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Abstract

Background & Aims—Single immunoglobulin and toll-interleukin 1 receptor (SIGIRR), a 

negative regulator of the Toll-like and interleukin-1 receptor (IL1R) signaling pathways, controls 

intestinal inflammation and suppresses colon tumorigenesis in mice. However, the importance of 

SIGIRR in human colorectal cancer development has not been determined. We investigated the 

role of SIGIRR in development of human colorectal cancer.
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Methods—We performed RNA sequence analyses of pairs of colon tumor and non-tumor tissues, 

each collected from 68 patients. Immunoblot and immunofluorescence analyses were used to 

determine levels of SIGIRR protein in primary human colonic epithelial cells, tumor tissues, and 

colon cancer cell lines. We expressed SIGIRR and mutant forms of the protein in Vaco cell lines. 

We created and analyzed mice that expressed full-length (control) or a mutant form of Sigirr 
(encoding SIGIRRN86/102S, which is not glycosylated) specifically in the intestinal epithelium. 

Some mice were given azoxymethane and dextran sulfate sodium to induce colitis-associated 

cancer. Intestinal tissues were collected and analyzed by immunohistochemical and gene 

expression profile analyses.

Results—RNA sequence analyses revealed increased expression of a SIGIRR mRNA isoform, 

SIGIRRΔE8, in colorectal cancer tissues compared to paired non-tumor tissues. SIGIRRΔE8 is not 

modified by complex glycans and is therefore retained in the cytoplasm—it cannot localize to the 

cell membrane or reduce IL1R signaling. SIGIRRΔE8 interacts with and has a dominant-negative 

effect on SIGIRR, reducing its glycosylation, localization to the cell surface, and function. Most 

SIGIRR detected in human colon cancer tissues was cytoplasmic, whereas in non-tumor tissues it 

was found at the cell membrane. Mice that expressed SIGIRRN86/102S developed more 

inflammation and formed larger tumors after administration of azoxymethane and dextran sulfate 

sodium than control mice; colon tissues from these mutant mice expressed higher levels of the 

inflammatory cytokines IL17A and IL6 had activation of the transcription factors STAT3 and 

NFκB. SIGIRRN86/102S expressed in colons of mice did not localize to the epithelial cell surface.

Conclusion—Levels of SIGIRR are lower in human colorectal tumors, compared with non-

tumor tissues; tumors contain the dominant-negative isoform SIGIRRΔE8. This mutant protein 

blocks localization of full-length SIGIRR to the surface of colon epithelial cells and its ability to 

downregulate IL1R signaling. Expression of SIGIRRN86/102S in the colonic epithelium of mice 

increases expression of inflammatory cytokines and formation and size of colitis-associated 

tumors.
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Introduction

Colorectal carcinoma (CRC) is one of the leading causes of cancer-related mortality in the 

United States 1. The development of the CRCs exemplifies the multistep transformation 

model of tumorigenesis 2. They arise from mutational activation of oncogenes coupled with 

inactivation of tumor suppressor genes as a result of genomic instability 2. Somatic 

mutations accumulate in benign adenomas over time and with the influence from 

environmental factors such as inflammation, eventually lead to malignant transformation 

into carcinoma 23.

Inappropriate activation of toll-Interleukin-1 receptor (TLR-IL-1R) signaling by commensal 

bacteria contributes to the pathogenesis of inflammatory bowel diseases and colitis-

associated cancer 4567. The single immunoglobulin interleukin 1 receptor related molecule 

(SIGIRR, also named TIR8) plays a critical role in modulating intestinal inflammation and 
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suppressing colon tumorigenesis 89. SIGIRR is a unique member of the TLR-IL-1R 

superfamily, with a single immunoglobulin (Ig) extracellular domain and a TIR intracellular 

domain 10, 11. SIGIRR is highly expressed in intestinal epithelial cells 12 and functions as a 

negative regulator for IL-1, IL-33, LPS and CpG signaling 1113. We and others previously 

reported that SIGIRR-deficient mice are more susceptible to chemical induced colitis and 

exhibit increased tumorigenesis in the murine model of colitis-associated colon 

cancer 121415. SIGIRR deficiency also leads to increased colon tumor burden in the ApcMin 

mice 16.

