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Drug screen identifies leflunomide for the treatment of inflammatory bowel
disease caused by TTC7A deficiency
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Abstract:
Background & Aims: Mutations in the tetratricopeptide repeat domaingéfe TTC7A) cause

intestinal epithelial and immune defects. Patieats become immune deficient and develop
apoptotic enterocolitis, multiple intestinal ateesind recurrent intestinal stenosis. The intestina
disease in patients with TTC7A deficiency is seyargreatable, and recurs despite resection or
allogeneic hematopoietic stem cell transplant. Weened drugs for those that prevent apoptosis
of in cells with TTC7A deficiency and tested theifects in an animal model of the disease.

Methods: We developed a high-throughput screen to identipgounds approved by the Food
and Drug Administration that reduce activity of gases 3 and 7 in TTCZknockout HAP1
(human haploid) cells and reduce the susceptilidigpoptosis. We validated the effects of
identified agents in HeLa cells that stably expfEEE7A with point mutations found in patients.
Signaling pathways in cells were analyzed by imniuois. We tested the effects of identified
agents in zebrafish with disruptiontté7a, which develop intestinal defects, and colonoids
derived from biopsies of patients with and withouttations inTTC7A. We performed real-time
imaging of intestinal peristalsis in zebrafish dmstologic analyses of intestinal tissues from
patients and zebrafish. Colonoids were analyzeidnioyunofluorescence and for ion transport.

Results: TTC7A-knockout HAP1 cells have abnormal morpholagyg undergo apoptosis, due
to increased levels of active caspases 3 and 7d&wified drugs that increased cell viability;
leflunomide (used to treat patients with inflamnmgtoonditions) reduced caspase 3 and 7
activity in cells by 96%. TTC7A-knockout cells cairied cleaved caspase 3 and had reduced
levels of phosphorylated AKT and XIAP; incubatiditlvese cells with leflunomide increased
levels of phosphorylated AKT and XIAP and redua®ekls of cleaved caspase 3.
Administration of leflunomide tttc7a—/— zebrafish increased gut motility, reduced iimes

tract narrowing, increased intestinal cell survivatreased sizes of intestinal luminal spaces,
and restored villi and goblet cell morphology. Egpre of patient-derived colonoids to
leflunomide increased cell survival, polarity, arahsport function.

Conclusions:In a drug screen, we identified leflunomide as gend that reduces apoptosis and
levels of caspase 3 and activates AKT signalingiaddlr C7A-knockout cells. In zebrafish with
disruption ofttc7a, leflunomide restores gut motility, reduces integttract narrowing, and
increases intestinal cell survival. This drug migatrepurposed for treatment of TTC7A
deficiency.

KEY WORDS: genetic, monogenic IBD, animal model, cell death
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Introduction

Biallelic mutations in tetratricopeptide repeat gom7A (TTC7A) result in a combined primary
intestinal epithelial and immune defect, that préselinically as immunodeficiency, very early
onset inflammatory bowel disease (VEOIBD) and/oitiple intestinal atresia (MIA}:2 Since
2013, there have been > 50 reported cases of TTd&Tibiency with two-thirds of affected
children dying within the first 12 months of |if&.Children with TTC7A-deficiency present with
severe multisystemic disease including apoptotierenolitis (i.e., intestinal inflammation
arising from elevated intestinal epithelial celbaosis), friable and/or exfoliative mucosa,
congenital intestinal atresia and recurrent stendginphocytopenia, and combined
immunodeficiency (CID). Poor response to standaatient regimens including steroids,
surgery and allogeneic hematopoietic stem celspkamt (HSCT), as well as the recurrence of
bowel disease and the high mortality rate in thegteents motivated our expedited search for

effective therapies to treat TTC7A-deficiency.

TTCT7A contains 9 tetratricopeptide rep€BPR) domains which are structural motifs
found in a range of proteins typically associatétth wafficking and scaffoldin§.Our group
previously reported that TTC7A acts as a scaffgdgirotein by shuttling phosphatidylinositol 4-
kinase-three alpha (PI14KH) to the plasma membrane, where Pldidhtalyzes the synthesis
of phosphatidylinositol 4-phosphate (P14P) from gtmatidylinositol (Pl) membrane lipids.
Homeostatic levels of anionic PI4P are importanfpplasma membrane identity, apicobasal
polarity, cell survival, and production of poly-pgphorylated phosphatidylinositol phosphate

lipids PI (4,5)B/ PI(3,4,5)R.” Plasma membrane P14P synthesis is exclusivelyniism on the



function and localization of P14KId. Mouse and zebrafish models have provided strong

evidence for a relationship between Pl homeostB$#Ill a-function and intestinal health’

To accelerate viable treatment options for TTC7Aetlency patients, we carried out a
phenotypic high-throughput drug screen using a FIpAroved drug library and identified
leflunomide, a disease modifying anti-rheumaticgDMARD) *°, as a candidate therapeutic.

In TTC7A-knockout (KO) cellsttc7a-mutantzebrafish and TTC7A-deficient patient-derived
colonoids, we demonstrate that leflunomide resdeésctive AKT signaling and improves
multiple intestinal phenotypes. Our findings therefsupport leflunomide as a candidate drug to

move forward for further clinical studies.

Materials and methods
Cells and drug treatment

Generating an intestindlTC7A knockout (TTC7A-KO) stable cell line was unsuccakghus,
HAP1 (human haploid) cells were selected asiouitro model because they were
commercially available via Horizon Discovery (Caidige, UK) and engineered using CRISPR-
Cas9 genome editing. Drugs and concentrationsdeduDimethylsulfoxide (DMSO)
(0.5%vol/vol), cyanocobalamin (CYANO 1M) (Selleckchem, USA), leflunomide (LEF 4

uM) (Selleckchem, USA), tiaprofenic acid (TIAW) (Prestwick Chemical Library, USA),
fenbufen (FEN 1@M) (Selleckchem, USA) fasudil (FASBM) (Selleckchem, USA), Y27632

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

Western blot



Western blotting was completed as per standarapots. Primary antibodies included: anti-
Caspase 3 Rabbit, anti-p-AKT (S473) Rabbit antifofAT308) Rabbit mab, anti-AKT Rabbit,

anti-XIAP (D2Z8W) Rabbit mab (all from Cell Signagj, USA).
Caspase activity assay and high-throughput drug seen

TTC7A-KO cells were screened with Prestwick, TOCRI&d LOPAC drug libraries at M, 8
uM, and 5uM concentrations, respectively, at the SMART labamafor high-throughput
programs (Toronto, ON). Mean Caspase activity oftids were plotted and compounds that
reduced Caspase activity below 3 standard devetbthe WT control cells (hit thresholggr
- 36), providing a confidence limit of 99.73%, wereesged as hit* Concentration-response

curves (40 to 0.04M) and 1Gpvalues were generated with Graphpad software.
Zebrafish ttc7a’ model, maintenance, husbandry, and drug treatment

All protocols and procedures involving zebrafishrevperformed in accordance with Canadian
Council on Animal Care (CCAC) guidelines. Mut#ica strains were generated and
maintained by the Zebrafish Core Facility at SidekiPeter Gilgan Centre for Research and
Learning using CRISPR/Cas9 mutagenesis followimyipusly described protocols.

