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Abstract

Autosomal Dominant Polycystic Kidney Disease (ADPKD) is a life-

threatening monogenic disorder where innumerable cysts develop in

the kidney, leading to renal failure. There is no known cure, and an-

imal studies, while beneficial, often yield mixed results when trans-

lated to the human condition. Thus, new opportunities present itself

for the study of human ADPKD by utilizing tissue engineering prin-

ciples of disease modeling.

However, modeling cystic diseases in vitro presents a unique chal-

lenge as cyst morphogenesis, in addition to complex intercellular in-

teractions, is also governed by synergistic spatial, mechanical and

temporal effects. This thesis reports the development of kidney-like

tissue structures for normal and diseased (cystic) states using com-

mercially available human kidney cells. Gene silencing is used to

simulate autosomal dominant polycystic kidney disease, as inacti-

vating mutations in polycystins -1 and/or -2 are responsible for the

disease in vivo. Our system utilizes extracellular-matrix molecules

infused in slow degrading porous silk scaffolds, which provides a 3D

microenvironment for proper cell polarization (ECM), while exhibit-

ing structural robustness and tension (silk scaffold).

Our results indicate development of cyst-like structures in a 3D en-

vironment, while also demonstrating the respective normal and al-

tered phenotypes concurrent with normal tissue and patient-derived

ADPKD tissue. The structural and functional features of kidney-like

tissue structures were further characterized based on distribution of

E-cadherin, N-cadherin, transport phenomena of 6-carboxyfluorescein,

and cell-matrix interactions through integrin signaling. Importantly,

this 3D in vitro model may be further extended via perfusion reactor



for long term studies of ADPKD or other renal cystic diseases, and

may have beneficial use as a therapeutic drug screening tool.
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Chapter 1

Introduction

In ancient history, the kidneys were esteemed organs with allegorical connota-

tions spanning multifarious cultures and time. They held their most prominence

during the Bronze and Iron Ages, when great leaders such as Rameses of Egypt

and the Hittites of Mesopotamia so greatly influenced the Middle World. An-

cient Egyptian mummification practices called for careful preservation of internal

organs as the dead were believed to rise again in the afterlife. While the kidney’s

importance in Ancient Egyptian culture is hotly contested, the Egyptians were

indeed aware of the anatomic existence of the kidneys, which they called “ggt”

(1). Often, kidneys were left in the body during the mummification process

along with the heart, believed to be the center of one’s existence. Thus, there

may be a mythological role as to why the kidney was left in the body along with

the most important organ, the heart (1). In the Hebrew Bible, the kidneys were

believed to represent Man’s true nature, since they were situated so deeply in

the body, only privy to the eyes of God. Indeed, they were used as a metaphor

for the core of a person, the area of most vulnerability (2).

It was only until the Greek and Roman eras, when Hippocrates and Plato

extolled the brain (3) and Galen’s early surveys identified the kidneys as an

excretory organ (4), that the kidney lost prominence. Modern nephrology has

given scientific explanation to the kidneys and its exquisite management of fluid

homeostasis, but what is relevant for colloquial language are its functions for

excretion; at first glance, a relatively unimportant task, and perhaps, one that

has connotations of disgust. Perhaps the pre-Grecian cultures were actually

more correct when they always linked the kidney to the heart (3), as science has

provided us the intricate details in the link between the cardiovascular system
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1. INTRODUCTION

and renal. While often known only for urine production, the kidney plays in-

tegral roles in not only the renal system, but also cardiovascular and endocrine

physiological systems.

Kidneys are tasked with filtration of the blood, of getting rid of waste prod-

ucts, and maintaining proper solute concentrations in the fluid that bathes all

the cells in our body. Improper solute concentrations can lead to serious con-

sequences. For instance, hypoosmotic or hyperosmotic extracellular concentra-

tions can lead to cell swelling or shrinkage, respectively. This can manifest as

headaches when one drinks too much water after running, as the cells in the

brain swell slightly and activate pain receptors. Improper solute management

can also result in visible swelling, or edema, in various locations of the body,

such as in the abdominal wall, or in the lungs. Sodium and potassium, two

major solutes of the body, are also integral to the electrical excitability of cells,

such as myocardiocytes, cells of the heart muscle. Hyperkalemia, characterized

by elevated potassium levels, can lead to heart arrhythmias. After all, lethal

injection is based on intravenous administration of potassium chloride, which

literally stops the heart.

Diseased kidneys also fail to excrete phosphates, which lead to calcification

(calcium phosphate) in various tissues including blood vessels. Hypocalcemia

can result, leading to decreased bone density and decreased muscle contraction

including clinical manifestations in electrocardiophysiology. Electrical instabili-

ties can lead to torsades de pointes (twisting points on the electrokardiogram),

a type of ventricular fibrillation. In addition, a biosynthetic step for vitamin D

production is normally performed in the kidneys, and thus diseased kidneys fail

to produce vitamin D. As vitamin D is required for calcium absorption, calcium

levels stay low. Kidneys are also responsible for erythropoetin (EPO) synthesis,

which is necessary for production of new red blood cells. EPO is a necessary

supplement for renal disease patients undergoing dialysis, and it is also an illicit

performance enhancing drug used by elite athletes, most popularized by the Tour

de France road bicycle championship.

The kidney also plays major roles in regulating blood pressure. As mentioned

previously, the kidney regulates the solute concentration in the extraceullar fluid,

which includes the blood and nephric filtrate. The kidney responds to changes

in blood pressure by altering its renin secretion, which is part of the renin-

angiotensin-aldosterone system. When blood volume is low (low blood pres-

2



sure), the kidney secretes renin, which produces angiotensin I. Angiotensin I

is converted to angiotensin II by angiotensin-converting-enzyme, which stim-

ulates aldosterone secretion from the adrenal glands. Aldosterone stimulates

sodium reabsorption from the nephric filtrate back into the extracellular fluid

compartment, and the resulting sodium reabsorption provides the necessary so-

lute gradient for water reabsorption from the collecting duct. The net effect is

an increase in extracellular and blood volume, thus raising blood pressure. Dis-

ruption of the renin-angiotensin-aldosterone system can lead to the loss of blood

pressure maintenance, with very serious cardiovascular consequences. After all,

heart disease was the number one cause of death in the United States in 2006

(5).

While a failing kidney’s filtration responsibilities can largely be replaced by

hemodialysis, there are major hurdles involved in clinical care, and also con-

sequences in patient quality of life. Despite the efficiency of filtration, dialysis

treatment must be custom tailored by a nephrologist. As mentioned previously,

EPO, along with various other hormones, must be supplemented. Blood pres-

sure medications and careful tuning of fluid must also be considered. Lastly,

hemodialysis requires treatments several times a week, for several hours per ses-

sion. There are obvious losses in quality of life. Despite the shortcomings of

dialysis, the only other current treatment is renal transplantation. Renal trans-

plantation is the optimal choice, since the kidney can replace filtration effects in

addition to the endocrine effects. However, the kidney market is hardly teeming

with ready donors. In addition, a life of immunosuppressive therapies follows,

with chance of rejection, which can also lead to other immune system complica-

tions.

Advances in tissue engineering seek to ameliorate the problems of diseased

tissues through various strategies such as organogenesis, bioartificial devices, or

disease modeling. In principle, it would be possible to generate a kidney, or

any other organ, through careful manipulation of growth signals applied at the

correct times. Of course, the right conditions are exceedingly complex, and in

the case of the kidney, perhaps one of the most complex in the body.

Bioartificial devices approach the problem by replacement with extracorpo-

real therapies. In the case of kidney disease management, a bioartificial kidney

would similarly filter blood as hemodialysis, but functional tissue would also

appropriately perform endocrine functions and solute homeostasis.

3



1. INTRODUCTION

Disease modeling is typically characterized by growing functional tissue mim-

ics in vitro. If they are adequate models of in vivo conditions, then it is possible

to assess molecular processes, and rapidly screen therapeutic drugs. In essence,

disease modeling allows the investigator to clear logistical hurdles, for example,

by imaging tissues that are difficult to access in the body, or by controlling the

level of complexity of the tissue model. Indeed, the goal of this thesis is model de-

velopment of kidney tubules in a 3D scaffold supported environment. While the

primary metrics are modeling, there is still considerable overlap with the other

previously described goals of kidney engineering, as various shared techniques

are utilized.

Tissue engineering seeks to replicate how tissues and organs develop, and the

core of the process is to control the growth signals applied to the individual cells

that make up the organ. Growth factor hormones are certainly important growth

signals, but spatial orientation and environmental interactions can also provide

growth signals. Biomaterial scaffolds may be engineered to control location

of individual cells or may be used in conjunction with bioreactors to introduce

physical processes such as shear and pressure, with net results in the upregulation

and downregulation of various genes.

This thesis seeks to develop a suitable model for normal kidney tissue, and

upon the establishment of a model, to also demonstrate applications in mod-

eling diseased kidney tissue. Autosomal Dominant Polycystic Kidney Disease

(ADPKD), a member of the cystic kidney disease group, was chosen for mod-

eling, and this thesis demonstrates the utility of disease models in the study of

disease processes.
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Chapter 2

Background

2.1 Kidney Development and Structure

2.1.1 Renal Anatomy

The kidney is a complex organ (Figure 2.1) characterized by branching net-

works of epithelial tissue, akin to the branching bronchiolar ducts of the lung or

the mammary glands of the breast. As a common characteristic, these particu-

lar tissues and organs interface with the external environment through a single

collection point, yet must maximize surface area as the functionally important

characteristics occur at the cellular level. In development, the strategy used by

these epithelial organs is called branching morphogenesis. And this is exactly

what the kidney does: the millions of individual nephrons interface with the

vasculature, as a parallel circuit, which maximizes the filtration of blood. The

nephron’s fluid exits at the collecting duct (at this point it is urine), which also

receives urine from other adjacent nephrons. The collecting duct descends fur-

ther through the kidney ultimately converging on other collecting ducts, which

then empty at the renal papilla and into one of the six or seven minor calyces.

The minor calyces receive urine from other collecting duct networks, and two or

three minor calyces converge into a major calyx. Finally, the two or three major

calyces in a kidney empty into the renal pelvis, which connects to the urinary

bladder via a ureter. Thus, the kidney can be represented as a large branching

network that provides maximum opportunity to filter blood, but waste products

are shuttled along a system of decreasing branches that finally converge in a sin-

gle location for excretion. Though one should note, it would be more correct to

say that the kidney starts from the ureter, and branches its way up towards the

5



2. BACKGROUND

individual nephrons. Branching morphogenesis is a complex process, which can

be described in detail, but first, it would be prudent to start at the beginning of

kidney development.

Ureter

Major Calyx

Minor Calyx

Renal Papilla

Renal Pelvis

Medulla

Cortex

Glomerulus

A!erent

Arteriole

E!erent 

Arteriole

Proximal Convoluted

Tubule

Proximal Straight 

Tubule

Descending Limb 

of Henle

Thin Ascending 

Limb of Henle

Thick Ascending 

Limb of Henle

Distal Convoluted 

Tubule

Collecting

Duct

Juxtaglomerular 

Apparatus

Figure 2.1: Kidney and Nephron - The kidney is composed of many parallel

units of nephrons. Filtrate from blood is processed in the nephron tubules and

exits as urine. Urine is shuttled to progressively larger channels in the kidney

before finally exiting at the renal pelvis via the ureter.

2.1.2 Development by Induction

It is said that in development, there are three sets of kidneys: the pronephros,

the mesonephros, and metanephros. The pronephros, arising at three weeks ges-

tation, is essentially a pair of ducts extending along the mesoderm and opening

into the cloaca. In humans, the pronephros does not serve excretory functions,

but it is an important early structure in urinary system development. The

mesonephros arises through induction from the pronephros, and at one end,

the glomus and dorsal aorta pushes into the duct, forming a primitive glomeru-

lus. At the other end, the pronephric duct becomes the mesonephric duct, also

known as the Wolffian duct. In both males and females, the Wolffian duct

becomes part of the bladder, while further reproductive system development ex-

tends the Wolffian duct system for males or regresses to vestigial structures for

females. The mesonephros also atrophies as quickly as it develops, paving the

way for metanephros development. The metanephric mesenchyme develops ad-

jacent to the mesonephric duct, and interacts with the ureteric bud, a branch off
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2.1 Kidney Development and Structure

the mesonephric tubule. The ureteric bud (UB) and metanephric mesenchyme

(MM) induce each other reciprocally in a branching tubule fashion, not unlike

that of lung, vascular, or mammary gland development (6). The UB/MM inter-

actions lead to the development of the paired kidneys and all the corresponding

nephrons. At one end of the nephron, the collecting ducts correspond to the

original ureteric bud, while the other renal tubules are of metanephric origin.

At the other end of the nephron, the cells give rise to the glomerulus, interfacing

the vasculature with the renal tubules.

Despite the elegance of the UB/MM interactions in forming the kidney, de-

velopmental defects are quite possible. In the instance of UB/MM interaction,

the spatial location of both UB and MM is very important (Figure 2.2), if the

cells are even slightly farther away so as to perturb intercellular communica-

tion, the mesonephric duct and metanephros will undergo apoptosis (6). Thus,

the kidney may not even form, resulting in unilateral or bilateral renal agenesis.

This can lead to clinical manifestations during fetal development such as the Pot-

ter sequence, which refers to the reduction of amniotic fluid secondary to lack of

urine production. During gestation, the fetus continually swallows amniotic fluid

and excretes urine via the metanephric kidneys, thus recycling and maintaining

proper levels of amniotic fluid. In cases of kidney defects, amniotic fluid is lost,

and the fetus is subject to pressure from the sac and maternal uterus, resulting

in other developmental defects including organ atresias, improper lung develop-

ment, and rarely, mermaid syndrome characterized by fused legs (7). The most

common characteristic of Potter sequence, however, is the Potter facies charac-

terized by parrot beak nose and a skinfold extending from the medial canthus

across the cheek. Potter sequence fetuses usually result in miscarriage, and of

those that are born, usually expire shortly due to pulmonary and renal failure.

The Potter sequence illustrates the importance of spatial effects, as well as

temporal and mechanical effects in development, for not just the kidney, but all

throughout the body. Tissue engineering seeks to study and manipulate these

effects, and will be discussed further in following sections on tissue engineering.

7



2. BACKGROUND

A

B

Ureteric Bud

Metanephric

Mesenchyme

Kidney Structures

Forming
Mature Kidney

No Contact

No Kidney Formed

(Renal Agenesis)

Figure 2.2: Induction in Kidney Development - (A) Ureteric Bud and

Metanephric Mesenchyme induce each other in kidney development. (B) Aber-

rant signaling, such as that caused by spatial effects, lead to loss of induction and

therefore, loss of kidney.
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2.2 Kidney Physiology

2.2 Kidney Physiology

2.2.1 Renal Vasculature and Filtration Membrane

The renal artery (one for each kidney) branches off from the aorta and enters

the kidney at the hilus. Here, the renal artery branches into several segmental

arteries, which branch several times further until forming the afferent arterioles.

Each afferent arteriole ends in the glomerulus, a specialized capillary tuft that

serves as the interface between the vascular system and the urinary system,

and exits as an efferent arteriole. The efferent arteriole branches into capillaries

that parallel the nephron’s tubular segments, primarily to provide nutrients, and

also plays an important role in urine concentration. The capillary ends drain

into stellate veins, which anastomose several times with other veins, forming the

renal vein at the kidney hilus and draining into the inferior vena cava. In net,

the renal vasculature may be visualized as a parallel circuit, which in principle

could independently modulate resistance (by vessel constriction or relaxation)

across unique nephrons (Figure 2.3).

