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Abstract

Background & Aims—<Cell stress signaling pathways result in phosphorylation of the
eukaryotic translation initiation factor 2 subunit alpha (EIF2S1 or EIF2A), which affects
regulation of protein translation. Translation reprogramming mitigates stress by activating
pathways that result in autophagy and cell death, to eliminate damaged cells. Actin is modified
during stress and EIF2A is dephosphorylated to restore homeostasis. It is not clear how actin
affects EIF2A signaling. We studied the actin-binding proteins villin 1 (VIL1) and gelsolin (GSN)

"Corresponding author: Seema Khurana, Department of Biology and Biochemistry, 369 Science and Research Building SR2, Room
421E, Houston TX 77204-5001. Tel: 713-743-2705; Fax: 713-743-2636; skhurana@uh.edu.

#Both authors contributed equally

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Author Contributions

SR, S.P,Y.W, AE, S.P.G, S.K. conceived the experiments and analyzed the data. S.R., S.P., Y.W,, A.E., S.P.G., A.A. conducted the
experiments. J.K.H. provided human CD tissue samples and provided intellectual input. A.J.H. analyzed the histology data. H.S.
provided the Dnm1l null MEFs. All authors reviewed the manuscript.

There is no conflict of interest to declare.

Author names in bold designate shared co-first authorship.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Roy et al.

Page 2

in intestinal epithelial cells (IECs) to determine whether they respond to cell stress response and
affect signaling pathways.

Methods—We performed studies with mice with disruptions in V7/Z and Gsn (double-knockout
mice). Wild-type mice either were or were not (controls) exposed to cell stressors such as tumor
necrosis factor and adherent-invasive Escherichia coli. Distal ileum tissues were collected from
mice; IECs and enteroids were cultured and analyzed by histology, immunablots, phalloidin
staining, immunohistochemistry, electron microscopy, and flow cytometry. HT-29 cells were
incubated with cell stressors such as dithiothreitol, interferon, and adherent-invasive £ coli or
control agents; cells were analyzed by immunoblots and quantitative PCR. Full-length and mutant
EIF2A were expressed from a lentiviral vector. The mouse immunity related GTPase (IRGM1)
was overexpressed in embryonic fibroblasts from dynaminl like (DNML1) protein-knockout mice
or their wild-type littermates. IRGM1 was overexpressed in embryonic fibroblasts from receptor
interacting serine/threonine kinase 1-knockout mice or their wild-type littermates. Human IRGM
was overexpressed in human epithelial cell lines incubated with the DNML1-specific inhibitor
Mdivi-1. Mitochondria were analyzed by semi-quantitative confocal imaging. We performed
immunohistochemical analyses of distal ileum tissues from 6-8 patients with Crohn’s disease
(CD) and 6-8 individuals without CD (controls).

Results—In IECs exposed to cell stressors, EIF2A signaling reduced expression of VVIL1 and
GSN. However, VIL1 and GSN were required for dephosphorylation of EIF2A and recovery from
cell stress. In mouse and human IECs, prolonged, unresolved stress was accompanied by
continued downregulation of VIL1 and GSN, resulting in constitutive phosphorylation of EIF2A
and overexpression of IRGM1 (or IRGM), which regulates autophagy. Overexpression of IRGM1
(or IRGM) induced cell death by necroptosis, accompanied by release of damage associated
molecular patterns (DAMPS). In double-knockout mice, constitutive phosphorylation of EIF2A
and over-expression of IRGML1 resulted in spontaneous ileitis that resembled human CD in
symptoms and histology. Distal ileum tissues from patients with CD had lower levels of VIL1 and
GSN, increased phosphorylation of EIF2A, increased levels of IRGM and necroptosis, and
increased release of nuclear DAMPs compared to controls.

Conclusions—In studies of intestinal epithelial tissues from patients with CD and embryonic
fibroblasts from mice, along with enteroids and human IEC lines, we found that induction of cell
stress alters the cytoskeleton in IECs, via changes in the actin-binding proteins VIL1 and GSN.
Acute changes in actin dynamics increase IEC survival, whereas long-term changes in actin
dynamics lead to IEC death and intestinal inflammation. IRGM regulates necroptosis and release
of DAMPs to induce gastrointestinal inflammation, linking IRGM activity with CD.
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Introduction

Multicellular organisms respond rapidly, and adapt to cellular stress to maximize cell
survival. The cellular stress response, also called integrated stress response (ISR), is
universally conserved and independent of the stressor.! ISR induces rapid, transient
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reprogramming of cellular protein translation to decrease growth-related and increase stress-
related proteins. ISR also changes cellular response to subsequent stress which affects the
long-term adaptation of the cell to chronic stress. Cell stress response is initiated by one of
four stress sensing kinases all of which phosphorylate the alpha subunit of the eukaryotic
translation initiation factor 2 (EIF2A).2 This converts EIF2A from a substrate to an inhibitor
of its own guanine nucleotide exchange factor EIF2B, leading to a decrease in global protein
synthesis.3 ISR is terminated by dephosphorylation of EIF2A by a protein phosphatase PP1
which requires the direct association of its regulatory subunits protein phosphatase 1
regulatory subunit 15A and 15B (PPP1R15A and PPP1R15B) with globular (G) actin.*
Paradoxically, phosphorylation of EIF2A also favors the translation of the activating
transcription factor 4 (ATF4) which activates the pro-survival effects of autophagy in the
short term, but prolonged activation of ATF4 activates the DNA-damage inducible transcript
3 protein (DDIT3) to induce cell death.> Depending on the severity and the duration of
stress, the final outcome of cellular stress therefore, can be cell survival or cell death.8
Additionally, the cell must elect to promote apoptosis or immunogenic cell death. The
control switch that modulates cell stress response between cell survival and cell death is key
to multiple diseases since excessive cell death is linked to inflammation.

