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ABSTRACT

EFFECT OF CYCLIC AMP IN MODULATING CELL

DIFFERENTIATION AND SURVIVAL BEHAVIORS

By

LINXIA ZHANG

Mesenchymal stem cells (MSCs), originally identified from bone marrow, have

gained popularity due to their multilineage differentiation capability and promising

results from preclinical and clinical applications. In addition to their well established

differentiation routes to mesodermal lineage cells, such as osteoblasts, adipocytes and

Chondrocytes, MSCs are also capable of differentiating into neural lineage cells. The

ubiquitous messenger cyclic adenosine monophosphate (CAMP) has been used frequently

to induce neural lineage differentiation in MSCs. However, a Clear understanding ofhow

CAMP induces MSCs into ftmctional neurons is lacking. Ongoing research employing in

vitro pre-differentiated MSCs to treat neuronal diseases, including the combinatorial

therapy of CAMP and MSCs for spinal cord injury repair, necessitate a better

understanding ofCAMP induced differentiation of MSCs to neural lineages. Accordingly,

the goal of the current study is to determine the role of CAMP in MSC differentiation to

neural lineages. We assessed if CAMP can enable MSCs to gain neuronal function and

investigated a potential mechanism by which CAMP regulates MSC differentiation to

neural cells. The results suggested that CAMP initiated neuron-like morphological

Changes early and induced neural marker expression much later. These two processes are

regulated differentially downstream of protein kinase A (PKA). The early-phase neuron-

like morphology is the result of cell shrinkage, which gradually decreased with CAMP



treatment, whereas the expression of neural markers increased with exposure time. In

addition to neural marker expression, CAMP also enabled MSCs to gain some neuronal

function, namely inducing a calcium rise upon stimulation by neuronal activators. Further

studies suggested that CAMP response element binding protein (CREB) plays a critical

role in mediating the calcium rise upon stimulation by the neuronal activators. While

CREB exerts a positive affect on calcium signaling, it appears to negatively impact the

adoption of a neuron-like morphology, since a dominant negative CREB promoted the

appearance ofa neuron-like morphology.

In addition to differentiation, CAMP also participates in various other important

cellular processes, such as cell death and survival. In a separate study we found that

saturated free fatty acids (FFAs), i.e., palmitate, initiated cell death in hepatocellular

carcinoma cells (HepGZ) cells. CAMP has been shown to be protective of liver cells from

cell death due to various insults. Therefore, we also investigated the role of CAMP in

palmitate-induced cell death of HepG2 cells. However, we found that CAMP enhanced

palmitate-induced cell death of HepG2 cells. CAMP enhanced palmitate-induced

mitochondrial fi’agmentation and mitochondrial reactive oxygen species (ROS)

generation. Mitochondrial fragmentation precedes mitochondrial ROS generation and

may contribute to the mitochondrial ROS overproduction. Fragmentation ofmitochondria

also facilitated the release of cytotoxic proteins from the mitochondria and subsequent

activation of caspases. However, the cell death induced by palrnitate and CAMP was

caspase-independent and predominantly necrotic.
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CHAPTER I. INTRODUCTION

Signaling initiated by external stimuli can greatly influence intracellular events and

impinge on cell fate choices. The ubiquitous messenger cyclic adenosine monophosphate

(CAMP) has been extensively studied due to its diverse roles in various important cellular

processes. Ongoing research continues to reveal more aspects of CAMP that have not

been appreciated before. For example, a recent study suggested that CAMP is a crucial

component for maintaining human induced pluripotent stem cells (hiPSCs) in a

previously undefined pluripotent state [1]. In contrast to this relatively new role in

maintaining pluripotency in hiPSCs, CAMP has long been indicated to exert a role on

differentiation, especially in neural lineage differentiation [2, 3]. While research using

CAMP as a component for neural differentiation has been on-going for over three decades,

its application of neural induction ofmesenchymal stem cell (MSC) differentiation is less

than a decade old [4]. The underlying mechanism leading to neural differentiation by

CAMP in MSCs remains elusive. Given the emerging use of MSCs as a source for

treating neuronal diseases, such as Parkinson’s disease and spinal cord injury [5, 6], a

better understanding of the cellular behavior to external stimuli, such as agents that

induce CAMP production is necessary. Despite its frequent use, the effect CAMP may

exert on MSCs with respect to different functions, i.e., proliferation, apoptosis and

functional differentiation, has not been extensively examined or investigated. Therefore,

a major focus of this thesis is to study the effect and the underlying mechanism ofCAMP-

induced neural differentiation in MSCs. In addition, CAMP culminated in apoptosis

during its induction of neural lineage differentiation in MSCs. A similar pro-apoptotic

effect of CAMP was observed in hepatocellular carcinoma cells (HepG2) treated with



palmitate. Given that CAMP is primarily protective in hepatocytes and islet cells

according 'to the literature [7-14], we sought to determine the potential mechanism by

which CAMP could be potentiating palmitate-induced cell death in HepG2 cells.

1.1 Components of the CAMP signaling pathways

The universal second messenger CAMP is recognized as an important player in

mediating a plethora of cellular processes including metabolism, differentiation,

apoptosis and immune responses [15-17]. Generation of CAMP is mainly achieved

through adenylyl cyclases, which convert ATP into CAMP [16] (Figure 1.1). At least nine

adenylyl cyclases exist, and they are mainly regulated by G-protein coupled receptors

(GPCRs) [18, 19]. While all the adenylyl cyclases (ACs) are activated by the stimulating

G protein (it-subunit (Gsot), many of them are negatively regulated by the inhibitory G

protein Ct-subunit (Get) [19]. Apart from regulation by GPCRs, calcium can also regulate

the AC isoforms, either positively or negatively [20, 21]. In addition to being regulated

by ACs, intracellular CAMP levels can also be controlled by phosphodiesterases (PDEs),

which terminate CAMP signaling by hydrolysis of the 3’ cyclic phosphate bond [22]

(Figure 1.1).

The most common downstream effector of CAMP is protein kinase A (PKA), a

tetrameric holoenzyme consisting of two catalytic (C) subunits and two regulatory (R)

subunits [23]. Two types of PKA holoenzymes exit: the type I holoenzyme, which

contains the RI (Rla, RIB) subunits and the type 11 holoenzyme, which contains the R11

(RlIot, RIIB) subunits. The R subunit dimers associate with and inhibit the activation of

the C subunits (Ca, CB, Cy) [24]. Binding of CAMP to the R subunits releases the R



subunits from the C subunits and thereby enables the activation of the C subunits [16]

(Figure 1.1). Regulation of PKA activity is also highly coordinated by the A-kinase

anchoring proteins (AKAPs), which target PKA to distinct subcellular locations [25].

AKAPs serve as scaffolding proteins for the formation of multiple protein complexes

including kinases, phosphatases and PDEs [26]. Such compartmentalization facilitates the

generation of spatioternporal PKA signaling as well as integration of multivalent

signaling events [25, 26].

One of the most important PKA targets is the transcription factor CAMP response

element binding protein (CREB) [16, 27] (Figure 1.1). CREB is one of the

CREB/activating transcription factor (CREB/ATF) family transcription factors that binds

to the concensus palindromic CRE sequence TGACGTCA and the half CRE sequence

CGTCA/TGACG [28]. Activation of CREB is mediated by phosphorylation at the serine

133 site in its kinase inducible domain (KID) by various kinases, such as PKA,

Ca2+/Calmodulin dependent kinase (CaMK), ribosomal S6 kinase 2 (RSK2) and mitogen

and stress activated kinase (MSK) [29, 30]. Phosphorylation of CREB at serine 133 helps

the interaction of the KID domain with the KID interacting domain (KIX) on the

transcription coactivators CBP/p300, which in turn facilitates the recruitment of the basal

transcription machinery [31-33]. Transcriptional activation of CREB culminates in

expression of genes involved in various events including differentiation, proliferation and

survival [34,35].
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Figure 1.1 Components ofthe Classical CAMP signaling pathway.

 

1.2 CAMP in cell death and survival

The ability of CAMP to influence cell death and survival has been implicated in

various cell systems. Whether CAMP protects cells from cell death or promotes cell death

differs in different systems and the mechanism remains elusive. CAMP has been indicated

to be protective in the survival of various types of neurons, such as sympathetic and

sensory neurons [36], spinal motor neurons [37] and cerebellar granule neurons [3 8].

Further studies indicate that CAMP-mediated survival in neurons may be related to the

phosphorylation of glycogen synthase kinase 35 (GSK30), whose proapoptotic ability is



reduced upon phosphorylation [39]. Several studies indicated that CAMP delays apoptosis

in neutrophils [40-42], which nevertheless have a short life span and will eventually die

by apoptosis [43]. Introducing CAMP to pancreatic cancer cells [44] or pancreatic B-Cells

[14] also protected these cells from apoptosis. In hepatocytes, elevation of CAMP

protected them fi'om bile acid-induced apoptosis [7-10], which may involve both PKA-

dependent and independent mechanisms [9]. CAMP also suppressed tumor necrosis factor

a (TNF-or) [11, 12] and Fas-induced apoptosis in hepatocytes [l3]. Physiological stimuli

that trigger CAMP production, such as prostaglandin E2 (PGE2) and glucagon, are also

reported to promote cell survival in many systems [45-47]. Moreover, the protective role

of CAMP was observed in hematopoietic stem cells (HSCs) [48], HSCs-derived

megakaryocytes [49], epithelial cells [50], endothelial cells [51], vascular smooth muscle

cells [52], thyroid follicular cells [53] and leukemia cells [54, 55].

While the majority of the studies suggest a positive role of CAMP on cell survival, a

negative impact of CAMP on cell survival has also been reported. Raising CAMP levels

was shown to promote apoptosis [56] and potentiate glucocorticoid induced apoptosis in

thymocytes [57], enhance Fas-mediated apoptosis in T lymphocytes [58], trigger

apoptosis in B-Cells [59] and enhance glucocorticoid stimulated apoptosis in

lymphoblastic leukemia cells [60, 61]. Although a protective effect of CAMP has been

observed in many different cell types, a deleterious effect of CAMP has been reported

predominantly in immune response related cells, to which MSCs are Closely related.

1.3 CAMP in proliferation and differentiation



While CAMP stimulates proliferation in some cells, it is generally considered to be

growth inhibitory in most cells, especially in cells of mesenchymal origin [62]. A large

body of evidence indicates that CAMP induced growth inhibition can be mediated

through regulation of cell cycle regulators [63-69]. Cell cycle regulators, such as cyclins,

cyclin-dependent kinases (CDKs), CDK inhibitors (CKIs) and retinoblastoma protein

(Rb), act in a concerted manner to control cell progression. CDK activity is positively

regulated by cyclins and negatively regulated by CKIs [70]. Activation of CDK4/6

phosphorylates Rb and thereby relieves the inhibitory effect of Rh on the E2F

transcription factors, promoting S phase entry [71]. The proliferation inhibitory effect of

CAMP has been demonstrated to be related to the down-regulation of cyclin D1 [66, 68],

upregulation of CKIs such as p27kipl and p21“ipl [63, 67], and dephosphorylation of Rb

[64, 67]. It is believed that the proliferation inhibitory effect of CAMP is related also to

the down-regulation of the Ras/Raf-l/MEKl/Z/ERK signaling cascade [72-76], which

can be directly or indirectly mediated by PKA [75, 77-79].

CAMP not only affects proliferation, it also influences differentiation, especially of

neural lineage cells such as neurons and glias. Early studies that showed CAMP can

induce neuronal differentiation were performed in murine neuroblastoma cell lines and

normal neuronal cells [80]. One of the most well Characterized models for studying

neuronal differentiation is the rat pheochromocytoma PC12 cells [81]. CAMP is reported

to induce neuronal differentiation of PC12 cells through PKA-dependent [82] and —

independent [83] mechanisms. Regulation of CAMP induced neuronal differentiation of

PC12 cells has also been suggested to be mediated by PI3K [82], p38 [84] and ERK [83].

Elevated intracellular CAMP levels also promote morphological differentiation in human



neuroblastoma cells [85, 86], human neuronal progenitor cells [87] and neural stem cells

[88]. Moreover, the CAMP signaling pathway has been demonstrated to be critical in

estrogen-induced differentiation of midbrain dopaminergic neurons [89] and

corticotropin-releasing factor (CRF)-induced differentiation of catecholaminergic

immortalized neurons [90].

CAMP not only mediates differentiation of neurons, it also regulates differentiation of

glia cells, i.e., oligodendrocytes, Schwann cells, astrocytes and microglias, which are

important components of the nervous system [91]. Elevation of CAMP led to astrocytic

differentiation of cortical precursor cells [92, 93] and rat glioma cells [94, 95], mediated

perhaps by interleukin-6 (IL-6) [96]. The glial lineage differentiation induced by CAMP

is not limited to aStrocytes; reports have suggested that CAMP can also induce

differentiation of progenitor cells into oligodendrocytes [97, 98] and schwann cells [99].

Taken together, these results show that CAMP is a critical component for inducing

neuronal or glial tumor cell lines as well as differentiating neural progenitor cells into

neurons or glias.

1.4 Mesenchymal stem cells and neural lineage differentiation

Mesenchymal stem cells (MSCs) were first identified by Friendenstein and co-

workers in the 19603. When cultured in plastic culture dishes, these adherent fibroblast-

like cells formed colonies that can differentiate into osteoblasts or Chondrocytes [100,

101]. This worked was later extended by other researchers in the 19808 [102, 103]. Since

then, MSCs has been actively investigated and can reportedly be obtained from various



sources, including bone marrow, umbilical cord, adipose tissue, skeletal muscle,

synovium and postnatal organs and tissues [104-106].

Characterization of MSCs is usually based on expression of surface markers, such as

Strol, CD29 (also known as Bl-integrins), CD44, CD71, CD73 (also known as SH3/4),

CD90 (also known as Thyl), CD105 (also known as SH2), CD106 (also known as

vascular cell adhesion molecule-1 [VCAM-1]) and CD271 (also known as low-affinity

nerve growth factor receptor) [107-110]. While MSCs express the aforementioned

markers, they do not express HSC-specific markers, such as CD34 and CD45 [108].

As adult stem cells, MSCs have the multipotency to differentiate into various

different cell lineages [111], including osteoblasts [112-114], adipocytes [113] and

Chondrocytes [115, 116] (Figure 1.2). Besides these cell types, MSCs are also capable of

differentiating into hepatocytes [117], myocytes [118] and neural cells [4, 119, 120].

In addition to their multipotent differentiation ability, MSCs can secret a plethora of

growth factors that favor tissue repair and regeneration [121]. Moreover, MSCs have

irnmunosuppressive features and, when used allogenically, show minimal immune

rejection [122, 123]. As such, a number of studies have reported the promising use of

MSCs in treating bone defects [124, 125], coronary artery disease [126], osteogensis

imperfecta [122, 127], hernatpoietic recovery [128], myocardial infarction [129] and

grafl-versus-host disease [130].

Besides the potential therapeutic applications mentioned above, the ability of MSCs

to give rise to neural lineage cells also makes them a promising source for treating

neuronal diseases such as Parkinson’s disease [5]. Both in vitro and in vivo studies

showed that MSCs can differentiate into neural lineage cells, including neurons [131-



139], astrocytes [131, 136, 138, 140] and oligodendrocytes [141]. The motivation to

induce MSCs to differentiate into neural lineage cells in vitro before transplantation is

desirable for two reasons: 1) pre-differentiation may enhance the firnctional integration of

differentiation cells into the lesion site and may also enhance efficacy, and 2) pre-

differentiation restricts the differentiation potential of MSCs and therefore reduces the

possibility of tumor formation [142]. Various protocols have been applied to induce

MSCs to differentiate into neural lineage cells in vitro. A list of these studies is

summarized in Table 1.1. In particular, some studies suggest that in vitro pre-

differentiated MSCs can survive and migrate to the lesion sites in animal models of

Parkinson’s disease [143]. Moreover, others have suggested that transplantation of in

vitro pre-differentiated MSCs improves behavioral recovery in a rat model of Parkinson’s

disease [144] and facilitates nerve regeneration in rat models of spinal cord injury [145,

146]. Therefore, MSCs appears to be a promising source for treating neuronal diseases

and a better understaning of their ability to differentiate into neural lineage cells will help

further their application in cell-based therapies.
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1.5 Specific aims of the current study

The use of MSCs in therapeutic applications for treating neuronal diseases

necessitates a better understanding and identification of intracellular events involved

in regulating the induction of MSCs into neural lineage cells. While CAMP is

frequently used for in vitro induction of MSCs towards the neural lineage cells, little

is known regarding whether CAMP can turn MSCs into functional neurons or how

CAMP elicits neural differentiation. Therefore, two ofthe specific aims are:

1. Investigate the effects of CAMP on MSC neural differentiation and determine

whether CAMP can turn MSCs into functional neurons.

Previous studies suggested that CAMP is one of the best inducers for

differentiating MSCs into neural lineages [153]. However, such evidence mostly

relied on the appearance of neuron-like morphology, which may be an artifact

rather than true differentiation as suggested with BHA/DMSO induced neural

lineage differentiation of MSCs [159]. We observed that CAMP initiated neuron-

like morphology Changes quickly, which decreased with treatment time, while

expression of neural lineage markers increased more gradually, which led to our

first hypothesis that these two events may be differentially regulated. Therefore,

the first part of this specific aim characterizes the effect of CAMP on the neuron-

like morphology and neural marker expression. The second part of the aim

determines if CAMP is able to induce MSCs to achieve some neuronal function

along with neural marker expression. This is discussed in Chapter 2.

14



2. Identify the intracellular signaling components that play a major role in

CAMP- initiated neural differentiation of MSCs.

The results of specific aim 1 suggested that CAMP enabled MSCs to obtain

some neuronal fimction in terms of calcium signaling in response to neuronal

activators, dopamine, glutamate and KCl. Preliminary results indicated that the

CAMP activated transcription factor CREB may be a critical regulator of this

process. Therefore, we hypothesized that CREB is involved in regulating calcium

signaling during CAMP-induced neural differentiation of MSCs. In this specific

aim, overexpression and down-regulation of CREB was performed to determine

its role in calcium signaling upon stimulation by the neuronal activators. This is

discussed in Chapter 3.

The effect of CAMP is not limited to differentiation but also has been shown to

protect many cell types from apoptosis [7-13, 36-55]. We observed that the CAMP

level was down-regulated in palmitate-treated HepG2 cells, and palmitate-induced

cell death. Given that the results gathered from the literature suggested CAMP is anti-

apoptotic in HepG2 cells [7-13], we set out to determine if CAMP can protect HepG2

cells from palmitate-induced apoptosis and, if so, the potential mechanisms involved.

Specific aim 3 is:

3. Characterize the effect of CAMP on palmitate-induced cell death in HepG2

cells.
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Saturated free fatty acid (FFA) palmitate is lipotoxic and induces cell death in

a variety of cell types [160-162]. CAMP is primarily protective in hepatocytes

according to the literature, since it reduces bile acid [7-10], TNF-ot [11, 12] and

Fas induced apoptosis [13]. We observed that palmitate but not the unsaturated

FFAs oleate or linoleate, down-regulated intracellular CAMP levels [163]. Thus

we hypothesize that CAMP may attenuate palmitate-induced cell death in HepG2

cells. However, the effect of CAMP on death and survival may differ depending

on what other stimuli are occurring. For example, while CAMP reduced surface

antibody-induced apoptosis in thymocytes [47], it potentiated glucocorticoid-

induced apoptosis in thymocytes [57]. Therefore, it is likely that even though

CAMP protectes hepatocytes from bile acid [7-10], TNF-CL [11, 12] and Fas-

induced apoptosis [13], it may not necessarily ameliorate the toxicity exerted by

palmitate. As such, we aim to Characterize the effect of CAMP on HepG2 cell

survival during palmitate treatment and identify the potential mechanisms

involved. This is discussed in Chapter 4.
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CHAPTER 2. CAMP INITIATES EARLY PHASE NEURON-LIKE

MORPHOLOGICAL CHANGES AND LATE PHASE NEURAL

DIFFERENTIATION IN MESENCHYMAL STEM CELLS

This work is in press of Cellular and Molecular Life Science:

Zhang, L., Seitz, L.C., Abramczyk, AM. and Chan, C. CAMP initiates early phase

neuron-like morphology Changes and late phase neural differentiation in

mesenchymal stem cells. Cell Mol Life Sci (2010) [Epub ahead of print].

