Coupled multiscale modeling and pathway analysis for prediction of drug efficacy in cystic kidney diseases
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signaling through PKGs.

Adelsberg, 1999; Roitbak et al., 2004) and our group’s recent paired computational and experimental work further supports the role of dysregulated adhesion in

ADPKD by showing that decreased cell-cell adhesion is necessary and sufficient to initiate cyst formation (Figs. 3-8, and Belmonte et. al. 2016). . . . . .. . .
We linked pathways changed in ADPKD to cell behavior drivers of cyst initiation using pathway analysis,

Our VT model predicted and experiments confirmed roles for cell adhesion and proliferation in cyst initiation. then built a network diagram and corresponding SBML subcellular model, for inclusion in the VT model.
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Domains | ﬁ‘i ik | $ Q (# O mesion compon the mechanism by which sildenafil reduces cyst growth in vitro and in vivo (in mice).

We used CellDesigner software (celldesigner.org, Funahashi 2003, Funahashi 2008) to
build network diagrams and the corresponding SBML models for PDE inhibition and its
linkage to downstream effects on cell-cell adhesion, cell death and cell proliferation.
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Fig. 3. Renal tubule segment and renal epithelial cell models. (a-c) Epithelial cells Fig. 4. Tracings of images of  Fig. 5. Changes in adhesion and proliferation produce distinct ranges of Concurrently we tested pathway inhibitors on in vitro and in vivo cyst formation experimental models.
have 4 compartments representing basal (dark red), apical (green), lateral (red) and  isolated human nephrons  cyst morphology. 2D transverse slice views of 3D simulations. (a) Reduced 100-  Large cysts are absent from sildenafil treated cultures A  H&E Morphology B Cadherin-8
cytoplasmic (yellow) regions. Transparent black represents extracellular matrix  from Baert et al. we quan-  wild-type cell to target cell (WT-TC) adhesion results in loss of contact Sildenafil reduces cyst growth in culture IFT88/- _IFT83WT IET88./-  IFTSSWT
(ECM). Light blue represents lumen in (c). (a) 3D renal tubule segment model. tified cyst morphology as inhibition and increased proliferation of TCs to form a cyst that grows out BContol  BSidenafi - . SN, 7
Dashed white arrows represent transport across epithelial layer and solid blue the ratio of cyst height (C)  of the WT tubule and connects to the tubule via a narrow neck where TC 0 roseg P00 B g m control 2ug/m g
arrows represent fluid flow through tubule lumen. Lateral (red) compartments and  to cyst neck (B) diameter. and WT cells touch. (b) Increased proliferation due to decreased contact . * , g :;"ﬁ;‘éi?;f?'“fﬁg‘,'m' Ez
lumenal fluid are not shown in the 3D tubule rendering. (b) Without cell-substrate or ~ (A) shows morphologies of inhibition (increased ac) inTCs while holding WT-TC adhesion constant, 3% * 9 o onat fﬁgm
cell-cell binding cues, surface compartments representing adhesion molecules two saccular dilations (ar-  results in lateral spread of TCs within the surface of the tubule, followed by g %1_ __
randomly distribute near the cell surface. (c) When renal epithelial cells contact  row-heads labeled D) and a  formation of cysts that remain spread across and closely apposed to the 10 = s ,-‘m N o
other cells, lumen or ECM the cell surface domains arrange themselves according to  simple cyst (arrow labeled  surface of the tubule. We apply the same metric as was used for the P augiml 2ugiml  Apg/ml J 1 o ;" W f:vf “1%};; §
their adhesive affinities creating ordered apical, basal and lateral domains. C). human cysts, ratio of cyst height to cyst neck to quantify simulation results. 50 pm? 100 pm? 150 um? 200 um? 250 pm? HAXYE 78 VR e e

Fig. 11. Sildenafil treatment is effective in reducing growth of cysts from tubules in 3D  Fig. 12. Sildenafil treatment abrogates cystic phenotype and aberrant cadherin-8 expression
culture. A. Using our human kidney cell cystogenesis assay we tested whether the in IFT88-/- mice. Using the IFT88 mouse model of PKD, tamoxifen was injected on P7, vehicle
prototypical PDE inhibitor, sildenafil (Viagra) would prevent or reduce cyst formation.  or drug treatment was started on P14 and kidneys were harvested on P40. A. Top half of each

We examined two hypothetical cell-level mechanisms by which abnormal expression of cadherin-8 could initiate cyst formation: i) reduction of cell-cell adhesion,
which then leads to changes in proliferation or ii) direct reduction of contact inhibition of proliferation with no change in cell-cell adhesion. To test these

rr.lechar?lsms we F)UIIt a 3D V|rtual-t|ssue (VT) Comput.er.r.nodel of the ren.al tubule using the CompuCeII3Q (CC?D) m(?delmg environment (Swat.Et al., 20?2)' .Our. VI Average cyst area was significantly reduced in Viagra treated cultures. No dose response  image is medulla and bottom half of each image is cortex. Preliminary data shows that
simulations predicted that either mechanism could initiate cyst formation, however only loss of adhesion simulations produced morphologies matching in vitro was seen, indicating that a lower dosage is likely to be similarly effective. Lower dosages  sildenafil treatment lessens the cystic phenotype in the cortex of IFT88-/- mice. B. Kidney
cadherin- 8 induced cysts (Belmonte et al., 2016). will be tested. Frequency distribution analysis shows that average cyst size is reduced sections were labeled with antibody that labels cadherin-8 (green) and DAPI to label nuclei
e _ _ because large cysts are absent from Viagra treated cultures. This complete absence of large  (blue). Confocal images show that cadherin-8, a cell-cell adhesion protein normally only
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Proliferation (1 — a™) due to Cadherin-8 Expression in TCs cysts has greater potential to slow the progression of polycystic kidney diseases than a  expressed in early embryogenesis, in ADPKD kidneys or some kidney cancers, is expressed in
C i . . . . . . . . . . .
\ a® + an Adhesion Contact Inhibition | -3 EOMEL I proliferation | VS S ntaton simple small reduction in all sizes of cysts. One way Anova analysis F-value = 11.65, HSD  IFT88-/- mouse kidneys. Sildenafil treatment reduces cadherin-8 expression in IFT88-/-
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) s \l Alphaﬂ-45\. . st cacs b | tWT-TC adhesion strength On MNo Change No Change MNo cysts nia
g T v i "i Microinjection | 5§c;u|ar | °
E ac= 0.4 "10"-{:: 0.6 ' c | |WT-TC adhesion strength On ! t N S-:?;fl}a;;g&ﬂg slow-mid conCI USIOn
3 IIll, AT - I . . e e . . . . . . . . e, o . .
s o : 1 d | 17CTC adhesion strength Or | ' St mic-fas We have developed a practical and efficient approach using VT modeling for prediction of drug efficacy in inhibition of kidney cyst formation.
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Oc Fig. 8. Simulated cell-level effects of Cad-8 expression on tissue-level outcomes. In wild 3) Identify existing drugs for reuse that affect these pathways.
Fig. 6. Dependence of growth rate on  Fig. 7. 3D isosurface of cyst initiation type (WT) simulated cells, contact between cells is sufficient to inhibit proliferation. Po- 4) (In progress) Run VT simulations to predict drug efficacy (and off target effects), followed by biological testing of drugs prioritized by simulation.
fractional area of CE"-.CEH. (.:OntaCt’ . morphology para.meter spacg. Color in-dicates tential cell-level modes of action of cad-8 knock-in TCs include: a) Disruption of contact- We anticipate that this approach can be app“ed to other abnormal biologica| processes.
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