[+

Heterozygoust{c7a’’) and homozygoustt7a™*) fish displayed normal and indistinguishable
intestinal phenotypes (i.e., size, structure antlityy; thus, both served as healthy controls for
comparison tdtc7a’ fish. Zebrafish were treated during the larvagisté3 to 7) days post
fertilization (dpf). Drugs were dissolved directhto the water resulting in final concentrations
corresponding to those usedirvitro experiments: DMSO (0.5%vol/vol), cyanocobalamin

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

10 uM).



Peristalsis assays
Peristalsis assays were adapted from Shi‘ét#e Supplementary Methods for more detail.

Immunofluorescence histochemical staining on Formai-Fixed, Paraffin-Embedded

(FFPE) Sections

Human tissues were fixed in 10% neutral bufferechtdin, without methanol and embedded in
paraffin using routine protocols. The use of hurtissue samples was approved by the Research
Ethics Board (Hospital for Sick Children) and coetpensive consent was obtained. Informed
consent to participate in research was obtainedaarapy of the consent is available on the

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

at 7 dpf by zinc formalin and embedded with paraf8ee Supplementary Methods for more

detail.
Consent and TTC7A patient genotyping and biopsy immnofluorescence

Human subject research was carried out under & gratiocol approved by the Boston
Children’s Hospital Institutional Review Board umdRrotocol IRB-P00000529. Targeted gene
panel sequencing was carried out at Boston Chilsltéaspital where a patient was identified
with deleterious biallelic mutation in TTC7A (211&>Glu71Lys and 911del®

Leu304Arg). Mutations were validated using CLIA epged Sanger sequencing. Formalin-fixed
stomach, duodenum and colon biopsies were procésssthndard H&E and

immunofluorescence.

Patient-derived intestinal colonoid culture



Colonic biopsies were obtained and cultured usiethods modified from Sato et dIBriefly,
crypts were dissociated from colonic biopsies atadifrom a patient with TTC7A mutation or
from a healthy control patient. Isolated cryptseveuspended in Growth Factor Reduced
Phenol Red Free Matrigel (Corning, NY) and plate®@ul domes in a tissue culture-treated
24-well plate (Thermofisher) with growth factor (YWR-spondin, Noggin) supplemented media
(See Supplemental Methods for media compositioaloid cultures were passaged by
removal of Matrigel with Cell Revovery Solution (fng, NY), mechanical dissociation of

colonoids, and replating in Matrigel every 4 days.
Colonoid survival assay

TTCT7A deficient and healthy control colonoids wplated in Matrigel with human colonoid
media containing Rho-kinase inhibitor Y27632. Falilog establishment of colonoids, Y27632
was removed from the media and the colonoids weetdd with leflunomide (1M and 2.5

uM in DMSO), or vehicle control (DMSO). See Supplettaey Methods for more detalil.
Colonoid polarity

TTC7A deficient and healthy control colonoids wetdtured with human colonoid media
without Rho-kinase inhibitor Y27632 and +/- leflunme (10uM). 48 hours after plating,
colonoids (50 per group) were visually assessetvbyblinded investigators and counted for the
presence of multiple lumens. See Supplementary ddistfor colonoid immunocytochemistry

and histology.

Colonoid swelling assay



Colonoid swelling after leflunomide (1M), Rho-kinase inhibitor, or DMSO treatment was
performed as previously describBdMeasurements of cell diameter and subsequenilasitm

of volume change (assuming a sphere) was facilitayelmage J.
Statistical Analysis

Data are presented as mean £SD/SEM. Statistiaaifisnce was calculated by GraphPad
Prism software version 6.0 (GraphPad, San Diegg,d54a two-tailed 1-way or 2-way ANOVA,

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

Results

Disease modeling in TTC7A-KO cells

To develop an assay for the phenotypic correctfoRT&€7A, we obtained human haploid
(HAP1) TTC7A-KO cells, confirmed loss of TTC7A exgsssion (Supplementary Figure 1), and
characterized cellular phenotypes associated Wéhadss of TTC7A (Figures 1A-D,
Supplementary Figure 2). Live-cell imaging revealeat TTC7A-KO cells have abnormal
morphology, including active membrane blebbing (FégglA, Supplementary Video 1). WT
cells displayed normal spreading and colony foramatvhereas TTC7A-KO cells were rounded
with multiple membrane blebs and protrusions, aphology that is associated with the early

stages of apoptost§ (Figure 1A).

We found that HAP1 TTC7A-KO cells have reduced e&lbility (Figure 1B) and
increased apoptosis using several complementaryotiet Flow cytometry revealed increased

annexin V staining in TTC7A-KO cells, indicatingattthe cells were in the early stages of
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apoptosis (Figure 1C, Supplementary Figure 2B).té&/adlot analysis confirmed that TTC7A-
KO cells have increased levels of baseline cle&a&spase 3 (Figure 1D and Supplementary
Figure 2C). Additionally, we determined that TTCK® cells have a greater susceptibility for
Caspase-dependent apoptosis following treatmehtprdinflammatory and proapoptotic stimuli
(IFNY/TNFa,) (Figure 1D). Cumulatively, the data indicatetttieere is increased apoptosis in
TTC7A-KO cells, mirroring a primary histopathologldeature found in TTC7A-deficiency

patients" 2

To examine cytoskeletal features underlying theoainal morphology observed in
TTC7A-KO cells we examined cellular actin. Actimisting revealed abnormal cytoskeletal
organization, with an abundance of filopodia-likegesses in TTC7A-KO cells (Supplementary
Figure 3A). Furthermore, when WT cells were treat#th apoptotic stimuli (i.e.
proinflammatory cytokines IFMTNFa), we observed disorganization of F-actin that mésded
the untreated TTC7A-KO cells, suggesting that thsebne loss of TTC7A induces cellular
changes consistent with induction and progressi@poptosis (Supplementary Figure 3A). We
also observed that TTC7A-KO cells underwent apaptmsor to substrate detachment
(Supplementary Figure 3B), suggesting that celtideas not solely a result of anoikis (a form
of apoptosis triggered by the loss of adhesfpriTaken together, we demonstrate that TTC7A-

KO cells display phenotypes consistent with apaptos

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

cells

Apoptosis is a pathologic feature of TTC7A lossaled bothin vitro and clinically. We

therefore designed a phenotypic drug screen tdifgemompounds that can reduce cellular
11



apoptosis, without inducing uncontrolled cell pieiation. We used a highly specific and
sensitive luciferase-based Caspase 3/7 activigyg&aspase-Glo® 3/7 (Promelfdpr our
primary screen. We developed the screen so thatultl be multiplexed, where a single sample
could provide readouts for both viability (usingl€an AM) and Caspase 3/7 activity. Assessing
for viability in parallel was advantageous as dregased the sensitivity and specificity of the
screen by reducing false positives and ensuringdaaCaspase 3/7 readouts were not a result
of compound toxicity and/or total cell annihilatiofrhe Caspase-Glo® 3/7 assay revealed that
TTC7A-KO cells consistently display elevated Cagpai cleavage relative to WT cells, which
resulted in a Z'-factor score of 0.54 (Figure 2A\alue that is suitable for discerning hits

among thousands of compounds in a high-throughpaes™.

