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Abstract:  
Background & Aims: Mutations in the tetratricopeptide repeat domain 7A gene (TTC7A) cause 
intestinal epithelial and immune defects. Patients can become immune deficient and develop 
apoptotic enterocolitis, multiple intestinal atresia, and recurrent intestinal stenosis. The intestinal 
disease in patients with TTC7A deficiency is severe, untreatable, and recurs despite resection or 
allogeneic hematopoietic stem cell transplant. We screened drugs for those that prevent apoptosis 
of in cells with TTC7A deficiency and tested their effects in an animal model of the disease. 
 
Methods: We developed a high-throughput screen to identify compounds approved by the Food 
and Drug Administration that reduce activity of caspases 3 and 7 in TTC7A-knockout HAP1 
(human haploid) cells and reduce the susceptibility to apoptosis. We validated the effects of 
identified agents in HeLa cells that stably express TTC7A with point mutations found in patients. 
Signaling pathways in cells were analyzed by immunoblots. We tested the effects of identified 
agents in zebrafish with disruption of ttc7a, which develop intestinal defects, and colonoids 
derived from biopsies of patients with and without mutations in TTC7A. We performed real-time 
imaging of intestinal peristalsis in zebrafish and histologic analyses of intestinal tissues from 
patients and zebrafish. Colonoids were analyzed by immunofluorescence and for ion transport. 
 
Results: TTC7A-knockout HAP1 cells have abnormal morphology and undergo apoptosis, due 
to increased levels of active caspases 3 and 7. We identified drugs that increased cell viability; 
leflunomide (used to treat patients with inflammatory conditions) reduced caspase 3 and 7 
activity in cells by 96%. TTC7A-knockout cells contained cleaved caspase 3 and had reduced 
levels of phosphorylated AKT and XIAP; incubation of these cells with leflunomide increased 
levels of phosphorylated AKT and XIAP and reduced levels of cleaved caspase 3. 
Administration of leflunomide to ttc7a–/– zebrafish increased gut motility, reduced intestinal 
tract narrowing, increased intestinal cell survival, increased sizes of intestinal luminal spaces, 
and restored villi and goblet cell morphology. Exposure of patient-derived colonoids to 
leflunomide increased cell survival, polarity, and transport function.   
 
Conclusions: In a drug screen, we identified leflunomide as an agent that reduces apoptosis and 
levels of caspase 3 and activates AKT signaling and in TTC7A-knockout cells. In zebrafish with 
disruption of ttc7a, leflunomide restores gut motility, reduces intestinal tract narrowing, and 
increases intestinal cell survival. This drug might be repurposed for treatment of TTC7A 
deficiency.  
 
 
KEY WORDS: genetic, monogenic IBD, animal model, cell death 
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Introduction 

Biallelic mutations in tetratricopeptide repeat domain 7A (TTC7A) result in a combined primary 

intestinal epithelial and immune defect, that presents clinically as immunodeficiency, very early 

onset inflammatory bowel disease (VEOIBD) and/or multiple intestinal atresia (MIA).1-3 Since 

2013, there have been > 50 reported cases of TTC7A-deficiency with two-thirds of affected 

children dying within the first 12 months of life.3-5 Children with TTC7A-deficiency present with 

severe multisystemic disease including apoptotic enterocolitis (i.e., intestinal inflammation 

arising from elevated intestinal epithelial cell apoptosis), friable and/or exfoliative mucosa, 

congenital intestinal atresia and recurrent stenosis, lymphocytopenia, and combined 

immunodeficiency (CID). Poor response to standard treatment regimens including steroids, 

surgery and allogeneic hematopoietic stem cell transplant (HSCT), as well as the recurrence of 

bowel disease and the high mortality rate in these patients1 motivated our expedited search for 

effective therapies to treat TTC7A-deficiency.  

TTC7A contains 9 tetratricopeptide repeat (TPR) domains which are structural motifs 

found in a range of proteins typically associated with trafficking and scaffolding.6 Our group 

previously reported that TTC7A acts as a scaffolding protein by shuttling phosphatidylinositol 4-

kinase-three alpha (PI4KIIIα) to the plasma membrane, where PI4KIIIα catalyzes the synthesis 

of phosphatidylinositol 4-phosphate (PI4P) from phosphatidylinositol (PI) membrane lipids.1 

Homeostatic levels of anionic PI4P are important for plasma membrane identity, apicobasal 

polarity, cell survival, and production of poly-phosphorylated phosphatidylinositol phosphate 

lipids PI (4,5)P2/ PI(3,4,5)P3.
7 Plasma membrane PI4P synthesis is exclusively dependent on the 
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function and localization of PI4KIIIα. Mouse and zebrafish models have provided strong 

evidence for a relationship between PI homeostasis, PI4KIIIα-function and intestinal health.8, 9  

To accelerate viable treatment options for TTC7A-deficiency patients, we carried out a 

phenotypic high-throughput drug screen using a FDA-approved drug library and identified 

leflunomide, a disease modifying anti-rheumatic drug (DMARD) 10, as a candidate therapeutic. 

In TTC7A-knockout (KO) cells, ttc7a-mutant zebrafish and TTC7A-deficient patient-derived 

colonoids, we demonstrate that leflunomide rescues defective AKT signaling and improves 

multiple intestinal phenotypes. Our findings therefore support leflunomide as a candidate drug to 

move forward for further clinical studies. 

 

Materials and methods 

Cells and drug treatment 

Generating an intestinal TTC7A knockout (TTC7A-KO) stable cell line was unsuccessful; thus, 

HAP1 (human haploid) cells were selected as our in vitro model because they were 

commercially available via Horizon Discovery (Cambridge, UK) and engineered using CRISPR-

Cas9 genome editing. Drugs and concentrations included: Dimethylsulfoxide (DMSO) 

(0.5%vol/vol), cyanocobalamin (CYANO 10 µM) (Selleckchem, USA), leflunomide (LEF 4 

µM) (Selleckchem, USA), tiaprofenic acid (TIA 4µM) (Prestwick Chemical Library, USA), 

fenbufen (FEN 10 µM) (Selleckchem, USA) fasudil (FAS 5 µM) (Selleckchem, USA), Y27632 

(10 µM) (Selleckchem, USA), and 4-PBA (5 mM) (Sigma, USA).  

Western blot 
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Western blotting was completed as per standard protocols. Primary antibodies included: anti-

Caspase 3 Rabbit, anti-p-AKT (S473) Rabbit anti-p-AKT (T308) Rabbit mab, anti-AKT Rabbit, 

anti-XIAP (D2Z8W) Rabbit mab (all from Cell Signaling, USA).  

Caspase activity assay and high-throughput drug screen 

TTC7A-KO cells were screened with Prestwick, TOCRIS, and LOPAC drug libraries at 8 µM, 8 

µM, and 5 µM concentrations, respectively, at the SMART laboratory for high-throughput 

programs (Toronto, ON). Mean Caspase activity of controls were plotted and compounds that 

reduced Caspase activity below 3 standard deviations of the WT control cells (hit threshold=µWT 

- 3σ), providing a confidence limit of 99.73%, were selected as hits.11 Concentration-response 

curves (40 to 0.04 µM) and IC50 values were generated with Graphpad software.  

Zebrafish ttc7a-/- model, maintenance, husbandry, and drug treatment 

All protocols and procedures involving zebrafish were performed in accordance with Canadian 

Council on Animal Care (CCAC) guidelines. Mutant ttc7a strains were generated and 

maintained by the Zebrafish Core Facility at Sickkids’ Peter Gilgan Centre for Research and 

Learning using CRISPR/Cas9 mutagenesis following previously described protocols.12 

Heterozygous (ttc7a+/-) and homozygous (ttc7a+/+) fish displayed normal and indistinguishable 

intestinal phenotypes (i.e., size, structure and motility); thus, both served as healthy controls for 

comparison to ttc7a-/- fish. Zebrafish were treated during the larval stage (3 to 7) days post 

fertilization (dpf). Drugs were dissolved directly into the water resulting in final concentrations 

corresponding to those used in in vitro experiments: DMSO (0.5%vol/vol), cyanocobalamin 

(CYANO-10 µM), leflunomide (LEF-4 µM), tiaprofenic acid (TIA-4 µM), and fenbufen (FEN-

10 µM). 
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Peristalsis assays 

Peristalsis assays were adapted from Shi et al13. See Supplementary Methods for more detail. 

Immunofluorescence histochemical staining on Formalin-Fixed, Paraffin-Embedded 

(FFPE) Sections   

Human tissues were fixed in 10% neutral buffered formalin, without methanol and embedded in 

paraffin using routine protocols. The use of human tissue samples was approved by the Research 

Ethics Board (Hospital for Sick Children) and comprehensive consent was obtained. Informed 

consent to participate in research was obtained and a copy of the consent is available on the 

NEOPICS website, http://www.neopics.org/study-documents.html. Zebrafish samples were fixed 

at 7 dpf by zinc formalin and embedded with paraffin. See Supplementary Methods for more 

detail.   

