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ABSTRACT 

A healthy bladder requires the homeostatic maintenance of and rapid regeneration of urothelium upon 

stress/injury/infection. Several factors have been identified to play important roles in urothelial 

development, injury and disease response, however, little is known about urothelial regulation at 

homeostasis. Here, we identify a new role for IFRD1, a stress-induced gene that has recently been 

demonstrated to play a critical role in adult tissue proliferation and regeneration, in maintenance of 

urothelial function/ homeostasis in a mouse model. We show that the mouse bladder expresses IFRD1 at 

homeostasis and its loss alters the global transcriptome of the bladder with significant accumulation of 

cellular organelles including multivesicular bodies with undigested cargo, lysosomes and mitochondria. 

We demonstrate that IFRD1 interacts with several mRNA-translation-regulating factors in human urothelial 

cells and that the urothelium of Ifrd1−/− mice reveal decreased global translation and enhanced endoplasmic 

reticulum (ER) stress response. Ifrd1−/− bladders have activation of the unfolded protein response (UPR) 

pathway, specifically the PERK arm, with a concomitant increase in oxidative stress and spontaneous 

exfoliation of urothelial cells. Further, we show that such increase in cell shedding is associated with a 

compensatory proliferation of the basal cells but impaired regeneration of superficial cells. Finally, we 

show that upon loss of IFRD1, mice display aberrant voiding behavior. Thus, we propose that IFRD1 is at 

the center of many crucial cellular pathways that work together to maintain urothelial homeostasis, 

highlighting its importance as a target for diagnosis and/or therapy in bladder conditions.    
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INTRODUCTION 

The urinary bladder performs the primary function of storing and releasing urine and is lined with 

a pseudo-stratified transitional layer, i.e., urothelium, which forms a highly specialized impermeable barrier 

and is composed of three main cell types (superficial, intermediate, and basal). The superficial cell layer 

harbors uroplakin proteins that localize to the superficial apical plasma membrane and help form the 

impermeability barrier and protect from toxic factors in urine 1. Under homeostatic conditions, the 

urothelium is quiescent and has the slowest turnover of any mammalian epithelia 2–4. However upon injury, 

there is a rapid activation of regenerative response leading to complete restoration within 72 hours post 

injury 5–10. A number of factors have been identified to play important roles in urothelial development, 

injury and disease response 11–14.  

The bladder undergoes distension-contraction cycles as it fills and voids throughout each day and 

across the whole lifespan. The vast changes in apical membrane surface area required by voiding cycles 

depend on superficial cells’ intracellular discoidal fusiform vesicles lined with four uroplakin proteins (Ia, 

Ib, II, and III) that are recruited to the apical surface during distension 15–19. Upon contraction, these 

uroplakin proteins are then recycled via endocytosis and multivesicular bodies (MVB) trafficking to 

decrease the size of the urothelial membrane; damaged uroplakins can also be routed from MVBs to 

lysosomes for degradation  20–23. Thus, the urothelium is exposed to urinary wastes and must withstand 

shear forces from continual expansion and contraction. The molecular mechanisms underpinning how the 

urothelium maintains homeostasis under this state of constant stress is not well understood.  

The interferon-related developmental regulator 1 (IFRD1, a.k.a PC4 and TIS7), is a protein whose 

exact molecular function remains unknown 24–26, but it has recently been shown to play a significant role in 

paligenosis, a cellular dedifferentiation process key for mediating injury response in the pancreas, stomach, 

liver, and kidney. Paligenosis (for pali, return, + gene, generative, + osis, a process) is an evolutionarily 

conserved cellular program that facilitates recruitment of differentiated cells into the cell cycle after injury 
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to regenerate damaged cells 27,28. 29. Both transcription and translation of IFRD1 are stimulated by tissue 

and cell injury, including endoplasmic reticulum (ER) stress; indeed, IFRD1 mRNA is one of a handful of 

transcripts translated even when cellular stress has caused global decrease in translation via phosphorylation 

of the translation-regulating protein eIF2α 30,31. Ifrd1−/− mice are fertile and viable, and young adults have 

not been noted to have phenotypes at homeostasis in multiple organs. 

In this study, we show that, surprisingly, IFRD1 is expressed robustly in the urinary bladder at 

homeostasis (i.e,. in the absence of injury), and, remarkably, loss of function caused significant molecular, 

cellular, and organellar alterations in Ifrd1−/−urothelium. Cytological and immunological assays revealed 

significant increase in cargo-filled multivesicular bodies (MVBs), lysosomes, and mitochondria, and 

abnormal distribution of uroplakin in Ifrd1−/− urothelium. Transcriptomic analysis revealed loss of IFRD1 

led to substantial alterations, including changes in expression of genes encoding pathways regulating 

function of mitochondria, ER, and the cell cycle. We also show that loss of IFRD1 significantly impacted 

global translation levels in the bladder with increased ER stress and activation of the unfolded protein 

response (UPR). Moreover, loss of IFRD1 enhanced the production of reactive oxygen species (ROS), 

increased cell death markers, and increased epithelial cell shedding into the urine. Finally, we note a 

decreased urothelial regenerative capacity and aberrant voiding behavior in Ifrd1−/− mice. Overall, our data 

demonstrate the importance of IFRD1 in maintaining bladder homeostasis. 

RESULTS 

IFRD1 is expressed in bladder at homeostasis and loss of IFRD1 causes alterations in urothelial 

cellular architecture and molecular pathways. 

Young (8-12 weeks old) wild-type (WT) mouse bladders showed robust expression of IFRD1 

protein (Figure 1A, lane 1), whereas, as expected, Ifrd1−/− mice did not have detectable IFRD1 (Figure 

1A, lane 2), supporting our use of this mouse model to dissect the role of IFRD1 in bladder homeostasis. 