2.1 Abstract

The intracellular second messenger CAMP is frequently used in induction media

to induce mesenchymal stem cells (MSCs) into neural lineage cells. To date, an

understanding of the role CAMP exerts on MSCs and whether CAMP can induce

MSCs into functional neurons is still lacking. We found CAMP initiated neuron-like

morphological Changes early and neural differentiation much later. The early-phase

Changes in morphology were due to cell shrinkage, which subsequently rendered

some cells apoptotic. While the morphological Changes occurred prior to the

expression of neural markers, it is not required for neural marker expression; and the

two processes are differentially regulated downstream of CAMP activated protein

kinase A. CAMP enabled MSCs to gain neural marker expressions with neuronal

function, such as, calcium rise in response to neuronal activators, dopamine,

glutamate and potassium chloride. However, only some of the cells induced by CAMP

responded to the three neuronal activators and these cells further lack the neuronal

morphology, suggesting that although CAMP is able to direct MSCs towards neural

differentiation, they do not achieve terminal differentiation.
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2.2 Introduction

Mesenchymal stem cells (MSCs) are adult stem cells with multipotency to

differentiate into mesodermal lineage cells such as osteoblasts [114], adipocytes [113]

and Chondrocytes [115]. Studies also suggested that these cells have the potential to

transdifferentiate into other lineages, such as hepatocytes [117], cardiomyocytes [164],

neurons [165] and astrocytes [131]. Several recent studies indicated that the shape of

the cell [166] guided by surface cues [167], and matrix elasticity [168] can influence

the lineage commitment of stem cells. Thus, these studies suggest that the surface is

as important, if not more so, in directing cell lineage and guiding function to follow

form. In contrast, we found that cyclic adenosine monophosphate (CAMP) induced the

function but not the form.

CAMP is a soluble, biochemical cue that is frequently used either alone [4] or in

combination with other factors [144, 153, 169] to induce neural differentiation of

MSCs. CAMP initiated transient neuron-like morphological Changes that lasted only a

few hours. These morphological changes were the result of cell shrinkage and did not

contribute to the later-phase neural differentiation. Similarly, studies using [3-

mercaptoethanol (BME), dimethylsulfoxide (DMSO) and butylated hydroxyanisol

(BI-IA) to induce neural differentiation of MSCs have attributed the neuron-like

morphology to an artifact of cell shrinkage rather than neurite outgrowth [159].

However, unlike BME, which induced Changes in morphology for up to 24 hours

[159], CAMP initiated a transient Change in morphology for up to 3 hrs that decreased

over time.
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The Classical CAMP signaling pathway involves activation of PKA, which is

composed of two catalytic subunits, PKAC, and two regulatory subunits, PKAr [16].

Binding of CAMP to the regulatory subunits dissociates PKAr fiom PKAC, thereby

enabling the activation of PKAC [34]. Signaling events initiated by PKAC plays

important roles in regulating cell death and survival [170, 171], cell movement and

structure [172] as well as differentiation [173, 174]. We investigated whether PKA is

involved in regulating both the morphological Changes and neural differentiation and

function and whether neural differentiation is contingent upon the Changes in

morphology.

Although CAMP has been shown to induce neural marker expression [4, 153], we

show CAMP also induced a calcium rise, an indicator of neural function, that persisted

for at least one week. We found MSCs showed differential responses to neural

activators (i.e., dopamine) despite the lack of neuron-like morphology, thus CAMP is

able to facilitate neural differentiation but by itself is not sufficient to induce MSCs to

terminally differentiated neurons.

2.3 Materials and methods

2.3.1 Materials

Forskolin (Sigma) and isobutylmethylxanthine (IBMX) (Sigma) were used to

increase intracellular CAMP levels at concentrations of 10 M and 100 M,

respectively. H89 (Sigma) and Rp-CAMPS (Sigma) were used as PKA inhibitors at

concentration of 2.5 11M and 10 M. Actinomycin D (ACtD) (Sigma) was used to

19



inhibit transcription at concentration of 1 jig/ml. Cycloheximide (CHX) (Sigma) was

used to inhibit translation at concentration of 10 ug/ml. Paclitaxel (Ptx) (Sigma) was

used to stabilize microtubules at concentration of 0.4 M. The three neuronal

activators used during calcium imaging were: 100 M dopamine (Sigma), 100 M

glutamate (Sigma) and 50 mM KCl (J.T.Baker).

2.3.2 Cell isolation and culture

All procedures in the cell isolation were approved by the Institutional Animal

Care and Use Committee at Michigan State University. Bone marrow mesenchymal

stem cells were isolated from 6-8 week old Sprague—Dawley female rats as described

in Appendix 1. In brief, femurs and tibias from 6-8 week old rat were dissected and

the two ends were cut open. The marrow was flushed out with DMEM using a needle

and syringe. The cell suspension was filtered through 3 65pm nylon mesh to remove

bone debris and blood aggregates. Cells were cultured in DMEM (Invitrogen)

supplemented with 10% fetal bovine serum (Invitrogen), 100 ug/mL streptomycin

(Invitrogen) and 100 U/mL penicillin (Invitrogen) and placed in an incubator with a

humidified atmosphere containing 5% C02 at 37 °C. Non-adherent cells were

removed on the second day after plating. Media was replaced every 3 to 4 days until

the cells reach 80~90% confluence. Confluent cells were detached by 0.25% trypsin-

EDTA (Invitrogen) and plated for further experiments.

Primary cortical neurons were isolated as described in [175]. In brief, animal

heads were decapitated from l-day old Sprague-Dawley rat pups. Cortical neurons
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were obtained from the brain and cultured on poly-L-lysine coated plates in cortical

media [DMEM (Invitrogen) supplemented with 10% horse serum (Sigma), 2 mM

glutamine (Invitrogen), 100 ug/mL streptomycin (Invitrogen) and 100 U/mL

penicillin (Invitrogen)] in an incubator with a humidified atmosphere containing 5%

C02 at 37 °C. Cells were used within 3 days after isolation.

2.3.3 Live cell imaging

Cells were cultured in 4-well Chambered glass bottom plate (Thermo Fisher

Scientific). Before taking images, media was Changed to 0.5 m1 Leibovitz (Liz) media

(Sigma). The plate was mounted in a temperature controlled Chamber set at 37 °C on

the microscope station. 0.5 ml Liz media containing 20 [AM forskolin and 200 M

IBMX was added to the Chambered well to achieve a final concentration of 10 uM

forskolin and 100 M IBMX. Phase contrast images were captured by confocal

microscope Olympus Flroiew 1000 at intervals of 5 minutes.

2.3.4 CAMP assay

Intracellular CAMP levels were measured by a competitive immunoassay from

Assay Designs (Assay Designs) according to the manufacturer’s instructions. In brief,

cells were lysed with 0.1M HCl and the supernatant collected. The CAMP in the

samples or standards was allowed to bind to a polyclonal CAMP antibody in a

competitive manner with alkaline phosphatase-conjugated CAMP. Cleavage of a

substrate by the alkaline phosphatase is inversely proportional to the CAMP level in
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the samples or standards. Colorimetric readings were taken by SPECTRAmax

plus384 from Molecular Device at 405 nm. All the readings were normalized to

protein levels (pg/ml) by Bradford assay.

2.3.5 Caspase 3 activity assay

Caspase 3 activity was measured by a kit from BIOMOL (BIOMOL) according to

the manufacture’s instructions. Briefly, cell extracts were incubated with substrate

AC-DEVD-AMC. The Cleavage of the substrate generates fluorescence which is

proportional to the concentration of active caspase 3 in the cell extracts. Fluorescence

was measured by Spectra MAX GEWNI EM plate reader at excitation of 360 nm and

emission of 460 nm. All the readings were normalized to protein levels (pg/m1) by

Bradford assay.

2.3.6 Western blot

Whole cell extracts lysed with CelLytiC (Sigma) were assayed for protein

concentrations by Bradford assay (Bio-Rad). 15-30ug protein samples were separated

by 10% Tris-HCI gel and transferred to nitrocellulose membrane. Membranes were

then blocked in 5% milk and 0.05% Tween 20-TBS (tris buffered saline) (USB

corporation) for one hour and incubated with primary antibodies, NSE (neuron-

specific enolase) (BIOMOL), Tujl (BID-tubulin) (Millipore), GFAP (Glial fibrillary

acidic protein) (DAKO), GAPDH (Cell signaling), PKAC (R&D Systems), pPKAC

(Cell Signaling) and serl33 phosphorylated CREB (pCREB) (EMD Chemicals)
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overnight at 4 °C. Anti-mouse or anti-rabbit I-IRP-conjugated secondary antibody

(Thermo Scientific) were added the second day after primary antibody incubation.

The blots were incubated for one hour and then washed three times with 0.05%

Tween 20-TBS. The blots were then visualized by SuperSignal west femto maximum

sensitivity substrate (Thermo Scientific).

2.3.7 Immunocytochemistry

For staining against Tujl, cells were fixed in PBS containing 3.7% formaldehyde

for 15 minutes and permeabilized with 0.5% Triton X-100 (Research Products

Internationals) for 20 minutes at room temperature. After washing with PBS three

times, cells were blocked in 1% BSA (bovine serum albumine) (US Biological) for 20

min and incubated with Tujl (Millipore) antibody at room temperature for one hour.

Cells were then washed with PBS three times and incubated with Alexa Fluor 488-

conjugated anti-mouse IgG secondary antibody (Invitrogen) for one hour at room

temperature. Stained glass coverslips were washed three times with PBS and mounted

in ProLong Gold (Invitrogen). Fluorescence images were taken by confocal

microscope Olympus Flroiew 1000.

Triple staining for actin filaments, microtubules and nucleus was performed as

previously described [176]. In brief, actin filaments were stained with Texas Red-X

phalloidin (Invitrogen), microtubules were stained with Ct-tubulin (Invitrogen)

primary antibody followed by Alexa Fluor 488-Conjugated anti-mouse IgG secondary

antibody (Invitrogen), and the nucleus was stained with DAPI (4’, 6-diamidino-2-
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phenylindole) (Invitrogen). Stained glass coverslips were mounted in ProLong Gold

(Invitrogen). Fluorescence images were taken using an Olympus Flroiew 1000

confocal microscope.

2.3.8 Annexin Vand PI (propidium iodide) staining

Apoptosis and necrosis were measured by the annexin V and PI (propidium iodide)

staining kit (Invitrogen), respectively, according to the manufacturer’s instructions. In

brief, cells were stained with Alexa Fluor 488 conjugated annexin V and P1 in 1X

annexin binding buffer for 15 minutes at room temperature and then subjected to flow

cytometry analysis by BD FACSVantage. Early apoptotic cells were identified as

those stained by Alexa Fluor 488 but not PI, late apoptotic cells were those stained by

both Alexa Fluor 488 and PI, and necrotic cells were those stained by P1 but not

Alexa Fluor 488.

2.3.9 Calcium imaging

Calcium imaging was performed according to the protocol described in [158].

Cells were cultured in 4-well Chambered cover-glass (Thermo Fisher Scientific). After

the desired treatment, the cells were loaded with 4 M Fluo-4 (Invitrogen) in ACSF-

HEPES (artificial cerebral spinal fluid with HEPES: 119 mM NaCl, 2.5 mM KCl, 1.3

mM MgC12, 2.5 mM CaClz, 1 mM NaHzPO4, 26.2 mM NaHCO3, 11 mM dextrose,

10 mM HEPES, pH=7.4) for 30 min at 37 °C. Excess dye was removed by washing

cells with PBS twice placing into a 37 °C Chamber on the stage of Olympus Flroiew
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1000. 0.5 ml ACSF-I-IEPES was added to the well to begin imaging. Images were

captured every 1.137 seconds and fluorescence intensity is represented by a spectral

table (warmer colors represent higher intensity whereas cooler colors represent lower

intensity). After 15~20 images, 0.5 ml ACSF-HEPES buffer containing the following

drugs were added: 200 M glutamate (final concentration 100 pM), 200 pM

dopamine (final concentration 100 M), 100 mM KCl (final concentration 50 mM),

or 200 M ATP (final concentration 100 11M). A total of 200~300 images were

recorded and the data was analyzed by the Flroiew 100 software. Changes in the

fluorescence intensity of the Ca2+ signal are represented as F/Fo. The percent of

responsive cells is calculated as the number of cells with a F/Fo signal greater than

20% divided by the total number of cells.

2.3.10 Cell counting

Cells were trypsinized by 0.25% trypsin—EDTA (Invitrogen) and an equal volume

of media was added to inactivate the trypsin. Number of cells was determined by

diluting the cell suspension 1:1 with 0.4% trypan blue (Sigma) and then counted on a

hemocytometer.

2.3.11 Stable cell line expressing dominant negative CREB

MSC were transfected with the empty control pCMV vector containing neomycin

resistance and the dominant negative CREB mutant (serine 133 mutated to alanine)

Ml-CREB (a kind gift from Dr. David Ginty) using lipofectomine 2000 (Invitrogen).
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24 hours after transfection, cells were trypsinized and replated at low density in media

containing 500 rig/ml geneticin (Invitrogen) for selection The geneticin-containing

media was replaced every 3 days for two weeks. Colonies formed from surviving cells

were isolated by Cloning cylinders (Sigma) and maintained in culture media

containing geneticin.

2.3.12 Statistical analysis

All experiments were performed at least three times and results were shown as

mean 1- standard deviation. Statistical analysis were carried out by an unpaired, two

tail Student’s T-test. * indicates p<0.05, ** indicates p<0.01 and *** indicates

p<0.001.

2.4 Results

2.4.1 CAMP induces early-phase neuron-like morphological Changes

Deng et al. showed that upon exposure of human MSC to CAMP elevating agents,

1 mM dibutyryl-CAMP (db-CAMP) and 0.5 mM IBMX, for two days, the cells exhibit

neuron-like morphology [4]. However, we found the neuron-like morphology

occurred much earlier than previously reported. Uninduced MSCs exhibited flat-like

morphology (Figure 2.1A), whereas MSCs induced with 10 M forskolin and 100 M

IBMX (abbreviated as Fl) showed neuron-like morphology within an hour of

induction (Figure 2.13). These MSCs isolated from rat were characterized as

described previously [177]. They have the ability to self-renew as well as undergo
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multilineage differentiation to other cell lineages such as adipocytes and osteoblasts

(Appendix figure 2.1). A recent study attributed the morphological Changes to an

artifact of cell shrinkage rather than neurite outgrowth [159]. We imaged live cells to

determine whether the neuron-like morphology induced by CAMP was also a result of

cell shrinkage. As the induction time increase, the cytoskeleton progressively retracts

towards the cell center (Figure 2.1C-F). Microtubules and actin filaments staining

confirmed the reorganization and retraction of the cell body towards the cell center.

The retraction appears incomplete, with partial disruption of the cytoplasm in some of

the cells (Figure 2.18 and Appendix figure 2.2, arrows). As with the previous study,

the CAMP-induced neurite-like structure is due to a disruption in the cytoskeleton and

cell shrinkage rather than neurite outgrowth.

A B

   zo—pm fill—m

Figure 2.1 Morphological Changes upon CAMP induction. (A) Morphology of

uninduced MSCs. Green: microtubules; red: actin filaments; blue: nucleus. (B)

Morphology of MSCs treated with 10 uM forskolin and 100 [AM IBMX (F1) for 1 hr.

(C-F) Live cell images of cells treated with F l for 15 minutes (C), 30 minutes (D), 45

minutes (E) and 60 minutes (F).
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2.4.2 Neuron-like morphology decreases along time

A large percentage of cells developed neuron-like morphology within an hour

after FI treatment (Figure 2.2A, denoted by the arrow head), with an appreciable

number still showing neuron-like morphology three hours later (Figure 2.2B and

2.2K). However, unlike the previous study with BME which showed continuous

Changes in morphology [159], the population of cells with altered morphology

decreased with increasing treatment time (Figure 2.2K), with fewer cells showing

neuron-like morphology 6 (Figure 2.2C), 12 (Figure 2.2D) and 24 hrs (Figure 2.213)

after FI treatment. By the second day, even with fresh induction media, essentially no

Change in morphology was observed (Figure 2.2F-G and Figure 2.2K), suggesting that

the neuron-like morphology cannot be re-induced by F1. Similar neuron-like

morphology was initiated by the apoptosis inducer staurosporine (Appendix figure

2.3), therefore we evaluated whether the morphological Changes induced by F1

treatment were due to apoptosis. However, the rise in apoptotic cells did not occur

within the first 3 hrs after FI treatment (Figure 2.2L), during which maximal Changes

in morphology resulted (Figure 2.2K), suggesting the Change in morphology was not

likely due to apoptosis.
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2.4.3 Morphological changes are correlatd with apoptosis

Changes in cell morphology and cytoskeletal structure can switch cells from

surviving to apoptotic [178, 179]. Disruption of the cytoskeletal structure can lead to

cell rounding and even detachment, which can result in anchorage-dependent

apoptosis called anoikis [180]. Since CAMP elevation induced a disruption of the

cytoskeletal structure in the MSCs (Appendix figure 2.2), we assessed whether the

morphological Changes led to apoptosis. Initially, FI treatment disrupted the

cytoskeletal structure in a large number of cells (Figure 2.2A-C). However, most of

the cells with Changes in morphology remained attached and apoptosis or necrosis

was not observed within the first few hours (Figure 2.2L). As FI treatment continued,

some cells that underwent morphological Changes began to round up (Appendix

figure 2.4, arrows) and detach from the surface, likely due to a loss in their ability to

anchor (Appendix figure 2.4, arrow head). The cells that round up (Figure 2.3A,

arrows) also showed positive staining against annexin V (Figure 2.3B-C, arrows),

indicating that they have become apoptotic. The number of detached cells increased

after 12 hours, with cells floating after 24 hours of treatment (data not shown),

corresponding to the time at which the cells stained for apoptosis (Figure 2.2L).

Apoptosis increased significantly after 24 hours (Figure 2.2L) and was further

enhanced after 48 hours of F1 treatment (denoted as day 2), albeit not statistically

(Figure 2.3D). Since additional morphological Changes did not occur on the second

day of F1 treatment (Figure 2.2K), i.e., very few cell rounding and detachment,

correspondingly increases in apoptosis were not observed (Figure 2.3D).
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Concomitantly, caspase-3 activity, another indicator of apoptosis, increased

significantly upon Fl treatment but remained constant during the second day of

treatment (Figure 2.3E). Accordingly, these results suggest that a disruption of the

cytoskeletal structure, induced upon CAMP elevation, may have resulted in

subsequent apoptosis of~ 10% ofthe MSCs.
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Figure 2.3 CAMP induced apoptosis in MSCs. (A-C) Phase contrast and fluorescence

images of apoptotic cells labeled with Alexa Fluor-488 conjugated annexin V. Cells

were treated with 10 [AM forskolin and 100 uM IBMX (F1) for 24 hours. (A) Phase

contrast image of MSCs treated with F1 for 24 hours. (B) Apoptotic staining with

Alexa Fluor-488 conjugated annexin V. (C) Overlay image of (A) and (B). (D)

Apoptotic and necrotic labeling by Alexa Fluor-488 conjugated annexin V and P1

(propidium iodide), respectively, of control cells and cells treated with Fl for 1 day

and 2 days. Early apoptotic cells: Pl- annexin V cells; late apoptotic cells: Pl+

annexin V+ cells; necrotic cells: Pl+ annexin V cells (n=3). (E) Caspase-3 activity of

control cells and cells treated with F1 for 1 day and 2 days. ‘: p<0.05, "z p<0.01, ""2

p<0.001.

2.4.4 CAMP induces late-phase neural differentiation
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Unlike the early-phase Changes in morphology which occurred quickly, neural

differentiation took much longer. A previous study using DMSO/BHA to induce

neural differentiation of MSCs did not observe an increase in mRNA level of neuron-

specific enolase (NSE) [159], while we observed an increase in both mRNA

(Appendix figure 2.5) and protein levels (Figure 2.4A) of neural markers. F1 treatment

increased the expression of neuron markers, NSE and neuron-specific class B-III

tubulin (Tujl), as well as astrocytic marker, glial fibrillary acidic protein (GFAP)

(Figure 2.4A and 2.4C), but not within the first 6 hours (Figure 2.4B and 2.4D),

whereas the changes in morphology peaked within the first 3 hours (Figure 2.2K). An

increase in the expression of NSE and Tujl was detected 12 hours after FI treatment

(Figure 2.4D) whereas an increase in GFAP was not detected until well after 12 hours

(Figure 2.4A), suggesting that neural marker expression is a late-phase response as

compared with the morphological Changes. Immunostaining for the neuronal marker

Tujl further support the gradual increase in the neural marker expression. Untreated

cells do not express Tujl (Figure 2.4B), but a few cells gained Tujl expression after

two days of F1 treatment (Figure 2.4F), with more cells expressing Tujl a week after

Fl treatment (Figure 2.40). Nonetheless, the cells that expressed Tujl look distinctly

different from primary neurons (Figure 2.4H).
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Figure 2.4 Expression of neural markers, NSE, Tujl and GFAP. (A) Protein levels of

NSE, Tujl, GFAP and GAPDH of uninduced cells (ctrl), cells treated with 10 uM

forskolin and 100 M IBMX (F1) for 1 day (Flld) and 2 days (F12d). (B) Protein

levels of NSE, Tujl, GFAP and GAPDH of cells treated with F1 for 0, l, 3, 6 and 12

hours. (C) Quantification of NSE, Tujl and GFAP levels of the blots shown in (A)

(n=3). (D) Quantification of NSE, Tujl and GFAP levels of the blots shown in (B)

(n=3). ‘: p<0.05; *“z p<0.001. (E-H) Tujl staining of uninduced MSCs (E), MSCs

treated with FI for 2 days (F) and 7 days (G) and primary neurons (H).

