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SUMMARY

The maintenance of homeostasis and rapid regeneration of the urothelium following stress are critical for
bladder function. Here, we identify a key role for IFRD1 in maintaining urothelial homeostasis in a mouse
model. We demonstrate that the murine bladder expresses IFRD1 at homeostasis, particularly in the
urothelium, and its loss alters the global transcriptome with significant accumulation of endolysosomes
and dysregulated uroplakin expression pattern. We show that IFRD1 interacts with mRNA-translation-regu-
lating factors in human urothelial cells. Loss of Ifrd1 leads to disrupted proteostasis, enhanced endoplasmic
reticulum (ER stress) with activation of the PERK arm of the unfolded protein response pathway, and
increased oxidative stress. Ifrd1-deficient bladders exhibit urothelial cell apoptosis/exfoliation, enhanced
basal cell proliferation, reduced differentiation into superficial cells, increased urothelial permeability, and
aberrant voiding behavior. These findings highlight a crucial role for IFRD1 in urothelial homeostasis,

suggesting its potential as a therapeutic target for bladder dysfunction.

INTRODUCTION

The urinary bladder has the primary function of storing and
releasing urine. At its center, the lumen is lined with a pseudo-
stratified transitional layer called urothelium, which comprises
three main cell types, namely superficial, intermediate, and basal
urothelial cells. The superficial cells harbor four uroplakin pro-
teins (la, Ib, Il, and lll) that localize and assemble on the apical
plasma membrane, forming a highly specialized impermeable
barrier that protects the mucosa from toxic factors in urine.” Un-
der homeostatic conditions, the urothelium is quiescent and has
the slowest turnover of any mammalian epithelium.”™* However,
upon injury, a rapid activation of regenerative response in the
basal (cytokeratin 5+ cells) leading to complete restoration of
the superficial cell layer within 72 h post injury is observed.*'°
A number of factors have been identified to play important roles
in urothelial development, injury, and disease response.’'''*
The bladder undergoes distension-contraction cycles as it fills
and voids throughout each day and across the whole lifespan.
During distension, structural changes in the urothelium rely on

the intracellular discoidal fusiform vesicles lined with uroplakins
in the superficial cells that undergo coordinated exocytosis with
apical membrane endocytosis.'®"'° The uroplakin proteins are
then recycled via endocytosis and multivesicular bodies
(MVBs) trafficking to decrease the size of the urothelial mem-
brane upon contraction.”®*®> Also, endocytosed membrane
and damaged uroplakins can be routed from MVBs to lysosomes
for degradation.’®** This cycle happens regularly and clearly
demonstrates the continual exposure of the bladder to tensile
forces of stretching and contraction. Further, any aberrations in
the cycle that promote damage in the tissue and eventual infiltra-
tion of toxic wastes and molecules into the urothelium can add
more burden and stress. However, the molecular mechanisms
underpinning how the urothelium maintains homeostasis under
this state of constant stress are not well understood.

The interferon-related developmental regulator 1 (IFRD1, a.k.a
PC4 and TIS7) encodes a protein involved in various cellular pro-
cesses, including cell growth, differentiation, and response to
stress.>*° IFRD1 was initially identified as an immediate-early
gene that was transiently and rapidly induced by nerve growth
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factor in a pheochromocytoma (PC) cell line and by phorbol es-
ters (IFRD1, a.k.a PC4 and TIS7).? In general, it has been shown
to be an injury-inducible gene stimulated by a multitude of
agents and conditions such as tunicamycin,”®*° sodium arse-
nite, and amino acid starvation,*® with such injuries increasing
IFRD1 in human kidney and cervical cancer cells and mouse em-
bryonic fibroblast cells. Furthermore, partial hepatectomy of the
liver," cerulein treatment in pancreas,® high-dose tamoxifen
treatment in the stomach,*? tunicamycin treatment in kidney,*°
and resection in the small bowel*® increase IFRD1 expression.
Thus, IFRD1 expression is a cellular stress response.?®?° In
the absence of injury, otherwise healthy, young adult /frd1~/~
mice have largely been reported not to have homeostatic pheno-
types in diverse organs®***° to date. However, a role for IFRD1
has also not been explored in the bladder mucosa.

In this study, we show the expression of IFRD1 in the urinary
bladder even at homeostasis and that loss of IFRD1 promotes
significant molecular, cellular, and organellar alterations in the
urothelium. Cytological and immunological assays demonstrate
that loss of IFRD1 significantly increases endolysosomes and
promotes abnormal distribution of uroplakins in the urothelium.
Transcriptomic analysis reveals that loss of IFRD1 significantly
impacts global translation levels in the bladder characterized
by substantial alterations in the expression of genes involved in
the functional regulation of mitochondria, endoplasmic reticulum
(ER), and the cell cycle. We further show that loss of IFRD1 in-
creases ER stress, activates unfolded protein response (UPR),
enhances reactive oxygen species (ROS) production, increases
cell death markers, and increases epithelial cell shedding into the
urine. Finally, we note that loss of IFRD1 reduces urothelial
regenerative capacity, increases urothelial permeability, and
promotes aberrant voiding behavior in mice. Overall, our study
demonstrates the importance of IFRD1 in maintaining bladder
homeostasis and suggests that maintenance of barrier function
is an active process that requires translational machinery.

RESULTS

IFRD1 is expressed in the urothelium at homeostasis

Previous work from our group and others has shown that IFRD1
is expressed in multiple tissues at homeostasis in mice. Howev-
er, studies of IFRD1 function in the bladder have not been re-
ported. We extracted proteins from whole bladders of wild-
type (WT) and /frd7~~ mice, and western blotting revealed a
robust expression of IFRD1in the former (Figure 1A, lane 1). As
expected, no IFRD1 was detected in the /frd7~/~ bladders
(Figure 1A, lane 2). To determine if IFRD1 was expressed in uro-
thelial cells, we stripped the epithelium from the rest of the organ,
and we again saw IFRD1 expression (Figure 1A, lane 3). We next
examined the distribution/localization of IFRD1 in the urothelium
using a genetic reporter system. We took advantage of a lacZ
reporter that was cloned in-frame to exon 2 in the /frd1
alleles in Ifrd7~/~ mice, which encodes for an IFRD1 (amino acids
1-43)-B-galactosidase fusion protein.> The system enables the
visualization of Ifrd1 expression by X-gal staining when one or
both mutant /frd7 alleles are present: namely, Ifrd7-expressing
tissues/cells turn dark blue. Using fresh frozen bladder sections,
X-gal staining (described in*°) revealed expression in the super-
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ficial urothelial cell layer of Ifrd1~’~ mice, whereas, as expected,
no stain was observed in the WT mice (Figure 1B). Additionally,
we performed the same assay on sections made from bladders
that had first been fixed as a whole organ using the cross-linking
fixative (containing glutaraldehyde) required for X-gal. Again, we
noted strong blue stain in the urothelium (Figure 1C). In previous
work, we have found IFRD1 mostly to be absent in homeostatic
organs, though we do see some IFRD1 expression in acinar cells
of pancreas at homeostasis. Accordingly, X-gal was positive in
pancreas and negative in kidney, another organ of the urinary
tract®® (Figures 1D and 1E). To document the previously reported
role of Ifrd1 as largely an injury-induced gene, we injured the
stomach with a high-dose tamoxifen model that we have
previously characterized,*%*2**35 wherein high-dose tamoxifen
induces IFRD1 expression in the murine stomach to help execute
the conserved cellular regeneration program known as paligeno-
sis.>? As expected, only the digestive-enzyme-secreting chief
cells in tamoxifen-injured /frd1~'~ mouse stomachs were posi-
tive (Figures 1F and 1G; insets highlight chief cells). Broadly,
our findings corroborate the known pattern of Ifrd7 expression,
which is that it is largely absent at baseline in most organs but
induced by injury. Note that injury that induces paligenosis
further increases IFRD1 expression, and /frd1~'~ mice do not
have a pancreatic, homeostatic phenotype.®” Finally, our
findings suggest that IFRD1 is expressed in the bladder at
homeostasis, specifically in the urothelium.

