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Abstract

Renal cystogenesis is the pathological hallmark of autosomal dominant polycystic kidney disease,
caused by PKD1 and PKDZ mutations. The formation of renal cysts is a common manifestation
in ciliopathies, a group of syndromic disorders caused by mutation of proteins involved in the
assembly and function of the primary cilium. Cystogenesis is caused by the derailment of the
renal tubular architecture and tissue deformation that eventually leads to the impairment of kidney
function. However, the biomechanical imbalance of cytoskeletal forces that are altered in cells
with PkdI mutations has never been investigated, and its nature and extent remain unknown. In
this computational study, we explored the feasibility of various biomechanical drivers of renal
cystogenesis by examining several hypothetical mechanisms that may promote morphogenetic
markers of cystogenesis. Our objective was to provide physics-based guidance for our formulation
of hypotheses and our design of experimental studies investigating the role of biomechanical
disequilibrium in cystogenesis. We employed the finite element method to explore the role of

(1) wild-type versus mutant cell elastic modulus; (2) contractile stress magnitude in mutant cells;
(3) localization and orientation of contractile stress in mutant cells; and (4) sequence of cell
contraction and cell proliferation. Our objective was to identify the factors that produce the
characteristic tubular cystic growth. Results showed that cystogenesis occurred only when mutant
cells contracted along the apical-basal axis, followed or accompanied by cell proliferation, as
long as mutant cells had comparable or lower elastic modulus than wild-type cells, with their
contractile stresses being significantly greater than their modulus. Results of these simulations
allow us to focus future in vitro and in vivo experimental studies on these factors, helping us
formulate physics-based hypotheses for renal tubule cystogenesis.
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1 Introduction

Renal cystogenesis is pathognomonic of autosomal dominant polycystic kidney disease
(ADPKD), the most common genetic disorder of the kidney caused by PKDI and PKDZ2
mutations, and a frequent finding in ciliopathies, a group of complex inherited diseases that
result from ciliary defects (Braun and Hildebrandt 2017; Anvarian et al. 2019; Cornec-Le
Gall et al. 2019; Bergmann et al. 2018). Cystogenesis involves profound changes in the
kidney tissue organization and remodeling that are characterized by abnormal cell death
and proliferation, alteration of the extracellular matrix (ECM) composition, and protein
mislocalization (Harris and Torres 2022).

Epithelial tubule formation, tubulogenesis, is a fundamental morphogenic process of many
organs that relies on the ability of the cells to properly reorganize during development

and tissue remodeling, and to reconstitute the necessary architecture that supports specific
physiological functions. Precise tubule organization depends on epithelial cell polarity, that
is the asymmetric segregation of cellular components within the cell (apical-basal polarity)
and along the plane of the developing epithelial sheet (planar polarity). Establishment

and maintenance of cell and tissue polarity are achieved through interactions with the
ECM and the transformation or modulation of biomechanical cues into structural changes
(e.g., cytoskeletal and adhesive) and gene regulation. The balance between these forces is
particularly important during tissue repair to ensure the re-establishment of the patent organ
anatomy.

Renal cystogenesis is associated with abnormalities in the core mechanosensitive machinery
of epithelial cells (Smith et al. 2020; Drummond et al. 2018; Gargalionis et al. 2019).
Recently, it was suggested that mutations of PKDZ lead to breakdown of a number of
parallel mechanobiological signaling pathways, such as Hippo and RhoA, that result in
altered cytoskeletal arrangement and focal adhesions organization (Muller and Schermer
2020; Cai et al. 2018; Streets et al. 2020; Nigro et al. 2019). We recently showed that

the co-deletion of integrin-p1 (/tgb15C), one of the main ECM receptors, in conditional
renal Pkd1 knockout (PkdZKO) or /188 knockout (/ft88<C) mouse models prevents cystic
development (Lee et al. 2015; Yoo et al. 2020), indicating a role for /fgb1 in maintaining
tubular morphology. These findings underline the importance of biomechanical forces as
determinants of cystic disease onset and progression. Accordingly, we hypothesize that
renal tubular abnormalities in ciliopathies are caused by the breakdown of biomechanical
equilibrium, whereby balance of forces between intracellular tension, cell-matrix adhesion
and cell-cell adhesion is disrupted.

Renal cystogenesis has been studied extensively using transgenic mouse models (Paul and
Vanden Heuvel 2014; Ko and Park 2013), with a particular focus on the mutations of
Pkd1 that are associated with ADPKD (Cornec-Le Gall et al. 2019; Bergmann et al. 2018),
and more recently on ciliary proteins required for cilium assembly (Tsai and Katsanis
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2013; Huang and Lipschutz 2014; Gascue et al. 2011; Li et al. 2016; Ma 2021). The

Pkd1 gene codes for polycystin-1 (PC1), a protein with complex subcellular localization
including all points of cell-cell and cell-ECM contact as well as the cilium (Bergmann

et al. 2018; Lee et al. 2011). Cilia are specialized organelles that serve chemical and
mechanobiological functions (Nachury and Mick 2019). Ciliary defects produce significant
changes both on cytoplasmic microtubules (Berbari et al. 2013; Hua and Ferland 2018) and
actin cytoskeleton (Smith et al. 2020; Mirvis et al. 2018; Brucker et al. 2020) in agreement
with the role of cilia as biomechanical regulators.

Common to all renal cystic models are the altered deposition of ECM and progressive
fibrosis, which contribute to the final organ impairment. Dysregulation of the ECM
components dramatically affects renal tubule development (Wallace et al. 2014; Shannon

et al. 2006; Wallace et al. 2008). Such aberrant microenvironmental changes are associated
with abnormal rearrangement of the intracellular cytoskeleton and altered cellular responses
(Herrera et al. 2018), strongly suggesting that the disequilibrium of biomechanical

forces may underlay improper tissue organization. Indeed, ample evidence indicates the
involvement of PC1 in mechanotransduction through the modulation of various cellular
complexes that regulate cell-cell and cell-ECM junctions (Gargalionis et al. 2019; Piperi and
Basdra 2015). PC1 functions as regulator of actin contractility in response to extracellular
stiffness by reducing YAP activation (Nigro et al. 2019) and prevents cystogenesis at least
in part by reducing RhoA and ROCK activity (Streets et al. 2020; Nigro et al. 2019).

The dysfunction of PC1 in cystic cells decreases the surface expression of E-cadherin at

the adherens junctions (AJs), which, in a ternary complex with g-catenin and a—catenin,
would link and rearrange actin microfilaments (Campbell et al. 2017). Along with actin
cytoskeletal changes, cells overexpressing PC1 showed weaker and more dynamic junctions
that were rapidly reabsorbed as the cell engaged in active migration (Boca et al. 2007).

Cell junctions and contractile actin microfilaments generate a network of intercellular
contacts along the plane of the epithelium that conjoins the cytoskeleton of each cell and
dynamically coordinate tissue-level biomechanical changes in response to environmental
conditions (Klompstra et al. 2015; Sluysmans et al. 2017).

Importantly, cadherins and integrins show cross-talk driven by a connected actomyosin
network which regulates cellular mechanosensing and signaling responses. Multiprotein
complexes associate with integrins and participate in the formation of focal adhesions

(FAs), which act as biophysical and biochemical signaling hubs (Geiger and Yamada 2011;
Balaban et al. 2001). Forces generated at different cell adhesion points are integrated into
the remodeling of the intracellular contractile actin network to define the spatial organization
of the cells and the regulation of signaling pathways that control cell polarity, proliferation,
differentiation, and movement (Mui et al. 2016; Garcia et al. 2018). All of these biological
processes are essential during the maintenance of the tubular structure, which requires

cell proliferation and collective migration of differentiated cells in a polarized/directional
fashion (Marciano 2017; Bernascone et al. 2017). Alteration of ECM in tubular cystogenesis
produces forces that can be channeled through integrins and the interconnected cytoskeleton
to exacerbate the abnormal function of the mutant cells, thus triggering a self-reinforcing
pathological behavior that culminates with the formation of cysts. To date, however, there

Biomech Model Mechanobiol. Author manuscript; available in PMC 2024 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ateshian et al.