While previous studies have established SIGIRR as a suppressor of colon tumorigenesis in 

mice, the importance of SIGIRR in human colorectal cancer has not been determined. In this 

study, we found that SIGIRR is frequently inactivated in human colorectal cancer due to the 

expression of a dominant negative SIGIRR isoform. The SIGIRR isoform, SIGIRRΔE8, is 

encoded by a transcript lacking the exon 8 of the SIGIRR gene. SIGIRRΔE8 showed 

increased retention in the cytoplasm and loss of complex glycan modification compared to 

the full-length SIGIRR, potentially due to its interaction with the endoplasmic reticulum 

(ER) resident protein RPN1 (a subunit of oligosaccharyltransferase complex 17). Moreover, 

SIGIRRΔE8 was able interact with full-length SIGIRR protein to sequester it from complex 

glycan modification and cell surface expression. RNA sequencing detected significant 

increased exclusion of exon8 in human colorectal cancer in a cohort of 68 pairs of normal 

and colon cancer samples. Consistently, human colon cancer showed predominantly 

cytoplasmic localization of SIGIRR in contrast to the cell membrane expression in normal 

tissue, potentially due to the dominant negative effect of SIGIRRΔE8. Consistently, using 

transgenic mice expressing a SIGIRR mutant bearing mutated glycosylation motif, we 

showed that loss of modification by complex glycan and lack of cell surface expression 

inactivated the tumor suppressor function of SIGIRR in vivo. In summary, our results 

suggest that the expression of a cancer-associated dominant negative SIGIRR isoform 

(SIGIRRΔE8) results in inactivation of SIGIRR function through increased ER retention, loss 

of appropriate glycosylation and cell surface expression, implicating SIGIRR as an 

important regulator of colorectal cancer in human.

Materials and Methods

Ethical Guidelines

Collection and analysis of clinical samples (normal epithelium and colon cancer specimen) 

was approved by the Institutional Review Board of the Cleveland Clinic Foundation. The 

Institutional Animal Care and Use Committees of the Cleveland Clinic approved all animal 

experiments.

RNA sequencing analysis

RNA sequencing analysis was performed on a previously described dataset 18. The analysis 

of differential exon expression was based on RPKM values derived as previously 

described 18. Analysis of junction reads was performed by aligning raw sequencing data 

with the Spliced Transcripts Alignment to a Reference (STAR) 19 software followed by 

enumeration of individual read counts. Sequencing and genotype data are deposited at the 
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European Genome-Phenome Archive (http://www.ebi.ac.uk/ega/), under accession number 

EGAS00001000288.

Biological reagents and cell culture

Recombinant human IL-1β was purchased from R&D systems. Anti-HA and anti-FLAG 

(H3663) antibodies were purchased from Sigma-Aldrich. Anti-SIGIRR antibody used in 

immunostaining (HPA023188) was validated by the human protein atlas project and 

purchased from Sigma-Aldrich. Anti-SIGIRR antibody for western blot (AHP1784T) was 

all purchased from AbD Serotec. Anti-RPN1 (ab123904) and anti-Na+-K+ ATPase 

(ab58475) antibodies were purchased from Abcam. Human colon cancer tissue array was 

purchased from Abcam.

Detailed information on material and methods can be found in supplemental information 

section.

Results

Loss of N-linked glycosylation on SIGIRR in colorectal cancer

We examined SIGIRR expression in freshly isolated human colonic epithelial cells and 

tumor tissues together with a panel of colon cancer cell lines derived from different patients 

(VACO cell lines) 2021 by western blot. SIGIRR was detected as multiple bands ranging 

from 44kDa (size predicted based on full-length cDNA) to 90kDa in the normal colonic 

epithelial cells (Fig. 1A and B). Interestingly, the colon cancer cell lines and the colorectal 

cancer specimen showed a drastic reduction of the smear band above 55kDa and a 

concurrent increase of the bands migrating below 55kDa marker (Fig. 1A and B).

These observations prompted us to investigate what modification lead to the smear band of 

SIGIRR above 55kDa. Since SIGIRR is a transmembrane protein, we suspected that the 

modification in colonic epithelial cell-derived SIGIRR was due to N-linked glycosylation. 

Overexpressing human SIGIRR cDNA yielded highly modified forms of SIGIRR (Fig. 2A). 
There are four putative glycosylation motifs in the ectodomain of SIGIRR, which are 

conserved between mouse and human (Fig. 2B). We mutated the predicated sites by site-

directed mutagenesis changing the asparagines to serines. Upon mutation of all of the 4 

putative sites (SIGIRRN31/73/86/102S), SIGIRR was reduced to the unmodified form 44kDa 

(Fig. 2A), confirming that SIGIRR is N-linked glycosylated protein. Moreover, PNGase F 

treatment of lysates from normal human colonic epithelial cells reduced the slow-migrating 

smear band to its predicted size (Fig. 2C), indicating the SIGIRR is N-linked glycosylated in 
vivo. The N-linked glycosylation is a multi-step process that starts in ER where the nascent 

protein acquires high-mannose modification and is transported to Golgi apparatus to receive 

further modification by complex glycan 22. Based on the band pattern of SIGIRR, we 

hypothesized that the smear band that was reduced in the colon cancer cell lines, was due to 

complex glycan modification on SIGIRR. The complex glycan modification requires the 

enzymatic trimming of high-mannose modification by mannosidase, which can be inhibited 

by kifunensine, resulting in blockade of global complex glycan modification 23. We found 

that Kifunensine treatment indeed abolished the smear bands above 55kDa of wild-type 
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SIGIRR (Fig. 2D), indicating that the smear band represents the complex glycan modified 

SIGIRR.