Nephron 1 (R1)

Nephron 2 (R2)

Nephron 3 (R3)

Nephron n (Rn)

Renal Artery Renal Vein

R
TOT

1

R1

1

R2

1

R3

1

Rn
+ + + ... +

1
=

Figure 2.3: Kidney as a Parallel Circuit - The kidney vasculature may be

represented as a parallel circuit. The renal artery enters the kidney and branches

into progressively smaller vessels before ending at unique nephrons. The reverse

occurs after the nephron, where vessels converge on progressively larger vessels

before exiting the kidney as the renal vein. This strategy follows the same physics

as parallel circuits, where total resistance decreases for each additional nephron

The glomerulus comprises several layers including specialized capillary en-

dothelium, basement membrane, and podocytes. As blood flows through the

glomerulus, the blood substances begin to equilibrate with the fluid in Bowman’s

space, on the opposite side of the barrier. Bowman’s space and the glomerulus

are enclosed by an epithelial structure, Bowman’s capsule, and together form
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2. BACKGROUND

the renal corpuscle. The fluid in Bowman’s space is called filtrate, which af-

ter undergoing processing in the renal tubules, becomes urine. But why does

urine not appear blood red if the blood and filtrate are equilibrating at the renal

corpuscle? The answer lies in the fact that the glomerulus acts as a selectively

permeable membrane. The fenestrated pores of the capillary endothelium, base-

ment membrane, and the slit diaphragms of the podocytes act in concert to

restrict the flow of bulky proteins across the membrane. Therefore the protein

hemoglobin, which gives blood its red color, cannot pass into the filtrate. How-

ever, the molecule bilirubin, a breakdown product of hemoglobin, does pass into

the filtrate and gives urine its distinct yellow color. Generally, small molecules

can pass through uninhibited, so one can expect the filtrate in Bowman’s space

and blood to have similar concentrations of glucose, sodium, potassium, and

other small solutes. The fluid component of blood will also pass through the

membrane, and this can be roughly modeled by Starling’s Equation:

J = Pc − Pi + σ(πi − πc)

• J is the net fluid movement between the capillary and Bowman’s space

• Pc is capillary hydrostatic pressure

• Pi is Bowman’s space hydrostatic pressure

• πi is Bowman’s space oncotic pressure

• πc is capillary oncotic pressure

• σ is the reflection coefficient

Positive J indicates flow of fluid from the capillary into Bowman’s space.

Conversely, negative J indicates fluid flow from Bowman’s space into the cap-

illary. The hydrostatic pressures oppose each other, as do oncotic pressures

driven by solute concentrations. The reflection coefficient has a value close to

1 in the glomerulus since the glomerular membrane normally restricts proteins

movement, thus retaining the full osmotic effect of protein as a solute. The col-

lective flux of all nephrons over a quantity of time is known as the Glomerular

Filtration Rate, a metric for healthy renal function. Kidney diseases can reduce

the collective glomerular filtration rate to pathological levels, thus precipitating

the need for dialysis or kidney transplantation.
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2.2.2 Filtrate Processing and the Production of Urine

Nephric filtrate proceeds from Bowman’s space into the proximal tubules. The

proximal tubules reabsorb a majority of the sodium in the filtrate by action

of Na+,K+ ATPase, pumping sodium from the lumen of the tubule across and

through the basement membrane. On the basolateral side, the peritubular capil-

laries carry away the solutes (and water that follows the osmotic gradient). 100%

of glucose is also reabsorbed in the proximal tubules by the action of sodium-

linked glucose transporters. However, if glucose concentrations in the blood,

and thus nephric filtrate, exceed a threshold level, glucose may appear in the

urine (glycosuria). While there are other causes to glycosuria, the most common

occurrence is due to untreated diabetes mellitus.

Following the proximal tubules, filtrate passes into the loop of Henle, where

a combination of sodium-potassium pumps, unique permeability characteristics,

and countercurrent flow establish a gradient of increasing solute concentrations

ranging from 300mOsm to 1200mOsm. This concentration gradient provides the

potential for water reabsorption, and thus urine concentration, in the collecting

ducts.

The next stop is the distal tubule, which does the fine-tuning for salt, potas-

sium, calcium, and pH regulation. The distal tubule is sensitive to aldosterone,

which controls sodium reabsorption and potassium secretion. The distal tubule

also reabsorbs calcium in response to parathyroid hormone. Additionally, the

distal tubule contacts the efferent arteriole at the juxtaglomerular apparatus and

plays an endocrine role in regulating the cardiovascular system by the renin-

angiotensin system.

After the distal tubule, filtrate travels into the collecting duct. The collecting

duct, like the distal tubule, also reabsorbs sodium and secretes potassium in

response to aldosterone. Similarly, acid-base homeostasis also occurs in response

to acidosis and alkalosis. However, urine concentration is unique to the collecting

duct. Antidiuretic hormone, also known as arginine vasopressin, is released

from the posterior pituitary gland in the brain in response to increased plasma

osmolality, or decreased plasma volume. Antidiuretic hormone’s action on the

collecting duct involves insertion of more aquaporins in the cell membrane, which

allow the facilitated diffusion of water according to solute gradients. Recall that

the loop of Henle has established a solute gradient of 300mOsm to 1200mOsm,
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and aquaporins allow the flow of water out of the lumen of the collecting duct

according to osmotic pressure, thus resulting in concentrated urine. After the

collecting duct, the filtrate is otherwise urine, as there is no more processing

that occurs. The urine travels to the renal papilla, into the calyces, renal pelvis,

ureter, and finally into the bladder.

2.2.3 Antidiuresis in Detail

The apical insertion of aquaporin-2, the aquaporin relevant to collecting duct,

begins with G protein coupled receptor activation of adenylate cyclase via argi-

nine vasopressin receptor binding. Adenylate cyclase converts ATP to cyclic

AMP (cAMP), which then activates protein kinase A (PKA). By an unknown

mechanism, protein kinase A phosphorylates intracellular vesicles containing

aquaporin-2, which then move along microtubules and actin filaments for in-

sertion into the apical membrane (8).

Of note is that these messenger systems, cAMP and PKA, are very broad and

utilized by many other cell processes, so disruption can have many unpredictable

effects. For example, disturbed cAMP signaling is involved in certain cancers

(9, 10). Thus, in the antidiuresis system, the cell’s intracellular levels of cAMP

are perfectly balanced so as to prevent adverse effects.

Of particular interest is the cystic fibrosis transmembrane conductance reg-

ulator (CFTR), the gene product which if mutated, is responsible for cystic

fibrosis. CFTR transports chloride ions across cell membranes, which has an

osmotic effect. CFTR is also dependent on cAMP stimulation (11). This may

have relevance in the pathophysiology of Polycystic Kidney Disease (12), which

will be discussed further in the PKD section.

2.3 Tissue Engineering

Tissue engineering is a multidisciplinary field that melds biology, medicine, and

core engineering principles. Tissue engineering seeks to improve health and qual-

ity of life in the population by restoring tissue and organ functions. Tissue con-

structs may be grown artificially either in the patient or in the laboratory and

subsequently transplanted. For example, artificial skin has not only been pro-

duced in the lab (13) but successfully used in surgery (14). This early tissue
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construct was designed to satisfy several requirements of skin, including elastic-

ity, moisture permeability, and as a physical barrier to bacterial entry. In recent

years, more advanced tissues are undergoing extensive research as well, such as

artery regeneration (15), or regeneration of the submucosal intestinal layer that

is not only physiologically appropriate (16) but can also function in vivo (17).

But perhaps the most sensational story was the human ear grown on the back

of a mouse (18). Of course, it was not actually a functional ear for hearing use;

the auditory components of the ear are far more complex. In actuality, carti-

lage precursors were seeded into a biodegradable polymer scaffold shaped like

an ear. But it is still a complex problem, as tissue engineers must consider the

cell type and the physical environment in which the tissue construct lies. While

perhaps disappointing to some hoping to avoid hearing loss, this experiment still

has excellent applications in plastic surgery, and of course, offers the tantalizing

suggestion that one day, a functional ear or any other organ may be effectively

recreated in the laboratory.

Tissue engineering also encompasses diagnostic applications, including imag-

ing, toxicology, drug metabolism and therapeutic drug effects. Tissue constructs

may also be used in non-clinical study of basic biological processes. For ex-

ample, the lung on a chip (19), which involves cells of the alveolar-capillary

interface, allows for imaging, toxicology, and study of lung physical phenomena.

Importantly, the tissue must be representative of the physiological system, i.e.

structurally and/or functionally. In order to achieve this, cells and tissue must

be in the appropriate microenvironment, analogous to developmental biological

processes.

2.3.1 The Cell and its Environment

Traditional cell culture is performed on flat plastic dishes or flat culture flasks,

and is still in heavy use today. Cells are typically propagated on these flat

surfaces for convenience, and many experiments are performed as well. For

instance, cells extracted from a kidney or any other organ can be grown on

tissue culture plates. While the cells are certainly relevant, and much scientific

data can be gleaned, the investigator must also consider that the system is not

entirely realistic. Cells cultured on 2D plastic do not recapitulate the in vivo

microenvironment, and often do not express the same in vivo structural and
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functional phenotype. After all, the human body is not a two-dimensional flat

surface, but rather, three-dimensional.

Early efforts to address the problems of 2D cell culture led to the emergence

of 3D cell culture models, where cells are cultured in ECM gels in order to

improve expression of differentiated phenotypes and tissue organization (20).

3D gel cultures with reconstituted basement membrane were used extensively

in the study of breast cancer tumorigenesis and metastatic invasion (21). The

models also appear to be phenotypically relevant, as well-polarized glandular

structure formed for normal cells, while transformed cells isolated from tumors

exhibited cancer-like properties (22). It was also shown in the breast cancer

model that known cancer signaling cascades, modulated by epidermal growth

factor receptor, is only apparent in 3D culture and not 2D (23). In fact, stiffening

the extracellular matrix, as in vivo tumors are observed to have stiff surrounding

stroma, can promote neoplastic transformation of breast epithelial cells (24).

3D gel culture has been extended to Madin Darby Canine Kidney (MDCK)

epithelial cells in cell morphogenesis experiments. On 2D tissue culture plate,

MDCK appear as a sheet with cobblestone morphology, but in collagen gel,

MDCK spontaneously form spherical cysts with lumens (25). By addition of

hepatocyte growth factor, a major soluble factor secreted by fibroblasts, branch-

ing morphogenesis is observed (26). Other similar epithelial tissues that involve

branching morphogenesis, such as lung alveoli or thyroid follicles are also eas-

ily cultured in 3D gel systems (25). Other groups have shown the viability of

3D culture of muscle (27) and neurons (28). By careful design of the 3D cell

microenvironment, it is possible to direct better cell morphogenesis and also

support proper cell phenotypes that are not seen in 2D cell culture.

Three-dimensional biomaterial scaffolds are also an integral part of tissue en-

gineering, used in mimicking cellular microenvironments. Biomaterial scaffolds

can be engineered to form the proper structure for induction of tissue formation

(29), or they can encapsulate growth factors for controlled release to cells (30). A

few examples of biomaterials used for scaffolding include: poly(lactic co-glycolic

acid), polycaprolactone, hyaluronic acid, and silk fibroin (31, 32). These bioma-

terials may also be fit to different applications including films, fibers, hydrogels,

or porous sponges. Common among biomaterials are their minimal immuno-

genicity and non-toxic properties. In the body, they pose minimal safety risks
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as they are broken down to their constituent peptides or metabolites and subse-

quently excreted by physiological processes (33). Advancements in biomaterials

include surface modifications such as RGD (arginine-glycine-aspartic acid) cou-

pling to promote cell attachment, spreading, and differentiation (34).

2.3.2 Next generation Tissue Engineering

The evolution of tissue engineering is progressing at a rapid pace. Microfabrica-

tion techniques have paved the way for design of better shapes and structures,

on the micrometer scale; these structures can better position cells and tissues

for controlled morphology and function (35). In addition to using relevant cell

types, ECM analogues, and biomaterial scaffolds, it is possible to also control

physicochemical forces. Microfluidic cell-culture systems, by virtue of possessing

small channels, have only laminar fluid flow, which is physiologically relevant.

Gradients of membrane permeable chemicals can be applied at the single cell

level in these laminar stream systems (36). It is also possible to integrate probes

for visualization and quantitative analysis of relevant data such as cell structure,

gene expression, and mechanical response (37).

Bioreactors can support control of mechanical forces in cell culture systems,

such as stretch or compression for inducing tissue formation (38). Bioreactors

can also be in used to improve nutrient delivery by overcoming mass transfer

limitations. As tissue constructs must be of certain size (millimeter scale) for

biomedical applications such as engraftment, mass transfer limitations must be

addressed. Common bioreactors include spinner-flask reactors, where convective

mixing reduces the concentration effect at the tissue surface; hollow fiber reac-

tors, where media is perfused on the exterior surface of hollow tubes containing

cells; and perfusion reactors where media is perfused directly through cell-seeded

pores in a scaffold (39). Otherwise, mass transfer limitations lead to cell death

in the inner core of the tissue construct, while cells on the surface thrive. Biore-

actors that improve nutrient delivery can, in principle, sustain tissue constructs

indefinitely.

2.3.3 Kidney Tissue Engineering

Early forays into kidney tissue engineering aimed to enhance life-saving dialysis

measures. Extracorporeal therapies were designed to not only filter blood, but
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2D Models 3D Gel Systems Tissue Engineered

Systems

Limited intercellular in-

teractions

Better intercellular inter-

actions

Better intercellular inter-

actions

Altered morphology In vivo like morphology In vivo like morphology

Altered function Limited function (fluid

flow induced function not

present)

Realistic functions of tis-

sue

Limited time periods of

culture (days to weeks)

Limited time periods of

culture (days to weeks)

Sustainable cultures

for long time frames

(months)

No solute concentration

gradient

Altered solute concentra-

tion gradient

Realistic solute concen-

tration gradients by co-

culture

No fluid flow induced

stress

No fluid flow induced

stress

Fluid flow induced stress

Table 2.1: Advantages of Tissue Engineered Systems

also provide endocrine functions such as vitamin D biosynthesis and production

of renin and angiotensin (40). Further development on extracorporeal therapies

led to the Renal Tubule Cell Assist Device, a hemofiltration cartridge lined

with human kidney cells that filters blood and provides metabolic and endocrine

functions (41).

Kidney tissue engineering has also seen advancements in in vitro diagnos-

tics. Inspired by lab on a chip designs, Jang et al (42) designed a microfluidic

device for the culture of mouse inner medullary collecting duct (IMCD) cells.

IMCD cells are cultured in a flat channel where media contacts the basolateral

surface and fluid is perfused on the apical surface in order to simulate in vivo

fluidic shear stresses (Figure 2.4). They utilized this system to investigate aqua-

porin trafficking and cytoskeletal reorganization in response to shear stress (43).

While IMCD cells are not cultured in a 3D tube simulating a duct, nevertheless,

these early forays into kidney-on-chip designs hold great promise for assessing

transport properties and other fluid flow phenomena.
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Figure 2.4: Collecting Duct on a Chip Design - A microfluidic device designed

to assess the effect of fluid flow on mouse collecting duct cells. -Jang et al, Lab

Chip 2010, 10:36-42

2.4 Modeling Cystic Kidney Diseases

Tisue engineered 3D tissue models provide valuable insights into disease progres-

sion. Cystic kidney disease group includes genetic diseases such as Autosomal

Dominant Polycystic Kidney Disease (ADPKD), Autosomal Recessive Polycys-

tic Kidney Disease (ARPKD), Medullary Cystic Kidney Disease (MCKD), and

Nephronophthisis (NPH). Kidney cysts may also be associated with systemic dis-

eases such as Von Hippel-Lindau and Tuberous Sclerosis, or acquired congenitally

such as Medullary Sponge Kidney. In our tissue-engineered system, we chose to

model the genetic disease ADPKD by perturbing the relevant gene involved and

culturing the modified cells in a 3D microenvironment. As ARPKD, MCKD,

and NPH are also monogenic disorders, in principle it would be straightforward

to extend the tissue-engineered system to the study of these genetic diseases as

well.

2.4.1 ADPKD Genetics

ADPKD is a genetic disease afflicting several hundred thousand people in the

US alone. It is the most common monogenic kidney disorder. It is classified

by inactivating mutations in PKD1 or PKD2, the genes encoding the proteins

polycystin-1 (PKD1) and polycystin-2 (PKD2) respectively (44). The resulting

phenotype exhibits innumerable fluid-filled cysts throughout the kidney, which

enlarge the kidney and can weigh up to 20 pounds in comparison to a normal
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kidney weighing only a few pounds. The fluid filled cysts eventually collapse the

renal parenchyma, inevitably leading to end stage renal disease.

