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Abstract

BACKGROUND & AIMS—Defects in colonic epithelial barrier defenses are associated with 

ulcerative colitis (UC). The proteins that regulate bacterial clearance in the colonic epithelium 

have not been completely identified. The chromosome-associated protein D3 (dCAP-D3), 

regulates responses to bacterial infection. We examined whether CAP-D3 promotes bacterial 

clearance in human colonic epithelium.

METHODS—Clearance of Salmonella or adherent-invasive Escherichia coli LF82 was assessed 

by gentamycin protection assays in HT-29 and Caco-2 cells expressing small hairpin RNAs 

against CAP-D3. We used immunoblot assays to measure levels of CAP-D3 in colonic epithelial 
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cells from patients with UC and healthy individuals (controls). RNA sequencing identified genes 

activated by CAP-D3. We analyzed the roles of CAP-D3 target genes in bacterial clearance using 

gentamycin protection and immunofluorescence assays and studies with pharmacologic inhibitors.

RESULTS—CAP-D3 expression was reduced in colonic epithelial cells from patients with active 

UC. Reduced CAP-D3 expression decreased autophagy and impaired intracellular bacterial 

clearance by HT-29 and Caco-2 colonic epithelial cells. Lower levels of CAP-D3 increased 

transcription of genes encoding SLC7A5 and SLC3A2, whose products heterodimerize to form an 

amino acid transporter in HT-29 cells following bacterial infection; levels of SLC7A5–SLC3A2 

were increased in tissues from patients with UC, compared with controls. Reduced CAP-D3 in 

HT-29 cells resulted in earlier recruitment of SLC7A5 to Salmonella-containing vacuoles, 

increased activity of mTORC1, and increased survival of bacteria. Inhibition of SLC7A5–

SLC3A2 or mTORC1 activity rescued the bacterial clearance defects of CAP-D3– deficient cells.

CONCLUSIONS—CAP-D3 downregulates transcription of genes that encode amino acid 

transporters (SLC7A5 and SLC3A2) to promote bacterial autophagy by colon epithelial cells. 

Levels of CAP-D3 protein are reduced in patients with active UC; strategies to increase its levels 

might restore mucosal homeostasis to patients with active UC.

Keywords

condensin; inflammatory bowel disease; innate immunity; dysbiosis

Introduction

Ulcerative colitis (UC) is one type of inflammatory bowel disease (IBD) which results in 

chronic mucosal inflammation, tissue destruction, and severe pain 1. The incidence of UC is 

increasing worldwide, with lifelong drug treatment or surgery as the only therapeutic 

options 2. While the initiating event and causes of disease relapse are poorly understood, 

there are several factors shown to have major roles in disease etiology, including genetics, 

the environment, the immune system, and the microbiome 3, 4.

The bacterial contribution to UC is well established. During active UC in humans and mouse 

colitis models, bacteria penetrate the mucus layer and come into close contact with colonic 

epithelial cells, and this has been observed even prior to inflammation 5-9. In addition, prior 

enteric infections are a risk factor for the development of UC 10, 11.

Autophagy is a cellular defense mechanism against intracellular bacterial infection 12, 13. 

The intracellular pathogen, Salmonella enterica serovar typhimurium (Salmonella), invades 

cells and creates specialized vacuoles for replication 14. Often during this process, this 

Salmonella-containing Vacuole (SCV) becomes damaged and targeted for autophagic 

clearance through a cascade of events resulting in the recruitment of LC3 (microtubule 

associated protein light chain 3) 15, 16. The membrane-bound form of LC3 (LC3-II) is a 

component of a multi-lamellar membrane that engulfs the damaged SCV, forming an 

autophagosome which fuses with lysosomes to kill trapped bacteria. Salmonella can escape 

autophagy through recruitment and activation of mTORC1 on the SCV 17. Other invasive 

bacteria, including the Crohn’s Disease-associated adherent-invasive E. coli (AIEC) strain, 
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LF82, are also targeted by autophagy, but are able to replicate in patients with defective 

autophagy pathways18, 19. These studies underscore the importance of understanding the 

proteins and pathways involved in promoting bacterial clearance through autophagy.

Previously, our lab demonstrated dCAP-D3 (Chromosome Associated Protein- D3) to be a 

novel player in the innate immune response against bacterial infection in the model 

organism, Drosophila melanogaster 20. dCAP-D3 is a subunit of the Condensin II complex, 

a complex which promotes chromatin condensation at the beginning of mitosis. Recently, 

additional roles for the human Condensin II complex outside of mitosis have been 

characterized, including regulation of transcription 20-22. In Drosophila, dCAP-D3 directly 

upregulates genes required for innate immunity following systemic bacterial infection and 

its expression is necessary for the fly’s ability to clear bacteria and survive infection 20.