SIGIRRΔE8 is a common variant in colon cancer cells with reduced complex glycan 
modification

To determine whether the defect in SIGIRR glycosylation was due to changes of 

glycosylation enzymes (trans-defect) or alterations/mutations in SIGIRR (cis-defect), we 

transfected exogenous SIGIRR cDNA into the VACO400 cells that showed defective 

SIGIRR glycosylation (Fig. 1A). Surprisingly, the exogenous SIGIRR was normally 

modified by complex glycan, suggesting a cis-defect of endogenous SIGIRR (Fig. 3A). We 

then performed 5’ rapid amplification of cDNA ends (5’RACE) to analyze of RNA from 

Vaco400 cells and repeatedly encountered two SIGIRR transcripts: a full-length SIGIRR 

mRNA and a novel variant that lacks the exon8 (SIGIRRΔE8) (Fig. 3B). The exon8 encodes 

part of the intracellular TIR domain. Exclusion of the exon8 does not lead to frameshift of 

the 3’sequence, resulting in a SIGIRR isoform with a shorter cytoplasmic tail. The 

percentage of isoform (SIGIRRΔE8) over total SIGIRR was increased in the colorectal 

cancer specimen as well as the colon cancer cell lines compared to freshly isolated normal 

human colonic epithelial cells (Fig. 3C and Supple. Fig. 1A-B). We tested the ability of 

SIGIRRΔE8 to inhibit IL-1R signaling with luciferase assay. Deletion of exon8 substantially 

abolished the ability of SIGIRR to inhibit IL-1β induced NFκB activation (Fig. 3D). 
Interestingly, SIGIRRΔE8 exhibited substantial loss of smear band above 55kDa compared to 

the full-length SIGIRR although the missing exon does not contain the motifs for N-linked 

glycosylation (Fig. 3D). While kifunensine treatment shrank the size of full-length SIGIRR, 

it failed to reduce the size of SIGIRRΔE8, implying lack of complex glycan modification on 

SIGIRRΔE8 (Fig. 3E).

RNA sequencing reveals increased expression of SIGIRR ΔE8 in colorectal cancer

To more rigorously assess the association of SIGIRR ΔE8 with human colon cancer, we 

analyzed RNA sequencing data of 68 pairs of normal and cancerous colorectal tissue 

samples 18. To quantify SIGIRRΔE8 levels, we took two different approaches to analyze the 

RNA sequencing data: calculating both the junction reads and computing the number of 

reads from exon 8. We first compared the number of junction reads of exon7-9 (exclusion of 

exon8) with that of exon8-9 (inclusion of exon8). We calculated the ratio of exon7-9 

(exclusion of exon8) reads to exon8-9 (inclusion of exon8) reads for each sample to compute 

the percentage of SIGIRR ΔE8 as part of the total SIGIRR transcript in cancer and paired 

normal tissue. The analysis detected a statistically significant increase of the junction reads 

for the exclusion of exon8 (SIGIRRΔE8) in the colorectal cancer (Fig. 4A). In a second 

approach, we normalized the abundance of exon8 to a reference exon (exon3) by computing 

the ratio of RPKM (Reads Per Kilobase per Million mapped reads) values (RPKMExon8/

RPKMExon3). Indeed, we found that tumor samples had reduced RPKMExon8/RPKM Exon3 

compared with the normal tissue (Fig. 4B) and this reduction is held regardless of the choice 

of reference exon (Supple. Fig.2). It should be noted that, although SIGIRRΔE8 showed 

increased expression in the cancer samples, it is not exclusively expressed by only cancer 

cells as SIGIRRΔE8 accounts for 10% of the total SIGIRR transcripts in normal tissue (Fig. 
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4A-B). Recent studies have suggested that normal intestinal stem cells express a gene 

signature similar to that of the colorectal cancer stem cells. We therefore examined whether 

the level of SIGIRRΔE8 is elevated in the LGR5+ cells in both normal and cancer. We 

analyzed the relative abundance of SIGIRRΔE8 in LGR5+ and LGR5− cells sorted from 

human colon but failed to detect a difference in SIGIRRΔE8. The results suggest that the 

detected increase of the percentage of SIGIRRΔE8 over total SIGIRR expression in colon 

cancer tissues might be due to the oncogenic transformation rather than reflecting the 

cellular constituent of the samples (Supple. Fig 3A). Moreover, we did not detect difference 

in the percentage of SIGIRRΔE8 over total SIGIRR expression in normal colon organoids 

maintained in stem cell culture (high LGR5 expression) and differentiation culture 

conditions (low LGR5 expression) (Supple. Fig 3B). Taken together, these data indicate that 

tumor tissues express significantly more SIGIRRΔE8 compared with paired normal tissues, 

suggesting that the exclusion of exon8 is an event associated with colorectal cancer.