Figure 2.5: Gross pathology of polycystic kidneys - Both kidneys are greatly

enlarged and show many fluid-filled cysts. Figure credit Dr. Edwin P. Ewing, Jr.

Public Health Image Library, Centers for Disease Control and Prevention, USA.

PKD1 is mapped to the short arm of chromosome 16, specifically 16p13.3

(45). PKD2 is mapped to the long arm of chromosome 4 at 4q22.1 (46).

Gene Locus Coding Sequence Length

PKD1 16p13.3 14138 bp

PKD2 4q22.1 5056 bp

Table 2.2: PKD1 and PKD2 Gene Summary - Overview of polycystin genes.

ADPKD is fully penetrant, which means that all individuals who inherit a

mutated PKD gene will develop renal cysts. However, the severity of disease

and age of onset of ESRD is quite variable, even among the same family (47).

The variability of PKD1 mutations is also quite large; deletions, insertions,

missense and nonsense mutations have been observed (48). On the other hand,

PKD2 mutations are largely truncating mutations that would presumably lead

to inactive PKD2 protein (49).

Interestingly, ADPKD is a focal disease. Despite carrying germline PKD

mutations inherited from a parent, only a few renal cells actually develop into

cysts. A two-hit hypothesis has been suggested for the explanation of the focal
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behavior of ADPKD (50). The first hit is the mutated PKD gene that is passed

down to offspring, who now possesses one wild type allele and one mutant allele.

The second hit is a somatic inactivating mutation to the wild type allele, which

then initiates cystogenesis. Since somatic mutations are relatively infrequent,

this model conveniently explains the focal nature of ADPKD cysts. In addi-

tion, renal cysts are clonal, which suggests that the cyst develops from a single

mutated cell that then proliferates and enlarges (50).

In addition to the two-hit hypothesis, haploinsufficiency may also play a

role in cystogenesis. It was shown that some cysts possessed trans-heterozygous

mutations with a germline PKD1 mutation and a somatic PKD2 mutation (51).

Similarly, other cysts possessed germline PKD2 mutations and somatic PKD1

mutations (52).

2.4.2 ADPKD Polycystin Function

Polycystin-1 is an 11 transmembrane protein with a large extracellular N-terminal

domain that is involved in cell-cell and cell-matrix interactions (53). Polycystin-

1 was shown to localize to epithelial cell-cell contacts and is directly involved

in intercellular adhesion (54). Polycystin-2 is a 6 transmembrane protein with

intracellular N-terminal and C-terminal domains and also acts as a calcium ion

channel (55). Polycystin-1 and -2 require each other for translocation and co-

assembly at the plasma membrane (56). In particular, the coiled-coil motif of

polycystin-1 interacts with the carboxy-terminal domain of polycystin-2 (57).

Polycystin-1 is also shown to undergo cleavage in both N- and C- terminal do-

mains. N-terminal cleavage occurs at the G protein coupled receptor proteolytic

site (GPS), which is necessary for cell survival (58); many ADPKD mutations

abrogate C-terminal cleavage, PKD1-PKD2 binding, and subsequent activation

of JAK-STAT signaling in cell cycle regulation (59). Two types of cytoplasmic

C-terminal cleavages occur for polycystin-1. One cleavage results in a 35 kDa

portion that accumulates in the nucleus (60), while another cleavage results in a

15 kDa portion that activates STAT6 transcription factor and p100 (61). Both

arise in response to cessation of fluid flow, and interestingly, there is an elevation

in STAT6, p100, and C-terminus tail in ADPKD cysts (61). The C-terminal

cleavage also requires the presence of functional PKD2, or more specifically the

calcium channel response associated with PKD2 (62). However, loss of PKD2

results in ADPKD, and it appears paradoxical that despite the loss of PKD2
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and its role in mediating PKD1 C-terminal cleavage, there is still an increase in

C-terminal tail in cysts. The mechanisms of ADPKD are still poorly understood

and are an area of intensive research.

Ca2+N C C

N

Polycystin-2 Polycystin-1

Polycystin-1

C-tail cleavage

C
Nucleus

ECM

Cytosol

Figure 2.6: Polycystin-1 and -2 in the Membrane - Polycystin-1 and -2

interact with each other. Polycystin-1 is involved in cell-cell and cell-ECM inter-

actions, while polycystin-2 functions as a selectively permeable Ca2+ channel. The

C-terminal tail of polycystin-1 can be cleaved in the presence of polycystin-2, and

the C-terminal tail translocates to the nucleus to initiate gene transcription.

2.4.3 ADPKD Signaling Pathways

The polycystins are also localized to the primary cilium (63, 64), a slender pro-

jection extending out from the apical surface of the cell. The primary cilium

is typically a sensory organelle, and in the case of the kidney, the primary cil-

ium transduces fluid shear stress into an intracellular Ca2+ response (65). This

response is important in tissue morphogenesis and regulates lumen diameter in

the vasculature (66). Polycystin-1 deficient cells still retain the ability to con-

duct Ca2+, but lose the ability to sense fluid flow (67). Thus, it is possible that

in ADPKD, damaged cilia continuously signal for high fluid flow rates, driving

lumen expansion in order to accommodate the apparent increase in flow rate

(67).

Several signaling pathways are also mediated by the polycystins including

canonical and non-canonical Wnt signaling, mTOR pathway, JAK-STAT and
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Id2, and G protein activation (68, 69). In the canonical Wnt pathway, polycystin-

1 C-terminus tail normally inhibits β-catenin, thus preventing its transcriptional

activity (70). Disruption in non-canonical Wnt pathway results in abnormalities

in oriented cell division, and the elongation of renal tubules depends on the

orientation of cells along the tubule axis (71). A related report shows that

inversin, which modulates the non-canonical Wnt pathway, is disrupted in the

cystic kidney disease nephronophthisis (72). Primary cilia are required for the

maintenance of planar cell polarity (PCP), which is necessary for proper oriented

cell division. However, cilia are disrupted by PKD mutations (68).

Normal polycystin-1 and -2 also activate STAT1 through JAK2, which in-

duces p21 for cell cycle growth arrest (59). In parallel, polycystin-2 sequesters

Id2, thus preventing p21 repression by Id2 (73). It appears that Id2 also plays

roles in proliferation and epithelial-mesenchymal transition (EMT) through trans-

forming growth factor-β (74). Further evidence of EMT is noted in ADPKD

patient-derived cells. The PKD1/PKD2/E-cadherin/β-catenin complex is dis-

rupted, membrane E-cadherin is depleted, and consequently, mesenchymal-associated

N-cadherin is upregulated to stabilize β-catenin (75).

Polycystin-1 and -2 are also involved in G protein signaling, with activation

of ERK and JNK pathways coalescing in AP-1 transcriptional activation, which

plays roles in proliferation, differentiation, and survival (76). The JNK pathway,

as shown in Drosophila, plays roles in planar polarity (77) and epithelial adhe-

sion (78). Thus polycystin mutations could also affect planar cell polarity and

epithelial dedifferentiation through aberrant G protein signaling.

Mammalian target of rapamycin (mTOR) is also linked to the polycystin

signaling pathway. mTOR is regulated by TSC2, the gene involved in tuberous

sclerosis. PKD1 and TSC2 are related as they are localized next to each other

on chromosome 16p13.3 (53). In addition, polycystin-1 requires tuberin, the

gene product of TSC2, to localize to the plasma membrane (79), while tuberin

is stabilized at the membrane by polycystin-1 (80). As polycystin-1 and tuberin

require each other for membrane localization and stability, the loss of one or the

other activates the mTOR pathway and drives cyst expansion. Indeed, inhibition

of mTOR reverses cystogenesis (81). mTOR is only one of many corrupted

signaling pathways in ADPKD. The other signaling pathways described are all

disrupted upon loss of PKD1 or PKD2, and it is thought that cystogenesis occurs

due to misregulation of these signaling pathways.
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Signaling Molecule Effect on Signaling

Pathway

Global Effect

Activated β-catenin Activated Wnt pathway Gene expression

Aberrant primary cilia Disrupted non-canonical

Wnt pathway

Loss of planar cell polar-

ity

Loss of JAK-STAT Activated p21 Cell proliferation

Activated Id2 Activated p21 Cell proliferation and

EMT

Altered G proteins Loss of AP-1 activation

and JNK pathway

Loss of epithelial adhe-

sion

Loss of tuberin Activated mTOR path-

way

Cyst expansion

Table 2.3: ADPKD Signaling Pathways - Altered pathways upon the loss of

Polycystin-1 and/or Polycystin-2.

2.4.4 ADPKD Proliferation and Cyst Expansion

Due to the aberrant signaling pathways, there is net cell proliferation. Indeed,

ADPKD cyst derived cells are associated with increased proliferation (82, 83).

However, the role of polycystins and its effects on cell cycle regulation are still

unclear. It was also shown that Pkd1 inactivation of both alleles in developing

mouse kidney resulted in extensive cystogenesis (84), but Pkd1 inactivation of

both alleles in mature mouse kidney resulted only in few focal cysts (85). It is

not merely a switch in PKD1 expression that drives cystogenesis, but also other

gene expression occurring at different stages of development. Indeed, postnatal

kidneys are still undergoing tubule elongation and maturation with very active

cell proliferation (84). It is still unclear what exactly triggers the rapid cyst

expansion in adult kidneys.

Cyclic adenosine monophosphate (cAMP) is elevated in ADPKD cyst de-

rived cells (Hanaoka 2000). cAMP drives cell proliferation in cyst derived cells

through the ERK signaling pathway (86). cAMP was shown to drive prolifera-

tion in in vitro cell cultures of cyst derived cells, but had no proliferative effect

on normal cells (87). It is thought that cAMP drives fluid secretion into the lu-

men by activating the cystic fibrosis transmembrane receptor (CFTR) (88). The

probable mechanism involves CFTR conducting chloride ions into the lumen,

which drives net fluid movement into the lumen. This expands the cyst both by
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engorgement with fluid and also drives cell proliferation due to the hydrostatic

force exerted on the apical surface of the cyst. Antidiuretic hormone, also known

as arginine vasopressin, stimulates cAMP production. In ADPKD kidneys, an-

tidiuretic hormone elevates cAMP, driving cystogenesis, and in animal models,

blocking antidiuretic hormone ameliorates the disease (89).

Cyst Enlarges and

Buds o! Tubule

CFTR Drives Ion 

Secretion into Lumen

(H
2
O Follows)

Increased Luminal Fluid 

Drives Cyst Expansion

H
2
O Cl -

Figure 2.7: cAMP and CFTR Drives Cyst Expansion - ADPKD cyst buds

off a dilating tubule into the interstitial space in the kidney. Cyclic AMP is upreg-

ulated in ADPKD, which drives the cystic fibrosis transmembrane receptor. This

conducts chloride ions into the lumen, which generates a solute gradient for fluid

movement into the lumen. Increased fluid in the lumen drives cyst expansion.

ECM mediated effects may also drive cystogenesis, as polycystin-1 is im-

portant in cell-cell and cell-ECM signaling. In ADPKD, β-4-integrin receptor

and laminin 5 ECM ligand are aberrantly expressed (90). When cultured in

vitro, ADPKD cyst derived cells are stimulated by exogenous laminin-5, while

inhibited by blocking of endogenous laminin-5 (91). Indeed, PKD1 and PKD2

interact to regulate ECM secretion and assembly, and the altered matrix may

play a role in ADPKD (92). The ECM exerts its effects through the integrin re-

ceptors, in a signaling cascade called integrin signaling that ultimately regulates

proliferation, survival, and cytoskeletal rearrangements (93).

2.4.5 Genotype-Phenotype and Clinical Manifestations of ADPKD

While mutations in PKD1 or PKD2 both lead to the ADPKD phenotype, genetic

analysis shows that patients with PKD1 mutations reach end-stage renal disease

20 years earlier, on average, than patients with PKD2 mutations (94). A cyst

23



2. BACKGROUND

interferes with urine flow since the cyst is formed by separating from its tubular

origin. This impediment is amplified if the cyst occurs further down the branch-

ing collecting system, such as the medullary nephrons, as a solitary medullary

cyst would impede the urine flow from several upstream cortical nephrons. For a

sense of magnitude, a 400µM cyst in the cortex would block 32 adjacent tubules,

while a cyst of the same size blocking inner medulla collecting ducts could po-

tentially impede urine flow from ∼16,800 upstream tubules (95). In addition,

as cysts expand, compression of the renal parenchyma occurs, reducing over-

all blood flow and urine formation. Thus, cyst expansion and total number of

cysts is responsible for renal failure, and PKD1 mutations are correlated to both

greater number and larger cysts than PKD2 mutations (96).

As cyst volume expands, the total size of the kidney also enlarges as a function

of cyst number and volume. The CRISP cohort study was established to track

disease progression by total kidney enlargement along with cyst enlargement

measured by magnetic resonance imaging (97). Indeed, total kidney and cyst

volumes increase in most ADPKD patients, and larger kidneys are associated

with decline in kidney function (98). Interestingly, the rate of cyst growth is

relatively consistent; the growth rate may be modeled by exponential growth.

From JJ Grantham’s model (99), individual cyst volume (Vi(t)) may be modeled

by:

Vi(t) = V0U(ti)e
k(t−ti)

and the total cyst volume (TCV) as the sum:

TCV =

n∑
i=1

V0U(ti)e
k(t−ti)

where:

• ti is the time of initiation for cyst i

• U is the unit step function U (t) = 0 if t<0, U (t) = 1 if t≥0

• k is constant growth rate of total cysts

Finally, Total Kidney Volume (TKV ) = TCV + NCV, where NCV is non-

cyst volume comprising normal renal parenchyma, not expected to expand. For

validation, both individual cyst growth and total cyst volume match the CRISP

cohort data (99).
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2.4 Modeling Cystic Kidney Diseases

Importantly, this model also corroborates the observation that despite a

larger average annual increase in kidney volume for patients with PKD1 mu-

tations than those with PKD2 mutations (74.9ml vs 32ml respectively), the rate

of change is similar (∼5%) (96, 99). This suggests that PKD1 mutations do

not trigger a more severe phenotype such as faster proliferation or increased in-

flammation and fibrosis than PKD2 mutations, but rather, patients with PKD1

mutations have earlier cyst formation.

It is unclear what drives the initiation of cyst formation, but recent data

suggests a role for gene dosage and incomplete penetrance (100). Typically, a

mutant PKD1 or PKD2 allele exists along with a normal allele, and cystic phe-

notype occurs upon somatic mutation of the normal allele, accordingly named

the two-hit hypothesis (101, 102). In less typical cases, often associated with

consanguinity, homozygous mutant alleles, or mutant alleles in trans with inac-

tivating mutations can result in early onset disease or in utero onset (100). It

is suggested that the disease phenotype results from a below-threshold level of

functional protein. Thus, gene dosage appears to be important, and cyst forma-

tion occurs when somatic mutations cause functional protein levels to fall below

a critical level.

Germline PKD1 with somatic PKD2 mutations, as well as germline PKD2

with somatic PKD1 mutations, have also been documented in a small subset

of cysts (∼10%) from ADPKD patients (51, 52). Gene dosage may also play

a critical role in these cases of cystogenesis in trans-heterozygotes. As PKD1

and PKD2 are known to interact and function as a complex (57), it is likely

that mutant PKD1 complexed with wild type PKD2, as well as wild type PKD1

complexed with mutant PKD2 lead to compromised function of the polycystin

complex. In the case of trans-heterozygotes, the model speculated by Koptides et

al provide for structures derived from permutations of wild type and mutant al-

leles (51). In addition, mutant proteins of the complex possibly exert a dominant

negative effect on the wild type proteins of the same polycystin complex. Thus,

there are only few complexes comprising only wild type polycystins; presumably,

these few wild type polycystin complexes are below threshold level for normal re-

nal tubular development and instead initiate cystogenesis. Indeed, mouse models

for trans-heterozygous inactivation of PKD1 and PKD2 may help elucidate the

mechanisms of gene dosing (103). It is speculated that the threshold is modified

by hypomorphic alleles in either gene, as reduced dosage in conjunction with a
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mutation resulting in reduced dosage in the corresponding partner polycystin

protein initiates cyst formation.