To assess how the loss of IFRD1 affects the global environment of the bladder at homeostasis, we performed 
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total RNA Sequencing (RNAseq) on bladder tissue from young WT and age-matched Ifrd1−/− mice. In 

comparison with WT bladders, Ifrd1−/− bladders displayed at least 1.5-fold (FDR-adjusted P<0.05) decrease 

in expression of 53 genes and increase in expression of 161 genes (Figure 1B). Gene set enrichment 

analysis of this altered bladder transcriptome using the MSigDB Collections identified statistically 

significant downregulation of 8 pathways and upregulation of 20 in Ifrd1−/−mice (Figure 1C). Notably, the 

downregulated pathways included protein secretion, reactive oxygen species, oxidative phosphorylation, 

fatty acid metabolism pathways (Figure 1C), all of which are critical for urothelial function. To determine 

whether these transcriptional alterations were correlated with histological changes associated with the 

bladder tissue, we performed H&E staining of the unperturbed WT and Ifrd1−/− urothelium (Figure 1D). 

Ifrd1−/− bladders were notable for harboring luminal cellular debris, and urothelial cells showed a marked 

and consistent increase in intracellular vesicles (Figure 1D, bottom panel). Transmission electron 

microscopy (TEM) revealed accumulation of multivesicular bodies (MVBs) (red arrow), as recognized by 

their characteristic, vesicle-within-vesicle morphology in Ifrd1−/− superficial cells (Figure 1D) . While the 

MVBs in WT superficial cells had lumens with the characteristic electron-lucent (“empty”) or amorphous 

material, the MVBs of Ifrd1−/− superficial cells were packed with undigested cargo (Figure 1E, right panel, 

white arrows and inset). While we did not observe a significant difference in the amount of total MVBs, 

we found that there was a statistically significant difference in the census of cargo-filled MVBs within the 

Ifrd1−/− superficial cells (Figure 1F). Additionally, Ifrd1−/− superficial urothelial cells harbored more 

numerous mitochondria (black arrow) (Figure 1G) and lysosomes than (Figure 1H) versus WT cells.  

Given that the Ifrd1−/− superficial cells displayed an overabundance of MVBs with undigested 

cargo, we wanted to test whether loss of IFRD1 affected uroplakin trafficking. As expected, uroplakin III 

(UPIII) staining in the WT was expressed along the apical surface of the urothelium (Figure 1I, left panel), 

In contrast uroplakins were diffusely distributed within superficial cells in Ifrd1−/− bladders (Figure 1I, 

right panel), indicating aberrant uroplakin trafficking. Accordingly, transcripts encoding UPIII were 

significantly decreased in Ifrd1−/− bladders (Figure 1J). Together, these findings demonstrate that IFRD1 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 10, 2024. ; https://doi.org/10.1101/2024.01.09.574887doi: bioRxiv preprint 

https://doi.org/10.1101/2024.01.09.574887
http://creativecommons.org/licenses/by-nc-nd/4.0/


is expressed at bladder homeostasis, and its loss is associated with significant cellular and 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 analysis of the urothelial cell line 5637 to capture the IFRD1 

interactome at homeostasis. We performed co-immunoprecipitation followed by tandem mass spectrometry 

(MS/MS) using an antibody that specifically recognizes IFRD1 and a non-specific, IgG control, (Figure 

2A). We identified a total of 2271 proteins that interacted with IFRD1 or the IgG control at a probability 

rate of over 95%. Of those 2271 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 2B). For our analysis, we 

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 2 or more unique peptides and FDR 

<0.05. This resulted in a total of 584 unique proteins (Figure 2C). 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 translation initiation factors 

[eIFs], mRNA binding proteins, preribosome binding factors) (Figure 2C). These molecular findings 

together with our cellular observations of accumulated MVBs with undigested proteinaceous cargo, 

suggested that IFRD1 might affect protein translation.  

To test whether the loss of IFRD1 would influence global protein translation levels in the bladder, 

we performed SunSET (surface sensing of translation) assay utilizing puromycin, an inhibitor of translation 

elongation, that can measure changes to protein synthesis in vivo, as it incorporates into elongating 

polypetide chain and induces translation termination 32. We injected WT and Ifrd1−/− mice with puromycin 
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for 2 hours to allow the incorporation of puromycin into actively translating polypeptides. 

Immunofluorescence analysis showed that global translation in the Ifrd1−/− urothelium was decreased 

versus WT bladders (Figure 2D, E).  

Protein translation is a tightly regulated process in the maintenance of proteostasis and alterations 

are associated with an overabundance of abnormal, misfolded proteins within the endoplasmic reticulum 

(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 (HSPA5), which is upregulated under conditions of ER stress. We found that the Ifrd1−/− urothelium 

showed increased BiP in superficial cells (Figure 2E). And BiP abundance in Ifrd1−/− bladders bladder was 

increased at both transcript (Figure 2F) and protein level (Figure 2G). 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 was effecting the ER stress response. ER stress can be 

induced via the unfolded protein response (UPR) activated by three ER-transmembrane, upstream stress 

sensors: ATF6 (activating transcription factor 6), IRE1α (inositol-requiring enzyme 1α), and PERK (protein 

kinase R-like endoplasmic reticulum kinase) 33,34. Under homeostatic conditions, BiP is bound to the ER-

transmembrane stress sensors proteins, rendering these proteins inactive 33,34. However, unfolded, ER-

associated proteins can bind BiP, dissociating BiP from the sensors. Each sensor, once no longer BiP-

bound, can then activate its signature pattern of downstream gene expression changes (schematized in 

Figure 3A).  
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We systematically examined impact of loss of IFRD1 on each of the arms of the UPR by analyzing 

the signature downstream targets. First, we examined ATF6. When ATF6 is released from BiP, it 

translocates to the Golgi where it is cleaved to release its N-terminal active form, ATF6-N (cleaved ATF6) 

35. We determined abundance of total (p90) and cleaved (p50) ATF6. We saw no significant ATF6 

activation in Ifrd1−/− bladders (Figure 3B-3C, one-tailed t-test). RT-qPCR analysis of its downstream 

transcriptional target, Xbp1 similarly showed no significant increase in expression (Figure 3D).  

