive resource for investigating the structure and function of experimentally determined post-translational modifications in man and mouse. Nucleic Acids Res. 40, D261–D270. doi: 10.1093/nar/gkr1122

Ilatovskaya, D. V., Chubinskiy-Nadezhdin, V., Pavlov, T. S., Shuyskiy, L. S., Tomilin, V., Palygin, O., et al. (2013). Arp2/3 complex inhibitors adversely affect actin cytoskeleton remodeling in the cultured murine kidney collecting duct M-1 cells. Cell Tissue Res. 354, 783–792. doi: 10.1007/s00441-013-1710-y

Itoh, M., Furuse, M., Morita, K., Kubota, K., Saitou, M., and Tsukita, S. (1999). Direct binding of three tight junction-associated MAGUKs, ZO-1, ZO-2, and ZO-3, with the COOH termini of claudins. J. Cell Biol. 147, 1351–1363. doi: 10.1083/jcb.147.6.1351

Jubrail, J., Africano-Gomez, K., Herit, F., Mularski, A., Bourdoncle, P., Oberg, L., et al. (2020). Arpin is critical for phagocytosis in macrophages and is targeted by human rhinovirus. EMBO Rep. 21:e47963. doi: 10.15252/embr.201947963

Kumar, M., Gouw, M., Michael, S., Samano-Sanchez, H., Pancsa, R., Glavina, J., et al. (2020). ELM-the eukaryotic linear motif resource in 2020. Nucleic Acids Res. 48, D296–D306. doi: 10.1093/nar/gkz1030

Lechuga, S., and Ivanov, A. I. (2017). Disruption of the epithelial barrier during intestinal inflammation: quest for new molecules and mechanisms. Biochim. Biophys. Acta Mol. Cell Res. 1864, 1183–1194. doi: 10.1016/j.bbamcr.2017.03.007

Lechuga, S., and Ivanov, A. I. (2021). Actin cytoskeleton dynamics during mucosal inflammation: a view from broken epithelial barriers. Curr. Opin. Physiol. 19, 10–16. doi: 10.1016/j.cophys.2020.06.012

Li, J., Wang, Z., Chu, Q., Jiang, K., Li, J., and Tang, N. (2018). The strength of mechanical forces determines the differentiation of alveolar epithelial cells. Dev. Cell 44, 297.e5–312.e5. doi: 10.1016/j.devcel.2018.01.008

Li, Q., Zhang, Q., Wang, M., Zhao, S., Ma, J., Luo, N., et al. (2008). Interferon-gamma and tumor necrosis factor-alpha disrupt epithelial barrier function by altering lipid composition in membrane microdomains of tight junction. Clin. Immunol. 126, 67–80. doi: 10.1016/j.clim.2007.08.017

Li, T., Zheng, H. M., Deng, N. M., Jiang, Y. J., Wang, J., and Zhang, D. L. (2017). Clinicopathological and prognostic significance of aberrant Arpin expression in gastric cancer. World J. Gastroenterol. 23, 1450–1457. doi: 10.3748/wjg.v23.i8.1450

Li, Y., Qiu, J., Pang, T., Guo, Z., Su, Y., Zeng, Q., et al. (2017). Restoration of Arpin suppresses aggressive phenotype of breast cancer cells. Biomed. Pharmacother. 92, 116–121. doi: 10.1016/j.biopha.2017.05.053

Liu, X., Zhao, B., Wang, H., Wang, Y., Niu, M., Sun, M., et al. (2016). Aberrant expression of Arpin in human breast cancer and its clinical significance. J. Cell Mol. Med. 20, 450–458. doi: 10.1111/jcmm.12740

Lomakina, M. E., Lallemand, F., Vacher, S., Molinie, N., Dang, I., Cacheux, W., et al. (2016). Arpin downregulation in breast cancer is associated with poor prognosis. Br. J. Cancer 114, 545–553. doi: 10.1038/bjc.2016.18

Luissint, A. C., Parkos, C. A., and Nusrat, A. (2016). Inflammation and the intestinal barrier: leukocyte-epithelial cell interactions, cell junction remodeling, and mucosal repair. Gastroenterology 151, 616–632. doi: 10.1053/j.gastro.2016.07.008