While hypomorphic or loss of PKD1 or PKD2 both result in ADPKD phe-

notype, cyst formation tends to occur earlier for PKD1 mutants. It is likely

that this results from the fact that PKD1 is more easily mutated than PKD2.

Indeed, the coding region of PKD1 is much larger than that of PKD2, at 12.9 kb

compared to 3 kb, and in addition, the PKD1 region is rich in CpG nucleotides

which are prone to mutation (48). Cytosine nucleobases are often methylated in

somatic tissues for the regulation of gene transcription, but spontaneous deam-

ination can occur by attack of H2O; the more stable keto form of the resulting

tautomer is the same structure as another nucleobase, thymine. While the cell

has mechanisms for mutation repair, sometimes mutations escape correction. If a

mutation on PKD1 or PKD2 alleles result in a missense mutation at a conserved

amino acid residue, protein function could be adversely affected.

While truncating or frameshift mutations abrogate protein function and in-

tuitively suggest disease presentation, in-frame missense mutations are far less

clear. For missense mutations, the polycystins may still be translated, but with

potential alterations in signaling, membrane translocation, endoplasmic reticu-

lum and golgi processing, or other various effects. Clinical data suggest that

mutations located closer to the 5’ region of PKD1 result in more severe clini-

cal manifestations than those closer to the 3’ region (104). 5’ mutations would

indicate protein errors towards the N-terminal tail, which are the domains re-

sponsible for ECM and cell-cell interactions. In addition, patients with 5’ muta-

tions are also more prone to intracranial aneurysms and hemorrhage and other

vascular events (105). Particularly, the 5225delAG mutation was identified in

three pedigrees (105), along with previous identification in two families with

aneurysms (106). Importantly, the 5225delAG mutation is a mutation occurring

between the N-terminus and the Receptor-Egg-Jelly (REJ) region of PKD1, and

it is suggested that mutations to this region of the gene corresponding to extra-

cellular portion of the protein, rather than specific mutations, are responsible

for the more severe phenotype.

However, correlation of mutation location to phenotype is complicated by

mutations that still result in partially functional polycystin-1, or potential mo-

saicism which would not be detected in typical mutation screening (104). Other

complicating factors include multiple mutations in associated genes that play a
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role in ADPKD cystogenesis, such as TSC2 tuberous sclerosis or mTOR pathway

genes (81), or CFTR cystic fibrosis transmembrane receptor (107). Mutations

of genes in broader contexts of cilia trafficking, such as kinesin II motor subunit

KIF3A result in cyst development (108), as do other genes such as cilia-associated

Meckel Syndrome MKS1 and MKS3 (109, 110) and Bardet Biedl Syndrome BBS

genes (111).

Despite the intricacies involved in PKD1 and PKD2 gene analysis, there is

also great headway made in correlations of geneotype to phenotypic presenta-

tion. In fact, Mayo Clinic and PKD Foundation have established an ADPKD

mutation database (112), collating specific mutations and correlating to degree

of pathogenicity. While most mutations are unique, a few mutations such as

5014delAG, a frameshift mutation that leads to early truncation, and Q2556X,

a nonsense mutation, were observed in separate family pedigrees in a molecu-

lar genetics analysis of the CRISP cohort (113). This study is a step towards

improved prognostic tools for correlating genetic background to a tangible phe-

notype of renal enlargement. Meanwhile, the Critical Path Institute Polycystic

Kidney Disease Outcomes Consortium is seeking to qualify kidney volume as a

FDA approved biomarker (114). Thus, improved prognostic tools would also be

supported by earlier treatment.

The CRISP cohort not only provides evidence for correlation of kidney vol-

ume with ADPKD, but measurements of vital signs in the study have also in-

spired other cohort studies such as HALT PKD. In the CRISP study, hyper-

tensive ADPKD patients showed greater increase in kidney volume, and so the

HALT PKD study aims to show a causal role for hypertension in kidney growth

using angiotensin converting enzyme inhibitors and/or angiotensin II receptor

antagonists to block the renin-angiotensin-aldosterone system (RAAS), lower-

ing blood pressure (115). HALT PKD study is still ongoing as of the time of

this writing, thus, there are no reports of results after intervention. Current

published reports assess baseline parameters, and not only show association of

blood pressure to kidney volume, but have also identified other novel factors

such as height, birth weight, gender, serum potassium, urinary albumin, aldos-

terone, among others (116). As an addition to the HALT PKD study, magnetic

resonance imaging was used to assess left ventricular hypertrophy (LVH) of the

heart correlated to baseline blood pressures of the HALT population (117), as

LVH contributes to cardiovascular morbidity ultimately leading to mortality in
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the context of ADPKD (118). RAAS blockade as part of the HALT PKD study

could potentially decrease LVH in the hypertensive ADPKD population, thus

potentially decreasing cardiovascular mortality (117). The CRISP and HALT

PKD cohort studies have thus generated a variety of useful and relevant data

which serve to increase our knowledge of the disease and also to inspire new

avenues of study. As more and more clinical data is collected in the imminent

future, much of our efforts must also go towards decoding data and extracting rel-

evant information. It is indeed a worthy endeavor, as comprehensive knowledge

of disease etiology and pathogenesis will formulate appropriate treatment plans.

Improvements in technology such as single molecule DNA sequencing through

nanowire-nanopore sensors (119) and scalable DNA sequencing ion chip sensors

(120) promise to bring rapid and low-cost sequencing. Affordable and accessi-

ble DNA sequencing combined with a comprehensive genetic database and well

characterized phenotypes can provide a powerful prognostic tool for researchers,

clinicians, and most importantly, patients.

2.4.6 Current models of ADPKD

Animal models have enhanced our understanding of polycystic kidney disease.

There are several mouse models of ADPKD arising from spontaneous mutations

or engineered mutations including juvenile congenital polycystic kidney (jcpk);

juvenile cystic kidney (jck); and polycystic kidney disease (pcy) (121). These

mouse strains were not chosen for mutations in Pkd1 and Pkd2, as the polycystins

were yet to be identified as the causal agents of ADPKD. Instead, they were

chosen as model organisms due to the occurrence of renal cysts and transmission

patterns.

The jcpk mouse has a mutation in Bicc1, located on mouse chromosome 10

(122). Jcpk is characterized by severe cystic lesions and extrarenal abnormalities

in homozygous animals with death in a few days. On the other hand, heterozy-

gotes only begin to exhibit symptoms of disease around 10 months (123).

The jck mouse develops early focal cysts, but further cystogenesis progresses

slowly (124). Jck transmission is recessive and is due to a mutation in Nek8

on mouse chromosome 11 (125). In humans, mutations in NEK8 are associated

with the cystic disease nephronophthisis (126). However, the gene product Nek8

also interacts with the signaling pathways of the polycystins and thus may share

common pathways in cystogenesis (127).
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The pcy mouse is characterized by slow progressive renal cysts and occasional

cerebral aneurysms (121). Pcy is mapped to mouse chromosome 9 (128), and

this region is syntenic with human chromosome 3q21-22 gene NPHP3 involved

in nephronophthisis (129).

While these mouse models cystic disease phenotype does not arise due to

polycystin mutations, they have been very well characterized. They are still

used as models for cyst mechanisms and therapeutic treatments; although a

shift to in vivo studies using Pkd1 and Pkd2 targeted mutations (130) might be

more relevant to ADPKD.

On another front, in vitro models are also used for better understanding

of the ADPKD cystogenesis process. In the MDCK cyst model, increased ex-

pression of PKD1 is protective against apoptosis and MDCK fail to undergo

cyst cavitation, instead forming branching tubules (131). Other model systems

utilize ADPKD patient derived cells. Exogenous addition of cyclic AMP and

epidermal growth factor were shown to promote proliferation and cyst expan-

sion of patient derived cells in collagen gel (87). Cells derived from Pkd1 gene

knockout mice also display ciliary and other structural abnormalities in vitro

(132). These knockout cells were also extended to long-term 3D culture using

collagen/Matrigel, silk scaffold, and perfusion bioreactor (133). The model sys-

tem was validated by cadherin distribution (structural features) and by organic

anion transport (functional features). Our lab has also utilized lentivirus medi-

ated gene silencing in mouse cells in order to assess integrin signaling in Pkd1

silencing conditions (manuscript in review).

2.4.7 Emerging Therapeutics for ADPKD

As many signal transduction pathways of ADPKD have been elucidated, there

are several potential targets for therapeutic treatment. As mTOR pathway is

upregulated in ADPKD and probably contributes to the proliferative and cystic

phenotype, an mTOR inhibitor would be a good candidate therapeutic. Indeed,

the inhibition of mTOR in ADPKD mouse models reversed cyst progression (81).

However, human trials using sirolimus, an mTOR inhibitor, did not halt cystic

kidney growth (134).

The action of antidiuretic hormone (vasopressin) on ADPKD kidney acti-

vates cAMP production, which drives cyst proliferation and activates the CFTR
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channel for cyst expansion (88). In this signal cascade, there are several tar-

gets for therapy. Tolvaptan, a V2 vasopressin receptor antagonist, has been

shown to slow cyst progression in ADPKD mouse models (135). The down-

stream CFTR channel activity could also be inhibited. Indeed, thiazolidinone,

a small molecule CFTR inhibitor, slows cyst expansion in MDCK models and

ADPKD mouse models (136). An intriguing therapy involves drinking water so

as to lower circulating plasma levels of antidiuretic hormone. In ADPKD murine

models, increased water consumption so that urine osmolality fell below that of

plasma slowed the progression of PKD (137).

Other therapies involve targeting the downstream effects of the various sig-

naling pathways such as proliferation. Roscovitine, a cyclin-dependent kinase

inhibitor, slows the cell cycle. When used in jck mouse, cystic disease was effec-

tively arrested (138).

While many of the proposed therapies work well in murine models, often

hopes are tempered by disappointing results from human clinical trials. Tissue

engineered in vitro models seeks to provide a platform not only for basic un-

derstanding, but also drug screening, aiming to bridge the gap between animal

studies and the clinic.

Aberrant Pathway Candidate Drug Mechanism of Action

mTOR activation Sirolimus mTOR inhibitor

Cell cycle activity Roscovitine Cyclin-dependent kinase

inhibitor

CFTR activation Thiazolidinone CFTR inhibitor

cAMP production stimu-

lated by vasopressin

Tolvaptan Vasopressin receptor an-

tagonist

Vasopressin activity Drink more water Lower vasopressin secre-

tion

Table 2.4: Emerging Drug Therapeutics - Pathways altered in ADPKD, the

candidate drugs, and their mechanisms of action.
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Chapter 3

Objectives

The goal of the study is to develop and validate a novel 3D human kidney tissue

system under sustained culture for the study of disease progression over time.

Human renal cortex epithelial cells will be modified by lentivirus silencing to

recapitulate the ADPKD condition, and cultured in a 3D tissue engineered sys-

tem where structural and functional outcomes can be assessed. Our hypothesis

is that loss of polycystin-1 and/or polycystin-2 expression by gene silencing is

reflected by phenotypic changes similar to that of human ADPKD tissues.

3.1 Objective 1: Establish Diseased Cells

Normal epithelial cells isolated from the human kidney cortex will be modified

by lentivirus gene delivery of shRNA specific for PKD1 or PKD2, as loss of

either gene is responsible for ADPKD. Silencing efficiciency will be confirmed

with quantitative RT-PCR of PKD1 and PKD2 mRNA and Western blot for

PKD1 and PKD2 proteins.

3.2 Objective 2: Establish 3D Culture Conditions for

human PKD

Primary human kidney cells will be used as control tissue, while constitutively

silenced cells for PKD1 and PKD2 will be used for diseased tissue. Porous silk

biomaterial scaffolds will be used to support modified and unmodified kidney

cells in an ECM gel. The ECM gel provides an appropriate chemical environ-

ment for cell morphogenesis, while silk scaffold provides structural integrity and
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prevents excessive gel contraction which can adversely affect cystogenesis. Con-

centration of matrix molecules will be varied along with silk scaffold geometries

in order to optimize cyst formation.

3.3 Objective 3: Validate Tissue Engineered Model

3D tissue engineered constructs will be validated by comparing structural and

functional features to in vivo human tissue samples. Structural metrics include

polarized cell phenotypes, cystic phenotype, cadherin complexes, while func-

tional metrics include organic anion transport and secretory properties.

3.4 Objective 4: Mapping Signaling Pathways

Signaling mechanisms of diseased tissue engineered constructs will also be eval-

uated. Effectors of cystogenesis such as proliferation, apoptosis, cell cycle aber-

rations, integrin signaling, and abnormal matrix deposition will be assessed with

relevant assays.
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Chapter 4

Materials & Methods

4.1 Cell Culture

Human Renal Cortical Epithelial cells (HRCE) (Lonza, Walkersville, MD) were

maintained in Lonza Renal Epithelial Basal Media and Lonza proprietary REGM

BulletKit, which contains the following supplements: fetal bovine serum, hu-

man transferrin, hydrocortisone, insulin, triiodothyronine, epinephrine, epider-

mal growth factor (EGF), interferon-γ, and antibiotics gentamicin and amphotericin-

B.

4.2 RNA Interference

4.2.1 PKD1 shRNA Oligo Design

shRNA sequences targeting PKD1 mRNA were cloned into LentiLox plasmid

(pLL3.7) (Addgene, Cambridge, MA). shRNA sequences were designed by Primer-

BLAST (NCBI, NIH, USA) and also from a validated sequence (139). Com-

plementary sense and antisense oligos were synthesized with incorporation of

hairpin loops such that expression of sense strand leads to formation of shRNA

(140). The oligos were also designed to fit into specific base pairs left open after

restriction digest of plasmid vector.
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Figure 4.1: shRNA Loop Formation and Expression - Expression of the

sense strand results in hairpin loop structure due to intra-strand complementary

base pairing. shRNA is processed by the cell to target specific mRNA transcripts

for degradation.
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Primers were synthesized as follows (specific complementary siRNA sequences

are italicized):

• Primer-BLAST PKD1 Sequence 1 Sense 5’ TGCTCAACTATACGCTGCTG

TTCAAGAGA CAGCAGCGTATAGTTGAGC TTTTTTC 3’

• Primer-BLAST PKD1 Sequence 1 Antisense 5’ TCGAGAAAAAA GCT-

CAACTATACGCTGCTG TCTCTTGAA AGCAGCGTATAGTTGAGCA

3’

• Validated PKD1 Sequence 2 Sense 5’ TGCCACGTGAGCAACGTCACC

TTCAAGAGA GGTGACGTTGCTCACGTGGC TTTTTTC 3’

• Validated PKD1 Sequence 2 Antisense 5’ TCGAGAAAAAAG CCACGT-

GAGCAACGTCACC TCTCTTGAA GGTGACGTTGCTCACGTGGCA

3’

Oligo pairs were mixed in DNA ligase buffer (New England Biolabs, Ipswich,

MA) and brought to 95◦C and allowed to slowly cool to room temperature.

Annealed oligo products were electrophoresed in 3% agarose gel and visualized

with ethidium bromide staining. Complementary inter-strand base pairing (ther-

modynamic product) result in 50bp length reflected on gel. Intra-strand base

pairing (kinetic product) is also expected, since the oligos are self-complementary

as well, and this is indicated by 25bp length on gel. The 50bp inter-strand prod-

ucts were extracted and purified using a Qiagen Gel Extraction Kit (Qiagen,

Valencia, CA).