Page 4

has not been a comprehensive study of the biomechanical mechanisms that may control the
cystogenic process.

We and others have reported increased expression of integrin-g1 in PC1-defective cells
(van Adelsberg 1994; Battini et al. 2006) and that integrin-gL1 is active, accounting for

the increased adherence and collagen deposition and survival of PkdZ knockdown cells
(Battini et al. 2006). We also showed that co-deletion of the /tgb gene (coding for
integrin-g1) dramatically reverts the cystic and fibrotic phenotype in the PkaZKC mouse
model of ADPKD (Lee et al. 2015), indicating a critical role for integrin-g1 during
cystogenesis. Importantly, our recent work showed that the ablation of /fgbI similarly
reverses the cystic disease in another ciliary protein mutant, the intraflagellar transport

88 (/1t88) (Yoo et al. 2020), which is also characterized by extensive ECM alteration,
further strengthening the universal involvement of integrin-S1 and ECM in the cystic
process (Yoo et al. 2020). Overall, this evidence points to profound cytoskeletal changes

in PC1 and cilia-defective cells. Our preliminary data indicate that in agreement with their
decreased migratory properties, PkdI depleted cells produce smaller FAs, while expressing
an increased activation of the biomechanical-sensitive Hippo pathway and exhibiting
increased contractility. Overall, our findings to date strongly support a role for integrin-g1
in renal tubular cystogenesis via dysregulation of mechanobiological signals. Accordingly,
we hypothesize that imbalanced biomechanical forces that affect the spatial dynamics of the
actin cytoskeleton drive the cystic phenotype.

The role of mechanical equilibrium in formation and maintenance of structures has been
recognized at both the tissue (Savin et al. 2011) and organismal (Chai et al. 2015)

scales. These biophysical changes during morphogenesis require epithelial polarization and
concerted cell migration. The asymmetric distribution of proteins and the differential lipid
composition of the membrane of epithelial cells are supported by dynamic actomyosin
cytoskeletal rearrangements (Jewett and Prekeris 2018; Rodriguez-Boulan and Macara 2014)
that are controlled by small GTPases of the Rho family (Chan and Nance 2013; Phuyal and
Farhan 2019). However, the biomechanical imbalance of cytoskeletal forces that are altered
in cells with Pkd1 mutations has never been investigated and its nature and extent remain
unknown.

In this computational study, we explored the feasibility of various biomechanical drivers
of renal cystogenesis by examining several hypothetical mechanisms that may promote
morphogenetic markers of cystogenesis. Our objective was to provide physics-based
guidance for our formulation of hypotheses and our design of experimental studies
investigating the role of biomechanical disequilibrium in cystogenesis. We employed the
finite element method to explore the role of isotropic and anisotropic contraction in the
apical and basolateral domains of mutant cells, as well as the role of cell proliferation,

to identify a set of conditions that produce the characteristic tubular cystic growth. Such
biophysical computational approaches have been shown to be impactful, predictive tools in
the study of morphogenic processes and evolutionary principles (Shyer et al. 2013; Savin et
al. 2011; Stoddard et al. 2017).
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2 Methods

2.1 Mixture framework

To model the breakdown of tubular structures in cystogenesis, we employed the framework
of mixture theory as implemented in the NIH-funded open-source finite element software
FEBiIo (febio.org) (Maas et al. 2012, 2017). Mixture theory is a modern framework of
continuum mechanics initially formulated in the 60 s and first applied to biomechanics
starting in the 80 s (Mow et al. 1980; Oomens et al. 1987; Lai et al. 1991; Huyghe and
Janssen 1997; Gu et al. 1998). It formalizes equations of physics (conservation of mass,
momentum and energy, and entropy inequality of the second law of thermodynamics) for
mixtures of all constituents. In biophysics, these typically include a solvent, any number
of neutral or charged solutes, and a porous solid matrix (such as the actin cytoskeleton

or the cell membrane). These mixtures may also be reactive, making it possible to model
chemical reactions that drive various biological processes (Ateshian 2007), solid matrix
remodeling (Ateshian and Ricken 2010; Myers and Ateshian 2014), as well as passive

and active transport across biological membranes (Ateshian et al. 2006, 2010) successfully
recapitulating the cell osmotic swelling theory of Kedem and Katchalsky (1958; 1961).

Most importantly for this study, this mixture framework is suitable for modeling biological
tissue growth by cell division as well as intracellular and extracellular solid matrix
deposition (Ateshian et al. 2009, 2012; Myers and Ateshian 2014) and active contraction.
While this continuum framework may be used to model individual cells (Albro et al. 2009;
Hou et al. 2018), it can also describe the behavior of cell aggregates (such as an epithelium)
without explicitly modeling cell boundaries (Azeloglu et al. 2008; Ateshian et al. 20009,
2012). The investigations proposed in this study followed the latter approach, though explicit
modeling of individual cells remains an option if needed.

2.2 Modeling assumptions

In this study, we defined biomechanical equilibrium in wild-type (WT) cells as the state
when cell elasticity (passive stress from deformation), actomyosin contractile forces and
osmotic forces are in balance, in the absence of cell proliferation, causing no significant
temporal changes in cell and tubular morphology. For simplicity we modeled WT cells using
only passive elasticity starting from a state of rest, with the understanding that internal
stresses caused by these various factors cancel each other out. We defined biomechanical
disequilibrium as the condition when one or more of these factors evolves beyond its normal
homeostatic range, producing a change in tubular morphology.

To elucidate biomechanical disequilibrium in cystogenesis, we considered a variety of
biomechanical pathways such as active contraction, osmotic effects modulated by passive,
facilitated or active transport mechanisms across the cell membrane or within the cell, and
cell proliferation (which also involves these other mechanisms, but in a more regulated
process). Loss of cell polarity, or alterations in adhesive junctions (AJs) or integrins, could
be simulated by altering the distribution of active contraction from apical to basal domains,
as well as altering the orientation of the contractile forces in those domains (Fig. 1). Using
computational approaches, we explored the role of heterogeneity in material properties,
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composition, and cell pathophysiology. In particular, cystogenesis is known to be initiated
from isolated or small clusters of PkdZ or Pka2 mutant cells located along epithelial tubules
of the kidney nephron, so we employed models that replicated this initial condition.

The generally accepted mechanism of the origin of cystogenesis relies on the two-hit
hypothesis, according to which the expression of the phenotype in a heterozygous individual
is brought up by a second event such as a somatic mutation or biological context, which
can affect the dosage of the normal cystic gene expression, thus manifesting the disease
phenotype. These cystic events, whether from genetic and/or environmental insult, appear
to be stochastically determined. Early studies focused on the analysis of the normal allele
have indicated that cysts are clonal populations with loss of heterozygosity (LOH) (Qian et
al. 1996; Pei et al. 1999). The clonal origin suggests that cysts arise from one cystic event,
that is from LOH in one original cell. It should be noted, however, that the loss of PC1
function is associated with genomic instability (Battini et al. 2008) and that epithelial cells
in ADPKD kidney present variable ploidy and are genetically heterogeneous (Qian et al.
1996; Gogusev et al. 2003). The possible effects of these wider genetic alterations are more
difficult to assess and may vary within “ clones” and their biological milieu.

Cystogenesis starts during development and while cysts have been observed in all of the
nephron’s segments and in the glomeruli (Ahrabi et al. 2010), the outer medulla and
collecting duct epithelium remain particularly prone to cystogenesis (Ahrabi et al. 2010;
Wilson 2004). This is likely because proliferation is more active in these areas during the
late renal development (Leonhard et al. 2016). Furthermore, kidney damage at different sites
along the nephron may significantly induce reparative responses that increase the possibility
of cystic transition.