We then wondered whether there might be differential gene expression profiles between 

SIGIRRΔE8 high versus SIGIRRΔE8 low colon cancers. We interrogated the RNA 

sequencing dataset and found that more than 100 genes were significantly up-regulated in 

SIGIRRΔE8 high cancer tissue comparing with that in SIGIRR ΔE8 low cancer tissue 

(Supple. Table 1). Among the most significantly up-regulated genes, we found increased 

expression of immune-response associated genes (such as T cell receptor alpha, 

immunoglobulin heavy variable and defensins), implying the possible association of 

SIGIRRΔE8 high colon cancer with a pro-inflammatory microenvironment (Fig. 4C). This 

feature is consistent with the role of SIGIRR as a negative regulator of inflammatory 

responses. In addition, we also found up-regulation of genes implicated in cancer growth 

(aldehyde dehydrogenase 1, Dual oxidase 2, Cathepsin E) and metastasis (Matrix 

metallopeptidase 8,10 and 20) in SIGIRRΔE8 high cancer tissue comparing with that in 

SIGIRR ΔE8 low cancer tissue (Fig. 4C)

SIGIRRΔE8 is a dominant negative mutant retained in the ER and traps full-length SIGIRR

It is important to note that both 5’ RACE and RNA sequencing analyses detected substantial 

expression of full-length SIGIRR transcript in colon cancer cell lines (Fig. 3C) and colon 

cancer tissues (Fig. 4B-C). One critical question is whether and how SIGIRRΔE8 exerts its 

impact in the presence of full-length SIGIRR. Since SIGIRR could form homodimer through 

its ectodomain and TIR domain 1113, we postulated that the SIGIRRΔE8 might act in a 

dominant negative fashion via its interaction with full-length SIGIRR. We indeed found that 

SIGIRRΔE8 attenuated the ability of full-length SIGIRR to inhibit IL-1R signaling in a dose 

dependent manner (Fig. 5A). SIGIRRΔE8 also blocked the complex glycan modification of 

SIGIRR and converted it to the high-mannose modified SIGIRR (band below 55kDa) (Fig. 
5A). These data are consistent with a dominant negative role of SIGIRRΔE8. In support of 

this, we indeed found that SIGIRR could interact with SIGIRRΔE8 (Fig. 5B). Notably, the 

high-mannose modified SIGIRR bands from co-transfection of wild-type SIGIRR and 

SIGIRRΔE8 resembled the endogenous SIGIRR band pattern in the Vaco400 cell line, 

implicating the possible dominant negative role of endogenous SIGIRRΔE8 in suppressing 

the complex glycan modification full-length SIGIRR in the Vaco400 cell line (Supple. Fig. 
1C).
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Since our data showed that SIGIRRΔE8 blocks the complex glycan modification of full-

length SIGIRR, we wondered whether SIGIRRΔE8 might have a defect in cell surface 

expression and also interferes with that of full-length SIGIRR. Thus, we first employed in 
situ protein biotinylation assay to specifically quantify the expression of SIGIRR on the cell 

membrane. While the complex glycan modified full-length SIGIRR (when expressed alone) 

was found on the cell membrane, we failed to detect the expression of SIGIRRΔE8 on cell 

membrane (Fig. 5C). However, the co-expression of SIGIRRΔE8 prevented the cell surface 

expression of full-length SIGIRR (Fig. 5C). The colon cancer cell line Ls174t expresses 

endogenous full-length SIGIRR and SIGIRRΔE8 (Fig 3C. SIGIRRΔE8 makes up 45% of 

total SIGIRR). We also detected complex glycan modified endogenous SIGIRR on the cell 

surface (Fig.5D). Interestingly, SIGIRR was reported to be an interacting partner with RPN1 

in a large-scale two-yeast hybrid screening 24. RPN1 is a subunit of the ER resident 

oligosaccharyltransferase complex 25, implicated in facilitating N-linked glycosylation for a 

subset of membrane proteins. We indeed detected interaction of SIGIRR with RPN1 (Fig. 
5D). Notably, it is the SIGIRR without complex glycan modification that binds to RNP1 and 

SIGIRRΔE8 showed much stronger interaction with RPN1 compared to full-length SIGIRR 

(Fig. 5E). Interestingly, co-expression with SIGIRRΔE8 enhanced the interaction between 

full-length SIGIRR with RPN1 (Fig. 5E), suggesting that SIGIRRΔE8 might inhibited the 

function of full-length SIGIRR by trapping it in the ER and preventing the decoration by 

complex glycan.