Given that intestinal dysbiosis is linked to multiple disease states, including UC, we 

investigated whether human CAP-D3 also regulated bacterial defenses in colon epithelial 

cells. We found that CAP-D3 protein levels are significantly decreased in colonic epithelial 

cells isolated from resected tissues of patients with active UC. When we tested HT-29 and 

Caco-2 human colon adenocarcinoma cell lines expressing inducible shRNAs targeting 

CAP-D3 expression, we discovered that decreased CAP-D3 expression impaired autophagy 

induction and decreased clearance of Salmonella or AIEC LF82. RNA-sequencing of 

mRNAs from control and CAP-D3 deficient cells revealed that large, neutral amino acid 

transporters, including two members of a heterodimeric, bidirectional transporter, SLC7A5 

and SLC3A2, were negatively regulated by CAP-D3. These transporters were also found to 

be elevated in epithelial cells from patients with UC. In CAP-D3-deficient cells, increased 

SLC7A5 expression resulted in its earlier localization to SCVs, resulting in recruitment of 

mTORC1 and autophagy repression. These studies are the first to identify CAP-D3 as a 

regulator of antimicrobial responses and innate immunity in the gut epithelium, and link 

CAP-D3 to regulation of mTORC1 activity. Our findings suggest that methods to control the 

levels of CAP-D3 may have therapeutic benefit for patients with active UC.

Materials and Methods

Cell lines

HT-29 cells were cultured in RPMI 1640 media with 10% fetal bovine serum (FBS; Gibco), 

and 1% penicillin/streptomycin. Caco-2 cells were cultured in DMEM media, with sodium 

pyruvate, 10% FBS, and 1% penicillin/streptomycin. Cells were treated with the SLC3A2/

SLC7A5 inhibitors, 2-aminobicyclo-(2,2,1)-heptane-2-carboxylic acid (BCH, 20mM, 

Sigma) or D-phenylalanine (25 mM, Sigma) 1h prior or 3h prior (respectively) to infection 

and maintained during the infection. Cells were treated with the mTORC1 agonist 

rapamycin (25mg/ml in DMSO, LC Labs) 1h prior to infection and maintained during the 

infection.
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Epithelial cell isolation from resected patient colon tissues

Epithelial cells were isolated from de-identified, colonic tissue collected from individuals 

undergoing colonic resection (Cleveland Clinic Tissue Procurement Service; IRB 

protocol#05-205)23.

Characterization of disease activity in patient tissue samples

Disease activity of obtained samples was determined by 1) review of de-identified pathology 

reports; 2) microscopic examination by a pathologist using the six-grade classification 

system described in 24; 3) observance of neutrophils inside the crypt lumen in S100A12 

immunostained tissue sections. S100A12 had previously been shown to stain the activated 

neutrophils inside of colonic crypts in patients with active CD25. S100A12 staining 

correlated well with other measures of disease activity in both CD and UC tissues used in 

our studies.

Bacterial infections and gentamycin protection assays

Confluent cells were treated for 48h with 1mM IPTG prior to infection to induce shRNA 

expression. Infections with Salmonella enterica serovar Typhimurium SL1344 or AIEC 

LF82 were performed at a multiplicity of infection of 10 as previously described 26, 27. 

Assays were performed in triplicate in at least three independent experiments.

RNA-sequencing of cellular mRNAs

Total cellular RNA was isolated as described in 20. Briefly, TRIzol (Invitrogen) was used to 

harvest total RNA from tissues and cells according to manufacturer’s protocol. Samples 

were DNase treated and run on RNAeasy columns (Qiagen). RNA samples from 3 

independent experiments including timepoints taken at 0, 0.5 and 7 hours post-infection 

were analyzed on a bioanalyzer for quality; one of the 0.5 hour post-infection samples in the 

control and in the CAP-D3 shRNA expressing cells was excluded at this time due to poor 

RNA purity. Directional, cDNA libraries made from cellular mRNAs were generated from 

the other 16 samples using the Illumina TruSeq RNA library kit and sequenced (paired-end 

sequencing of 100 bp reads) in the Genomics Core at the University of Chicago on an 

Illumina HiSeq2500, according to standard Illumina protocols. Raw data files from RNA-

sequencing experiments have been deposited under the NCBI GEO accession number 

GSE62520.

qRT-PCR

RNA isolation and qRT-PCR were performed as described in 20. qRT-PCR reactions were 

run on a Roche Lightcycler 480. Three independent experiments were performed in all cases 

and results were averaged together. Primers are listed in Supplemental data.