Maritzen, T., Zech, T., Schmidt, M. R., Krause, E., Machesky, L. M., and Haucke, V. (2012). Gadkin negatively regulates cell spreading and motility via sequestration of the actin-nucleating ARP2/3 complex. Proc. Natl. Acad. Sci. U.S.A. 109, 10382–10387. doi: 10.1073/pnas.1206468109

Martinelli, R., Kamei, M., Sage, P. T., Massol, R., Varghese, L., Sciuto, T., et al. (2013). Release of cellular tension signals self-restorative ventral lamellipodia to heal barrier micro-wounds. J. Cell Biol. 201, 449–465. doi: 10.1083/jcb.201209077

Martini, E., Krug, S. M., Siegmund, B., Neurath, M. F., and Becker, C. (2017). Mend your fences: the epithelial barrier and its relationship with mucosal immunity in inflammatory bowel disease. Cell Mol. Gastroenterol. Hepatol. 4, 33–46. doi: 10.1016/j.jcmgh.2017.03.007

Meir, M., Burkard, N., Ungewiss, H., Diefenbacher, M., Flemming, S., Kannapin, F., et al. (2019). Neurotrophic factor GDNF regulates intestinal barrier function in inflammatory bowel disease. J. Clin. Invest. 129, 2824–2840. doi: 10.1172/JCI120261

Mennigen, R., Nolte, K., Rijcken, E., Utech, M., Loeffler, B., Senninger, N., et al. (2009). Probiotic mixture VSL#3 protects the epithelial barrier by maintaining tight junction protein expression and preventing apoptosis in a murine model of colitis. Am. J. Physiol. Gastrointest. Liver Physiol. 296, G1140–G1149. doi: 10.1152/ajpgi.90534.2008

Molinie, N., and Gautreau, A. (2018). The Arp2/3 regulatory system and its deregulation in cancer. Physiol. Rev. 98, 215–238. doi: 10.1152/physrev.00006.2017

Molinie, N., Rubtsova, S. N., Fokin, A., Visweshwaran, S. P., Rocques, N., Polesskaya, A., et al. (2019). Cortical branched actin determines cell cycle progression. Cell Res. 29, 432–445. doi: 10.1038/s41422-019-0160-9

Mullins, R. D., Stafford, W. F., and Pollard, T. D. (1997). Structure, subunit topology, and actin-binding activity of the Arp2/3 complex from Acanthamoeba. J. Cell Biol. 136, 331–343. doi: 10.1083/jcb.136.2.331

Muniz-Hernandez, S., Carmen, M. G., Mondragon, M., Mercier, C., Cesbron, M. F., Mondragon-Gonzalez, S. L., et al. (2011). Contribution of the residual body in the spatial organization of Toxoplasma gondii tachyzoites within the parasitophorous vacuole. J. Biomed. Biotechnol. 2011:473983. doi: 10.1155/2011/473983

Nolen, B. J., Tomasevic, N., Russell, A., Pierce, D. W., Jia, Z., McCormick, C. D., et al. (2009). Characterization of two classes of small molecule inhibitors of Arp2/3 complex. Nature 460, 1031–1034. doi: 10.1038/nature08231

Park, M., Kim, H. J., Lim, B., Wylegala, A., and Toborek, M. (2013). Methamphetamine-induced occludin endocytosis is mediated by the Arp2/3 complex-regulated actin rearrangement. J. Biol. Chem. 288, 33324–33334. doi: 10.1074/jbc.M113.483487

Quiros, M., Feier, D., Birkl, D., Agarwal, R., Zhou, D. W., Garcia, A. J., et al. (2020). Resolvin E1 is a pro-repair molecule that promotes intestinal epithelial wound healing. Proc. Natl. Acad. Sci. U.S.A. 117, 9477–9482. doi: 10.1073/pnas.1921335117

Rabbenou, W., and Ullman, T. A. (2020). Risk of colon cancer and recommended surveillance strategies in patients with ulcerative colitis. Gastroenterol. Clin. North Am. 49, 791–807. doi: 10.1016/j.gtc.2020.08.005

Rao, X., Huang, X., Zhou, Z., and Lin, X. (2013). An improvement of the 2^(-delta delta CT) method for quantitative real-time polymerase chain reaction data analysis. Biostat. Bioinform. Biomath. 3, 71–85.