Actin is a major component of cellular homeostatic functions and an early target of cell
stress response.”: 8 EIF2A signaling regulates the actin cytoskeleton such as by the direct
binding of the stress sensing kinase eukaryotic translation initiation factor 2 alpha kinase 2
(EIF2AK2) with gelsolin, which inhibit gelsolin’s actin-severing function.8 Actin is also a
major component of the protein translational machinery.® G-actin binds the regulatory
subunits of PP1 to dephosphorylate pEIF2A which, restores cellular homeostasis.*
Downstream of EIF2A, DDIT3 induced cell death is also regulated by actin-binding proteins
including the villin-1/gelsolin homolog advillin.4: 10

The pEIF2A pathway is activated upon infection with most CD associated pathogens.11
Marked decrease in autophagy and increased susceptibility to ileal bacterial infection is also
observed in mice with IEC-specific expression of non-phosphorylatable EIF2A.12 Similarly,
in patients with CD, pEIF2A is increased in mucosal tissue with active disease.13 Ablation
of cell death pathways following pEIF2A signaling alleviates colitis in mice.14 Despite this,
the pathophysiological relevance of EIF2A signaling in CD is unknown. Immunity-related
GTPase family M protein (IRGM) plays a role in innate immunity by regulating autophagy
in response to several intracellular pathogens.1> IRGM has been identified in genome wide
association studies and meta-analysis as a genetic risk factor in CD.18 IRGM polymorphism
confers susceptibility to CD but not ulcerative colitis and is associated with more frequent
need for surgery.1” EIF2A signaling is essential for stress-induced autophagy gene
expression including ATG16L1, another autophagy gene linked to the pathogenesis of CD.18
Even though IRGM is the strongest autophagy gene linked to CD, its regulation by EIF2A
signaling remains unknown. Overexpression of IRGM in CD suggests that its role in CD
pathogenesis is independent of its effect on xenophagy but its link to intestinal inflammation
has not been identified.1 Increased cell death by RIPK1-RIPK3 (receptor interacting serine/
threonine kinase 1, 3) mediated necroptosis and the release of DAMPs such as HMGB1
(high mobility group box 1) are associated with intestinal inflammation and pathogenesis of
CD but the molecular basis for their activation is unknown.19: 20 Cellular stress can induce
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necroptosis and release of DAMPSs, but the role of EIF2A signaling in CD associated
necroptosis and HMGBL release has not been determined. In view of that, it is clear that
discovering the detailed mechanisms of IEC stress response could improve assessment and
treatment of CD patients.

All authors had access to the study data and reviewed and approved the final manuscript

Villin-1/Gelsolin Double knockout (DKO mice) and DSS administration—DKO
mice were generated as described previously. DKO mice and their WT littermates were
given DSS in drinking water as described previously.2! The animal research related to this
article was approved by the University of Houston Institutional Animal Care and Use
Committee.

In vitro and in vivo bacterial infection—HT-29 cells were infected with the AIEC
reference strain O83:H1 as well as a non-pathogenic K12 strain at 40 bacteria per cell. The
AIEC reference strain O83:H1 was a kind gift from Dr. Alfredo G. Torres (The University of
Texas Medical Branch). The K12 strain was purchased from New England Biolabs. Mice
were orally given gentamicin (3mg/Kg/d) and vancomycin (40mg/Kg/d) once a day for 3
days and then orally challenged with 10° CFU of AIEC once a day for 4 days.

Tumor necrosis factor (TNF) injection of mice and isolation of epithelial cells
—WT mice were either injected intra-peritoneally or not, with 1pg TNF and epithelial cells
were isolated from the small intestine after 48 hours as described previously.2!

Human tissue collection—Study of archived human CD samples was approved by the
Institutional Research Board of Baylor College of Medicine and the University of Houston.

Intestinal enteroid culture—Enteroid cultures were derived from distal ileum of mice as
previously described.2? Cell imaging of enteroids was acquired using the Olympus Fluoview
FV1200 Laser scanning confocal microscope with a 60X NA 1.35 objective.

Cell lines, cell culture, shRNA knockdown and cellular stress experiments—
Hela Tet-Off cells with stable knock down of gelsolin were generated by lentiviral ShRNA
transduction (Sigma) and selected using Puromycin (2pug/ml). Cells stably expressing Mito-
DsRed1 and full-length human villin-1 (WT-villin-1) were generated by selection in G418
(100ug/ml) and Hygromycin (500ug/ml) essentially as described previously.22 Dnm1l wild-
type (WT) and knockout (KO) mouse embryonic fibroblasts (MEFs) were a kind gift from
Dr. Hiromi Sesaki (Johns Hopkins University). Ripkl WT and KO MEFs were kindly
provided by Dr. Alexei Degterev (Tufts University). Dnm1l WT and KO MEFs were
cultured in Iscove’s Modified Dulbecco’s Medium supplemented with 10% heat inactivated
serum. Ripkl WT and KO MEFs, Hela and HT-29 cell lines were culture in Dulbecco’s
Modified Eagle Medium supplemented with 10% fetal bovine serum. For cellular stress
experiments HT-29 cells were incubated with 2mM DTT for 3 hours or 100ng/ml Interferon
(IFN) for 24 hours. Cellular recovery was measured essentially as described before.23 For
the cellular recovery experiment Hela Tet-Off cells expressing or not full-length human
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villin-1 and gelsolin were incubated with 2mM DTT for 1 hour. The DTT containing media
was replaced with 10% FBS containing DMEM to allow recovery. Cell lysates were
collected every 2 hours after that to measure the phosphorylation levels of EIF2A.