The induced cells also gained some neuronal function despite their distinct lack of

neuronal morphology and features. Neuronal function was assessed with several

neuronal activators, 1) dopamine, which stimulates Ca2+ signal through the dopamine

receptors [181] or through potentiation of the N-methyl-D-aspartic acid (NMDA)

receptors [182], 2) KCl, which stimulates Ca2+ signal through voltage-gated ion

Channels [183], and 3) glutamate, which induces Ca2+ signal through the glutamate

receptors [184]. Figures 2.5A-D are representative images of F1 treated cells upon
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stimulation with 100 uM dopamine, with time-dependent fluorescence intensity

profiles of four individual cells shown in Figure 2.53. Intracellular CaZ+ levels

remained fairly constant before stimulation (Figure 2.5A and 2.5E, position denoted

by A). Shortly after dopamine supplementation (Figure 2.5E, arrow), some cells

showed a Ca2+ signal within 10 seconds, and others peaked more slowly, taking up to

34 seconds (Figure 2.5E). The pattern of Ca2+ signaling also varied, with some cells

responding with a single Ca2+ peak (Figure 2.5E, Cell-1 and Cell-3) and other cells

being repeatedly excited (Figure 2.5E, Cell-2 and Cell-4). Uninduced cells and cells

treated with F1 for l, 2 and 7 days were quantified for their neuronal function upon

stimulation by dopamine, KCl and glutamate (Figure 2.5F). Around 40% of the

uninduced MSCs showed a response to dopamine, which increased to 60% after one

day and 80% after 7 days of F1 treatment (Figure 2.5F). Only 12% of the uninduced

MSCs responded to KC] stimulation, which increased to 40% after Fl treatment

(Figure 2.5F). Few uninduced cells responded to glutamate, with about 20% of the

cells glutamate responsive after a week of F1 induction (Figure 2.5F). These results

suggest that FI induction enabled MSCs to gain some neuronal function. However, the

heterogeneity in their response to neuronal activators (Figure 2.5F), and the lack of

neuronal morphology (Figure 2.4G) indicate that the cells are not terminally

differentiate
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2.4.5 PKA regulates both the Changes in morphology and neural marker

expression

As shown above, the percentage of cells with Changes in morphology peaked an

hour afier FI treatment and decreased with treatment time (Figure 2.2K). The

intracellular CAMP levels paralleled the Changes in morphology, peaking also an hour

after FI treatment and decreasing over the next few hours to a constant level that was

maintained for the next 12 hrs (Figure 2.6A). Although fresh media containing F1 was

added on the second day, the intracellular CAMP level did not increase (Figure 2.6A),

perhaps, because of desensitization of the agonist-induced receptor [185]. Since

CAMP can trigger a variety of intracellular events through the activation of the

' classical downstream component protein kinase A (PKA) [16], we therefore assessed

whether PKA activation is involved in regulating the changes in morphology and

neural marker expressions. The activity of PKA can be determined by the level of

phosphorylation of threonine 197 on the PKA catalytic subunit (PKAC) [186, 187].

Upon FI treatment, phosphorylated PKA (pPKAC) increased transiently and then

returned to below basal level, whereas the total PKAC level dropped continuously,

with both remaining stable after one day (Figure 2.6B-C). Inhibiting PKA activity

with H89 prevented the FI-induced morphological Changes (Figure 2.6D-E) as well as

the neural marker expressions (Figure 2.6F-G). Similar results were obtained using

another PKA inhibitor Rp-CAMPS (Appendix figure 2.6), suggesting that PKA

mediates the onset of both the morphological changes and neural marker expression.
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Figure 2.6 PKA regulates both morphological Changes and neural markers

expressions. (A) Intracellular CAMP levels of control MSCs, MSCs induced with 10

11M forskolin and 100 M IBMX (F1) for 1, 3, 6, 12 and 24 hours (Day 1), and MSCs

induced again with F1 for 1, 3, 6, 12 and 24 hours, following a 24-h Fl induction

period (Day 2) (n=3). (C) Western blotting results of PKAC and pPKAC levels of

control MSCs, MSCs induced with F1 for 1, 3, 6, l2 and 24 hours, and MSCs induced

with F1 for 1, 6 and 24 hours following a 24-h FI induction period. (C) Quantification

of PKAC and threonine 197 phosphorylated PKAC (pPKAC) levels as in (B) (n=4). *:

p<0.05, **: p<0.01, ***: p<0.001 as compared with the corresponding control

condition. (D) Phase contrast image of MSCs induced with F1 for 1 hour. (E) Phase

contrast image of MSCs induced with F1 in the presence of 2.5 uM PKA inhibitor

H89 for 1 hour. (F) Quantification of NSE, Tujl and GFAP expression for control

MSCs, MSCs induced with F1 for 1 day in the absence or presence of PKA inhibitor

H89 (n=3). (G) Expression of neural markers, NSE, Tujl and GFAP, for control

MSCs, MSCs induced with F1 for 1 day in the absence or presence ofH89.
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2.4.6 Morphological Changes and neural marker expression are differentially

regulated

Although the Changes in both morphology and neural marker expression are

regulated by PKA, the neuron-like morphology occurs early and very quickly,

whereas the neural marker expressions appear much later and more slowly. Since the

morphological Changes appear prior to Changes in neural marker expression (Figure

2.1 and Figure 2.4), we assessed whether the morphological Changes are required and

thus precede the gain of neural marker expression. The microtubule stabilizer

paclitaxel (Ptx) was used to inhibit the changes in morphology. Microtubules are

dynamic polymers that undergo polymerization and depolymerization powered by

energy from GTP hydrolysis [188]. Binding of Ptx to the microtubules prevents the

depolymerization and stabilizes the microtubules [189]. Since dynamic

polymerization and depolymerization are required for the assembly of the mitotic

spindles, applying Ptx may inhibit mitosis and cause subsequent apoptosis [190, 191].

To minimize the toxicity induced by Ptx while still inhibiting the onset of

morphological Changes, the cells were treated with F1 in the presence of 0.4 11M Ptx

for only 3 hours and the media was subsequently Changed to FI media for another 21

hours. Stabilized cytoskeletal structure was maintained upon removal of Ptx from the

FI media (Appendix figure 2.7). This could be due to the inability of the media to

initiate another intracellular CAMP peak (Appendix figure 2.8A) required for

regulating the morphological Changes (Figure 2.2K and 2.6A). The number of viable

cells 21 hours after replacing the induction media (a total of 24 hrs including the 3
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hour pretreatment) remained constant, thus Ptx exposure did not adversely affect cell

viability (Appendix figure 2.8B). Although Ptx inhibited Changes in morphology

(Figure 2.7A-B), it did not prevent the increase in neural marker expression (Figure

2.7C-D), suggesting neuron-like morphology is not required for neural markers

expression.

The morphological Changes occur very quickly (beginning minutes after F1

treatment), thus is unlikely that gene or protein synthesis is required for this event.

Indeed, inhibiting transcription with actinomycin D (ActD) and translation with

cycloheximide (CHX) did not impact the morphological changes (Figure 2.7E-F), but

did reduce the neural marker expression upon treatment with FI (Figure 2.7G-H).

Thus transcription and translation are required for neural marker expression. ActD

and CHX affect transcription and translation on a global level and treatment for a long

period may cause cell death. Therefore as with the paclitaxel treatment, the media

supplemented with ActD or CHX was replaced after 3 hours and the viability of the

cells was assessed after 24-hours of treatment. Supplementing the FI treatment with

ActD or CHX did not significantly Change the total number of viable cells (Appendix

figure 2.8B).

42



Figure 2.7 Morphological changes and neural markers are differentially regulated. (A)

Appearance of neuron-like morphology of MSCs induced with 10 1.1M forskolin and

100 11M IBMX (F1) for 1 hour. (B) Cell morphology of MSCs induced with F1 in the

presence of 0.4 11M microtubule stabilizer paclitaxel (Ptx) for 1 hour. (C-D)

Expression of neural markers, NSE, Tuj l and GFAP, in control cells, cells induced

with F1 for 1 day in the absence or presence of Ptx (n=3). For the FI treatment, cells

were treated with F1 or F1 plus Ptx for 3 hours and then changed to fresh F1 media to

reduce toxicity from Ptx treatment. (B) Appearance of neuron-like morphology of

MSCs induced with F1 for 1 hour in the presence of l ug/ml Actinomycin D (ActD).

(F) Appearance of neuron-like morphology ofMSCs induced with F1 for 1 hour in the

presence of 10 ug/ml Cycloheximide (CHX). (G-H) Expression of neural markers,

NSE, Tujl and GFAP, in control cells, cells induced with F1 for 1 day, in the presence

or absence of ActD or CHX. For the FI treatment, cells were treated with FI or F1 plus

ActD/CHX for 3 hours and then changed to fresh Fl media to reduce toxicity fi'om

ActD/CHX treatment *: p<0.05, **: p<0.01, *"z p<0.001. '
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Taken together, the early-phase neuron-like morphological Changes do not rely on

gene and protein synthesis whereas the late-phase neural marker expressions do.

Correspondingly, changes in morphology occur prior to but are not required for the

expression of neural markers. Therefore, although both the morphological Changes

and the neural marker expressions are regulated by PKA, they are differentially

regulated downstream ofPKA.

2.5 Discussion

CAMP has been shown to play a positive role in the regeneration of the central

nervous system (CNS) [36, 192, 193]. Decrease in neuronal CAMP level has been

associated with loss in neuronal regenerative capacity [192], whereas an increase in

CAMP levels can promote axonal regeneration [194]. In addition to directly

stimulating neuronal regeneration for neuronal ,repair, CAMP also can indirectly

facilitate neuronal repair by inducing adult stem cells, such as MSCs, to differentiate

into neural lineage cells [4]. CAMP has been suggested to be one of the best inducers

of MSCs neural differentiation [153]. However, the assessment of neural

differentiation has been largely based on the appearance of neuron-like morphology

and neural marker expression [4, 153]. MSCs treated with CAMP increasing agent (FI)

achieved neuron-like morphology (Figure 2.1B) which was due to disruption of the

cytoskeleton and cell shrinkage (Figure 2.1C-F) rather than neurite outgrowth. Thus,

the morphological changes are not always a reliable assessment of neural

differentiation. In contrast to the early onset of Changes in morphology, expression of

neural markers occurred much later. An increase in the neural markers, such as NSE,
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Tujl and GFAP became apparent a day after induction (Figure 2.4A and 2.4C) with

some degree of neuronal function, i.e. rise in calcium signaling in response to

neuronal activators (Figure 2.5). The gain of neuronal firnction by MSCs upon

induction with CAMP alone has not been previously reported. Although our results

showed that CAMP enabled MSCs to obtain neuronal fimction, the cells are at

different stages with respect to their ability to respond to the different neuron

activators. Some cells show a calcium rise upon stimulation by all three neuronal

activators, while others respond to only one or two, or even none of the activators

(Figure 2.5F). Since these cells do not show the morphology of primary neurons

(Figure 2.4G), CAMP alone is unable to terminally differentiate the MSCs into neural

lineage cells. The argument whether MSCs can differentiate into fimctional neurons in

vitro and in vivo is rarely addressed. A couple of transplantation studies indicated that

MSCs can differentiate towards neural lineage cells in vivo [131, 134, 195-197] and

some of the differentiated cells were able to gain neuronal functionality [197].

However, whether these functional neurons are generated by MSCs through

differentiation or fusion ofMSCs with existing neurons remains unclear [198].

Our results point to differential regulation of the morphology and neural marker

expression downstream of PKA. With respect to morphology, PKA can activate the

Src homology domain (SH)2-containing phosphotyrosine phosphatase (SHP2) [199],

which can then dephosphorylate the focal adhesion protein paxillin and result in

disassembly of the focal adhesion and subsequent loss of actin stress fibers and cell

rounding [199, 200]. Alternatively, the CAMP-PKA signaling pathway may disrupt
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the cytoskeleton by inhibiting the Rho family GTPases, which play important roles in

modulating the cytoskeletal structure. Rho GTPases can promote actin polymerization

and stress fiber formation by activating the polymerization factors actin-related

protein 2/3 (Arp2/3) and formin, and inhibiting the depolymerization factor cofilin

[201]. They can also regulate microtubule stability by inhibiting the microtubule

disassembly factor oncoprotein 18 (Opl8) and activating the mammalian Diaphanous-

related (mDia) formins [201, 202]. CAMP can promote cytoskeleton disruption in

melanocytes [203] mediated by RhoA inhibition [204], through phosphorylation of

RhoA at serine 188 by PKA [205]. Therefore, the CAMP-PKA pathway could

modulate the cytoskeleton by altering the phosphorylation status of focal adhesion

proteins or the Rho GTPases.

Signaling events are rapid as compared to gene or protein synthesis. Thus in

contrast, expression of neural markers takes longer and requires transcription and

translation (Figure 2.7G-H), suggesting that transcription factors activated by the

CAMP-PKA signaling pathway may be involved. One such downstream factor is the

CAMP response element binding protein (CREB), which can be phosphorylated by

PKA at serine 133 [16]. F1 treatment transiently increased nuclear PKAC and pCREB

levels (Figure 2.8A-B). Phosphorylation of CREB regulates neurogenesis by

promoting survival and differentiation of newborn neurons [206, 207]. Over-

expressing the dominant negative form of CREB, Ml-CREB (the serine 133 residue

is mutated to alanine, therefore it can no longer be phosphorylated) in MSCs led to

loss in their response to neuronal activators, such as dopamine (Figure 2.8C-D). This
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suggests that phosphorylation of CREB plays a critical role in regulating MSC

differentiation towards the neural lineage cells. Interestingly, MSCs stably expressing

Ml-CREB were much smaller than the normal MSCs after a week of F1 induction

(Figure 2.8D), indicating that activated CREB is an important determinant in

regulating cell size. Indeed, mice expressing dominant negative CREB are reduced in

size during embryonic development [208]. Therefore, although the early onset of

morphology Changes induced by F1 do not appear to require transcription (Figure

2.7A), the transcription factor CREB is still required for regulating cell shape during

MSC differentiation (Figure 2.8D), hinting as possible cross-talk downstream of PKA.

The present study showed that CAMP induced Changes in morphology early and

neural differentiation and function much later and these events are regulated by CAMP

activated PKA, but diverge in their regulation downstream. While the morphological

Changes are likely due to cell shrinkage, which rendered some cells to be subsequently

apoptotic, nonetheless the neural differentiation induced by CAMP enabled the MSCs

to gain neuronal function.
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CHAPTER 3. CREB MODULATES CALCIUM SIGNALING ELICITED

BY NEURONAL ACTIVATORS IN MESENCHYMAL STEM CELLS

This work is in review:

Zhang, L. and Chan, C. CREB modulates calcium signaling elicited by neuronal

activators in mesenchymal stem cells (In review).

3.1 Abstract

Various studies have suggested that activation of CREB facilitates maturation and

survival of immature neurons; however the role of CREB in transdifferentiation of

mesenchymal stem cells (MSCs) into neural lineage cells remains unclear. In

particular, whether and how CREB affects calcium signaling upon neuronal activator

stimulation has not been investigated. In our previous study we observed that CAMP

enabled MSCs to generate intracellular calcium signaling in response to several

neuronal activators. In an effort to uncover the role ofCREB in calcium signaling, we

knocked down CREB activity both by siRNA and introducing a dominant negative

form of CREB. Our results suggest that knock-down of CREB activity in MSCs

greatly reduced or abolished the CAMP-induced calcium response to neuronal

activators, whereas reintroducing a constitutively active CREB partially restored the

calcium response. The reduction in the calcium response to the neuronal activators

appears to involve CREB regulated membrane receptor expression, i.e., dopamine

receptor expression. In contrast to the positive effect of CREB on the calcium

response, CREB appears to exert a negative effect on the neuron-like morphology,

suggesting a complex role of CREB during differentiation of MSCs into neural

lineages.
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3.2 Introduction

The transcription factor CAMP response element binding protein (CREB) is

activated by various extracellular stimuli and serves as a hub for many cellular

processes including metabolism, survival, immune response as well as learning and

memory [34, 209]. Phosphorylation of CREB at the key serine 133 site by kinases

such as protein kinase A (PKA) is required for its transcriptional activity [30, 33].

Recent studies suggest that serine 133 phosphorylated CREB (pCREB) colocalizes in

immature neurons of adult hippocampus [206] and enhances maturation and survival

of these cells [206, 207]. Activation of CREB was also shown to facilitate the

migration of neuronal progenitor cells from the subventricular zone (SVZ) into the

olfactory bulb (OB) and enhanced survival of the differentiated neurons in the OB

[210]. Nevertheless, understanding how CREB affects neural stem cells function is

still at an early stage. The impact ofCREB on other stem cells and, in particular, their

differentiation towards neural lineages has not been investigated. Although activated

CREB appears to co-localize with immature neurons and to be required for neuronal

maturation, its role in regulating neuronal functionality such as calcium rise in

response to neuronal activators is not known. Elevation of CAMP level, which

stimulates CREB activity, has been shown to induce neural stem cells (NSCs) to

exhibit neuronal phenotypes [211], and mesenchymal stem cells (MSCs) to

differentiate into neural lineages [4]. In a previous study, we observed that CAMP,

accompanied by transient activation of CREB, enabled MSCs to produce a calcium

rise upon stimulation by several neuronal activators [212]. We set out in this study to
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determine the role played by CREB on inducing a calcium rise in CAMP activated

MSCs.

Neuronal activators stimulate intracellular calcium rise through voltage-gated ion

Channels or receptor-gated Channels which are predominantly expressed in excitable

cells [213]. For example, KCI induces membrane depolarization and calcium influx

through voltage-gated calcium Channels [214]. Glutamate elicits intracellular calcium

rise through ionotropic and metabotropic glutamate receptors [215, 216]. Ionotropic

glutamate receptors (iGluRs) are ligand gated ion Channels which can be classified

into N-methyl-D-aspartate (NMDA), a-amino-3-hydroxy-5-methyl-4-isoxazole-

propionate (AMPA) and kainate (Ka) receptors [215]. Metabotropic glutamate

receptors (mGluRs) are G-protein coupled receptors that signal calcium rise through

the generation of second messengers, which includes Group I (mGluR 1, 5), Group H

(mGluR 2 and 3) and Group III (mGluR 4, 6-8) mGluRs [216, 217]. The mechanism

by which dopamine induces calcium rise is complex and can occur through a variety

of mechanisms, such as through binding to the Dl-like (including D1 and D5) and

D2-like dopamine receptors (including D2, D3 and D4) [218, 219] and through

potentiation ofNMDA receptors [182].

Previously, we observed that CAMP induction enabled MSCs to produce a

calcium rise in response to neuronal activators, dopamine, glutamate and KCl [212].

Although it is well known that CREB activity can be modulated by the

Ca2+/Calmodulin dependent kinases (CaMKs) [30], to our knowledge, there is no

study that has investigated the role of CREB in calcium signaling. Therefore, we set
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out to determine if CAMP induced CREB activation is involved in regulating calcium

signaling in MSCs. Our results suggested that CREB plays a critical role for MSCs to

adopt neuronal function, namely to elicit a calcium rise in response to neuronal

activators. In contrast to its role in facilitating the neuronal function, CREB appears to

have a negative impact on the production of a neuron-like morphology. Knock-down

of CREB activity in a dominant negative CREB cell line promoted the appearance of

neuron-like morphology. We also examine if CREB can regulate MSCs proliferation

and survival. Our results suggest that while CREB activation, induced by CAMP, does

not affect G1 phase lengthening, it is required to protect MSCs from CAMP induced

apoptosis. Taken together, CREB regulates several aspects of cellular behavior in

MSCs during CAMP induced neural differentiation.

3.3 Materials and methods

3.3.1 Cell culture and materials

All procedures in the cell isolation were approved by the Institutional Animal

Care and Use Committee at Michigan State University. Bone marrow mesenchymal

stem cells were isolated from 6-8 week old Sprague-Dawley female rats as previously

described [177]. In brief, femurs and tibias were taken from the hind legs of 6-8 week

old rats. The marrow was flushed outwith DMEM and filtered through a 65 um nylon

mesh to remove bone debris and blood aggregates. Cells were cultured in DMEM

(Invitrogen) supplemented with 10% fetal bovine serum (Invitrogen), 100 ug/mL

streptomycin (Invitrogen) and 100 U/mL penicillin (Invitrogen) and placed in an
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incubator with a humidified atmosphere containing 5% C02 at 37 °C. Non-adherent

cells were removed on the second day after plating. Medium was replaced every 3 to

4 days until the cells reach 80~90% confluence. Confluent cells were detached using

0.25% trypsin-EDTA (Invitrogen) and plated for further experiments.

To induce neural differentiation, forskolin (Sigma) and isobutylmethylxanthine

(IBMX) (Sigma) were used to increase intracellular CAMP levels at concentrations of

10 11M and 100 M, respectively.