A workflow schematic of our drug screen is providedrigure 2B. With drug-
repurposing as the primary aim of our study, wedel 3 libraries (see Methods) containing
FDA-approved drugs as well as other compounds kvitwn biological targets. To ensure that
hit identification was stringent, compounds thatueed Caspase activity below 3 standard
deviations of the positive control (i.e. WT Caspaséactivity), providing a confidence limit of
99.73%, were selected as hits (see Figure 2C dansle plate readout). We screened 3760
compounds and identified 16 compounds (hencefeft#rned to as ‘hits’) resulting in a 0.4% hit
rate (Figure 2D, Table 1). Nonsteroidal anti-inflaatory drugs (NSAIDs) and Metabotropic
Glutamate Receptor Subtype 5 (mGIuR5) antagonists the most well-represented drug

classes among the hits.

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

(Supplementary Table S1). To ensure that hit comgaificacy was not an artefact specific to
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TTC7A-KO cells, we further demonstrated that odrceimpounds could reduce Caspase 3/7
activity in a HelLa cell line stably expressing TTAC@oint-mutations found in previously
reported patients (p. E71K and A832TSupplementary Table S1). Leflunomide was idesifi
as the most efficacious compound based on itgyatslinhibit Caspase 3/7 activity (96%

reduction; Figure 2E) with half-maximal inhibito¢hCso) concentration of 1.itM (Figure 2F).

Hit compounds rescue concomitant phenotypes related TTC7A-deficiency

From the 16 hit compounds identified in the screemselected a group of candidate drugs with
pharmacological class diversity and FDA-approvedust for further validation. Our initial hits
(Table 1) were narrowed to four candidate drugsfttogonal validation and included
cyanocobalamin (vitamin B12), leflunomide (DMARDigprofenic acid (NSAID), and fenbufen
(NSAID). We also compared the performance of omdadate drugs with small molecule
ROCK-inhibitors (fasudil and Y27632) to determinbether aberrant TTC7A phenotypes might

be driven by the constitutive activation of ROCKpasviously suggested

Following treatment with the candidate drugs, trephology of TTC7A-KO cells
resembled that of WT cells with a reduction in meanie blebbing (Supplementary Figure 4).
Cell colony size, a proxy for both cell adhesion a&mability, was diminished in untreated
TTC7A-KO cells; however, we observed the formatdtarger-adherent colonies after
cyanocobalamin, leflunomide, tiaprofenic acid, féisland Y27632 drug treatments (Figure 2G,
Supplementary Figure 4). In addition to reducingls of apoptosis to that of the control, we
found that candidate drug treatments improved taieilty of TTC7A-KO cells over the course

of 48-hours (Figure 2H), consistent with the obedrincrease in colony sizes. Importantly, as
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inhibition of apoptosis may result in excessivd-pebliferation, we found that leflunomide
improved viability to that of control levels, inmvast to the ROCK-inhibitor fasudil that

increased viability above WT levels and inducedessove cell proliferation.

Leflunomide rescues abnormal intestinal features ittc7a™ zebrafish

To date, a major obstacle in TTC7A research idable of an appropriate disease model that
recapitulates the intestinal abnormalities obsemedl C7A-deficiency patients. For example,
Ttc7a-mutant mice display a prominent flaky skin phenetigot do not manifest the atretic and
inflamed intestinal phenotypes seen in patiéhite therefore sought to develop an animal
model able to phenocopy the intestinal abnormalgeen in humans. Using CRISPR-Cas9
genome editing, we developed and validatéd7a zebrafish linettc7a™) with an 11-basepair
deletion in exon 14 predicted to result in a franiésnutation causing an early stop codon

(p.-T548LfsX41) (Supplementary Figure 5).

ttc7a’” zebrafish ttc7a-mutant) have normal survival but display a ranfi@bmormal
intestinal phenotypes (Figure 3). Histopathologietirafish sections were taken along the
sagittal plane, to assess a continuous stretdineahtestinal tract, including the widest and most
anterior intestine (the intestinal bulb - IB) t@tanal pore (Figure 3A). Sections were assessed
for an open IB, villus structure, a discernabldlegial monolayer, intestinal epithelial cell
integrity, and the presence of mature goblet eellls large secretory vesicles. Histological
examination revealed that7a’ zebrafish had a combination of the following intest defects:
stratification and crowding of intestinal epithélealls, blunted villi, breaches in the intestinal

mucosal layer, signs of apoptosis, and atresiggaiom intestinal tract (Figure 3A). The intestinal
14



defects observed from zebrafish histology were isterst with patient histopathological
findings! # *suggestingtc7a-mutant fish appropriately model the intestinaésta and loss of

intestinal epithelial cell integrity observed in TTA patients.

Intestinal atresia is a distinctive phenotype among7A-deficiency patients. Similarly,
intestinal narrowing was the most striking abnoityah ttc7a-mutant fish (Figure 3B,
Supplementary Figure 6). There was a greater tB&&ibcidence of intestinal narrowing in the
ttc7a-mutant fish population, whereas this phenotype masmal (<5%) in control fish. We
demonstrated that leflunomide treatmenttofa-mutant fish resulted in a reduced incidence of
intestinal narrowing, suggesting that the drug &nated intestinal atresia formation (Figure

3B).

ttc7a’ fish showed additional histological improvementluding increases in the size
of intestinal luminal spaces, and discernible tid goblet cell morphology following treatment
with tiaprofenic acid, leflunomide, or cyanocobalar(Figure 3C). Intact monolayers with
normal columnar intestinal cell architecture anddeapoptotic cells were observed in
leflunomide treatettc7a’ fish (Figure 3D, Supplementary Figure 7A). Presistudies have
suggested that the chaperone drug 4-phenylbuti#e8A, Ucyclyd Pharma), and ROCK-
inhibitors (fasudil and Y27632) may be effectivanmproving defects related to TTC7A-
deficiency? ° Our data suggests that 4-PBA treatment improvestinal defects seen ftt7a
fish, in contrast to the ROCK-inhibitors that didtmesult in any histological improvements

(Supplementary Figure 8).