Immunoblotting—Protein harvesting and immuoblotting was performed as described 

in 28 with more detail in Supplemental Methods.

Immunofluorescence—Immunofluorescence experiments were performed as described 

in 28 with more detail in Supplemental Methods.
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Results

CAP-D3 promotes the clearance of intracellular bacteria through autophagy

Based on our previous findings that dCAP-D3 was necessary for efficient clearance of 

bacteria in the model organism, Drosophila, we asked whether this function was conserved 

in human cells 20. For these studies, two human colon epithelial cell lines, HT-29 and 

Caco-2, were transduced with lentivirus expressing IPTG inducible non-target shRNA as a 

control or IPTG inducible CAP-D3 shRNA. Results show that CAP-D3 shRNA expression 

reduces CAP-D3 levels by more than 50% (Figure 1A). These cell lines were infected with 

the intracellular pathogen, Salmonella (Figures 1B and 1C) or with AIEC LF82 (Figure 1D), 

and gentamycin protection assays were performed. Results show significant increases in 

viable, intracellular Salmonella and viable, intracellular AIEC LF82 in cells expressing 

CAP-D3 shRNA in comparison to cell lines expressing control shRNA. These results 

indicate that CAP-D3 is involved in the intracellular clearance of bacteria in human 

intestinal epithelial cells. Additionally, the findings demonstrate a conserved role for CAP-

D3 in anti-microbial defense, which can target bacteria associated with IBD pathogenesis.

To better understand the role of CAP-D3 in promoting bacterial clearance, gentamycin 

protection assays were performed over a timecourse and viable intracellular Salmonella 

loads were assayed at various timepoints post-infection. At the earliest timepoint (40 min), 

equivalent amounts of bacteria were recovered from HT-29 cells expressing control and 

CAP-D3 shRNAs. However, bacterial loads became significantly higher in CAP-D3 

deficient cells at 1.5 and 7 hours post-infection (Figure 1E). These results suggest that 

increased bacterial entry is not the cause of increased bacterial loads in the CAP-D3 

deficient cells.

The amount of intracellular bacteria recovered in these assays actually decreased between 40 

minutes and 1.5 hours in both CAP-D3 and control shRNA expressing cells. These results 

suggest that both cell lines are able to kill bacteria, but that CAP-D3 shRNA expressing cells 

have a killing defect. Therefore, we performed TUNEL assays on HT-29 cells expressing 

CAP-D3 or control shRNA to quantify the numbers of bacteria that exhibited damaged and 

degraded DNA, which might be indicative of dying bacteria. Significantly higher numbers 

of TUNEL positive bacteria were seen in control shRNA expressing cells at 7 hours post-

infection (Supplementary Figure 1A and 1B). TUNEL staining also showed that there was 

minimal damage to epithelial cell DNAs following infection at the timepoints studied, 

suggesting that differences in the levels of epithelial cell death were not the reason for 

increased bacterial loads in CAP-D3 deficient cells (Supplementary Figure 1C).

One early cellular response to intracellular bacterial infections is the targeting of these 

pathogens for destruction through capture in an autophagosome12. To examine whether 

decreased CAP-D3 expression influenced autophagy induction in response to Salmonella 

infection, the conversion of the autophagy marker protein, LC3, from the cytosolic form 

(LC3-I) to the autophagosome-associated form (LC3-II) was assessed by immunoblot. 

Results demonstrate that the ratio of LC3-II to LC3-I is lower in CAP-D3 shRNA 

expressing cells compared to control shRNA expressing cells, with the greatest difference 
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occurring at 2 hours post-infection (Figure 1F). These results suggest that CAP-D3 deficient 

cells are diminished in their capacity to clear intracellular pathogens due to autophagy.

CAP-D3 levels are significantly decreased in colon epithelial cells from patients with UC

Given that bacterial invasion into the intestinal epithelium is believed to contribute to the 

pathogenesis of UC, we tested whether CAP-D3 levels are altered in the colonic epithelial 

cells of patients with IBD. Immunostaining for CAP-D3 expression in tissue sections from 

control patients indicated that CAP-D3 localized to both the nucleus and the cytoplasm of 

colonic epithelial cells (EC) (Figure 2A and Supplementary Table 1). Next, we profiled the 

CAP-D3 expression levels in epithelial cells isolated from colonic resections of patients with 

active or inactive IBD by immunoblot. Samples were classified as being active or inactive 

(see Methods and Supplemental Table 1). CAP-D3 protein was analyzed by immunoblot and 

normalized to protein levels of the epithelial cell specific marker, villin (Figure 2B). 