Loss of IFRD1 causes alterations in urothelial cellular
architecture and molecular pathways

To assess how the loss of IFRD1 affects the global environment
of the bladder at homeostasis, we performed total RNA
sequencing (RNAseq) on WT and /frd7~/~ mice. In comparison
with WT, Ifrd1~/~ bladders displayed at least 1.5-fold (FDR-
adjusted p < 0.05) decreased expression of 53 genes and
increased expression of 161 genes (Figure 2A). Gene set enrich-
ment analysis using MSigDB collections identified statistically
significant upregulation of 8 pathways in WT versus Ifrd1~/~
mice and 20 pathways in /frd1~/~ versus WT mice (Figure 2B).
Notably, these altered pathways included protein secretion,
reactive oxygen species, oxidative phosphorylation, and fatty
acid metabolism pathways (Figure 2B), all of which are critical
for urothelial function. To determine whether these transcrip-
tional alterations were correlated with histological changes asso-
ciated with the bladder tissue, we performed H&E staining of the
unperturbed WT and /frd?7~/~ urothelium (Figure 2C). Ifrd1~/~
bladders were notable for harboring luminal cellular debris.
Also, Ifrd1~'~ urothelial cells showed consistent and marked in-
crease in intracellular vesicles (Figure 2C, bottom panel) and
altered morphology (Figure S1). Transmission electron micro-
scopy (TEM) revealed accumulation of MVBs (red arrow), as
recognized by their characteristic, i.e., vesicle-within-vesicle
morphology, in Ifrd1~/~ superficial cells (Figure 2C). Although
the MVBs in WT superficial cells had lumens with the character-
istic electron-lucent (“empty”) or amorphous material (Figure 2D,
image 1), the majority of MVBs of Ifrd1~/~ superficial cells were
found to be fused with lysosomes, forming endolysosomes
noted by their electron-dense material (Figure 2D, image 3, white
arrows and inset). There was a significant difference in the



iScience ¢ CelPress
OPEN ACCESS
A Whole Stripped
bladder epithelium
WT rd1”- WT
FRO1 | — B
Beta-Actin M 42
B wWT Ifrd1- c
[o)] [o)]
c c
= E
L .
7] 7]
e =
> D
X s |
E F Hfrd 1+ G Ifrd 1+

Ifrd 1 Kidney

TL%

®
=
=

[
ey

%]
£l

®

1

|

X-gal staining

Figure 1. IFRD1 is expressed in the urothelium at homeostasis
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(A) Western blot (WB) of wild-type (WT), Ifrd null (Ifrd71~/~) bladders and the WT stripped epithelia at homeostasis. Beta-actin serves as a housekeeping control.
(B) X-gal staining of WT bladder to detect IFRD1 expression through B-galactosidase activity in the OCT-frozen bladder sections revealing no LacZ stain in the WT
urothelium (left panel) and positive LacZ stain (IFRD1-B-galactosidase expression) (right panel; white arrowheads) in the Ifrd1 =/~ urothelium (n = 3/group). Scale

bar, 50 um.

(C) X-gal staining following whole /frd 71—/~ bladder fixation revealing IFRD1-B-galactosidase expression along the urothelium in an “unperturbed” state. Scale bar,

50 um.

(D) X-gal staining following whole Ifrd1*'~ pancreas fixation revealing a robust IFRD1-B-galactosidase expression in the pancreatic acini at homeostasis (black

arrowheads point the negative islets). Scale bar, 50 um.

(E) X-gal staining following whole /frd1~/~ kidney fixation revealing no IFRD1-B-galactosidase expression at homeostasis. Scale bar, 50 um.
(F) X-gal staining following whole untreated Ifrd1 ~/~ stomach fixation revealing no IFRD1-B-galactosidase expression at homeostasis. Scale bar, 50 pm.
(G) X-gal staining following whole high dose tamoxifen injured /frd1~/~ stomach fixation revealing an induction of IFRD1-B-galactosidase expression in chief cells

at the gland base. Scale bar, 50 um.

census of these endolysosomes within the /frd1~/~ superficial
cells (Figures 2E and 2D images 2 and 4, blue circles).

Given that the Ifrd 1™/~ superficial cells displayed an overabun-
dance of endolysosomes indicating a potential shift in uroplakin
trafficking, we wanted to test whether loss of IFRD1 affected
uroplakin trafficking. As expected, uroplakin Il (UPIII) staining
in the WT was expressed along the apical surface of the urothe-
lium (Figure 2F, left panel). In contrast, uroplakins were diffusely
distributed within superficial urothelial cells in /frd1~/~ bladders
(Figure 2F, right panel), suggesting aberrant uroplakin trafficking.
Accordingly, transcripts encoding UPIIl were significantly
decreased in Ifrd1~~ bladders (Figure 2G). Consistent with
these observed changes in protein trafficking, we also noted

evidence of reticulophagy (degradation of the endoplasmic
reticulum via autophagy; Figure S2). Together, these findings
demonstrate that loss of IFRD1 is associated with significant
cellular and molecular alterations, resulting in gross defects in
the urothelial ultrastructure even in an unperturbed state.

IFRD1 interacts with mRNA-translation-regulating
proteins, and its absence is associated with global
translational changes and enhanced ER stress

To identify the molecular partners that IFRD1 may be affecting or
interacting with in the urothelium, we performed proteomic anal-
ysis of IFRD1 in the urothelial cell line 5637 (ATCC). Derived from
human urothelial carcinoma, the 5637 cells maintain properties

iScience 27, 111282, December 20, 2024 3
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Figure 2. Loss of IFRD1 causes alterations in urothelial cellular architecture and molecular pathways

(A) Heatmap of the global tissue transcriptome of WT and /frd1 /=

bladders/group).

bladders with fold change >1.5 and Benjamini-Hochberg FDR-adjusted p < 0.05 (n = 4

(B) GSEA Hallmark pathway analysis showing significantly upregulated pathways in the WT versus /frd 17/~ (blue bars) and Ifrd1~/~ versus WT (red bars) bladders

below FDR threshold of 0.25.

(C) H&E staining shows vesicles in WT (highlighted in black circles) and accumulated vesicles in Ifrd7~/~ bladders in the superficial cells. Scale bar, 50 pm.
(D) Transmission electron microscopy (TEM) of superficial cells show MVB (red arrows) in WT and /frd7~/~. Ifrd1~/~ show accumulation of endolysosomes (white
arrows). Magnified insets show the endolysosomes. Blue circles highlight the endolysosomes. Scale bar, 2 pm.

(E) Analysis of number of endolysosomes per cross-section per 100 um? in WT and /frd1
3 Ifrd1~/~ mice; data shown as mean (=SEM); p value by Mann-Whitney test).

-/~ superficial cells (n = 40-97 TEM images/group from 2 WT mice and

(F) Immunostaining of UPK3A (green) in WT and Ifrd1~'~ superficial cell layer (n = 6 bladders/group). Magnified insets highlight the apical staining pattern in
superficial cell in the WT versus diffused staining pattern in the /frd1~/~. Scale bar, 50 um.
(G) Real-time quantitative PCR (RT-qPCR) analysis of Upk3a transcripts in WT and /frd7~/~ bladders (n =9 bladders/group; data shown as mean (+SD); p value by

Mann-Whitney test).

of urothelial cells and are routinely used to represent urothelial
cells.®”~*° This human urothelial cell line not only facilitated our
screen for the IFRD1 interactome but also is a first step in poten-
tial translation of our in vivo mouse bladder study to humans. We
performed co-immunoprecipitation followed by tandem mass
spectrometry (MS/MS) in the 5637 cells using IFRD1 antibody
and non-specific immunoglobulin G (IgG) antibody control
(Figure 3A). We identified a total of 2,271 proteins that interacted
with IFRD1 or the IgG control at a probability rate of over 95%. Of
those 2,271 protein hits, 444 were detected in precipitates using
IgG alone, 943 using IFRD1 alone, and 884 were found in both
IFRD1 and IgG precipitates (Figure 3B). For our analysis, we

4 iScience 27, 111282, December 20, 2024

focused on the hits that exclusively interacted with IFRD1. The
943 IFRD1-only hits were ranked using their total spectrum
count. We then selected the interactors with two or more unique
peptides and FDR <0.05. This resulted in a total of 584 unique
proteins (Figure 3C). These proteins were then subjected to
PANTHER Overrepresentation test for GO molecular function.*’
Excitingly, a large number of these proteins were found to be
enriched in regulating mRNA translation (e.g., eukaryotic transla-
tion initiation factors [elFs], mRNA binding proteins, pre-ribo-
some binding factors) (Figure 3C). These molecular findings,
together with our cellular observations of accumulated endoly-
sosomes, suggested that IFRD1 might affect protein translation.
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Figure 3. IFRD1 interacts with mRNA-translation-regulating proteins, and its absence is associated with global translational changes and
enhanced ER stress

(A) Schematic diagram of co-immunoprecipitation of IFRD1 with tandem mass spectrometry analysis in the 5637 bladder epithelial cell line.

(B) Venn diagram shows the relationship of the protein interactors between IgG antibody control and IFRD1 pulldowns.

(C) Fold enrichment plot of the GO molecular functions of a subset of IFRD1 interactors with two or more spectral counts. FDR values and fraction (in parentheses)
indicated are of those that matched with the reference list in PANTHER database.