Based on this literature, for our hypothesis-generating computational analyses performed

in this study we assumed that the cystic change occurs in one cell as a deviation from its
equilibrium state, and we focused on intracellular active contraction and cell proliferation.
Based on our prior experimental findings regarding the importance of /fgbZ in the regulation
of cyst formation, we assumed that cell contractility increased with increasing concentration
of integrin-g1 cell surface receptors, on the assumption that more links would be created
between the actin cytoskeleton and extracellular matrix (this is the type of modeling
assumption that may be tested experimentally in future studies, if motivated by the outcome
of the current investigation). In some scenarios, we divided the cells into two domains, to
produce apical contraction or basal (cortical) contraction. In particular, for mutant cells,
apical or basal contraction are taken to be transversely isotropic, with contraction in the
tangent plane of the lumen or cortex; we also considered isotropic basolateral contraction;
and uniaxial apical-basal contraction, along the radial direction of the cylindrical tubule
(Fig. 1). In those scenarios, we explored how disruptions in mutant cell contractions within
any of these domains (i.e., magnitude and orientation of contractile forces) might affect

the propensity toward cystogenesis. We also investigated scenarios where the cytoskeletal
stiffness of mutant cells differed from those of healthy cells.
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2.3 Constitutive models
The cell protoplasm was modeled using a compressible isotropic elastic neo-Hookean

constitutive model as reported by Bonet and Wood (1997). The passive elastic Cauchy stress
in this material model is

6° = %(B D+ %(m DL o

where I is the identity tensor, J = detF and F is the deformation gradient, B = F” - F is the
left Cauchy-Green tensor, and 4, u are Lamé-like material constants that may be converted to

Young’s modulus E = 2u(1 + v) and Poisson’s ratio v = %,1 / (A + w). A compressible model

was adopted to allow mutant cell proliferation in the form of volumetric expansion, as
further detailed below.

Cell contraction was modeled as a prescribed active stress ¢¢ superposed on the Cauchy
stress tensor ¢¢ of the neo-Hookean material. For uniaxial contraction along the referential
unit vector n,, the active stress was given by ¢4 = J~'T;n ® n, where n = F - n, is the
stretched orientation of n, in the current configuration and T, is a user-prescribed contractile
stress (7, > 0 for contraction). For transversely isotropic contraction in the plane normal

to the referential direction n,, the active stress was 6% = J~!7,(B —=n ® n). For isotropic
contraction, the active stress was set to 6% = J~ ' T,B.

Cell proliferation was modeled using the cell growth model described in our earlier study
(Ateshian et al. 2012), simplified to the case where cells are not embedded within an ECM.
In this framework cell division occurs in conjunction with cell swelling, since daughter cells
occupy twice the volume of the parent cell. The swelling mechanism is driven by osmotic
forces that drive fluid into the daughter cells as intracellular solid content also doubles in
volume. This osmotic swelling effect can be simulated by superposing a swelling pressure
—pl to the passive protoplasmic stress ¢¢, where

p:RT(J & y—cg). @

Here, R is the universal gas constant, T is the absolute pressure, ¢’ is the intracellular
solid volume fraction and c. is the intracellular molar content of membrane-impermeant
solutes, both given in the reference configuration (prior to cell proliferation), and c, is

the extracellular osmolarity. Cell growth is modeled by simply increasing the mass of the
intracellular solid matrix and membrane-impermeant solute. This is achieved by allowing
the parameters ¢ and ¢, to increase over time as a result of growth.

The total Cauchy stress in proliferating mutant cells was thus evaluated as ¢ = ¢¢ + ¢% — pI,
whereas that in wild-type cells was ¢ = ¢°.
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2.4 Geometry, mesh, and material properties

The computational simulations conducted in this study used a three-dimensional model of
an epithelial tubule with outer diameter of 35 ym and inner diameter of 25 ym, which is
representative of the dimensions found in the nephron (diameters varying from 65 um in
the proximal tubule, 15 um in the intermediate tubule, and 35 um in the distal tubule). The
length of the modeled section was set to 500 xm. In all models, a mutant cell domain was
located halfway along the tubule length, with an axial length of 13 um, a thickness of 5
um (Spanning the tubule thickness) and a circumferential width of 10.3 um on the outer
tubule surface (Fig. 2a). The apical and basal domains of this mutant cell domain each had
a thickness of 1.25 um starting from the lumen and outer tubule surface, respectively. The
remaining finite element domain consisted of WT cells.

The tubule was fixed (zero displacements along all three coordinate directions) on both
ends. From symmetry considerations, the finite element model used only one quarter of
the geometry, with suitably enforced symmetry planes (Fig. 2b). The model included
25,600 hexahedral 8-node elements, with 128 uniformly distributed elements along the
circumferential direction, 4 uniformly distributed elements along the radial direction, and
50 non-uniformly distributed elements along the axial direction, with a bias producing

a finer mesh in the vicinity of the mutant cell domain and coarser mesh at the fixed

end. In particular, the mutant cell domain consisted of 9x12x4 elements along the axial,
circumferential and radial directions, respectively (Fig. 2b).

WT cells were modeled using the neo-Hookean material given in (1), with E¥'7 = 1 kPa
and v"'T = 0.3. The value of Young’s modulus for WT cells is approximate, based on
reported cell moduli for endothelial cells by Jalali et al. (2015), who reported a range of

0.2 — 1.0 kPa, and for chondrocytes by Koay et al. (2003) and Darling et al. (2006), who
reported a range of 0.1 — 1.0 kPa. (The modulus of kidney epithelial cells was determined
by Rabinovich et al. (2005), though their reported values appear to be unreasonably large, in
the range of 1000 — 5000 kPa.) Mutant cells were modeled as mixtures of a neo-Hookean
material, active contraction, and cell proliferation. The neo-Hookean material of mutant
cells used vM€ = 0 to accommodate cell proliferation, and EM€ = 1 kPa or EM€ = 0.1

kPa to examine the role of mutant cell stiffness on cystogenesis. Mutant cell contraction
was modeled using either uniaxial contraction along the radial (apical-basal) direction, or
isotropic (basolateral) contraction, of the entire mutant cell domain. Mutant cell apical

and basal contractions were modeled using transversely isotropic contraction in the apical
and basal domains, respectively, with the axis of symmetry directed along the radial (apical-
basal) direction. In all of these cases, the contractile stress was set to T, = 0.1 kPa, 1 kPa

or 10 kPa, to explore the influence of contractile stresses on cystogenesis. These values are
loosely based on a review of cell traction force microscopy by Schwarz and Soiné (2015),
who reported stresses of up to 12.5 kPa exerted on cell substrates due to contraction. We
also set T, = 0 kPa to turn off contraction in some scenarios. Mutant cell proliferation was
modeled by increasing ¢, and ¢, in (2) by a factor of 100, either in the entire mutant cell
domain (in the case of isotropic and apical-basal contraction) or only in the non-contracting
domain (in the case of apical or basal contraction) as shown in Fig. 2b, starting from
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@, = 0.4 and ¢, = 180 mM in the initial configuration, with ¢, = 300 mM representing ambient
osmolarity throughout the analysis.

Finite element analyses were performed where cell contraction was prescribed from time
t=0tor =1 (time units in these analyses are arbitrary), followed by cell proliferation

from time ¢ = 1 to #, = 26. In some scenarios cell contraction and proliferation were

turned on simultaneously, spanning the time ¢ = 0 to ¢, = 25, though cell contraction was

still prescribed over the narrower time interval 0 < ¢ < 1 on the basis that multifold cell
proliferation is a slower process than cell contraction. In other scenarios, the sequence of cell
contraction and proliferation was reversed.