Next, we determined impact of loss of function of IFRD1 on IRE1α which, on release of BiP, 

homodimerizes and autophosphorylates 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 expression of genes such as Edem1 36.. We analyzed 

the levels of Xbp1us and Xbp1s variants transcript and protein levels via RT-qPCR (Figure 3E-3F) and 

WB (Figure 3H top panel, 3I), respectively and saw no significant increase in Ifrd1−/− bladders, consistent 

with IRE1α signaling not being IFRD1-dependent. Further, the XBP1s gene target, Edem1, also showed no 

significant increase in transcript (Figure 3G) or protein (Figure 3H middle panel, 3J) abundance in mouse 

bladders lacking IFRD1 in comparison with WT.  

Finally, we determined whether IFRD1 affects the PERK arm, which similarly to IRE1α, 

homodimerizes and autophosphorylates upon BiP release. Activated PERK then phosphorylates a protein 

that regulates translation initiation, eIF2α. Phosphorylated eIF2α decreases activity of the eIF2 ternary 

complex (eIF2-GTP-tRNAi) that is required for the translation initiation 37,38. 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 Ifrd1−/− bladders compared to that of WT bladders (Figure 3K-3M, one-tailed t-test). If 

PERK were activated in the absence of IFRD1, we would also expect an increase in the phosphorylation of 

p-PERK target, eIF2α. Indeed, our WB analysis revealed a significant increase in the ratio of 

phosphorylated to total eIF2α protein levels (Figure 3O-3R, one-tailed t-test). p-PERK phosphorylation of 

eIF2α leads to global protein translation suppression while favoring translation of select transcripts such as 
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Atf4, which induces expression of genes like Chop (Ddit3) 33,34,39. Accordingly, both Atf4 and its target 

Chop were upregulated significantly at both transcript  and protein level (3S- V) 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 a mediator of the urothelial stress response. 

 

Ifrd1−/− mice display increased urothelial cell death, dysregulated renewal 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 activation of 

CHOP which can in turn lead to apoptosis when stress is not resolved, we examined whether the Ifrd1−/− 

urothelial cells exhibit increased apoptosis. To that end, TUNEL assay, 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 4A). 

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 indicator dye 

Dihydroethidium (DHE) which showed stronger staining as corroborated by the higher fluorescence 

intensity in Ifrd1−/− bladders (Figure 4B). We next examined if the constitutively enhanced ROS and 

apoptosis levels altered the urothelial tissue homeostasis in Ifrd1−/− bladders. TEM images (Figure 4C, 

TEM) and cytological examination of urines (Figure 4C, Pap stain) from WT and Ifrd1−/− mice revealed 

a significant level of spontaneously shed epithelial cells in Ifrd1−/− urine samples. Quantification of the 

shed cells by Pap stain revealed about 4-fold increase in the Ifrd1−/− urine samples at baseline with many 

shed cells also showing strong ROS signal (Figure 4C, D). Thus, not only did the Ifrd1−/− bladders shed a 

significantly higher number of cells, but they were positive for ROS.  
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Under homeostatic conditions, the virtually quiescent urothelium contains few proliferatively 

active cells, which reside within the basal cell compartment (4,8,9,40,41. Urothelial shedding in response to 

unmitigated ROS could represent a stunted response to repair damaged/stressed cells which often leads to 

compensatory proliferation in the basal cell layer of the Ifrd1−/− urothelium. As expected, we found that 

WT bladders contained only scattered Ki67-positive cells (Figure 4E, top). However, within the Ifrd1−/− 

urothelium, we found virtually every basal cell expressed Ki67 (Figure 4E, bottom). Additionally, E-

Cadherin staining, which typically labels cell-cell junctions in basal and intermediate urothelial cells, was 

reduced in the Ifrd1−/− urothelium, further indicating that urothelial integrity is constitutively compromised 

in these mice (Figure 4E).  

Normally, increased proliferation of basal cells fuels subsequent 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 Ifrd1−/− 

urothelium (Figure 4F), and p27kip1 transcript abundance was also decreased overall in Ifrd1−/− bladders 

(Figure 4G). These observations 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, 

potentially compromising urothelial function in storing and voiding of urine. Therefore, we next sought to 

examine the voiding behavior of the WT and Ifrd1−/− mice. When placed on a filter paper, mice typically 

seek edges to urinate. However, Ifrd1−/− mice voided all along the filter paper and on the edges (Figure 

4H, black arrows) with increased overall area covered by urine hinting that the Ifrd1−/− mice suffer 

incontinence (Figure 4I).  

 

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 
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and renewal and restoration of homeostasis. In the current study, we identify a new role for the transcription 

factor, IFRD1(which has largely been studied in tissues for its role in response to cell injury or in aging) in 

preventing spontaneous induction of the bladder injury response. We show that mouse bladder not only 

expresses 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 translation, and Ifrd1−/− 

bladders/urothelium had reduced global translation with concomitant activation of the ER stress response. 