Considering the loss of cell surface expression of SIGIRRΔE8 and its ability to trap full-

length SIGIRR, we wondered whether the increased expression of SIGIRRΔE8 might lead to 

abnormal SIGIRR subcellular localization in human colon cancer tissue. We stained for 

SIGIRR in human colonic normal and cancer tissue. A stark difference in the localization of 

SIGIRR was observed between normal and cancer tissues (Fig. 5F), including sporadic 

colorectal cancer and colitis associated cancer tissues. Normal colonic epithelial cells 

showed predominantly membrane localization of SIGIRR, as indicated by co-localization 

with membrane marker Na+-K+ ATPase (Fig. 5F). The membrane localization of SIGIRR is 

maintained throughout the crypt, including the bottom of the crypt where the stem cells 

reside (Supple. Fig 3C-D). In contrast, colorectal cancer cells exhibited cytoplasmic 

staining of SIGIRR and increased co-localization with the ER marker RPN1 (Fig. 5F), 
implicating increased retention of SIGIRR in the ER in human colon cancer.

To characterize the pattern of SIGIRR expression in a larger cohort, we stained for SIGIRR 

in a total of 110 cases of colorectal cancer and normal samples on a tissue array. 

Consistently, while SIGIRR was localized to the cell membrane in normal tissue and 

adenoma tissue, its cytoplasmic expression was increased in the cancer tissues (Supple. Fig. 
4). We observed an inverse correlation between the membrane expression of SIGIRR (as 

measured by the co-localization signal with Na+-K+ ATPase) and the tumor grade, with the 

poorly differentiated cancer (Grade III) showing predominantly cytoplasmic SIGIRR 

staining (Supple. Fig. 5A). In support of this, while the percentage of SIGIRRΔE8 is 

significantly elevated in the cancer tissues compared to normal and adenoma tissues tissues 

(Supple. Fig 5C), which is suggestive of a cancer-specific event.
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Loss of modification by complex glycan is sufficient to inactivate SIGIRR in vivo

Our results above suggest that the mode of action that inactivates SIGIRR in colorectal 

cancer represents a novel mechanism whereby functionality of SIGIRR is abolished through 

its altered subcellular localization and glycosylation. We next seek to establish transgenic 

models of SIGIRR mutants to test the importance of complex glycan modification and cell 

surface expression of SIGIRR in vivo. Since SIGIRRΔE8 also lacks the critical TIR domain 

essential for the molecule to function (interacting with TLRs-IL-1R family members), 

SIGIRRΔE8 may not be ideal for testing the impact of loss of complex glycan modification 

and reduced cell surface expression of SIGIRR. Interestingly, SIGIRRN86/102S (with point 

mutations at N86 and N102 to serines) had substantially reduced complex glycan 

modification and failed to come to cell surface (Fig. 2A and 6A), similar to defect observed 

with SIGIRRΔE8, making it an ideal candidate for testing our hypothesis. Furthermore, 

SIGIRRN86/102S was indeed defective of inhibiting IL-1R signaling in cell culture 

experiments (Fig. 6B). Thus, we decided to use SIGIRRN86/102S to study the role of 

complex glycan modification and cell surface expression of SIGIRR in tumorigenesis.

We created gut-epithelial-specific SIGIRR-transgenic mice by expressing flag-tagged wild-

type SIGIRR (WT-SIGIRR) and SIGIRRN85/101S (MT-SIGIRR) under the control of 

transcriptional regulatory elements derived from a fatty acid-binding protein gene 26. The 

glycosylation sites are conserved between mouse and human SIGIRR, with human N86 and 

N102 corresponding to mouse N85 and N101 (Fig. 2B). The SIGIRR transgenes were 

specifically expressed in intestine and colon but not in other tissues 12 (data not shown). 

SIGIRRN85/101S showed loss of the smear bands above 55kDa (Fig. 6C), indicating that 

mutation at these two sites reduced the complex glycan modification in vivo. 

Immunofluorescence revealed that MT-SIGIRR exhibited predominantly cytoplasmic 

localization whereas WT-SIGIRR showed strong cell surface expression (Fig. 6D).

To compare the functionality of MT-SIGIRR with WT-SIGIRR in vivo, we crossed WT-

SIGIRR and MT-SIGIRR transgenic mice onto SIGIRR−/− background and subjected them 

to AOM-DSS treatment. As we reported before 12, re-expression of WT-SIGIRR in colonic 

epithelial cells reduced the number and size of tumors (Supple. Fig.6). In contrast, mice 

with MT-SIGIRR had similar tumor burden in comparison with SIGIRR−/− mice (Supple. 
Fig.6). Taken together, the results suggest that loss of complex glycan modification and cell 

surface expression renders SIGIRR defective of suppressing colitis-associated 

tumorigenesis.