Rehal, S., Stephens, M., Roizes, S., Liao, S., and von der Weid, P. Y. (2018). Acute small intestinal inflammation results in persistent lymphatic alterations. Am. J. Physiol. Gastrointest. Liver Physiol. 314, G408–G417. doi: 10.1152/ajpgi.00340.2017

Rocca, D. L., Martin, S., Jenkins, E. L., and Hanley, J. G. (2008). Inhibition of Arp2/3-mediated actin polymerization by PICK1 regulates neuronal morphology and AMPA receptor endocytosis. Nat. Cell Biol. 10, 259–271. doi: 10.1038/ncb1688

Rotty, J. D., Wu, C., and Bear, J. E. (2013). New insights into the regulation and cellular functions of the ARP2/3 complex. Nat. Rev. Mol. Cell Biol. 14, 7–12. doi: 10.1038/nrm3492

Shukla, P. K., Meena, A. S., Rao, V., Rao, R. G., Balazs, L., and Rao, R. (2018). Human defensin-5 blocks ethanol and colitis-induced dysbiosis, tight junction disruption and inflammation in mouse intestine. Sci. Rep. 8:16241. doi: 10.1038/s41598-018-34263-4

Sumida, G. M., and Yamada, S. (2015). Rho GTPases and the downstream effectors actin-related protein 2/3 (Arp2/3) complex and myosin II induce membrane fusion at self-contacts. J. Biol. Chem. 290, 3238–3247. doi: 10.1074/jbc.M114.612168

Sun, S. C., Wang, Z. B., Xu, Y. N., Lee, S. E., Cui, X. S., and Kim, N. H. (2011). Arp2/3 complex regulates asymmetric division and cytokinesis in mouse oocytes. PLoS One 6:e18392. doi: 10.1371/journal.pone.0018392

Turner, J. R. (2009). Intestinal mucosal barrier function in health and disease. Nat. Rev. Immunol. 9, 799–809. doi: 10.1038/nri2653

Utech, M., Mennigen, R., and Bruewer, M. (2010). Endocytosis and recycling of tight junction proteins in inflammation. J. Biomed. Biotechnol. 2010:484987. doi: 10.1155/2010/484987

Van Itallie, C. M., Fanning, A. S., Bridges, A., and Anderson, J. M. (2009). ZO-1 stabilizes the tight junction solute barrier through coupling to the perijunctional cytoskeleton. Mol. Biol. Cell 20, 3930–3940. doi: 10.1091/mbc.E09-04-0320

Van Itallie, C. M., Tietgens, A. J., and Anderson, J. M. (2017). Visualizing the dynamic coupling of claudin strands to the actin cytoskeleton through ZO-1. Mol. Biol. Cell 28, 524–534. doi: 10.1091/mbc.E16-10-0698

Van Itallie, C. M., Tietgens, A. J., Krystofiak, E., Kachar, B., and Anderson, J. M. (2015). A complex of ZO-1 and the BAR-domain protein TOCA-1 regulates actin assembly at the tight junction. Mol. Biol. Cell 26, 2769–2787. doi: 10.1091/mbc.E15-04-0232

Vargas Robles, H., Castro Ochoa, K. F., Nava, P., Silva Olivares, A., Shibayama, M., and Schnoor, M. (2017). Analyzing beneficial effects of nutritional supplements on intestinal epithelial barrier functions during experimental colitis. J. Vis. Exp. 119:55095. doi: 10.3791/55095

Verma, S., Han, S. P., Michael, M., Gomez, G. A., Yang, Z., Teasdale, R. D., et al. (2012). A WAVE2-Arp2/3 actin nucleator apparatus supports junctional tension at the epithelial zonula adherens. Mol. Biol. Cell 23, 4601–4610. doi: 10.1091/mbc.E12-08-0574

Verma, S., Shewan, A. M., Scott, J. A., Helwani, F. M., den Elzen, N. R., Miki, H., et al. (2004). Arp2/3 activity is necessary for efficient formation of E-cadherin adhesive contacts. J. Biol. Chem. 279, 34062–34070. doi: 10.1074/jbc.M404814200

Wang, F., Graham, W. V., Wang, Y., Witkowski, E. D., Schwarz, B. T., and Turner, J. R. (2005). Interferon-gamma and tumor necrosis factor-alpha synergize to induce intestinal epithelial barrier dysfunction by up-regulating myosin light chain kinase expression. Am. J. Pathol. 166, 409–419. doi: 10.1016/s0002-9440(10)62264-x