Comparison of CAP-D3 protein levels from all patient tissue samples, demonstrates that 

CAP-D3 levels are not significantly different between control patients, patients with active 

or inactive CD, and patients with inactive UC. However, the levels in patients with active 

UC were significantly lower. These findings suggest an inverse correlation between CAP-

D3 levels and disease activity specifically in patients with UC.

Amino acid transporters, SLC7A5 and SLC3A2 are upregulated at early timepoints post-
infection in CAP-D3 deficient cells and in CAP-D3 deficient tissues from patients with UC

To determine whether CAP-D3 regulates transcription of genes which promote bacterial 

clearance in colon epithelial cells, RNA-sequencing of total mRNAs in uninfected or 

Salmonella infected HT-29 cells expressing CAP-D3 or control shRNA was performed. 

Results showed CAP-D3 transcripts were decreased in CAP-D3 shRNA expressing cells by 

almost 2 log fold (Supplementary Table 2). Analysis of differentially expressed transcripts at 

0.5 hours post-infection and at 7 hours post-infection revealed that the expression of many 

genes significantly changed in response to the presence of the bacteria (Supplementary 

Table 3). Upon comparison of differentially expressed gene sets in control shRNA vs. CAP-

D3 shRNA expressing cells at 0.5 hours post-infection, 13 genes were found to be 

significantly upregulated and shared between the two cell lines (Supplementary Figure 2A). 

These included genes encoding the AP-1 transcription factors FOS, FOSB, and JUNB, as 

well as Immediate Early Response genes EGR1, EGR3 and IER2. AP-1 transcription factors 

and Immediate Early Response genes have previously been shown to be transiently 

upregulated in colon epithelial cells shortly after infection with Salmonella, thus verifying 

that our assays were performed correctly 29, 30. Our results corroborated the transient nature 

of induction of the Immediate Early Response genes, since most were seen to decrease at 7 

hours post-infection (Supplementary Figure 2B and 2C).

Gene ontology analysis of genes that were upregulated at 0.5 hours post-infection and 

unique to the CAP-D3 shRNA expressing cells, identified the most significantly upregulated 

group as “neutral amino acid transmembrane transporte(s)” (Supplementary Figure 3A). 

Closer inspection of the RNA-sequencing data identified the large neutral amino acid 

transporter genes, SLC7A5, SLC1A5, and SLC4A5 as being significantly upregulated in 

CAP-D3 shRNA expressing cells at 0.5 hours post-infection and then downregulated at 7 
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hours post-infection (Supplementary Figure 3B and 3C). The same effect was seen for the 

SLC3A2 gene which encodes an adaptor protein for several heterodimeric transporters, 

including SLC7A5. qRT-PCR confirmed that SLC7A5 and SLC3A2 transcripts were 

transiently upregulated in CAP-D3 shRNA expressing cells only (Figure 3A). Immunoblots 

examining protein expression for each gene demonstrated that SLC7A5 protein levels were 

modestly higher (20%) in CAP-D3 shRNA expressing cells starting at 2 hours post-infection 

(Supplemental Figure 3D). This small increase in protein levels could be due to the fact that 

only 20-30% of HT-29 cells are infected with Salmonella, and while larger amounts of 

SLC7A5 are actually made in the infected CAP-D3 deficient cells, they are diluted by the 

protein levels in the uninfected cells which make up the majority of the sample. In contrast, 

a sustained increase in SLC3A2 protein levels was seen in CAP-D3 shRNA expressing cells 

as compared to control shRNA expressing cells (Supplemental Figure 3E). Since we had 

found that CAP-D3 levels were significantly lower in colon epithelial cells isolated from 

patients with active UC (Figure 2B), we tested whether SLC7A5 and SLC3A2 transcripts 

might be upregulated in these cells. Excitingly, qRTPCR results demonstrated significantly 

higher transcript levels for both genes in colon epithelial cells from patients with active UC 

in comparison to cells from control patients or patients with inactive UC (Figure 3B). These 

results suggest that CAP-D3 is necessary to repress transcription of amino acid transporter 

genes immediately following bacterial infection.

SLC7A5 localizes to the SCV earlier, and its activity is necessary for enhanced bacterial 
survival in CAP-D3 deficient cells

SLC7A5 and SLC3A2, together, comprise a bidirectional, heterodimeric, amino acid 

transporter for large neutral amino acids 31. SLC7A5-SLC3A2 is upregulated in response to 

stress with a subsequent positive regulation of the mTORC1 complex, which contains the 

mammalian target of rapamycin (mTOR) and is a known inhibitor of autophagy 32-35. 