Measurement of mitochondrial lengths—Mitochondrial morphology was quantified
as described previously.24 To visualize mitochondria, the MEFs were stained with 10puM
Mitotracker Red for 30 minutes. Alternatively, Hela Tet-Off cells stably transfected with
Mito-DsRed1 were used to quantitate changes in mitochondrial morphologies. Images were
acquired with the Olympus FVV1200 confocal microscope and mitochondrial lengths were
measured using the Fluoview software. Hela cells were incubated with 10uM Mdivil to
measure DNM1L independent mitochondrial fission.

Measurement of F-actin levels—Cells were fixed and stained with Phalloidin and
cellular F-actin levels were measured by flow cytometry as previously described.?!

Cell death analysis—Cells transfected with EGFP-IRGM or IRGM1-EGFP were
incubated with 50uM Necrostatin-1 (Necl) or 20uM Z-VAD-FMK for up to 24 hours and
cell death measured essentially as described previously.25 Rounded cells were quantified by
visualizing the morphology of 100 or more transfected cells in at least 10 fields per group
using confocal microscopy. Additionally, cell viability was measured with the Guava
EasyCyte flow cytometer (EMD Millipore) using either the Viacount assay for cell viability
according to the manufacturer’s protocol or by staining for dead cells with ug/ml
propidium iodide.

Immunoprecipitation of PP1—Immunoprecipitation of PP1 was carried out as described
earlier.? Briefly cells were lysed with lysis buffer (20mM Tris/CI pH 8, 150mM NaCl,
0.5mM EDTA, 0.5% Triton X-100, 1mM PMSF and Protease inhibitor cocktail) and
incubated for 2 hours with protein A magnetic beads (Biorad) bound to PP1 antibody. Beads
were then washed 3 times with the same lysis buffer and proteins were eluted by boiling in
1X laemmli buffer.

Electron Microscopy—Electron microscopy was performed as described previously.2!
Images were collected on a JEOL 1200EX Electron microscope (JEOL USA, Peabody, MA,
USA) with an AMT 2K digital camera.

Statistical analysis—Statistical analysis was performed using the two-tailed Student’s t-
test for experiments comparing two groups. For experiments comparing more than two
groups one-way ANOVA with Turkey’s multiple comparisons test was performed. The error
bars are the measured standard error of mean (SEM).

Villin-1 and gelsolin are targets of cellular stress response

EIF2A pathway is activated in gastrointestinal (Gl) epithelium in response to bacterial
infection, and defects in this pathway are linked to pathogenesis of CD.11: 13 |_oss of two
homologous actin severing proteins villin-1 and gelsolin, both of which are expressed in
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very significant amount in 1ECs, is also linked to pathogen entry and activation of innate
immunity.8: 26 We hypothesized that downregulation of villin-1 and gelsolin expression
could be regulated by EIF2A signaling to promote host defense against pathogens. For these
studies HT-29 cells were incubated without or with different stressors including DTT or
IFN. Alternatively HT-29 cells were infected with the CD associated bacteria adherent-
invasive £. coli (AIEC) 083:H1 or a non-pathogenic £. colistrain K12.27 Phosphorylation
of EIF2A and a decrease in villin-1 and gelsolin expression levels were noted with all
cellular stressors (Fig 1A-C). Autophagy a tightly controlled homeostatic pathway regulated
by EIF2A signaling was also activated as revealed by a significant increase in the expression
of IRGM (Fig 1A-C). Likewise, wild-type (WT) B6/129 mice injected with TNF or orally
administered AIEC showed increased phosphorylation of EIF2A and decrease in the levels
of both villin-1 and gelsolin (Fig 1D, 1F). Repeated injection of mice with TNF resulted in
sustained, significant increase in IRGM1 (the mouse ortholog) levels (Fig 1E). These
changes in villin-1 and gelsolin levels were not due to changes in mMRNA levels
(Supplementary Figure 1A-D). To validate our findings HT-29 cells were infected with
lentiviral particles to express GFP or GFP-tagged phosphorylation mutant of EIF2A (GFP-
EIF2A-S52A; Supplementary Figure 2). As expected, the expression of non-
phosphorylatable EIF2A protein prevents changes in villin-1, gelsolin and IRGM proteins
(Fig 1G). Moreover, in the presence of endogenous EIF2A, the EIF2A-S52A mutant
functions as a dominant negative protein. These data demonstrate that villin-1 and gelsolin
are the direct targets of EIF2A signaling during cellular stress.