The histopathological findings were further valethby real-timen vivo imaging of

intestinal peristalsis, which demonstrated diffeesin gut architecture and contractile motility
15



(Figure 3E, Supplementary Video 2). Normal motilgyntegral to intestinal health and loss of
intestinal contractility is correlated with increasIBD severity? Live-labeling of the intestinal
lumen was achieved by treating the fish with a watduble non-fluorescent stain, 2',7'-
dichlorodihydrofluorescein diacetate (DCFH-DA), thacomes oxidized to a fluorescent
compound once ingested by the fiéistill-frames from peristalsis imaging are showrFigure
3E and corresponding footage can be found in Sopgiéary Video 2. Normal intestinal
architecture, including the presence of distintit, \dan be appreciated with light transmission
(DIC) imaging, while delineation of a distinct lunal space can be seen by epifluorescence
imaging. Control heterozygous fistg7a™", consistently displayed coordinated peristaltic
contractions and larger intestinal luminal spacih discernable villi in the 1B (Figure 3E-F,
Supplementary Video 2). Peristalsis assays revehgtic7a’ fish have narrow regions in the
anterior IB resulting in bottlenecked contractiosesyerely narrow luminal spaces with absent
peristalsis, and masses obstructing the 1B reguitiuncoordinated gut motility (Figure 3E-F).
In sum, we demonstrate th&t7a-mutant fish have intestinal atresia resembling TAC7

deficiency patient$ % *with severe atretic phenotypes.

Candidate drug treatment i€7a-mutant fish showed that leflunomide reduced the
proportion of mutant fish with motility defects,s@ied the atresia phenotype and increased
intestinal luminal volumes (Figure 3G, Supplementagure 7B). Leflunomide treatment also
resulted in the largest improvement in motility eba&d inttc7a’ fish (Figure 3G). Except for
fenbufen, all candidate drugs increased inteslimainal volume. (Supplementary Figure 7B).
Taken together, we demonstrate that leflunomiddfective in improving gut motility, intestinal

epithelium integrity, and preventing intestinalsia inttc7a’ fish.
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The role of AKT in TTC7A-deficiency

AKT is a crucial survival kinase and its activati(uia phosphorylation) prevents apoptosis,
promotes proliferation, increases protein expressiad regulates cell metabolidr@iven that
reduced viability and increased apoptosis weremionsus TTC7A-deficiency phenotypes, we
sought to determine whether TTC7A dysfunction majkér AKT activation. We observed that
TTC7A-deficiency patients had loss of phosphorgda®KT (p-AKT) in the intestinal

epithelium, whereas changes in total AKT levelseness striking, suggesting that AKT
activation (i.e. p-AKT levels) may be tied to thatipobiology of TTC7A-deficiency (Figure 4A-
B). We examined AKT signaling using the HAP1 cilel As shown in Figure 4C, WT cells
lack cleaved Caspase 3 and have measurable lévmdshop-AKT and X-linked inhibitor of
apoptosis (XIAP), in contrast to TTC7A-KO cells whiexhibit the presence of cleaved caspase
3 and reduction in p-AKT and XIAP levels. Treatmuiith a phosphatidylinositol 3-kinase
(PI3K)-inhibitor (LY294002) blocks the formation 81(3,4,5)R required for AKT activation

and triggers Caspase 3 cleavad®T cells treated with PI3K-inhibitor show a sirmila
immunoblot pattern to TTC7A-KO cells treated witiMBO, suggesting that the apoptotic
phenotype observed in TTC7A-deficiency may be ntedidy AKT (Figure 4C). Importantly,
TTC7A-KO cells treated with leflunomide resultedan increase in p-AKT (Thr 308) and
XIAP, and a reduction in cleaved Caspase 3 leWatgpife 4D). These data suggest that
leflunomide may improve cell viability and redu@gsoptosis by altering AKT activation.
Furthermore, treatment with the PI3K-inhibitor risd in undetectable AKT phosphorylation at
both Threonine 308 and Serine 473 sites in WT aflddomide-treated TTC7A-KO cells,

suggesting that leflunomide is acting upstreamI8KRSupplementary Figure 9).

17



The inhibition of pyrimidine synthesis via dihydrotate dehydrogenase (DHODH) is
the putative target of leflunomid®. Immunoblot analysis using Vidofludimus, anothét@DH
inhibitor, did not increase p-AKT or reduce cleav&akpase 3, suggesting that leflunomide
increases p-AKT via an uncharacterized mechanismpp@mentary Figure 10). Treatment of
TTC7A-KO cells with leflunomide results in a shifbm an apoptotic to a survival phenotype;
however, leflunomide’s mechanism for altering p-AKJIIAP and cleaved Caspase 3 remains to

be elucidated.

We also performed whole mount zebrafish stainirag tonfirmed the loss of p-AKT
(Figure 4E). Leflunomide was able to increase p-A&Vels in the gastrointestinal tractttf7a’
" fish, thus, providingn vivo drug validation in the zebrafish model (Figure 4B)ese data

point to AKT as a possible therapeutic target &storing intestinal health in TTC7A-deficiency.

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

derived colonoids

To further validate the effect of leflunomide, vested the drug’s efficacy in colonoids derived
from TTC7A-deficiency patients. Biopsies were ob&l from a 6-month old female with
confirmed biallelicTTC7A mutations (termed TTC7AY, ¢.211 G>A (p.E71K) and c.911delT
(p-L304R) (Figure 5A). TTC7A immunofluorescencersitag of a colonic tissue sample
demonstrated that the TTCTA patient had loss of TTC7A staining compared tdthgand