(D) Immunostaining of bladders shows the expression of puromycin (red) in WT and /frd 7™/~ urothelium (“WT-no puro” represents the negative control where mice
did not receive puromycin treatment prior to freezing). Nuclei are stained with DAPI (blue) (n = 3 mice/group). Quantitation of puromycin signal intensity (n = 3
bladders/group, ': data shown as mean (+SEM); mean of means shows p slightly >0.05 due to WT mouse-to-mouse variance; however, analysis of total ROI
distribution for each genotype has p < 0.0001, p value by Mann-Whitney test). Scale bar, 20 pm.

(E) Immunostaining of HSPAS5 (red) in WT and /frd1~/~ urothelium. Nuclei are stained with DAPI (blue) (n = 3/group). Scale bar, 50 pm.

(F) RT-gPCR analysis of Hspa5 transcripts (n = 8 WT, 9 Ifrd1~/~bladders, data shown as mean (+SD); p value by Mann-Whitney test).

(G) WB and densitometric quantitation of HSPA5 protein levels. Beta-actin serves as a housekeeping control (n = 3/group; data shown as mean (+SD); p value by
Mann-Whitney test).
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To test whether the loss of IFRD1 would influence global
protein translation levels in the bladder, we performed the
SunSET (surface sensing of translation) assay utilizing puromy-
cin, an inhibitor of translation elongation, that can measure
changes to protein synthesis in vivo, as it incorporates into elon-
gating polypeptide chain and induces translation termination.*?
We injected WT and /frd 1/~ mice with puromycin for 2 h to allow
the incorporation of puromycin into actively translating polypep-
tides. Subsequent immunofluorescence analysis showed that
global translation in the /frd7~’~ urothelium was decreased
versus WT bladders (Figure 3D).

Protein translation is a tightly regulated process in the mainte-
nance of proteostasis, and alterations are associated with an
overabundance of abnormal, misfolded proteins within the ER,
leading to an ER stress response. To test whether such ER stress
response is associated with the observed changes in translation
levels in Ifrd1~'~ bladders, we first investigated levels of the ER
chaperone, BiP (HSPAS5), which is upregulated under conditions
of ER stress. We found that the Ifrd7~/~ urothelium showed
increased BiP in superficial cells (Figure 3E), and BiP abundance
in Ifrd1~/~ bladders was increased at both transcript (Figure 3F)
and protein level (Figure 3G). Thus, the results revealed that
IFRD1 interacts with proteins involved in RNA translation, and
Ifrd1~'~ bladders display decreased global protein translation
and enhanced ER stress response.

Enhanced ER stress associated with loss of IFRD1 is
linked with activation of the PERK arm of the UPR
pathway

Next, we sought to determine how IFRD1 affected the ER stress
response. ER stress can be induced via the unfolded protein
response (UPR) activated by three ER-transmembrane, up-
stream stress sensors: ATF6 (activating transcription factor 6),
IRE1a (inositol-requiring enzyme 1a), and PERK (protein kinase
R-like endoplasmic reticulum kinase).”**** Under homeostatic
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conditions, BiP is bound to the ER-transmembrane stress sen-
sors proteins, rendering these proteins inactive.*>** However,
when unfolded, ER-associated proteins can bind BiP, dissoci-
ating BiP from the sensors. Each sensor, once no longer BiP-
bound, then can activate its signature pattern of downstream
gene expression changes (schematized in Figure 4A).

We systematically examined the impact of loss of IFRD1 on
each of the arms of the UPR by analyzing the signature down-
stream targets. First, we examined ATF6, which when released
from BiP, translocates to the Golgi where it is cleaved to release
its N-terminal active form, ATF6-N (cleaved ATF6).*> We deter-
mined abundance of total (p90) and cleaved (p50) ATF6. We
saw no significant ATF6 activation in [frd1~/~ bladders
(Figures 4B and 4C). RT-gPCR analysis of its downstream tran-
scriptional target, Xbp1, similarly showed no significant increase
in expression (Figure 4D).

Next, we determined the impact of loss of function of IFRD1 on
IRE1a, which, upon release of BiP, homodimerizes and auto-
phosphorylates, leading to induction of its RNase activity to
splice the Xbp1 unspliced mRNA (Xbp1us) to Xbp1 spliced
mRNA (Xbp1s), an active form that encodes the XBP1 protein
isoform that can translocate into the nucleus to induce expres-
sion of genes such as Edem1.“® We analyzed the levels of
Xbplus and Xbp1s variants’ transcript and protein levels via
RT-gPCR (Figures 4E and 4F) and western blot (Figures 4H,
top and 4l), respectively, and saw no significant increase in
Ifrd1~~ bladders, consistent with IRE1e signaling not being
IFRD1-dependent. Further, the XBP1s gene target, Edem1,
also showed no significant increase in transcript (Figure 4G) or
protein (Figures 4H, middle and 4J) abundance in mouse blad-
ders lacking IFRD1 in comparison with WT.

Finally, we determined whether IFRD1 affects the PERK
arm, which similarly to IRE1a, homodimerizes and autophos-
phorylates upon BiP release. Activated PERK then phosphory-
lates a protein that regulates translation initiation, elF2a.

Figure 4. Enhanced ER stress associated with loss of IFRD1 is linked with activation of the PERK arm of the UPR pathway

A) The three arms of unfolded protein response.

B) WB of full-length and cleaved ATF6 proteins in WT and /frd7~/~ bladders. Beta-actin was used as a loading control.
C) Densitometric quantitation of the ratio of cleaved ATF6 to total ATF6 protein levels (n = 3/group; data shown as mean (+SD); p values by Mann-Whitney test).

E) RT-qPCR analysis of XbpTus (unspliced) transcript levels (n = 8 WT, 7 Ifrd1~/~ bladders; data shown as mean (+SD); p values by Mann-Whitney test).
F) RT-gPCR analyses of Xbp1s (spliced) transcript levels (n = 4/group; data shown as mean (+SD); p values by Mann-Whitney test).

¢
(
(
(D) RT-gPCR analysis of total Xbp1 transcript levels (n = 5 WT, 4 Ifrd1 ~/~ bladders; data shown as mean (+SD); p values by Mann-Whitney test).
(
(
(

G) RT-gPCR analyses of Edem1 transcript levels (n = 9/group; data shown as mean (+SD); p values by Mann-Whitney test).
(H) WB of XBP1s, XBP1us, and EDEM1 proteins in WT and /frd7 '~ bladders. Beta-actin was used as a loading control. (Note that the same blot has been used to

probe HSPAS5 in Figure 3G and hence uses the same loading control).

(I) Densitometric quantitation of the ratio of XBP1s to XBP1us protein levels (n = 3/group; data shown as mean (+SD); p values by Mann-Whitney test).
J) Densitometric quantitation of EDEM1 protein levels (n = 3/group; data shown as mean (+SD); p values by Mann-Whitney test).

K) WB of PERK and p-PERK proteins in WT and /frd7 '~ bladders. Beta-actin was used as a loading control.

L) Densitometric quantitation of total PERK (n = 3/group; data shown as mean (+SD); p values by Mann-Whitney test).

M) Densitometric quantitation of p-PERK (n = 3/group; data shown as mean (+SD); p values by Mann-Whitney test).

0) WB of elF20. and p-elF2q proteins in WT and /frd7~~ bladders. Beta-actin was used as a loading control.
P) Densitometric quantitation of total elF2a (n = 5/group; data shown as mean (+SD); p values by Mann-Whitney test).
Q) Densitometric quantitation of p-elF2a (n = 5/group; data shown as mean (+SD); p values by Mann-Whitney test).

(
(
(
(
(N) Densitometric quantitation of the ratio of p-PERK to PERK (n = 3/group; data shown as mean (+SD); p values by Mann-Whitney test).
(
(
(
(

R) Densitometric quantitation of the ratio of p-elF2a. to elF2a (n = 5/group; data shown as mean (+SD); p values by Mann-Whitney test).

(S) RT-gPCR analysis of Atf4 transcript levels (n = 9/group; data shown as mean (+SD); p values by Mann-Whitney test).

(T) RT-gPCR analysis of Ddit3 transcript levels (n = 10 WT, 8 Ifrd1~'~ bladders; data shown as mean (+SD); p values by Mann-Whitney test).
(U) WB of ATF4 and DDIT3 proteins in WT and /frd7~/~ bladders. Beta-actin was used as a loading control.

(V) Densitometric quantitation of ATF4 (n = 3/group; data shown as mean (+SD); p values by Mann-Whitney test).