2.5 Testing scenarios

The testing scenarios explored in this study included the following four factors: (1) Mutant
cell modulus, EMC relative to that of WT, E"'7. (2) Mutant cell contractile stress T,

relative to modulus EM€. (3) Anisotropy and inhomogeneity of mutant cell contraction.

(4) Sequence of cell contraction and cell proliferation. The first factor had two levels:
EWT.EMC 1. 1and EWT: EMC = 10: 1, with E"'T remaining unchanged. The second
factor had three levels, EMC = 10:1,1: 1, or 0 : 1 (the latter implying no cell contraction).
The third factor had four levels: apical-basal contraction in the radial direction (ABR),
basolateral isotropic contraction (BLI), apical transversely isotropic contraction (ATI), and
basal transversely isotropic contraction (BTI). These contractions occurred in the domains
indicated in Fig. 2b. The last factor had three levels: Cell contraction over 0 < ¢ < 1 followed
by cell proliferation over 1 < ¢ < 26 (CCP), cell proliferation over 0 < ¢ < 25 followed by
cell contraction over 25 < r < 26 (CPC), and simultaneous cell contraction over 0 < < 1 and
proliferation over 0 < < 25 (SCP). In total, these combinations form 2x3x4x3=72 models.
However, since T, = 0 implies no contraction and only proliferation, the last factor was not
applied to this case, reducing the number of analyzed models to 56. The factors and levels
associated with each of these models are summarized in Table 1, where each model is
associated with a unique label F####, with # representing the level in each factor.

3 Results

Finite element models for these 56 cases were created and analyzed on FEBioStudio v1.6.1
and executed with FEBIo 3.5.1 (febio.org) on a high-performance desktop computer with
128 GB of memory and 18 threads on each of two cores. Models either ran to completion
(up to time ¢, = 26 for CCP and CPC cases, or ¢, = 25 for SCP cases) or terminated
prematurely at 7, due to excessive element distortion. Elapsed wall clock time for each
finite element analysis ranged from 11 min to 95 min. Premature termination (¢, < ¢,)
without evidence of cyst growth was deemed to represent failure of that model to reproduce
cystogenesis. Aggregate results for all cases are presented in Table 1 with a graphical
representation of finite element models at their final time point given in Figs. 3 and 4.

Of the 56 finite element models only two ran to completion, corresponding to models F2111
and F2113 in Table 1b. These models represent the case where mutant cells had a modulus
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one-tenth that of WT cells, cell contraction had a contractile stress ten times greater than
the mutant cell modulus and was uniaxial along the radial (apical-basal) direction, and

cell contraction either preceded or accompanied cell proliferation. The final cyst shape is
shown in Fig. 4, and an alternative representation of the model results is shown in Fig.

5. The remaining models all failed prematurely, with a percentile completion calculated
from ¢, / t,. Cyst formation was observed in the completed models (F2111 and F2113),

and budding cyst formation was also found in the F1111 and F1113 models (mutant and
WT cells having identical moduli, cell contractile stress ten times greater than mutant cell
modulus, contraction along the apical-basal direction, contraction preceding proliferation or
progressing simultaneously, Fig. 3).

No cyst formation was observed when the contractile stress 7, was equal to the mutant

cell modulus EMC (F#2## models), nor with isotropic basolateral cell contraction (F##2#
models) nor transversely isotropic apical or basal contraction (F##3# and F##4# models).
Similarly, no cyst formation was observed when cell proliferation preceded cell contraction
(F###2 models) or with only cell proliferation but no contraction (F#3## models).

To explore the influence of mutant cell compressibility on cystogenesis, F2111 was
re-analyzed with v™€ = 0.3 (instead of vMC = 0). To explore the influence of WT cell
compressibility, their neo-Hookean model was replaced with an incompressible Mooney-
Rivlin model with the same Young’s modulus. Both alternative models ran to completion
with nearly identical cyst morphologies as F2111 (Fig. 6).

4 Discussion

The objective of this study was to explore a range of physics-based mechanisms that could
explain renal tubule cystogenesis based on the underlying hypothesis that this pathology

is triggered by biomechanical disequilibrium. Finite element models were created that
accounted for four distinct factors, including disparities in the elastic modulus of WT

and mutant cells, a range of contractile stress magnitudes exerted by mutant cells, either
isotropically or anisotropically, exclusively within the apical or basal domains or throughout
the cell, using three possible sequences for contraction and proliferation. These four factors
were motivated by our reading of the literature, as reviewed in the Introduction, observations
from our own experimental data (Lee et al. 2011, 2015; Yoo et al. 2020), and the constraints
of our modeling approach using a continuum-based finite element formulation (Ateshian et
al. 2009, 2012).

The results of these analyses were unambiguous: Among the factors considered in our
study, cystogenesis occurred when mutant cells were softer than WT cells; their contractile
stress was significantly greater than their elastic modulus; contraction took place along the
radial (apical-basal) direction; and contraction either preceded or accompanied proliferation
(F2111 and F2113 in Fig. 4). Budding cystogenesis was also observed when mutant

cells had a modulus comparable to WT cells (F1111 and F1113 in Fig. 3). For all

other factors, including apical or basal constriction, cystogenesis was not observed. The
key driving factor was the ratio of active contractile apical-basal stress to passive cell

stiffness in the mutant cell(s), T, : EMC; whether the mutant cells had the same stiffness
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as WT cells, or became softer, they exhibited a characteristic flattening (shortening) when
the apical-basal contractile stress was sufficiently elevated to overcome the passive cell
stiffness. This flattening caused a small local bulging of the mutant cell and its immediate
surroundings, which was sufficient to produce pronounced cystogenesis upon mutant cell
proliferation (Fig. 5). Interestingly, cyst-lining epithelia in human and animal models display
characteristically flattened cells (Nadasdy et al. 1995; Wilson 2011). In studies of epithelial
folding it has been suggested that apical-basal shortening may be driven by an apical
microtubule network via a basal polarity shift (Takeda et al. 2018). It is thus noteworthy
that the physics-based finite element simulations of this study predict that apical-basal
shortening is an essential driving force for cyst formation, which represents a special case
of epithelial folding. These computational results are consistent with the expectation that
alteration of ECM in tubular cystogenesis can produce forces channeled through integrins
and the interconnected cytoskeleton, which exacerbate the abnormal function of the mutant
cells, triggering a self-reinforcing pathological behavior that culminates with the formation
of cysts.

The dimensions of the “mutant cell domain” shown in Fig. 2 are consistent with the
dimensions of a single cell, therefore the model was able to predict cyst formation based

on the two-hit hypothesis, taking into consideration the altered equilibrium in one cell upon
depletion of PC1 function (the cystic signal) and known effects of PC1 loss such as changes
in proliferation and adhesion, in agreement with the reported phenotype of PC1 defective
cells (Battini et al. 2006; Aguiari et al. 2008). It has been proposed that a third hit, such

as kidney injury, may be involved in cystogenesis of the mature organ (Luyten et al. 2010;
Bastos and Onuchic 2011); while this third hit is not necessary, we believe that it may force
reparative mechanisms that could require developmental programs relying on PC1 function,
thus increasing the odds of heterozygous cells to undergo LOH and become cystic.

Alternative cytoskeletal mechanisms have also been implicated in uniaxial cell contraction.
For example, in the Drosophila germband epithelium, it has been shown that planar
polarized myosin Il can generate contractile stresses in a single direction, perpendicular

to the elongation axis, providing an alternative mechanism for uniaxial contraction (Wang et
al. 2020).