Additionally, the activity of SLC7A5-SLC3A2 has been previously shown to be necessary 

for the ability of bacteria to escape autophagy 36. Therefore, to test whether the increased 

levels of SLC7A5-SLC3A2 observed in CAP-D3 deficient cells might result in the 

inhibition of autophagy, we first examined the localization pattern of SLC7A5 during 

Salmonella infection. Surprisingly, results showed that SLC7A5 appears to localize to 

bacteria containing vacuoles (Figure 4A and 4B). More bacteria containing vacuoles stained 

positive for SLC7A5 between 0.5 and 4 hours in CAP-D3 shRNA expressing cells 

compared to control shRNA expressing cells (Figure 4C). Following entry into a host cell, 

Salmonella can reside within an endosome or in the cytoplasm. The endosome housing the 

bacterium is called the Salmonella-containing vacuole or SCV, and, within 1-2 hours, 

acquires markers of a late endosome/lysosome (LEL), including LAMP1 14. To determine 

whether SLC7A5 was in fact localizing to bacteria-containing LELs, or intermediate SCVs, 

immunofluorescence assays were performed with antibodies to LAMP1 and SLC7A5. 

Results demonstrated a greater number of bacteria colocalizing with both SLC7A5 and 

LAMP1 in CAP-D3 shRNA expressing cells at earlier timepoints post-infection (Figure 4C, 

Supplementary Figure 4, and Supplementary Table 4). Conversely, the number of bacteria 

staining positive for LAMP1 alone was less in CAP-D3 deficient cells compared to controls. 

By 7 hours post-infection, there was no difference in SLC7A5/LAMP1 colocalization at 

bacterial cells between CAP-D3 deficient or control cells. Finally, to test whether the 
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function of SLC7A5 was responsible for the enhanced bacterial survival in the CAP-D3 

deficient cells, infected cells were treated with two different inhibitors of SLC7A5-SLC3A2 

activity, 2-amino-2-norbornanecarboxylic acid (BCH) and D-phenylalanine. Both molecules 

have previously been shown to inhibit L-leucine uptake by SLC7A5-SLC3A2, and we 

verified that this is true for HT-29 cells, as well (Supplementary Figure 5A)34, 37-39. 

Gentamycin protection assays demonstrated increased numbers of viable Salmonella in 

CAP-D3 shRNA expressing cells at both 1.5 and 7 hours post-infection (Figure 4D). 

Excitingly, both BCH and D-phenylalanine treatment of these cells completely rescued the 

increased bacterial levels to those seen in the control shRNA expressing cells at both 1.5 and 

7 hours post-infection (Figure 4D and Supplementary Figure 5B). BCH and D-

phenylalanine treatment of control shRNA expressing cells had no significant effects on 

bacterial numbers at the 1.5 hour timepoint, but did decrease the numbers at the later 

timepoint. Taken together, these data suggest that 1) Salmonella infection of colon epithelial 

cells results in SLC7A5 localization to LELs/SCVs and 2) that the earlier localization and 

activity of SLC7A5 in CAPD3 deficient cells is required for the enhanced bacterial survival.

SLC7A5 is required for earlier mTORC1 localization to the SCV in CAP-D3 deficient cells

Upregulation of SLC7A5 expression has been shown to activate mTORC1 32. Increased 

amino acid levels lead to mTORC1 localization to the lysosome where it is subsequently 

activated and attenuates autophagy 40, 41. At early timepoints post-infection with Salmonella 

in HeLa cells, an amino acid starvation response was shown to occur, causing mTOR to 

localize away from LELs/SCVs and then return once amino acid levels had returned to 

normal 17. Recently, this relocalization of mTOR to the SCV was shown to be dependent on 

the activities of SLC7A5, SLC3A2 and SLC1A5 36. Given that our results showed SLC7A5 

activity to be necessary for the enhanced bacterial survival in CAP-D3 shRNA expressing 

cells (Figure 4D), we tested whether SLC7A5 mediates mTOR localization to the LEL/

intermediate SCV, leading to its activation and inhibition of autophagy. 