Villin-1 and Gelsolin regulate the phosphorylation of EIF2A

To characterize the relevance of villin-1 and gelsolin in the regulation of ISR, we used
epithelial cells that express either both or neither of these proteins (Fig 2A). Villin-1 and
gelsolin are actin severing proteins with significant functional redundancy. In the absence of
both proteins, there is a change in total cellular actin dynamics resulting in an increase in F-
actin levels (Fig 2B). Since total cellular actin levels do not change, this implies a decrease
in cellular G-actin. More importantly, while the presence of villin-1 and gelsolin promoted
recovery from cellular stress by regulating the dephosphorylation of EIF2A, their absence
resulted in constitutive phosphorylation of EIF2A (Fig 2C). A recovery of cellular F-actin
simultaneously with recovery of IRGM, gelsolin and villin-1 levels is noted in HT-29 cells
following removal of DTT (Supplementary Figure 3A-B). EIF2A phosphorylation occurs as
early as 1.5h post DTT addition, while loss of villin-1 and gelsolin proteins occurs much
later around 3h post DTT addition (Fig 2D). To validate these findings, we used the Vil17/-,
Gsn~/~ double knock out (DKO) mouse described in our previous studies.?! Genetic deletion
of villin-1 and gelsolin in mice was also associated with sustained increase in F-actin levels
in IECs (Fig 2E). Since total cellular actin levels do not change, this implies a decrease in
cellular G-actin. More importantly, loss of villin-1 and gelsolin in mice was associated with
constitutive phosphorylation of EIF2A which was seen in whole tissue as well as in
enteroids derived from distal ileum of DKO mice (Fig 2F-G). No significant
phosphorylation of EIF2A was seen in IEC of either Vil1™~ or Gsn™/~ single knockout mice
(Supplementary Figure 3C). F-actin distribution in DKO mice has been described in our
previous study.2! These findings demonstrate that changes in cellular actin dynamics as a
result of loss of both villin-1/gelsolin proteins prevents the dephosphorylation of pEIF2A.
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Previous studies have shown that association with G-actin is required by the phosphatase
PP1, to stabilize its interaction with its regulatory subunits allowing the dephosphorylation
of pEIF2A.* We hypothesized a function for villin-1 and gelsolin in restoring cellular G-
actin levels to promote dephosphorylation of EIF2A by PP1. To test this, we measured the
association of PP1 with G-actin in cells that express villin-1 and gelsolin compared to cells
that lack both proteins. As noted in Fig 2H, in the presence of villin-1 and gelsolin there is
increased association of PP1 with G-actin. Constitutive phosphorylation of EIF2A in DKO
mice was also associated with increased expression of the autophagy gene, IRGM1 (Fig 2I).
These data reveal that the intestinal epithelial cell cytoskeleton is both the target and
regulator of EIF2A signaling.

Loss of villin-1 and gelsolin induces mitochondrial stress and cell death by necroptosis

We have previously reported that genetic deletion of both villin-1 and gelsolin in mice
results in mitochondrial stress and cellular damage with high rates of cell death.2 We
documented abnormally excessive IEC death in DKO mice that were not seen in either the
Vil1~/~ or Gsn™~ mice or their respective WT littermates.?! This suggested to us that loss of
both proteins is required for this effect on IEC homeostasis.?! A previous study by Singh et
al noted that overexpression of IRGM is associated with mitochondrial depolarization,
mitochondrial fission and induction of cell death accompanied by the release of DAMPs.25
Based on that we hypothesized that the increased cell death and mitochondrial stress in DKO
could be linked to IRGM1 overexpression. To test this we used transmission electron
microscopy (TEM) to analyze IECs of DKO mice which identified mitochondria with
variably disorganized cristae, including complete loss of cristae and the appearance of
homogenous electron dense aggregates within them (Fig 3A—C).2! Collapsing mitochondrial
internal membranes were accompanied by loss of mitochondrial outer membrane integrity
(Fig 3C; arrowhead). There is an accumulation of lipofuscin (L) derived from these
degenerating mitochondria (M) and the presence of numerous secondary lysosomes (Avi:
autophagosomes and Avd: autophagolysosomes) indicating sub-lethal insult selectively
affecting the mitochondria (Fig 3D-E). Increased IRGM1 expression was also associated
with mitochondrial hyper-fission (Fig 3F; arrowheads). These mitochondrial defects were
not seen in the Vil1™~ or Gsn™~ mice.2! TEM showed IEC with chromatin margination,
undergoing karyorrhexis (KH), karyolysis (KL) and pyknosis (PK) and clear loss of nuclear
membrane all indicative of cell death by necroptosis (Fig 3G-I). Areas of microerosions
(loss of one or more IECs) indicated loss of epithelial barrier integrity (Fig 31, arrowhead).
These observations were validated immunohistologically by examining the necroptosis
marker, RIPK3 which was significantly increased in IECs of DKO mice (Fig 3J). Loss of
membrane integrity due to necroptosis resulted in the release of nuclear HMGB1 in DKO
but not WT mice (Fig 3K). The increase in mouse IRGM1 and RIPK3 was also noted in
Western blots of isolated IECs from DKO mice compared to their WT littermates
(Supplementary Figure 4). Absence of active caspase-8 in DKO mice confirmed cell death
by necroptosis and not apoptosis (Fig 3L). These studies identify the function of villin-1 and
gelsolin in regulating immunogenic IEC death.
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IRGM1/IRGM overexpression induces mitochondrial hyper-fission and necroptosis