(W) Densitometric quantitation of DDIT3 (n = 6/group; data shown as mean (+SD); p values by Mann-Whitney test).
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Phosphorylated elF2a decreases activity of the elF2 ternary
complex (elF2-GTP-tRNAI) that is required for the translation
initiation.*”*® Consistent with the PERK arm being activated by
loss of IFRD1, we observed a significant increase in the ratio of
phosphorylated to total PERK in the Ifrd7~/~ bladders compared
to that of WT bladders (Figures 4K-4N). If PERK were activated in
the absence of IFRD1, we would also expect an increase in the
phosphorylation of p-PERK target, elF2q. Indeed, our western
blot analysis revealed a significant increase in the ratio of
phosphorylated to total elF2q protein levels (Figures 40-4R).
p-PERK phosphorylation of elF2« leads to global protein trans-
lation suppression while favoring translation of select transcripts
such as Atf4, which induces expression of genes like Chop
(Ddit3). #4449 Accordingly, both Atf4 and its target Chop were
upregulated significantly at both transcript and protein level
(Figures 4S-4W) in the Ifrd1~/~ bladders. Together, our results
indicate that loss of IFRD1 in mouse bladder specifically affects
the activation of PERK arm of the UPR, which may be a mediator
of the urothelial stress response.

Ifrd1~/~ mice display increased urothelial cell death,
dysregulated renewal, compromised barrier integrity,
and aberrant voiding behavior

We wondered whether there would be physiological relevance of
the observed UPR activation of PERK-ATF4-CHOP pathway in
Ifrd1~/~ bladders. As unresolved stress can lead to persistent acti-
vation of CHOP, which can in turn lead to apoptosis when stress is
not resolved, we examined whether the Ifrd7~/~ urothelial cells
exhibit increased apoptosis. To that end, the TUNEL assay was
used, in which fluorescently labels cells positive for double-
stranded DNA breaks that are generated during continued cells
stress and apoptosis showed near universal positivity in Ifrd1 /=
mice with rare to no positive cells in WT bladder (Figure 5A).
Persistent ER stress/cell death is associated upstream and
downstream with increase in ROS. To test whether this is true
for Ifrd1~/~ bladders, we stained the urothelium with the ROS in-
dicator dye dihydroethidium (DHE), which showed stronger stain-
ing as corroborated by the higher fluorescence intensity in Ifrd 7=/~
bladders (Figure 5B). We next examined if the constitutively
enhanced ROS and apoptosis levels altered the urothelial tissue
homeostasis in Ifrd7~'~ bladders. TEM images (Figure 5C, TEM)
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and cytological examination of urines (Figure 5C, Pap stain)
from WT and /frd7~/~ mice revealed a significant level of sponta-
neously shed epithelial cells in Ifrd7~/~ urine samples. Quantifica-
tion of the shed cells by Pap stain revealed about 4-fold increase
in the Ifrd1~/~ urine samples at baseline, indicating that loss of
IFRD1 is associated with a significantly higher urothelial cell
shedding.

Under homeostatic conditions, the virtually quiescent urothe-
lium contains few proliferatively active cells, which reside within
the basal cell compartment.*®°%>" Urothelial shedding in
response to unmitigated ROS could represent a stunted response
to repair damaged/stressed cells, which often leads to compen-
satory proliferation in the basal cell layer of the Ifrd 7/~ urothelium.
As expected, we found that WT bladders contained only scattered
Ki67-positive cells (Figure 5D, top). However, within the /frd1~/~
urothelium, we found increased expression of Ki67 (Figure 5D,
bottom). Additionally, E-Cadherin staining, which typically labels
cell-cell junctions in basal and intermediate urothelial cells, was
reduced in the Ifrd7~/~ urothelium, further indicating that urothelial
integrity is constitutively compromised in these mice (Figure 5D).

Normally, increased proliferation of basal cells fuels subse-
quent differentiation of these cells to regenerate superficial
cells. Surprisingly, however, expression of p27KIP1 (CDKN1B),
a marker for terminally differentiated superficial cells, was
decreased in p27kip1+ superficial cell nuclei in the /frd1~/~ uro-
thelium (Figure 5E), and p27kip1 transcript abundance was also
decreased overall in Ifrd1~'~ bladders (Figure 5F). These obser-
vations suggest that the loss of IFRD1 at homeostasis is not only
linked to increased ER stress response and cell death but also
with impaired regeneration of superficial cells.

To determine whether the absence of IFRD1 would affect bar-
rier integrity of the urothelium, we transurethrally injected mice
with FITC-dextran®® and observed significant increase in
FITC-dextran infiltration/retention in the urothelium of Ifrd7~/~
mice (Figure 5G). This result suggests compromised urothelial
structure and function that may lead to seepage of waste and
toxic molecules from the urine into the bladder tissue. Compro-
mised barrier integrity may also impact the micturition pattern/fre-
quency of urine expulsion, which can serve as protective mecha-
nism to eliminate waste products, maintain fluid balance, and
prevent infection.>®°* Therefore, we next sought to examine the

Figure 5. Ifrd1~’~ mice display increased urothelial cell death, dysregulated renewal and aberrant voiding behavior
(A) TUNEL staining (green) of WT and Ifrd1~/~ urothelial cells. Nuclei are stained with DAPI (blue) (n = 3/group). Scale bar, 100 um.
(B) DHE staining (red) of WT and /frd7~/~ urothelium. Nuclei are stained with DAPI (blue). Quantitation of DHE staining intensity (n = 3 bladders/group; data shown

as mean (xSD); p values by unpaired t test). Scale bar, 100 pm.

(C) Representative TEM (left) and urine cytology (right) images show exfoliated bladder epithelial cells. Quantitation of exfoliated/shed epithelial cells (n = 5 WT,
4 Ifrd1~'~ mice; data shown as mean (+SD); p values by unpaired t test). Scale bar, 2 pm.

(D) Immunostaining for Ki-67 (red) and E-cadherin (green) in WT and /frd7~/~ urothelial cells (n = 3/group). Scale bar, 100 pm.

(E) Immunostaining of CDKN1B (red) in WT and /frd1~/~ urothelium (n = 3/group). Scale bar, 50 um.

(F) RT-gPCR analysis of Cdkn1b transcripts in WT and Ifrd1~’~ bladders (n = 6 WT, 3 Ifrd1~/~ bladders; data shown as mean (+SD); p values by Mann-
Whitney test).

(G) FITC-dextran permeability assay (green) in the WT and Ifrd1~/~ urothelial cells reveal superficial cells with intracellular FITC-dextran in the Ifrd7~/~ urothelium.
Nuclei are stained with DAPI (blue) (n = 3/group). Quantitation of FITC-dextran staining intensity (n = 3 bladders/group; data shown as mean (+SD); p values by
Mann-Whitney test). Scale bar, 100 um.

(H) Representative images of WT (left) and /frd7~/~ (right) void spot assay (VSA).

(I) Quantitation of the area of total voids from the VSA. Each dark dot is the average area of all the individual voids that are depicted as transparent dots of the same
color. (n = 4/group, data shown as mean (+SEM), p values by unpaired t test).

(J) Quantitation of the size of all the individual spots from the VSA. All the data points from one mouse are presented in one color. (Data represented as interquartile
range of size distribution where the central line represents the median (+SD), n = 4/group, p values by unpaired t test).
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voiding behavior of the WT and /frd7~~ mice using the sponta-
neous void spot assay (VSA), a widely employed tool for assessing
micturition in experimental mice.>>>” When placed on a filter
paper, mice typically seek edges to urinate (Figure 5H, WT).
However, Ifrd1~'~ mice voided all along the filter paper and on
the edges (Figure 5H, black arrows). Measurement of the urine-
covered area (Figure 51) and the size of individual voids (Figure 5J)
revealed that most void spots from /frd1 ~/~ mice were smaller
(Figures 51 and 5J). Furthermore, despite the increase in the num-
ber of voids, the total covered area was less, suggesting that
Ifrd1~/~ mice exhibit incontinence/voiding dysfunction.

DISCUSSION

The urothelium is remarkable in its flexibility and impermeability.
Injury such as that induced by infection or mechanical/chemical
stressors in the tissue results in rapid epithelial exfoliation and
renewal and restoration of homeostasis. In the current study,
we identify that the transcription factor IFRD1 plays a role in pre-
venting spontaneous induction of the bladder injury response.
IFRD1 has been shown to be expressed in bladder in bulk and
scRNA-seq studies®®°° but hitherto largely been studied in other
tissues for its role in response to cell injury. Here, we show that
the mouse bladder, particularly the urothelium, not only ex-
presses IFRD1 at homeostasis but also that its loss is associated
with alterations in urothelial morphology and function. We show
that IFRD1 associates with proteins involved in protein transla-
tion, and Ifrd1~’~ bladders/urothelium had reduced global trans-
lation with concomitant activation of the ER stress response. ER
stress in the absence of IFRD1 was linked to activation of the
PERK arm of UPR, and the Ifrd1~’~ bladders exhibited increased
oxidative stress, cell death and reduced terminal differentiation,
enhanced permeability, and aberrant voiding behavior. Thus, our
work suggests that even homeostatic activity of the bladder
urothelium could constitute a potential “stress” situation that re-
quires management of UPR/ER stress by proteins such as IFRD1
that are normally required only in stressful situations in other
tissues.