Since co-expression of SIGIRRN85/101S suppressed the full-length SIGIRR modification and 

cell surface expression in vitro (Fig. 6A), we then tested the dominant negative function of 

the MT-SIGIRR in vivo. We crossed MT-SIGIRR onto SIGIRR+/− background to test the 

impact of MT-SIGIRR expression on endogenous SIGIRR protein. Consistent with the in 

vitro experiments, MT-SIGIRR expression significantly reduced the modification of 

endogenous wild-type SIGIRR protein in the mouse colonic epithelial cells (Fig. 7A). 
Moreover, expression of the MT-SIGIRR increased the average tumor number and tumor 

size when the mice were subjected to AOM-DSS treatment (Fig. 7B and 7C). . Interestingly, 

the phenotype of MT-SIGIRR is reminiscent of the gene expression profile observed in 
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SIGIRRΔE8 high human colon cancers, which is suggestive of an inflammatory 

microenvironment. Among the genes that are upregulated in SIGIRRΔE8 high human colon 

cancer, we found increased expression of Mmp8 and Duox2 in the tumors from MT-

SIGIRR, SIGIRR+/− mice compared to that of the SIGIRR+/− mice (Fig. 7D). In addition, 

MT-SIGIRR expressing tumors showed increased expression of inflammatory cytokines 

such as IL-17A and IL-6. Consistent with the cytokine levels, activation of downstream 

transcription factors STAT3 272829 and NFκB 3031, both of which are tumor-promoting 

factors, was increased in the tumors expressing MT-SIGIRR. Increased activation of these 

transcription factors was associated with elevated expression their target genes including 

Bcl-xL and Cox2 (31,39) (Fig. 7E). The results suggest that MT-SIGIRR is capable of 

acting as dominant negative mutant to suppress wild-type SIGIRR function in vivo, leading 

to inflamed microenvironment that favors tumor formation and growth.

Consistent with the increased tumor growth in the MT-SIGIRR, SIGIRR+/− mice, we found 

that overexpression of SIGIRRΔE8 and SIGIRRN86/102S in HT-29 colon cancer cell line 

increased the colony formation capacity of the HT-29 cells in the presence of IL-1β 
compared to those with empty vector (Fig 7F). Taken together, our data suggest that 

modification by complex glycan and cell surface expression is required for SIGIRR to 

inhibit excessive intestinal inflammation and tumorigenesis.

Discussion

In this study, we identified a dominant negative isoform of SIGIRR, SIGIRRΔE8 that is 

strongly associated with human colon cancer. Increased expression of SIGIRRΔE8 was found 

in a cohort of 68 cases of colorectal cancer tissues compared with paired normal tissues. 

SIGIRRΔE8 exhibited reduced modification by complex glycan with increased retention in 

the cytoplasm. This cytoplasmic retention of SIGIRRΔE8 is likely due to its interaction with 

ER protein RPN1, resulting in decreased expression on the cell membrane and loss of the 

inhibitory effect on IL-1R signaling. On the other hand, SIGIRRΔE8 retains the ability to 

interact with full-length SIGIRR thereby exerting a dominant negative effect on the function 

of full-length SIGIRR. Importantly, SIGIRR exhibited drastically increased cytoplasmic 

localization and decreased cell surface expression in human colon cancer compared to 

normal tissue, consistent with the increased ratio of SIGIRRΔE8 versus full-length SIGIRR. 

Thus the exclusion of exon8 is a mode of action commonly taken by colorectal cancer to 

inactivate SIGIRR via dominant negative effect of SIGIRRΔE8 (Supple. Fig. 7).

The turmorigenesis of CRC is a multistep process, during which mutations on oncogenes 

and tumor suppressor genes accumulate to enable malignant transformation 2, 3. Alternative 

splicing is one of the mechanisms cancer cells use to overcome suppression to gain growth 

advantage 32. Our previous structure-function analysis has shown that the TIR domain of 

SIGIRR contributes to the suppression of TLR4, IL-1R and ST2 13. Exclusion of the exon 8 

compromises the integrity of the TIR domain in SIGIRR. Meanwhile, deletion of exon 8 

also prevented the protein to traffic to the cell membrane. Thus, exclusion of exon 8 

represents an efficient way to ensure the inactivation of SIGIRR to gain growth advantage.
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One important question is what controls the expression of SIGIRR ΔE8. Interestingly, 

sequence analysis predicted exon 8 as a “weak” exon (with a high probability of exclusion) 

due to the short intron between exon 7 and exon 8 and a secondary structure within this 

intron. Intriguingly, we found a CTCF binding site in exon 8; and CTCF binding to its 

cognate DNA motif has been reported to promote the inclusion of weak exons (36). Notably, 

the binding of CTCF can be reduced by methylation on its binding site. As such, we 

postulate that in the normal colonic epithelial cells, CTCF constitutively binds to the cognate 

sequence in exon8 to promote the expression of full length SIGIRR. However, the CTCF 

binding may be reduced as a result of the hyper-methylation in the cancer cells, leading to 

expression of SIGIRR ΔE8. Our preliminary results indeed showed that the expression of 

SIGIRR ΔE8 was decreased by treatment with decitabine (unpublished data), an inhibitor for 

DNA methytransferase. The regulation of SIGIRRΔE8 expression by methylation and CTCF 

represents an interesting prospect for future investigation.