The nature of IRGM-induced cell death has not been characterized in previous studies.?> 28
We hypothesized that overexpression of IRGML1 is directly linked to mitochondrial hyper-
fission and induction of necroptosis independent of the related fission protein DNM1L. To
test this we overexpressed mouse IRGM1 and its human ortholog, IRGM and identified its
effect on mitochondrial division and cell survival. Live cell imaging of Dnm1l WT and null
MEFs was done by labeling mitochondria with Mitotracker red and transfection with EGFP
or EGFP-tagged IRGML. Indeed overexpression of mouse IRGM1 induces mitochondrial
hyper-fission that resembles the hyper-fission noted in the IECs of DKO mice and this effect
was independent of DNM1L (Fig 4A). Overexpression of IRGM1 induces cell death (Fig
4B) that requires RIPK1 (Fig 4C). More importantly, mouse IRGM1 induced cell death (Fig
4D) and mitochondrial hyper-fission (Fig 4E) can be inhibited with the necroptosis-specific
inhibitor necrostatin-1(Nec1). However, mouse IRGM1 induced cell death is resistant to the
pan-caspase inhibitor Z-VAD-FMK (Fig 4D). Live cell imaging of human epithelial cells
stably transfected with Mito-DsRed1 (to label the mitochondria) and transiently transfected
with EGFP or EGFP-IRGM was done using the mitochondrial fission protein and dynamin
related protein DNML1L inhibitor Mdivil. Similar to the IRGM1, overexpression of human
IRGM in the absence of DNMLL activity induced mitochondrial hyper-fission (Fig 5A).
Inhibiting DNMLL in the absence of IRGM increased mitochondrial fusion but in the
presence of IRGM caused mitochondrial hyper-fission (Fig 5B). Overexpression of IRGM
but not overexpression of DNM1L, induced cell death and the absence or presence of
DNML1L had no effect on IRGM-induced cell death (Fig 5C). Inhibiting necroptosis
prevented IRGM induced mitochondrial hyper-fission (Fig 5D) and cell death (Fig 5E).
Inhibiting apoptosis had no effect on IRGM-induced cell death (Fig 5E). The dead cells
were positive for RIPK3 and extracellular HMGB1 (Supplementary Figure 5). These
findings highlight the DNM1L-independent well conserved effects of mouse and human
IRGM1/IRGM on mitochondrial hyper-fission and necroptosis.

Genetic deletion of villin-1 and gelsolin is associated with Gl inflammation and ileocolitis
resembling human CD

Systematic characterization of DKO mice between 6—-40 weeks of age showed that at 30
week of age, DKO mice have a 25% decrease in total body weight, compared to their WT
littermates and compared to the Vil1~/~ and Gsn™" single knockouts (p<0.05, n=8).21 Blood
biochemistry of 30 week DKO and WT littermates identified loss of vectorial transport
functions and defects in nutrient absorption indicated by changes in plasma protein and
albumin levels (data not shown). Loss of villin-1 and related brush border proteins in mice is
associated with loss of apical enzymes and transporters involved in nutrient absorption
resulting in growth delays in mice.2% Between 30-40 weeks of age, DKO mice showed
purulent discharge from rectum, chronic diarrhea and significant dilation of the SI with
necrotic areas in both the mid- and distal-ileum (Supplementary Figure 6A). The DKO mice
developed ileocolitis and showed segmental injury with regions of inflammation in both the
ileum and the colon (Fig 6A). SI morphology demonstrated villus architectural distortions
including irregular blunted, fused and thickened villi (Fig 6B-G), crypt elongation and crypt
branching (Fig 6B-D; 6G), atrophic mucosa with a complete loss of villi (Fig 6D);
hypertrophy of the muscularis propria and fibrosis (Fig 6B-G); Paneth cell hyperplasia;
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displacement of Paneth cells and an increase in the number of intermediate cells which
exhibit Paneth cell phenotype containing eosinophilic granules were also noted (Fig 6B-E;
6G). This was accompanied by inflammatory cell infiltration of the gut including transmural
inflammation (Fig 6F). A similar increase in Paneth cell number was noted in enteroids
isolated from DKO mice compared to their WT littermates (Supplementary Figure 6D). This
phenotype is similar to that of SAMP1/YitFc and TNFAARE mice and consistent with
histomorphological changes seen in human CD.30: 31 The DKO mice exhibit an early onset,
increased severity and symptoms of colitis in response to DSS including a much higher
death probability compared to WT littermates (Kaplan Meier transform p=0.007; n=7;
Supplementary Figure 6B). The histology of SI in Vil1™/~ or Gsn™/~ mice in contrast was
normal and comparable to that of WT littermates (Supplementary Figure 6C).