Immunofluorescence analysis of LAMP1 and mTOR colocalization to SCVs demonstrated 

more bacteria staining positive for both proteins, together, in CAPD3 shRNA expressing 

cells at 2 hours post-infection, as compared to control shRNA expressing cells (Figure 5A, 

5B and Supplementary Table 5). In fact, the majority of LAMP1 positive SCVs in CAP-D3 

shRNA expressing cells also stained for mTOR at this timepoint, whereas, this did not occur 

in the control shRNA expressing cells until 7 hours post-infection. Treatment of Salmonella 

infected control and CAPD3 shRNA expressing cells with BCH decreased numbers of 

bacteria staining positive for both mTOR and LAMP1 in the CAP-D3 shRNA expressing 

cells at 2 hours post-infection (Figure 5C and Supplementary Table 6). BCH treatment, 

which did not kill epithelial cells (Supplementary Figure 6) also increased numbers of SCVs 

staining positive for LAMP1 alone in both cell lines (Supplementary Table 6). Finally, 

treatment of Salmonella infected cells with an inhibitor of mTORC1 activity, rapamycin, 

behaved similarly to BCH treatment and reduced the enhanced bacterial numbers in CAP-

D3 shRNA expressing cells to the levels seen in the control shRNA expressing cells at 1.5 

hours post-infection (Figure 5D). These results suggest that the major underlying cause of 

enhanced bacterial survival in the CAP-D3 deficient cells is SLC7A5-mediated mTORC1 

activation and attenuation of autophagy.
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Discussion

The intestinal epithelium is an extremely important barrier separating the immense numbers 

of bacteria in the gut lumen from the underlying tissues and immune cells. Perturbations to 

the epithelium, including increased bacterial infiltration and survival in intestinal epithelial 

cells can result in excessive inflammation and are thought to play a major role in the 

pathogenesis of IBD. Our studies have uncovered a completely novel anti-microbial role for 

the CAP-D3 protein in human colon epithelial cells which may have implications for 

patients with IBD. Results described here show that in normal colonic epithelial cells, the 

majority of LELs housing Salmonella bacteria do not contain mTOR at their surface during 

the early hours post-infection, and are targeted for autophagy by the epithelial cell (Figure 

6A). By 7 hours post-infection, mTOR has now localized to the late SCV, become activated 

(as part of mTORC1) and is able to block autophagy. This timecourse is very similar to what 

has been published for Salmonella infection of HeLa cells 17. Interestingly, immediately 

following infection of colonic epithelial cells deficient for CAP-D3, there is an increase in 

transcription of genes involved in amino acid transport, including SLC7A5 and SLC3A2, 

which complex to form a bidirectional, heterodimeric Leucine transporter. We observed that 

in this cell type, SLC7A5 localizes to SCVs, and its upregulation in CAP-D3 deficient cells 

results in a faster accumulation of SLC7A5 protein at the surface of the LEL/intermediate 

SCV. The activity of SLC7A5-SLC3A2 is required to increase localization of mTOR to the 

SCV, resulting in mTORC1 activation and less bacteria being targeted for autophagy in 

CAP-D3 deficient cells (Figure 6B).

Current reports have associated the increased expression of SLC7A5-SLC3A2 with 

mTORC1 activation 42, 43. This amino acid sensing mechanism of mTORC1 activation takes 

place on lysosomal membranes44. Activation involves several factors, including plasma 

membrane uptake of Leucine43, the leucyltRNA synthetase (LRS)45 and the scaffolding 

protein p6234. The SLC7A5-SLC3A2 transporter is an obligate exchanger and it requires an 

intracellular amino acid (usually Glutamine) to be exchanged for the uptake of Leucine46. 

Therefore the coordinated expression of amino acid transporters can regulate amino acid 

flux that can modulate intracellular signaling, including mTORC1. Interestingly, expression 

of these proteins (SLC7A5, SLC3A2, LRS, p62) and several other amino acid transporters 

increases under conditions that induce the eIF2α/ATF4 transcriptional reprogramming of 

stressed cells46, 47. This reprogramming also includes expression of genes involved in 

increasing autophagy,48 thus further assisting the positive effects of amino acid uptake on 

mTORC1 signaling. The eIF2α/ATF4 signaling pathway is known to be involved in the 

development of IBD49, 50. However, the regulation of expression and function of amino acid 

transporters and their relationship to the regulation of autophagy in IBD and specifically in 

pathogen penetration, is not well understood. Interestingly, SLC3A2 (also known as CD98) 

expression increases during the progression of Dextran Sodium Sulfate (DSS) induced 

colitis in mice, and knockdown of SLC3A2 in murine intestinal epithelial cells provides 

resistance to DSS induced colitis51, 52. Considering that SLC3A2 interacts with many 

membrane proteins, including heterodimeric transporters, our studies introduce a novel 

concept in IBD pathology, the deregulation of amino acid uptake by heterodimeric 

transporters that require SLC3A2.
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While mTORC1 activation on LELs has been previously described 41, our data showing the 

localization of SLC7A5 to SCVs has not been shown. Currently, we cannot definitively say 

whether activity of SLC7A5-SLC3A2 at the plasma membrane or at the LEL/SCV is 

responsible for the localization of mTORC1 to the LEL/SCV. Previous studies demonstrated 

that inhibition of clathrin-mediated endocytosis prevents mTOR localization to the SCV in 