IFRD1 is an immediate-early gene induced by a variety of sig-
nals/stresses implicated in regulation of growth and differentiation
of neurons, myocytes, enterocytes,**°°%? and elevated levels of
IFRD1 are observed in multiple acute injury models such as
muscle trauma,>*°"%® small intestine resection,>>®* ischemia-re-
perfusion,®® pelvic prolapse,®® fat injury/stress/obesity,>>®” and
stroke,®® highlighting a key role for IFRD1 in mediating cellular
and tissue regeneration after injury. Our work on paligenosis reit-
erated the early activation of IFRD1 following injury, and its
absence led to decreased regeneration and increased cell death
in diverse organs such as stomach, liver, kidney, and pancreas
in mice and humans.*>®%"° Additionally, injury-induced expres-
sion of IFRD1 is found to be conserved in other organisms such
as Axolotls,**”" Drosophila,*>">"® and Schizosaccharomyces
pombe.** Given such critical roles of IFRD1 in regulating injury
response, it is surprising that IFRD1 plays a seemingly steady-
state role in the bladder. We speculate that perhaps the continual
voiding cycles of the urinary bladder may require extensive traf-
ficking and recycling of uroplakins that produces a consistently
stressed state, requiring the urothelium to constitutively express
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stress-relieving proteins. Injury is known to engage inflammatory
pathways in response to stress, and a growing number of studies
point to the role of UPR activation to alleviate such stress and
restore homeostasis.”*”> One crucial event in UPR activation in-
volves the phosphorylation of Ser51 on the alpha subunit of eu-
karyotic translation initiation factor 2 alpha (elF2«) that halts the
production of intact 80S ribosomes essential for translation.”®"®
Instead, 40S ribosomes with mRNA and a few initiation factors
(a.k.a preinitiation complex) localize to form stress granules.”®®"
This is also evident in assays of ribosome activity as a collapse
of polysome peaks.®?®* The involvement of IFRD1 in translation
control, particularly concerning ribosomes, is reasonable, given
its ability, along with proteins such as ATF4 or PPP1R15B, to
evade the translation block induced by cellular stress.?%5%:5¢
Further support for a role for IFRD1 in mediating stress response
via translational machinery and ribosomal activity comes from a
close structurally related paralog, IFRD2, which is predicted to
interfere with translation by occupying the P and E sites of
the ribosome and inserting an N-terminal helix into the mRNA
exit channel.?” Furthermore, our co-immunoprecipitation data
demonstrate that IFRD1 interacts with various components
associated with pre-ribosomes, translation initiation, and mRNA
binding, all of which are closely linked to ribosomal function.
This suggests a direct interaction between IFRD1 and the ribo-
some, influencing the translation process. Detailed understanding
of this mechanism is warranted.

In addition to translation inhibition, persistent unresolved UPR
activation impairs ER functions such as protein-folding, process-
ing, and trafficking for an extended period, which can induce
apoptosis. Our results demonstrating a diffuse expression
pattern and reduced expression of the uroplakin, UPK3A, along
with increased TUNEL staining, support the conclusion that UPR
is constitutively activated, causing both uroplakin trafficking
defects in the bladders of IFRD1 null mice as well as constant
pro-apoptotic signaling. We note that TUNEL simply labels
DNA strand breaks, which usually correlate with—but are not
entirely specific for—apoptosis. In terminally differentiated cells
like those of the superficial layer of urothelium, it is possible that
strand breaks accumulate as a result of ROS (which are also
elevated in the absence of IFRD1) and that repair is slow in these
non-dividing cells, even if they are not all targeted for eventual
death. We also noticed not only decreased p27kip1 in the
bladder in the absence of IFRD1 but also a diffuse, intracellular
distribution of this normally nuclear protein, suggesting altered
proteostasis of this protein as well as decreased differentiation.
The increased ROS and other aberrant cellular features corre-
lated with epithelial cell shedding in the urine of Ifrd1~/~ mice.
Moreover, we notice that the frequent shed cells in these mice
had smaller nuclei than those of WT, suggesting that some of
these shed Ifrd1~/~ cells were less differentiated intermediate
cells, which are not normally seen in urine. Urine usually contains
only rare shed superficial cells, unless the bladder encounters
stresses such as infection.®%° Thus, Ifrd7~/~ mice may display
cell death and shedding of cells even prior to terminal differenti-
ation, correlating with the reduction in p27kip1 staining
and expression. Moreover, our in vivo assessment using the
FITC-Dextran assay demonstrated heightened permeability of
the urothelial barrier in the bladder. This observation aligns
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with the dysregulated turnover of superficial cells and altered
patterns of micturition, as confirmed by our void spot assay.

The increased shedding and other cellular abnormalities in
Ifrd1~'~ mice are reminiscent of recent work®® from our group
demonstrating that aged bladders (>15 months of age) show
enhanced DNA damage, increased ROS, and higher levels of
epithelial shedding at homeostasis. Other studies have also
linked these phenotypes with aging and lower urinary tract
dysfunction.®®®! Indeed, we and others have shown that the
aging urothelium is associated with alterations to endolysoso-
mal content®®°? that is seen in Ifrd1~/~ superficial cells. In other
words, loss of IFRD1 might trigger an aging-like phenotype. It
may be that these effects noted in aging are partly mediated
via the functions of IFRD1 and its association with translation,
ER stress, and UPR activation. Consistent with this, bulk RNA-
seq analysis of young versus aged bladders indicated aging-
associated reduction in IFRD1 expression.®® Whether reduced
IFRD1 expression with aging might suggest a molecular basis
for the aging phenotype is an important avenue to investigate.
Further, whether any of these alterations are mediated via
changes in urothelial-stromal signaling remains to be explored.
Additionally, IFRD1 has been shown to exert some of its effects
via modulation of transcriptional activity via its interaction with
histone deacetylases (HDACs), and its altered expression is
associated with loss of polarity in epithelial cells via its interac-
tion with the HDACs.?*°° Indeed, our MS/MS analysis revealed
IFRD1 interaction with HDACs (HDAC4 and SIRT6, data not
shown) in the urothelium. As altered polarity in the epithelial
cells is linked with lower E-cadherin expression and
cancer including bladder cancer,”® we could speculate that al-
terations to the E-cadherin levels we note in the urothelium
upon loss of IFRD1 may have a more profound impact as the
mice get older.

Our work here suggests that the seemingly quiescent urothe-
lium may be in fact under a constant state of stress owing to the
massive structural transitions it undergoes daily during normal
voiding activity. Loss of IFRD1 appears to alter voiding dy-
namics. Although our limited observations do not explain why
or how, it is nevertheless striking that stress urinary incontinence
(SUI) and pelvic organ prolapse (POP), conditions associated
with voiding dysfunction have been linked to ER stress, and
POP has even been correlated with altered IFRD1 expression
in women.®®¥" Specifically, postmenopausal women with SUI
have shown an activated PERK arm of the UPR with no changes
to IRE1a or ATF6 arms, resembling the phenotype observed in
IFRD1 null mice from our study.®” Additionally, this study showed
that increased apoptosis mediated by PERK-ATF4-CHOP corre-
lates with the SUI in postmenopausal women. Similarly, IFRD1
mRNA levels were altered in POP tissues compared to controls
in modulating the pathogenesis of POP.®® Given our findings
that IFRD1 plays a key role in modulating the ER stress response
and maintaining the urothelial homeostasis correlates with a
physiologically relevant phenotype that is reproduced in women
with bladder dysfunction, studies are warranted to determine the
involvement of aberrant UPR in POP-SUI pathology. Delineating
the sequence of events leading up to SUI pathology may high-
light importance of IFRD1 as a potential target for diagnosis
and/or therapy for bladder dysfunction.”®
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Overall, our findings suggest that IFRD1 plays a critical role in
maintenance of urothelial structure and bladder functions at
homeostasis, and its loss is associated with alterations to
proteostasis and impaired superficial cell renewal with patho-
physiologic results on bladder function. Understanding the
mechanisms of action of IFRD1 may shed light on urothelial
homeostatic activities that are altered in the aged or injured/in-
fected/diseased bladders.