This study did not explicitly investigate the role of cell-cell adhesion in cystogenesis.
Belmonte et al. (2016) performed computational simulations of cyst formation that
implicated both cell adhesion and cell proliferation in this process, although these authors
found that loss of cell adhesion was required to reproduce cyst morphology. Our modeling
approach did not consider individual cells and their potential loss of adhesion, yet we were
able to predict cyst formation resulting from apical-basal contraction and cell proliferation.
Clearly, computational models can only implicate mechanisms that have been incorporated
into the model in order to predict specific outcomes. Nevertheless, these computational
models may be very informative because they allow us to include or exclude various
hypothesized cystogenesis mechanisms. Indeed, the models of this study suggest that active
apical and basal (cortical) contraction are not drivers of cystogenesis.
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These models also provide guidance and targets for experimental investigations. In
particular, the models of this study have emphasized the importance of mutant cell elastic
modulus (cell stiffness) relative to that of WT cells, suggesting that these moduli need to

be characterized experimentally, preferably in situ. Our models have also emphasized the
importance of characterizing the apical-basal contractile stress magnitude exerted by mutant
and WT cells, which may require sophisticated experimental methodologies for extracting
those measures in situ. This may be a particularly challenging problem since cell stiffness
and cell contractile stress depend significantly on the stiffness of the cell substrate (Discher
et al. 2005; Jalali et al. 2015; Schwarz and Soiné 2015), implying that in situ measurements
would be preferable compared to cell cultures. If cell mechanics experiments confirm that
uniaxial contraction occurs along the apical-basal direction, more detailed investigations of
the underlying mechanisms for this contractile stress would need to be investigated, such as
the role of the microtubule network and myosin distribution.

Renal tubules are characterized by a luminal space surrounded by polarized epithelial

cells. Cell polarization, that is the asymmetric segregation of polarity factors along the

axis perpendicular to the adhesion substrate (apical-basal polarity) or parallel to the
epithelial sheet (planar cell polarity), is required for the directionality of cellular functions
and responses, such as absorption and secretion, cell movement, and proliferation. The
maintenance of apical-basal polarity relies on the integration of mechanobiological signals
deriving from cell-cell and cell-extracellular matrix (ECM) interactions. Derailment of
these concerted exchanges leads to tubular malformations such as tubular dilation, or
cystogenesis, and loss of tubule physiological function, which are pathognomonic of
polycystic kidney disease. The current computational study is the first of its kind describing
how biomechanical imbalance could contribute to cystogenesis. Increasing experimental
evidence suggests that mutations in the Pkd gene are associated with abnormalities in the
core mechanosensitive machinery of epithelial cells (Nigro et al. 2019). Our findings to date
indicate that the cystogenesis caused by the deletion of PkdZ or the ciliary //t88 gene can
be reverted to the normal phenotype by the ablation of integrin-81, a main ECM receptor.
Based on these observations, we hypothesized that the equilibrium of the biomechanical
forces generated between intercellular junctions and ECM is essential to establish and
maintain tubular integrity.

It would be natural to expect that ECM elasticity would play a role in the mechanical
equilibrium of the system, as emphasized in the Introduction to this study. ECM stiffness
can be affected by the cell, but it is likely also variable along the nephron and it is unlikely
to be present in a significant amount at the onset of cyst formation. In the analysis of

this study, we assumed that a stiff ECM would follow the initial cyst formation, not drive
it. We note that even in the face of altered substrate elasticity, ECM components cannot
generate active forces. In the current exploratory study we focused on the cell’s vectors
since the mechanical forces at play, regardless of their origin, would ultimately converge
on contractile dynamics intrinsic to the cell, as this is the main “deforming unit” in the
generation of the cyst.

The computational simulations presented in this study will guide our future experimental
assays, including biophysical, cell biological, and in vivo approaches. Our approach can
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lead to the identification of novel drug targets that could reverse this unique biophysical
disease mechanism, though that would require a better understanding of signaling molecules
in normal and diseased renal epithelia, to integrate biological data with physical parameters
in the model prediction. For example, most of the current attempts at slowing down the
progression of the disease, including the V2 vasopressin receptor antagonist Tolvaptan—
the only FDA-approved drug for ADPKD treatment—aim to reduce intracellular cyclic
adenosine monophosphate (cAMP), a second messenger associated with growth of cystic
cells. cAMP has opposite cell-dependent roles on contraction: it increases contraction in
cardiomyocytes and skeletal muscles through the activation of protein kinase A (PKA) and
Ca?* channels, and decreases contraction in smooth muscles via the inhibition of myosin
light-chain kinase (MLCK). Although higher cAMP levels in cystic cells coincide with the
lower stiffness of these cells, the role of cAMP in renal epithelial cells contractility has not
been investigated. We plan to run these studies in the future, to get better insights into the
underlying causes for increased mutant cell contractility.

It should also be underlined that two stages have been distinguished in the course of
ADPKD, one of cyst initiation and one of cyst expansion (Harris et al. 2006), with

the former being the main cause of disease severity. While most therapeutic efforts

have concentrated on the second stage, this study aimed to dissect the imbalance of
mechanical forces in the first stage that allows the deformation of a normal cell into a
cystic one, with the underlying idea that regardless of the forces at play, ultimately tubular
deformation initiates with the changes in the equilibrium of the cystic cell, which therefore
“recapitulates” the contribution of all cellular and extracellular forces.

The computational results presented in this study further suggest that reactive mixture
models that reproduce fundamental equations of continuum mechanics are not toys that can
be manipulated arbitrarily to produce a desired outcome (cystogenesis in this case). Given
realistic geometries, material properties, and composition, they appear to be effective at
supporting or rejecting hypothesized mechanisms of pathophysiology. We may now turn our
attention to performing experimental measurements with in vitro cell cultures or in vivo
conditions to validate the model outcomes, and iteratively refine this back-and-forth process
until we establish with high confidence the validity of such hypothesized biomechanical
disequilibrium factors. If motivated by experimental findings, our future computational
studies may introduce additional modeling capabilities, such as loss of cell-cell adhesion, to
investigate alternative hypotheses regarding biomechanical drivers of renal cystogenesis.

This study was supported with funds from the National Institute of Diabetes and Digestive and Kidney Diseases
(R01 DK131047), and the National Institute of General Medical Sciences (R01 GM083925). The content is solely
the responsibility of the authors and does not necessarily represent the official views of the National Institutes of
Health.

Data Availability

The finite element models presented in this study may be downloaded from the FEBioStudio
repository, available from https://febio.org (download FEBioStudio from https://febio.org/
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downloads/, and then follow instructions on how to access the Repository at https://
help.febio.org/docs/FEBioStudio-1-7/FSM17-Section-3.10.html).

References

Aguiari G, Trimi V, Bogo M et al. (2008) Novel role for polycystin-1 in modulating cell
proliferation through calcium oscillations in kidney cells. Cell Prolif 41(3):554-73. 10.1111/
J.1365-2184.2008.00529.x [PubMed: 18422703]

Ahrabi AK, Jouret F, Marbaix E et al. (2010) Glomerular and proximal tubule cysts as early
manifestations of pkdl deletion. Nephrol Dial Transplant 25(4):1067-78. 10.1093/ndt/gfp611
[PubMed: 19945952]

Albro MB, Petersen LE, Li R et al. (2009) Influence of the partitioning of osmolytes by the
cytoplasm on the passive response of cells to osmotic loading. Biophys J 97(11):2886-93. 10.1016/
j.bpj.2009.09.011 [PubMed: 19948117]

Anvarian Z, Mykytyn K, Mukhopadhyay S et al. (2019) Cellular signalling by primary
cilia in development, organ function and disease. Nat Rev Nephrol 15(4):199-219. 10.1038/
541581-019-0116-9 [PubMed: 30733609]

Ateshian GA (2007) On the theory of reactive mixtures for modeling biological growth. Biomech
Model Mechanobiol 6(6):423-45. 10.1007/s10237-006-0070-x [PubMed: 17206407]