HeLa cells, suggesting that intracellular vesicles do play a major role in the targeting of 

mTOR 36. The fact that a population of SLC7A5 protein localizes to SCVs which stain 

negative for LAMP1 at early timepoints post-infection argues that SLC7A5 localization is 

driven by bacterial infection and, in fact, a portion of the SLC3A2 extracellular domain has 

been shown to directly interact with Citrobacter rodentium and Enteropathogenic 

Escherichia coli (EPEC) proteins in in vitro surface plasmon resonance experiments 53. 

Future studies will determine if SLC7A5 localization at LELs is a more general nutrient 

sensing mechanism of mTORC1 activation or if it is uniquely linked to bacterial infection of 

colon epithelial cells.

The novel antibacterial function for CAP-D3 becomes extremely significant in light of our 

data showing that CAP-D3 levels are decreased in patients with active ulcerative colitis 

(Figure 2). The lower levels of CAP-D3 in the epithelium of these patients, in combination 

with another event such as a decrease in the protective mucus layer or change in the gut 

environment to favor expansion of a pathobiont may have contributed to the disease 

pathogenesis observed in these individuals. While no GWAS associations have been 

identified for CAP-D3 and IBD, it is important to remember that CAP-D3 is part of a multi-

subunit complex, the Condensin II complex, with essential functions during the cell cycle. 

The phosphorylation of CAP-D3 has been shown to be necessary for the mitotic-specific 

functions of the Condensin II complex in ensuring efficient cellular division, and it therefore 

stands to reason that null, germline mutations in CAP-D3 would most likely result in early 

lethality 54. Whether or not the involvement of CAP-D3 in bacterial clearance is dependent 

on the Condensin II holocomplex requires further study. The manner by which CAP-D3 

regulates transcription of amino acid transporter genes is also still under investigation; ChIP-

sequencing of CAP-D3 binding sites will be required to determine if and how CAP-D3 

binds to amino acid transporter gene loci. It is clear, however that the antimicrobial effects 

of CAP-D3 may be broad in nature, since our data shows that CAP-D3 promotes clearance 

of not only Salmonella, but AIEC LF82, as well. Studies involving other types of bacteria, 

including Gram positive bacteria as well as commensal organisms whose numbers have 

been shown to be greater in patients with IBD will help to answer this question.

Our studies have a number of clinical applications for patients with IBD. It is possible that 

by increasing the levels of CAP-D3 in the colon epithelium of patients with inactive UC, we 

could keep the numbers of invasive bacterial species at a minimum and possibly prevent 

associated immune signaling and flare ups. Additionally, the loss of Condensin II subunits, 

including CAP-D3, in cells of many different organisms has also been shown to result in 

lagging chromosomes, chromosome breaks and a subsequent lag in mitosis. This, combined 

with the fact that CAP-D3 binds to the classic tumor suppressor, pRB, suggests that CAP-

D3 may act as a tumor suppressor, itself 28. Therefore, lower levels of CAP-D3 in the colon 

epithelium of patients with UC may not only lead to increased bacterial survival, but might 
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also predispose a patient to genomic instability and subsequent tumor development. 

Currently, we do not know what regulates the levels of CAP-D3 expression, but this is now 

the focus of intense study and warrants investigations of CAP-D3 expression in mouse 

models of IBD, as well.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. CAP-D3 promotes bacterial autophagy in human colon epithelial cells
A) Immunoblot showing reduced expression of CAP-D3 in HT-29 cells treated with IPTG to 

induce expression CAP-D3 shRNAs in comparison to cells treated with PBS (mock) and 

cells expressing control (non-target) shRNA. CAP-D3 protein levels were normalized to 

tubulin and quantified in the bottom panel. Gentamycin protection assays of Salmonella 

infected HT-29 (B) or Caco-2 (C) cell lines at 1.5 hours post-infection, and of AIEC LF82 in 

HT-29 cells (D) demonstrate significant increases in bacteria in cells expressing CAP-D3 

shRNAs. Mean±SD. E) Gentamycin protection assays performed in Salmonella-infected 

HT-29 cells expressing CAP-D3 shRNA or control shRNA show enhanced bacterial 

survival in CAP-D3 deficient cells beginning after 40 minutes. Bacterial survival graphed 

relative to CFU/well of control shRNA expressing cells at the earliest timepoint. Mean±SD. 