Limitations of the study

Our study characterizes IFRD1 in the bladder and its functional
role in the urothelium. However, we did not use a urothelium-
specific Ifrd1 knockout mouse model. Utilization of urothelial-
specific Ifrd1 knockout model in future work will allow us to
further dissect the role of IFRD1 in mediating the aforementioned
phenotypes that validate the role of IFRD1 as a key player in
maintenance of bladder health. Nevertheless, our findings that
IFRD1 is expressed at homeostasis in the urothelium, and the
observed phenotypes associated with urothelial structure and
function, are sufficient to support its role in maintaining the
urothelial integrity and, in turn, bladder function.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-IFRD1 Abcam Cat# ab229720; RRID:AB_3083573
Anti- Uroplakin IlI Fitzgerald Cat# 10R-U103a; RRID:AB_1289312
Anti-Puromycin Millipore Cat# MABE343; RRID:AB_2566826

Anti-BiP
Anti-ATF6
Anti-XBP-1s
Anti-EDEM1
Anti-PERK
Anti-p-PERK
Anti-elF2a
Anti-p-elF2a.
Anti-ATF4
Anti-CHOP
Anti-Ki67
Anti-E-Cadherin
Anti-p27kip1

Cell Signaling Technology
Thermo Fisher Scientific
Cell Signaling Technology
Proteintech

Cell Signaling Technology
Thermo Fisher Scientific
Cell Signaling Technology
Cell Signaling Technology
Abcam

Cell Signaling Technology
Abcam

BD Biosciences

Abcam

Cat# 3177; RRID:AB_2119845

Cat# PA5-20216; RRID:AB_11156398
Cat# 40435; RRID:AB_2891025

Cat# 26226-1-AP; RRID:AB_2880433
Cat# 5683; RRID:AB_10841299

Cat# PA5-102853; RRID:AB_2815938
Cat# 9722; RRID:AB_2230924

Cati# 3398; RRID:AB_2096481

Cat# ab1371; RRID:AB_300588

Cat# 2895; RRID:AB_2089254

Cat# ab833; RRID:AB_306483

Cat# 610181; RRID:AB_397580

Cat# ab190851; RRID:AB_3083574

Chemicals, peptides, and recombinant proteins

LongAmp® Taq DNA Polymerase
DMSO

Pierce IP Lysis Buffer
Histoclear

Hematoxylin

Eosin

FITC-dextran, 10000MW
Dihydro-ethidium
Dynabeads™ Protein A
X-gal

Glutaraldehyde
Paraformaldehyde

New England Biolabs
Sigma-Aldrich

Thermo Fisher Scientific
Electron Microscopy Sciences
Fisher Scientific

Fisher Scientific
Invitrogen

Thermo Fisher Scientific
Thermo Fisher Scientific
americanBIO
Polysciences, Inc.
Thermo Fisher Scientific

Cat# M0323L
Cat# D8418
Cati# 87787
Cat# 64110

Cat# 22-220-109
Cat# 22-050-197
Cat# D1820
Cat# D11347
Cat# 10001D
Cat# AB15080
Cat# 01909

Cat# 047340-9L

Critical commercial assays

Papanicolau EA staining kit
In Situ Cell Death Detection Kit (TUNEL)

Thermo Fisher Scientific
Roche

Cat# 22-050-211
Cat# 11684795910

Deposited data

Raw and analyzed data
Proteomics analysis

Gene expression omnibus
ProteomeXchange Consortium

GSE149571
PXD052536

Experimental models: Cell lines

5637

ATCC

HTB9; RRID:CVCL_0126

Experimental models: Organisms/strains

Mouse: C57BL/6
Mouse: C57BL/6
Mouse: [frd1imLah

Washington University School of Medicine
Baylor College of Medicine

Generated by Dr. Lukas Huber Medical
University of Innsbruck

Wild type
Wild type
RRID: MGI:3043558

Oligonucleotides

Primers used for RT-gPCR, see Table S1
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REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

Prism v.9.0.1 GraphPad Software http://www.graphpad.com/;

Imaged v.1.54f

Biorender licensed to Mills Lab.

Image Lab 6.1

AMT Image Capture Engine V602 software

Mascot (version 2.5.1)

Scaffold_4.11.0 Proteome Software

Protein Prophet algorithm

STAR version 2.0.4b

Subread:feature Count version 1.4.5

Sailfish version 0.6.3

RSeQC version 2.3

R/Bioconductor package EdgeR

R/Bioconductor package Limma

voomWithQualityWeights in Limma
(version 3.28.14)

Wayne Rasband and contributors.
NIH, USA.

Biorender

Bio-Rad

Advanced Microscopy Techniques,
Woburn, MA

Matrix Science Inc

Boston, MA, USA

Proteome Software, Inc

Portland, OR, USA

Nesvizhskii et al.®

Dobin et al.'®

Liao et al.’’
Patro et al.'%”

Wang et al.'®®

Robinson et al.'**

Ritchie et al.'®®

Ritchie et al.'®®
Liu et al.’®”

Law et al.'®

RRID:SCR_002798
https://imagej.net/; RRID:SCR_003070

http://biorender.com; RRID:SCR_018361

https://www.bio-rad.com/en-us/product/
image-lab-software?|D=KRE6P5E8Z;
RRID:SCR_014210

https://amtimaging.com/home;
RRID:SCR_014333

https://www.matrixscience.com/mascot_
support_v2_5.html; RRID:SCR_014322

https://www.proteomesoftware.com/;
RRID:SCR_014345

https://proteinprophet.sourceforge.net/
prot-software.html

https://doi.org/10.1093/bioinformatics/
bts635; RRID:SCR_004463

https://doi.org/10.1093/nar/gkt214;
RRID:SCR_009803

https://doi.org/10.1038/nbt.2862;
RRID:SCR_024326

https://rseqc.sourceforge.net/;
RRID:SCR_005275

https://doi.org/10.1093/bioinformatics/
btp616; RRID:SCR_006442

https://doi.org/10.1093/nar/gkv007;
RRID:SCR_010943

https://www.rdocumentation.org/
packages/limma/versions/3.28.14/topics/
voomWithQualityWeights;
RRID:SCR_010943

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice

C57BI6/J mice (8-16 weeks: WT) were obtained from the mouse facility at Washington University School of Medicine or Baylor
College of Medicine. Standard rodent chow and water were available ad /ibitum throughout the experiment. /frd7~/~ mice were a
kind gift from Dr. Lukas Huber (Medical University Innsbruck) and Dr. Deborah Rubin (Washington University School of Medicine).
Mice were housed in groups of four to five in a temperature- (22 + 1°C) and humidity-controlled vivarium with lights maintained
on a 12:12 light/dark cycle. All animal experimental procedures were approved by the Institutional Animal Care and Use Committee
at Washington University School of Medicine (Animal Welfare Assurance #A-3381-01) and Baylor College of Medicine (Animal
protocol number AN-8629). All mice were humanely euthanized at the end of each experiment. Both male and female age-matched
mice were used for the experiments.

Mouse genotyping

Mice were bred Ifrd1*/~ to Ifrd 1"/~ for the generation of Ifrd7~/~ mice and WT littermate controls. Each mouse used was genotyped by
PCR amplification. The genomic DNA was extracted from ear tissue that was subsequently amplified using specific WT and mutant
primer pairs for two different reactions (see Table S1) using Long Amp Tag DNA Polymerase in the presence of 5% DMSO. PCR was
performed under the following settings: 94°C (Initial denaturation), 30 seconds, start cycle- 94°C, 30 seconds (Denaturation); 50°C,
30 seconds (Annealing); 65°C, 90 seconds (Extension) for 30 cycles, 65°C, 10 minutes (Final extension). The PCR products were run
on 1.5% agarose gel to determine the genotype based on the presence and absence of bands in each reaction as follows: WT mouse
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gives a band of 1233bp exclusively in the WT primer pair reaction and a knockout mouse gives a band of 867bp exclusively in the
mutant primer pair reaction. A heterozygous mouse gives a band in both the reactions: 1233bp in WT and 867bp in mutant.

METHOD DETAILS

Cell lines
Human urinary urothelial carcinoma cell line (5637, HTB9) (ATCC) was cultured in RPMI 1640 media with 10% fetal bovine serum in a
humidified atmosphere at 37°C with 5% CO2.

Immunofluorescence

Prior to sacrifice, the mouse bladders were voided, and the harvested bladders were removed and fixed in methacarn (60%
methanol, 30% chloroform, and 10% acetic acid) for 20 minutes, before embedding within paraffin. The sections were deparaffinized
by soaking in 3 separate solutions of 100% Histoclear for 5 minutes each. Sections were rehydrated in decreasing concentrations of
ethanol (100%, 90%, 70%, 50%) for 5 minutes per concentration and soaked in 1X PBS for 5 minutes. Heat induced epitope retrieval
was then performed for 5 min in sodium citrate buffer, pH 6, by subjecting the samples to high pressure in an Instant Pot. After the
pressure was released, sections were washed in 1X PBS three times, for 5 minutes. Subsequently the sections were blocked in 1%
bovine serum albumin for 1 hour at room temperature, followed by antibody staining with antibodies against: Uroplakin Ill (Fitzgerald,
NA), BiP (Cell Signaling Technology, C50B12), p27kip1 (Abcam, ab190851), E-Cadherin (BD Biosciences 610181) and Ki67 (Abcam,
ab833) in blocking buffer containing 0.1% Tween-20 overnight at 4°C. Sections were rinsed in 1X PBS (3 times, 5 minutes each), and
incubated in appropriate fluorescently labeled secondary antibodies for 1 hour at room temperature and rinsed in 1X PBS (3 times,
5 minutes each). Sections were applied with Prolong Gold Antifade reagent with DAPI (P36935, Thermo Fisher Scientific, USA) and
sealed with cover glass before proceeding with imaging. Images were taken on either a Zeiss Apotome microscope at 40x
magnification or ECLIPSE Ni Epi-fluorescence Upright Microscope (Nikon, USA).