Consent and TTC7A patient genotyping and biopsy immunofluorescence  

Human subject research was carried out under a study protocol approved by the Boston 

Children’s Hospital Institutional Review Board under Protocol IRB-P00000529. Targeted gene 

panel sequencing was carried out at Boston Children’s Hospital where a patient was identified 

with deleterious biallelic mutation in TTC7A (211G>A�Glu71Lys and 911delT � 

Leu304Arg). Mutations were validated using CLIA approved Sanger sequencing. Formalin-fixed 

stomach, duodenum and colon biopsies were processed for standard H&E and 

immunofluorescence. 

Patient-derived intestinal colonoid culture 
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Colonic biopsies were obtained and cultured using methods modified from Sato et al.14 Briefly, 

crypts were dissociated from colonic biopsies obtained from a patient with TTC7A mutation or 

from a healthy control patient.  Isolated crypts were suspended in Growth Factor Reduced 

Phenol Red Free Matrigel (Corning, NY) and plated as 50 µl domes in a tissue culture-treated 

24-well plate (Thermofisher) with growth factor (Wnt, R-spondin, Noggin) supplemented media 

(See Supplemental Methods for media composition). Colonoid cultures were passaged by 

removal of Matrigel with Cell Revovery Solution (Corning, NY), mechanical dissociation of 

colonoids, and replating in Matrigel every 4 days. 

Colonoid survival assay 

TTC7A deficient and healthy control colonoids were plated in Matrigel with human colonoid 

media containing Rho-kinase inhibitor Y27632. Following establishment of colonoids, Y27632 

was removed from the media and the colonoids were treated with leflunomide (10 µM and 2.5 

µM in DMSO), or vehicle control (DMSO). See Supplementary Methods for more detail. 

Colonoid polarity 

TTC7A deficient and healthy control colonoids were cultured with human colonoid media 

without Rho-kinase inhibitor Y27632 and +/- leflunomide (10 µM). 48 hours after plating, 

colonoids (50 per group) were visually assessed by two blinded investigators and counted for the 

presence of multiple lumens. See Supplementary Methods for colonoid immunocytochemistry 

and histology.  

Colonoid swelling assay 
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Colonoid swelling after leflunomide (10 µM), Rho-kinase inhibitor, or DMSO treatment was 

performed as previously described.15  Measurements of cell diameter and subsequent calculation 

of volume change (assuming a sphere) was facilitated by Image J.    

Statistical Analysis 

Data are presented as mean ±SD/SEM. Statistical significance was calculated by GraphPad 

Prism software version 6.0 (GraphPad, San Diego, CA) as a two-tailed 1-way or 2-way ANOVA, 

or unpaired Student’s t-test. Statistical significance was established at P values <0.05. 

 

Results  

 

Disease modeling in TTC7A-KO cells 

 
To develop an assay for the phenotypic correction of TTC7A, we obtained human haploid 

(HAP1) TTC7A-KO cells, confirmed loss of TTC7A expression (Supplementary Figure 1), and 

characterized cellular phenotypes associated with the loss of TTC7A (Figures 1A-D, 

Supplementary Figure 2). Live-cell imaging revealed that TTC7A-KO cells have abnormal 

morphology, including active membrane blebbing (Figure 1A, Supplementary Video 1). WT 

cells displayed normal spreading and colony formation whereas TTC7A-KO cells were rounded 

with multiple membrane blebs and protrusions, a morphology that is associated with the early 

stages of apoptosis 16 (Figure 1A).  

We found that HAP1 TTC7A-KO cells have reduced cell viability (Figure 1B) and 

increased apoptosis using several complementary methods. Flow cytometry revealed increased 

annexin V staining in TTC7A-KO cells, indicating that the cells were in the early stages of 
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apoptosis (Figure 1C, Supplementary Figure 2B). Western blot analysis confirmed that TTC7A-

KO cells have increased levels of baseline cleaved Caspase 3 (Figure 1D and Supplementary 

Figure 2C). Additionally, we determined that TTC7A-KO cells have a greater susceptibility for 

Caspase-dependent apoptosis following treatment with proinflammatory and proapoptotic stimuli 

(IFNγ/TNFα,) (Figure 1D). Cumulatively, the data indicate that there is increased apoptosis in 

TTC7A-KO cells, mirroring a primary histopathological feature found in TTC7A-deficiency 

patients 1, 2.  

To examine cytoskeletal features underlying the abnormal morphology observed in 

TTC7A-KO cells we examined cellular actin. Actin staining revealed abnormal cytoskeletal 

organization, with an abundance of filopodia-like processes in TTC7A-KO cells (Supplementary 

Figure 3A). Furthermore, when WT cells were treated with apoptotic stimuli (i.e. 

proinflammatory cytokines IFNγ/TNFα), we observed disorganization of F-actin that resembled 

the untreated TTC7A-KO cells, suggesting that the baseline loss of TTC7A induces cellular 

changes consistent with induction and progression of apoptosis (Supplementary Figure 3A). We 

also observed that TTC7A-KO cells underwent apoptosis prior to substrate detachment 

(Supplementary Figure 3B), suggesting that cell-death was not solely a result of anoikis (a form 

of apoptosis triggered by the loss of adhesion 16). Taken together, we demonstrate that TTC7A-

KO cells display phenotypes consistent with apoptosis.  

Repurposing drug screen identifies hit compounds that reduce apoptosis in TTC7A-KO 

cells 

Apoptosis is a pathologic feature of TTC7A loss observed both in vitro and clinically. We 

therefore designed a phenotypic drug screen to identify compounds that can reduce cellular 
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apoptosis, without inducing uncontrolled cell proliferation. We used a highly specific and 

sensitive luciferase-based Caspase 3/7 activity assay (Caspase-Glo® 3/7 (Promega)17 for our 

primary screen. We developed the screen so that it could be multiplexed, where a single sample 

could provide readouts for both viability (using Calcein AM) and Caspase 3/7 activity. Assessing 

for viability in parallel was advantageous as it increased the sensitivity and specificity of the 

screen by reducing false positives and ensuring that low Caspase 3/7 readouts were not a result 

of compound toxicity and/or total cell annihilation. The Caspase-Glo® 3/7 assay revealed that 

TTC7A-KO cells consistently display elevated Caspase 3/7 cleavage relative to WT cells, which 

resulted in a Z’-factor score of 0.54 (Figure 2A), a value that is suitable for discerning hits 

among thousands of compounds in a high-throughput screen 11. 

A workflow schematic of our drug screen is provided in Figure 2B. With drug-

repurposing as the primary aim of our study, we selected 3 libraries (see Methods) containing 

FDA-approved drugs as well as other compounds with known biological targets. To ensure that 

hit identification was stringent, compounds that reduced Caspase activity below 3 standard 

deviations of the positive control (i.e. WT Caspase 3/7 activity), providing a confidence limit of 

99.73%, were selected as hits (see Figure 2C for a sample plate readout). We screened 3760 

compounds and identified 16 compounds (henceforth referred to as ‘hits’) resulting in a 0.4% hit 

rate (Figure 2D, Table 1). Nonsteroidal anti-inflammatory drugs (NSAIDs) and Metabotropic 

Glutamate Receptor Subtype 5 (mGluR5) antagonists were the most well-represented drug 

classes among the hits.  

All hits were confirmed via concentration-response curves in HAP1 TTC7A-KO cells 

(Supplementary Table S1). To ensure that hit compound efficacy was not an artefact specific to 
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TTC7A-KO cells, we further demonstrated that our hit compounds could reduce Caspase 3/7 

activity in a HeLa cell line stably expressing TTC7A point-mutations found in previously 

reported patients (p. E71K and A832T) 1 (Supplementary Table S1). Leflunomide was identified 

as the most efficacious compound based on its ability to inhibit Caspase 3/7 activity (96% 

reduction; Figure 2E) with half-maximal inhibitory (IC50) concentration of 1.1 µM (Figure 2F). 

 
Hit compounds rescue concomitant phenotypes related to TTC7A-deficiency 

From the 16 hit compounds identified in the screen, we selected a group of candidate drugs with 

pharmacological class diversity and FDA-approved status for further validation. Our initial hits 

(Table 1) were narrowed to four candidate drugs for orthogonal validation and included 

cyanocobalamin (vitamin B12), leflunomide (DMARD), tiaprofenic acid (NSAID), and fenbufen 

(NSAID). We also compared the performance of our candidate drugs with small molecule 

ROCK-inhibitors (fasudil and Y27632) to determine whether aberrant TTC7A phenotypes might 

be driven by the constitutive activation of ROCK as previously suggested 2.  

Following treatment with the candidate drugs, the morphology of TTC7A-KO cells 

resembled that of WT cells with a reduction in membrane blebbing (Supplementary Figure 4). 