Increased ER retention of SIGIRRΔE8 was an unexpected observation. However the 

regulation of protein trafficking by cis-elements was documented before. A likely possibility 

is that, the deletion of exon 8 changes the conformation of the cytoplasmic domain of 

SIGIRR, which in turn exposed a cryptic ER retention signal that promotes the retrograde 

transport of the protein from Golgi. In fact, there is a putative arginine based ER retention 

signal 33 (334-337 LRGR) in the C-terminus of SIGIRR, which is preserved in the 

SIGIRRΔE8. Therefore, the regulation of SIGIRR modification by complex glycan and its 

membrane expression may be tightly regulated by retrograde transport, as abnormal 

retrograde trafficking has been linked to many diseases32. Recently, a study found that 

dysregulation of the trafficking of TLRs leads to spontaneous intestinal inflammation. 

Collectively, the drastic impact of exclusion of exon 8 on the intracellular trafficking and 

glycosylation of SIGIRR may represent a novel mode of action that promotes cancer 

development.

Exclusion of exon 8 resulted in aberrant trafficking of SIGIRR, which leads to a drastic loss 

of complex glycan modification and abolishes its cell surface expression. Colon cancer cells 

are known to exhibit abnormal glycosylation of proteins 34, 35. We used a glycosylation 

mutant that showed substantially reduced complex glycan modification and defective cell 

surface expression to model the impact ofSIGIRRΔE8 in tumorigenesis. By re-expressing 

wild-type and glycosylation mutant SIGIRR specifically in the colonic epithelia cells of 

SIGIRR-deficient mice, we demonstrated that the complex glycan modification and cell 

surface expression is required for the functionality of SIGIRR in vivo. Future studies are 

required to investigate whether SIGIRR might be inactivated in a subset of colon cancer 

patients at the levels of glycosylation without impacting on its intracellular trafficking.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. SIGIRR loses modification in colon cancer
A. Lysates of normal epithelial cells isolated from human colon epithelium (normal colonic 

epithelial cells) and colon cancer cell lines (VACO cell lines) were analyzed by western blot. 

B. Lysates of normal epithelial cells isolated from normal human colon epithelium (Normal 

1-10) and colorectal cancer tissue (Cancer 1-5) were analyzed by western blot.
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Figure 2. SIGIRR is N-linked glycosylated protein
A. 3μg of FLAG tagged wild-type and mutant SIGIRR cDNAs were transfected into HeLa 

cells and harvested for western blot analysis. B. Partial cDNA sequences of human and 

mouse SIGIRR showing the conserved N-linked glycosylation motifs (underlined). Asterisks 

indicate conserved amino acid residues. C. Normal colon epithelial cell lysates from 3 

individuals were treated(+) or untreated(−) with PNGase F to remove N-linked 

glycosylation. Treated lysates were subjected to western blot. D. 3 μg of FLAG tagged wild-

type SIGIRR cDNA was transfected into HeLa cells followed by treatment with kifunensine 

at 5ng/mL for indicated time and western blot.
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Figure 3. SIGIRRΔE8 is a common variant in colon cancer cells with reduced complex glycan 
modification
A. VACO 400 cells were transfected with FLAG-tagged SIGIRR(+) or empty vector 

followed bywestern blot. B. RNA from Vaco400 cells was used for 5’ RACE analysis using 

primer targeting 5’ end (RACE P) and oligo-dT targeting polyA tail. The product from the 

reaction was resolved on a 1.5% agarose gel. C. Quantitative analysis of the of SIGIRRΔE8 

versus full-length SIGIRR transcript expressed as percentage of the SIGIRRΔE8 in normal 

colonic epithelial cells, colorectal cancer tissue and colon cancer cell lines. Locations of 
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amplicons used in the assay are indicated in B (A1 and A2) D. Indicated amounts of full-

length SIGIRR or SIGIRRΔE8 were transfected into HeLa cells together with NFκB 

dependent luciferase followed by luciferase assay and western blot. E. 3μg of full-length 

SIGIRR or SIGIRRΔE8 cDNA was transfected into HeLa cells. 8 hours after transfection, 

cells were treated with 5ng/mL kifunensine for indicated time and harvested for western blot 

analysis. Error bar represents standard error of mean (S.E.M.) of 3 technical replicates.
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Figure 4. RNA sequencing reveals increased expression of SIGIRRΔE8 in colorectal cancer
RNA sequencing data of 68 pairs of normal colon and colorectal cancer was analyzed for 

reads distribution. A. Each dot represents the percentage of SIGIRRΔE8 as a part of total 