4.2.2 PKD1 Plasmid Construct

The LentiLox 3.7 (pLL) plasmid was used as the vector backbone. LentiLox

3.7 is an engineered plasmid for lentivirus shRNA applications. As a plasmid,

pLL can be expanded in bacteria cultures, and confers ampicillin resistance to

bacteria for selection purposes. But it is the sequence between the long termi-

nal repeats (LTRs) that is relevant for RNA interference. There is a multiple

cloning site available (XhoI and HpaI) for insertion of shRNA sequence. The U6

promoter preceding the multiple cloning site expresses shRNA transcript for tar-

geted silencing. The eukaryotic CMV promoter drives EGFP (green fluorescent

protein) expression which is used to select transduced cells.
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Figure 4.2: shRNA Oligos on DNA Gel - Sense and anti-sense strands were

annealed to form complementary strands for the sequence pairs. Sense only and

anti-sense only oligos were also run on agarose gel electrophoresis as controls for

intra-strand base pairing. Inter-strand base pairing results in 50bp product. The

25bp product represents intra-strand pairing of oligos. 3% agarose gel was used for

better resolution of short length nucleic acids.
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addgene.org

Figure 4.3: LentiLox Plasmid Map - LentiLox is a 7.6kb Plasmid that possesses

eukaryotic promoter CMV for use in eukaryotic cells, U6 promoter for shRNA

expression, and Ampicillin resistance for propogation in bacterial culture. LentiLox

also has a Multiple Cloning Site for restriction enzyme digestion and subsequent

insertion of engineered DNA.
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pLL was linearized by restriction enzyme digestion with XhoI and HpaI (New

England Biolabs, Ipswich, MA) and electrophoresed in 0.7% agarose gel. The

linearized vector was purified with a Qiagen Gel Extraction Kit.

Digested pLL Vector (7.5kb)

Undigested pLL Vector

Figure 4.4: Preparation of LentiLox Vector for Ligation - LentiLox plasmid

was cut with restriction enzymes XhoI and HpaI, resulting in a linear strand of DNA

around 7.5kb. The sequence in between the restriction enzymes is minimal in length

and has likely run off the gel. Uncut lentilox plasmid was run as a control, which

runs faster in gel electrophoresis due to its circular nature.

The purified sense-antisense product was then mixed with the purified linear

LentiLox vector along with exogenous T4 DNA ligase (New England Biolabs,

Ipswich, MA). Product DNA was designed to fit into the open vector, but the

binding is reversible without DNA ligase. Ligase seals the DNA together by

restoring phosphodiester bonds.

The ligated plasmid constructs were then electroporated into DH5α compe-

tent bacterial cells (Invitrogen, Carlsbad, CA). Competent cells can be trans-

formed with plasmid and replicate the extrachromosomal plasmid in each cell

division. Transformed cells were streaked on Luria-Bertani Agar (Invitrogen,

Carlsbad, CA). Individual colonies were picked and expanded in 3mL Luria-

Bertani Broth (Invitrogen, Carlsbad, CA) and plasmid DNA was purified by

Qiagen MiniPrep Kit (Qiagen, Valencia, CA). Plasmid DNA was cut with re-
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striction enzymes XbaI and NotI (New England Biolabs, Ipswich, MA) and

electrophoresed. XbaI and NotI result in a 450bp sequence which also includes

the region in which shRNA oligos are ligated. Thus, shRNA plasmids with suc-

cessful oligo ligation are expected to have a 50bp band shift compared to no

oligo ligation, resulting in a 500bp sequence.
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Figure 4.5: Ligated shRNA Plasmids on DNA Gel - Following ligation,

plasmids were cut with XbaI and NotI, resulting in 450bp or 500bp sequences.

450bp sequences represent empty vector or plasmids that did not undergo successful

ligation of shRNA oligos (shRNA oligos are approximately 50bp in length). 500bp

sequences, as indicated by 1-3, 1-4, 2-1, and 2-3 represent plasmids that successfully

underwent ligation of shRNA oligos.

Plasmids 1-3, 1-4, 2-1, and 2-3 were sequenced with the sequencing primer

5’cagtgcaggggaaagaatagtagac3’, which sequences into pLL FLAP region, in order

to confirm ligation of shRNA oligos. 1-3 and 2-1 were designated as PKD1

seq1 and PKD1 seq2 respectively, and used for virus production. PKD1 seq1

and PKD1 seq2 plasmids were expanded in DH5α and 250mL Luria-Bertani

Broth for large scale preparation and purification using a Qiagen MaxiPrep Kit

(Qiagen, Valencia, CA). Purified plasma DNA concentration was determined by

NanoDrop Instrument (Thermo Scientific, Waltham, MA).
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4.2.3 PKD1 shRNA Lentivirus Production and Infection

shRNA plasmid was mixed with VSV-G Env plasmid, RSV-REV plasmid, and

MDLg/pRRE plasmid (Addgene, Cambridge, MA). Together, these compose

the third generation lentivirus packaging system (141). The third generation

packaging system uses a pseudotyped viral envelope, based on vesicular stom-

atitis virus, which allows broad infection of mammalian cells. RSV-REV and

MDLg/pRRE separate elements of HIV viral replication (e.g. gag, pol, rev

and rev response element) onto different plasmids in order to increase biosafety.

Lipofectamine 2000 (Invitrogen, Carlsbad, CA) was added to form liposomes

containing the plasmids. Liposomes containing packaging plasmids and empty

vector pLL3.7 were also prepared as a control. The liposomes were added to

HEK293FT cells (Invitrogen, Carlsbad, CA) for transient transfection of the

plasmids. HEK293FT cells assemble a virus particle containing viral proteins

from the packaging plasmids and an RNA transcript containing the shRNA se-

quences. The RNA transcript has self-inactivating long-terminal repeats, which

allow integration into host genomes, but are engineered such that the complete

viral genome cannot be transcribed for generating new infectious particles. Thus,

generated virus can only infect cells once.

Viruses produced from HEK293FT were collected in the cell media and con-

centrated by ultracentrifugation in a SW-32 Ti rotor (Beckman Coulter, Brea,

CA) at 28,000 rpm, 5 hours, 4◦C. Virus particles were quantified by p24 ELISA

(Zeptometrix, Buffalo, NY). The p24 ELISA is based on production of the viral

antigen p24. Colorimetric readings of samples were fitted to a standard curve of

known p24 concentrations as supplied by kit. p24 concentration was converted

to transducing units (TU), one virus particle per cell. HRCE were infected with

lentivirus at 50% confluency, and at a multiplicity of infection (MOI) of 5 for 24

hours before media was changed. MOI is a ratio of infectious particles to num-

ber of cells. In principle, MOI of 5 equates to 5 TU per cell. However, infection

follows a Poisson distribution, as some cells will absorb more than 5 TU, while

others absorb less.

4.2.4 Selection of PKD1 Silenced Cells

After infection of HRCE cells with virus 00, virus 1-3 (PKD1 seq1) and virus 2-1

(PKD1 seq2), all cells expressed green fluorescent protein (GFP), which emits
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Figure 4.6: Quantifying Viral Titer with p24 Antigen ELISA - A standard

curve is produced with known concentrations of p24. The concentration of virus

(Transducing Units/mL) is determined for control virus 00, virus produced from

plasmid 1-3 and 2-1.
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green color (maximal emission 520nm) upon excitation with blue light (maximal

excitation 480nm). As engineered in the LentiLox plasmid, GFP expression

is driven by the cytomegalovirus (CMV) promoter, a constitutive expression

cassette in mammalian cells. PKD1 seq1 and PKD1 seq2 express the shRNA

sequence, while empty vector has no sense shRNA strand to express. GFP

expression was used to select cells that were infected, which also indicates the

cells that express shRNA.

GFP positive cells were selected by flow cytometry. In flow cytometry, indi-

vidual cells are pulsed with a laser and the resulting scatter of light is collected

by detectors. One detector in line with the laser collects forward scatter (FSC),

which is related to cell size, while a perpendicular detector collects side scatter

(SSC), which is related to cell granularity. These data are used to select subpop-

ulations of cells, and in flow cytometry, FSC and SSC data are used to distinguish

single cells from debris or cell clumps. The laser also excites fluorophores, and as

electrons return to the ground state, longer wavelengths of light specific to the

fluorophore are emitted. These are detected by four photomultiplier tubes that

are have bandpass filters for specific wavelengths. FL-1 corresponds to 525nm,

FL-2 to 575nm, FL-3 to 620nm, and FL-4 to 675nm. The photomultiplier tubes

amplify current produced by light emission, and strong signals correspond to

strong expression of fluorophore. Frequently, FL-1 is used for GFP fluorophores

and FL-2 is used for phycoerythrin (PE). However, there is some spectral overlap

between GFP and PE which must be considered in analysis. FL-1 detects the

maximal emission of GFP, and while FL-2 detects less intensity than FL-1, FL-2

detection of GFP still scales linearly.

For sorting of cells, uninfected HRCE were analyzed to detect the range

of autofluorescence as detected by FL-1 (Figure 4.7). Cells expressing GFP are

represented by FL-1 data beyond autofluorescence, and these cells were collected

with the sorting function of flow cytometry. Strong GFP expression suggests

cells transduced with multiple viral particles, and thus strong shRNA expression.

Empty vector GFP-only cells (00), PKD1 seq1 (1-3), and PKD1 seq2 (2-1) were

collected. Sorted cells were plated on tissue culture plastic, and GFP expression

was visualized with excitation by blue light.
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58.25%

68.17%

Figure 4.7: Flow cytometry data for FL1 (green) vs FL2 (red) detectors

- Expression of GFP has spectral overlap with the red detector (FL2) such that

not only is there detection on FL2, but FL2 levels also scale with FL1 intensity.

(A) Unstained control outputs autofluorescence readings, along with a gate for cell

sorting beyond the autofluorescence levels. (B) Control vector cells expressing only

GFP, along with the gate collecting cells expressing GFP. (C) PKD1 Silenced cells

expressing GFP along with the same gate as in unstained and control.
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00 (empty vector) 1-3 (PKD1 seq 1)

2-1 (PKD1 seq 2)

Figure 4.8: GFP Expressing Cells - Monolayer culture of cells following flow

cytometry GFP selection
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4.2.5 PKD2 shRNA

PKD2 shRNA lentiviral particles were available from commercial sources. Two

different validated sequences were ordered: NM 00 0297.2-1553s1c1, designated

as Sequence 1, and NM 000297.2-2552s1c1, designated as Sequence 2 (Sigma-

Aldrich, St. Louis, MO) along with empty vector virus particles SHC001V

(Sigma-Aldrich, St. Louis, MO).

The PKD2 shRNA lentiviral particles are based on the pLKO plasmid, which

is also an engineered lentivirus plasmid. Similar to LentiLox, pLKO also has

eukaryotic promoters for eukaryotic selection and shRNA expression, Multiple

Cloning Site for oligo insertion, and antibiotic resistance for bacterial expansion.

pLKO confers puromycin resistance to eukaryotic cells for selection by antibiotic.

HRCE were infected with lentivirus at 50% confluency, and at a multiplicity

of infection (MOI) of 5 for 24 hours before media was changed. The PKD2

lentiviral particles are based on the pLKO vector, which expresses an enzyme to

inactivate puromycin, thus conferring puromycin resistance. Puromycin (Sigma-

Aldrich, St. Louis, MO) was added to the culture media at a concentration of

10µg/mL and used as a selection agent for 48 hours.

4.3 Real-time Polymerase Chain Reaction

4.3.1 RNA Preparation

Cells were lysed and purified with Ambion RNAqueous kit (Ambion, Austin,

TX). RNA was electrophoresed in 1.5% agarose gel to confirm quality of RNA.

Large ribosomal RNAs 18s and 28s can be visualized on agarose gel, where 28s

band intensity is twice that of 18s. As the polymerase chain reaction (PCR)

amplifies nucleic acids, it is important to determine if there is any degradation

of RNA during sample preparation.

RNA was then reverse transcribed with High Capacity cDNA Reverse Tran-

scription Kit (Applied Biosystems, Foster City, CA) using thermal cycler settings

of 25C for 10 min, 37C for 120min, and 85C for 5 min. Enzyme reverse transcrip-

tase proceeds along RNA strand and adds complementary deoxy-ribonucleotides

(dNTPs) to form complementary DNA (cDNA) strand. Thermal cycler settings

allow random primer annealing at 25◦C, extension of cDNA nucleotides by re-

verse transcriptase at 37◦C, and reverse transcriptase inactivation at 85◦C.
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SigmaAldrich.com

Figure 4.9: pLKO Plasmid Map - LentiLox is a 7.0kb Plasmid that possesses

eukaryotic promoter CMV for use in eukaryotic cells, U6 promoter for shRNA ex-

pression, and Ampicillin resistance for propogation in bacterial culture. pLKO also

has a Multiple Cloning Site (not shown in figure) for restriction enzyme digestion

and insertion of engineered DNA. pLKO plasmid confers puromycin resistance to

eukaryotic cells (indicated by puroR following CMV promoter). Puromycin, rather

than GFP, is the selection agent for pLKO based lentivirus.
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Figure 4.10: RNA Gel to Confirm RNA Quality - 18s and 28s ribosomal

RNA as visualized on agarose gel. 18s and 28s are 1:1 molar ratio and 28s RNA

is approximately twice as long as 18s RNA. Thus, 28s band fluoresces at twice the

intensity of 18s under UV excitation. If the 28s band intensity were the same or

less than 18s band intensity, then degradation of RNA would be indicated.
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4.3.2 PCR Analysis

cDNA samples were assayed in real-time PCR machine Mx3000P (Agilent Tech-

nologies, Santa Clara, CA). Like traditional PCR, real-time PCR also expands

DNA with DNA denaturation step, primer annealing step, and DNA extension

step. As an added feature, real-time PCR also quantifies DNA by detection of

fluorescence that scales linearly with DNA.

In the SYBR Green system, the fluorescent dye SYBR Green intercalates

in double helix DNA and emits green light upon excitation with blue light.

Thus, PCR machine can detect SYBR Green amount at the end of the extension

step, which quantifies total double helix DNA, an amount that doubles every

cycle. However, SYBR Green binds indiscriminately; all double stranded DNA

will fluoresce, including primer dimers. Thus, melting curve analysis is used to

determine primer dimer expansion.

The TaqMan system utilizes probes that fit within regions specified by the

PCR primers. The probe is conjugated with a fluorophore and a quencher that

abrogates fluorescence when in proximity of the fluorophore. However, when Taq

polymerase extends DNA bases during extension step, Taq exonuclease activity

cleaves the fluorophore off the probe, and the fluorophore is then free to fluoresce.

Fluorescence detection also scales linearly with DNA amount, and the TaqMan

system also offers better specificity since the probe is designed to fit within the

primer regions.

Glyceraldehyde 3-Phosphate Dehydrogenase (GAPDH) was detected with

TaqMan probe: Hs02758991 g1 (Applied Biosystems, Foster City, CA).

PKD1 and PKD2 primers were designed with Primer-BLAST (NCBI, NIH,

USA) and QuantiTect SYBR Green Kit (Qiagen, Valencia, CA) was used to

quantify DNA.

Primer

Target

Primer Sequence Product

Length

PKD1 fwd 5’-GCCTACAGCACGGGGCATGTGT-3’ 250 bp

rev 5’-CAGCGTGGAGGCCTGAGAACGT-3’

PKD2 fwd 5’-CCCCGAAATGGAACCGCTTGG-3’ 186 bp

rev 5’-TGCCCTGGTTCCTCGGTCCA-3’

Table 4.1: qRT-PCR Primer Design
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4.4 Immunoblotting

Cells were lysed in a Radio Immuno-precipitation Assay (RIPA) lysis buffer

(Pierce Biotechnology, Rockford, IL) with HaltTMprotease and Phosphatase in-

hibitors (Pierce Biotechnology, Rockford, IL) and the total cell proteins were

collected by centrifugation at 14,000 rpm for 15 min. Protein was quantified

using Bradford Reagent (Bio-Rad, Hercules, CA), a colorimetric assay where

samples are compared to a standard curve of known protein concentrations.

Western blot was used to assess relative protein amounts in control and si-

lenced cells. Western blot is based on primary antibody binding to specific

epitopes of proteins. A secondary antibody raised against the host animal of the

primary antibody is then applied, which binds to the primary antibody. The sec-

ondary antibody is also conjugated to an enzyme, horseradish peroxidase, which

oxidizes luminol substrate to excited 3-aminophthlate. Excited 3-aminophthlate

emits light as it returns to the ground state 3-aminophthlate, and this light is

captured on radiographic film, which is then fixed and developed.