Cell colony size, a proxy for both cell adhesion and viability, was diminished in untreated 

TTC7A-KO cells; however, we observed the formation of larger-adherent colonies after 

cyanocobalamin, leflunomide, tiaprofenic acid, fasudil, and Y27632 drug treatments (Figure 2G, 

Supplementary Figure 4). In addition to reducing levels of apoptosis to that of the control, we 

found that candidate drug treatments improved the viability of TTC7A-KO cells over the course 

of 48-hours (Figure 2H), consistent with the observed increase in colony sizes. Importantly, as 
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inhibition of apoptosis may result in excessive cell-proliferation, we found that leflunomide 

improved viability to that of control levels, in contrast to the ROCK-inhibitor fasudil that 

increased viability above WT levels and induced excessive cell proliferation.  

 

Leflunomide rescues abnormal intestinal features in ttc7a -/- zebrafish 

To date, a major obstacle in TTC7A research is the lack of an appropriate disease model that 

recapitulates the intestinal abnormalities observed in TTC7A-deficiency patients. For example, 

Ttc7a-mutant mice display a prominent flaky skin phenotype but do not manifest the atretic and 

inflamed intestinal phenotypes seen in patients.18 We therefore sought to develop an animal 

model able to phenocopy the intestinal abnormalities seen in humans. Using CRISPR-Cas9 

genome editing, we developed and validated a ttc7a zebrafish line (ttc7a-/-) with an 11-basepair 

deletion in exon 14 predicted to result in a frameshift mutation causing an early stop codon 

(p.T548LfsX41) (Supplementary Figure 5).  

ttc7a-/- zebrafish (ttc7a-mutant) have normal survival but display a range of abnormal 

intestinal phenotypes (Figure 3). Histopathological zebrafish sections were taken along the 

sagittal plane, to assess a continuous stretch of the intestinal tract, including the widest and most 

anterior intestine (the intestinal bulb - IB) to the anal pore (Figure 3A). Sections were assessed 

for an open IB, villus structure, a discernable epithelial monolayer, intestinal epithelial cell 

integrity, and the presence of mature goblet cells with large secretory vesicles. Histological 

examination revealed that ttc7a-/- zebrafish had a combination of the following intestinal defects: 

stratification and crowding of intestinal epithelial cells, blunted villi, breaches in the intestinal 

mucosal layer, signs of apoptosis, and atresia along the intestinal tract (Figure 3A). The intestinal 
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defects observed from zebrafish histology were consistent with patient histopathological 

findings,1, 2, 4 suggesting ttc7a-mutant fish appropriately model the intestinal atresia and loss of 

intestinal epithelial cell integrity observed in TTC7A patients.  

Intestinal atresia is a distinctive phenotype among TTC7A-deficiency patients. Similarly, 

intestinal narrowing was the most striking abnormality in ttc7a-mutant fish (Figure 3B, 

Supplementary Figure 6). There was a greater than 50% incidence of intestinal narrowing in the 

ttc7a-mutant fish population, whereas this phenotype was minimal (<5%) in control fish. We 

demonstrated that leflunomide treatment of ttc7a-mutant fish resulted in a reduced incidence of 

intestinal narrowing, suggesting that the drug ameliorated intestinal atresia formation (Figure 

3B). 

ttc7a-/- fish showed additional histological improvement, including increases in the size 

of intestinal luminal spaces, and discernible villi and goblet cell morphology following treatment 

with tiaprofenic acid, leflunomide, or cyanocobalamin (Figure 3C). Intact monolayers with 

normal columnar intestinal cell architecture and fewer apoptotic cells were observed in 

leflunomide treated ttc7a-/- fish (Figure 3D, Supplementary Figure 7A). Previous studies have 

suggested that the chaperone drug 4-phenylbutyrate (4-PBA, Ucyclyd Pharma), and ROCK-

inhibitors (fasudil and Y27632) may be effective in improving defects related to TTC7A-

deficiency.2, 9 Our data suggests that 4-PBA treatment improves intestinal defects seen in ttc7a -/- 

fish, in contrast to the ROCK-inhibitors that did not result in any histological improvements 

(Supplementary Figure 8). 

The histopathological findings were further validated by real-time in vivo imaging of 

intestinal peristalsis, which demonstrated differences in gut architecture and contractile motility 
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(Figure 3E, Supplementary Video 2). Normal motility is integral to intestinal health and loss of 

intestinal contractility is correlated with increased IBD severity.19 Live-labeling of the intestinal 

lumen was achieved by treating the fish with a water soluble non-fluorescent stain, 2',7'-

dichlorodihydrofluorescein diacetate (DCFH-DA), that becomes oxidized to a fluorescent 

compound once ingested by the fish.13 Still-frames from peristalsis imaging are shown in Figure 

3E and corresponding footage can be found in Supplementary Video 2. Normal intestinal 

architecture, including the presence of distinct villi, can be appreciated with light transmission 

(DIC) imaging, while delineation of a distinct luminal space can be seen by epifluorescence 

imaging. Control heterozygous fish, ttc7a+/-, consistently displayed coordinated peristaltic 

contractions and larger intestinal luminal spaces with discernable villi in the IB (Figure 3E-F, 

Supplementary Video 2). Peristalsis assays revealed that ttc7a-/- fish have narrow regions in the 

anterior IB resulting in bottlenecked contractions, severely narrow luminal spaces with absent 

peristalsis, and masses obstructing the IB resulting in uncoordinated gut motility (Figure 3E-F). 

In sum, we demonstrate that ttc7a-mutant fish have intestinal atresia resembling TTC7A-

deficiency patients 1, 2, 4 with severe atretic phenotypes.  

Candidate drug treatment of ttc7a-mutant fish showed that leflunomide reduced the 

proportion of mutant fish with motility defects, rescued the atresia phenotype and increased 

intestinal luminal volumes (Figure 3G, Supplementary Figure 7B). Leflunomide treatment also 

resulted in the largest improvement in motility observed in ttc7a-/- fish (Figure 3G). Except for 

fenbufen, all candidate drugs increased intestinal luminal volume. (Supplementary Figure 7B). 

Taken together, we demonstrate that leflunomide is effective in improving gut motility, intestinal 

epithelium integrity, and preventing intestinal atresia in ttc7a-/- fish. 
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The role of AKT in TTC7A-deficiency 

AKT is a crucial survival kinase and its activation (via phosphorylation) prevents apoptosis, 

promotes proliferation, increases protein expression, and regulates cell metabolism.7 Given that 

reduced viability and increased apoptosis were conspicuous TTC7A-deficiency phenotypes, we 

sought to determine whether TTC7A dysfunction might alter AKT activation. We observed that 

TTC7A-deficiency patients had loss of phosphorylated-AKT (p-AKT) in the intestinal 

epithelium, whereas changes in total AKT levels were less striking, suggesting that AKT 

activation (i.e. p-AKT levels) may be tied to the pathobiology of TTC7A-deficiency (Figure 4A-

B). We examined AKT signaling using the HAP1 cell line. As shown in Figure 4C, WT cells 

lack cleaved Caspase 3 and have measurable levels of both p-AKT and X-linked inhibitor of 

apoptosis (XIAP), in contrast to TTC7A-KO cells which exhibit the presence of cleaved caspase 

3 and reduction in p-AKT and XIAP levels. Treatment with a phosphatidylinositol 3-kinase 

(PI3K)-inhibitor (LY294002) blocks the formation of PI(3,4,5)P3 required for AKT activation 

and triggers Caspase 3 cleavage.7 WT cells treated with PI3K-inhibitor show a similar 

immunoblot pattern to TTC7A-KO cells treated with DMSO, suggesting that the apoptotic 

phenotype observed in TTC7A-deficiency may be mediated by AKT (Figure 4C). Importantly, 

TTC7A-KO cells treated with leflunomide resulted in an increase in p-AKT (Thr 308) and 

XIAP, and a reduction in cleaved Caspase 3 levels (Figure 4D). These data suggest that 

leflunomide may improve cell viability and reduces apoptosis by altering AKT activation. 

Furthermore, treatment with the PI3K-inhibitor resulted in undetectable AKT phosphorylation at 

both Threonine 308 and Serine 473 sites in WT and leflunomide-treated TTC7A-KO cells, 

suggesting that leflunomide is acting upstream of PI3K (Supplementary Figure 9).  
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The inhibition of pyrimidine synthesis via dihydroorotate dehydrogenase (DHODH) is 

the putative target of leflunomide.10  Immunoblot analysis using Vidofludimus, another DHODH 

inhibitor, did not increase p-AKT or reduce cleaved Caspase 3, suggesting that leflunomide 

increases p-AKT via an uncharacterized mechanism (Supplementary Figure 10). Treatment of 

TTC7A-KO cells with leflunomide results in a shift from an apoptotic to a survival phenotype; 

however, leflunomide’s mechanism for altering p-AKT, XIAP and cleaved Caspase 3 remains to 

be elucidated. 