Ateshian GA, Ricken T (2010) Multigenerational interstitial growth of biological tissues. Biomech
Model Mechanobiol 9(6):689-702. 10.1007/s10237-010-0205-y [PubMed: 20238138]

Ateshian GA, Likhitpanichkul M, Hung CT (2006) A mixture theory analysis for passive transport
in osmotic loading of cells. J Biomech 39(3):464-75. 10.1016/j.jbiomech.2004.12.013 [PubMed:
16389086]

Ateshian GA, Costa KD, Azeloglu EU et al. (2009) Continuum modeling of biological tissue growth
by cell division, and alteration of intracellular osmolytes and extracellular fixed charge density. J
Biomech Eng 131(10):101,001. 10.1115/L.3192138

Ateshian GA, Morrison B, Hung CT (2010) Modeling of active transmembrane transport in a mixture
theory framework. Ann Biomed Eng 38(5):1801-14. 10.1007/s10439-010-9980-y [PubMed:
20213212]

Ateshian GA, Morrison B, Holmes JW et al. (2012) Mechanics of cell growth. Mech Res Commun
42:118-125. 10.1016/j.mechrescom.2012.01.010 [PubMed: 22904576]

Azeloglu EU, Albro MB, Thimmappa VA et al. (2008) Heterogeneous transmural proteoglycan
distribution provides a mechanism for regulating residual stresses in the aorta. Am J Physiol
Heart Circ Physiol 294(3):H1197-205. 10.1152/ajpheart.01027.2007 [PubMed: 18156194]

Balaban NQ, Schwarz US, Riveline D et al. (2001) Force and focal adhesion assembly: a
close relationship studied using elastic micropatterned substrates. Nat Cell Biol 3(5):466-72.
10.1038/35074532 [PubMed: 11331874]

Bastos AP, Onuchic LF (2011) Molecular and cellular pathogenesis of autosomal dominant polycystic
kidney disease. Braz J Med Biol Res 44(7):606-17. 10.1590/s0100-879x2011007500068
[PubMed: 21625823]

Battini L, Fedorova E, Macip S et al. (2006) Stable knockdown of polycystin-1 confers
integrin-alpha2betal-mediated anoikis resistance. J Am Soc Nephrol 17(11):3049-58. 10.1681/
ASN.2006030234 [PubMed: 17005934]

Battini L, Macip S, Fedorova E et al. (2008) Loss of polycystin-1 causes centrosome amplification and
genomic instability. Hum Mol Genet 17(18):2819-33. 10.1093/hmg/ddn180 [PubMed: 18566106]

Belmonte JM, Clendenon SG, Oliveira GM et al. (2016) Virtual-tissue computer simulations define
the roles of cell adhesion and proliferation in the onset of kidney cystic disease. Mol Biol Cell
27(22):3673-3685. 10.1091/mbc.E16-01-0059 [PubMed: 27193300]

Berbari NF, Sharma N, Malarkey EB et al. (2013) Microtubule modifications and stability are altered
by cilia perturbation and in cystickidney disease. Cytoskeleton (Hoboken) 70(1):24-31. 10.1002/
€m.21088 [PubMed: 23124988]

Biomech Model Mechanobiol. Author manuscript; available in PMC 2024 August 01.


https://febio.org/downloads/
https://help.febio.org/docs/FEBioStudio-1-7/FSM17-Section-3.10.html
https://help.febio.org/docs/FEBioStudio-1-7/FSM17-Section-3.10.html

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ateshian et al.

Page 15

Bergmann C, Guay-Woodford LM, Harris PC et al. (2018) Polycystic kidney disease. Nat Rev Dis
Primers 4(1):50. 10.1038/s41572-018-0047-y [PubMed: 30523303]

Bernascone I, Hachimi M, Martin-Belmonte F (2017) Signaling networks in epithelial tube formation.
Cold Spring Harb Perspect Biol. 10.1101/cshperspect.a027946

Boca M, D’Amato L, Distefano G et al. (2007) Polycystin-1 induces cell migration by regulating
phosphatidylinositol 3-kinase-dependent cytoskeletal rearrangements and gsk3beta-dependent cell
cell mechanical adhesion. Mol Biol Cell 18(10):4050-61. 10.1091/mbc.e07-02-0142 [PubMed:
17671167]

Bonet J, Wood RD (1997) Nonlinear continuum mechanics for finite element analysis. Cambridge
University Press, Cambridge

Braun DA, Hildebrandt F (2017) Ciliopathies. Cold Spring Harb Perspect Biol. 10.1101/
cshperspect.a028191

Briicker L, Kretschmer V, May-Simera HL (2020) The entangled relationship between cilia and actin.
Int J Biochem Cell Biol 129(105):877. 10.1016/j.biocel.2020.105877

Cai J, Song X, Wang W et al. (2018) A rhoa-yap-c-myc signaling axis promotes the development
of polycystic kidney disease. Genes Dev 32(11-12):781-793. 10.1101/gad.315127.118 [PubMed:
29891559]

Campbell HK, Maiers JL, DeMali KA (2017) Interplay between tight junctions & adherens junctions.
Exp Cell Res 358(1):39-44. 10.1016/j.yexcr.2017.03.061 [PubMed: 28372972]

Chai J, Hamilton AL, Krieg M et al. (2015) A force balance can explain local and global
cell movements during early zebrafish development. Biophys J 109(2):407-14. 10.1016/
J.bpj.2015.04.029 [PubMed: 26200877]

Chan E, Nance J (2013) Mechanisms of cdc-42 activation during contact-induced cell polarization. J
Cell Sci 126(Pt 7):1692—702. 10.1242/jcs.124594 [PubMed: 23424200]

Cornec-Le Gall E, Alam A, Perrone RD (2019) Autosomal dominant polycystic kidney disease. Lancet
393(10174):919-935. 10.1016/S0140-6736(18)32782-X [PubMed: 30819518]

Darling EM, Zauscher S, Guilak F (2006) Viscoelastic properties of zonal articular chondrocytes
measured by atomic force microscopy. Osteoarthritis Cartilage 14(6):571-9. 10.1016/
j.joca.2005.12.003 [PubMed: 16478668]

Discher DE, Janmey P, Wang YL (2005) Tissue cells feel and respond to the stiffness of their substrate.
Science 310(5751):1139-43. 10.1126/science.1116995 [PubMed: 16293750]

Drummond ML, Li M, Tarapore E et al. (2018) Actin polymerization controls cilia-mediated signaling.
J Cell Biol 217(9):3255-3266. 10.1083/jch.201703196 [PubMed: 29945904]

Garcia MA, Nelson WJ, Chavez N (2018) Cell-cell junctions organize structural and signaling
networks. Cold Spring Harb Perspect Biol. 10.1101/cshperspect.a029181

Gargalionis AN, Basdra EK, Papavassiliou AG (2019) Polycystins and mechanotransduction in human
disease. Int J Mol Sci. 10.3390/ijms20092182

Gascue C, Katsanis N, Badano JL (2011) Cystic diseases of the kidney: ciliary dysfunction and
cystogenic mechanisms. Pediatr Nephrol 26(8):1181-95. 10.1007/s00467-010-1697-5 [PubMed:
21113628]

Geiger B, Yamada KM (2011) Molecular architecture and function of matrix adhesions. Cold Spring
Harb Perspect Biol. 10.1101/cshperspect.a005033

Gogusev J, Murakami |, Doussau M et al. (2003) Molecular cytogenetic aberrations in
autosomal dominant polycystic kidney disease tissue. J Am Soc Nephrol 14(2):359-66.
10.1097/01.asn.0000046963.60910.63 [PubMed: 12538736]

Gu WY, Lai WM, Mow VC (1998) A mixture theory for charged-hydrated soft tissues containing
multi-electrolytes: passive transport and swelling behaviors. J Biomech Eng 120(2):169-80.
10.1115/1.2798299 [PubMed: 10412377]