X-gal staining

For the X-gal staining on frozen bladder (WT and /frd7~~ mice) sections, the protocol from The Jackson Laboratory was followed.
Briefly, Optimal Cutting Temperature (OCT)-frozen ten-micron bladder sections on slides were fixed in slide fixative (0.2% Gluteral-
dehyde in PBS) for 10 minutes on ice. The sections were rinsed and washed in PBS for 10 minutes, and washed in detergent rinse
(0.02% Igepal, 0.01% Sodium Deoxycholate, and 2mM MgCI2 in PBS) for 10 minutes. The slides were then immersed in 1 mg/ml
X-gal (americanBIO; AB15080) staining solution (0.02% Igepal, 0.01% Sodium Deoxycholate, 5 mM Potassium Ferricyanide,
5mM Potassium Ferrocyanide, and 2 mM MgCl, in PBS) for 3 hours at 37°C in the dark. The slides were then post-fixed in 4%
paraformaldehyde (PFA) for 10 minutes followed by a rinse and a wash in PBS, two washes in distilled water (5 minutes each),
counter-stained with Nuclear Fast Red (Sigma, N8002) and rinsed in distilled water before a final wash in distilled water. Sections
were then dehydrated and mounted with permount and sealed with coverslip before proceeding with imaging. For the whole organs’
staining, the Ifrd1~/~ mice organs (bladder, pancreas, stomach, kidney) were dissected, washed in ice-cold PBS and fixed for 2 hours
in a 2% PFA/0.2% glutaraldehyde/PBS solution at 4°C. Samples were then washed three times for 10 minutes with rinse buffer
(2 mM MgClI2, 0.1% Igepal in PBS) and stained for 16 hours in 1mg/ml X-gal staining solution (5 mM Potassium Ferricyanide,
5 mM Potassium Ferricyanide in rinse buffer). Subsequently, samples were washed, fixed with 4% paraformaldehyde for 16 hours,
embedded in paraffin, sectioned (at 4 um), and counter-stained with Nuclear Fast Red.

In vivo permeability assay

WT and /frd7~'~ mice were subjected to sleep-like state using low-dose isoflurane and transferred to a holding pan to spread the
limbs and expose the urethral orifice. Urine was extracted by gently pressing the abdomen. 50 pl of 10 mg/ml of fluorescein
isothiocyanate (FITC)-conjugated-dextran (FITC-dextran, 10000MW, Cat. No. D1820, Invitrogen) in 1X PBS was injected transureth-
rally into the bladder lumen. Mice were allowed to recover and sacrificed 1.5 hours before bladders were collected. Bladders were
embedded in OCT for cryosectioning at 10 um thickness and mounted on microscope slides. Slides were dipped in 1XPBS 5 times to
remove excess OCT and added with DAPI-containing ProLong Gold antifade reagent. Sections were examined under a fluorescence
microscope. Images were analyzed for FITC-dextran signal by random selection of Region of Interest (ROI) along the urothelium.
Multiple ROIls from the same mouse were averaged and the mean of means were plotted to compare the fluorescent signal between
the two groups. Fluorescent signals were determined by NIS Elements AR v.5.42.02 (Build 1802, Nikon, Tokyo, Japan) were used for
comparison.

H&E staining

Bladder sections from WT and /frd1~/~ mice were deparaffinized by soaking in 3 separate solutions of 100% Histoclear for 5 minutes
each. Sections were rehydrated in decreasing concentrations of ethanol (100%, 90%, 70%, 50%) for 5 minutes per concentration.
Staining of the nuclei was performed by soaking the sections in Hematoxylin solution for 5 minutes followed by rinsing in running tap
water to remove excess Hematoxylin solution. Sections were dipped quickly into an acid alcohol solution, soaked for 5 minutes in
sodium bicarbonate solution, followed by rinsing in distilled water. Staining of the cytosol was done immediately by dipping the slides
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3 times in Eosin solution, soaking in increasing concentrations of ethanol (50%, 70%, 90%, 100%) for 3 minutes each, followed by a
final dip in Histoclear. Sections were applied with xylene-based mounting medium, covered with cover glass, and edges were sealed
with clear nail polish. Image capture was performed with a Panoramic Midi microscope (3DHISTECH Ltd, Hungary).

Transmission electron microscopy (TEM) and quantification of cell structures

Whole bladders of WT and /frd1~/~ mice were fixed with fixative containing 2.5% glutaraldehyde and 2% paraformaldehyde in 0.1M
sodium cacodylate. Samples were rinsed three times in sodium cacodylate buffer and post-fixed in 1% osmium tetroxide (Polyscien-
ces Inc.) for 1 hour, stained in 1% aqueous uranyl acetate (Ted Pella Inc., Redding, CA) for 1 hour, rinsed and dehydrated in a graded
series of ethanol and embedded in Eponate 12 resin (Ted Pella Inc.). Sections of 95 nm were cut with a Leica Ultracut UCT ultrami-
crotome (Leica Microsystems Inc., Bannockburn, IL), stained with uranyl acetate and lead citrate, and viewed on a JEOL 1200 EX
transmission electron microscope (JEOL USA Inc., Peabody, MA) equipped with an AMT 8 megapixel digital camera and AMT Image
Capture Engine V602 software (Advanced Microscopy Techniques, Woburn, MA). For quantification of endolysosomes, images of
superficial cells were taken at 2500x. A total of 40-97 images between the two groups (WT and /frd1~/~) were counted to determine
the number of endolysosomes per 100 um? surface area examined.

TUNEL and SunSET assays

Prior to sacrifice, the mouse bladders were voided, and the harvested bladders were flash frozen using OCT. Seven-micron sections
were then stained with TUNEL according to manufacturer’s protocol (Roche 11684795910, In Situ Cell Death Detection Kit). Images
were taken on a Zeiss Apotome microscope (n=3 mice). For measurement of protein synthesis via SUnSET assay, the sections were
fixed in 10% formalin for 15 minutes at room temperature, rinsed in 1X PBS (3 times, 5 minutes each) and then blocked in 1% bovine
serum albumin containing 0.1% Triton X-100. Sections were then incubated overnight with antibody against puromycin (MABE343,
EMD Millipore) at 4°C. Sections were rinsed in 1X PBS (3 times, 5 minutes each), and incubated in fluorescently labeled secondary
antibody for 1 hour at room temperature and rinsed in 1X PBS (3 times, 5 minutes each). Sections were applied with Prolong Gold
Antifade reagent with DAPI and sealed with cover glass before proceeding with imaging. Images were taken on ECLIPSE Ni Epi-fluo-
rescence Upright Microscope (Nikon, USA). For quantification of puromycin signal, mean intensity of multiple ROls from experimental
replicates of a single mouse were averaged to plot the difference in intensities between the two groups (n=3 mice/group).

Urine cytology

WT and Ifrd1~’~ mouse urine samples were collected for sediment analysis (10 pl urine plus 40 pul 1X PBS) and subjected to cytospin3.
Sediments on the microscope slides were fixed in acetic acid/alcohol for 15 minutes and subjected to EprediaT"’I Papanicolaou EA
Staining (22-050-211, Thermo Fisher Scientific, USA) following the manufacturer’s protocol. Bright field images from a whole slide
scanner were used to identify and count the sloughed urothelial cells.

In vivo ROS assay and imaging

OCT-embedded fresh young and aged bladders were cut into 10 um thickness and mounted in glass slides for staining. Sections
were soaked in ROS-sensing dye (Dihydro-Ethidium: DHE), incubated for 10 minutes at room temperature, washed in 1X PBS,
and followed by counterstaining with DAPI. Fluorescent signals were determined by NIS Elements AR v.5.42.02 (Build 1802, Nikon,
Tokyo, Japan) were used for comparison. Signal intensity along the urothelium of multiple images per mouse were calculated, aver-
aged, and plotted to compare the fold-change between WT and /frd7~/~ groups.

Void spot assay (VSA)

VSA was conducted by following protocols from previously published articles with modifications.®*" Briefly, individual mice
(n=4/group) were placed in enclosures, lined with filter paper (Whatman #1). After a fixed interval of 4 hours, where water was withheld
but food was not, the filter paper was removed, and urine spots were visualized using ninhydrin. The dried filter paper was then
scanned and the number, size, and distribution of spots were quantified using Image J.'°° Each spot on the filter paper represents
an individual void, with each mouse voiding a number of times throughout the 4-hour assay period. The size and area of each void
was quantified.