3.3.2 Cell cycle analysis

Cell cycle analysis was performed as described previously [177]. In brief,

harvested cells were frxed with 70% ethanol on ice for 2 hours. RNA was digested by

RNase and then DNA was labeled with PI (propidium iodide) for 30 minutes at room

temperature. Labeled samples were analyzed by flow cytometer BD FACSVantage.

3.3.4 Quantitative real time polymerase Chain reaction (RT-PCR)

Cells were treated as desired and mRNA was extracted by the RNA extraction kit

from Qiagen according to the manufacture’s instruction. mRNA was then reverse

transcribed to CDNA using the CDNA synthesis kit from Bio-Rad. The primer sets for

actin, dopamine receptors D1, D2, D3, D4 and D5 were obtained from Eurofins

MWG Operon and are shown in Table 3.1 were used for PCR. Amplification of the

CDNA templates were detected by SYBR Green Supermix (Bio-Rad) using Real-
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Time PCR Detection System (Bio-Rad). The cycle threshold (CT) values for each

condition were determined by the Mle software.

Table 3.1 Primer sets for actin, D1, D2, D3, D4 and D5.

 

Gene Primer sets
 

actin 5’-CTCTTCCAGCCTTCCrrccr-3’ 5,-AATGCCTGGGTACATGGTG-3’
 

D1 5,-GCCATAGAGACGGTGAGCAT-3’ 5,-A'ITCCACCAGCCTCT1‘CCTT-3’
 

D2 5,-TATGGCTTGAAGAGCCGTGCCA-3’ 5’-TACAGCCATGCACACCAGCACA-3’
 

D3 5,-CAGCCGCA'1’ITGCIGTGACGTT-3’ 5’-AGCAAAAGCCAGCACCCACACA-3’
 

D4 5,-TGCTGCTCATCGGCATGGTGT-3’ 5,-AGCCACAAACCTGTCCACGCT-3’
 

   D5 5,-TGGAGCCTATGAACCTGACC-3’ 5,-GAAGAAAGGCAACCAGCAAC-3’
 

3.3.5 Nuclear extraction

Nuclear extraction was canied out according to a protocol described in [220]. In

brief, cells were suspended in buffer A (10 mM HEPES (pH=8.0), 1.5 mM MgC12, 10

mM KCI, protease and phosphatase inhibitor cocktail) and allow to swell on ice for 15

minutes. After swelling, the cells were lysed with a 25-gauge 5/8 inch needle and

lysates were spinned down to collect the nuclear pellets. Nuclear pellets were re-

suspended in buffer C (20 mM HEPES (pH=8.0), 1.5 mM MgC12, 25% (v/v) glycerol,

420 mM NaCl, 0.2 mM EDTA (pH=8.0, protease and phosphatase inhibitor cocktails)

and incubated on ice for 30min, then centrifuged at 12,000g for 5 minutes to obtain

the nuclear extracts.

3.3.6 Western blot

Nuclear extracts or whole cell extracts lysed with CelLytic (Sigma) were assayed

for protein concentrations by Bradford assay (Bio-Rad). 15-30 11g protein samples
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were separated by 10% Tris-HCI gel and transferred to nitrocellulose membrane.

Membranes were then blocked with 5% milk in 0.05% Tween 20-TBS (Tris buffered

saline) (USB Corporation) for one hour and incubated with primary antibodies, NSE

(neuron-specific enolase) (BIOMOL), Tujl (BID-tubulin) (Millipore), GFAP (Glial

fibrillary acidic protein) (DAKO), GAPDH (Cell signaling), CREB (Cell signaling),

serl33 phosphorylated CREB (pCREB) (EMD Chemicals), CDK4 (Cell signaling),

CDK6 (Cell Signaling), cyclin D1 (Cell Signaling), 1327‘“pl (Cell Signaling),

dopamine receptor 1 (D1) (Novus Biologicals), ICER (kinly provided by Dr. Carlose

Molina), C-fos (Cell Signaling) and actin (Sigma) overnight at 4 °C. After removing

excessive primary antibodies, anti-mouse or anti-rabbit l-IRP-conjugated secondary

antibodies (Thermo Scientific) were added and the blots were incubated for one hour

at room temperature. The blots were then washed three times with 0.05% Tween 20-

TBS and visualized by SuperSignal West Femto maximum sensitivity substrate

(Thermo Scientific).

3.3.7 Immunocytochemistry

Triple staining for actin filaments, microtubules and nucleus was performed as

previously described [176]. In brief, actin filaments were stained with Texas Red-X

phalloidin (Invitrogen), microtubules were stained with Ci-tubulin (Invitrogen)

primary antibody followed by Alexa Fluor 488-conjugated anti-mouse IgG secondary

antibody (Invitrogen), and the nucleus was stained with DAPI (4’, 6—diamidino-2-

phenylindole) (Invitrogen). Stained glass coverslips were mounted in ProLong Gold
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(Invitrogen). Fluorescence images were taken using an Olympus Flroiew 1000

confocal microscope.

For staining against dopamine receptor 1, Tujl or synapsin, cells were fixed in

PBS containing 3.7% formaldehyde for 15 minutes and permeabilized with 0.2%

Triton X-100 (Research Products Internationals) for 10 minutes at room temperature.

After washing with PBS three times, cells were blocked in 1% BSA (Bovine Serum

Albumin) (US Biological) for 20 min and incubated with dopamine 1 receptor (Novus

Biologicals) antibody, Tujl antibody (Cell Signaling) or synapsin antibody (Cell

Signaling) at room temperature for one hour. Cells were then washed with PBS three

times and incubated with Alexa Fluor 488-conjugated anti-mouse IgG secondary

antibody (Invitrogen) or Rhodamine-conjugated anti-rabbit secondary antibody

(Calbiochem) for one hour at room temperature. Stained glass coverslips were washed

three times with PBS and mounted in ProLong Gold (Invitrogen). Fluorescence

images were taken by an Olympus Flroiew 1000 confocal microscope.

3.3.8 Annexin Vand PI (propidium iodide) staining

Apoptosis and-necrosis were measured by the annexin Vand PI (propidium iodide)

staining kit (Invitrogen), respectively, according to the manufacturer’s instructions. In

brief, cells were stained with Alexa Fluor 488 conjugated annexin V and P1 in 1X

annexin binding buffer for 15 minutes at room temperature and then subjected to flow

cytometry analysis by BD FACSVantage. Early apoptotic cells were identified as

those stained by Alexa Fluor 488 but not PI, late apoptotic cells were those stained by
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both Alexa Fluor 488 and PI, and necrotic cells were those stained by P1 but not

Alexa Fluor 488.

3.3.9 Calcium imaging

Calcium imaging was performed according to the protocol described in [158]:

Cells were cultured in 4-well Chambered cover-glass (Thermo Fisher Scientific). After

the desired treatment, the cells were loaded with 4 11M Fluo-4 (Invitrogen) in ACSF-

HEPES (artificial cerebral spinal fluid with HEPES: 119 mM NaCl, 2.5 mM KCl, 1.3

mM MgC12, 2.5 mM CaClz, 1 mM NaH2P04, 26.2 mM NaHCO3, 11 mM dextrose,

10 mM HEPES, pH=7.4) for 30 min at 37 °C. Excess dye was removed by washing

the cells twice with PBS and placing them into a 37 °C Chamber on the stage of an

Olympus Flroiew 1000 microscope. 0.5 ml ACSF-HEPES was added to the well to

begin imaging. Images were captured every 1.137 seconds and fluorescence intensity

is represented by a spectral table (warmer colors represent higher intensity whereas

cooler colors represent lower intensity). After 15~20 images, 0.5 ml ACSF-HEPES

buffer containing the following compounds were added: 200 M glutamate (final

concentration 100 11M), 200 M dopamine (final concentration 100 11M), 100 mM

KCl (final concentration 50 mM), or 200 M ATP (final concentration 100 11M). A

total of 200~300 images were recorded and the data was analyzed by the Flroiew

100 software. Changes in the fluorescence intensity of the Ca2+ signal are represented

as F/Fo. The percent of responsive cells is calculated as the number of cells with a

F/Fo signal greater than 20% divided by the total number of cells.
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3.3.10 Transfection

For siRNA silencing, siRNAs targeting CREB mRNA as well as a scramble

siRNA (negative control) were purchased from Ambion. In brief, the transfection

reagent Lipofectamine RNAiMAX (Invitrogen) was diluted in Opti-MEM (Invitrogen)

reduced media The siRNAs were also diluted in Opti-MEM and then mixed with

RNAiMAX to allow the formation of siRNA-RNAiMAX complex at room

temperature for 20 minutes. Cell culture medium was replaced with media without

antibiotics. The siRNA-RNAiMAX complexes were then added to the corresponding

wells to reach a final concentration of 10 nM siRNA. Medium was replaced after 4~6

hours incubation in a 5% C02 incubator at 37 °C. Treatments were performed 24

hours from the start of silencing.

The constitutively active form CREB (VP16-CREB) and the dominant negative

form CREB (serine 133 mutated to alanine, named Ml-CREB) and the empty vector

pCMV are kind gifts from Dr. David Ginty. In brief, cells were transfected with 1.5

pg pCMV, VP16-CREB or Ml-CREB using Lipofectamine 2000 (Invitrogen)

according to the manufacture’s instruction Medium was replaced after 4~6 hours and

cells were incubated in flesh culture medium for up to 24 hours until treatment was

carried out. To establish a stable cell line expressing Ml-CREB, MSCs that are

transiently transfected with Ml-CREB for 24 hours were trypsinized and replated at

low density in media containing 500 ug/ml geneticin (Invitrogen) for selection. For

control, MSCs were also transfected with an empty pCMV vector containing

neomycin resistance to establish a control cell line. The geneticin-containing media
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was replaced every 3 days for two weeks. Colonies formed from surviving cells were

isolated by cloning cylinders (Sigma) and maintained in culture media containing

geneticin.

3.3.11 Statistical analysis

All experiments were performed at least three times and results were shown as

mean :1: standard deviation. Statistical analysis were carried out by an unpaired, two

tail Student’s t-test. * indicates p<0.05, ** indicates p<0.01 and "’I‘ indicates p<0.001.

3.4 Results

3.4.1 CREB regulates expression of some neural markers and dopamine

response

CREB has been shown to be an important player in maturation and survival of

newborn neurons in the central nervous system [206, 207]. Previously we observed

that CREB was transiently activated during CAMP induced neural differentiation of

MSCs [212], therefore, we examined whether CREB can regulate neural

differentiation of MSCs. Neural induction by forskolin and IBMX (abbreviated as FI,

two agents used to increase CAMP levels) increased the expression of neural markers,

i.e. neuron-specific enolase (NSE), B-III tubulin (Tujl) and glial fibrillary acidic

protein (GFAP) (Figure 3.1A-B). Silencing of CREB reduced the expression of

neuron marker NSE but not the neuron marker Tujl or the astrocyte marker GFAP

(Figure 3.1A-B), indicating that CAMP-activated transcription factor, CREB, is
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involved in regulating some of the neural markers. In addition to neural marker

expression, Fl also enabled MSCs to gain some neuronal function, such as calcium

rise in response to neuronal activators dopamine, glutamate and KCl [212]. It is

unclear how CAMP enabled MSCs to gain this function. To determine if CREB plays

a role in this process, we silenced CREB in MSCs and assessed their dopamine

response. After silencing with either a scramble siRNA (control) or CREB siRNA,

MSCs were induced with F1 for one day and their calcium rise in response to

dopamine was measured as described in [212]. Although the CREB siRNA silenced

cells were able to respond to dopamine as compared to the control cells (Figure 3.1C),

the response was muted. Quantifying the percentage of dopamine responsive cells

suggested that silencing CREB significantly reduced the dopamine response (Figure

3.1D), suggesting that CREB may influence the dopamine response elicited by CAMP.
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Figure 3.1. Effect of CREB on neural marker expression and calcium rise in response

to dopamine. (A) Protein levels of neural markers NSE, Tujl and GFAP. MSCs were

transfected with the control scramble siRNA or CREB siRNA and incubated in the

absence or presence of 10 11M forskolin and 100 uM IBMX (F1) for 1 day. (B)

Quantification of protein levels fold Change for NSE, Tujl and GFAP (n=3). *:

p<0.05; **: p<0.01; ***: p<0.001; NS: not significant. (C) Calcium imaging in

response to neuronal activator dopamine. (C-l to C-3) MSCs transfected with a

scramble siRNA (control) and induced by F1 for 1 day responded upon stimulation

with 100 11M dopamine. (O4 to C-6) MSCs transfected with CREB siRNA and

induced F1 for 1 day stimulated with 100 11M dopamine. Images were captured before

dopamine stimulation or 18 and 63 seconds after dopamine stimulation. Fluorescence

images represented by a spectral table; warmer colors indicate higher fluorescence

intensities and cooler colors indicate lower fluorescence intensities. (D)

Quantification of the percentage of cells responsive to dopamine (n=4). **: p<0.01.

3.4.2 CREB regulates calcium rise in response to several neuronal activators

To assess further the long term effect of CREB on neuronal function, we

engineered MSCs to stably express the dominant negative form of CREB (M l -CREB,

whose serine 133 Site is mutated to alanine) and compared their response to MSCs
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stably transfected with a control vector that contains neomycin-resistance. MSCs

stably expressing Ml-CREB, denoted as Ml-MSCs, have higher total CREB

expression than the control MSCs (Appendix Figure 3.1A). Ml-MSCS grew slightly

Slower as compared with MSCs expressing the control vector (Appendix Figure 3.1B)

and are able to form colonies (Appendix Figure 3.1C). To assess for neuronal frmction,

we used three neuronal activators: dopamine, glutamate and KC] as described

previously [212]. The response of Ml-MSCs to dopamine is similar to MSCs (Figure

3.2A and 3.2C). After FI induction for one week, however, Ml-MSCs lost their

ability to respond to dopamine as compared to MSCs (Figure 3.23 and 3.2D).

Quantification of the results suggests that the uninduced Ml-MSCs and uninduced

MSCs respond similarly to dopamine, KCl and glutamate (Figure 3.3A). After a week

of F1 induction however, the response to dopamine, KCl and glutamate dramatically

reduced or disappeared in Ml-MSCs (Figure 3.3A). When a constitutively active

form of CREB (VP16-CREB) was transiently introduced into Ml-MSCs, their

response to dopamine, KCl and glutamate partially recovered (Figure 3.3A),

suggesting a role of CREB in the calcium rise in response to the neuronal activators.

Generation of calcium signals can be achieved through both internal and external

sources of Ca2+ [221]. The influx of external Ca2+ into cells is mainly regulated by

membrane receptor-operated Channels and voltage-operated channels, while release of

internal Ca2+ from endoplasmic reticulum (ER) can be controlled by second

messengers, such as inositol-l,4,5-trisphosphate (1P3) and Ca2+ itself [222].

Dopamine, glutamate and KCl can generate Ca2+ signals through membrane receptor-
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operated channels and voltage- operated Channels, and Ca2+ influx through these

membrane channels can further stimulate the release of calcium from the intracellular

ER stores [214-216, 218, 219]. Since the response of Ml—MSCs to dopamine,

glutamate and KCl was compromised (Figure 3.3A), we determined whether the

decrease or loss of response to the neuronal activators is related to a general damage

of the membrane receptors and intracellular ER stores. We applied a positive control,

ATP, which is able to elicit calcium signals from the external and internal calcium

sources through the membrane bound P2X inotropic receptors and P2Y receptor-

operated Channels [223, 224]. Ml-MSCs induced with F1 for a week can still respond

to ATP (Figure 3.3B), suggesting that the reduction or loss of calcium rise in response

to the neuronal activators may not be due to a general damage of the plasma

membrane or ER.
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Figure 3.2 Calcium imaging in response to neuronal activator dopamine. (A-l to A-4)

Uninduced MSCs (expressing control vector) before dopamine stimulation and 12, 34

and 56 seconds aflcr 100 pM dopamine stimulation. (B-l to B-4) MSCs (expressing

control vector) induced with 10 11M forskolin and 100 11M IBMX (F1) for 7 days

before and alter dopamine stimulation. (C-l to C-4) Uninduced Ml-MSCS

(expressing Ml-CREB) before and after dopamine stimulation. (D-l to D-4) Ml-

MSCS induced with F1 for 7 days before and after dopamine stimulation.

Fluorescence images represented by a spectral table; warmer colors indicate higher

fluorescence intensities and cooler colors indicate lower fluorescence intensities.
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Figure 3.3 Calcium signaling upon stimulation by neuronal activators and ATP. (A)

Quantification of the percentage of cells that respond to neuronal activators, dopamine,

KCl and glutamate. MSCs (expressing control vector) and Ml-MSCS (expressing Ml-

CREB) were either uninduced or induced with 10 11M forskolin and 100 11M IBMX

(FI) for 7 days. To assess whether reintroducing CREB restores the response of the

Ml-MSCS to neuronal activators, either pCMV or the constitutively active VP16-

CREB was introduced and the cellular calcium response was examined (n=4). *:

p<0.05; **: p<0.01, *"‘*: p<0.001; NS: not significant. (B) Calcium imaging in

response to the positive control ATP for Ml-MSCs induced with F1 for 7 days.

Images were captured before ATP stimulation and 8, 20 and 40 seconds after ATP

stimulation. Fluorescence images represented by a spectral table; warmer colors

indicate higher fluorescence intensities and cooler colors indicate lower fluorescence

intensities.

3.4.3 CREB regulates expression of certain dopamine receptors

To investigate the possibility that CREB modulates the calcium response upon

stimulation by the neuronal activator, and Since dopamine elicited a robust calcium

response in MSCs (Figure 3.3A), we used dopamine. Dopamine modulates calcium

signal mainly by binding to the dopamine receptors, which consists of the Dl-like

(include D1 and D5) and the D2—like (include D2, D3 and D4) families of receptors
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[218]. Promoter analysis revealed that these dopamine receptors Contained a half CRE

sequence (TGACG/CGTCA) [34] and may be regulated by CREB [225]. Thus we

hypothesized that CREB modulates the expression of these dopamine receptors to

impact calcium signaling. No prior studies examined the expression of all the

dopamine receptors in MSCs, and only one study indicated that the expression of D1

is detected in uninduced human MSCs [226]. In this study, we observed that mRNA

levels of dopamine receptor D3 and D5 were not affected by CREB silencing (Figure

3.4A), and the expression of dopamine receptor D2 mRNA level was undetectable in

MSCs (data not shown). To our surprise, knock down of CREB activity increased

rather than decreased mRNA levels of dopamine receptor D1 and D4 alter FI

induction for one week (Figure 3.4A). While dopamine receptor D1 positively

regulates calcium signaling, dopamine receptor D4 can either positively or negatively

regulate calcium signaling in a context- and cell type-dependent manner [218].

Moreover, D1 and D2 are the most abundant dopamine receptors in mature brain

[227]. Due to a more definitive role of D1 in regulating calcium signaling and its

predominant expression in mature brain, we therefore measured D1 protein

expression using both immunoblotting and immunostaining. Immunoblotting results

suggest that Ml-MSCS treated with F1 for 7 days have much lower D1 expression

than MSCs treated with F1 for 7 days (Figure 3.43). The immunostaining results

confirmed the immunoblotting results, i.e. down-regulating CREB activity did not

increase but rather decreased the dopamine receptor D1 protein level. Fluorescence

intensity of individual Ml-MSCs (expressing Ml-CREB) appears to be lower than of

68



the control MSCs (Figure 3.4C-D). Although knock down of CREB activity in the

Ml-CREB cells increased dopamine receptor D1 mRNA level, it did not translate to

an increase in the D1 protein level, but rather to a reduction in the D1 protein level

which may contribute, in part, to the reduced dopamine response. The disagreement in

mRNA and protein levels of D1 may due to post-transcriptional regulation. Indeed, a

previous study showed that an increase in the D1 receptor mRNA level did not result

in an increase in the D1 protein level in a mouse neuronal cell line [228]. While a

downregulation in the protein level of D1 receptor may play a role in diminishing

calcium signaling in Ml-CREB cells, this does not preclude other mechanisms that

contribute to the CREB-mediated calcium response elicited by dopamine [182, 218].
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Figure 3.4 Expression of dopamine receptors. (A) mRNA levels of dopamine

receptors D1, D3, D4 and D5 for MSCS (expressing control vector) and Ml-MSCs

(expressing Ml-CREB) treated with 10 11M forskolin and 100 M IBMX (F1) for 7

days (n=3). ”z p<0.01, "*z p<0.001. (B) Protein levels of dopamine receptor 1 (D1)

for MSCs and Ml-MSCs treated with F1 for 7 days (n=3 for quantification). (C)

Dopamine receptor D1 staining for MSCs. (D) Dopamine receptor D1 staining for

Ml-MSCs. Green: D1 staining; blue: nucleus staining.

3.4.4 CREB participates in regulating morphology and survival

Previously, we showed that PI induced neuron-like morphology changes due

primarily to cell shrinkage [212]. The neuron-like morphology decreased as the F1

induction continued and nearly disappeared after one week of induction (Figure 3.5A).