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

TTC7A™! patient intestinal biopsy specimens also showatlifes consistent with TTC7A-
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deficiency including villous blunting in the duoden and crypt apoptosis and eosinophilic

inflammation in the colon (Supplementary Figure 11B

Previous studies have shown that ROCK inhibitioabke to improve survival of TTC7A
deficient organoids Colonoids derived from both a healthy subjectGVA™*) and our
TTC7A™ patient were generated from endoscopic biopsidgraated with a ROCK-inhibitor
(5 UM Y27632) and/or leflunomide. Compared to contr@ICI7A™* colonoids, a higher
percentage of TTC7A" colonoids died in the absence of ROCK inhibiteatment (Figures 5B-
C). Treatment of TTC7A" colonoids with leflunomide (with and without ROGHhibitor)

promoted colonoid survival in a dose-dependent rann

Apicobasal polarity is essential to intestinal kelial cell function and previous studies
has suggested aberrant cell polarity in TTC7A-deficepithelial cell$. Intact TTC7A™
colonoids showed well-demarcated polarization eda@nd basolateral membranes delineated
by villin and CK20 staining, respectively (FigurB)s Without ROCK-inhibitor treatment,
epithelial cells were polarized in the correct ptigion in TTC7A™ colonoids, yet showed other
defects including disorganized cytoskeletal stajrand the presence of abnormal cytoplasmic
inclusions and the presence of multiple lumensolmjunction with previous reportavhere
treatment with a ROCK-inhibitor restored epitheBtalucture and polarity in TTC7A-deficient
colonoids, TTC7A" colonoids treated with a ROCK-inhibitor partiallgreected polarity
defects as assessed by the number of colonoidswuiliiple lumens (Figure 5D). Similar to the
ROCK-inhibitor treatment, leflunomide (10M) also partially rescued cytoskeletal and polarity

defects in TTC7A" colonoids.
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Transepithelial fluid and electrolyte homeostasesessential functions of intestinal
epithelial cells. Therefore, to assess whetheueiinide can restore epithelial function in
TTC7A-deficiency, we measured agonist-stimulateddfsecretion in intact colonoids. Fluid
secretion was stimulated by addition of the cAM®&vating agonist forskolin, which activates
cystic fibrosis transmembrane conductance regu{&bBil R)-mediated anion-and fluid-transport
into the lumen of the colonoid. Fluid secretion tiaen be measured by the extent of colonoid
swelling®® TTC7A™" colonoids have impaired agonist-stimulated fliédrstion compared to
control TTC7A" colonoids (Supplementary Figure 11C-D). Howevefl TiC7A™ colonoids
leflunomide was able to restore the ability of #pithelium to secrete fluid, suggesting recovery
of epithelial transport function (Figures 5E-F).€Ble data using TTC7A-deficient patient cells
suggest that leflunomide treatment can improvestirial epithelial survival, structure, and ion-

transport function in humans.

Discussion

TTC7A-deficiency is a rare and often fatal diseidwse disrupts intestinal epithelial homeostasis
and the immune systeh? Challenged by the unmet need for therapies gmatt®that immune
reconstitution via HSCT do not improve the intestidiseasé,our goal was to identify
candidate drugs that improve intestinal abnornealitGiven that apoptosis is a key clinical and
experimental feature of TTC7A-deficiency, we penfied a phenotypic high-throughput drug
screen to identify compounds that could reducertbieased apoptosis seen in TTC7A-
deficiency. We selected candidate drugs havingdagersity, known safety profiles, and

repurposing potential and tested their efficacyarnous disease models. Based on our
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experimental data, safety profiles, FDA-approvedust and its prior use for inflammatory
conditions such as juvenile rheumatoid arthftieflunomide was selected as our lead candidate
therapeutic. Leflunomide’s known mechanism of aci®through inhibition of DHODH, an
enzyme responsible for tide novo synthesis of pyrimidines important in T-cell aetion°
However, Vidofludimus, a selective DHODH inhibitdrdid not increase p-AKT or inhibit
cleaved Caspase 3 in TTC7A-KO cells, indicatingti@rnative mechanism-of-action in

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

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

apoptosis. These findings corroborate the resdesomLegeret al. showing that low dose
leflunomide (10uM) activates PI3K/AKT signaling in HEL and K562 kemia cells’? We

propose that loss of AKT activation in TTC7A-deéincy results in a greater susceptibility for
Caspase 3 cleavage, thereby altering cellulardg@ed disrupting epithelial homeostasis (Figure

6).

A phase 1 clinical study and uncontrolled pilotdstsuggested that leflunomide may be a
safe treatment option for Crohn’s disease (CDhcalgh not commonly use€d Besides
leflunomide, there were other potential candidateys. While tiaprofenic acid was able to
rescue many TTC7A-related phenotypes, its repungosiiould be approached with caution as it
is typically not prescribed for children and NSAIB® associated with gastric bleedffig.
Cyanocobalamin, the synthetic form of Vitamin B@&s less effective in rescuing the apoptotic
phenotype compared with leflunomide; however,etatively safe clinical profile makes it an
appealing therapeutic to consider. Additionallyrthis some limited evidence that high-dose

Vitamin B12 may be beneficial in IBD patierffsinterestingly, three hits (non-FDA-approved
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drugs) were antagonists of mGIuR5, a type of Gginatoupled receptor linked to the inositol
trisphosphate/DAG pathway. Previous research simo@&IR5 antagonists to be important in
the gastrointestinal tract by improving epithebalrier functior?® The drug screen herein
identified a diverse range of biologically activengpounds and illuminated potential pathways
implicated in TTC7A-deficiency.

We demonstrated th&t7a-mutant zebrafish have intestinal atresia, losalbf
discordant intestinal epithelial cell integrity,capoor gut motility. The zebrafish model
recapitulates the intestinal phenotypes seen iergat and to our knowledge, establishes the
only animal disease-model system for TTC7A-deficierConsistent with the mechanism of our

model, Thakur and colleagues developed a zebraftel €dip ) lacking PI synthesis, and
interestingly also observed an intestinal atrebinptype, thus, providing a precedent for linking
PI deficiency with IBD and intestinal narrowifid.aken together, these findings further suggest

that PI regulation could be an important targetifigoroving intestinal health.

The Gl tracts of zebrafish and humans have homalkgtructures, functions, tissues,
and cell types, and their transparency duringdineal stage makes for an advantageous model
for intestinal research.However, fundamental differences in zebrafish lamehans (e.g.
microbiome, environmental) could possibly contrébta the discrepancies we see in disease
severity and overall survival. Ultimately, diffei@s in the microbiome, embryonic
development, and drug dosing increase the complexttanslating these findings to patients. A
thorough characterization of intestinal apoptasigd/a-mutant fish is additionally required and
may aid elucidating the extent of morbidity thatliszen by cell death. Also, given that the fish

were treated with leflunomide from 3 to 7 dpf, dahdt the gut is fully formed by 5 dpf, it
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remains to be elucidated whether leflunomide pressenreverses the intestinal pathologies. In
the future, the development of transgetiZa’ reporters that aid in visualizing intestinal
infiltrate may allow for more thorough assessméditistopathological features in ttc7a-deficient

fish.

Despite leflunomide’s merits of approved status preious use in pediatrics, several
limitations exist. Clinically, existing data pemnaig to leflunomide’s pharmacokinetics,siC
values, and mechanism of action are specific tosésin rheumatoid arthritis and inhibition of
pyrimidine synthesis via DHODH. In our study, lefamide’s precise mechanism of action
remains to be elucidated, and previously repor@g\alues differ because they are for the
inhibition of DHODH rather than caspase activitgentifying leflunomide’s primary cellular
target may therefore be critical to fully understisng how TTC7A functions in intestinal cells.
Our study identified leflunomide’s Kgfor the inhibition of Caspase 3/7 activityvitro but
potency remains to be established forithevo situation, with alterations likely due to drug
pharmacokinetics. Current juvenile rheumatoid #rghdosing for leflunomide may differ for
TTC7A-deficiency patients who are likely to be vgoung (<6 years). Therefore, establishing
an effective and safe dose for various pediatriesimolds (i.e., <5 kg, <10 kg) will be necessary.
Lastly, evaluating leflunomide’s efficacy in TTC7deficiency patients may be confounded by

the effects of concomitant immunodeficiency.