Equal amounts of protein samples were electrophoresed in 4-12% Bis-Tris gel

(Invitrogen, Carlsbad, CA) and transferred to a poly-vinylidenefluoride (PVDF)

membrane (Invitrogen, Carlsbad, CA). Probing with primary antibodies for

PKD1 (sc130554-1:1000), Integrin-1 (sc8978-1:2000) (Santa Cruz Biotechnol-

ogy Inc, Santa Cruz, CA) and with antibodies for PKD2 (ab90648-1:2000),

laminin (ab11575-1:2000), collagen IV (ab6586-1:1000) and CyclinD1(ab16663-

1:400) (Abcam Inc, Cambridge MA) were performed in 3% skimmed milk. Glyc-

eraldehyde 3-Phosphate dehydrogenase (GAPDH) (ab9484-1:2500) and CyclinE

(ab2959-1:5000) (Abcam Inc, Cambridge MA) were probed in 5% bovine serum

albumin (BSA). Secondary antibodies conjugated with horse radish peroxidase

(HRP), (Goat Anti-rabbit HRP sc2004 or Goat Anti-mouse HRP sc2005) (Santa

Cruz Biotechnology, Santa Cruz, CA) were used according to the primary an-

tibody host. PKD1 blotting was developed using ECL Advance reagents while

other proteins were developed using ECL plus reagents (GE Healthcare Bio-

sciences, Piscataway, NJ).
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4.5 3D Culture

4.5.1 Scaffold Preparation

Aqueous silk scaffolds were prepared from silk fibroin solution extracted from

Bombyx mori silkworm cocoons as we have described previously (133). Silk so-

lution was prepared by first boiling silk cocoons to remove sericin component,

and isolate fibroin fibers, the structural core of silk. Fibroin was then dissolved

into solution with chaotropic agent lithium bromide over several hours in a 60◦C

oven. Fibroin solution was dialyzed in water with Slide-A-Lyzer dialysis casettes

(Pierce Biotechnology, Rockford, IL) to achieve 8-10% fibroin concentration and

remove lithium and bromide ions. 1mL of 8-10% fibroin was placed in a plastic

cylinder and 500µM diameter NaCl (Sigma-Aldrich, St. Louis, MO) was sifted

into the solution and allowed to salt-leach over three days to form porous scaf-

folds. Scaffolds were then rinsed with ddH2O, and cut to size 6mm x 2 mm

(diameter x height) with a 6mm biopsy punch and surgical knife.

4.5.2 Tissue Engineered Constructs

Tissue engineered constructs were developed by mixing cells with a 1:1 (vol/vol)

mix of collagen type I (1 mg/mL) and MatrigelTM(BD Biosciences, Rockville,

MD) to a final concentration of 2x106 cells/mL. The gel mix was then added

to the scaffolds. The pores of the scaffolds were filled with the cell-matrix mix

and allowed to gel for 30 min at 37◦C. Cells were maintained in static culture

conditions with media changes every two days. Culture media was supplemented

with cyclic AMP elevating agent 50µM cAMP Sp-isomer (EMD Chemicals, Gibb-

stown, NJ). Although not performed in this thesis work, tissue engineered con-

structs in scaffold could be extended with perfusion culture reactor as shown

previously (133) for long-term culture.

4.5.3 Human ADPKD Tissue

Human ADPKD tissue was generously donated from an anonymous kidney trans-

plant recipient who underwent nephrectomy to remove ADPKD kidneys. Kid-

ney tissue samples were generously prepared by Jillian Grau, MD (Lehigh Valley

Health Network, Allentown, PA). Human tissue protocol was approved by Tufts

University Institutional Review Board, Study #1101012.
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Figure 4.11: Tissue Engineered Kidney Schematic - (A) Cells were mixed

with collagen type I and MatrigelTMmix and seeded to silk scaffold. Tissue con-

structs were cultured in static media, and could be expanded with perfusion culture.

Downstream applications include biomedical imaging and pharmaceutical analysis.

(B) Silk sponge scaffold prepared as described. Scaffolds used for tissue engineered

constructs were 6mm x 2mm (diameter x height).

4.6 Histology and Confocal Imaging

4.6.1 Sample Preparation

Tissue engineered constructs were fixed in formalin at 14 days culture. ADPKD

kidney tissue was also fixed in formalin. Fixed tissues were encased in paraffin,

which involves progressively dehydrating steps of ethanol, since paraffin is im-

miscible with water, a major constituent of tissue. Ethanol dehydration steps

include 70%, 95%, and 100% ethanol soak, followed by two xylene washes to

clear ethanol. Molten paraffin was applied, which infiltrates tissue and scaffold,

and then embedded on tissue cassette as a paraffin block. Paraffin blocks were

then cut to 5µM thick sections with a Leica Microtome (Leica Microsystems,

Wetzlar, Germany) and mounted on microscope slides.

Paraffin sections were deparraffinized by reverse order of paraffin embedding,

which includes xylene wash followed by progressively re-hydrating concentrations

of ethanol and water. Slides were stained with Hematoxylin and Eosin (H&E),

where Hematoxylin binds to the histone nucleoproteins in the nucleus as a blue

dye, and eosin stains the cytoplasm red. For immunofluorescence, paraffin sec-
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tions were deparaffinized as before and antigen retrieval was performed with

Antigen Unmasking Solution (Vector Laboratories, Burlingame, CA) by boil-

ing slides for 30 min. After antigen retrieval, sections were blocked with 5%

bovine serum albumin (BSA) supplemented with 10% serum from the secondary

antibody host, in Dulbeccos Phosphate Buffered Saline (DPBS) (Invitrogen,

Carlsbad, CA).

4.6.2 Antibody-dependent Fluorescence Imaging

E-cadherin was probed with rabbit polyclonal IgG (ab53033-1:50) (Abcam, Cam-

bridge, MA) and goat polyclonal to rabbit IgG-Cy5 conjugate (ab6564-1:100)

(Abcam, Cambridge, MA). N-cadherin was probed with mouse monoclonal IgG

(ab66025-1:50) (Abcam, Cambridge, MA) and goat polyclonal to mouse IgG-

FITC conjugate (ab6785-1:100) (Abcam, Cambridge, MA). For acetylated alpha-

tubulin, anti-sera from clone (6-11B-1) (T6793-1:25) (Sigma-Aldrich, St.Louis,

MO) and goat polyclonal mouse IgG-Cy5 (ab6563-1:50) (Abcam, Cambridge,

MA) were used. Slides were counterstained for the nucleus using 4, 6- Diamidino-

2-phenylindole (DAPI) (Invitrogen, Carlsbad, CA) and mounted with Fluoro-

guard Antifade reagent (Bio-Rad, Hercules, CA).

Cells were viewed with an Ar/Kr laser (488 nm) or helium neon laser (633 nm)

in conjunction with a confocal laser scan head in a Leica Confocal Microscope

(Leica Microsystems, Wetzlar, Germany). DAPI was visualized with multipho-

ton laser at (770nm) where collision of two-photon excites at half the wavelength,

which corresponds to the excitation wavelength of DAPI at 388nm). A series

of photomultiplier tubes with adjustable bandpass filters isolate the emission

wavelengths of the fluorophores for analysis. Digital images were collected with

a 20x objective lens.

4.7 Proliferation Assay

Proliferation rate of the cells were measured by Alamar Blue assay (Invitrogen,

Carlsbad, CA). Alamar Blue assay is based on the oxidation of nonfluorescent

blue dye resazurin to fluorescent pink dye resorufin. Resazurin is reduced by

cytochrome c oxidase, the final step in the electron transport chain that reduces

molecular oxygen to water. Thus, electron transport chain is not halted by
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interference at an intermediate stage, and resazurin is only converted by actively

respiring cells, which indicates cell proliferation and viability.

Equal number of cells were plated in 6cm culture dish with full media, fol-

lowed by incubation in a full media plus Alamar Blue dye for 3 hr. Sample

aliquots were collected and fluorescence was measured. Sample aliquots were

collected at semiconfluent culture condition and ended when cells reached con-

fluence. Cells were then switched to dye free media for further proliferation and

the procedure was repeated at the next time point of analysis at 24 hour inter-

vals. Samples collected 12 hours after plating were used as 0 hour time point in

the analysis.

4.8 Apoptosis Assay

Apoptosis was measured by Annexin V PE binding assay (BD Pharmingen,

San Diego, CA). Annexin V binds strongly to phosphatidylserine, a membrane

phospholipid that is flipped to the outer leaflet and exposed to the extracellular

milieu in the early stages of apoptosis. Annexin V conjugated with phycoerythin

(PE), a fluorescent marker, can be detected with flow cytometry. Equal number

of cells were trypsinized and collected two days after plating in full media. Cells

were then incubated with Annexin V-PE and kit supplied binding buffer.

In another assay, three sets of equal number of cells were plated in full media.

Media was changed to serum-free media such that one set of cells was cultured

for 48 hours in serum free media, the second set of cells was cultured for 24 hours

in serum free media, and the third set of cells was continuously cultured in full

media.

For both experiments, samples were run in a BD FACSCalibur flow cytometer

(BD Biosciences, San Jose, CA) and the results were analyzed using Flow Jo

software (Treestar, Ashland, OR).

4.9 Cell Cycle Analysis

Cells were trypsinized and collected every five hours over a 25 hour interval.

Cells were fixed in 70% ice cold ethanol and stored at -20◦C overnight. Cells were

then washed in PBS and re-suspended in a DNA staining solution (2.5 µg/mL

propidium iodide and 1 mg/mL RNase A in PBS) for 1hr at 4◦C. Samples were
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run in a BD FACSCalibur flow cytometer (BD Biosciences, San Jose, CA) and

the results were analyzed using Flow Jo software (Treestar, Ashland, OR).

The principle of cell cycle analysis involves fixing cells over the course of the

cell cycle. Cell cycle involves Interphase, which replicates DNA, and Mitosis,

which divides the cell in two. Flow cytometry detects the relative amounts

of DNA per cell by propidium iodide staining detected by FL2 detector, and

indicates how many cells are in G0-G1 phase, at 1X DNA concentration; how

many cells are in G2 phase, where DNA has completely replicated and is 2X

DNA concentration; and how many cells are in S phase, where DNA content is

synthesized and thus intermediate between 1X and 2X. The G2 peak cannot be

differentiated from Mitosis, as the flow cytometry analysis reflects purely DNA

content per cell, and Mitosis phase also has 2X DNA content until cleavage is

complete.

Flow cytometry settings were determined as follows. FSC and SSC voltages

were set to confirm relative homogeneity of cell size to cell granularity in FSC

vs SSC plot. FL2 voltage and gain were adjusted until G0-G1 peak had a value

of 200 on FL2-A histogram and G2-M peak had a value of 400 on FL2-A. FL2-

A represents the area of fluorescent intensity as a cell is excited by laser and

passes by a detector. FL2-A was set under linear amplification settings to better

resolve the G2-M peak at twice the value of G0-G1 peak, whereas logarithmic

amplification would compress the peaks together in analysis. FL2-W, a measure

of the pulse width, or width of the cell that passes by the detector, was set to

between 200 and 600. The graph of FL2-A vs FL2-W show a majority of cells

at FL2-W value of 200, and FL2-A values from 200 to 400, which indicates cells

of the same size varying from 1X to 2X DNA content. These are the cells of

interest and were gated appropriately. Other cells are seen at FL2-W value of 400

along with FL2-A value of 400, which indicates probable double cell aggregate

of G0-G1 phase cells, hence twice the DNA content, but also twice the pulse

width. FL2-W greater than 400 indicates even larger aggregates of cells, while

values much smaller than 200 for both FL2-W and FL2-A are likely cell debris.

Following appropriate gating of single cells, counts of FL2-A were acquired to

determine the peaks, and thus cell cycle phase of the samples over 25 hour time

period.
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A B 

C 

Figure 4.12: Flow Cytometry Settings for Cell Cycle Analysis - (A) For-

ward Scatter (FSC) vs Side Scatter (SSC) show homogeneity of the sample pop-

ulation in regard to cell size and granularity. (B) FL2 detects propidium iodide

fluorescence. FL2-A voltages were adjusted prior to gating and exclusion of cell

aggregates. The majority of cells were in two peaks, the G0-G1 peak at 200 and

G2-M peak at 400, which is twice the DNA content, and S phase which is inter-

mediate in DNA content. Some counts above 400 are due to cell aggregates and

will not appear after aggregate exclusion. (C) FL2-A vs FL2-W were adjusted to

exclude cell aggregates. Cells were gated at 200 pulse width (FL2-W) and FL2-A

ranging from 200 to 400 indicates DNA content ranging from 1X to 2X in single

cells.
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4.10 Transport Assay

In preparation for transport assay, scaffolds were incubated with CellMask DeepRed

plasma membrane stain (Invitrogen, Carlsbad, CA) which is a lipophilic probe

that anchors in the plasma membrane for indicating cell borders in live cell

imaging. While not completed for this thesis work, transport assay protocol

includes incubating scaffolds in phenol red free basal media followed by addition

of 6-carboxyfluorescein diacetate succinimidyl ester (CFDA-SE) (Sigma-Aldrich,

St. Louis, MO). CFDA-SE diffuses into cells by virtue of its acetate groups,

and is cleaved in the cell by endogenous esterases to release the fluorescent dye

carboxyfluorescein, thus localizing fluorescence within the cell. Organic anion

transport of carboxyfluorescein out of the cell can be inhibited with probenecid

(Invitrogen, Carlsbad, CA). Following uptake, scaffolds would be washed in PBS

and imaged with confocal microscopy.
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Chapter 5

Results and Discussion

5.1 Confirmation of PKD1 and PKD2 Silencing

As PKD1 and PKD2 mRNA transcripts are degraded by RNA interference, we

can confirm silencing by assessing RNA transcript expression levels along with

protein expression levels. Following are data of transcript expression by quan-

titative Polymerase Chain Reaction (qPCR) and protein expression by Western

blot.

5.1.1 PKD1 and PKD2 mRNA Transcript Expression

Total RNA was extracted from cells and undergoes reverse transcription with

random primers to form complementary DNA (cDNA), as described in methods

chapter. RNA is the product of gene transcription, and is generated by RNA

polymerases reading a DNA strand that is complementary to the RNA transcript

product. In other words, RNA polymerase reads the antisense strand to generate

the RNA equivalent to the sense strand of a gene. For the cDNA to exist,

the RNA template must exist in the cell, and RNA is only formed from gene

transcription. We utilized qPCR and quantified the relative amounts of cDNA

complementary PKD1 and PKD2 transcripts, which are representative of the

number of RNA transcripts. Primers specific for short (approximately 200bp)

regions of PKD1 and PKD2 transcripts were used. Under silencing conditions,

fewer RNA transcripts are expected, as these transcripts are degraded by shRNA,

and this is reflected by higher cycle counts in qPCR data.

However, the resulting figures are not definitive, as silencing efficiency is

expected to be much greater. It is quite possible that the primers, as they

57



5. RESULTS AND DISCUSSION

A B 
The Relative Expression of PKD1 mRNA 

with respect to PKD1 Control

The Relative Expression of PKD2 mRNA 

with respect to PKD2 Control

Fo
ld

 c
h

a
n

g
e

 r
e

la
ti

v
e

 t
o

 P
K
D
1

 C
o

n
tr

o
l (

1
)

Fo
ld

 c
h

a
n

g
e

 r
e

la
ti

v
e

 t
o

 P
K
D
2

 C
o

n
tr

o
l (

1
)

PKD1 Control PKD1 Silenced PKD1 Control PKD1 SilencedPKD2 Control PKD2 Silenced PKD2 Control PKD2 Silenced

Figure 5.1: Relative Expression of PKD1 and PKD2 Control and Si-

lenced mRNA - qPCR graphs of relative expression of PKD1 and PKD2 mRNA

for control and silenced cells. Fold change was determined with respect to PKD1

Control (A) and PKD2 Control (B), which are set at 1.0 each. Loading control is

GAPDH expression. Error bars represent p<0.05

were designed by the bioinformatics tool BLAST, were inefficient. It is difficult

to measure fold change in silencing applications, because after siRNA binding

and degradation of a transcript, there may still be leftover mRNA of significant

length. While degraded mRNA is unsuitable for ribosomal translation, it is

possible for a qPCR primer to bind onto residual mRNA, as the RNA need only

be at least long enough and continuous to contain the forward and reverse primer

binding sites (roughly 200bp for our primers). And as long as the binding sites

are intact, qPCR will amplify those targets. Melting curve analysis was also

performed to confirm that only one amplicon was amplified, thus barring any

misleading results from primers associating promiscuously with other targets.