Harris PC, Torres VE (2022) Polycystic kidney disease, autosomal dominant. https://
www.nchi.nlm.nih.gov/sites/books/NBK1246/

Harris PC, Bae KT, Rossetti S et al. (2006) Cyst number but not the rate of cystic growth is associated
with the mutated gene in autosomal dominant polycystic kidney disease. J Am Soc Nephrol
17(11):3013-9. 10.1681/ASN.2006080835 [PubMed: 17035604]

Biomech Model Mechanobiol. Author manuscript; available in PMC 2024 August 01.


https://www.ncbi.nlm.nih.gov/sites/books/NBK1246/
https://www.ncbi.nlm.nih.gov/sites/books/NBK1246/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ateshian et al. Page 16

Herrera J, Henke CA, Bitterman PB (2018) Extracellular matrix as a driver of progressive fibrosis. J
Clin Invest 128(1):45-53. 10.1172/JCI93557 [PubMed: 29293088]

Hou JC, Maas SA, Weiss JA et al. (2018) Finite element formulation of multiphasic shell elements for
cell mechanics analyses in febio. J Biomech Eng. 10.1115/1:4041043

Hua K, Ferland RJ (2018) Primary cilia proteins: ciliary and extraciliary sites and functions. Cell Mol
Life Sci 75(9):1521-1540. 10.1007/s00018-017-2740-5 [PubMed: 29305615]

Huang L, Lipschutz JH (2014) Cilia and polycystic kidney disease, kith and kin. Birth Defects Res C
Embryo Today 102(2):174-85. 10.1002/bdrc.21066 [PubMed: 24898006]

Huyghe JM, Janssen JD (1997) Quadriphasic mechanics of swelling incompressible porous media. Int
J Eng Sci 35(8):793-802

Jalali S, Tafazzoli-Shadpour M, Haghighipour N et al. (2015) Regulation of endothelial cell
adherence and elastic modulus by substrate stiffness. Cell Commun Adhes 22(2-6):79-89.
10.1080/15419061.2016.1265949 [PubMed: 27960555]

Jewett CE, Prekeris R (2018) Insane in the apical membrane: trafficking events mediating apicobasal
epithelial polarity during tube morphogenesis. Traffic. 10.1111/tra.12579

Kedem O, Katchalsky A (1958) Thermodynamic analysis of the permeability of biological membranes
to non-electrolytes. Biochim Biophys Acta 27(2):229-46. 10.1016/0006-3002(58)90330-5
[PubMed: 13522722]

Kedem O, Katchalsky A (1961) A physical interpretation of the phenomenological coefficients of
membrane permeability. J Gen Physiol 45:143-79. 10.1085/jgp.45.1.143 [PubMed: 13752127]

Klompstra D, Anderson DC, Yeh JY et al. (2015) An instructive role for c. elegans e-cadherin in
translating cell contact cues into cortical polarity. Nat Cell Biol 17(6):726-35. 10.1038/nch3168
[PubMed: 25938815]

Ko JY, Park JH (2013) Mouse models of polycystic kidney disease induced by defects of ciliary
proteins. BMB Rep 46(2):73-9. 10.5483/bmbrep.2013.46.2.022 [PubMed: 23433108]

Koay EJ, Shieh AC, Athanasiou KA (2003) Creep indentation of single cells. J Biomech Eng
125(3):334-41. 10.1115/1.1572517 [PubMed: 12929237]

Lai WM, Hou JS, Mow VC (1991) A triphasic theory for the swelling and deformation behaviors of
articular cartilage. J Biomech Eng 113(3):245-58. 10.1115/1.2894880 [PubMed: 1921350]

Lee K, Battini L, Gusella GL (2011) Cilium, centrosome and cell cycle regulation in polycystic kidney
disease. Biochim Biophys Acta 10:1263-71. 10.1016/j.bbadis.2011.02.008

Lee K, Boctor S, Barisoni LMC et al. (2015) Inactivation of integrin-51 prevents the development of
polycystic kidney disease after the loss of polycystin-1. J Am Soc Nephrol 26(4):888-95. 10.1681/
ASN.2013111179 [PubMed: 25145933]

Leonhard WN, Happe H, Peters DIJM (2016) Variable cyst development in autosomal dominant
polycystic kidney disease: the biologic context. J Am Soc Nephrol 27(12):3530-3538. 10.1681/
ASN.2016040425 [PubMed: 27493259]

Li Y, Tian X, Ma M et al. (2016) Deletion of adp ribosylation factor-like gtpase 13b leads to kidney
cysts. J Am Soc Nephrol 27(12):3628-3638. 10.1681/ASN.2015091004 [PubMed: 27153923]

Luyten A, Su X, Gondela S et al. (2010) Aberrant regulation of planar cell polarity in polycystic
kidney disease. J Am Soc Nephrol 21(9):1521-32. 10.1681/ASN.2010010127 [PubMed:
20705705]

Ma M (2021) Cilia and polycystic kidney disease. Semin Cell Dev Biol 110:139-148. 10.1016/
j.semcdb.2020.05.003 [PubMed: 32475690]

Maas SA, Ellis BJ, Ateshian GA et al. (2012) Febio: finite elements for biomechanics. J Biomech Eng
134(1):011,005. 10.1115/1.4005694

Maas SA, Ateshian GA, Weiss JA (2017) Febio: history and advances. Annu Rev Biomed Eng 19:279-
299. 10.1146/annurev-bioeng-071516-044738 [PubMed: 28633565]

Marciano DK (2017) A holey pursuit: lumen formation in the developing kidney. Pediatr Nephrol
32(1):7-20. 10.1007/s00467-016-3326-4 [PubMed: 26902755]

Mirvis M, Stearns T, James Nelson W (2018) Cilium structure, assembly, and disassembly regulated
by the cytoskeleton. Biochem J 475(14):2329-2353. 10.1042/BCJ20170453 [PubMed: 30064990]

Biomech Model Mechanobiol. Author manuscript; available in PMC 2024 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ateshian et al. Page 17

Mow VC, Kuei SC, Lai WM et al. (1980) Biphasic creep and stress relaxation of articular cartilage
in compression? theory and experiments. J Biomech Eng 102(1):73-84. 10.1115/1.3138202
[PubMed: 7382457]

Mui KL, Chen CS, Assoian RK (2016) The mechanical regulation of integrin-cadherin crosstalk
organizes cells, signaling and forces. J Cell Sci 129(6):1093-100. 10.1242/jcs.183699 [PubMed:
26919980]

Muiller RU, Schermer B (2020) Hippo signaling-a central player in cystic kidney disease? Pediatr
Nephrol 35(7):1143-1152. 10.1007/s00467-019-04299-3 [PubMed: 31297585]

Myers K, Ateshian GA (2014) Interstitial growth and remodeling of biological tissues:
tissue composition as state variables. J Mech Behav Biomed Mater 29:544-56. 10.1016/
J.jmbbm.2013.03.003 [PubMed: 23562499]

Nachury MV, Mick DU (2019) Establishing and regulating the composition of cilia for signal
transduction. Nat Rev Mol Cell Biol 20(7):389-405. 10.1038/s41580-019-0116-4 [PubMed:
30948801]

Nadasdy T, Laszik Z, Lajoie G et al. (1995) Proliferative activity of cyst epithelium in human renal
cystic diseases. J Am Soc Nephrol 5(7):1462-8. 10.1681/ASN.VV571462 [PubMed: 7703384]
Nigro EA, Distefano G, Chiaravalli M et al. (2019) Polycystin-1 regulates actomyosin contraction and
the cellular response to extracellular stiffness. Sci Rep 9(1):16,640. 10.1038/s41598-019-53061-0