In this study, we have identified FDA-approved drtigat rescue TTC7A-deficiency
phenotypes and orthogonally validated the potettigdapies in zebrafish and patient-derived
colonoids. We identified AKT activation as parttbé pathobiology in TTC7A-deficiency, and

propose an alternative mechanism-of-action whéhenlemide increases activated AKT and
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improves cellular fitness. The data presented seggest that leflunomide is a repurposing
candidate with potential to benefit patients witbrmagenic defects in TTC7A as well as in those
in the broader IBD population suffering with apdpt@nd/or stricturing intestinal disease.
Based on these pre-clinical findings, leflunomigl@ ipromising candidate to advance to clinical
testing. Future investigation of the hits identifigere could provide alternative therapeutic

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

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

(A) Morphology of WT and TTC7A-KO HAPL1 cells, DIC mascopy. Left panels, objective
magnification 63x (scale bar ). Right panels, objective magnification 4x (sdade 19@m).
Blebs and filopodia-like processes are indicatediyw and arrowhead, respectively. Dashed-
bars highlight differences in colony sizes afteid@ culturing. B) Real-time viability assay.
Two-way ANOVA with post hoc test (Sidak), ****p<00D1, (n=3, 3 replicates)Cj Annexin
V-FITC/PI flow cytometry demonstrated that TTC7A-K@ve significantly increased Annexin-
V staining. Data is quantified in SupplementaryurgB. (D) Western blot analysis of
untreated and IFN(10 ng/ml)//TNFx-treated (30 ng/ml) WT and TTC7A-KO cells, 48 h 8)=

Refer to Supplementary Figure 2C for cleaved CasBg€C3) quantitation.

Figure 2. High-throughput drug screening identifiesapproved-compounds that improve

the apoptotic phenotype(A) Modeling the high-throughput apoptosis-phenotygsag.
Caspase-Glo® 3/7 assay, z'=0.54, data are presasté mean +SD. Unpaired t test,
****n<0.0001, (n=3, 8 replicates)B) Drug screen workflow. See Method€) A sample of
plate-results from the Prestwick Chemical Libracyegn showing mean Caspase 3/7 activity
from drug-treated wells (green dots) and DMSO-&datontrol wells, WT (light blue dashes)

and TTC7A-KO cells (dark blue dashes). Tiabendaaanttiaprofenic acid reduced Caspase 3/7
activity below the hit thresholquyt-3c), z’= 0.56.(D) Drug screen summary, 0.4% hit rate. Hit

compounds represent the 10 drug classificationlfesrshown (E) Comparison of hit compound
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inhibition of apoptosis in TTC7A-KO cells. Black tokers represent FDA-approved drugs and
bar colors correspond to Figure 2B) Concentration-response curve for leflunomide iittub
of Caspase 3/7 activity in HAP1 TTC7A-KO cellsg€l.1uM, (n=3). G) Colony size
formation in WT, TTC7A-KO, and drug-treated TTC7A5kKcells. Drug abbreviations:
cyanocobalamin (CYANO), leflunomide (LEF), tiaprofe acid (T1A), fenbufen (FEN), and
fasudil (FAS). Plotted values represent individeell colonies, error bars presented as mean
+SD. Statistical significance was relative to th®@/RMSO control. One-way ANOVA with post
hoc test (Dunnett), ****p<0.0001, ***p<0.001, **p<01, (n=3, 6 replicates per conditiorit)(
Viability assay. Statistical significance relaticeKO/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 lieptes per condition).

Figure 3. Leflunomide rescues abnormal intestinaldatures inttc7a™ zebrafish.

(A) Histology fromttc7a™ zebrafish (7 dpf) reveals pathological intestinakpotypes. Control
(ttc7a +") zebrafish display open luminal spaces with disixe villi projections (grey
arrowhead), clefts (black arrowhead), monolayethetium (dotted-outlined area), and mature
goblet cells with large vesicles (black arrowsj7a ™’ zebrafish display narrowing of the
intestinal bulb, stratified epithelium (yellow dett-outlined area), signs of apoptosis (yellow
arrows), and goblet cells with numerous small Vesi¢yellow boxes). Objective magnification
10x and 40x for insets (scale bar 108, inset scale bar 50m), (tc7a " n=14, ttc7a’ n=11).

(B) Incidence of the narrow gut phenotype in DMSO aBdF lireated fish. One-way ANOVA
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with post hoc test (Fisher’s LSD), ****p<0.000ttc7a *"~ (DMSO n=49, LEF n=12}tc7a™”
(DMSO n= 36, LEF n=26)C) Intestinal histology from treated (see Methattisja’” zebrafish.
Leflunomide, cyanocobalamin and tiaprofenic acigmassed the narrow-gut phenotype with
minimal enterocyte crowding. Objective magnificatitOx, (scale bar 10@m). ttc7a” (DMSO
n=49)ttc7a’ (DMSO n= 36, CYANO n=10, LEF n=26, TIA n= 13, FEN13.(D) Assessment
of apoptosis. DMSO or leflunomide treatmett7a’ zebrafish display fragmented, condensed
or engulfed nuclei in the epithelium (arrows). lefbmide treatment resulted in diminished
signs of apoptosis, reduced intestinal epithebkdllarowding, and overall improved epithelium
architecture itc7a’ zebrafish. Refer to Supplementary Figure 7A forghantitation of
apoptotic cells/sample. Objective magnification {8sale bar 2@m), (n=6 per group, across 3
experimental clutchesE) Staining of the intestinal lumen in contrttb(]a"") andttc7a-mutant
(ttc7a’) zebrafish. Images are from peristalsis assayspi8mentary Video 2): intestinal lumen
marked green fluorescent stain (DCFH-Dnc)7a+"fish have discernable villi (yellow arrow)
and large continuous intestinal bulbs (double-hdadgite arrow). Representatitte7a ™
intestinal phenotypes (i) atresia point (white arteeads) (ii) narrow intestinal lumen and (iii)
obstruction interrupting the intestinal bulb (whateow). Objective magnification 4x, (scale bar
100um). (F) Incidence oftc7a-mutant phenotypesic7a’ fish have significantly larger
populations with motility and narrow lumen pathat@d phenotypes. Data are presented as the
mean £SD, one-way ANOVA with post hoc test (Fise&rSD), **p<0.0054, *p<0.0196, (n=50
total for each group, across 3 experimental clggli®) Phenotype summary from drug treated
fish. ttc7a™ fish with aberrant motility and narrow lumen phimes were significantly reduced