However, we are ultimately concerned with the protein level, rather than the

transcript level, as it is the loss of polycystin-1 or -2 protein function that drives

cystic events, and we confirm silencing via Western blot.

5.1.2 PKD1 and PKD2 Protein Expression

Silencing of PKD1 and PKD2 was also supported by Western blot protein anal-

ysis. Figure 5.2 shows a slight reduction in band intensity for PKD1 in PKD1

Silenced cells. PKD1 protein was detected at approximiately 460kDa. PKD2
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silencing was more efficient, as there was no band visualized in PKD2 Silenced

cells for PKD2 protein. PKD2 protein was detected at approximately 110kDa.
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Figure 5.2: Knockdown Analysis for Polycystin-1 and Polycystin-2 - Total

cell lysates were collected from the normal and transduced cells and blotted for

PKD1 and PKD2. PKD1 expression was reduced in PKD1 silencing conditions

and PKD2 expression was reduced in PKD2 silencing conditions.

Interestingly, the silencing of PKD2 led to a reduction of PKD1 protein.

PKD1 silencing did not appear to affect PKD2 protein expression; however, the

efficacy of PKD1 silencing was also limited in comparison to PKD2 silencing. It

has been demonstrated that PKD1 and PKD2 interact with one another as part

of a complex (57), and so the loss of either of the polycystins could adversely

affect the other. It was also demonstrated in HEK293T cells that interaction

between the C-termini of PKD1 and PKD2 led to increase in PKD1 but not

PKD2 (142). Thus it is possible that PKD2 plays roles in stabilizing PKD1, and

the loss of PKD2 with concomitant loss of PKD1 is further indirect evidence of

its stabilizing role.

59



5. RESULTS AND DISCUSSION

5.2 Proliferative Abnormalities Following PKD1 and

PKD2 Silencing

Proliferation is an important aspect of the PKD phenotype, as discussed in back-

ground sections. Cyst derived cells have been shown to proliferate faster than

normal HRCE cells (87). Thus, assessing the proliferative capacity of silenced

cells was relevant. However, we observed the opposite; both PKD1 and PKD2

Silenced cells proliferated slower than their respective control cells.

5.2.1 AlamarBlue Cell Viability Experiment for PKD1 and PKD2

Silenced Cells

PKD1 Control
PKD1 Silenced

PKD2 Control
PKD2 Silenced
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The E!ect of Silencing Polycystin-1 on 

Cell Proliferation and Survival

The E!ect of Silencing Polycystin-2 on 

Cell Proliferation and Survival
A B 

Figure 5.3: Cell Viability of PKD1 and PKD2 Control and Silenced

Cells - Alamar Blue assay for (A) PKD1 Control vs PKD1 Silenced and (B)

PKD2 Control vs PKD2 Silenced. Loss of Polycystins -1 and -2 resulted in slower

proliferation or loss of cell viability over the course of several days. Error bars

reflect (p<0.05)

AlamarBlue cell viability indicator is based on a reduction reaction of non-

fluorescent resazurin to fluorescent resorufin in cell cytosol. Lower fluorescence

readings for PKD1 and PKD2 Silenced cells in comparison to Control cells

indicate net fewer cells at the end of five days. Interestingly, PKD2 Silenced

cells had a markedly reduced fluorescence reading at the end of the experiment

than PKD1 Silenced cells, which could be related to the limited degree of PKD1

Silencing. Fewer cells suggest a slower proliferation rate and/or a greater amount
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5.2 Proliferative Abnormalities Following PKD1 and PKD2
Silencing

of apoptosis for silenced cells. Silencing for immortalized cell lines such MDCK

indicate a large increase in proliferation along with increased apoptosis (143).

However, in experiments on immortalized cell lines, the increased proliferative

capacity of silenced cells overcomes the cell death mediated by apoptosis to net

a greater amount of cells than control cells (133, 143). Then, for our case of net

loss of cells in the silencing condition, we are left to wonder whether there is

faster proliferation, but an even greater amount of apoptosis.

5.2.2 Apoptosis mediated by PKD1 and PKD2 Silencing

We noted increased apoptosis for silenced cells as shown in Figure 5.4 and Figure

5.5. Early in apoptosis, phosphatidylserine, which is normally contained on the

inner leaflet of the plasma membrane, is flipped to the outer leaflet and thus

exposed to the extracellular milieu. Annexin V is a protein that has very strong

binding affinity for phosphatidylserine, and so Annexin V conjugated with a

fluorescent tag may be used in flow cytometry to detect apoptotic cells (144, 145).

We utilized Annexin V conjugated to phycoerythin (PE), which is maximally

detected by the FL2 detector on flow cytometry instrumentation. For PKD2

Control and Silenced cells, the experiment was rather straightforward, as the

cells do not express any other fluorescent colors. The same gate was applied to

control and silenced cells, which show a greater percentage of apoptotic cells in

the silenced condition.

PKD1 Control and Silenced cells were more difficult to analyze by flow cy-

tometry, as instrument compensation was required. PKD1 Control and Silenced

cells constitutively express GFP, which is maximally detected by the FL1 de-

tector, but its emission spectra also falls into the detection range of the FL2

detector, contributing to higher FL2 readings. Thus, compensation was required

in order to reduce the influence of GFP on FL2, which necessitates the use of

more unstained controls. The figure provided for PKD1 Control and Silenced

cells are considered preliminary data, and multiple unstained controls for correct

compensation settings must be utilized in future apoptosis assays.

An alternative apoptosis experiment was performed for PKD2 Control and

Silenced cells. The level of apoptosis after serum starvation was compared,

with the hypothesis that silenced cells were more sensitive than control cells to

apoptosis-inducing conditions.
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A 

B 

PKD1 Control PKD1 Silenced

Figure 5.4: Apoptotic Markers in PKD1 Control and Silenced Cells - (A)

FACS gating for single cells. Forward Scatter (FSC) vs Side Scatter (SSC) confirm

homogeneity of the sample population in regard to cell size and granularity and was

used to exclude cell debris. (B) PKD1 Control and PKD1 Silenced cells stained

with apoptotic marker Annexin V. Annexin V was detected by the FL2 detector.

FL2-H was compensated for the spectral overlap with GFP by reducing the influence

of FL1. X-axis is the level of GFP detection by FL1, which was subtracted from FL2

until the contribution of FL1 to FL2 was below threshold, thus the remaining FL2

detection correspond to Annexin V-PE detection above influence of FL1. However,

unstained and single stain controls, which were not prepared for this assay, are

necessary for accurate compensation settings. Preliminary data as shown suggest

increase in apoptosis in PKD1 Silenced condition. Cells were cultured for five days

before flow cytometry.
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PKD2 Control PKD2 Silenced

A 

B 

Figure 5.5: Apoptotic Markers in PKD2 Control and Silenced Cells -

(A) FACS gating for single cells. Forward Scatter (FSC) vs Side Scatter (SSC)

confirm homogeneity of the sample population in regard to cell size and granularity

and was used to exclude cell debris. (B) PKD2 Control and PKD2 Silenced cells

stained with apoptotic marker Annexin V. Annexin V was detected by the FL2

detector as shown on Y-axis. No compensation was required, as PKD2 cells do

not express GFP. Apoptotic cells were indicated in the upper left quadrant, as cells

were of higher FL2 level for the same FL1 level, which was utilized as a control axis

in flow cytometry. Unstained control was not prepared for this assay, but it would

be beneficial for determining the basal FL2 detection levels for accurate exclusion

of non-apoptotic cells. Preliminary data as shown suggest increase in apoptosis in

PKD2 Silenced condition. Cells were cultured for five days before flow cytometry.
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Figure 5.6: Increased Susceptibility to Apoptosis in Silenced Cells - Apop-

tosis of PKD2 Control (Red) and Silenced (Blue) over serum starvation durations

of (A) 0hr, (B) 24hr, and (C) 48hr. Apoptosis was slightly increased for Silenced

cells after 24hr and 48hr serum starvation as measured by the area above back-

ground staining as indicated by the Green Box. Cells were cultured for three days

before flow cytometry, thus, the 48hr time point corresponds to a change to serum

free media on day 1; 24hr serum starvation corresponds to serum free media on day

2; and 0hr corresponds to no media changes for the duration of the experiment.

X-axis is maximal level of FL2 detection per cell of phycoerythin conjugated to

Annexin V, which corresponds to apoptosis marker. Y-axis is the relative quantity

of cells for each FL2-H level. X-axis is on logarithmic scale.
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Figure 5.6 shows a slight increase of apoptosis for PKD2 Silenced cells in

comparison to Control cells under serum starving conditions. This is seen as

the area under the curve beyond a threshold; the background fluorescence of

non-apoptotic cells, which is seen mostly below 101 FL2 fluorescence height.

Unfortunately, the experiment contained an experimental error. From the time

of cell plating, media was not changed for the 0hr (non-serum starvation) time

point. For the serum starvation conditions, media was changed between time of

cell plating and the switch to serum-free media. Since media was not changed

for the 0hr time point, there was a greater quantity of apoptotic cells as a

consequence of the damage sustained during cell passaging, rather than media

conditions, and these apoptotic cells were reflected in the experiment, which

resulted in a higher FL2-H reading. However, it appears that the dead cells were

relatively consistent for both Control and Silenced cells, suggesting that there

were no differences in apoptosis over short culture periods of three days in growth

media. Silenced cells appear to be more susceptible to apoptosis under serum-

free conditions, which may suggest a degree of fragility conferred by the loss of

polycystin-2. Under full media conditions, apoptosis is seemingly not a major

factor for under three days, but apoptosis may be significant over longer culture

periods. Thus, the observed lower proliferation for silenced cells, as discussed in

previous sections, is likely due to cell cycle abnormalities rather than high rates

of apoptosis.

5.3 The Cell Cycle and Aberrant Signal Transduction

We hypothesized that loss of polycystins -1 and -2 are linked to cell cycle aber-

rations, as the previous sections indicated lower proliferation for silenced cells,

but was likely not due to increased apoptosis. The following sections include the

cell cycle profile for PKD2 Control and Silenced cells over a 25 hour time period.

Aberrant signal transduction from the extracellular matrix lead to a signaling

cascade that affects the cell cycle proteins, which lead to disruption of the cell

cycle.

5.3.1 Cell Cycle Analysis

The cell cycle profile (Figure 5.7) indicates the relative amount of cells in par-

ticular phases of the cell cycle. PKD2 Silenced cells show fewer cells in S-phase
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PKD2 Control PKD2 ControlPKD2 Silenced PKD2 Silenced
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Figure 5.7: Cell Cycle Profile by FACS Analysis for PKD2 Control and

Silenced Cells - (A) PKD2 Control and (B) PKD2 Silenced cells were collected

every five hours over a 25 hour time period and stained for propidium iodide, a

DNA stain. PKD2 Silenced cells indicate a cell cycle block at cell cycle checkpoints

G1-S and G2-Mitosis phase transitions.
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5.3 The Cell Cycle and Aberrant Signal Transduction

than PKD2 Control. Silenced cells also show more cells in G1 phase and G2

phase. Taken together, this data suggests that silenced cells were blocked at the

G1-S phase transition, moved quickly through S phase, and were blocked again

at the G2-Mitosis transition.

Generally, cell cycle transitions are controlled by proteins that sense DNA

damage and do not allow progress into S phase or mitosis lest aberrant cell

progeny are produced. For example, p53, which is influenced by p21, controls

both G1 to S transition and G2 to mitosis (146). Retinoblastoma also delays

G1 to S transition by inhibiting the transcription factor E2F, unless there is

high expression of cyclin D, which upon forming the cyclin D/cyclin-dependent-

kinase complex, deactivates retinoblastoma thus allowing S phase transition

(147). As described in background sections, the p21 pathways are also influ-

enced by polycystin-1 and -2 (59, 73). There are several other proteins involved

in cell cycle control, but p53 and retinoblastoma are the major players and are

also the proteins perturbed in cell immortalization techniques.

5.3.2 Analysis of Cell Cycle Proteins

As the cell cycle is disturbed, it is prudent to also assess the relevant proteins.

As was mentioned previously, cyclin D is responsible for forming a complex with

its affiliated cyclin-dependent kinase (CDK) in order to inactivate the retinoblas-

toma suppressor protein. E2F transcription factor then leads to the expression

of cyclin E which is also required for the G1-S transition (147).

As shown in Figure 5.8, in PKD2 Silenced cells, cyclin D expression is in-

creased, which is in agreement with current literature. However, cyclin E ex-

pression appears to be the same for both control and silenced cells. This sug-

gests that despite cyclin D overexpression, which likely leads to inactivation of

retinoblastoma, there are other factors such as p53 preventing silenced cells from

a faster-than-normal transition into S phase. Future experiments detailing the

full cell cycle profile of cyclin expression would be very informative, as well as

experiments assessing the tumor suppressor proteins.

While the proliferation results we have obtained do not correlate to literature

involving cyst-derived cells, it is possible that the low proliferation phenotype is

reflective of early cystic events. In our experimental design, our data is collected

only after few passages post-knockdown, while ADPKD cyst-derived cells are
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Figure 5.8: Analysis of Cell Cycle Proteins Cyclin D and Cyclin E -

Cyclin D and Cyclin E for PKD2 Control and Silenced cells. Total cell lysates

were collected and blotted for Cyclin D, Cyclin E, and GAPDH (loading control).

Cyclin D was increased in silenced cells, while there were no noticeable differences

for cyclin E.
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5.3 The Cell Cycle and Aberrant Signal Transduction

harvested typically after the many years that a patient has lived before under-

going a transplant and nephrectomy. Thus, it is possible that loss of polycystin

leads to chromosomal aberrations which are detected by the cell and the vari-

ous tumor suppressor genes delay cell cycle transitions. In addition, p53 delay

could attribute to the apoptotic phenotype we observed, as normally cells that

do not correct DNA errors eventually undergo apoptosis (148). For a future ex-

periment, we could immortalize the silenced cells with the SV40 large T antigen

which disrupts the tumor suppressor genes and assess proliferation. If prolifera-

tion increased, it would suggest that only after a mutation of p53 and associated

proteins does the proliferative phenotype exhibit. It is possible that in human

ADPKD, over time, the cyst-lining epithelia have undergone mutations for the

tumor suppressor genes. Indeed, aneuploidy is observed in renal biopsies of

ADPKD kidneys (139), which is suggestive of a loss of tumor suppressor genes,

as cells are allowed to proliferate despite having chromosomal aberrations.

5.3.3 Extracellular Matrix Mediated Effects

It is also important to look at the cell in its extracellular milieu. Polycystin-1

is thought to engage in cell-cell and cell-ECM communication, and pericystic

ECM anomalities have been observed in ADPKD (44). In addition, we have

previously shown evidence for an extant autocrine loop signaling in Pkd1 silenced

mouse IMCD cells where cells secrete abnormal matrix proteins (collagen IV

and laminin) that interact with the integrin receptor subunit protein Integrin-

β1. These ECM and integrin-β1 aberrations drive the proliferative and cystic

phenotype, and are reversed upon silencing integrin-β1 (manuscript in review).

As shown in Figure 5.9, collagen IV and laminin were slightly increased for

total cell lysates of PKD1 and PKD2 Silenced cells. We also observed that the

integrin-β1 receptor is also overexpressed in PKD2 Silenced cells in compari-

son to PKD2 Control. Both ECM ligand and ECM receptor upregulation is in

agreement with our previous work with Pkd1 silenced mouse cells. While only

PKD2 cells were shown for integrin-β1 blot, recall that silencing PKD2 also led

to reduction of PKD1 expression. Integrin-β1 is upstream of proliferation signal

transduction pathways including Ras/Raf/MAPK and PI3K/Akt/mTOR (149).

It is possible that the proliferative phenotype following loss of polycystins is

due to autocrine loop signaling where abnormal matrix secretions drive integrin-

β1 mediated pathways. However, in our case of early silencing of HRCE cells,
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Figure 5.9: Analysis of Abnormal ECM Receptor and ECM Ligands -

(A) ECM receptor integrin-β1 was increased for PKD2 Silenced cells. Total cell

lysates were collected and blotted for integrin-β1 and GAPDH (loading control).