In contrast, one week of F1 induction ofMl-MSCS appeared to promote a neuron-like

morphology with long threads resembling neurites radiating from the cell center

(Figure 3.53). The morphology Changed gradually; the Ml-MSCs initially appeared

similar to the MSCs, but continuous remodeling of the cytoskeleton during Fl
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induction resulted in neurite-like extensions (Appendix Figure 3.2). However, these

neurite—like extensions lack the expression of the pan neuronal marker, Tujl (Figure

3.5C, arrow). Immunostaining with the synaptic marker, synapsin, indicates that

synapsin is found near the body but not within the neurite-like structures (Figure 3.5C,

arrow head). There are a few cells that have Tujl staining within the neurite-like

structures (Figure 3.5D, arrow); however, they do not stain for synapsin within these

structures. These results indicate that although knock-down of CREB promoted the

adoption of neurite-like structures, these structures are still quite different from

mature neurites. Nevertheless, it is surprising that CREB is required to gain neuronal

firnction yet it appears to prohibit the adoption of a neuron-like morphology. Similar

contrasting effects between function and morphology have been reported in retinoid-

mediated differentiation of human monoblastic U937 cells, where CREB facilitated

functional maturation but inhibited morphological differentiation of these cells [229].

However, it remains a mystery how CREB manages this.
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Figure 3.5 CREB affects morphology and apoptosis. (A) Morphology of MSCs

(expressing control vector) induced with 10 pM forskolin and 100 pM IBMX (F1) for

7 days. Green: microtubules; red: actin filaments; blue: nucleus. (B) Morphology of

Ml-MSCs (expressing Ml-CREB) induced with F1 for 7 days. (C-D) Ml-MSCs

induced with F1 for 7 days stained with antibody against the pan neuronal marker,

Tujl (green), and the synaptic marker, synapsin (red). Nucleus is counterstained with

DAPI. (E) Apoptotic and necrotic labeling by Alexa Fluor-488 conjugated annexin V

and PI (propidium iodide), respectively, of control cells and cells treated with F1 for 1

day and 2 days. Early apoptotic cells: PI- annexin V cells; late apoptotic cells: PI+

annexin V+ cells; necrotic cells: PI+ annexin V cells (n=3). *"z p<0.001.

Furthermore, CREB is required for maintaining cell viability. Since fewer Ml-

MSCs remained attached upon FI induction as compared to the control MSCs (Figure

3.5A-B), we assessed whether knock down of CREB activity caused apoptosis. FI

induction itself resulted in significant increases in both early apoptotic and late-

apoptotic cells for both Ml-MSCs and control MSCs (Figure 3513). Fl induced

apoptosis is not likely due to the concentration of F1 used, since 10 pM forskolin and

100 uM IBMX only caused a slight but insignificant increase in toxicity as indicated

by lactate dehydrogenase (LDH) release (Appendix Figure 3.3). Knock down of
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CREB activity did not increase apoptosis or necrosis in the control medium, however,

it greatly enhanced apoptosis upon FI induction (Figure 3.5E), suggesting that CREB

plays a protective role against FI induced apoptosis in MSCs.

3.4.5 CREB does not affect G1 phase lengthening

Two important features of stem cells are: unlimited self-renewal to generate

daughter stem cells and differentiation into multiple cell lineages [230]. When stem

cells differentiate, the 61 phase is lengthened, and proliferation is slowed to allow

sufficient time for differentiation [231, 232]. We observed that CAMP rendered MSCs

to accumulate in the GO/Gl phase and resulted in a lengthened (31 phase. Uninduced

MSCs progressed normally into the S and GZ/M phases after release from cell cycle

synchronization (Figure 3.6A-C). When MSCs were induced with FI, the cells were

retained in the 00/61 phase without progressing into the S and GZ/M phases (Figure

3.6D-F), lengthening the 61 phase or arresting cell cycle in GI. CDK4/6 are the first

to be activated during Gl/S transition [71], and their activities is positively regulated

by cyclin D and negatively by CDK inhibitors (CKIs), such as p27kipl [70]. Although

the expression level of CDK4/6 did not changed, the expression level of the positive

cell cycle regulator cyclin D1 (CCNDl) decreased (Figure 3.66) while the negative

regulator p27kipl increased upon FI treatment (Figure 3.66). Both down-regulation of

CCNDI and up—regulation of p27kipl may contribute to lengthening of the G] phase

and thereby slowing proliferation. In support, a proliferation assay indicated that the
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number of cells in the FI treated condition was significantly lower as compared to

control, both on day l and day 2 (Figure 3.6H).
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Figure 3.6 Cell cycle progression, cell cycle gene expression and cell proliferation of

MSCs and MSCs induced with 10 uM forskolin and 100 uM IBMX (Fl). (A-C)

MSCs in control media for 5, 15 and 20 hours after release from cell cycle

synchronization. (D-F) MSCs induced with FI for 5, 15 and 20 hours after release

from cell cycle synchronization. (G) Expression of cell cycle regulators CDK4, CDK6,

kipl

cyclin D1 (CCNDI) and p27 of control cells and cells treated with F] for l and 2

days. (H) Proliferation of untreated MSCs and cells treated with FI for 1 and 2 days

(n=3). *: p<0.05, "z p<0.01.
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Many of the cell cycle regulators are potential CREB target genes. CCNDI is a

known CREB target gene [34] while p27kipl is predicted to have half CRE sequences

and therefore is a putative CREB target gene [225]. Therefore, we set out to determine

if CREB can impact cell cycle progression by regulating genes, such as CCNDI and

p27kipl, and subsequently contribute to lengthening of the G1 phase. Overexpression

of CREB by introducing the constitutively active form of CREB increased expression

of the exogenous VPI6-CREB protein near 60kD, whereas CREB knock-down by

siRNA nearly abolished endogenous CREB protein level (Figure 3.7A).

Overexpression of CREB increased CCNDI protein levels significantly in control

media, however, it did not increase CCNDI protein significantly in the FI condition

(Figure 3.7A-B). Protein level of p27kipl was essentially unaffected by CREB (Figure

3.7A-B). Since the protein levels of CCNDl and p27kipl were affected minimally by

F1 treatment, it is likely that CREB may not affect G1 phase lengthening induced by

CAMP. Indeed, the percentage of cells in the Gl/GO phase was unaffected by CREB

overexpression or silencing (Figure 3.8 and Appendix Figure 3.4), suggesting that G1

phase lengthening initiated by CAMP is not regulated by CREB.
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figure 3.7 Effect of CREB on CCND1 and p27kipl expression. (A) CREB

overexpression is achieved by transfection of the constitutively active VP16-CREB

and silencing is achieved by CREB siRNA. pCMV and scramble siRNA are used as

controls. Transfected cells were incubated in the absence or presence of 10 M

forskolin and 100 M IBMX (F1) for 1 day. Western blotting is canied out for nuclear

extracts and whole cell extracts. TBP and GAPDH are used as loading controls. (B)

Quantification of CCND1 and p27kipl protein levels (n=3). *: p<0.05; "z p<0.01; ***:

p<0.001.
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3.5 Discussion

CAMP elevating reagents have been widely used in neural induction medium [4, 153,

155, 156], however the intracellular players in the CAMP signaling pathway that initiate

neural differentiation in MSCs is unclear. The regulation of neural differentiation

initiated by cAMP remains largely unknown. The two studies that attempted to uncover

the signaling pathways that lead to neural differentiation relied on morphological changes

[153, 156], which we as well as others have shown to be an artifact [159, 212] and are not

good indicators of neural differentiation. Apart from the morphological changes, CAMP

indeed enabled MSCs to express neural lineage markers and increase calcium response

upon stimulation by neuronal activators [212]. In this study, we found that cAMP

activated the transcription factor, CREB, which plays an important role in regulating

calcium signal induced by the neuronal activators, dopamine, glutamate and KC]. It is

well known that CREB activity can be modulated by the calcium activated

Ca2+/calmodu1in-dependent protein kinases (CaMKs), which can phosphorylate CREB at

several serine sites and thereby modulate the transcriptional activity of CREB [30].

However, the impact that CREB may have on calcium signaling is not known. In this

study, we observed that both silencing CREB and using a dominant negative CREB (M1-

CREB) reduced the calcium signal upon neuronal activator stimulation (Figure 3.1C-D,

3.2 and 3.3A), suggesting that CREB plays a role in regulating calcium signaling. When

Ml-MSCs (expressing Ml-CREB) were induced with F1 for one week, the calcium

response to dopamine, glutamate and KCl either reduced dramatically or totally

disappeared (Figure 3.3A). Reintroducing the constitutively active CREB into the M1-

MSCs was able to partially restore the calcium response (Figure 3.3A).
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How CREB regulates calcium signaling remains a mystery. Since the calcium

response stimulated by the positive control ATP remained intact, we hypothesized that

the impaired calcium rise in response to the neuronal activators upon knock down of

CREB may be due to downregulation of the membrane receptors that respond to these

neuronal activators. Thus, we investigated the effect of CREB on the expression of the

dopamine receptors since dopamine elicited the most robust response (Figure 3.3A).

Knock down of the CREB activity by Ml-CREB did not decrease but rather increased the

mRNA level of several dopamine receptors, i.e. dopamine receptor D1 and D4 (Figure

3.4A). Since D1 is the predominant isoform in the brain and the effect of D1 on calcium

signaling is more definitive [218, 227], we examined the protein level of D1. Ml-MSCs,

which express Ml-CREB, have lower expression of dopamine receptor D1 as compared

to the control MSCs (Figure 3.4B-D). Reduction of dopamine receptors may partially

contribute to the reduced dopamine response observed (Figure 3.3A). However, other

possible mechanisms cannot be ruled out. The stimulation of calcium signal by dopamine

is complex and can be controlled by various mechanisms, including stimulation of

phospholipase C (PLC) activity, phosphorylation of calcium channels, regulation of

dopamine receptor interacting proteins (DRIPs) and potentiation of NMDA receptors

[181, 182, 218]. Therefore, CREB may have both direct as well as indirect impact on the

calcium signal elicited by dopamine. Besides dopamine, CREB also modulated the

calcium signals generated by glutamate and KC] (Figure 3.3A). CREB has been reported

to transcriptionally regulate the AMPA glutamate receptor subunit GluRl [233, 234]. In

addition, a microarray analysis study suggested that CREB may regulate the expression

of certain ion channels, such as a sodium channel subunit and a cation channel subunit in
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neurons [235]. Therefore, in addition to regulating the membrane receptors, it is also

possible that CREB may modulate calcium signal by regulating the expression of ion

channels. Since the regulation of the calcium signal by the neuronal activators involves a

variety of signaling components [214-216, 218], unraveling the complete mechanism by

which CREB regulates calcium signaling remains an important task for the future.

In contrast to the positive affect CREB has on calcium signaling in response to

neuronal activators, CREB appears to inhibit the neuron-like morphology. While the

control MSCs show a flat morphology one week after Fl induction (Figure 3.5A), the

Ml-MSCs show long neurite-like projections extending from the cell body (Figure 3.53).

These neurite-like projections look very different fiom the neurite-like projections we

observed in our previous study, that resulted fiom cell shrinkage and are shorter and with

dimensions on the size of a cell [236]. Here the neurite-like projections initiated by

knocking down CREB are much longer than the dimensions of the cell (Figure 3.4D,

3.53 and Appendix Figure 3.2) and therefore not likely due to cell shrinkage. This

suggests CREB may inhibit the neuron-like morphology (Figure 3.4C and 3.5A). This

inhibitory affect is removed upon expressing the Ml-CREB protein, thereby allowing the

cells to adopt a neuron-like morphology (Figure 3.4D and 3.53). However, the neurite-

like extensions mostly lack expression of the neuronal marker, Tuj 1, and the synaptic

marker, synapsin (Figure 3.5C and 3.5D) and therefore are not likely mature neurites.

Nevertheless, CREB appears to have contrasting effects on neuronal function and

morphology. Such contrasting effects of CREB on the function and morphology have

been observed in a retinoid-mediated differentiation study of human monoblastic U937

cells, whereby CREB promoted functional maturation but suppressed morphological
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differentiation [229]. However, it remains unclear how CREB achieved this. The finding

that CREB inhibits morphological differentiation of MSCs appears to contradict the

previous finding that CREB promotes dendrite gowtln of newborn neurons in the adult

hippocampus [237]. This discrepancy may arise due to the different cell types and cell

status in the differentiation process. In our study, MSCs are mesodermal cells and were

induced with CAMP to differentiate into ectodermal neural lineage cells. Although CAMP

enabled MSCs to transdifferentiate into neural lineage cells, these cells are not truly

functional neurons yet [212]. In the study by Fujioka and coworkers, the cells are

newborn neurons in the adult hippocampus, which are Closer to mature neurons than the

neural cells derived from MSCs. The timing ofwhen CREB activity is tumed-on and -off

may be critical for non-neural originating stem cells to adopt a neural lineage fate that

contains both the morphology and function of terminally differentiated cells. A stage-

dependent effect on differentiation was reported for the Wnt/B-catenin signaling pathway

during cardiac lineage differentiation of embryonic stem cells (ESCs). While early

activation ofWnt/B-catenin signaling promotes cardiac lineage of ESCs, late activation of

Wnt/[i-catenin signaling was shown to inhibit cardiac lineage differentiation [23 8, 239].

While CREB affects differentiation of MSCs, it does not appear to influence G1

phase lengthening in MSCs. Overexpressing and silencing CREB activity did not

kipl

significantly affect the cell cycle genes CCND1 and p27 (Figure 3.7), nor did it

impact G1 phase lengthening (Figure 3.8 and Appendix Figure 3.4), suggesting that

CREB does not contribute to CAMP induced G1 phase lengthening. Nevertheless, CREB

appears to be required to protect the cells from CAMP induced apoptosis (Figure 3.53).
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In conclusion, we examined the role ofCREB in CAMP induced neural differentiation

of MSCs. CREB has diverse roles during CAMP induced neural differentiation of MSCs,

positively impacting calcium signaling in response to neuronal activators but negatively

impacting the adoption of neuron-like morphology.
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Chapter 4. Synergistic effect of CAMP and palmitate in promoting

altered mitochondrial function and cell death in HepG2 cells

This work has been published in Experimental Cell Research:

Zhang, L., Seitz, L.C., Abramczyk, A.M. and Chan, C. Synergistic effect of CAMP and

palmitate in promoting altered mitochondrial function and cell death in HepG2 cells. Exp

Cell Res (2010) 316(5), 716-727.

4.1 Abstract

Saturated free fatty acids (FFAs), e.g. pahnitate, have long been shown to induce

toxicity and cell death in various types of cells. In this study, we demonstrate that CAMP

synergistically amplifies the effect of palmitate on the induction of cell death in human

hepatocellular carcinoma cell line, HepG2 cells. Elevation of CAMP level in palmitate

treated cells led to enhanced mitochondrial fragnentation, mitochondrial reactive oxygen

species (ROS) generation and mitochondrial biogenesis. Mitochondrial fragnentation

precedes mitochondrial ROS generation and mitochondrial biogenesis, and may

contribute to mitochondrial ROS overproduction and subsequent mitochondrial

biogenesis. Fragnentation of mitochondria also facilitated the release of cytotoxic

mitochondrial proteins, such as Smac, from the mitochondria and subsequent activation

of caspases. However, cell death induced by palrrnitate and CAMP was caspase-

independent and mainly necrotic.
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4.2 Introduction

Exposure of non-adipose cells, including B—Cells, cardiomyocytes and hepatocytes, to

excess free fatty acids (FFAs) has been shown to induce lipotoxicity and cell death [160,

162, 240-246]. Wlnile elevated unsaturated FFAs, such as oleate and linoleate, are better

tolerated, elevated saturated FFAs, such as palmitate, can cause cellular damage and even

cell death [160, 240]. CAMP (cyclic adenosine monophosphate), an important second

messenger, has been shown to protect pancreatic B-Cells from palmitate induced

apoptosis [14, 247]. In addition, CAMP was also reported to protect hepatocytes from bile

acid [7, 248], Fas ligand [13, 248] and TNF-CL [11, 248] induced apoptosis. Previously we

showed that intracellular CAMP levels in HepG2 cells were reduced significantly by

palmitate, but not oleate or linoleate [163]. Therefore, we initially hypotlnesized that the

down-regulation of CAMP by palrrnitate may play a role in the induction of cell death.

However, restoring CAMP levels in HepG2 cells did not rescue the cells from palnnitate-

induced toxicity. Moreover, when CAMP level was increased to a high concentration, it

synergized with pahnitate to promote cell death. CAMP has been proposed as a potential

drug target for type 2 diabetes [249], since it appears to enhance insulin secretion. Given

that FFAs, which are elevated in obesity and diabetes [250-252], can induce

hepatotoxicity, it warrants evaluating the effect of CAMP in the presence of elevated

FFAs. In this study, we assess the effect of CAMP on hepatotoxicity and cell death under

elevated levels of FFAs.

Mitochondria serve as an integator for cell death and survival signals [253, 254],

regulating both apoptosis and necrosis. The onset of mitochondrial membrane

permeabilization (MMP) releases a number of cytotoxic proteins, such as cytochrome C
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and SmaC (second mitochondria-derived activator of caspase), from the intermembrane

space of mitochondria [255]. Release of these cytotoxic proteins activates both caspase-

dependent and -independent cell death [255] and such release can be controlled by

mitochondrial morphology. In healthy cells, the mitochondria display an elongated and

interconnected structure. When a cell becomes apoptotic, its mitochondrial network is

disrupted into short and disconnected structure [256, 257]. Mitochondrial function is also

altered in necrosis, marnifesting in diminished mitochondrial ATP production [258].

Apoptosis and necrosis can occur simultaneously in the same cell. Cells in late stage

apoptosis may contain necrotic features due to the energy loss and permeabilization of

the plasma membrane [259].

Regulation of cell death by mitochondria is intimately tied with generation of reactive

oxygen species (ROS) in the mitochondria [260]. Superoxide anion (02"), which is the

precursor of most ROS, is primarily generated at Complex I and III in the mitochondria

[260]. 023 itself is not a strong oxidant. Disrnutation of superoxide by superoxide

dismutase (SOD) can produce a stronger oxidant, hydrogen peroxide (Ii202), which can

be partially reduced to generate one of the strongest oxidants, hydroxyl radical (HO°)

[261]. Together these oxidants can damage cellular components, proteins and resulte in

cell death [261].

This study aims to evaluate how CAMP and FFAs‘ affect hepatocyte survival and

death behavior. Our results suggest that a high CAMP level potentiates mitochondrial

fragnentation, mitochondrial ROS generation and necrotic cell death initiated by

palmitate.
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4.3 Materials and methods

4.3.1 Cell culture and materials

Human hepatocellular carcinoma cell line HepG2 cells were obtained from American

Type Chrlture Collection. Cells were cultured in DMEM (Dulbecco’s modified Eagle’s

medium) (Invitrogen) containing 10% FBS (fetal bovine serum) (Invitrogen) and 2% PS

(Penicillin-Streptomycin) (Invitrogen) at 37 °C in 10% C02 atmosphere incubator.

Saturated free fatty acid pahnitate, monounsaturated free fatty acid oleate and

polyunsaturated free fatty acid linoleate were purchased from Signa in the form of

sodium salts. These free fatty acids were prepared in medium containing 4% (w/v) fatty

acid fi'ee BSA (bovine serum albumin) (USBiologicals) at concentration of 0.7 mM. In

this study, we used 0.7 mM FFAs concentration since several studies have reported the

physiological plasma FFAs level in obese and diabetic patients is around 0.7 mM [250-

252]. For palmitate, concentrations of 0.2 mM and 0.4 mM were also prepared. 4% (w/v)

BSA in culture medium (medium/BSA) was used as control. 1 11M or 10 um Forskolin

(Signa), 100 M isobutylmethylxanthine (IBMX) (Signa), 1 [1M 8CPT-2Me-CAMP

(Signa) and 100 nM glucagon (Signa) were used to restore CAMP levels. 25 mM N, N’-

Dirnethylurea (DMU) (Signa), 100 jig/ml catalase (Signa), 5 uM CCpper (11) 3,5-

diisopropylsalicylate (Cu-DIPS) (Signa) and 50 uM MnTBAP (Biomol) were used as

reactive oxygen species scavengers. 10 [4M etomoxir (Signa) was used to inhibit fatty

acid oxidation.

4.3.2 Measurement of cytotoxicity
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The cytotoxicity of the treatments was measured by release of LDH (lactate

dehydrogenase) into the medium according to the manufacture’s instructions (Roche

Applied Science) as previously described [162]. Briefly, medium was collected after 24

hours. Cells were lysed in 1% Triton-X100 in PBS at 37 0C overnight and supernatant

was collected. LDH released into medium was denoted as LDH“, and LDH that was

retained in the cells was denoted as LDHc. LDH activity was measured by the

colorimetric assay kit (Roche Applied Science) using plate reader SPECTRAmax

plus384 from Molecular Device. Percentage of release was calculated by the following

equation: 'LDH release %= LDHm/(LDHm+LDHC)* 100.