Wu, C., Asokan, S. B., Berginski, M. E., Haynes, E. M., Sharpless, N. E., Griffith, J. D., et al. (2012). Arp2/3 is critical for lamellipodia and response to extracellular matrix cues but is dispensable for chemotaxis. Cell 148, 973–987. doi: 10.1016/j.cell.2011.12.034

Zhang, S. R., Li, H., Wang, W. Q., Jin, W., Xu, J. Z., Xu, H. X., et al. (2018). Arpin downregulation is associated with poor prognosis in pancreatic ductal adenocarcinoma. Eur. J. Surg. Oncol. 45, 769–775. doi: 10.1016/j.ejso.2018.10.539

Zhang, S. R., Li, H., Wang, W. Q., Jin, W., Xu, J. Z., Xu, H. X., et al. (2019). Arpin downregulation is associated with poor prognosis in pancreatic ductal adenocarcinoma. Eur. J. Surg. Oncol. 45, 769–775. doi: 10.1016/j.ejso.2018.10.539

Zhou, K., Muroyama, A., Underwood, J., Leylek, R., Ray, S., Soderling, S. H., et al. (2013). Actin-related protein2/3 complex regulates tight junctions and terminal differentiation to promote epidermal barrier formation. Proc. Natl. Acad. Sci. U.S.A. 110, E3820–E3829. doi: 10.1073/pnas.1308419110

Zhou, K., Sumigray, K. D., and Lechler, T. (2015). The Arp2/3 complex has essential roles in vesicle trafficking and transcytosis in the mammalian small intestine. Mol. Biol. Cell 26, 1995–2004. doi: 10.1091/mbc.E14-10-1481


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Chánez-Paredes, Montoya-García, Castro-Ochoa, García-Cordero, Cedillo-Barrón, Shibayama, Nava, Flemming, Schlegel, Gautreau, Vargas-Robles, Mondragón-Flores and Schnoor. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		The Arp2/3 Inhibitory Protein Arpin Is Required for Intestinal Epithelial Barrier Integrity



		SIGNIFICANCE TO THE FIELD



		INTRODUCTION



		MATERIALS AND METHODS



		Cell Culture



		End-Point PCR and Quantitative RT-PCR



		Western Blot



		Co-immunoprecipitation



		Immunofluorescence Microscopy



		Transmission Electron Microscopy



		Transepithelial Electrical Resistance Measurement



		Paracellular Flux Assay



		Generation of Arpin-Depleted Cells



		Actin Density Quantification



		Animal Studies



		Histology



		In vivo Intestinal Epithelial Permeability



		Human Tissue Samples



		Statistics







		RESULTS



		Arpin Is Expressed in Epithelium and Associates With Junction Proteins



		Arpin Is Downregulated During Inflammation Both in vitro and in vivo



		Arpin Depletion Increases Epithelial Permeability and Actin Filament Formation and Causes Junction Disruption



		Arpin Depletion Alters Epithelial Morphology



		Arpin Is Downregulated in Colon Tissue From Patients With Ulcerative Colitis



		CK666 Strengthens the Intestinal Epithelial Barrier and Ameliorates Tumor Necrosis Factor-α/Interferon-γ-Induced Epithelial Dysfunction in vitro



		Tumor Necrosis Factor-α/Interferon-γ-Induced Internalization of Junction Proteins Is Prevented by CK666



		CK666 Protects Against Dextran Sulphate Sodium-Induced Colon Tissue Damage







		DISCUSSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/fcell-09-625719-t001.jpg
Sample