We also performed whole mount zebrafish staining that confirmed the loss of p-AKT 

(Figure 4E). Leflunomide was able to increase p-AKT levels in the gastrointestinal tract of ttc7a-

/- fish, thus, providing in vivo drug validation in the zebrafish model (Figure 4E). These data 

point to AKT as a possible therapeutic target for restoring intestinal health in TTC7A-deficiency.  

 

Leflunomide treatment enhances survival and function of TTC7A-deficiency patient-

derived colonoids 

To further validate the effect of leflunomide, we tested the drug’s efficacy in colonoids derived 

from TTC7A-deficiency patients. Biopsies were obtained from a 6-month old female with 

confirmed biallelic TTC7A mutations (termed TTC7Amut), c.211 G>A (p.E71K) and c.911delT 

(p.L304R) (Figure 5A). TTC7A immunofluorescence staining of a colonic tissue sample 

demonstrated that the TTC7Amut patient had loss of TTC7A staining compared to healthy and 

IBD control samples (Supplementary Figure 11A). Histological sections obtained from 

TTC7Amut patient intestinal biopsy specimens also showed features consistent with TTC7A-
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deficiency including villous blunting in the duodenum and crypt apoptosis and eosinophilic 

inflammation in the colon (Supplementary Figure 11B).   

Previous studies have shown that ROCK inhibition is able to improve survival of TTC7A 

deficient organoids2. Colonoids derived from both a healthy subject (TTC7A+/+) and our 

TTC7Amut patient were generated from endoscopic biopsies and treated with a ROCK-inhibitor 

(5 µM Y27632) and/or leflunomide. Compared to control TTC7A+/+ colonoids, a higher 

percentage of TTC7Amut colonoids died in the absence of ROCK inhibitor treatment (Figures 5B-

C). Treatment of TTC7Amut colonoids with leflunomide (with and without ROCK-inhibitor) 

promoted colonoid survival in a dose-dependent manner. 

Apicobasal polarity is essential to intestinal epithelial cell function and previous studies 

has suggested aberrant cell polarity in TTC7A-deficient epithelial cells.2  Intact TTC7A+/+ 

colonoids showed well-demarcated polarization of apical and basolateral membranes delineated 

by villin and CK20 staining, respectively (Figure 5D). Without ROCK-inhibitor treatment, 

epithelial cells were polarized in the correct orientation in TTC7Amut colonoids, yet showed other 

defects including disorganized cytoskeletal staining and the presence of abnormal cytoplasmic 

inclusions and the presence of multiple lumens. In conjunction with previous reports 2 where 

treatment with a ROCK-inhibitor restored epithelial structure and polarity in TTC7A-deficient 

colonoids, TTC7Amut colonoids treated with a ROCK-inhibitor partially corrected polarity 

defects as assessed by the number of colonoids with multiple lumens (Figure 5D). Similar to the 

ROCK-inhibitor treatment, leflunomide (10 µM) also partially rescued cytoskeletal and polarity 

defects in TTC7Amut colonoids.  
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Transepithelial fluid and electrolyte homeostasis are essential functions of intestinal 

epithelial cells. Therefore, to assess whether leflunomide can restore epithelial function in 

TTC7A-deficiency, we measured agonist-stimulated fluid secretion in intact colonoids. Fluid 

secretion was stimulated by addition of the cAMP-elevating agonist forskolin, which activates 

cystic fibrosis transmembrane conductance regulator (CFTR)-mediated anion-and fluid-transport 

into the lumen of the colonoid. Fluid secretion can then be measured by the extent of colonoid 

swelling.15 TTC7Amut colonoids have impaired agonist-stimulated fluid secretion compared to 

control TTC7A+/+ colonoids (Supplementary Figure 11C-D). However, in TTC7Amut colonoids 

leflunomide was able to restore the ability of the epithelium to secrete fluid, suggesting recovery 

of epithelial transport function (Figures 5E-F). These data using TTC7A-deficient patient cells 

suggest that leflunomide treatment can improve intestinal epithelial survival, structure, and ion-

transport function in humans.  

 

Discussion  

TTC7A-deficiency is a rare and often fatal disease that disrupts intestinal epithelial homeostasis 

and the immune system.1, 2  Challenged by the unmet need for therapies and reports that immune 

reconstitution via HSCT do not improve the intestinal disease,5 our goal was to identify 

candidate drugs that improve intestinal abnormalities. Given that apoptosis is a key clinical and 

experimental feature of TTC7A-deficiency, we performed a phenotypic high-throughput drug 

screen to identify compounds that could reduce the increased apoptosis seen in TTC7A-

deficiency. We selected candidate drugs having class diversity, known safety profiles, and 

repurposing potential and tested their efficacy in various disease models. Based on our 
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experimental data, safety profiles, FDA-approved status and its prior use for inflammatory 

conditions such as juvenile rheumatoid arthritis,20 leflunomide was selected as our lead candidate 

therapeutic. Leflunomide’s known mechanism of action is through inhibition of DHODH, an 

enzyme responsible for the de novo synthesis of pyrimidines important in T-cell activation.10 

However, Vidofludimus, a selective DHODH inhibitor 21 did not increase p-AKT or inhibit 

cleaved Caspase 3 in TTC7A-KO cells, indicating an alternative mechanism-of-action in 

rescuing TTC7A-deficient cells. We demonstrated that leflunomide is involved in regulating 

AKT, providing a potential mechanism for the increase in cell viability and reduction in 

apoptosis. These findings corroborate the research from Leger et al. showing that low dose 

leflunomide (10 µM) activates PI3K/AKT signaling in HEL and K562 leukemia cells.22 We 

propose that loss of AKT activation in TTC7A-deficiency results in a greater susceptibility for 

Caspase 3 cleavage, thereby altering cellular fitness and disrupting epithelial homeostasis (Figure 

6).  

A phase 1 clinical study and uncontrolled pilot study suggested that leflunomide may be a 

safe treatment option for Crohn’s disease (CD), although not commonly used.23 Besides 

leflunomide, there were other potential candidate drugs. While tiaprofenic acid was able to 

rescue many TTC7A-related phenotypes, its repurposing should be approached with caution as it 

is typically not prescribed for children and NSAIDs are associated with gastric bleeding.24 

Cyanocobalamin, the synthetic form of Vitamin B12, was less effective in rescuing the apoptotic 

phenotype compared with leflunomide; however, its relatively safe clinical profile makes it an 

appealing therapeutic to consider. Additionally, there is some limited evidence that high-dose 

Vitamin B12 may be beneficial in IBD patients.25 Interestingly, three hits (non-FDA-approved 



 

 

 

 

 

22

drugs) were antagonists of mGluR5, a type of G-protein coupled receptor linked to the inositol 

trisphosphate/DAG pathway. Previous research shows mGluR5 antagonists to be important in 

the gastrointestinal tract by improving epithelial barrier function.26 The drug screen herein 

identified a diverse range of biologically active compounds and illuminated potential pathways 

implicated in TTC7A-deficiency.  

We demonstrated that ttc7a-mutant zebrafish have intestinal atresia, loss of villi, 

discordant intestinal epithelial cell integrity, and poor gut motility. The zebrafish model 

recapitulates the intestinal phenotypes seen in patients, and to our knowledge, establishes the 

only animal disease-model system for TTC7A-deficiency. Consistent with the mechanism of our 

model, Thakur and colleagues developed a zebrafish model (cdipt hi559) lacking PI synthesis, and 

interestingly also observed an intestinal atresia phenotype, thus, providing a precedent for linking 

PI deficiency with IBD and intestinal narrowing.9 Taken together, these findings further suggest 

that PI regulation could be an important target for improving intestinal health.  

The GI tracts of zebrafish and humans have homologous structures, functions, tissues, 

and cell types, and their transparency during the larval stage makes for an advantageous model 

for intestinal research.9  However, fundamental differences in zebrafish and humans (e.g. 

microbiome, environmental) could possibly contribute to the discrepancies we see in disease 

severity and overall survival. Ultimately, differences in the microbiome, embryonic 

development, and drug dosing increase the complexity in translating these findings to patients. A 

thorough characterization of intestinal apoptosis in ttc7a-mutant fish is additionally required and 

may aid elucidating the extent of morbidity that is driven by cell death. Also, given that the fish 

were treated with leflunomide from 3 to 7 dpf, and that the gut is fully formed by 5 dpf, it 
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remains to be elucidated whether leflunomide prevents or reverses the intestinal pathologies. In 

the future, the development of transgenic ttc7a-/- reporters that aid in visualizing intestinal 

infiltrate may allow for more thorough assessment of histopathological features in ttc7a-deficient 

fish.  

Despite leflunomide’s merits of approved status and previous use in pediatrics, several 

limitations exist. Clinically, existing data pertaining to leflunomide’s pharmacokinetics, IC50 

values, and mechanism of action are specific to its use in rheumatoid arthritis and inhibition of 

pyrimidine synthesis via DHODH. In our study, leflunomide’s precise mechanism of action 

remains to be elucidated, and previously reported IC50 values differ because they are for the 

inhibition of DHODH rather than caspase activity.  Identifying leflunomide’s primary cellular 

target may therefore be critical to fully understanding how TTC7A functions in intestinal cells. 