ER stress in the absence of IFRD1 was linked to activation of the PERK arm of unfolded protein response 

(UPR), and the Ifrd1−/− bladders exhibited increased oxidative stress, cell death and reduced terminal 

differentiation and aberrant voiding behavior. Thus, our new work suggests that even homeostatic activity 

of the bladder urothelium could constitute a potential ‘stress’ situation that requires 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 signals/stresses implicated in regulation 

of growth and differentiation of neurons, myocytes, enterocytes 42–45, and elevated levels of IFRD1 are 

observed in multiple acute injury models such as muscle trauma, small intestine resection, ischemia-

reperfusion, stroke 44,46–48 highlighting a key role for IFRD1 in mediating cellular and tissue regeneration 

after injury. Our work on paligenosis reiterated 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 human. Additionally, injury-induced expression of IFRD1 is found to be 

conserved in other organisms such as Axolotls and Schizosaccharomyces pombe 27,49. 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 trafficking and recycling of uroplakins that produces a consistent stressed state, requiring the 

urothelium to constitutively express stress-relieving proteins.  
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Injury and infections are 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 50,51. However, when UPR fails to do this, ER functions such as protein-folding, processing 

and trafficking are impaired 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 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 correlated 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 8,52,53. Thus, Ifrd1−/− mice may experience cell 

death and shedding of cells even prior to terminal differentiation, correlating with the reduction in p27kip1 

staining and expression.  

The increased shedding and other cellular abnormalities in Ifrd1−/− mice are reminiscent of recent 

work 54 from our group demonstrating that aged bladders (>15 months of age) show enhanced DNA 

damage, increased ROS, and higher levels of epithelial shedding. 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. In ongoing studies, 
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we will determine if IFRD1 expression decreases with aging and if that might be a molecular basis for the 

aging phenotype. 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 interaction with the HDACs 55–57. 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 58, we could speculate that alterations 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 hints that the seemingly quiescent urothelium is under a constant state of stress 

owing to the massive structural transitions it undergoes daily during normal voiding behaviors and that 

IFRD1 plays a key role in modulating the ER stress response and maintaining the urothelial homeostasis.  

Loss of IFRD1 appears to alter voiding dynamics. While 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 women59,60. Specifically, postmenopausal women with SUI 

have shown an activated PERK arm of the UPR with no changes to IRE1α or ATF6 arms, resembling the 

phenotype observed in IFRD1 null mice from our study60. Additionally, this study showed increased 

apoptosis mediated by PERK-ATF4-CHOP correlates with the SUI in postmenopausal women. Similarly, 

IFRD1 mRNA levels were altered in POP tissues compared to controls in modulating the pathogenesis of 

POP59. Given our findings that IFRD1 affects ER stress with a physiologically relevant phenotype that is 

reproduced in women with bladder dysfunctions, studies are warranted to determine the involvement of 

aberrant UPR in POP-SUI pathology and to delineate the sequence of events caused by the absence of 

IFRD1 leading up to the SUI pathology highlighting its importance in diagnosis and/or therapy 61.  

Overall, our findings suggest that IFRD1 is a new player with a critical role in the maintenance of 

urothelial structure and bladder functions at homeostasis and its loss is associated with alterations to 
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proteostasis and impaired superficial cell renewal with pathophysiologic 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/infected/diseased bladders. 
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MAIN FIGURE TITLES AND LEGENDS 

Figure 1. IFRD1 is expressed in bladder at homeostasis and loss of IFRD1 causes alterations in 

urothelial cellular architecture and molecular pathways. 

(A) Western blotting (WB) of wild-type (WT) and Ifrd1 null (Ifrd1−/−) bladders at homeostasis. Beta-actin 

serves as a housekeeping control. (B) Heatmap of the global tissue transcriptome of WT and Ifrd1−/− 

bladders with fold change >1.5 and Benjamini-Hochberg FDR-adjusted p <0.05 (n = 4 bladders/group). (C) 

GSEA Hallmark pathway analysis showing significantly downregulated (red bars) and upregulated (blue 

bars) pathways in Ifrd1−/− bladders with respect to WT, based on fold change expression of related genes. 

(D) H&E staining show vesicles in WT (highlighted in black circles) and accumulated vesicles in Ifrd1−/− 

bladders in the superficial cells. (E) Transmission electron microscopy (TEM) of superficial cells show 

MVB (red arrows) in WT and Ifrd1−/−. MVBs in Ifrd1−/− show accumulated undigested material (white 

arrows). Ifrd1−/− superficial cells also display more lysosomes (yellow arrows) and mitochondria (black 

arrows) compared with WT. Magnified insets show the empty (WT) and cargo-filled (Ifrd1−/−) MVBs. 

(F) Analysis of cargo-filled MVB to total MVB ratio per 100μm2 in WT and Ifrd1−/− superficial cells 

(Mann-Whitney test, unpaired non-parametric test). (G) The number of mitochondria per 100μm2 in WT 

and Ifrd1−/− superficial cells (Mann-Whitney test, unpaired non-parametric test). (H) The number of 

lysosomes per 100μm2 in WT and Ifrd1−/− superficial cells (Mann-Whitney test, unpaired non-parametric 

test). (I) Immunostaining of UPK3A (green) in WT and Ifrd1−/− superficial cell layer (n= 6 

bladders/group). (J) Real-time quantitative PCR (RT-qPCR) analysis of Upk3a transcripts in WT and 

Ifrd1−/− bladders (Mann-Whitney test, unpaired non-parametric test). 

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 

5637 bladder epithelial cell line. (B) Venn diagram shows the relationship of the protein interactors between 
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IgG antibody control and IFRD1 pulldowns. (C) Fold enrichment plot of the GO Molecular Functions of a 

subset of IFRD1 interactors with 2 or more spectral counts. FDR values and fraction (in parenthesis) 

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 Ifrd1−/− urothelia (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 (Data presented as mean 

± SD, n= 4, each point is an average of 3 ROIs from different images, p values by two-tailed unpaired t 

test) (E) Immunostaining of HSPA5 (red) in WT and Ifrd1−/− urothelia. Nuclei are stained with DAPI 

(blue) (n= 3/group). (F) RT-qPCR analysis of Hspa5 transcripts (n=8/group, p value by Mann-Whitney 

test) (G) WB and densitometric quantitation of HSPA5 protein levels. Beta-actin serves as a housekeeping 

control (Data presented as mean ± SD, n = 3/group, p value by one-tailed Mann-Whitney test). 