Ctrl 1

Ctrl 2

Ctrl 3
Ctrl 4

Ctrl 5

Ctrl 6
Ctrl 7

Ctrl 8

uC 1

uc2

ucs

uc 4

uc s
uc e

ucr

ucs
uco9

uc 10

uc 11

Sex

< T

Age

60

82

49
72

76

72
61

91

62

54

53

53

41
59

55

20
60

38

60

Medication

None

None

None
None

None

None
None

None

None

Budenoside,
mesalazine

Adalimumab,
prednisolone,
mesalazine

Infliximab,
prednisolone

Vedolizumab

Adalimumab,
prednisolone

Mesalazine

None

Prednisolone,
mesalazine

None

Infliximab

Histology

Colon ascendens
carcinoma
Colon ascendens
carcinoma

High-grade IEN cecum

Colon ascendens
carcinoma

Colon ascendens
carcinoma

Rectal cancer
Carcinoma of

rectosigmoidal transition

Colon ascendens
carcinoma

Colitis-associated

carcinoma, active UC
Active UC, neuroendocrine

tumor
Active UC

Active UC

Active UC
Chronic UC

Chronic UC
Colitis-associated
carcinoma
Indeterminate colitis
Chronic UC

Chronic UC
Colitis-associated
carcinoma Colon

Vezolizumab

Location

Colon ascendens

Colon ascendens

Colon ascendens
Colon ascendens

Colon ascendens

Colon descendens
Colon descendens

Colon ascendens

Colon ascendens

Rectum

Colon descendens

Colon descendens

Colon sigmoideum
Colon descendens

Colon descendens

Colon descendens

Colon descendens

Descendens

Chronic UC Colon
descendens

Arpin

0.9613

1.3864

1.0732
1.0737

1.0084

1.1629
1.1048

1.2847

0.6556

1.0147

0.8057

0.5482

0.1410
2.1653

1.2074

0.7710
1.0324

0.8791

0.4683

ArpC5

1.0094

0.9304

0.8729
1.0338

1.1396

1.2536
1.0917

0.8669

1.0374

1.0622

1.1679

0.9525

0.0740
1.0626

1.2264

0.7946
0.9578

0.9460

1.0890

IEN, intraepithelial neoplasia. Pixel intensities of arpin and ArpC5 bands (normalized to their respective actin bands) from blots in Figure 4B are shown.





OPS/images/cover.jpg
, frontiers
in Cell and Developmental Biology










OPS/images/fcell-09-625719-g007.jpg
Basal condition

Tight
junctions

Adherens
junctions

Inflammation

) Arpin

& A3
Branched
actin

\ F-actin
k fibers

Stress

E-cadherin

. B-catenin
> Claudins
2 Ocludin

. 70-1

[ ions

€ macromolecules






OPS/images/fcell-09-625719-g006.jpg
ek

B

—— CK666
=¥— DSS+CK666

-&— DMSO
—&— DSS+DMSO

ek

9+

8
74
64
5
4

(wo) ybus| uojo)

4
Day

I T T °
N © < o
1

xapul Aynjoe asessiq

D

CKe66

DMSO

CK666

DMSO

C

I
o
0

1
o
<

T 1 1
o o o
™ N ~—

2109s [eo1Bo|o}sIH

DSS+CK666 DSS+DMSO DSS+CK666

DSS+DMSO

w

CK666

DMSO

DSS+CK666

DSS+DMSO

1-0Z undy 1I919NN

anssy b Jod 090






OPS/images/fcell-09-625719-g005.jpg
400- —® sbhArpin + DVSO

®  Citrl DMSO ® CKoe66
TNFo+IFNy+DMSO @  TNFa+IFNy+CK666

150+ L 1
o 100+ -ese-
f - -2
el
(0]
N -
S 50+ <
5
z

0

500— —®— shCtrl+DMSO

=o— shCtrl + CK666

shArpin + CK666

Occludin Claudin-1 Apical actin

Z0-1

TER (Q*cm?)

Relative paracellular flux (%)

o

m

Protein expression (normalized)

-&— DMSO
—k— CK666

300+

200+

01 23 456 7 89
Day

T -fit-f

054 @ Ctrl DMSO e  CKe66

TNFo + IFNy + DMSO
®  TNFo + IFNy + CK666

TNFa+IFNy+DMSO

] 1 T
Z0-1 Occludin Claudin-1

TNFa+IFNy+CK666





OPS/images/logo.jpg
, frontiers
in Cell and Developmental Biology





OPS/images/fcell-09-625719-g004.jpg
A Ctrl uc Ctrl uc Ctrl uc Ctrl UC

12 31 2 3 45 6 45 77 89 10 8 11
|__ D e we O “--—-— -”—----‘ Arpin
|----.-||.--- -”—----||-—| ArpC5