Our study identified leflunomide’s IC50 for the inhibition of Caspase 3/7 activity in vitro but 

potency remains to be established for the in vivo situation, with alterations likely due to drug 

pharmacokinetics. Current juvenile rheumatoid arthritis dosing for leflunomide may differ for 

TTC7A-deficiency patients who are likely to be very young (<6 years). Therefore, establishing 

an effective and safe dose for various pediatric thresholds (i.e., <5 kg, <10 kg) will be necessary. 

Lastly, evaluating leflunomide’s efficacy in TTC7A-deficiency patients may be confounded by 

the effects of  concomitant immunodeficiency. 

In this study, we have identified FDA-approved drugs that rescue TTC7A-deficiency 

phenotypes and orthogonally validated the potential therapies in zebrafish and patient-derived 

colonoids. We identified AKT activation as part of the pathobiology in TTC7A-deficiency, and 

propose an alternative mechanism-of-action where leflunomide increases activated AKT and 
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improves cellular fitness. The data presented here suggest that leflunomide is a repurposing 

candidate with potential to benefit patients with monogenic defects in TTC7A as well as in those 

in the broader IBD population suffering with apoptotic and/or stricturing intestinal disease. 

Based on these pre-clinical findings, leflunomide is a promising candidate to advance to clinical 

testing. Future investigation of the hits identified here could provide alternative therapeutic 

targets for TTC7A-deficiency and offer insight into the cellular functions of TTC7A. 
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Figure Legends 

 

Figure 1. TTC7A-KO cells have an increased susceptibility for apoptosis.  

(A) Morphology of WT and TTC7A-KO HAP1 cells, DIC microscopy. Left panels, objective 

magnification 63x (scale bar 10µm). Right panels, objective magnification 4x (scale bar 190µm). 

Blebs and filopodia-like processes are indicated by arrow and arrowhead, respectively. Dashed-

bars highlight differences in colony sizes after 48 h of culturing. (B) Real-time viability assay. 

Two-way ANOVA with post hoc test (Sidak), ****p<0.0001, (n=3, 3 replicates). (C) Annexin 

V-FITC/PI flow cytometry demonstrated that TTC7A-KO have significantly increased Annexin-

V staining. Data is quantified in Supplementary Figure 2B. (D) Western blot analysis of 

untreated and IFNγ (10 ng/ml)//TNFα-treated (30 ng/ml) WT and TTC7A-KO cells, 48 h (n=3). 

Refer to Supplementary Figure 2C for cleaved Caspase 3 (CC3) quantitation. 

 

Figure 2. High-throughput drug screening identifies approved-compounds that improve 

the apoptotic phenotype. (A) Modeling the high-throughput apoptosis-phenotype assay. 

Caspase-Glo® 3/7 assay, z’=0.54, data are presented as the mean ±SD.  Unpaired t test, 

****p<0.0001, (n=3, 8 replicates). (B) Drug screen workflow. See Methods. (C) A sample of 

plate-results from the Prestwick Chemical Library screen showing mean Caspase 3/7 activity 

from drug-treated wells (green dots) and DMSO-treated control wells, WT (light blue dashes) 

and TTC7A-KO cells (dark blue dashes). Tiabendazole and tiaprofenic acid reduced Caspase 3/7 

activity below the hit threshold (µWT-3σ), z’= 0.56. (D) Drug screen summary, 0.4% hit rate. Hit 

compounds represent the 10 drug classification families shown. (E) Comparison of hit compound 
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inhibition of apoptosis in TTC7A-KO cells. Black borders represent FDA-approved drugs and 

bar colors correspond to Figure 2D. (F) Concentration-response curve for leflunomide inhibition 

of Caspase 3/7 activity in HAP1 TTC7A-KO cells, IC50=1.1 µM, (n=3). (G) Colony size 

formation in WT, TTC7A-KO, and drug-treated TTC7A-KO cells. Drug abbreviations: 

cyanocobalamin (CYANO), leflunomide (LEF), tiaprofenic acid (TIA), fenbufen (FEN), and 

fasudil (FAS). Plotted values represent individual cell colonies, error bars presented as mean 

±SD. Statistical significance was relative to the KO/DMSO control. One-way ANOVA with post 

hoc test (Dunnett), ****p<0.0001, ***p<0.001, **p<0.01, (n=3, 6 replicates per condition). (H) 

Viability assay. Statistical significance relative to KO/DMSO (blue). WT (*p<0.05), KO/LEF 

(**p<0.01), KO/TIA (****p<0.0001), KO/FEN (***p<0.001), KO/FAS (****p<0.0001), two-

way ANOVA with post hoc test (Dunnett), (n=3, 4 replicates per condition). 

 

 

Figure 3. Leflunomide rescues abnormal intestinal features in ttc7a -/- zebrafish. 

(A) Histology from ttc7a -/- zebrafish (7 dpf) reveals pathological intestinal phenotypes. Control 

(ttc7a +/-) zebrafish display open luminal spaces with discernible villi projections (grey 

arrowhead), clefts (black arrowhead), monolayer epithelium (dotted-outlined area), and mature 

goblet cells with large vesicles (black arrows). ttc7a -/- zebrafish display narrowing of the 

intestinal bulb, stratified epithelium (yellow dotted-outlined area), signs of apoptosis (yellow 

arrows), and goblet cells with numerous small vesicles (yellow boxes). Objective magnification 

10x and 40x for insets (scale bar 100 µm, inset scale bar 50 µm), (ttc7a +/- n=14, ttc7a -/- n=11). 

(B) Incidence of the narrow gut phenotype in DMSO and LEF treated fish. One-way ANOVA 
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with post hoc test (Fisher’s LSD), ****p<0.0001, ttc7a +/- (DMSO n=49, LEF n=12), ttc7a -/- 

(DMSO n= 36, LEF n=26). (C) Intestinal histology from treated (see Methods) ttc7a-/- zebrafish. 

Leflunomide, cyanocobalamin and tiaprofenic acid suppressed the narrow-gut phenotype with 

minimal enterocyte crowding. Objective magnification 10x, (scale bar 100 µm). ttc7a+/- (DMSO 

n=49) ttc7a-/- (DMSO n= 36, CYANO n=10, LEF n=26, TIA n= 13, FEN n=13. (D) Assessment 

of apoptosis. DMSO or leflunomide treatment. ttc7a-/- zebrafish display fragmented, condensed 

or engulfed nuclei in the epithelium (arrows). Leflunomide treatment resulted in diminished 

signs of apoptosis, reduced intestinal epithelial cell crowding, and overall improved epithelium 

architecture in ttc7a-/- zebrafish. Refer to Supplementary Figure 7A for the quantitation of 

apoptotic cells/sample. Objective magnification 70x (scale bar 20 µm), (n=6 per group, across 3 

experimental clutches). (E) Staining of the intestinal lumen in control (ttc7a+/-) and ttc7a-mutant 

(ttc7a-/-) zebrafish. Images are from peristalsis assays (Supplementary Video 2): intestinal lumen 

marked green fluorescent stain (DCFH-DA). ttc7a+/- fish have discernable villi (yellow arrow) 

and large continuous intestinal bulbs (double-headed white arrow). Representative ttc7a -/- 

intestinal phenotypes (i) atresia point (white arrow heads) (ii) narrow intestinal lumen and (iii) 

obstruction interrupting the intestinal bulb (white arrow). Objective magnification 4x, (scale bar 

100 µm). (F) Incidence of ttc7a-mutant phenotypes. ttc7a-/- fish have significantly larger 

populations with motility and narrow lumen pathological phenotypes. Data are presented as the 

mean ±SD, one-way ANOVA with post hoc test (Fisher’s LSD), **p<0.0054, *p<0.0196, (n=50 

total for each group, across 3 experimental clutches). (G) Phenotype summary from drug treated 

fish. ttc7a -/- fish with aberrant motility and narrow lumen phenotypes were significantly reduced 

with cyanocobalamin, leflunomide, tiaprofenic acid, and fenbufen treatment (3-7 dpf). Data are 



 

 

 

 

 

30

presented as the mean ±SD. Statistical significance was relative to ttc7a -/-  DMSO control, and 

determined by two-way ANOVA with post hoc test (Dunnett), *p<0.05, **p<0.01, ***p<0.001, 

ns=not significant (DMSO n=18, CYANO n=21, LEF n=21, TIA n=17, FEN n=18, FAS n=13 

for each group across 3 experimental clutches).  

 

Figure 4. p-AKT is reduced in TTC7A-deficiency. 