Co-immunoprecipitation and proteomic analysis
Dynabeads Protein A for Immunoprecipitation (Thermo Fisher, 10001D) were resuspended in PBS for 10 minutes prior to incubation
with anti-IFRD1 (Abcam, ab229720) and Rabbit IgG (Cell Signaling, 2729S) antibodies. For immunoprecipitation, cultured 5637 hu-
man bladder cancer cells were lysed in Pierce IP Lysis Buffer (ThermoFisher, 87787) containing Protease Inhibitor (Pierce, A32969),
and incubated for 30 minutes at room temperature. The lysate was centrifuged, and supernatant transferred to the prepared Dyna-
beads. Beads were incubated overnight at 4°C and washed three times in PBS by gently pipetting up and down with wash buffer to
remove unbound proteins. Beads were resuspended in PBS and submitted to the Proteomics Core Laboratory at Washington
University in St Louis for MS/MS analysis.

For database searching, the tandem mass spectra were extracted by the search engine Mascot (version 2.5.1). Mascot searched
the UNI-HUMAN-REF-20190731 database containing 20667 entries. Mascot was searched with a fragment ion mass tolerance of
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0.05.0 Da and a parent ion tolerance of 25 parts per million. In Mascot, Carbamidomethyl of cysteine was specified as a fixed modi-
fication; and the following were specified as variable modifications: GIn->pyro-Glu of the N-terminus, deamidation of asparagine and
glutamine, oxidation of methionine and acetylation of the N-terminus.

Criteria for protein identification was done using Scaffold_4.11.0 Proteome Software, which validated MS/MS based peptide
and protein identifications. Identification of peptides required FDR <1.0% using the Scaffold Local FDR algorithm. Proteins were
identified and accepted if established at FDR <0.05% probability, with a minimum of 1 identified peptide. Proteins probabilities
were assigned using the Protein Prophet algorithm®® (Adapted from Scaffold_4.11.0).

RNA-sequencing

Preparation of bladders for RNA isolation and sequencing were done as described in Ligon et al. (2020)''° (GSE149571). Briefly,
bladders were snap frozen, homogenized and RNA isolated using RNeasy Mini Kit (Qiagen, 74101). Preparation of libraries was
performed using Ribo-Zero rRNA depletion kit (lllumina) and then sequenced on HiSeq3000 (lllumina). Reads were aligned to the
Ensembl GRCm38.76 top-level assembly with STAR version 2.0.4b.'°° Gene counts were produced from the uniquely aligned un-
ambiguous reads by Subread:feature Count version 1.4.5,'°" and transcript counts were derived by Sailfish version 0.6.3.'%? Using
RSeQC version 2.3,'% sequencing performance was determined for the total number of aligned reads, total number of uniquely
aligned reads, genes and transcripts detected, ribosomal fraction, known junction saturation and read distribution over known
gene models. Gene counts were then imported into R/Bioconductor package EdgeR'®* and TMM normalization size factors were
calculated to adjust samples for differences in library size. Ribosomal features and features not expressed in at least three samples
were excluded from further analysis. TMM size factors were recalculated to create effective TMM size factors. These effective TMM
factors and matrix counts were then imported into R/Bioconductor package Limma, %> and voomWithQualityWeights'°®'°® function
was used to calculate the observed mean-variance relationship of every gene/transcript and sample. Gene/transcript level differen-
tial expression was evaluated using generalized linear models, which were filtered for False Discovery Rate (FDR)-adjusted p-values
less than or equal to 0.05.

Real-time quantitative PCR (RT-gPCR)

Bladders of young WT and /frd7~~ mice were collected and homogenized in TRIzol™ Reagent (15596026, Thermo Fisher Scientific,
USA) to extract total RNA followed by DNase | treatment (18068-015, Thermo Fisher Scientific, USA) following manufacturer’s pro-
tocol. One microgram of total RNA was utilized to perform cDNA synthesis using SuperScript™ Il Reverse Transcriptase (18064-014,
Thermo Fisher Scientific, USA) following manufacturer’s protocol. All cDNAs were diluted to 1:8 with RNase-free water prior to use.
Primer designs (seeTable S1) and gRT-PCR setup was performed using SsoAdvanced Universal SYBR® Green Supermix (1725274,
Bio-Rad, USA) following manufacturer’s protocol in 10 pl reactions (5 ul Supermix; 1 uL each of Forward and Reverse Primers; 2 uL
diluted cDNA; 1 puL RNase-free water), each reaction was done in triplicate. 18S rRNA was used as a housekeeping gene. The
RT-qPCR reaction was run in QuantStudio™3 Real-Time PCR System (Applied Biosystems™, USA) using the following settings:
98°C, 3 minutes (initial activation); 98°C, 30 seconds (Denaturation); 58°C, 30 seconds (Annealing/Extension); 40 cycles. Relative
expression was calculated using the Double Delta Ct Value and normalized to 18S.

Stripped bladder epithelium

WT and /frd7~/~ mice were euthanized and bladders were extracted and placed on petri dish with ice-cold 1X PBS, divided into
3 longitudinally cut sections, and dissected to separate lamina propria from the detrusor muscle. Isolated lamina propria were
then scraped gently with scalpel blade to collect the urothelium layer ''"''?, Liquid suspension of urothelial cells was transferred
into a clean 5 mL cone-bottom tube and spun quickly for 10 seconds at 300 rpm. Supernatant was discarded and pellet was resus-
pended in RIPA lysis buffer supplemented with Protease and Phosphatase inhibitors for total protein extraction and western blotting.

Western blotting

WT and /frd 1™/~ bladders of young mice were collected and homogenized in RIPA lysis buffer to extract total proteins. Total protein
was quantitated using a BCA assay (Pierce ™ BCA Protein Assay Kit, 23225, Thermo Fisher Scientific, USA). 10-30 ug of protein was
loaded onto precast gel (NP0321, NUPAGE ™ 4-12%, Bis-Tris, Mini Protein Gels, ThermoFisher Scientific, USA) and resolved at 135
volts for 90 minutes. Protein bands were immobilized through transfer to PVDF membrane (IPFLO0010, Immobilon Transfer Mem-
brane, Millipore, Ireland) for 90 minutes at 30 volts in ice using the NUPAGE™ Transfer Buffer (20X) diluted to 1X in the presence
of 10% Methanol. The membrane was treated with blocking buffer (927-60001, Intercept® [TBS] Blocking Buffer, LI-COR, USA)
for 1 hour at room temperature with gentle agitation. Membranes were incubated with primary antibody [IFRD1 (abcam,
ab229720), BiP (CST, 3177S), ATF6 (Thermo Fisher, PA5-20216), XBP1 (CST, 40435S), EDEM1 (Proteintech, 26226-1-AP), PERK
(CST, 5683S), p-PERK (Thermo Fisher, PA5-102853), elF2¢. (CST, 9722S), p-elF2« (CST, 3398S), ATF4 (Abcam, AB1371), CHOP
(CST, 289589)] solution (1:1000) in blocking buffer plus 0.1% Tween-20, overnight at 4°C with agitation. Beta-actin (CST, 3700S)
was used as a loading control. Membranes were washed in 1X TBS with 0.1% Tween-20, 5 times, for 5 minutes each at room tem-
perature with agitation followed by treatment with appropriate secondary antibody solution in blocking buffer plus 0.1% Tween-20 for
1 hour at room temperature with agitation. Membranes were washed in 1X TBS with 0.1% Tween-20, 5 times, for 5 minutes each at
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room temperature with agitation followed by washing in 1X TBS 2 times, for 5 minutes each. Imaging was performed using the
ChemiDoc™ MP imaging system (Bio-Rad, USA). Densitometric analysis was done using Bio-Rad Image Lab software (6.1).

QUANTIFICATION AND STATISTICAL ANALYSIS

All measured values were plotted using GraphPad Prism versions 9.0.1 to 10.2.2 (GraphPad Software, La Jolla, CA, USA). Standard
statistical approaches were used. For data that would obviously not be normally distributed based on experimental design or data
that exhibited highly non-equal variance or obvious non-normalcy, a non-parametric rank-sum test was used (Mann-Whitney for
Figures 2E, 2G, 3D, 3F, 3G, 4C-4G, 41, 4J, 4L-4N, 4P-4T, 4V-4W, and 5F), otherwise unpaired t-tests were used when data approx-
imated normal distribution (for Figures 5B, 5C, 5I, and 5J). “n” for each experiment and statistical test used are indicated in figure
legends. Data were expressed as mean + Standard Deviation (SD, for Figures 2G, 3F, 3G, 4C-4G, 4l, 4J, 4L-4N, 4P-4T, 4V, 4W,
5B, 5C, 5F, 5G, and 5J) and where means of means were plotted, data were expressed as + Standard Error of the Mean (SEM,
for Figures 2E, 3D, and 5I).
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