Chronic loss of villin-1 and gelsolin expression in CD patients is associated with
necroptosis and release of DAMPs

Loss of villin-1 expression in enterocytes from CD patients relative to healthy controls has
been reported previously.32 Loss of gelsolin is also associated with inflammatory diseases,
however much less is known about its expression in IECs.33 We evaluated distal ileal
samples from Crohn’s patients and noted a significant decrease including complete loss of
villin-1 (Fig 7A; Supplementary Figure 7A) and gelsolin (Fig 7B; Supplementary Figure
7B) expression from the epithelium of all CD patient samples analyzed but in none of the
non-CD controls. No changes in gelsolin expression were noted in the lamina propria of CD
or non-CD controls, suggesting specific role of IEC gelsolin in EIF2A signaling (Fig 7B).
Loss of villin-1 and gelsolin was also associated with mitochondrial stress accompanied by a
significant increase in pEIF2A levels (Fig 7C; Supplementary Figure 7C), increased levels
of IRGM (Fig 7D; Supplementary Figure 7D), mitochondrial hyper-fission (Fig 7E),
increased levels of necroptosis marker RIPK3 (Fig 7F; Supplementary Figure 7E) and loss
of nuclear HMGBL1 (Fig 7G; Supplementary Figure 7F). No changes were noted in active
caspase-8 (Supplementary Figure 6D). Our cell, mouse and human studies highlight the
function of the actin cytoskeleton and specifically villin-1 and gelsolin at the convergence of
cellular stress, autophagy, cell autonomous and innate immunity all of which are
mechanisms of genetically affected pathways in CD (Supplementary Figure 8).

Discussion

In this study we make the novel observation that villin-1 and gelsolin are downregulated in
response to diverse cellular stressors including bacteria associated with the pathogenesis of
CD. The high plasticity and dynamics of the actin cytoskeleton are exploited by bacterial
and viral pathogens to enter host cells.3* Not surprisingly then, changes in the expression
and/or loss of actin severing functions of villin-1 and gelsolin have been shown to bolster the
immune response by limiting pathogen entry into mammalian cells.8: 26. 35 We provide a
molecular basis for this function of villin-1 and gelsolin by identifying them as targets of
EIF2A signaling which we suggest serves to achieve broad anti-viral and anti-bacterial
protection. Our study establishes that changes in actin dynamics are crucial determinants of
cell fate during cellular adaptation to stress. Villin-1 and gelsolin serve as biosensors of
cellular stress to integrate environmental sensing pathways with determinants of cell fate.
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The dynamic conversion of cellular G- and F-actin levels allows rapid restoration of cellular
homeostasis through the regulation of PP1.21: 36 G-actin binding to PP1 and its regulatory
subunits stabilizes the phosphatase activity of PP1 which dephosphorylates pEIF2A and
restores homeostasis.# 37 We confirm the role of villin-1 and gelsolin in regulating the
association of G-actin with the PP1. A good measure of cell fate during cell stress may be
this ability of PP1 to bind G-actin or not. We also demonstrate that stabilization of F-actin is
the cue for initiating cell death, and we suggest that a cell measures the amount of damage
during stress by whether cellular F-actin levels exceed their tolerance limits. The limits of F-
actin levels required to initiate cell death may be unique to different cell types and may be
achieved by tissue-specific actin regulatory proteins. We suggest that changes in cellular F-
actin levels could provide a quantitative marker of cellular damage. This also confirms that
actin modifying proteins have important signaling properties that influence cell fate. It may
be noted that while advillin has been identified as a specific target of DDIT3, its function in
EIF2A signaling remains unknown. We propose that like its homologs, villin-1 and gelsolin,
changes in advillin activity in response to cellular stress could regulate constitutive
phosphorylation of EIF2A to prevent recovery from cellular stress. Advillin is a actin
bundling protein and pEIF2A signaling increases advillin expression which is expected to
increase cellular F-actin levels to induce cell death downstream of DDIT3 activation.10
Similarly, downregulation of cofilin-1 increases cellular F-actin levels and induces cell death
downstream of DDIT3 activation.38 Changes in cellular actin dynamics thus, may be more
widely used as an adaptive response to cellular stress. More importantly, this regulatory
EIF2A-actin pathway is highly conserved and intersects with signaling pathways pivotal to
inflammation and disease pathogenesis.

IRGM plays a role in innate immunity by regulating autophagy in response to several
intracellular pathogens.3? Exposure to microbial products or bacterial invasion increases
IRGM expression and IRGM guides autophagic clearance of these bacteria.*0 Based on that,
the thinking has been that by direct elimination of intracellular bacteria and preventing the
activation of pattern recognition receptor signaling IRGM regulates gut homeostasis. In CD
a single nucleotide polymorphism (SNP) lying upstream of the IRGM gene in the non-
coding region results in sustained increase not decrease in IRGM protein expression and
more importantly, despite the high levels of IRGM in CD patients, it is accompanied by an
increase in intracellular bacteria.19 So the role of IRGM in the etiology of CD is unknown.*!
Our studies provide for the first time a molecular basis for the paradoxical function of IRGM
in CD. Our study highlights the autophagy-independent function of IRGM in inducing
necroptosis, releasing DAMPs and initiating intestinal inflammation thus providing a
molecular basis for IRGM in the pathogenesis of CD.