(A) Histopathology analysis of p-AKT in human colon tissue. Co-staining of cytokeratin 20 

(CK20), a marker for the intestinal epithelium, and p-AKT is present in the normal and IBD 

control, while p-AKT is diminished in TTC7A-deficiency patients. Patient 1 is the colonoid 

donor and Patient 2 is unpublished with confirmed biallelic mutations. RedDot 2 nuclear 

counterstain (blue). Sections were magnified at 20x objective. (B) Histopathology analysis of 

pan-AKT (total AKT) in human colon tissue. Biopsies are the same as described in Figure 5A. 

Pan-AKT is present in all samples albeit with reduced intensity in the TTC7A-deficiency patient 

samples. Sections were magnified at 20x objective. (C) Immunoblot for p-AKT, XIAP, and 

cleaved Caspase 3 in WT and TTC7A-KO cells. After 3 h leflunomide treatment in TTC7A-KO 

cells, p-AKT and XIAP protein levels are detectable, while cleaved Caspase 3 is diminished. 

DMSO (*) (n=3). (D) Densitometric analysis of p-AKT, XIAP, and cleaved Caspase 3 from WT 

and TTC7A-KO cells. One-way ANOVA with post hoc test (Tukey), *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001, (n=3). (E) ttc7a+/- and ttc7a-/- whole mount zebrafish staining with 

p-AKT (red), Synaptic vesicle protein 2 (SV2) (green), and RedDot 2 nuclear counterstain 

(blue). SV2 staining, indicating neuromuscular junctions, is absent from the intestinal epithelial 

monolayer and aids in differentiating epithelial cells from other nearby cell types. In the DMSO 
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treated panel, p-AKT staining (Ser473) in ttc7a+/- fish is evident along the gastrointestinal tract, 

while absent in ttc7a-/- fish. Leflunomide treatment (3-7 dpf) restores p-AKT staining in the 

intestinal epithelium of ttc7a-/- fish. Fish were magnified at 5x objective, (n=4). 

 

Figure 5. Leflunomide treatment enhances survival and function of TTC7A-deficiency 

patient-colonoids. (A) Personalized medicine approach to evaluate drug efficacy in human 

TTC7A-deficiency using patient-derived colonoids. Endoscopic biopsies were obtained from 

healthy control and TTC7A-deficiency (E71K and L304R compound heterozygous, TTC7Amut) 

patients and cultured into colonoids, which were then tested with leflunomide. (B) Leflunomide 

improves the survival of human colonoids derived from TTC7A-deficiency patients (TTC7Amut). 

Example images of control (TTC7A+/+) and TTC7A-deficient (TTC7Amut) colonoids with and 

without leflunomide (10 µM) treatment at 2 and 6 days and grown in the absence of ROCK 

inhibitor (Y27632). Red arrows indicate examples of dead colonoids. (C) Summary graph 

showing the percentage of dead TTC7Amut colonoids +/- leflunomide treatment. TTC7Amut and 

TTC7A+/+ colonoids were cultured +/- ROCK inhibitor (Y27632) or with leflunomide and 

viability was assessed at day 2 and 6. TTC7Amut colonoids grown without ROCK inhibitor have 

significantly increased death, which is reversed following leflunomide treatment. One-way 

ANOVA with post-hoc test (Tukey-Kramer), *p<0.05. **p<0.01. (D) Immunofluorescence 

staining of TTC7A+/+ and TTC7Amut colonoids with villin (green) marking the apical brush 

border and cytokeratin 20 (CK20, red) marking basal epithelial structure and DAPI (blue, 

nuclei). TTC7A+/+ colonoids show normal polarity with defined basal CK20 staining. TTC7Amut 

colonoids treated with ROCK inhibitor show grossly normal staining with mild cytological 
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atypia. TTC7Amut colonoids without ROCK inhibitor show normal sidedness but abnormal 

polarity with cytological atypia and basal structural abnormalities which is improved in 

leflunomide treated colonoids. Quantification of abnormal polarity as assessed by the presence of 

multiple lumens in colonoids. Percentage of colonoids with multiple lumens in TTC7A-deficient 

colonoids with and without leflunomide (10 µM). Healthy control colonoids did not have 

multiple lumens (data not shown). Two tailed t-test, *p<0.05. (E-F) TTC7A-deficient colonoids 

(TTC7Amut) have a reduced swelling response to forskolin stimulation. Example images showing 

reduced swelling in TTC7Amut compared to TTC7Amut treated with leflunomide (10 µM). Inset 

panel show magnified images with red arrows indicating example colonoids pre and post 

swelling. Summary data showing significantly increased swelling in leflunomide (10 µM) treated 

TTC7Amut colonoids. Two tailed t-test, **p<0.01. 

 

Figure 6. Model of leflunomide’s mechanism of action in TTC7A-deficiency. (A) TTC7A-

competent. 1, TTC7A binds and recruits PI4KIIIα to the plasma membrane. 2, PI4KIIIα 

phosphorylates PI lipids to create PI4P, precursor to PI (4,5)P2/ PI(3,4,5)P3.
 3, PI3K 

phosphorylates PI (4,5)P2, required for AKT phosphorylation. p-AKT activates multiple 

downstream substrates that promote cell survival. For example, XIAP polyubiquitylates Pro 

Caspases 3,7, and 9 for proteasomal degradation, thereby reducing the susceptibility for Caspase-

dependent cell death. (B) TTC7A-deficiency + leflunomide. 1, PI4KIIIα trafficking to (or kinase 

activity at) the plasma membrane is compromised in TTC7A-deficiency resulting in reduced 

PI4P. 2, Reduced p-AKT provides a rationale for increases in apoptosis. 3, Caspase-dependent 

apoptosis is frequently associated with TTC7A-deficiency. 4, Leflunomide treatment increases p-
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AKT and XIAP levels. 5, The apoptotic phenotype is ameliorated when TTC7A-deficient HAP1 

cells are treated with leflunomide, suggesting a shift toward a survival phenotype. 6, It has yet to 

be established how leflunomide mediates p-AKT activation, however, PI3K-inhibition with 

LY294002 hinders leflunomide’s effect on AKT, XIAP, and Caspase 3 cleavage.  

 
 
Table 1. Summary of hits able to reduce Caspase 3/7 activity in TTC7A-KO cells   

 

Grey boxes are FDA-approved drugs. Compound structures, formulas, and molecular weights 

were provided by Prestwick, LOPAC and TOCRIScreen and compound descriptions were 

obtained from PubChem.27 
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Supplementary Figure 1. Confirming the HAP1 TTC7A-KO cell line.  
 
 
 
 
 
 
 
 
 
 
 
(A) Sanger sequence confirmation of a 1 base pair insertion (c. 1564_1565insT) in exon 
9 of TTC7A causing a frameshift and early stop codon (p. L399LfsX132). (B) Western 
blot for endogenous TTC7A in HAP1 WT and TTC7A-KO cells. HEK293T cells 
transiently overexpressing WT-TTC7A-FLAG was used as the positive control. GAPDH 
was used as a loading control (n=3). (C) Densitometric analysis of endogenous TTC7A 
in HAP1 WT and TTC7A-KO cells, AU=arbitrary units. Data are presented as means 
±SD, statistical significance was determined using an unpaired t-test **p=0.0027 (n=3). 
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Supplementary Figure 2. TTC7A-KO cells display poor survival.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(A) HAP1 WT and TTC7A-KO cells at confluency captured via DIC microscopy. TTC7A-
KO cells form small and isolated colonies while WT cells form large and expansive 
colonies. Objective magnification 2.5x  (scale bar 100 µm). Colony sizes have been 
quantified in Figure 2G, and images at 63x and 4x are shown in Figure 1A. (B) Flow 
data analysed using FACSdiva, data are presented as the mean ±SD, statistical 
significance was determined using an unpaired t-test **p≤0.01 (n=3).(C) Densitometric 
analysis of endogenous cleaved Caspase 3 (CC3) from WT and TTC7A-KO cells. Data 
are presented as means ±SD relative to WT (CC3/tubulin), statistical significance was 
determined using an unpaired t-test *p=0.0190 (n=3). 
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    Supplementary Figure 3. Cytoskeletal and adhesion defects in TTC7A-KO cells. 
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(A) Phalloidin staining of WT and TTC7A-KO cells. Phalloidin staining in green indicates 
F-actin structures and DAPI in blue are stained nuclei. Cells were untreated or treated 
with IFNγ and TNFα for 48 h. White arrows indicate filopodia-like processes and insets 
are magnified 200%. 40x objective magnification. (scale bar 22 µm) (n=3, 5 replicates 
per condition). (B) Apoptosis likely precedes cell lifting in TTC7A-KO cells. Floating and 
adherent cells were isolated, counted and plated in equal amounts for both WT and 
TTC7A-KO cells. Under basal conditions, Caspase 3/7 activity was measured (Caspase 
3/7 Glo, Promega) in floating cells and adherent cells and analyzed relative to the WT 
control. Statistical significance was determined using a two-way ANOVA with post hoc 
test (Sidak), ****p<0.0001 (n=3).  
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Supplementary Figure 4. Hit compounds improve cell membrane morphology and 
colony sizes in TTC7A-KO cells. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Live-DIC microscopy of colonies formed after WT and TTC7A-KO cells were treated 
with DMSO or Leflunomide. After 48 h, WT cells are confluent and form large 
continuous colonies, while KO cells form small clustered colonies with irregular spikey 
and ruffled membranes (red arrows). Leflunomide treatment increases the size of 
TTC7A-KO colonies and improves the appearance of cell membranes. Relative colony 
sizes are indicated with dashed bars, boxed areas represent the magnified insets, and 
black arrows indicate uniform membrane boundaries. Objective magnification 4x (scale 
bar 100 µm, inset scale bar 50 µm), (n=3). 
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Supplementary Figure 5. ttc7a-mutant zebrafish model.  
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(A) DNA sequence showing 11 base pair deletion in exon 14 (c.1710_1721del) for ttc7a-