[PubMed: 30626897]

Oomens CW, van Campen DH, Grootenboer HJ (1987) A mixture approach to the mechanics of skin. J
Biomech 20(9):877-85. 10.1016/0021-9290(87)90147-3 [PubMed: 3680313]

Paul BM, Vanden Heuvel GB (2014) Kidney: polycystic kidney disease. Wiley Interdiscip Rev Dev
Biol 3(6):465-87. 10.1002/wdev.152 [PubMed: 25186187]

Pei Y, Watnick T, He N et al. (1999) Somatic pkd2 mutations in individual kidney and liver cysts
support a two-hit model of cystogenesis in type 2 autosomal dominant polycystic kidney disease. J
Am Soc Nephrol 10(7):1524-9. 10.1681/ASN.VV1071524 [PubMed: 10405208]

Phuyal S, Farhan H (2019) Multifaceted rho gtpase signaling at the endomembranes. Front Cell Dev
Biol 7:127. 10.3389/fcell.2019.00127 [PubMed: 31380367]

Piperi C, Basdra EK (2015) Polycystins and mechanotransduction: from physiology to disease. World
J Exp Med 5(4):200-5. 10.5493/wjem.v5.i4.200 [PubMed: 26618106]

Qian F, Watnick TJ, Onuchic LF et al. (1996) The molecular basis of focal cyst formation
in human autosomal dominant polycystic kidney disease type i. Cell 87(6):979-87. 10.1016/
50092-8674(00)81793-6 [PubMed: 8978603]

Rabinovich Y, Esayanur M, Daosukho S et al. (2005) Atomic force microscopy measurement of the
elastic properties of the kidney epithelial cells. J Colloid Interface Sci 285(1):125-35. 10.1016/
J.jcis.2004.11.041 [PubMed: 15797405]

Rodriguez-Boulan E, Macara IG (2014) Organization and execution of the epithelial polarity
programme. Nat Rev Mol Cell Biol 15(4):225-42. 10.1038/nrm3775 [PubMed: 24651541]

Savin T, Kurpios NA, Shyer AE et al. (2011) On the growth and form of the gut. Nature 476(7358):57—
62. 10.1038/nature10277 [PubMed: 21814276]

Schwarz US, Soiné JRD (2015) Traction force microscopy on soft elastic substrates: a guide
to recent computational advances. Biochim Biophys Acta 1853(11 Pt B):3095-104. 10.1016/
j.bbamcr.2015.05.028 [PubMed: 26026889]

Shannon MB, Patton BL, Harvey SJ et al. (2006) A hypomorphic mutation in the mouse laminin
alpha5 gene causes polycystic kidney disease. J Am Soc Nephrol 17(7):1913-22. 10.1681/
ASN.2005121298 [PubMed: 16790509]

Shyer AE, Tallinen T, Nerurkar NL et al. (2013) Villification: how the gut gets its villi. Science
342(6155):212-8. 10.1126/science.1238842 [PubMed: 23989955]

Sluysmans S, Vasileva E, Spadaro D et al. (2017) The role of apical cell-cell junctions and associated
cytoskeleton in mechanotransduction. Biol Cell 109(4):139-161. 10.1111/boc.201600075
[PubMed: 28220498]

Smith CEL, Lake AVR, Johnson CA (2020) Primary cilia, ciliogenesis and the actin cytoskeleton:

a little less resorption, a little more actin please. Front Cell Dev Biol 8(622):822. 10.3389/
fcell.2020.622822 [PubMed: 33015038]

Biomech Model Mechanobiol. Author manuscript; available in PMC 2024 August 01.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ateshian et al.

Page 18

Stoddard MC, Yong EH, Akkaynak D et al. (2017) Avian egg shape: form, function, and evolution.
Science 356(6344):1249-1254. 10.1126/science.aaj1945 [PubMed: 28642430]

Streets AJ, Prosseda PP, Ong AC (2020) Polycystin-1 regulates arhgap35-dependent centrosomal rhoa
activation and rock signaling. JCI Insight. 10.1172/jci.insight.135385

Takeda M, Sami MM, Wang YC (2018) A homeostatic apical microtubule network shortens cells for
epithelial folding via a basal polarity shift. Nat Cell Biol 20(1):36-45. 10.1038/s41556-017-0001-3
[PubMed: 29203884]

Tsai IC, Katsanis N (2013) Renal cystic disease: from mechanisms to drug development. Drug
Discovery Today Dis Mech 10(3-4):e125-e133

van Adelsberg J (1994) Murine polycystic kidney epithelial cell lines have increased integrin-mediated
adhesion to collagen. Am J Physiol 267(6 Pt 2):F1082-93. 10.1152/ajprenal.1994.267.6.F1082
[PubMed: 7528986]

Wallace DP, Quante MT, Reif GA et al. (2008) Periostin induces proliferation of human autosomal
dominant polycystic kidney cells through alphav-integrin receptor. Am J Physiol Renal Physiol
295(5):F1463-71. 10.1152/ajprenal .90266.2008 [PubMed: 18753297]

Wallace DP, White C, Savinkova L et al. (2014) Periostin promotes renal cyst growth and interstitial
fibrosis in polycystic kidney disease. Kidney Int 85(4):845-54. 10.1038/ki.2013.488 [PubMed:
24284511]

Wang X, Merkel M, Sutter LB et al. (2020) Anisotropy links cell shapes to tissue flow
during convergent extension. Proc Natl Acad Sci USA 117(24):13,541-13,551. 10.1073/
pnas.1916418117

Wilson PD (2004) Polycystic kidney disease. N Engl J Med 350(2):151-64. 10.1056/NEJMra022161
[PubMed: 14711914]

Wilson PD (2011) Apico-basal polarity in polycystic kidney disease epithelia. Biochim Biophys Acta
1812(10):1239-48. 10.1016/j.bbadis.2011.05.008 [PubMed: 21658447]

Yoo M, Barisoni LMC, Lee K et al. (2020) Integrin-1 is required for the renal cystogenesis caused
by ciliary defects. Am J Physiol Renal Physiol 318(5):F1306-F1312. 10.1152/ajprenal.00070.2020
[PubMed: 32308017]

Biomech Model Mechanobiol. Author manuscript; available in PMC 2024 August 01.



1duosnuey Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuey Joyiny

Ateshian et al.

Page 19

basolateral
domain

Fig. 1.
Schematic illustration of cellular domains and contractile forces in a cross section of a tubule
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Fig. 2.
a Nephron tubule dimensions, showing location and size of initial mutant cell domain

(yellow); WT cells occupy the orange domain. b Finite element mesh of quarter-model,
with 128 uniformly distributed elements along the circumferential direction, 4 uniformly
distributed elements along the radial direction, and 50 non-uniformly distributed elements
along the axial direction. This mesh was used for apical-basal radial (ABR) and basolateral
isotropic (BLI) contraction (yellow). Insets show mesh partitioning for models that used
basal (BTI) and apical (ATI) transversely isotropic contraction (pink). In all cases, cell
proliferation was prescribed in the yellow domain only
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Fig. 3.
Finite element results for 28 models (F1###). Green labels indicate budding cyst formation,

and red labels indicate failure to produce cyst
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Finite element results for remaining 28 models (F2###). Bold green labels indicate cyst

formation, and red labels indicate failure to produce cyst
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apical-basal
shortening

Fig. 5.
F2111 model showing final cyst shape (at 7, = 26) with reflections about symmetry planes.

Inset shows apical-basal shortening produced by cell contraction (at = 1)
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WT: Mooney-Rivlin

Fig. 6.
Cyst formation observed in the multifactorial study (F2111, top panel) was not sensitive to

the choice of Poisson’s ratio for the mutant cells (v = 0.3, middle panel) or the choice of
constitutive model for the WT cells (Mooney—Rivlin material, bottom panel)
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