with cyanocobalamin, leflunomide, tiaprofenic a@dd fenbufen treatment (3-7 dpf). Data are
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presented as the mean +SD. Statistical significara=erelative tdtc7a’ DMSO control, and
determined by two-way ANOVA with post hoc test (Diett), *p<0.05, **p<0.01, **p<0.001,
ns=not significant (DMSO n=18, CYANO n=21, LEF n521A 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 colosstie. Co-staining of cytokeratin 20
(CK20), a marker for the intestinal epithelium, gnéKT is present in the normal and IBD
control, while p-AKT is diminished in TTC7A-defiaiey patients. Patient 1 is the colonoid
donor and Patient 2 is unpublished with confirmediddic mutations. RedDot 2 nuclear
counterstain (blue). Sections were magnified at@fjective.(B) Histopathology analysis of
pan-AKT (total AKT) in human colon tissue. Biopse® the same as described in Figuke 5
Pan-AKT is present in all samples albeit with resiimtensity in the TTC7A-deficiency patient
samples. Sections were magnified at 20x objec{®@elmmunoblot for p-AKT, XIAP, and
cleaved Caspase 3 in WT and TTC7A-KO cells. Aftérl8flunomide treatment in TTC7A-KO
cells, p-AKT and XIAP protein levels are detectabbile cleaved Caspase 3 is diminished.
DMSO (*) (n=3).(D) Densitometric analysis of p-AKT, XIAP, and cleavedspase 3 from WT
and TTC7A-KO cells. One-way ANOVA with post hocttéBukey), *p<0.05, **p<0.01,
#xn<0.001, ****p<0.0001, (n=3).(E) ttc7a’” andttc7a’ whole mount zebrafish staining with
p-AKT (red), Synaptic vesicle protein 2 (SV2) (gngeand RedDot 2 nuclear counterstain
(blue). SV2 staining, indicating neuromuscular fimms, is absent from the intestinal epithelial

monolayer and aids in differentiating epithelidleé&om other nearby cell types. In the DMSO
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treated panel, p-AKT staining (Ser473)tcra™ fish is evident along the gastrointestinal tract,
while absent intc7a’ fish. Leflunomide treatment (3-7 dpf) restores K¥Astaining in the

intestinal epithelium oftc7a’ fish. Fish were magnified at 5x objective, (n=4).

Figure 5. Leflunomide treatment enhances survival and functia of TTC7A-deficiency
patient-colonoids.(A) Personalized medicine approach to evaluate dficgey in human
TTC7A-deficiency using patient-derived colonoidsdscopic biopsies were obtained from
healthy control and TTC7A-deficiency (E71K and LBOdompound heterozygous, TTC7A
patients and cultured into colonoids, which werenttested with leflunomideBJ Leflunomide
improves the survival of human colonoids deriveahffT TC7A-deficiency patients (TTCTR).
Example images of control (TTC7A) and TTC7A-deficient (TTC7A") colonoids with and
without leflunomide (10 pM) treatment at 2 and §sland grown in the absence of ROCK
inhibitor (Y27632). Red arrows indicate examplesiedd colonoids Q) Summary graph
showing the percentage of dead TTC?#&olonoids +/- leflunomide treatment. TTC7Aand
TTC7A™ colonoids were cultured +/- ROCK inhibitor (Y2763% with leflunomide and
viability was assessed at day 2 and 6. TTC*7Aolonoids grown without ROCK inhibitor have
significantly increased death, which is reversdib¥ang leflunomide treatment. One-way
ANOVA with post-hoc test (Tukey-Kramer), *p<0.05p0.01. ©) Immunofluorescence
staining of TTC7A™ and TTC7A™ colonoids with villin (green) marking the apicalish
border and cytokeratin 20 (CK20, red) marking bagathelial structure and DAPI (blue,
nuclei). TTC7A™ colonoids show normal polarity with defined bas&20 staining. TTC7A"

colonoids treated with ROCK inhibitor show grosstymal staining with mild cytological
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atypia. TTC7A™ colonoids without ROCK inhibitor show normal sidess but abnormal

polarity with cytological atypia and basal struetuabnormalities which is improved in
leflunomide treated colonoids. Quantification ohabmal polarity as assessed by the presence of
multiple lumens in colonoids. Percentage of coldeavith multiple lumens in TTC7A-deficient
colonoids with and without leflunomide (10 uM). Hiéa control colonoids did not have

multiple lumens (data not shown). Two tailed t-t&p&0.05. E-F) TTC7A-deficient colonoids
(TTC7A™) have a reduced swelling response to forskolmugttion. Example images showing
reduced swelling in TTC7A" compared to TTC7A" treated with leflunomide (10 pM). Inset
panel show magnified images with red arrows indigagéxample colonoids pre and post

swelling. Summary data showing significantly in@ee swelling in leflunomide (10 uM) treated

TTC7A™'colonoids. Two tailed t-test, **p<0.01.

Figure 6. Model of leflunomide’s mechanism of action in TTC7Adeficiency.(A) TTC7A-
competent. 1, TTC7A binds and recruits PI4KHb the plasma membrane. 2, Pl4llll
phosphorylates Pl lipids to create PI4P, precuis®t (4,5)R/ PI1(3,4,5)R. 3, PI3K

phosphorylates PI (4,5)Prequired for AKT phosphorylation. p-AKT activatesiltiple
downstream substrates that promote cell survival eikample, XIAP polyubiquitylates Pro
Caspases 3,7, and 9 for proteasomal degradatenmeliyrreducing the susceptibility for Caspase-
dependent cell deatBY TTC7A-deficiency + leflunomide. 1, Pl4KHItrafficking to (or kinase
activity at) the plasma membrane is compromisefli@7A-deficiency resulting in reduced

P14P. 2, Reduced p-AKT provides a rationale foreases in apoptosis. 3, Caspase-dependent

apoptosis is frequently associated with TTC7A-deficy. 4, Leflunomide treatment increases p-
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AKT and XIAP levels. 5, The apoptotic phenotypamseliorated when TTC7A-deficient HAP1
cells are treated with leflunomide, suggestingift &hward a survival phenotype. 6, It has yet to
be established how leflunomide mediates p-AKT attbn, however, PI3K-inhibition with

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

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

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

were provided by Prestwick, LOPAC and TOCRIScremsh @mpound descriptions were

obtained from PubChefi.
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Molecular Weight Decrease in caspase 3/7