4.3.3 CAMP assay

Intracellular CAMP levels were measured by a competitive immunoassay from Assay

Designs according to the manufacturer’s instructions. In brief, cells were lysed with 0.1

M HCl and supematants were collected. CAMP in the samples or standards was allowed

to bind to a polyclonal CAMP antibody in a competitive manner with alkaline

phosphatase-conjugated CAMP. Cleavage of the substrate by the alkaline phosphatase is

inversely proportional to the CAMP level in the samples or standards. Colorimetric

readings were taken by SPECTRAmax plus384 from Molecular Device at 405 um. All

the readings were normalized to protein level (pg/ml) by Bradford assay.

Caspase 3 activity was measured by a kit from BIOMOL according to the

manufacture’s instructions. Briefly, Cell extracts were incubated with substrate AC-

DEVD-AMC. The cleavage of the substrate will generate fluorescence which is

proportional to the concentration of the active caspase 3 in cell extracts. Fluorescence
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was measured by Spectra MAX GEMINI EM plate reader at excitation of 360 nm and

emission of 460 um. All the readings were normalized to protein levels (pg/ml) by

Bradford assay.

4.3.4 Measurement of reactive oxygen species (ROS)

Cellular ROS levels were measured using a cell-permeable probe 2’,7’-

Dichiorofluorescin diacetate (DCFDA) (Signa). Cells were loaded with 10 [AM DCFDA

in PBS for 30 minutes. After washing cells with PBS twice, fluorescence was measured

by Spectra MAX GEMINI EM plate reader at excitation of 495 nm and emission of 525

um. All the readings were normalized to protein levels (pg/ml) by Bradford assay.

Mitochondrial superoxide levels were measured using MitoSOX (Invitrogen)

mitochondrial superoxide indicator. Cells were loaded with 2.5 uM MitoSOX for 10

minutes at 37 0C. After washing cells with PBS twice, fluorescence was measured by

Spectra MAX GEMINI EM plate reader at excitation of 510 nm and emission of 580 nm.

Mitochondrial superoxide was also detected by confocal microscopy. Similarly, cells

cultured in glass-bottom plate (Nunc) were loaded with 2.5 pM MitoSOX for 10 minutes

at 37 0C and then washed with PBS twice. Fluorescence images were taken using an

Olympus Flroiew 1000 confocal microscope.

4.3.5 Mitochondria extraction

Mitochondria were extracted using a mitochondria extraction kit from Pierce. In brief,

cells were harvested and washed with PBS once. Reagent A from the kit was added to

swell cells on ice. Two minutes later, reagent 3 was added to lyze the cells. Lysis was
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carried out by vigorously vortexing every one minute for up to five minutes. Then

mitochondria were stabilized by reagent C. Cell suspension was spinned at 700 g for 10

minutes at 4 °C to pellet nuclei and cell debris. Supernatant was centrifuged at 12,000 g

for 15 rrninutes at 4 °C to pellet mitochondria. Supernatant was saved as cytosolic fraction,

and mitochondria pellets were washed and lysed with SDS-PAGE sample buffer.

4.3.6 Western blot

Mitochondrial-cytosolic extracts were separated by 10% or 16% Tris-HCl gel and

transferred to nitrocellulose membrane. Membranes were then blocked in 5% milk in

0.05% Tween-TBS (tris buffered saline) (USB corporation) for one hour and incubated

with primary Smac antibody (Cell Signaling), Bc12 antibody (Cell Signaling) and

GAPDH antibody (Cell signaling) overnight at 4 °C. Anti-mouse (Pierce) or anti-rabbit

(Pierce) HRP-Conjugated secondary antibody were added the second day after primary

antibody incubation. The blots were incubated for one hour at room temperature and then

washed with 0.05% Tween-TBS three times. The blots were visualized by using

SuperSignal west femto maximum sensitivity substrate (Pierce).

4.3.7 DNA content and fragmentation

DNA content Was measured by labeling DNA with P1 (propidium iodide). In brief,

' harvested cells were fixed with 70% ethanol on ice for 2 hours. RNA was digested by

RNase and then DNA was labeled with P1. Labeled samples were measured for DNA

contents by flow cytometer BD FACSVantage. Sub-G1 peak was identified as the peak to

the left ofG0/G1 peak.
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4.3.8 Annexin V-PI staining

Apoptosis was measured by the annexin V-PI (propidium iodide) staining kit

(Invitrogen) according to the manufacturer’s instructions. Cells were stained with Alexa

Fluor 488 conjugated annexin V and P1 in 1X annexin binding buffer for 15 minute at

room temperature and then subjected to flow cytometry analysis by 3D FACSVantage.

Apoptotic cells were identified as those stained with Alexa Fluor 488 and showed geen

fluorescence. Dead cells were those stained with P1 but not Alexa Fluor 488 and late

apoptotic cells were those stained positive for both Alexa Fluor 488 and PI.

4.3.9 Mitochondria and Smac staining

Mitochondria were labeled using MitoTracker Red (Invitrogen) according to the

manufacture’s instructions. In brief, cells were incubated with 200 nM MitoTracker Red

in warnn medium for 30 rrninutes. Stained cells were washed with warmed PBS and fixed

with 3.7% formaldehyde at 37 0C for 15 rrninutes. Cell membrane was permeabilized with

2% Triton-X100 for 10 minutes at room temperature. After washing the cells with PBS

twice, they were incubated in 1% BSA for 20 minutes at room temperature. Cells were

then incubated in anti-mouse Smac primary antibody (Cell Signaling) for 1 hour at room

temperature. After washing with PBS three times, cells were incubated in Alexa Fluor-

488 conjugated goat anti-mouse secondary antibody for 1 hour at room temperature.

Cells were then washed with PBS three times and counterstained with DAPI for 5

minutes. Excess dye was removed by washing and glass coverslips were mounted in

ProLong Gold (Invitrogen). Fluorescence images were taken by an Olympus Flroiew
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1000 confocal microscope. Percentage of cells with fragnented mitochondria was

calculated based on three replicates, with two representative images fiom each replicate.

4.3.10 Determination of mitochondrial mass

Mitochondrial mass was determined by staining mitochondria with MitoTracker

Green FM (Invitrogen). Cells were incubated in 200 nM MitoTracker Green FM in warm

medium for 30 minutes and then washed with warm PBS three times to get rid of excess

dye. Fluorescence was read by Spectra MAX GEMINI EM plate reader with excitation at

490 nm and emission at 516 nm. Fluorescence was normalized to protein levels (pg/ml)

which were measured by Bradford assay.

4.3.11 Assessment of triglyceride storage

Triglyceride storage was assessed by Oil Red 0 staining. Cells were fixed in 3.7%

formaldehyde for 30 minutes at room temperature and rinsed with PBS three times (5~10

rrninutes each time). Cells were rinsed again with water twice. Six parts 0.36% Oil Red 0

was mixed with four parts deionized water to make Oil Red 0 working solution. Enough

Oil Red O working solution was added into each well and plate was incubated at room

temperature for 50 minutes. Excess dye was removed by washing cells with water for

tlnree times. Images were taken by Leica RT Color from Diagnostic Instruments.

Triglyceride levels were also quantified by an assay from BioVision according to the

manufacture’s instructions. In brief, samples were collected with 5% Triton-X100.

Triglyceride standards and samples were loaded in a 96-well plate. Lipase was then

added into each well for 20 minutes at room temperature to convert triglyceride to
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glycerol and fatty acids. Glycerol is then oxidized in an enzyme mix reaction to generate

a product that reacts with the probe, which can then be detected using the colorimetric

methods at 570 nm by SPECTRAmax plus3 84.

4.3.12 Statistical analysis

Statistical analysis was carried out by an unpaired, two tail Student’s T-test. *

indicates p<0.05, ** indicates p<0.01 and *** indicates p<0.001.

4.4 Results

4.4.1 Palmitate induced cell death in HepG2 cells

Previous work had ascribed a lipotoxic effect to saturated FFAs, i.e. palnnitate [160,

240]. We evaluated the effect of palmitate as well as unsaturated FFAs, oleate and

linoleate, on HepG2 cells. The toxicity, as indicated by LDH release, was observed in

palmitate-treated but not oleate- and linoleate treated HepG2 cells (Figure. 4.1A). In

addition, cell staining with propidium iodide (PI, labels dead cells and late apoptotic cells)

and Alexa Fluor 488-conjugated annexin V (labels early and late apoptotic cells)

indicated that palmitate treatment significantly increased the necrotic (PI positive and

annexin V negative) and late apoptotic cell populations (PI positive and annexin V

positive) (Figure 4.13). Linoleate also increased the necrotic cell population but much

less than with palmitate treatment (Figure 4.13). Palrrnitate treatment did not affect the

population of early apoptotic cells, which was slightly increased in the oleate and

linoleate conditions (Fing 4.13).

92



> m

 

    

 

   

$15

50 can 3?" aunt

340 l 3 '
8., ,2 10

0 ’5
330 g

a C1

:20 93 5 , _.,,.

D .2

410 1‘9

0 — — - = g 0 . -.....
ctrl ole lin palm <2 __ .

early apoptotic late apoptotic necrotic

Figure 4.1 LDH release and cell death by FFAs treatment. (A) LDH release from cells in

medium/BSA (ctrl), 0.7 mM oleate, linoleate and palmitate for 24 h. (3) Apoptotic and

necrotic labeling by P1 (propidium iodide) and Alexa Fluor-488 conjugated annexin V for

cells in medium/BSA (ctrl), 0.7 mM oleate, linoleate and palmitate for 24 h. Early

apoptotic cells: PI_ annexin V+ cells; late apoptotic cells: PI+ annexin V” cells; necrotic

cells: P1+ annexin v’ cells (n = 3). *: p < 0.05; **: p < 0.01; ***: p < 0.001.

4.4.2 Palmitate dose dependently reduces intracellular CAMP levels

Previously we showed that intracellular CAMP levels were reduced by palrrnitate but

not oleate or linoleate in HepG2 cells [163]. The effect of palmitate on CAMP levels was

also dependent on the palrrnitate concentration. CAMP level was increased slightly by 0.2

mM palmitate and significantly by 0.4 mM palmitate, whereas a high concentration of

palmitate (0.7 mM) decreased CAMP level significantly (Figure 4.2A). Since the high

concentration palmitate caused significant cell death, we assessed whether restoring

CAMP level to near control level would prevent cell death. Intracellular CAMP levels

were restored by IBMX (phosphodiesterase inhibitor), forskolin (adenylyl cyclase

agonist), 8CPT-2Me-CAMP (cell-permeant CAMP analog) and glucagon (a hormone that

activates adenylyl cyclase). 100 M IBMX, 1 uM forsolin, 1 uM 8CPT-2Me-CAMP and

100 nM glucagon restored CAMP levels to near control level in the 0.7 mM palmitate
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condition (Figure 4.23). A combination of 10 pM forskolin and 100 pM IBMX was also

evaluated, which achieved an even higher level of CAMP (Figure 4.23).
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Figure 4.2 Effect of FFAs on CAMP levels. (A) Intracellular CAMP levels of cells in

control, 0.2 mM palnnitate (0.2-P), 0.4 mM palmitate (0.4-P), 0.7 mM palnnitate (0.7-P),

0.7 mM oleate (0.7-O) and 0.7 mM linoleate (0.7-L) for 24 h (n = 4). (B) Intracellular

CAMP levels of cells in control, 0.7 mM palmitate (P), 0.7 mM palmitate supplemented

with 100 uM IBMX (P + I), 0.7 mM pahnitate supplemented with 1 uM forskolin (P + F),

0.7 mM pahnitate supplemented with 1 uM 8CPT-2Me-CAMP (P + 8CPT), 0.7 mM

palnnitate supplemented with 100 nM glucagon (P + G) and 0.7 mM palmitate

supplemented with 10 11M forskolin and 100 M IBMX (P + F1) for 24h (n = 3). *z

p < 0.05; “‘2 p < 0.01; ***: p < 0.001.

4.4.3 CAMP and palmitate synergistically promote cell death at high concentrations

Studies in pancreatic B-Cells indicated that apoptosis was reduced upon

supplementation with CAMP increasing agents [14]. However, another study suggested

that although apoptosis was reduced, the mode of cell death was switched to necrosis

upon CAMP elevation in the palmitate condition [247]. When we used IBMX, forskolin,

8CPT-2Me-CAMP or glucagon to restore CAMP levels to the control level, the mode and

level of cell death remained unchanged in the 0.7 mM palmitate conditions (Figure 4.3A).

However, when CAMP was increased to a high level by supplementing with forskolin and

IBMX (abbreviated as Fl), it caused a significant increase in the necrotic cell population

(Figure 4.3A). When the same concentration of F1 was used to co-treat cells in control,
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0.4 mM palmitate or 0.7 mM oleate, the synergistic increase in necrotic cell death was

not observed (Figure 4.33).
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Figure 4.3 Apoptosis and necrosis by FFA treatment in the absence or presence of F1. (A)

Apoptotic and necrotic labeling by P1 (propidium iodide) and Alexa Fluor-488

conjugated annexin V for cells in control, 0.7 mM palmitate (P), 0.7 mM palmitate

supplemented with 100 M IBMX (P +1), 0.7 mM palmitate supplemented with 1 uM

forskolin (P + F), 0.7 mM palmitate supplemented with 1 pM 8CPT-2Me-CAMP

(P + 8CPT), 0.7 mM palmitate supplemented with 100 nM glucagon (P + G) and 0.7 mM

pahnitate supplemented with 10 1.1M forskolin and 100 uM IBMX (P + FI) for 24 h. Early

, - . + _ + . + ,

apoptotic cells: PI annexm V cells; late apoptotzc cells: PI annexm V cells; necrotic

cells: PI+ annexin V_ cells (n = 3). (B) Apoptotic and necrotic labeling by P1 (propidium

iodide) and Alexa Fluor-488 conjugated annexin V for cells in control, control

supplemented with FI (ctrl + F1), 0.4 mM palmitate (0.4P), 0.4 mM palmitate

supplemented with FI (0.4P + F1), 0.7 mM palmitate (0.7P), 0.7 mM palmitate

supplemented with FI (0.7P + F1), 0.7 mM oleate (0.70) and 0.7 mM oleate

supplemented with F] (0.70 + F1) for 24 h (n = 3). *: p < 0.05.

95



The increase in the sub-GI population attests further to the synergistic effect of

elevated palmitate concentration and CAMP on cell death. Small fragmented DNA can be

washed out fi'om cells, leaving a sub-GI peak to the left of the GO/Gl peak [262].

Compared with the control cells (Figure 4.4A), cells treated with 0.7mM palmitate had a

small population of sub-G1 cells (Figure 4.4C). The addition of F1 increased the sub-GI

population (Figure 4.4D), suggestive of further DNA fragmentation, in palmitate but not

in the control cells (Figure 4.43). Cells in different cell cycle phases, including sub-GI

cells, were quantified and shown in Figure 4.4E. Significant increase in sub-G1 phase

cells was already observed 12 hours after 0.7mM palmitate treatment. The synergistic or

additive effect of CAMP in promoting DNA fragmentation in the palmitate culture was

not observed at 12 hours, (Figure 4.4E). However at 24 hours, CAMP increased the sub-

Gl fi‘action significantly in the palmitate condition (Figure 4.4E). Although palmitate

alone decreased the GZ/M phase cells, the addition of FI did not reduce the S phase or

GZ/M phase cells but rather increased the GZ/M phase cells at 12 hours (Figure 4.4E).

Since CAMP did not prevent cell cycle progression, the increase in cell death caused by

CAMP in the palmitate condition is not likely the result of DNA-damage induced cell

cycle arrest at the checkpoint.
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Figure 4.4 Effect of palmitate and F1 on cell cycle distribution. (A) ln control for 24 h

(ctrl). (B) In control supplemented with 10 M forskolin and 100 M IBMX (FI) for 24 h

(ctrl + F1). (C) In 0.7 mM palmitate for 24 h (P). (D) In 0.7 mM palmitate supplemented

with F1 for 24 h (P + F1). (E) Quantification of cells in sub-G], S and GZ/M phases 12 h

and 24 h after treatment (n = 3). *z p < 0.05; “z p < 0.01; "*z p < 0.001.

4.4.4 CAMP and palmitate induced cell death is not caused by palmitate B-oxidation

Mitochondria are the main sites for fatty acid B-oxidation, with acetyl—CoA as one of

the primary products. The majority of acetyl-CoA enters the TCA cycle, whereas a small
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proportion will undergo ketogenesis in the mitochondria matrix [263]. Unused FFAs can

be stored in the form of triglyceride in the cytosol. The capacity of non-adipose cells to

store FFAs as triglyceride is limited. A previous study indicated that storage of oleate as

triglyceride protected non-adipose cells from lipotoxicity, whereas palmitate was poorly

incorporated into triglyceride and therefore led to apoptosis [264]. When we measured

the level of triglycerides in HepG2 cells, we found that oleate and linoleate were more

likely to be stored as triglyceride than palmitate (Figure 4.5A-D). This is in accordance

with our previous finding that oxidation is higher with palmitate than with the

unsaturated FFAs [163]. Given that the mitochondria serve as primary sites for FFA [3-

oxidation, enhanced palmitate oxidation may be related to enhanced mitochondrial

biogenesis. Therefore we measured the mitochondria mass and found a significant

increase in the 0.7 mM palmitate condition (Figure 4.6A). Although 0.7 mM palmitate

greatly enhanced mitochondrial biogenesis in the palmitate treatment, this effect was not

observed in the oleate treatment (Figure 4.6A). This could be due to the higher ability of

oleate to be stored as triglycerides [37]. However, the addition of PI stimulated

mitochondrial biogenesis, regardless of the treatment condition (Figure 4.6A). This effect

was most obvious in the co-treatment of F1 with 0.7 mM palmitate (Figure 4.6A). Since

mitochondria are the primary sites for FFA B-oxidation and CAMP promoted

mitochondrial biogenesis to a greater extent in palmitate, we expected that the addition of

F1 would enhance FFAs B-oxidation and reduce triglyceride storage. However,

supplementing FI in the control and the different FFAs did not appear to give a visual

difference in triglyceride levels according to Oil Red 0 staining for triglycerides (Figure

4.5E-H). For firrther confirmation, we quantified the triglyceride levels. Indeed,
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supplementing with FI did not change the triglyceride levels (Figure 4.51). It appears that

mitochondrial biogenesis did not further enhance FFA B-oxidation. The lower

triglyceride level in the pahnitate condition was already apparent at 5 and 12 hours after

treatment (Appendix figure 4.1), whereas mitochondrial biogenesis occurred at a much

later time point (Figure 4.6B), indicating that B-oxidation occurred prior to mitochondrial

biogenesis.

Palmitate was oxidized to a higher extent than oleate and caused significant cell death

in HepG2 cells, therefore we assessed whether inhibiting palmitate B-oxidation would

reduce or prevent cell death. When the FFAs oxidation inhibitor etomoxir was employed,

it did not affect the cell death observed in palmitate, as reported previously [265].

Etomoxir decreased the necrotic population only slightly in the palmitate supplemented

with FI condition (Figure 45]), suggesting that cell death induced by palmitate and

palmitate supplemented with F1 was not due to B-oxidation.
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Figure 4.5 Triglyceride storage, palmitate oxidation and cell death. (A—H) Triglyceride

storage by Oil Red 0 staining for cells in (A) control, (B) 0.7 mM oleate, (C) 0.7 mM

linoleate, (D) 0.7 mM palmitate, (E) control supplemented with 10 M forskolin and

100 M IBMX (Fl), (F) 0.7 mM oleate supplemented with F], (G) 0.7 mM linoleate

supplemented with FI and (H) 0.7 mM palmitate supplemented with F] for 24 h (n = 3). (I)

Quantification of triglyceride levels by an assay for cells in control, 0.7 mM oleate and

0.7 mM palmitate without (w/o) or with (w/) F1 for 24 h (n = 4). (J) Apoptotic and

necrotic labeling by P1 (propidium iodide) and Alexa F1uor-488 conjugated annexin V for

cells in 0.7 mM palmitate and 0.7 mM palmitate supplemented with F1 in the absence or

presence of free fatty acid oxidation inhibitor etomoxir (n = 3). *: p<0.05.
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Figure 4.6 Effect of FFAs and F1 on mitochondrial mass. (A) Mitochondrial mass fold

Change of cells in control, 0.7 mM oleate and 0.7 mM palmitate without (w/o) or with (w/)

10 uM forskolin and 100 [1M IBMX (PI) for 24 h (n = 3). (B) Mitochondrial mass fold

Change of cells in control and 0.7 mM palmitate without (w/o) or with (w/) F1 for 5 h,

12 h and 24 h (n = 3). *:p<0.05; **:p<0.01.