 

Figure 3. 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 Ifrd1−/− bladders. Beta-actin was used as a loading control. (C) Densitometric quantitation of the ratio 

of cleaved ATF6 to total ATF6 protein levels (Data presented as mean ± SD, n = 3/group, p values by one-

tailed Mann-Whitney test). (D) RT-qPCR analysis of total Xbp1 transcript levels. (Data presented as mean 

± SD, n = 5 WT, 4 Ifrd1−/− bladders, p values by one-tailed Mann-Whitney test) (E) RT-qPCR analysis 

of Xbp1us (unspliced) transcript levels (Data presented as mean ± SD, n = n = 8 WT, 7 Ifrd1−/− bladders, 

p values by one-tailed Mann-Whitney test). (F) RT-qPCR analyses of Xbp1s (spliced) transcript levels 

(Data presented as mean ± SD, n = 4/group, p values by one-tailed Mann-Whitney test). (G) RT-qPCR 

analyses of Edem1 transcript levels (Data presented as mean ± SD, n = 9/group, p values by one-tailed 

Mann-Whitney test). (H) WB of XBP1s, XBP1us, and EDEM1 proteins in WT and Ifrd1−/− bladders. 

Beta-actin was used as a loading control. (I) Densitometric quantitation of the ratio of XBP1s to XBP1us 
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protein levels (Data presented as mean ± SD, n = 3/group, p values by one-tailed Mann-Whitney test). (J) 

Densitometric quantitation of EDEM1 protein levels (Data presented as mean ± SD, n = 3/group, p values 

by one-tailed Mann-Whitney test). (K) WB of PERK and p-PERK proteins in WT and Ifrd1−/− bladders. 

Beta-actin was used as a loading control. (L) Densitometric quantitation of total PERK (Data presented as 

mean ± SD, n = 3/group, p values by two-tailed Mann-Whitney test). (M) Densitometric quantitation of p-

PERK (Data presented as mean ± SD, n = 3/group, p values by two-tailed Mann-Whitney test). (N) 

Densitometric quantitation of the ratio of p-PERK to PERK (Data presented as mean ± SD, n = 3/group, p 

values by one-tailed Mann-Whitney test). (O) WB of eIF2α and p-eIF2α proteins in WT and Ifrd1−/− 

bladders. Beta-actin was used as a loading control. (P) Densitometric quantitation of total eIF2α (Data 

presented as mean ± SD, n = 3 WT, 4 Ifrd1−/− bladders, p values by two-tailed Mann-Whitney test). (Q) 

Densitometric quantitation of p-eIF2α (Data presented as mean ± SD, n = 3 WT, 4 Ifrd1−/− bladders, p 

values by two-tailed Mann-Whitney test). (R) Densitometric quantitation of the ratio of p-eIF2α to eIF2α 

(Data presented as mean ± SD, n = 5 WT, 6 Ifrd1−/− bladders, p values by one-tailed Mann-Whitney test). 

(S) RT-qPCR analysis of Atf4 transcript levels (Data presented as mean ± SD, n = 9/group, p values by two-

tailed Mann-Whitney test). (T) RT-qPCR analysis of Ddit3 transcript levels (Data presented as mean ± SD, 

n = 10 WT, 8 Ifrd1−/− bladders, p values by one-tailed Mann-Whitney test). (U) WB of ATF4 and DDIT3 

proteins in WT and Ifrd1−/− bladders. Beta-actin was used as a loading control. (V) Densitometric 

quantitation of ATF4 (Data presented as mean ± SD, n = 3/group, p values by one-tailed Mann-Whitney 

test). (W) Densitometric quantitation of DDIT3 (Data presented as mean ± SD, n = 6/group, p values by 

one-tailed Mann-Whitney test). 

Figure 4: Ifrd1−/− mice display increased urothelial cell death, dysregulated renewal and aberrant 

voiding behavior. 

(A) TUNEL staining of WT and Ifrd1−/− urothelial cells (n= 3/group). (B) DHE staining of WT and 

Ifrd1−/− urothelia. Quantitation of DHE staining intensity (Data presented as mean ± SD, n= 9, 3 ROIs 

from 3 different images per group, p values by two-tailed unpaired t test). (C) Representative TEM (left) 
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and urine cytology (right) images show exfoliated bladder epithelial cells. Quantitation of exfoliated/shed 

epithelial cells (Data presented as mean ± SD, n = 5 WT, 6 Ifrd1−/− mice, p values by two-tailed unpaired 

t test). (D) Brightfield and immunostaining for DHE (red) in exfoliated epithelial cells of WT and Ifrd1−/− 

bladders. Nuclei are stained with DAPI (blue) (n= 3/group). (E) Immunostaining for Ki-67 (red), E-cadherin 

(green) in WT and Ifrd1−/− urothelial cells (n= 3/group). (F) Immunostaining of CDKN1B (red) in WT 

and Ifrd1−/− urothelia (n= 3/group). (G) RT-qPCR analysis of Cdkn1 transcripts in WT and Ifrd1−/− 

bladders (Data presented as mean ± SD, n = 5 WT, 6 Ifrd1−/−bladders, p values by Mann-Whitney test. 

(H) Representative images and (I) Quantitation of void spot assay of WT and Ifrd1−/− mice (n=8, p-values 

by Mann-Whitney test). 

STAR METHODS 

RESOURCE AVAILABILITY 

Lead contact 

Further information and requests for resources and reagents should be directed to and will be fulfilled by 

the lead contact, Indira U. Mysorekar (Indira.mysorekar@bcm.edu). 