/- fish. (B) Protein alignment sequence showing frameshift at threonine 548 (black 
arrow) leading to a stop codon (red arrow) 41 amino acids away (p. T548LfsX41). (C) 
Whole mount zebrafish staining with TTC7A (green), SV2 (red) RedDot 2 nuclear 
counterstain (blue). Fish were magnified at 5x objective. 
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Supplementary Figure 6. Intestinal volume and length for control and ttc7a-/- zebrafish.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(A) Measurements of intestinal lumen volume. The volume of fluorescence (µm3) in the 
luminal space (across z-stacks) was analyzed using Volocity software. Statistical 
significance was determined using an unpaired students t-test, ***p=0.0009 (n=20). (B) 
Intestinal bulb lengths. The lengths of intestinal bulbs (µm) were measured using 
Volocity’s line tool. Statistical significance was determined using a one-way ANOVA 
with post hoc test (Dunnett), ****p<0.0001 (ttc7a +/-, ttc7a -/- n=20, ttc7a +/+ n=9).  
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Supplementary Figure 7. Changes in intestinal volume and apoptotic cells in drug 
treated-ttc7a-/- zebrafish. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(A) Quantitation of apoptotic cells corresponding to H&E samples in Figure 4D. 
Statistical significance was determined using a one-way ANOVA with post hoc test 
(Tukey), ****p<0.0001 (n=6 per group, across 3 experimental clutches). (B) Intestinal 
lumen volume measurements for ttc7a -/- zebrafish after drug treatment. Plotted values 
represent individual fish luminal volumes, and error bars represent the mean ±SD. 
Volumes were calculated using Volocity Software, statistical significance was relative to 
the negative control (ttc7a -/-  DMSO), and determined using a one-way ANOVA with 
post hoc test (Dunnett), *p<0.05, **p<0.01, (DMSO n=18, CYANO n=21, LEF n=21, TIA 
n=17, FEN n=18, FAS n=13 for each group across 3 experimental clutches).  
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Supplementary Figure 8. ttc7a-/- zebrafish histology with 4-PBA and ROCK-inhibitors 
treatment.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
H&E histology samples for zebrafish treated with 4-PBA (5 mM), Y27632 (10 µM) or 
Fasudil (5 µM) from 3.5 to 7 dpf and fixed at 7 dpf. Samples were qualitatively evaluated 
for large and open intestinal bulbs, rounded villi, epithelial monolayer, IEC integrity (no 
crowding or stratification), and the presence of mature goblet cells. Objective 
magnification 10x, (scale bar 100 µm) ttc7a -/- fish treated with 4-PBA resulted in open 
luminal spaces with discernible villi projections, (4-PBA n=4, Y27632 n=4, FAS n=13). 
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Supplementary Figure 9. p-AKT levels at Thr308 and Ser473 sites are diminished in 
TTC7A-KO cells.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(A) Western blot for WT and TTC7A-KO cells treated with DMSO, Leflunomide (8 µM), 
or LY294002 (50 µM) for 3 h. In TTC7A-KO cells, Thr 308 and Ser 473 p-AKT protein 
bands are diminished compared to WT. PI3K-inhibitor treatment suppresses p-AKT 
activation in WT and Leflunomide treated TTC7A-KO cells (n=3). (B) Densitometric 
analysis of blot in Supplementary Figure 9A. LY= LY294002 (PI3K inhibitor) reduces p-
AKT levels in WT and leflunomide-treated TTC7A KO cells. Data are presented as 
relative p-AKT/AKT means ±SD, statistical significance was determined using a two-
way ANOVA with post hoc test (Fisher’s LSD) ****p<0.0001, ***p=0.0006, **p=0.0082, 
*p<0.02 (n=3). 
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Supplementary Figure 10. Vidofludimus (DHODH inhibitor) does not alter p-AKT and 
cleaved Caspase 3 protein levels in TTC7A-KO cells.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Western blot for WT and TTC7A-KO cells treated with DMSO or Vidofludimus (Vido), 8 
µM, for 3 and 24 h. 
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Supplementary Figure 11. Human histology analysis and TTC7A-patient derived 
organoid swelling.  
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(A) Immunohistochemical staining for TTC7A and CK20 in normal, IBD and TTC7A 
deficient patient tissue sections. Two TTC7A-deficiency patients have a loss of TTC7A 
staining in the epithelium. Objective magnification is 20x. (B) Colonic histology from 
TTC7Amut colonoid donor shows changes in epithelial architecture and significant 
apoptosis. Panel i, Gastric biopsy showing atrophic gastritis with mild cytologic 
atypia/reactive changes. Panel ii, Small bowel with mild cytologic atypia and patchy 
villous blunting. Panel iii, Colon with marked architectural and cytologic atypia of the 
epithelium. Panel iv, Colon with prominent crypt apoptosis and eosinophilic 
inflammation. Objective magnification is 10x. (C) TTC7A-deficient colonoids (TTC7Amut) 
have a reduced swelling response to forskolin (10 µM) stimulation. Summary data 
showing change in colonoid volume per hour in TTC7Amut compared to 
control (TTC7Awt) colonoids. Two-tailed t test, ***p<0.001, (n=3). (D) Example images 
showing colonoids at 0 minutes and 60 minutes post forskolin administration in CON 
(TTC7Awt) compared to TTC7A (TTC7Amut) colonoids. Objective magnification is 4x. 
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Supplementary Table 1. IC50 values of hit compounds in different TTC7A-mutant cell 

lines. 
 

Hit compound Caspase 3/7 activity IC50 (µM) Standard 
deviation 

HAP1 TTC7A-
KO 

HeLa TTC7A-
E71K 

HeLa TTC7A-A 
832T 

 

Leflunomide  1.10 1.20 1.30 0.100 
Tiaprofenic acid 2.50 12.0 6.80 4.80 
Tiabendazole 11.0 20.0 33.0 11.0 
Cyanocobalamin 11.0 N/A N/A N/A 
Flurbiprofen 39.0 18.0 118 53.0 
Indoprofen 6.10 566 14.0 321 
Fenbufen 30.0 771 17.0 432 
Resvertrol 4.90 11.0 11.0 3.50 
Isoliquiritigenin 9.70 7.50 7.80 1.20 
SB-366791 7.60 5.80 5.50 1.10 
SIB 1893 9.10 8.70 8.50 0.300 
SIB 1757 18.0 9.40 13.0 4.30 
Ketorolac tris salt 156 17.0 16.0 81.0 
MPEP hydrochloride 6.30 6.30 6.30 0.00 
Pifithrin-α 
hydrobromide 

8.30 6.10 7.60 
1.10 

 
N/A: IC50 values could not be obtained via concentration-response curves. Acacetin is omitted from the 
table as no IC50 values were determined.  
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Supplementary Table 2. Primary and secondary antibodies.  
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Source Data: Uncropped Western blots.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
(A) Caspase blot from Fig. 1D. (B) TTC7A blot from Fig. S1B (C) AKT, XIAP, and 
Caspase blot Fig. 4C (D) p-AKT T308 and S473 blot from Fig. S9. (E) Vidofludimus blot 
from Fig. S10. 
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Supplementary Methods 
 
Microscopy 

For live cell imaging, cells were seeded at low density onto 8-well chamber slides (ibdi, 

Germany) with 200ul of medium. Cells were given 24hrs to adhere before addition of 

DMSO or drugs. Cells were treated with DMSO or drugs for 24hrs and imaged with a 

Quorum Spinning Disk Confocal at various objective magnifications. Colony size 

formation was assessed after 48hr drug treatment and images were taken at specified 

objective magnifications. Volocity Software’s line tool was used to measure continuous 

colonies (n=3).   

Fluorescent cell staining 

For morphology assessment, cells were cultured as described above in chamber slides 

and live-stained with nuclear stain Hoescht 33342 (ThermoFisher, Canada). Hoescht 

stock solution was diluted 1:2000 with phosphate buffered saline (PBS) (Wisent Inc, 

Canada) and incubated with cells for 5 minutes away from light followed by 3 washes 

with PBS. Samples were excited with a UV laser (350/461) and imaged with a spinning 

disk confocal at 40x objective magnification.  