4.4.5 CAMP synergized with palmitate to alter mitochondrial morphology and

integrity

Mitochondria are not only primary sites for FFA B-oxidation, but also play an

important role in cell death and survival [266]. In healthy cells, mitochondria exhibit

elongated and connected morphology. When cells are subjected to apoptotic stimuli,

mitochondria fragment into small and disconnected mitochondria [256, 257]. Control

HepG2 cells exhibited long and connected thread-like mitochondria structure (Figure

4.7A). When the cells were subjected to 0.7 mM palmitate treatment, the mitochondrial

morphology changed dramatically. The interconnected network was disrupted and

collapsed into short disconnected morphology (Figure 4.7C). The elongated

mitochondrial network also condensed and collapsed to the perinuclear locations (Figure

4.7C, arrow heads). The addition of F1 to the control cells did not alter the connectivity of

the mitochondrial network (Figure 4.7B, arrows), however supplementing the palmitate

medium with Fl continued the disconnected and punctuate mitochondria structure (Figure
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4.7D, arrow heads) in a higher population of cells (Figure 4.7E). No mitochondrial

fragmentation was observed in the 0.2 mM palmitate condition (Appendix figure 4.2B,

arrows). When palmitate concentration was increased to 0.4 mM, mitochondrial

fragmentation had begun to occur and a number of cells had disconnected and punctate

mitochondrial structures (Appendix figure 4.2C, arrow heads), whereas the majority of

cells still have elongated mitochondrial network as indicated by the arrow (Appendix

figure 4.2C). As the pahnitate concentration was further increased to 0.7 mM, more cells

showed short and disconnected mitochondrial structures (Appendix figure 4.2D).

Fragmentation of mitochondria is associated with cell death and the release of cytotoxic

proteins that reside in the intermembrane space [256]. In accordance with the

mitochondrial fragmentation observed in the high palmitate condition, we detected less

Smac in the mitochondria and relatively more Smac in the cytosol (Appendix figure 4.3).

Indeed, Smac colocalized in the mitochondria in the control (Figure 4.7F) and control

supplemented with Fl Conditions (Figure 4.7G), since almost no green fluorescence was

observed outside the mitochondria. However more cytosolic Smac (indicated by the

green fluorescence) was released into the cytosol in the palmitate (Figure 4.7H) and

palmitate supplemented with FI conditions (Figure 4.71), suggesting that the

mitochondrial membrane integrity was compromised. We also observed that the

mitochondrial anti-apoptotic protein Bc12 level was further reduced by F1

supplementation (Appendix figure 4.3). Bc12 is an anti-apoptotic protein that antagonizes

pro-apoptotic proteins, such as Bax, thereby preventing the release of cytotoxic proteins

from the mitochondria [254]. The significant decrease in mitochondrial BC12 protein

induced by the addition of F1 to palmitate treated cells may disrupt the outer
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mitochondria membrane integrity [267]. As a consequence, cytotoxic proteins, such as

Smac which promotes caspase activation by inhibiting the inhibitor of apoptosis (lAP),

are more likely to be released into the cytosolic compartment [254]. In support of this

idea, caspase 3 activity was highest in the palmitate supplemented with Fl condition

(Figure 4.8A), which had the highest level of mitochondrial fragmentation (Figure 4.713)

and lowest level of mitochondrial Bc12 (Appendix figure 4.3).
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Figure 4.7 Mitochondrial fragmentation and release of cytotoxic protein. (A—D)

Mitochondrial morphology of cells in (A) control, (B) control supplemented with 10 uM

forskolin and 100 M IBMX (Fl), (C) 0.7 mM palmitate and (D) 0.7 mM palmitate

supplemented with F1 for 24h (n=3). Panels A—B exhibited elongated and tubular

structure, while panels C—D displayed short and disconnected morphology. (E)

Quantification of the percentage of cells with fragmented mitochondria as displayed in

panels A—D (n = 3). *z p < 0.05; *"z p < 0.001. (F—l) Immunostaining of mitochondria

(red), Smac (green) and nucleus (blue) for cells in (F) control, (G) control supplemented

with Fl, (H) 0.7 mM palmitate and (I) 0.7 mM palmitate supplemented with F1 for 24 h

(n = 3).
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Since caspase 3 activity was activated by 0.7 mM palmitate and significantly

increased by F1 supplementation (Figure 4.8A), we assessed whether caspase was

involved in causing the cell death. When the pan caspase inhibitor Z-VAD-FMK was

used to inhibit caspase activity, late apoptosis and necrosis were not reduced (Figure

4.8B), suggesting that the cell death induced by palmitate and CAMP was caspase-

independent. This is not too surprising given that the majority of the population under

this condition is necrotic as opposed to apoptotic.
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Figure 4.8 Effect of Caspase inhibition on apoptosis and necrosis. (A) Caspase 3 activity

of cells in control (ctrl), 0.2 mM palmitate (0.2-P), 0.4 mM palmitate (0.4-P), 0.7 mM

palmitate (0.7-P), 0.7 mM oleate (0.7-O) and 0.7 mM linoleate (0.7-L) without (w/o) or

with (w/) FI for 24 h (n = 4). (B) Apoptotic and necrotic labeling by P1 (propidium iodide)

and Alexa Fluor-488 conjugated annexin V for cells in control (ctrl) and 0.7 mM

palmitate (P) in the absence or presence of F1 and/or 10 uM pan-caspase inhibitor Z-

VAD-FMK (Z-VAD) for 24 h. Early apoptotic cells: PI- annexin V+ cells; late apoptotic

cells: PI+ annexin V+ cells; necrotic cells: PI+ annexin V. cells (n = 3). *: p<0.05; **:

p<0.01; ***:p<0.001.

4.4.6 CAMP synergized with palmitate to enhance ROS generation in mitochondria

Mitochondria are also the primary sites for ROS generation. Although palmitate B-

oxidation was not the cause of cell death, generation of ROS at Complex I and Complex

III during the process of oxidative phosphorylation through the electron transport Chain in

the mitochondria can induce cell death [260]. Excessive ROS generation can result in
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cellular damage and cell death. Mitochondrial superoxide anion (02") was increased

significantly in the palmitate condition afier 24 hours (Figure 4.9B) as compared with the

control (Figure 4.9A). Moreover, the short, disconnected and perinuclear mitochondria

appeared to have higher Oz" levels (Figure 4.9B, arrow heads). Quantification of

mitochondrial 02" levels indicated that palmitate did not induce an increase in

mitochondrial 023 levels at 5 or 12 hour, but a significant increase was observed at 24

hours (Figure 4.9C). Elevating CAMP level by F1 synergistically increased the

mitochondrial 02" levels at 24 hours (Figure 4.9C). 02" is the precursor of stronger ROS,

such as hydrogen peroxide (H202) and hydroxyl radical (HO°) [260]. When whole cell

ROS levels were measured, higher ROS activity was detected in the palmitate condition

24 hours after treatment (Figure 4.9D). Similar to the mitochondrial superoxide levels,

the cellular ROS level did not increase at 5 and 12 hours. However at 24 hours, FI

induced a slight increase in ROS level in the palmitate condition albeit not significantly

(Figure 4.9D).

In order to evaluate whether ROS production contributes to the cell death induced by

pahnitate and palmitate supplemented with FI, we used several ROS scavengers. The

ROS scavengers employed were: DMU for hydroxyl radicals, catalase for hydrogen

superoxide, Cu—DIPS and MnTBAP for superoxide. Employing DMU or catalase resulted

in a decrease in both late apoptotic cells and necrotic cells caused by palmitate, however,

the decrease was not significant (Figure 4.9B). When DMU and catalase were used

simultaneously, both late apoptosis and necrosis were reduced significantly in the

palmitate condition (Figure 4.9B). Similarly, DMU and catalase together significantly
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reduced late apoptosis and necrosis in palmitate supplemented with FI. DMU itself also

significantly reduced both late apoptosis and necrosis but catalase only significantly

reduced necrosis (Figure 4.9B). The superoxide scavengers Cu-DIPS and MnTBAP did

not decrease cell death (data not shown). This is likely due to the reduction of 023 by

Cu-DIPS and MnTBAP to generate the stronger ROS, H202 and HO‘ [260] which

would be expected to further continue the damage to the cells. Although the H202 and

HO° scavengers reduced cell death, H202 and HO° are not likely the reason that cell

death was initiated. At 5 and 12 hours of palmitate and palmitate supplemented with FI

treatment, cell death had already been initiated (Appendix figure 4.4) but the ROS level

did not increase until 24 hours (Figure 4.9D). However, ROS generation may be linked to

mitochondrial fi'agmentation. At 12 hours, some cells already had fragmented

mitochondria in the 0.7mM pahnitate condition (Appendix figure 4.5A, arrow heads).

This is especially the case for the cells with fiagmented nucleus (Appendix figure 4.5B,

rectangle), their mitochondria were all short and disconnected (Appendix figure 4.5C,

arrow heads). The short and disconnected mitochondria tend to have higher ROS levels

(Figure 4.9B, arrow heads). Therefore, mitochondria fragmentation precedes ROS

generation and may have contributed to the ROS produced.
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Figure 4.9 ROS and cell death. (A) Mitochondrial superoxide labeling for cells in control

and (B) cells treated with 0.7 mM palmitate for 24 h. Arrowheads denote short and

disconnected mitochondria which have higher superoxide levels (n = 3). (C)

Mitochondrial superoxide levels fold Change for cells in control and 0.7 mM palmitate

without (w/o) or with (w/) 10 [1M forskolin and 100 pM IBMX (F1) for 5 h, 12 h and 24 h

(n = 4). (D) Cellular ROS levels fold Change for cells in control and 0.7 mM palmitate

without (w/o) or with (w/) 10 M forskolin and 100 uM IBMX (FI) for 5 h, 12 h and 24 h

(n = 3). (E) Apoptotic and necrotic labeling by P1 (propidium iodide) and Alexa Fluor-

488 conjugated annexin V for cells in control, 0.7 mM palmitate (P) and 0.7 mM

palmitate supplemented with 10 [1M forskolin and 100 M IBMX (FI) in the presence of

ROS inhibitors (n= 3). D: hydroxyl radical inhibitor DMU; CA: hydrogen peroxide

inhibitor catalase. *: p<0.05; **: p<0.01; ***: p<0.001.

4.5 Discussion

Lipotoxicity induced by palmitate has been demonstrated in a number of different cell

types. In human HepG2 cells, both apoptotic behaviors, such as caspase 3 activation

(Figure 4.8A) and annexin V labeling for phosphatidylserine (Figure 4. l B), and necrotic

behaviors, such as propidium iodide (PI) penetration (Figure 4.1B), have been observed

for palmitate-induced cell death. Many obese and diabetic patients have high plasma

FFAs levels [250-252]. CAMP has been proposed as a potential drug target for type 2
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diabetes [249] due to it ability to stimulate pancreatic B-Cell insulin secretion. In light of

the fact that elevated FFAs can induce hepatotoxicity, it warrants evaluating the effect of

CAMP under the Circumstance of high FFAs. In this study, we evaluated the effect of

CAMP on hepatotoxicity and cell death under elevated FFAs conditions. A high CAMP

level achieved by adding 10 M forskolin and 100 uM IBMX (abbreviated as Fl)

promoted pahnitate-induced cell death in a synergistic manner (Figure 4.3 and 4.4). The

increase in cell death caused by CAMP supplementation was mostly necrotic (Figure

4.3B), without an increase in the early apoptotic population (Appendix figure 4.4), and

further appeared to be caspase-independent (Figure 4.8B).

Cell death caused by palmitate may be related to its lower ability to be stored in the

form of triglyceride [264]. Reduced cytoxicity and cell death in HepG2 cells were

achieved by inhibiting NADH dehydrogenase (complex I), which was accompanied by

enhanced triglyceride storage [268]. While oleate and linoleate are more likely to be

stored as triglyceride (Figure 4.5B-C), palmitate was less likely to be stored in the form

of triglycerides (Figure 4.5D and 4.51). The lower ability of palmitate to be stored as

triglyceride may contribute to its enhanced oxidation in mitochondria Indeed, our

previous study showed that palmitate was oxidized more than oleate and linoleate by the

HepG2 cells [163]. The total mitochondrial mass was increased significantly in the

palmitate condition but not in the oleate condition (Figure 4.6A). Since mitochondria are

the primary sites for FFA B-oxidation, we initially assumed that the induction of

mitochondrial biogenesis would allow more palmitate to undergo B-oxidation and

therefore have less triglyceride to be stored. CAMP can promote mitochondrial biogenesis

by directly regulating mitochondrial related genes or indirectly by inducing the
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expression of transcriptional coactivator, PGC-1a[269]. When FI was added to the

different conditions, mitochondrial biogenesis was enhanced in all cases, but the extent

was much higher in the palmitate condition (Figure 4.6A). However, the addition of FI

did not cause a significant change in triglyceride levels (Figure 4.51). A time-dependent ’

study indicated that mitochondrial biogenesis occurred later than triglyceride storage

(Figure 4.6B and Appendix figure 4.1), indicating that mitochondrial biogenesis would

not likely contribute to reduced triglyceride storage in the palmitate condition. Therefore,

even though Fl increased mitochondrial biogenesis (Figure 4.6A), triglyceride levels

were not affected (Figure 4.51). Since the palmitate condition had higher [i-oxidation [163]

and lower triglyceride storage (Fig. 51), we assessed whether palmitate B-oxidation is

involved in palmitate-induced cell death. When B-oxidation was inhibited by etomoxir,

no Change in cell death was observed (Figure 4.51), suggesting that pahnitate B-oxidation

was not the cause of cell death.

Although B-oxidation was not the cause of cell death, generation of ROS by oxidative

phosphorylation through the mitochondrial electron transport Chain can damage cells

[268]. Indeed, inhibiting NADH dehydrogenase (complex I), one of the primary sites for

ROS generation, reduced the cytotoxicity induced by palmitate treatment [268].

Superoxide (023), which is the precursor of most ROS, was much higher in the palmitate

condition and further increased upon Fl supplementation (Figure 4.9C). In addition to

mitochondrial Oz" levels, total cellular ROS levels were also much higher in the

palmitate condition (Figure 4.9D).

Mitochondrial 02" levels correlated with mitochondrial biogenesis (Figure 4.6B and

4.9C). Whether mitochondrial biogenesis promote mitochondrial Oz" generation or
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mitochondrial 02" generation promote mitochondrial biogenesis still remains a question.

From our results, it is unlikely that mitochondrial biogenesis itself promoted

mitochondrial 02" generation, since FI supplementation promoted mitochondrial

biogenesis in the control and oleate conditions (Figure 4.6A) but no increase in

mitochondrial 02" levels was observed in these two conditions (Appendix figure 4.6). It

is possible that 02" generation may enhance mitochondrial biogenesis. Previous studies

have suggested that ROS can enhance nuclear respiratory factor-l (NRF- 1) and

mitochondrial transcription factor A (Tfam), which are involved in regulating

mitochondrial biogenesis [270, 271].

Generation of ROS, however, may be linked to mitochondrial fiagmentation. A

previous study has indicated that changes in mitochondrial morphology resulted in ROS

overproduction [272]. We showed that palmitate induced morphology changes in the

mitochondria, causing long interconnected networks (Figure 4.7A) to become short

disconnected structures located in the perinuclear (Figure 4.7C). When HepG2 cells were

subjected to palmitate and F1, mitochondrial fragmentation was further enhanced (Figure

4.7D), judging by the increase in the total number of cells with fragmented mitochondria

(Figure 4.7E). Under the conditions of a high percent of mitochondrial fragmentation,

mitochondrial Oz" and total cellular ROS levels were also high (Figure 4.9C-D). The

occurrence of mitochondrial fragmentation precedes mitochondrial ROS generation. At

12 hours, mitochondrial fragmentation had already begun to occur in the 0.7 mM

palmitate condition (Appendix figure 4.5), while ROS generation was not much higher

than control until after 12 hours (Figure 4.9D). In addition, the fragmented mitochondria

tend to have higher superoxide (02") levels as denoted by the arrow heads in Figure 4.9B.
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Thus it is likely that mitochondrial fragmentation contributed to ROS overproduction.

ROS overproduction, in turn, further damages the mitochondria, and as a self defense

mechanism, mitochondrial damage stimulates the synthesis of new mitochondria to

ameliorate the damage [273]. However, what regulates mitochondrial fragmentation still

remains an open question. Recent work in our lab indicated that endoplasmic reticulum

(ER) stress was observed several hours after palmitate treatment (unpublished data). ER

stress can induce the release of Ca2+ from the ER [274]. Release of Ca2+ can activate the

Ca2+ and cahnodulin-dependent phosphatase calcineurin [275]. Calcineurin has been

shown to dephosphorylate dynamin-related protein 1 (Drpl ), a key protein involved in

mitochondria fragmentation, and therefore promote mitochondrial fiagmentation [276].

Therefore, it is possible that palmitate, which has been shown to induce ER [277],

initiated Ca2+ release and activated calcineurin, which subsequently activates Drpl and

leads to mitochondrial fragmentation.

In summary, CAMP promoted cell death in the presence of high level ofpalmitate in a

synergistic or additive manner in HepG2 cells. The many effects exerted by palmitate on

the mitochondria, such as mitochondrial fragmentation, mitochondrial ROS generation,

and mitochondrial biogenesis, were amplified by CAMP supplementation. Mitochondrial

fragmentation appears to precede ROS generation and may have contributed to

mitochondrial ROS overproduction, which in turn stimulated mitochondrial biogenesis.

112



CHAPTER 5. CONCLUSIONS AND FUTURE DIRECTIONS

5.1 Conclusions

The capability of MSCs to differentiate into neural lineage cells, undergo rapid in

vitro amplification, secrete grth factors, suppress immune cell proliferation as well as

their ease of isolation, make them a promising source for treating neuronal diseases.

Numerous in vitro studies have applied different methods to induce MSCs to differentiate

into neural lineages, which include Chemicals, growth factors, m—culture with neural

lineage cells and transgene expression [4, 119, 138, 139, 144, 147-158, 278]. Various in

vivo studies also indicate that MSCs can adopt neural lineage cell fates [131, 134, 195-

197]. Despite the ongoing research and application of MSCs for Clinical applications, a

Clear understanding of whether MSCs can differentiate into truly functional neurons and

the conditions required for generating fimcfional neurons to replace the damaged neurons

is still lacking [6].

The ubiquitous second messenger CAMP, which has been shown to elicit neural

differentiation in MSCs in 2001 [4] and since then been frequently employed in in vitro

induction media [148, 153, 155, 156], has been indicated as an important regulator for

regeneration of the central nervous system [36, 192, 193]. In particular, a prior report

suggested that a combinatorial approach containing CAMP, neurotrophins and MSCs can

enhance repair of spinal cord injury [279]. However, it remains unclear whether CAMP

has adverse effect on MSCs and if CAMP can convert MSCs into functional neurons and

thereby facilitate replacement of damaged neurons. The lack of understanding regarding

these questions hinders the potential application ofCAMP and MSCs in future therapeutic

applications for treating neuronal diseases, such as spinal cord injury. Therefore, the aim
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of this thesis work is to investigate the effect of CAMP on MSC differentiation to neural

lineage and the potential mechanisms involved.

The present study demonstrates that CAMP induced an early-phase neuron—like

morphological Changes and a late-phase neural marker expression and fimction. While

the early-phase morphological Changes are likely due to cell shrinkage and cause

subsequent apoptosis, the late-phase neuron marker expression occurrs gradually and

does not rely on the appearance of the morphological changes. Both events are regulated

by CAMP activated PKA, however, their regulation diverged downstream of PKA, since

the morphological Changes do not require transcription and translation while the

expression of neural markers does. Moreover, CAMP also enabled MSCs to respond, with

a rise in calcium signaling, to neuronal activators, namely, dopamine, glutamate and KCI.

The strongest calcium response was observed with dopamine, followed by KCI and then

glutamate. While the cells induced with CAMP showed a certain degree of neuronal

function, they lacked the neuronal morphology and further, their responses to the three

neuronal activators were quite heterogeneous, suggesting CAMP alone is not sufficient to

differentiate all the MSCs into mature neurons. These results suggest that CAMP have

both positive and negative effects on MSCs. The ability of CAMP to promote MSCs

differentiate into neural lineages and obtain some neuronal function may facilitate the

replacement of damaged neurons. However, CAMP also resulted in cell shrinkage and

correlated apoptosis, which may reduce treatment efficacy and also possibly lead to

inflammation.

In light of the fact that activated CREB appears to co-localize with immature neurons

and promote their maturation [206, 207], we hypothesized that it is involved in CAMP
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induced neural differentiation of MSCs. However, whether CREB can regulate calcium

signaling in response to neuronal activators was not known until this current study. To

investigate the role of CREB in calcium signaling in MSCs, a stable cell line expressing

the dominant-negative CREB (M 1-CREB) was established. Introducing the dominant

negative CREB greatly decreased the calcium signaling elicited by the neuronal

activators but not by the positive control, ATP. Further analysis indicated that

downregulating CREB activity reduced the expression of membrane receptors, such as

dopamine receptor 1, which may contribute to the reduction in calcium response.

Surprisingly, while down-regulating CREB reduced the calcium response, it facilitated

the adoption of a neuron-like morphology. It appears that CREB has contrasting effects,

encouraging neuronal function while inhibiting neuron-like morphology. It is unclear

how CREB manages this; perhaps the timing of CREB activation may be important in

achieving both morphological and functional differentiation. Contrasting effects on

differentiation were reported for the Wnt/B-catenin signaling pathway. Early activation of

Wnt/B-catenin signaling promoted cardiac lineage of embryonic stem cells (ESCs), while

late activation of Wnt/B-catenin signaling inhibited cardiac lineage differentiation of

ESCs [23 8, 239]. Therefore, the design of the induction media may need to be optimized

in such a way that CREB activity is tuned to allow both functional and morphological

neural lineage differentiation ofMSCs.