Materials availability 

This study did not generate new unique reagents. 

Data and code availability 

• This study does not report original code. 

• Data are available on the Gene Expression Omnibus under the following identifier: GSE149571. 
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EXPERIMENTAL MODEL AND STUDY PARTICIPANTS 

Mice 

C57B6/J mice (12-16 weeks: WT) were obtained from the mouse facility at Washington University School 

of Medicine and Baylor College of Medicine. Standard rodent chow and water were available ad libitum 

throughout the experiment. Ifrd1−/− 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.  

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 

Following sacrifice, bladders were removed and fixed in methacarn (60% methanol, 30% chloroform, and 

10% acetic acid) for 20mins, 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. Sections were blocked in 1% bovine serum albumin for 1 hour at room 

temperature, followed by antibody staining with antibodies against: Uroplakin III (Fitzgerald, NA), BiP 

(Cell Signaling Technology, C50B12), p27KIP1 (Abcam, ab190851), E-Cadherin (BD Biosciences 
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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 covered 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).  

H&E staining 

Bladder sections from WT and Ifrd1−/− 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 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 and organelles 

Whole bladders of WT and Ifrd1−/− mice were fixed using 2% glutaraldehyde and 3% paraformaldehyde in 

0.1 M sodium cacodylate. Samples were then washed a total of three times in sodium cacodylate buffer and 

post-fixed in 1% osmium tetroxide for one hour, and then stained in 1% uranyl acetate for an hour, before 

being rinsed, dehydrated, and subjected to critical point drying. Bladder samples were then gold-coated and 

viewed using JEOL 1200 EX II Transmission Electron Microscope (JEOL, USA). For quantification of 
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MVB, lysosomes, and mitochondria, images of superficial cells were taken at 2500x. The number of MVBs, 

cargo-containing MVBs, mitochondria, and lysosomes were quantified, and the amounts were reported as 

per 100µm2 surface area examined. (n= 50-150 TEM sections from four individual mice). 

TUNEL and Puromycylation assays 

After sacrifice, mouse bladders were flash frozen using OCT. Seven-micron sections were then stained with 

TUNEL according to manufactures protocol (Roche 11684795910, In Situ Cell Death Detection Kit). 

Images were taken on a Zeiss Apotome microscope (n=4 mice). For puromycylation, the sections were 

fixed in 10% formalin for 15 min at RT, rinsed in 1X PBS (3 times, 5 minutes each) and then blocked in 

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 (P36935, Thermo Fisher Scientific, USA) and covered with cover glass 

before proceeding with imaging. Images were taken on ECLIPSE Ni Epi-fluorescence Upright Microscope 

(Nikon, USA). For quantification of puromycin signal, mean intensity of 3-4 fields from 3-4 different 40X 

images were used (n=3 mice). 

Urine cytology and Dihydroethidium ROS Assay 

WT and Ifrd1−/− mouse urine samples were collected for sediment analysis (10 μl urine plus 40 μl 1X PBS) 

and subjected to cytospin3. Sediments on the microscope slides were fixed in acetic acid/alcohol for 15 

minutes and subjected to Epredia™ 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. 

To assess for the production of ROS by the sloughed superficial cells, 50µl of urine was centrifuged to 

collect cells that were then incubated with 10μM dihydroethidium (ThermoFIsher Scientific, D23107) for 
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30 min at 37°C, rinsed in PBS, and then subjected to cytospin3. Subsequently they were mounted with 

Prolong Diamond Antifade Mountant with DAPI (ThermoFisher Scientific, P36962) and promptly imaged 

using Zeiss Axio Imager M2 Plus Wide Field Fluorescence Microscope. 

Co-Immunoprecipitation and Proteomic Analysis 

Dynabeads Protein A for Immunoprecipitation (ThermoFisher, 10001D) were resuspended in PBS-Tween 

(0.2%)+ Protease Inhibitor, before 10min incubation with anti-IFRD1 (Abcam, ab229720) and Rabbit IgG 

(Cell Signaling, 2729S). Cultured 5637 human bladder cancer cells were lysed in Pierce IP Lysis Buffer 

(ThermoFisher, 87787), and incubated for 30mins at room temperature. Following centrifugation of the 

lysate, the supernatant was transferred to the bead now attached to the antibodies of interest. Beads were 

incubated overnight at 4 °C, and then gently washed to remove unbound proteins. Samples were then 

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 0.05.0 Da and a parent ion tolerance of 25 parts per million. 

In Mascot, Carbamidomethyl of cysteine was specified as a fixed modification; and the following were 

specified as variable modifications: Gln->pyro-Glu of the n terminus, deamidated of asparagine and 

glutamine, oxidation of methionine and acetyl 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 were accepted if established at 

>91.0% probability to achieve an FDR >1.0%, using the Scaffold Local FDR algorithm. Proteins were 

identified and accepted if established at >66.0% 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 
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Preparation of bladders for RNA isolation and sequencing were done as described in Ligon et al (2020). In 

short, bladders were snap frozen and homogenized for RNA isolation using RNeasy Mini Kit (Qiagen, 

74101). Preparation of libraries was done with Ribo-Zero rRNA depletion kit (Illumina) and then sequenced 

on HiSeq3000 (Illumina). Reads were then aligned to the Ensemble top-level assembly with STAR version 

2.0.4b. Gene counts were produced from the uniquely aligned unambiguous 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. All 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. Some features, such as ribosomal and any feature not expressed in at least three samples, were were 

excluded from further analysis and TMM size factors were recalculated to create effective TMM size 

factors. These factors and matrix counts were then imported into R/Bioconductor package Limma, and the 

voomWithQualityWeights function was used to calculate the observed mean-variance relationship of every 

gene/transcript and sample. Generalized linear models were then used to test for gene/transcript level 

differential expression, which were filtered for False Discovery Rate (FDR)-adjusted p-values less than or 

equal to 0.05. 