Compound Name Structure Formula Structure (g/mol) IC 50 (um) activity Compound description
@ Disease Modifying Anti
Leflunomide et C12HOF 3202 27.2 11 8% Rheumstic Drug (DMARD) -
"~ " Pyrimidine synthes s inhibitor
Tiaprofenic acid C14H1203S 260.3 25 87% NSAID, srfiritic pain
Tiabendazole C10HNES 201.3 1" 0% Fungicide and anthelmintic
Cyanocobalamin OB3HBSCON14014P 1385 1 84% Vitamin B12
Flurbiprofen C15H13FCR 2442 39 31% NSAID, srtritic pain
Indoprofen CITHISNGE 2813 6.1 73% NSAID, withdr swn due ©o
carcinogenicity
NSAID, ostecarthritis,
Fenbufen C18H1403 2543 20 56% ankybsing spondylits, and
tendinitis
" Flavone, anticonvub ant and
N/A 7
Acacetin C16H1205 2843 47% plant metboite
LN L Stibenoid, ant-
Resveratrol C14412023 2283 49 45% inflammatory , polyphencic
| phy toalexin
o
s Solbe Wl oyclss
- = - guanyll cyclsse
Isoliquiritigenin LA C15H1204 253 97 89% achator
o
°
SB-366791 N, | crentanczc 287.7 76 2% Vanikoid sntagonist
(=] ’
we ! N J . Sekctive antagonist of
SIB 1893 C14H13N 1963 91 58% metabotropic glutamete
receptor (MGIUSR)
S
SB 1757 L G s C12411N30 2132 18 50% S“""‘m’m“‘ of
AN - o
AN
: N OH C15H12NO2-
Ketorolac tris salt o “ cuom CaHINGE 374 156 48% NSAID
HOCH, NH,
CHOH
).
. MeT N Ny, Sekctive antagonist of
N C14H1INHCI 2297 83
MPE P hydroc hloride i N.HC 297 0% ORAR
“ 1
Pifithrin-a hy drobromide IR P C16H18N2OS HBr 267.3 83 31% P53 inhibitor
Y e

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.?’



Figure 1.

500,000 T *kkk
- WT
WT
400,000 4
> - TTC7A-KO
p
& 300,000
2
E 200,000 4
©
> -
TTC7A-KO 100,000
0 T T T
Y "l/b‘ b‘%
Time (h)

D

—WT  TJTC7A-KO
- + - +  IFNY/TNFa

39 -“| Pro Caspase 3

19, 17 [ .- -] Cleaved Caspase 3

55 | — —— T |in

Annexin V-FITC ——»




Figure 2.
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Figure 3.
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Figure 4.
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Figure 5.
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Figure 6.
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Drug screen identifiesleflunomide for the treatment of inflammatory bowel disease
caused by TTC7A deficiency
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Supplementary Figure 1. Confirming the HAP1 TTC7A-KO cell line.
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(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
1+SD, statistical significance was determined using an unpaired t-test **p=0.0027 (n=3).



Supplementary Figure 2. TTC7A-KO cells display poor survival.
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(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 um). 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.
A

&

v

Phalloidin
Phalloidin

Phalloidin

=
S
S
©
L
o

1M OM-V.0l1l1



(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 IFNy and TNFa for 48 h. White arrows indicate filopodia-like processes and insets
are magnified 200%. 40x objective magnification. (scale bar 22 ym) (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).



Supplementary Figure 4. Hit compounds improve cell membrane morphology and
colony sizes in TTC7A-KO cells.

WT DMSO WT LEF

TTC7A-KO DMSO

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 pm, inset scale bar 50 ym), (n=3).



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.



Supplementary Figure 6. Intestinal volume and length for control and ttc7a’” zebrafish.
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(A) Measurements of intestinal lumen volume. The volume of fluorescence (um?®) 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 (um) 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.
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(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 pM) or
Fasudil (5 uM) 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 um) 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.
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(A) Western blot for WT and TTC7A-KO cells treated with DMSO, Leflunomide (8 uM),
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or LY294002 (50 uM) 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.
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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
TTC7A™" 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 magpnification is 10x. (C) TTC7A-deficient colonoids (TTC7A™")
have a reduced swelling response to forskolin (10 uM) stimulation. Summary data
showing change in colonoid volume per hour in TTC7A™" compared to

control (TTC7A") 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
(TTC7A™) compared to TTC7A (TTC7A™") colonoids. Objective magnification is 4x.
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Supplementary Table 1. IC_, values of hit compounds in different TTC7A-mutant cell
lines.

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-a 8.30 6.10 7.60

hydrobromide 1.10

N/A: 1Cgq values could not be obtained via concentration-response curves. Acacetin is omitted from the
table as no ICs values were determined.
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Supplementary Table 2. Primary and secondary antibodies.

Target . Sources &
of Ab Host of Ab  Dilutions Cat. No
Primary antibodies
NOVUS
TTC7A Rb-P 1:200 NBP1-9361
ABCAM
Pan-AKT Rb-P 1:400
an Ab8805
NOVUS
pAKT Rb-M 1:100 NBP1-9361
Hybrid Bank
Synaptic vesicle protein 2 Ms-M 1:100 S\)IZ ridomaan
. ) Dako Diagnostic
Cytokeratin 20 Ms-M 1:200 Colon Ks20.8
Secondary antibodies
. . Jackson
Anti-rabbit 1gG H+L-FITC Donkey-P 1:200 .
Laboratories
Jack
Anti-mouse IgG H+L-Texas Red Donkey-P 1:200 ackson .
Laboratories
Jack
Anti-rabbit 1gG H+LRodamine Donkey-P 1:200 ackson .
Laboratories
Jack
Anti-mouse 1gG H+L-FITC Donkey-P  1:200 ooeon
Laboratories
RedDot 2 (nuclear counter staining)  Chemical 1200 Biotum #40061
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Source Data: Uncropped Western blots.
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(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),

20



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 Pl (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.®

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 <10um (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 (ImM EDTA, 10mM borax (sodium tetraborate, Sigma, St Louis, M,
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-B-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 x 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 (4-5um 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
o . 65 mL
L-WRN Conditioned Media ATCC CRL-3276 |65%
Advanced DMEM/F12 30 mL Gibco 12634-028
GlutaMax (100X) imL Gibco 35050-061
HEPES 1M mL 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 imL 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 |20N9/ML
Gastrin (500uM) 10uL Sigma G9145 10nM
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Prostaglandin E2 (5mg/mL)|  1luL 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 uM), 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).
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What you need to know:

BACKGROUND AND CONTEXT: Mutations in the tetratricopeptide repeat domain 7A gene
(TTC7A) causeintestinal epithelial and immune defects, apoptotic enterocolitis, multiple
intestinal atresia, and recurrent intestina stenosis.

NEW FINDINGS: In adrug screen, the authors identified |eflunomide 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 ascreen 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.