(B) Collagen IV and laminin, ECM ligands for integrin-β1 receptor, were slightly

increased in PKD1 and PKD2 Silenced cells. Total cell lysates were collected and

blotted for collagen IV, laminin, and GAPDH (loading control).
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perhaps proliferation is checked by other cell cycle regulators, despite the up-

regulation of integrin-β1. Future experiments would include integrin-β1 blot for

PKD1 Silenced cells. Additionally, the matrix proteins could also be assessed

by immunohistochemistry of 3D tissue constructs.

5.4 Characterizing Cell Lines

As HRCE are a heterogeneous cell population, it is important to characterize

the cells with which we work. The use of lectin stains can tell what tubular

origin cells are, based on sugar residue expression unique to proximal or distal

tubule cells. We also observe how HRCE behave in a 3D gel microenvironment

and assess structure by confocal microscopy.

5.4.1 A Heterogeneous Cell Population

Proximal Tubule (PHA-E Lectin) Distal Tubule (PNA Lectin)

74.71 μm 58.52 μm

Figure 5.10: Identification of Tubular Origin in HRCE - PHA-E lectin

and PNA lectin distinguished proximal tubule and distal tubule origin cells in the

heterogeneous HRCE cell population.

Proximal tubule origin cells are identified with more frequency than distal

tubule origin (Figure 5.10). This may have implications in cystogenesis in vitro,

as discussed in background, tubule development begins from the distal end.

5.4.2 Cystogenesis in 3D Microenvironment

As shown in Figure 5.11, HRCE formed cystic structures when cultured in a gel

matrix, such as Matrigel and/or collagen type I. Cyst formation was spontaneous
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50 μm

Figure 5.11: Cyst Formation of HRCE in Gel Matrix - HRCE were infused

in a mix of collagen I and Matrigel and cultured for five days in growth media.

Cyst-like structures formed with lumen development.

with the defined growth media. The cysts probably formed from cells of distal

tubule origin, but it would be useful to also confirm with lectin stains as a future

experiment.

After fixation, cystic structures were stained with dyes and viewed under con-

focal laser microscopy, which offers a greater resolution (Figure 5.12). Confocal

laser microscopy also allows for a broader range of fluorescent dyes.

The formation of cystic structures is useful for comparison between control

and silenced cells, and in vitro cysts compared to tissue samples. Nuclear stains

may offer insight into the Planar Cell Polarity pathway by observing nuclear ori-

entation (71). Actin may be used to observe polarity differences and cytoskeletal

abnormalities (150). Confocal laser microscopy can also image in a stack in the

Z direction, which in the case of the HRCE cyst, provides evidence of depth in

3D culture, and that the cyst is not merely on the surface of the gel.

5.5 Tissue Engineered 3D Tissue Constructs of ADPKD

In our efforts to model ADPKD, it is important to generate relevant tissue con-

structs similar to the in vivo condition. To do so, we generated an in vitro cyst
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DAPI (Nucleus) Phalloidin (Actin)

Figure 5.12: Structural Assessment of HRCE Cyst - Confocal image of

HRCE cyst with DAPI stain for nucleus and Phalloidin stain for F-actin. Actin is

useful for assessing the overall cytoskeletal organization of the construct. There is

strong actin polarization towards the lumen. Cells were cultured in collagen and

Matrigel for fourteen days, fixed, stained and imaged under confocal microscopy.
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representative of an ADPKD cyst by culture of silenced cells in 3D gel and scaf-

fold. For confirmation, structural markers were compared to ADPKD tissue. It

is also relevant to assess functional outcomes, such as transport phenomena of

tissue engineered constructs in comparison to known ADPKD transport func-

tions.

5.5.1 Short-term Culture in Gel and Scaffold

PKD1 Control

PKD2 Silenced

PKD1 Silenced

PKD2 Control

Figure 5.13: Cyst Formation of PKD1 and PKD2 Control and Silenced

Cells in Gel Matrix - Cystic structures developed at day 5 for PKD1 and PKD2

Control and Silenced cells. Human cells displayed heterogeneity in structure for-

mation. Cells were infused in collagen I and Matrigel and seeded to silk scaffold.

Cells were cultured in defined growth media supplemented with cyclic AMP.

As shown in Figure 5.13, PKD1 and PKD2 Control and Silenced cells were

infused in collagen type I and Matrigel, and seeded in silk scaffold. Cells under-
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5.5 Tissue Engineered 3D Tissue Constructs of ADPKD

went morphogenesis to form cyst-like structures. Cells have rounded borders and

clear lumen formation, although structures were very heterogeneous as HRCE are

a heterogeneous cell population. With growth media supplemented with cyclic

AMP, improved spherical cyst-like structures formed in collagen gel. However, as

was previously shown in MDCK cells, supplementation with hepatocyte growth

factor led to branching tubulogenesis instead of the spherical cyst structures

(26). Thus by modulating the extracellular matrix and associated growth fac-

tors, such as by growth factor supplementation or addition of paracrine secreting

cells (e.g. fibroblasts), one can control structure formation. While the role of silk

scaffold in this system was to prevent excessive gel contraction, future directions

may include using the scaffold to transduce controlled forces to effect growth

outcomes. Silk scaffold also supports perfusion bioreactor for long term culture.

5.5.2 Analysis of ADPKD Structural Markers

As shown in previous sections, scaffolds containing tissue engineered constructs

can be imaged by confocal laser microscopy. Antibodies to structural markers

along with other specific probes can be used on whole scaffolds or scaffold sections

mounted on microscope slides. From a technical standpoint, scaffolds are easier

to handle; the user can avoid compressing and tearing a gel-only culture of tissue

engineered constructs in preparation for paraffin embedding.

Future work is planned for imaging the tissue engineered constructs with

antibodies to structural markers such as E-cadherin and N-cadherin. As dis-

cussed in the background section; E-cadherin is associated with epithelial tissues

and is seen in normal kidney. On the other hand, ADPKD kidneys exhibit a

dedifferentiated phenotype and increases expression of mesenchymal-associated

N-cadherin. These structural markers are also shown for human ADPKD tissue

in Figure 5.14. As was previously demonstrated with tissue engineered mouse

model, PKD1 and PKD2 Control and Silenced constructs are expected to exhibit

similar phenotypes to human normal kidney and ADPKD kidney, respectively.

Other important structural markers may be assessed with the tissue engi-

neered system, such as cilia. As cilia display shortened length in ADPKD kid-

neys, tissue engineered constructs are also expected to reflect cilia abnormalities.

Previously we have demonstrated feasibility to detect primary cilia in MDCK

cysts grown in collagen gel (Figure 5.15). Future experiments include assessing

primary cilium length for the tissue engineered human kidney constructs and
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Figure 5.14: Structural Markers in Human ADPKD Tissue - (A) Struc-

tural markers for dilated tubule in ADPKD Kidney. N-cadherin expression was

upregulated, while E-cadherin expression was downregulated in ADPKD tubule

exhibiting cystic dilatation morphology. (B) Structural markers for tubules in

ADPKD Kidney. Tubules exhibiting normal-like morphology retained high E-

cadherin expression and lower N-cadherin expression.

comparing to normal and ADPKD kidneys. However, in addition to assessing

cilia length, cilia functionality should also be confirmed in future experiments.

5.5.3 Live Imaging and Functional Assays

Tissue engineered constructs can also be assayed under live culture conditions.

Functional assays such as organic anion transport can only be performed when

cells are live. As a demonstration, the cell membrane was stained under live cell

conditions.

Figure 5.16 demonstrate that cells can be imaged under live conditions with

a non-destructive plasma membrane stain. Future experiments include using 6-

carboxyfluorescein diacetate succinimidyl ester to assess organic anion transport

along with probenecid, an organic anion transport inhibitor. Potentially, we can

assess other transporters associated with the kidney tubules in tissue engineered

constructs and compare control and silenced conditions along with expected

outcomes in normal and ADPKD kidneys.
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Figure 5.15: Primary Cilia in Tissue Engineered MDCK Cyst - Primary

cilia detected in MDCK cyst grown in collagen gel. Cystic structures in human

tissue engineered constructs are also expected to express cilia. Tissue Engineered

MDCK cysts were sectioned and stained with acetylated α-tubulin.
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TransmissionLightDetector
Falsecolored

PlasmaMembrane

25.85μm 25.85μm

Figure 5.16: Live Imaging of HRCE Cyst - Tissue engineered construct within

silk scaffold was stained for the plasma membrane under live cell conditions. Other

assays requiring live cells may be applied with the clarity of cell boundaries.
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Chapter 6

Conclusions and Future

Directions

Tissue engineering principles can enhance many facets of traditional kidney re-

search by surmounting many technical challenges. In vitro cell culture began

as merely 2d experiments in tissue culture flasks, but engineering has allowed

for more advanced studies. Defining the matrix chemically and/or structurally

(151) has provided a more realistic extracellular milieu for cell morphogenesis.

Advancements in the field of biomaterials have further improved the ability to

control the cell microenvironment, such as with mechanical (38) or electrical

stimulation (152). In our system, silk plays an important role in controlling

the cell microenvironment for cystogenesis. Porous silk sponges hold the col-

lagen and Matrigel mix in place, preventing excessive gel contraction and the

associated contractile forces on cyst formation.

Tissue engineering is also scalable. The kidney tissue engineering project we

have presented is rudimentary; it requires only the parenchymal cells infused in a

gel matrix, supported by a silk fibroin scaffold. But simplicity is not necessarily

a drawback; this design allows the user to tightly control competing factors in

analysis, as such is often the case in vivo. With greater understanding of a simple

model system, it becomes feasible to isolate the effects of adding additional layers

of complexity to the model system. In the kidney project, we can add paracrine

secreting stromal cells, i.e. fibroblasts. Or perhaps future advancements could

include vasa recta, glomerulus, or other functional components of the nephron.

The tissue engineered kidney system could also integrate with other tissue engi-

neered organ systems such as liver or heart. It becomes viable to isolate systems
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for the study of, for example, pharmaceutics and metabolism by kidney and

liver; or the endocrine effects of kidney on the cardiovascular system.

By designing systems with a bottom-up approach, one can add capabilities

as needed. For example, imaging can be a part of the design constraints, which

would necessitate the use of confocal compatible reactor housings. Engineering

design allows us to overcome technical challenges, for instance, there are no layers

of skin and fat to penetrate as required in imaging in vivo, merely optically

transparent plastics. Perhaps stretch or compression is required in the study,

and these capabilities are easily added to bioreactor design. These are only a

few examples of interesting functionalities that can be added to in vitro tissue

engineered cell culture systems. While tissue engineered systems are not meant

to completely supplant in vivo studies, they can recapitulate biological processes

of interest, and actually work in complement with animal models for better

understanding.

We have taken these tissue engineering approaches and applied them to the

study of ADPKD. Using standard molecular biology techniques, we silenced the

expression of PKD1 and PKD2, the genes of interest in ADPKD. We can see

the possible early effects of silencing on proliferation, apoptosis, and the cell

cycle. But we can extend our studies with engineering techniques. We have

placed cells in a relevant 3D collagen and Matrigel environment and utilized

silk to prevent excessive gel contraction. Silk also confers benefits to handling

of the gel, allowing for ease of imaging or for long-term bioreactor cultures.

We can use these engineered 3D systems for studying morphological effects, or

matrix mediated effects, or even pharmaceutical tests. The net result is that we

have melded molecular biology techniques with engineering design to overcome

technical obstacles in biomedical research.

Our tissue engineered system is not limited only to the study of ADPKD.

As ADPKD is one of many genetic diseases in the cystic kidney disease group,

the logical extension is to silence relevant genes for other diseases. For example,

we could model Autosomal Recessive Polycystic Kidney Disease by silencing

PKHD1, or Nephronophthisis by silencing NEK8. Nor are we limited only to

lentivirus mediated DNA manipulation for loss or gain of function. Cutting edge

DNA therapies such as triplex forming peptide nucleic acids (PNA) could be

delivered by nanoparticles (153) to isolated cystic cells. PNA technology allows
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for functional genes to replace faulty genes through site-specific recombination,

thus, it would be possible to test gene correction in a model system.

Non-genetic perturbations such as pharmaceutical drugs can also be applied

to the kidney tissue system. There are many pharmaceutical agents that have

nephrotoxic side effects, such as cisplatin, a chemotherapy agent; gentamicin, an

antibiotic against Gram-negative bacteria; and lithium, used in the treatment of

unipolar depression. Nephrotoxicity can be assessed with these agents, and the

resulting data would provide valuable insight into optimizing therapeutic value

while minimizing nephrotoxic side effects.

While tissue engineering offers the prospect of many interesting applications

for the study of human pathologies or developmental biology, only towards the

end of my graduate study have I begun to appreciate the full potential of tissue

engineering: the study of the cell and its place in relation to surrounding layers

of extracellular molecules and neighboring cells. In development, the cell is

perfectly located in relation to its neighbors such that tissue, organs, and finally

the human body is formed. In developmental pathologies, mislocalization of

cells is one of many possibilities that disrupt tissue and organ formation. In the

study of biomedical sciences, it is of utmost importance to consider the cell and

its surroundings; and tissue engineering offers the tools to study the cell and its

response to spatial and physicochemical effects.

Were I to start anew, I would focus on scaffold designs to localize individ-

ual cells into pre-defined locations. For kidney tissue engineering, this would

provide more detail for the mechanism of ureteric bud and metanephric mes-

enchyme reciprocal induction. Determination of proper spatial characteristics

and temporally controlled signaling molecules akin to in vivo embryology could

offer further insights into correcting renal agenesis in developing embryos when

the surgical tools of the future are developed. Perhaps a less ambitious project

derived from the understanding of reciprocal induction would be kidney organo-

genesis. After all, it is reciprocal induction that generates the kidney, beginning

from the ureter and ending in the millions of nephrons. Studies of branching

morphogenesis could also extend to lung tissue or mammary gland development.

The cell and its response to the scaffold, or the substrate on which the cell

lies, is also a very tantalizing subject. After all, mechanical forces have been

shown to regulate many cell functions such as gene transcription and translation.

Cell and nuclear architecture can also drive cell responses to signaling molecules

81



6. CONCLUSIONS AND FUTURE DIRECTIONS

(154). For the study of ADPKD, the study of normal cells in an ADPKD ex-

tracellular matrix could elucidate further mechanisms of disease pathogenesis.

If the response of normal cells in diseased matrix is also dedifferentiation and

cystogenesis, then this would suggest a feed-forward loop for ADPKD cyst ex-

pansion. This could suggest new avenues for treatment, as instead of combating

the altered signaling pathways, it would be wiser to study the surrounding ar-

chitecture, or the “master switch” for cystogenesis.

For the study of tissue function, combining scaffold design with microfluidic

design would offer structurally and functionally relevant tissue constructs. Mi-

crofluidic chips would introduce relevant laminar flow through the apical surface

through a hollow tube, and cellular transport across apical and basolateral sur-

faces could be assessed. Microfluidics would offer the ability to study flow and

its role in ADPKD cilia dysfunction. Designs could also include delivery of cyclic

AMP elevating agents, or antidiuretic hormone which leads to cyclic AMP, as it

is relevant to cystogenesis. Kidney tissue microfluidic design is not limited only

to ADPKD, but could also be used for diagnostics as previously mentioned. The

integration of flow with scaffold-influenced cell architecture would also paint a

more complete picture for future work in normal tissue and disease modeling.

To conclude, tissue engineering is not a discipline with constricting limits

and delineations. It does not demand that a problem be fit to clearly defined

solution matrices. Rather, tissue engineering is a philosophy for approaching

biomedical problems. Whether it is a top-down or bottom-up design, tissue en-

gineering is about providing the platforms and sets of tools on which to expand

the capabilities of traditional biomedical research. It is about overcoming tech-

nical challenges in order to effect changes and assess experimental outcomes.

Tissue engineering is a relatively new discipline, but it is brimming with limit-

less potential. Just as cell culture techniques have evolved from 2D to 3D, tissue

engineering has similarly expanded our ability to study the intricacies of basic

science by another dimension. Indeed, there is more to come.
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