Quantitative RT-PCR (qRT-PCR) 

Bladders of young WT and Ifrd1−/− mice were collected and homogenized in TRIzol™ Reagent (15596026, 

Thermo Fisher Scientific, USA) to extract total RNA followed by DNase 1 treatment (18068-015, Thermo 

Fisher Scientific, USA) following manufacturer’s protocol. One microgram of total RNA was utilized to 

perform cDNA synthesis using SuperScript™ II Reverse Transcriptase (18064-014, Thermo Fisher 

Scientific, USA) following manufacturer’s protocol. All cDNAs were diluted to 1:8 with RNase-free water 

prior thereafter. Primer designs (see Key Resources Table) and qRT-PCR setup was performed using 

SsoAdvanced Universal SYBR® Green Supermix (1725274, Bio-Rad, USA) following manufacturer’s 
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protocol in 10 μl reactions (5 μl Supermix; 1 μl each of Forward and Reverse Primers; 2 μl diluted cDNA; 

1 μl RNase-free water), each reaction was done in triplicate. 18s rRNA was used as a housekeeping gene. 

The qRT-PCR 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; and instrument default setting for melt-curve analysis. Raw 

quantitation values were used for calculating fold change based on the WT bladder. See TABLE 1 for the 

sequences of primers used.  

Western Blotting 

WT and Ifrd1−/− 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 µg 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. 

Proteins bands were immobilized through transfer to PVDF membrane (IPFL00010, Immobilon Transfer 

Membrane, Millipore, Ireland) for 90 min at 30 volts in ice. 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), eIF2α (CST, 9722S), p-eIF2α (CST, 3398S), 

ATF4 (Abcam, AB1371), CHOP (CST, 2895S)] 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 temperature 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 room temperature with agitation followed by washing in 1x TBS 2 times, 
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for 5 minutes each. Imaging was performed using the ChemiDocTM MP imaging system (Bio-Rad, USA). 

Densitometric analysis was done using Bio-Rad Image Lab software (6.1). 

Statistics 

All measured values were plotted using GraphPad Prism versions 9.0.1 to 10.0.3 (GraphPad Software, La 

Jolla, CA, USA). Data were expressed as mean ± Standard Deviation (SD) (indicated in each figure).  

TABLE 1: Primer sequences used in RT-qPCR analysis 

Gene  Forward Primer (5’    3’) Reverse Primer (5’    3’) 

Xbp1s (spliced) CTGAGTCCGAATCAGGTGCAG GTCCATGGGAAGATGTTCTGG 

Xbp1us (unspliced) CAGCACTCAGACTATGTGCA GTCCATGGGAAGATGTTCTGG 

Total Xbp1  TGGCCGGGTCTGCTGAGTCCG GTCCATGGGAAGATGTTCTGG 

Atf4 GGGTTCTGTCTTCCACTCCA AAGCAGCAGAGTCAGGCTTTC 

Chop CCACCACACCTGAAAGCAGAA AGGTGAAAGGCAGGGACTCA 

BiP TTCAGCCAATTATCAGCAAACTCT TTTTCTGATGTATCCTCTTCACCAGT 

Edem1 CTACCTGCGAAGAGGCCG GTTCATGAGCTGCCCACTGA 

P27Kip1 CGGCGGCAAGGTTTGGAGAGG GGAGGAGGCAGGAGGAGGTGG 
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A B

Figure 1. IFRD1 is expressed in bladder at homeostasis and loss of IFRD1 shows alterations in urothelial cellular 
architecture and molecular pathways. (A) Western blotting (WB) of wild-type (WT) and Ifrd1 null (Ifrd1-/-) bladders at 
homeostasis. Beta-actin serves as a housekeeping control. (B) Heatmap of the global tissue transcriptome of WT and 
Ifrd1-/- bladders with fold change >1.5 and Benjamini-Hochberg FDR-adjusted p <0.05 (n = 4 bladders/group). (C) GSEA 
Hallmark pathway analysis showing significantly downregulated (red bars) and upregulated (blue bars) pathways in Ifrd1-/- 

bladders with respect to WT, based on fold change expression of related genes. (D) H&E staining show vesicles in WT 
(highlighted in black circles) and accumulated vesicles in Ifrd1-/- bladders in the superficial cells. (E) Transmission electron 
microscopy (TEM) of superficial cells show MVB (red arrows) in WT and Ifrd1-/-. MVBs in Ifrd1-/- show accumulated undi-
gested material (white arrows). Ifrd1-/- superficial cells also display more lysosomes (yellow arrows) and mitochondria 
(black arrows) compared with WT. Magnified insets show the empty (WT) and cargo-filled (Ifrd1-/-) MVBs. (F) Analysis of 
cargo-filled MVB to total MVB ratio per 100μm2 in WT and Ifrd1-/- superficial cells (Mann-Whitney test, unpaired non-para-
metric test). (G) The number of mitochondria per 100μm2 in WT and Ifrd1-/- superficial cells (Mann-Whitney test, unpaired 
non-parametric test). (H) The number of lysosomes per 100μm2 in WT and Ifrd1-/- superficial cells (Mann-Whitney test, 
unpaired non-parametric test). (I) Immunostaining of UPK3A (green) in WT and Ifrd1-/- superficial cell layer (n= 6 blad-
ders/group). (J) Real-time quantitative PCR (RT-qPCR) analysis of Upk3a transcripts in WT and Ifrd1-/- bladders 
(Mann-Whitney test, unpaired non-parametric test).
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A