SIGIRR transcript, calculated based the ration of junction read number (exon7-9 vs 

exon7-8). B. Each dot represents the Log2(RPKMExon8/RPKMExon 3) value of each sample, 

which was derived by calculating the ratio of RPKM values of exon8 and the exon3, 

followed by transforming the data with Log function with 2 as base. Line and error bars 

represent means and 95% confidence interval. C. Volcano plot showing the log2 (fold 

difference) and −log10 (P values) of genes up-regulated in SIGIRRΔE8 high tumors 

compared to SIGIRR ΔE8 low tumors. Genes of functional interest are highlighted in red and 

listed in the table on the right.
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Figure 5. SIGIRRΔE8 is a dominant negative mutant and prevents the cell surface expression 
and complex glycan modification of full-length SIGIRR
A. Indicated amount of HA tagged full-length SIGIRR and FLAG tagged SIGIRRΔE8 were 

transfected into HeLa cells together with NFκB dependent luciferase. Transfected cells were 

subjected luciferase assay and western blot analysis. Error bar represents S.E.M. of 3 

technical replicates. B. HeLa cells were transfected with either 2μg HA tagged full-length 

SIGIRR alone or together with 4 μg of FLAG tagged SIGIRRΔE8. Transfected cells were 

lysed and lysates were immunoprecipitated with anti-FLAG antibody followed by western 

blot. C. HeLa cells were transfected with indicated amounts full-length SIGIRR and/or 
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SIGIRRΔE8. Transfected cells were subjected to in situ biotinylation assay followed by 

western blot analysis. D. Cancer cell line Ls174t with expression of endogenous SIGIRR 

(SIGIRR ΔE8 makes up 45% of total SIGIRR, Fig 3C.) with stable expression of scramble 

shRNA or shRNA targeting endogenous SIGIRR were subjected to in situ biotinylation 

assay(left) or immunoprecipitation(right) with anti-RPN1 antibody followed by western blot. 

E. HeLa cells were co-transfected with 2ug FLAG-tagged RPN1 and a total of 4ug HA 

tagged full-length SIGIRR and/or HA tagged SIGIRRΔE8. Transfected cells were lysed and 

the lysates were immunoprecipitated with anti-FLAG antibody followed by western blot 

analysis. F. Paraffin embedded sporadic colorectal caner, colitis associated cancer tissue and 

their respective paired normal control were stained with anti-SIGIRR and anti-Na+-K+ 

ATPase (membrane marker, left) or anti-RPN1 (ER marker, right) primary antibodies 

followed by corresponding secondary antibodies and DAPI. The staining was visualized 

using confocal microscopy under 40X (Scale bar= 50μm) or 62X (Scale bar= 3μm) 

magnification. All experiments were repeated at least 3 times yielding consistent results. Ctr: 

IgG control, IP: immunoprecipitation; PD: pull-down; WCL: whole cell lysates.
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Figure 6. Loss of modification by complex glycan is sufficient to inactivate SIGIRR
A. HeLa cells were transfected with SIGIRR, SIGIRR ΔE8 or SIGIRRN86/106S and subjected 

to in situ biotinylation assay followed by western blot analysis. PD: pull-down; WCL: whole 

cell lysates. B. HeLa cells were transfected with indicated amount with indicated mount of 

SIGIRR (WT), or SIGIRRN86/106S (N86/10S) together with NFκB dependent luciferase 

followed by luciferase assay and western blot. Error bar represents S.E.M. of 3 technical 

replicates. C. Colon lysates from mice of indicated genotypes were subjected to western blot 

analysis. D. Colon tissue from mice of indicated genotypes were stained with FLAG 

antibody to visualize the localization of the transgene product.
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Figure 7. Loss of modification by complex glycan is sufficient to inactivate SIGIRR in 
tumorigenesis
A. Colonic epithelial cell lysates from MT-SIGIRR, SIGIRR+/− mouse and SIGIRR+/− 

mouse was subjected to western blot analysis with anti-SIGIRR antibody. B. Mouse of 

indicated genotypes were subjected to AOM-DSS treatment. Tumor numbers and sizes were 

recorded and plotted. (N=7 for SIGIRR+/−, N=10 for MT-SIGIRR, SIGIRR+/−) C. 
Representative macroscopic view of colons from mice of indicated genotypes after the 

AOM-DSS treatment and H&E staining of tumors. D. Tumors from mice of indicated 
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genotypes were subjected to real-time PCR analysis of indicated genes. E. Tumor lysates 

were subjected to western blot. Each lane represents one mouse. E. HT-29 cells were 

infected with lentivirus carrying an empty vector, shRNA targeting SIGIRR, or SIGIRR ΔE8 

cDNA under a CMV promoter. The cells were cultured in the presence or absence of IL-1β 
for 5 days followed by crystal violet stain for formed colonies and colometric quantification 

of the colony formation. Error bar represents S.E.M * indicates p<0.05.
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