Filamentous actin (F-actin) structures were assessed via phalloidin staining. Cells were 

seeded at low density on cover slips coated with poly-D-lysine (Sigma,USA), cultured 

and treated as described above, fixed in methanol-free 4% PFA (Sigma, Canada), 

permeabilized with 0.1% triton, stained with ActinGreen 488 Ready Probes Reagent 

according to manufacturer’s protocol (Invitrogen R37110, Canada) and DAPI (1:2000), 
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and mounted onto slides with Dako (Agilent, USA). The slides were imaged at 40x 

objective magnification with a spinning disk confocal, 495/518 green channel and 

350/461 UV channel were used. For each condition, 5 images were acquired, and the 

number of F-actin processes were counted and tabulated for each condition.  

Flow cytometry 

Adherent and suspended HAP1 cells were stained using the Annexin V-FITC Apoptosis 

Detection Kit with PI (Biolegend) as per the manufacturer’s protocol. Samples were 

acquired with a BD LSRFortessa™ (BD Biosciences) using FACSDiva™ software and 

analysed with FlowJo® v.10.4.2 software. 

Viability assay 

Cells were seeded (10 000 cells/well) into 96-well white walled/clear bottom plates and 

allowed to adhere for 24hrs prior to any DMSO or drug treatment. Cells were treated 

with DMSO or drugs and viability (number of cells) was assessed either by the addition 

of Calcein AM (Invitrogen, USA) (1ul Calcein AM/125ul medium) or a Realtime-Glo MT 

viability assay, according to manufacturers protocol (Promega, USA). Calcein AM 

viability reads were obtained with a fluorescent plate reader, 495/515nm 

excitation/emission. Realtime-Glo MT viability assay were obtained with luminescence 

plate reader.  

Peristalsis assays 

Peristalsis assays were adapted from Shi et al. 2014 and performed in larvae at 7 dpf.36 

Larvae were produced by in-crossed F1 heterozygotes (exon 14 1-base pair deletion). 
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Embryos were raised with 0.003% 1-phenyl-2-thiourea (PTU) to inhibit pigment 

formation. At 6 dpf, larvae were treated with 2’,7’-Dichrolodihydrofluorescein diacetate 

(DCFH-DA) (Sigma, Canada) for 24 hours, a fluorescent probe that labels the intestinal 

lumen. At 7 dpf, fish were washed 3 times for 5 minutes with fish water, anaesthetized 

with tricaine, and embedded in 1% low melt agarose (Sigma, Canada) on chamber 

slides that were topped-up with fish water. Gut motility function was visualized with 

green fluorescence (495/518nm) and DIC channels using a spinning disk confocal 

(Quorum) at 4x objective magnification with 3 z-stacks across depths of <10µm (kept at 

a minimum for speed). Still frames were captured from 8-minute analysis of peristaltic 

activity. Normal intestinal architecture, including the presence of distinct villi, can be 

appreciated with light transmission (DIC) imaging, while delineation of a distinct luminal 

space can be seen by epifluorescence imaging. All zebrafish were genotype-verified by 

either HRM analysis or Sanger sequencing.   

 

Dual Immunofluorescent Histochemical Staining 

The details of IF staining on FFPE section procedure for human and fish samples are 

published [Pan j et al, Modern Pathology (2016) 00, 1–13]. Briefly, as a first step, 

paraffin was removed using Xylene, and afterwards rehydrated with different 

percentages of ethanol. Antigen retrieval was performed with high-pressure cooking in 

EDTA–borax buffer (1mM EDTA, 10mM borax (sodium tetraborate, Sigma, St Louis, MI, 

USA), 10mM boric acid (Sigma) with 0.001% Proclin 300 (Supleco, Bellefonte, PA, 

USA) at pH 8.5. To block non-specific staining, the slides were incubated for 1 h at 
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room temperature in 4% BSA in 1 X phosphate-buffered saline plus 20% normal donkey 

serum. A proper diluted primary antibody, rabbit anti-target proteins (See Table N in 

detail) polyclonal antibody and anti-β-catenin/SV2 mouse monoclonal antibodies of co-

incubation was performed overnight at 4 °C. On the following day, stained slides were 

washed three times for 5 min with 1 × PBS. Secondary antibody fluorescence 

conjugates (Jackson Immuno Research Lab, West Grove, PA) incubation was 

performed at room temperature in darkness for 2 hrs, and slides were washed 

afterwards three times for 10 min in darkness. As a nuclear counterstain reagent, 

RedDot2 far red fluorescence (Biotium Inc. Fremont CA) was used at a dilution of 1:200. 

Finally, sections were mounted overnight with Vector shield fluorescence mounting 

medium (Vector Labs, Burlington, ON). See Supplementary Table 2 for antibody 

reference.  

Confocal microscopy 

Double/triple-immunostained sections were obtained using a Leica confocal laser 

scanning microscope (model TCS-SP8) and LAS-AF software (Leica Microsystems, 

Wetzlar, Germany), as previously reported.22 The variable excitation wavelengths of 

the krypton/argon laser were 488 nm for fluorescein isothiocyanate conjugate, 568 nm 

for Texas Red complex, and 695 nm for Alexa Fluor 680 conjugate/RedDot 2 (nuclear 

counterstaining). To zebrafish sections in low magnification, 3-4 fields were scanned 

and multiple areas selected for detail observation of SV2 expression showing fish 

sections under a 20x objective lens. The maximal intensity of the corresponding pixels 

in each optical section was used to generate/stitch a single topographic image (2-D 
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projection) from stack of images obtained at varying depth (4-5µm on average). Image 

processing, including color resolution, color separation, and merging of fields, was 

carried out using Adobe PhotoShop CS5 software (Adobe Systems Incorporated, San 

Jose, CA, USA). 

Colonoid survival assay 

A custom-made image analysis program was written in MatLab (available at Github) 

https://github.com/mdanderson03/Entroid- 

Classification/blob/master/enteroid_dead_live_via_circles.m) to identify dead/dying 

colonoids versus live colonoids based on contrast and size.  

Colonoid Media  

Component Volume 
 

Catalog # Final Concentration 

L-WRN Conditioned Media 
65 mL 

 ATCC CRL-3276 65% 

Advanced DMEM/F12 30 mL Gibco 12634-028  
GlutaMax (100X) 1mL Gibco 35050-061  
HEPES 1M 

1mL 
 Gibco 15630-080  

Primocin 
200uL 

 Invivogen ant-pm-2  

Normocin 200uL Invivogen ant-nr-2  
B27 1mL Gibco 12587010  

N2 500uL Gibco 17502-048  
Nicotinamide 1M 1mL Sigma N0636 

10mM 
 

N-Acetyl-Cystein (500mM) 100uL Sigma A8199  
A 83-01 (500uM) 100uL Sigma SML0788  
SB202190 (5mg/505uL) 33.2uL Sigma S7067  
EGF (500ug/mL) 10uL Peprotech 315-09 

50ng/mL 
 

Gastrin (500uM) 
10 uL 

 Sigma G9145 
10nM 
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Prostaglandin E2 (5mg/mL) 1uL Sigma P5640 100nM 

Y-27632 (3.2mg/mL) 100uL Sigma Y0503 
 
10uM 

Total Volume  
100mL   

 

Colonoid immunocytochemistry and histology  

Intact TTC7A deficient and healthy control colonoids were plated on glass coverslip 

plates (Cellvis, Mountain View, CA), treated with leflunomide (10 µM), Rho-kinase 

inhibitor, or DMSO, fixed 4 days post treatment with 4% paraformaldehyde and stained 

with, primary antibodies (rabbit-anti-cytokeratin 20,  and mouse anti-villin, and rat anti-E-

cadherin) and fluorescent secondary antibodies (goat-anti-mouse Alexa488, goat-anti-

rabbit Alexa 568, Thermofisher).  

 



What you need to know: 
BACKGROUND AND CONTEXT: Mutations in the tetratricopeptide repeat domain 7A gene 
(TTC7A) cause intestinal epithelial and immune defects, apoptotic enterocolitis, multiple 
intestinal atresia, and recurrent intestinal stenosis. 
 
NEW FINDINGS: In a drug screen, the authors identified leflunomide as an agent that reduces 
apoptosis and levels of active caspase 3 in TTC7A-knockout cells. In zebrafish with disruption 
of ttc7a, leflunomide restored gut motility, reduced intestinal tract narrowing, and increased 
intestinal cell survival. 
 
LIMITATIONS: Further studies are needed in humans.  
 
IMPACT: Leflunomide might be repurposed for treatment of TTC7A deficiency.  
 
Lay Summary: In a screen of drugs, leflunomide was identified as an agent that might be used to 
treat patients with intestinal defects caused by mutations in the TTC7A gene. 
 