F) Immunoblots demonstrate lower ratios of LC3-II/LC3-I protein in Salmonella infected 

HT-29 cells expressing CAP-D3 shRNA. Protein levels normalized to actin, then quantified 

relative to uninfected controls. The experiment shown is representative of three independent 

immunoblots.
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Figure 2. CAP-D3 protein levels are decreased in colonic epithelial cells from patients with active 
UC
A) Immunofluorescence analysis of CAP-D3 (green) and DAPI (blue) staining of colonic 

tissue from a control patient. B) Immunoblotting for CAP-D3 protein in epithelial cells 

isolated from resected colon tissue from control patients, patients with inactive CD, active 

CD, inactive UC, or active UC shows CAPD3 is significantly lower in patients with active 

UC. Protein levels normalized to villin, then quantified relative to a control sample. Mean

±SEM.
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Figure 3. Salmonella infection increases SLC7A5-SLC3A2 gene expression in CAP-D3 deficient 
cells
A) qRT-PCR for transcript levels of SLC7A5 and SLC3A2, in Salmonella-infected HT-29 

cells normalized to GAPDH transcript levels demonstrate increases in CAP-D3 shRNA 

expressing cells. B) qRT-PCR for transcript levels of SLC3A2 and SLC7A5 in colonic 

epithelial cells isolated from resected patient tissues demonstrate increases in patients with 

active UC compared to controls and patients with inactive UC. Transcript levels were 

normalized to villin transcript levels and then to the transcript levels found in a single 

control patient sample.
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Figure 4. SLC7A5 localizes to Salmonella-containing vacuoles early in infection and its 
transporter activity is essential for enhanced bacterial survival in CAP-D3 deficient cells
A-B) Immunofluorescence analysis of Salmonella (red) and SLC7A5 (green) and bacteria 

nuclei (DAPI-blue) in HT-29 cells demonstrates SLC7A5 localization to bacteria earlier (2 

hours post-infection) in CAP-D3 deficient cells. C) Quantification of the percentage of 

SLC7A5+, LAMP1+, SLC7A5+/LAMP1+ Salmonella in HT-29 cell lines at various times 

during infection. D) The SLC7A5-SLC3A2 inhibitor, BCH, rescues the increased numbers 

of Salmonella in CAP-D3-deficient cells at 1.5h post-infection in gentamycin protection 

assays.
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Figure 5. SLC7A5-dependent mTOR localization to Salmonella-containing vacuoles and 
mTORC1 activity are required for enhanced Salmonella survival in CAP-D3 deficient cells
A) Immunofluorescence analysis of LAMP1 (green) and mTOR (red) and bacterial nuclei 

(DAPI-blue) in HT-29 cells at 2 hours post-infection demonstrates increased colocalization 

in CAP-D3 deficient cells. B) Quantification of the percentage of mTOR+, LAMP1+, 

mTOR+/LAMP1+ Salmonella in HT-29 cell lines various times post-infection. C) 

Quantification as in (B) but in cells treated with BCH. D) The mTORC1 inhibitor, 

rapamycin, rescues the increased numbers of Salmonella in HT-29 cell lines at 1.5h post-

infection in gentamycin protection assays.
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Figure 6. Possible model of how CAP-D3 deficiency leads to enhanced Salmonella survival
A) In normal, colonic epithelial cells, Salmonella is endocytosed into an early endosome 

which becomes the early SCV (Salmonella-Containing Vacuole). The early endosome/SCV 

will acquire LAMP-1 (and other proteins) and become a Late Endosome/Lysosome/

Intermediate SCV. The majority of Intermediate SCVs at this point will be targeted for 

autophagy since mTOR is not localized to the SCV and mTORC1 activity is low. A small 

number of Intermediate SCVs, however, will have begun to sequester existing SLC7a5 

protein to their membranes and this could allow them to recruit mTOR, increase mTORC1 

activity and block autophagy; this Late SCV would then escape destruction, and bacteria 

could replicate. In CAP-D3 deficient colonic epithelial cells, the burst of SLC7A5-SLC3A2 

transcription occurring immediately after infection leads to increased levels of protein, 

allowing more Intermediate SCVs to be decorated with SLC7A5 earlier, thereby recruiting 

and activating mTORC1 more quickly and blocking autophagy sooner. This quicker version 

of events, leads to a larger number of SCVs escaping autophagy and enhances bacterial 

survival. This working model could also apply to other bacteria that invade epithelial cells 

and are typically cleared by autophagy, including AIEC LF82.
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