|--—--:|| w— — cma ton -.”----- "--| B-actin

B c ns
25 1.5+ *%k _
7 ns : —
| s
[ ]
2.0+ L (d
[
5 £ L rd E3
23T 15 ns Gl 2 % L4
o T c
ol = - 83
é f:i 1 L zE @ % 0.5+
& | < ’
054 | 2 Ctrl
o A s
UC mesalazine treatment
0.0 . r 0.0 . r
Arpin ArpC5 Arpin ArpC5
D
Arpin Occludin Merge
6 . . .
E F
GEO database GEO database
Profile GDS1330/ 17B15 Profile GDS3119 / 228791_at
0.204 8.0
- ,s
p ns .54
3 0.18 S %
2 * 2 7.0
g 0.164 ® + )
§ ole Ctrl S 6.5 x5 Non inflamed mucosa
(s} E 1
§ 0.14 . € 60l 1
©
= 0.124 e | 5.54
0.10+—m™ ™ 5.0~






OPS/images/fcell-09-625719-g003.jpg
shCtrl

B shCtrl+
TNFa+IFNy

¢ shArpin
B shArpin+
TNFa+IFNy

F Microvilli G Vesicles H TJs length
sk -
&0 ' 40+ 4n
A o VVI ok
40+ [u] 30 l—ih* 5 A
E e B xF £ - v
S % % % S ® " g P
[} n 5 =
5 £ 20- % = £ 2
2 Q o g
Junctions -g 20+ .g o
2 2 0| % 3 ol
Z 104 _%_ % Z 104 P o1
1= gth { - ¢ ' T T 0 T T T T 0 T T T T
\ SRS Q ) .
& \\<<$ y’.\Q\ \\<<é S \Qé'\ & \((e'\ v\\d& \Qe"\ & (ﬁ*
T ¢ « $ & F 9 RPN
{\x«e N x«% x«e x,\é «e
3 & & & & &
& P B & S B





OPS/images/fcell-09-625719-g002.jpg
A B shCtrl shArpin Cc D

1.5 hs 500~ — 250 -
shCtrl S —
R _ — shArpin % 2004
Q& 5 — 400 2 :
S @ = T
S @ T 1.0 -eee -o-oo-% < <}
rpin g & 8 =
5 g g g
£ & ok ® i
2 i ax g
EI y-tubulin = 1004 % 504
0.0 AT-.u- A 105 0 T T T *:* T T T 1 2 o-t—
rpin P! 0 1 2 3 4 5 6 7 8 shCtrl  shArpin
Days
&
E O F G H
> &
2.0+ i hArpi
EI A shCtrl shArpin s rpin
=
[= =] claudin1 2 _ 151
n T
[ o= 24
Z0-1 ] -
‘>1<) g 1.0
EI Occludin g &
S~ 0.54
o a
EI E-cadherin
0.0
E B-catenin
o
: v
E y-tubulin c}&

J Apical Medial

shCtrl

shArpin

[e2]
J

H
1

- N
[¢,] o
L L
HA

N
L
-
o
1

Relative pixel intensity
for Thr18/pS19-pMLC
o
o
1

Normalized pixel intensity

o
1
o
o
1

S
shCtrl  shArpin shCtrl  shArpin





OPS/images/fcell-09-625719-g001.jpg
\
Q%
& ,§<
Arpin

IEI ArpC5
[ 9] cee-
E’ y-tubulin

\9(\

Protein expression

B IP E-cadherin

Mouse Human <\Q Q
tissues epithelia AN
|§| E-cadherin
0 s ¢ e o v
S ¥
D
IP claudin-1 IP occludin Ctrl
TNFa+FNy
RS
L& & $ 15+
E Claudin-1 [aa  wu] Ocoludin " s b
5 —_—
Arpin E Arpin N 1.0 e a0 -uo-—}
©
. £
El Occludin ~ [gme~ =] Claudin-1 < 05
x
, £
00 L L} 1
ARPIN  PICK1 AP1AR
Ctrl G H
TNFou+FNy
2.0 - Ctrl s
— bss —
Y & %% 2.0 o
1.5 'O -
g wor El Arpin = 154 —_
N 0w o~
5 10 o= - [° [= =] Awcs 83 ®°
£ A 58
g < E=] vuuin  §9 10- .I_ J.
0.5+ £ 5 [
3 © 2 %
g <
00 . .
Arpin ArpC5 0.0

]
ArpC5