Figure 2: IFRD1 interacts with proteins involved in regulation of RNA translation 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 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 2 
or more spectral counts. FDR values and fraction (in parenthesis) indicated are of those that matched with the reference list in PAN-
THER database. (D) Immunostaining of bladders shows the expression of puromycin (red) in WT and Ifrd1-/- urothelia (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 (Data presented as mean ± SD, n= 4, each point is an average of 3 ROIs 
from different images, p values by two-tailed unpaired t test)  (E) Immunostaining of HSPA5 (red) in WT and Ifrd1-/- urothelia. Nuclei are 
stained with DAPI (blue) (n= 3/group). (F) RT-qPCR analysis of Hspa5 transcripts (n=8/group, p value by Mann-Whitney test) (G) WB 
and densitometric quantitation of HSPA5 protein levels. Beta-actin serves as a housekeeping control (Data presented as mean ± SD, n = 
3/group, p value by one-tailed Mann-Whitney test).
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Figure 3. 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 Ifrd1-/- bladders. Beta-ac-
tin was used as a loading control. (C) Densitometric quantitation of the ratio of cleaved ATF6 to total ATF6 protein levels (Data 
presented as mean ± SD, n = 3/group, p values by one-tailed Mann-Whitney test). (D) RT-qPCR analysis of total Xbp1 transcript 
levels. (Data presented as mean ± SD, n = 5 WT, 4 Ifrd1-/- bladders, p values by one-tailed Mann-Whitney test) (E) RT-qPCR analysis 
of Xbp1us (unspliced) transcript levels (Data presented as mean ± SD, n = n = 8 WT, 7 Ifrd1-/- bladders, p values by one-tailed 
Mann-Whitney test). (F) RT-qPCR analyses of Xbp1s (spliced) transcript levels (Data presented as mean ± SD, n = 4/group, p values 
by one-tailed Mann-Whitney test). (G) RT-qPCR analyses of Edem1 transcript levels (Data presented as mean ± SD, n = 9/group, p 
values by one-tailed Mann-Whitney test). (H) WB of XBP1s, XBP1us, and EDEM1 proteins in WT and Ifrd1-/- bladders. Beta actin was 
used as a loading control. (I) Densitometric quantitation of the ratio of XBP1s to XBP1us protein levels (Data presented as mean ± 
SD, n = 3/group, p values by one-tailed Mann-Whitney test). (J) Densitometric quantitation of EDEM1 protein levels (Data presented 
as mean ± SD, n = 3/group, p values by one-tailed Mann-Whitney test). (K) WB of PERK and p-PERK proteins in WT and Ifrd1-/- 

bladders. Beta-actin was used as a loading control. (L) Densitometric quantitation of total PERK (Data presented as mean ± SD, n = 
3/group, p values by two-tailed Mann-Whitney test). (M) Densitometric quantitation of p-PERK (Data presented as mean ± SD, n = 
3/group, p values by two-tailed Mann-Whitney test). (N) Densitometric quantitation of the ratio of p-PERK to PERK (Data presented 
as mean ± SD, n = 3/group, p values by one-tailed Mann-Whitney test). (O) Ifrd1-/- 

bladders. Beta-actin was used as a loading control. (P) 
WT, 4 Ifrd1-/- bladders, p values by two-tailed Mann-Whitney test). (Q) 
± SD, n = 3 WT, 4 Ifrd1-/- bladders, p values by two-tailed Mann-Whitney test).  (R) 

Ifrd1-/- bladders, p values by one-tailed Mann-Whitney test). (S) RT-qPCR analysis 
of Atf4 transcript levels (Data presented as mean ± SD, n = 9/group, p values by two-tailed Mann-Whitney test). (T) RT-qPCR analy-
sis of Ddit3 transcript levels (Data presented as mean ± SD, n = 10 WT, 8 Ifrd1-/- bladders, p values by one-tailed Mann-Whitney test). 
(U) WB of ATF4 and DDIT3 proteins in WT and Ifrd1-/-  bladders. Beta-actin was used as a loading control. (V) Densitometric quantita-
tion of ATF4 (Data presented as mean ± SD, n = 3/group, p values by one-tailed Mann-Whitney test). (W) Densitometric quantitation 
of DDIT3 (Data presented as mean ± SD, n = 6/group, p values by one-tailed Mann-Whitney test). 
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Figure 4. Ifrd1 null mice display increased urothelial cell death, dysregulated renewal and aberrant voiding behavior. (A) TUNEL staining of WT and 
Ifrd1-/- urothelial cells (n= 3/group). (B) DHE staining of WT and Ifrd1-/- urothelia. Quantitation of DHE staining intensity (Data presented as mean ± SD, n= 9, 3 
ROIs from 3 different images per group, p values by two-tailed unpaired t test). (C) Representative TEM (left) and urine cytology (right) images show exfoliated 
bladder epithelial cells. Quantitation of exfoliated/shed epithelial cells (Data presented as mean ± SD, n= 5 WT, 6 Ifrd1-/- mice, p values by two-tailed unpaired t 
test). (D) Brightfield and immunostaining for DHE (red) in exfoliated epithelial cells of WT and Ifrd1-/- bladders. Nuclei are stained with DAPI (blue) (n= 3/group). 
(E) Immunostaining for Ki-67 (red), E-cadherin (green) in WT and Ifrd1-/- urothelial cells (n= 3/group). (F) Immunostaining of CDKN1B (red) in WT and Ifrd1-/- 

urothelia (n= 3/group). (G) RT-qPCR analysis of Cdkn1 transcripts in WT and Ifrd1-/- bladders (Data presented as mean ± SD, n= 5 WT, 6 Ifrd1-/- bladders, p 
values by Mann-Whitney test. (H) Representative images and (I) quantitation of void spot assay of WT and Ifrd1-/- mice (n=8, p-values by Mann-Whitney test).
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