We propose that unlike other autophagy genes, the specific increase in the expression of
IRGM by pEIF2A plays a major role as a checkpoint allowing host cell survival by
autophagy or host cell elimination by necroptosis. The localization of IRGM to the
mitochondrial inner membrane, its ability to induce mitochondrial fission, mitochondrial
depolarization, autophagy-independent cell death and the release of HMGBL results in the
induction of necroptosis an important part of the innate immune signaling.2® This suggests
to us that IRGM can modulate cell stress response but also that overexpression of IRGM can
induce excessive immunogenic cell death which may be key to the pathogenesis of CD.44:45
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ER stress has been linked to the pathogenesis of CD.42 We now show that mitochondrial
stress could be linked to the pathogenesis of CD. Furthermore, both ER and mitochondrial
stress converge at the ISR pathway with the phosphorylation of EIF2A.43

Necroptosis is an inflammatory response that promotes mitochondrial fragmentation by
unregulated fission and is accompanied by the release of alarmins and DAMPs.#4
Necroptosis is therefore an effective mechanism to contain pathogen replication and spread
while facilitating the clearance of infected cells using the immune system. Many pathogens
have evolved evasive strategies to inhibit apoptosis by encoding inhibitors of caspase-8.4° In
such instances the host induces caspase-independent cell death by necroptosis through the
activation of the RIPK1-RIPK3 complex. Additionally, inhibition of necroptosis prevents
IEC death and inflammation.*® We propose that IRGM-induced release of HMGBL1 is linked
to necroptosis rather than apoptosis, as shown previously.2> HMGB1 has a weak interaction
with chromatin and can readily move outside the cell when membrane integrity is lost.4” In
apoptosis, membrane integrity is maintained and persists; besides HMGB1 has been shown
to be retained in the nuclear membrane during apoptosis. Additionally, apoptotic cells are
rapidly degraded and removed by phagocytic cells which would serve to limit the access of
immune cells to HMGB1. Necrotic cells that lack HMGB1 fail to induce cytokine
production confirming our observation that HMGBL is a dominant immune player during
cell death.*8

Mucosal healing is a major treatment outcome in CD because it is associated with reduction
of relapse rates, decreased hospitalization requirements, reduced need for surgery, and
decreased risk of CD associated cancer.4® Most current therapies are unable to consistently
achieve or maintain mucosal healing in CD patients. Our study identifies the cellular
mechanisms that advance mucosal injury which could be used to identify new improved
therapeutic strategies without suppressing the immune system. We propose that small
molecule inhibitors of ISR such as the ISRIB which render cells insensitive to EIF2A
phosphorylation and thus, inhibit ISR downstream of EIF2A phosphorylation could result in
attenuating some of the deleterious effects of the stress response pathway in CD.%0 By
improving cellular adaptation to stress, the survival of IECs could be improved. Our findings
imply that chronic inflammatory diseases can also be ameliorated by manipulating the actin
cytoskeleton, revealing additional new therapeutic targets. We suggest that this approach
could be broadly useful in the treatment of other inflammatory diseases.
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Figure 1. Villin-1 and gelsolin levels decrease in response to diverse cellular stressors
(A-C) Western blots of HT-29 cells either incubated or not with DTT (A), human IFN (B),

non-pathogenic (K12) and pathogenic £. Coli (AIEC) (C). (D-F) Western blots of epithelial
cells isolated from small intestine of WT mice injected or not with mouse recombinant TNF
(D, E) and orally administered or not pathogenic AIEC (F). Chronic (48-72 h) treatment of
WT mice with mouse recombinant TNF shows up-regulation of IRGM1 (E). (G) HT-29 cells
expressing either GFP or the non-phosphorylatable mutant GFP-EIF2A-S52A were
incubated or not with DTT. Each protein was normalized against tubulin or actin. Data
shown are representative of at least three independent experiments. Student’s t-test was used
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for 1A, 1B, 1D, 1F and 1G. One-way ANOVA was used for 1C and 1E: *, P<0.05; **,
P<0.005.
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Figure 2. EIF2A signaling is constitutively activated in the absence of villin-1 and gelsolin
(A) Western blots of cells expressing either both villin-1 and gelsolin (VIL1+GSN+) or

neither proteins (VIL1-GSN-). Protein levels were normalized against tubulin. (B)
Phalloidin stained cells show increased F-actin in cells that lack both villin-1 and gelsolin
(VIL1-GSN-) compared to cells expressing both (VIL1+GSN+). Total F-actin levels were
measured using Flow Cytometry. (C) Western blot analysis of VIL1+GSN+ and VIL1-GSN
— cells that were incubated with DTT and then allowed to recover following DTT removal.
(D) Western blot of HT-29 cells that were either incubated or not with DTT for 1.5h/3h.
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Each protein was normalized against tubulin. Data shown are representative of three
independent experiments (One-way ANOVA: *, P<0.05; **, P<0.005; ***, P<0.0005). (E)
Total F-actin levels were measured in IECs isolated from DKO mice and their WT
littermates using Flow Cytometry. (F) Immunohistochemistry for pEIF2A in SI of DKO and
WT littermates. Arrowheads indicate increase in pEIF2A in DKO mice. (G)
Immunofluorescence staining for pEIF2A in small intestinal enteroids from WT and DKO
mice. (H) PP1 was immunoprecipitated from lysates of VIL1+GSN+ and VIL1-GSN- cells.
The samples were analyzed by western blot using PP1 and actin antibody for pulldown and
input lysate (lower panel). (I) Immunohistochemistry for IRGM1 in SI of WT and DKO
mice. Arrowheads indicate increase in IRGM1 expression. Data shown are representative of
n=6 animals.
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Figure 3. Genetic deletion of villin-1 and gelsolin results in mitochondrial defects and necroptosis
(A-C) Electron micrographs showing mitochondria in DKO IECs with disorganized cristae,

homogenous electron dense aggregates, collapsing mitochondrial membrane and loss of
outer mitochondrial membrane integrity (C; arrowhead). (D) Shows accumulation of
lipofuscin (L) from degenerating mitochondrial (M). (E) DKO IECs with autophagosome
(Avi), autophagolysosome (Avd) and secondary lysosomes. (F) Electron micrographs
showing mitochondrial hyper-fission in IECs of DKO mice (red, blue and green arrowheads
indicate multiple fission events with single mitochondria). (G) IEC with loss of nuclear
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membrane (arrowheads). (H) Chromatin margination, karyorrhexis (KH), karyolysis (KL),
and pyknotic cells (PK). (1) Shows microerosion with complete loss of IEC. (J-K)
Immunohistochemistry and quantification for RIPK3 (J) and HMGBL1 (K) in SI of WT and
DKO mice. Arrowheads in J indicate increase in RIPK3 expression in DKO mice and
arrowheads in K indicate the presence of HMGBL1 in the nuclei of WT mice and the absence
of nuclear HMGB1 in DKO mice. Data shown are representative of n=6 animals (Student’s
t-test: *, P<0.05; **, P<0.005). (L) Shows lack of caspase-8 activation in WT and DKO
mice.
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Figure 4. Overexpression of IRGM1 causes DNM1L independent mitochondrial hyper-fission

and necroptosis

(A) Live cell imaging and quantification of mean mitochondrial length in DnmZ1l null MEFs.
Mitochondria were labeled with Mitotracker Red and cells were transiently transfected with
either EGFP alone or EGFP-tagged IRGM1. Bottom panels show higher magnification of
boxed areas indicating overexpression of EGFP-IRGM1 induces mitochondrial hyper-fission
unlike only EGFP. Arrowheads indicate multiple fission events. Data shown are
representative of n=500 to 600 mitochondria. (B) Overexpression of IRGM1 in Dnm1l WT
MEFs significantly increases cell death. (C) Overexpression of IRGM1 in Ripk1 WT but not
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Ripk1 null MEFs increases cell death measured by flow cytometry using the Viacount assay.
(D) IRGM1-induced cell death in Ripkl WT MEFs is inhibited by the necroptosis specific
inhibitor Necrostatin-1(Nec1) but not by the pan-caspase inhibitor, Z-VAD-FMK. Flow
cytometry was also used to quantify viable cells using PI staining. (E) IRGM1 induced
mitochondrial hyper-fission in Dnm1l WT MEFs is prevented by Necl. Data shown are
representative of n=500 to 600 mitochondria. Student’s t-test was used for 4A, 4B and One-
way ANOVA was used for 4C, 4E: *, P<0.05; ***, P<0.0005.
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Figure 5. Overexpression of IRGM causes DNM1L independent mitochondrial hyper-fission and
necroptosis

(A-B) Live cell imaging and quantification of mean mitochondrial length in cells that were
incubated or not with Mdivil followed by transfection with either EGFP or EGFP-IRGM.
Overexpression of IRGM in the presence of Mdivil induces mitochondrial hyper-fission (A,
arrowheads). Data shown are representative of n=500 to 600 mitochondria. (C) Cells
transfected with EGFP, EYFP-DNM1L or EGFP-IRGM were incubated or not with Mdivil
and the percentage of rounded cells were quantified. (D) Live cell imaging and
quantification of mean mitochondrial length in cells transfected with either EGFP or EGFP-
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IRGM followed by incubation with Necl. Data shown are representative of n=500-600
mitochondria. (E) Cell death measured in cells overexpressing IRGM treated without or with
either the pan-caspase inhibitor Z-VAD-FMK or Necl. Flow cytometry was also used to
quantify viable cells using Pl staining. Data shown are representative of at least three
independent experiments. One-way ANOVA was used for 4B—4E: ***, P<0.0005.
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Figure 6. Genetic deletion of villin-1 and gelsolin is associated with GI inflammation and
ileocolitis resembling human CD

(A) Segmental injury observed in DKO mice showing regions of inflammation in both ileum
and colon. (B-F) H & E staining of terminal ileum from DKO mice showing villus
architectural distortions (B), crypt elongation and branching (C), atrophic mucosa with
complete loss of villi (D, arrowheads), hypertrophy of the muscularis propria and fibrosis
(B-D), Paneth cell hyperplasia, displacement of Paneth cells and increase in the number of
intermediate cells (E, arrowheads), inflammatory cell infiltration including transmural
inflammation (F). (G) Quantification of histological scores. Data shown are representative of
n=8 animals per group (Student’s t-test: ***, P<0.001).
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Figure 7. Chronic loss of villin-1 and gelsolin in CD patients is associated with necroptosis and
release of DAMPs

(A-D) Immunohistochemistry for villin-1 (A), gelsolin (B) pEIF2A (C) and IRGM (D) in SI
of CD patients and non-CD controls. Arrowheads in A and B indicate high expression of
villin-1 and gelsolin respectively in epithelial cells of non-CD controls. Arrowheads in C
indicate an increase in pEIF2A in CD patients. (E) Electron micrographs showing
mitochondrial hyper-fission in IECs of CD patients (red arrowheads). (F-G)
Immunohistochemistry for RIPK3 (F) and HMGBL (G) in Sl of CD patients and non-CD
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controls. Arrowheads in F indicate an increase in RIPK3 expression in CD patients. Data
shown are representative of n=6 or more human samples per group.
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