Apart from its role in differentiation, CAMP also initiated apoptosis in MSCs and

enhanced palmitate-induced cell death in HepG2 cells. While CAMP itself is not harmful

to HepG2 cells, it promoted cell death in the presence of high levels of palmitate in a

synergistic manner. The many detrimental effects exerted by palmitate, such as

115



mitochondrial fragmentation and mitochondrial ROS generation, were significantly

amplified by CAMP. Mitochondrial fragmentation appears to precede ROS generation

and may have contributed to the mitochondrial ROS overproduction, which is partially

responsible for palmitate and CAMP induced cell death. CAMP has been proposed as a

potential drug target for type 2 diabetes [249], since it appears to enhance insulin

secretion. In light of the fact that palmitate is elevated in obesity and diabetes [250-252]

and can induce hepatotoxicity, administering CAMP to type 2 diabetic patients may

further the adverse effects on the liver, given that our results suggest that CAMP promotes

cell death with palmitate in a synergistic manner in HepG2 cells.

In summary, the current study revealed that CAMP is able to induce MSCs to neural

lineage cells with some neuronal function in vitro. Its downstream signaling component,

CREB, plays a role in the acquisition of neuronal function. The findings fi'om the MSC

study shed some light on the application of CAMP and MSCs for treating neuronal

diseases which could help better design future in vitro differentiation strategies. In

addition, the pro-apoptotic affects of CAMP observed in HepG2 cells, i.e. promoting cell

death and mitochondrial dysfunction, provides some insights , into the potential

application ofCAMP for treating type II diabetes.

5.2 Future directions

5.2.1 To enhance neural lineage differentiation of MSCs

MSCs are naturally heterogeneous, with varying morphologies and sizes, different

growth rates and differentiation abilities [108, 113, 115, 280, 281]. Such heterogeneity

introduces uncertainty in cell fate determination and also compromises the differentiation
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efficiency. To better control and increase differentiation efficiency, enrichment of a sub-

population of cells with high neural differentiation potential is desired.

The most abundant subpopulations in rat MSCs are the rapidly growing spindle-like

cells, star-like cells and small round cells. Another subpopulation of cells with flat

morphology also appeared frequently in culture. Although these cells are

morphologically heterogeneous, they all express the same known markers for MSCs

[108]. Currently it is not possible to separate these subpopulations of MSCs with known

surface markers. A potential way to enrich MSCs with higher neural lineage

differentiation is to select out a sub-population of cells that express certain neural lineage

markers, since uninduced MSCs already express several neuronal/glial markers and these

cells may have higher ability to differentiate into neural lineage cells [282]. However, all

the examined neural lineage markers in the aforementioned study, such as nestin and

GFAP [282], are intracellular proteins and cannot be used for live cell sorting. During our

study, around 12% of MSCs was observed to express dopamine receptor 1 (D1), which is

a membrane bound protein and therefore can be used for live cell sorting. These D1-

positive cells are likely to have a higher potential to differentiate into neurons since they

already possess some neuronal features.

In addition, to obtain a more amenable sub-population of cells for differentiation, the

differentiation induction media needs to be further improved. A good induction protocol

may require different components at different stages. For example, development of

midbrain dopaminergic neurons includes four stages and different factors are required at

the different stages, i.e., Shh and FGF8 for specification of precursors to the

dopaminergic fate, and Wnt5a and FGF20 for development of postrnitotic dopaminergic
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neurons [283]. Therefore, the composition of the induction media may need to be

optimized for better differentiation.

5.2.2 Using polymer surfaces and modeling to study the relationship between cell

morphology and differentiation capability

While it is unlikely that current known cell surface markers can be used to separate

the subpopulations of MSCs with different morphologies, we observed that cell

morphology can be tuned by the substrates, with some surfaces favoring a particular

morphology, which could affect the selection of a subpopulation of cells [284]. Moreover,

it is likely that addition ofCAMP may favor further selection of the subpopulation of cells

with higher neural lineage differentiation potential. Therefore, another future work is to

apply polymer surfaces to enrich cells for neural lineage differentiation. To test if indeed

certain subpopulations can be enriched by different culture surfaces and whether CAMP

addition can facilitate the selection of cells with higher neural lineage differentiation

potential, the following approaches may be taken. 1) Single cell-derived cells can be

obtained by Cloning cylinders. The subpopulations arising from different single cells can

be labeled with cell tracer beads (which comes in different colors and can be retained in

cells for several weeks). 2) Different culture substrates, such as agarose, Chitosan and

polyelectrolyte multilayers (PEMs), can be prepared and tested for the cell cultures. The

labeled subpopulations of MSCs can be combined and cultured on the different substrates

to evaluate whether a certain population has a better ability to survive. CAMP can then be

supplemented to the media and immunostained using neuronal markers to assess which

subpopulation have a higher potential to differentiate into neural lineage cells. 3) Finally,
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a modeling approach as described in [284] can be used to predict the range of surface

stiffness that favors the selection of a certain subpopulation of MSCs with the highest

neural lineage differentiation. This study is not limited to neural lineage differentiation,

but can also be extended to differentiation of MSCs into other lineages such as

osteoblasts, through modulating surface Characteristics and induction media. It addition to

MSC, the approach could be applied to ESCs and induced pluripotency stem (iPS) cells,

which are often highly heterogeneous [285-288]. ESCs and iPS cells have great potential

for future cell-based therapies since they can differentiate into all cell types, however, the

intrinsic heterogeneity may lead to uncontrolled differentiation and cause teratoma

formation. It is likely modulation of culture substrate mechanics may help to reduce

heterogeneity in ESCs and iPS cells and thereby restrict their differentiation into specific

lineages.

5.2.3 Determine how CREB regulates D1 mRNA and protein levels

It is intriguing that knocking down CREB activity reduced D1 protein level but

increased D1 mRNA levels. There are two possible explanations for why knock-down of

CREB could result in upregulation of D1 mRNA. First, D1 promoter contains a putative

CRE sites and can be potentially regulated by the CREB/ATP family transcription factors.

While CREB is an activator for CAMP-responsive genes, it can induced the expression of

a transcriptional inhibitor, inducible CAMP early repressor (ICER), which can compete

with CREB for binding to the CRE sites and thereby repress transcription of CAMP-

responsive genes [34]. Promoter analysis reveals that the D1 promoter contains a half

CRE sequence (Appendix figure 3.5A). We have observed that CAMP treatment caused
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constant upregulation of ICER (Appendix figure 3.58). It is possible for ICER to bind to

the CRE site and inhibit D1 transcription. When CREB activity is knocked down,

expression of ICER would be inhibited, thereby relieving the transcriptional inhibition of

D1. Alternatively, CREB may modulate D1 transcription indirectly through regulating

other transcription factors. Transcription of D1 is known to be regulated by the Sp family

proteins [289, 290] and the D1 promoter contains several Sp binding sites (Appendix

figure 3.5A). While Spl activates D1 transcription, the other Sp family protein Sp3

inhibits D1 transcription [290]. Transcription of Sp3 was shown to be upregulated by c-

fos [291], a transcription factor that is activated by CREB [34], c-fos was observed to be

transiently upregulated by CAMP in our study (Appendix Figure 3.5C). Therefore, it

could be possible that CREB indirectly inhibits D1 transcription by upregulating C-fos

expression, which increases Sp3 expression and thereby represses Dl transcription.

While such transcriptional regulation could contribute to the upregulation of the D1

mRNA levels, it does not explain why the D1 protein level decreases. One possible

explanation could be posttranscriptional regulation of the D1 protein. microRNAs

(miRNAs), which mainly regulates mRNA by binding to the 3’-untranslated (3’-UTR)

regions of the mRNA to suppress translation [292], are potential candidates for the

reduced D1 protein level. A recent study suggested that expression of D1 can be

modulated by the miRNA miR-504 [293]. It is not known how miR-504 expression is

regulated. A possible scenario is that knock-down of the CREB activity is due to an

upregulation of the miR-504 levels by a yet unknown mechanism, and thereby leading to

down-regulation of the D1 protein level.
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5.2.4 Combining experiments and modeling to delineate signaling pathways involved

in regulating CREB and ATF4 activation of HepG2 cells

Previously, we showed that palmitate down-regulated CAMP [163, 177]. In contrast

to the down-regulation ofCAMP by palmitate, we observed that its downstream signaling

component, CREB, was activated by palmitate. Similarly, the activating transcription

factor 4 (ATF4), which also belongs to the CREB/ATP family transcription factors, was

elevated by palmitate. While CREB is predominantly anti-apoptotic, regulating the

transcription of anti-apoptotic genes such as BC12 [294, 295] and BCl-xL [296], prolonged

activation of ATF4 is considered pro-apoptotic, inducing C/EBP homologous protein

(CHOP, also known as GADD153), which is a major component of the endoplasmic

reticulum (ER) stress-mediated apoptotic pathway [297]. Therefore, the coordinated

regulation of CREB and ATF4 may exert an important role in cell fate determination.

Accordingly, an approach that integrates both experimental and modeling data may help

to delineate the signaling events involved and enhance our understanding of how

palmitate reduces CAMP levels while enhancing CREB activation and further explain

how CAMP synergizes with pahnitate to enhance cell death. While little is known about

the transcriptional regulation of ATF4, our preliminary results suggest that ATF4 may be

transcriptionally regulated by CREB and vice versa. A Boolean network model is

currently being developed to delineate the upstream pathways that lead to CREB and

ATF4 activation. Delineation of the upstream signaling network initiated by palmitate

that led to CREB and ATF4 activation may facilitate our understanding ofhow palmitate

activates both anti- and pro-apoptotic pathways to elicit a pro-apoptotic cell fate.
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5.3 Overall conclusions and impact

Taken together, 'the work in this thesis suggests that a combinatorial approach of

CAMP and MSCs for treating neuronal diseases, such as spinal cord injury, may be

appropriate since CAMP is able to guide MSCs to differentiate into neural lineage cells.

However, careful attention should also be paid to the fact that CAMP may also result in

undesirable effects, such as apoptosis of MSCs. In general, this study advances our

understanding regarding the potential of MSCs to differentiate into neural lineage cells

and obtain some neuronal function upon stimulation by CAMP. Although the neural

lineage differentiation ability ofMSCs is not the same as neural stem cells (NSCs), ESCs

or iPS cells, MSCs have their own advantages with respect to therapeutic applications.

For example, MSCs can be obtained more easily than NSCs and do not have the moral or

political issues associated with ESCs. They are also much safer for Clinical applications

than iPS cells, which are more likely to forr-n tumor and are quite different from ESCs in

many ways [298]. Therefore, a better understanding of MSCs is still necessary and could

potentially greatly advance the application of stem cells for Clinical applications.

Although current studies indicate that the ability of MSCs to repair neuronal damage

is mainly related to their ability to secrete growth factors, the ability of MSCs to

differentiate into neural lineage cells cannot be denied and would be beneficial to

promoting neuronal repair. As such, future work aimed at purifying subpopulations of

MSCs to obtain ones with higher ability to differentiate into neural lineages is desirable.

Therefore, our ongoing research is to use a multi-prong approach, including optimization

of induction media, modification of culture substrate and construction of models, to aid

the selection of a subpopulation of MSCs that may have higher neural induction
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efficiency. Obtaining an enriched cell source may advance the research regarding neural

lineage differentiation of MSCs and facilitate the therapeutic application of MSCs for

treating neuronal diseases.
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APPENDICES

APPENDIX 1. ISOLATION AND ENRICHMENT OF MSCS AND

SEPARATION OF SINGLE-COLONY DERIVED MSCS

This work has been published in Journal of Visualized Experiments

Zhang, L. and Chan, C. Isolation and enrichment of rat mesenchymal stem cells (MSCs)

and separation of single-colony derived MSCs. J Vis Exp. 2010 Mar 22;(37). pii: 1852.

doi: 10.3791/1852.

Abstract

MSCs are a population of adult stem cells that is a promising source for therapeutic

applications. These cells can be isolated from the bone marrow and can be easily

separated from the hematopoietic stem cells (HSCs) due to their plastic adherence. This

protocol describes how to isolate MSCs from rat femurs and tibias. The isolated cells

were further enriched against two MSCs surface markers CD54 and CD90 by magnetic

cell sorting. Expression of surface markers CD54 and CD90 were then confirmed by flow

cytometry analysis. HSC marker CD45 was also included to Check if the sorted MSCs

were depleted ofHSCs. MSCs are naturally quite heterogenous. There are subpopulations

of cells that have different shapes, proliferation and differentiation abilities. These

subpopulations all express the known MSCs markers and no unique marker has yet been

identified for the different subpopulations. Therefore, an alternative approach to separate

out the different subpopulations is using Cloning cylinders to separate out single-colony

derived cells. The cells derived from the single-colonies can then be cultured and

evaluated separately.

Protocol

1. Isolation of rat MSCs
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Mesenchymal stem cells were isolated from 6-8 week old Sprague-Dawley female rat

as previously described [152, 299]. Isolated MSCs can adhere to plastic surface and

easily expand during in vitro culture.

1.1 The animal is put into an anaesthesia Chamber and anaesthetized for around five

minutes. During the anaesthesia, the rate of blinking, breathing and motor activity of

the aminal is observed. Immediately after the animal stops motor activity and its

blinking rate became infrequent, remove the animal from the anaesthesia chamber.

1.2 The animal is layed down on an operation station and killed by cervical dislocation.

Femurs and tibias are cut off from the back limbs and the attached skin and muscles

are removed.

1.3 The dissected femurs and tibias are put in 70% isopropanol for a few seconds and

transferred to 1X D-PBS.

1.4 In a biosafety cabinet, the femurs and tibias are transferred to a 10 cm dish containing

DMEM. Each bone is then held with tweezers and the two ends are cut open with a

scissor. A 22G needle is attached to a 3ml syringe and filled with DMEM, then the

marrow is flushed into a 50ml tube by inserting the needle to one open end of the

bone. This is repeated 2~3 times for each bone. When all the marrows are obtained,

cells are resuspended and the cell suspension is passed through a 70 um cell strainer

to remove the bone debris and blood aggregates.

1.5 Cells are centrifuged at 200g, 4 °C for 5 minutes and the supernatant is removed by

aspiration. After that, cells are resuspended in 25 ml MSC medium (DMEM

containing 10% FBS and 1% Pen-Strep). 10 ml cell suspension is seeded into each 10
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cm culture dish for a total of two dishes. The culture dishes are kept in a 37 0C and

5% C02 incubator for l~2 weeks. Medium is Changed every 2~3 days.

. Enrichment of rat MSCs

A number of surface proteins have been used to enrich MSCs, including CD54, CD90,

CD73, CD105 and CD271 [107-109]. In this study, we used CD54 and CD90 as markers

to enrich MSCs by magnetic cell sorting.

2.1 When cells reached around 80% confluency, the medium is aspirated and 4~5ml

trypsin-EDTA is added to each dish. The dishes are put back to the incubator for

around 5 minutes to allow cell detachment. Once cells are detached, equal amount of

culture medium is added to inactivate trypsin. Cell suspension is collected into a 15

ml tube and centrifuged at 200g, 4 °C for 5 minutes.

2.2 The next steps describe how to enrich MSCs by two surface markers CD54 and CD90

according to the manual for cell separation using BD IMagnet. Cell pellet is

resuspended in cell staining buffer (3% heat inactivated FBS in 1X D-PBS) at 20

million cells/ml. Biotinylated CD54 antibody (0.25 pg per million cells) and

biotinylated CD90 antibody (0.15 pg per million cells) is added and mixed gently

with the cell suspension. After incubation on ice for 15 minutes, labeled cells are

washed with an excess volume of 1X BD IMag buffer. The labeled cells are spinned

down at 200g, 4 0C for 5 minutes.

2.3 The BD IMag streptavidin particles are vortexed thoroughly, and 40 [.11 particles are

added for every 10 million cells. The labled cells are mixed with the particles
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thoroughly and incubated at 6~12 0C for 30 minutes. This allows the streptavidin

particles to bind to the biotinylated anti-CD54 and anti-CD90, which is bound to the

surface proteins CD54 and CD90 respectively.

2.4 During the incubation time, a round-bottom test tube is labled to collect the positive

fraction. After incubation, the labeling volume is brought to 20 million cells/ml with

1X BD IMag buffer and the labeled cells are transferred to the positive-fiaction

collection tube. The positive-fraction tube is placed onto the BD IMagnet for 6

minutes. After that, the supernatant is removed with a glass Pasteur pipette with the

positive-fiaction tube still on the BD IMagnet.

2.5 The positive-fraction tube is removed from the BD IMagnet and placed on ice. lml

ice cold 1X BD IMag buffer is added to the tube and cells are resuspended by gentle

mixing. The tube is placed back onto the BD IMagnet for 24 minutes. The supemant

is removed with a new glass Pasteur pipette. This step is repeated one more time.

2.6 The tube is removed from the BD IMagnet and cells are resuspended in culture

medium. seed one 75cm2 flask for maintaining the cells and a 10 cm dish for flow

cytometry.

3. Verification of surface marker expression by flow cytometry

Flow cytometry analysis is performed to verify the cells we obtained express CD54

and CD90. The HSC marker CD45 is used to confirm that the MSCs are depleted of

HSCs.
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3.1 Cells are trypsinized with trypsin-EDTA when they become ~80%

confluent.,Trypsinized cells are collected into a 15 ml tube and centrifuged at 200g, 4

0C for 5 minutes to collect cells.

3.2 After aspirating the supernatant, cells are washed with 1X D-PBS once. Cells are then

resuspended in cell staining buffer (1X D-PBS containing 2% FBS and 0.05% sodium

azide) to a final concentration of 5~10 million cells/ml and kept on ice. Cell

suspension are aliquoted into six labeled tubes (1. cells only; 2. isotype control IgG2a;

3. Isotype control IgG]; 4. CD45; 5. CD54; 6. CD90), with 100 pl each tube.

3.3 Isotype controls and primary antibodies at appropriate concentrations (lgG2a and

IgG]: 20 pl per million cells; CD45: 0.5 pg per million cells; CD54: 0.25 pg per

million cells; CD90: 0.15 pg per million cells) are added to the cell suspension and

incubated at 4 0C for 30 minutes.

3.4 After washing cells with 1X D-PBS twice, they are resuspended in 100 pl cell

staining buffer. SA-PE (streptavidin- phycoerythrin, use 0.15 pg per million cells) is

added to every tube and the cell suspensions are incubated at 4 0C for 30 minutes in

dark.

3.5 Labeled cells are washed with 1X D-PBS twice and resuspended in 400 pl cell

staining buffer, and then transferred to a falcon tube for flow cytometry analysis.

4. Separation of single-colony derived MSCs
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MSCs is a heterogeneous population composed of different subpopulations with

different cell shape, growth rate as well as differentiation ability [281]. However, all the

subpopulations express the known MSC markers and therefore it is not feasible to use

markers to separate out these subpopulations. Therefore, we applied Cloning cylinders to

separate out the different subpopulations, which are colonies formed by single cells.

4.1 Cells are plated at about 50~100 cells per 10 cm dish and incubated in a 37 °C and

5% C02 incubator for l~2 weeks. During this period, colonies are examined with an

inverted microscope. Once the colonies have reached big enough size (better more

than 100 cells in each colony), the well isolated (no surrounding colonies) colonies

are marked with a sharpie at the bottom of the dish.

4.2 After aspirating medimn and washing with 1X D-PBS, sterile Cloning cylinders are

gently placed around the marked colonies. The picked colonies should be far away

from each other such that every Cloning cylinder only contains one colony.

4.3 A volume of 100 pl trypsin-EDTA is added to each Cloning cylinder and the dish is

put back to the incubator for ~5 minutes. After 5 minutes, cells are Checkecd under

the microscope to see whether they are rounding up. When the cells have lifted up, an

equal amount of culture medium is added to inactivate trypsin. The cell suspension

was then transferred to a 60 mm dish containing 3ml prewarrned culture medium.

Morphology can be trackedover the next few days.

Representative Results
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According to the protocol described in the part for rat MSCs isolation, plastic

adherent MSCs should be visible the next day after plating. As cells continue to

proliferate, the confluent cells should look like the cells shown in Appendix figure 1.1A.

When cells reach ~80% confluency (Appendix figure 1.1B), subculturing can be canied

out. During subculture, trypsin-EDTA was used to detach cells and lifted cells are small

and round as shown in Appendix figure 1.1C.

 

Appendix figure 1.1 Phase contrast images of rat MSCs. (A) Confluent MSCs. The

majority of cells are spindle-like or star-like. (B) MSCs around 80% confluency. (C)

Lifted cells after trypsinization are small and round.

Once MSCs are enriched by magnetic cell sorting, flow cytometry analysis is

performed to verify the surface marker expressions. If the enrichment is good, the cells

should show positive staining against MSC markers CD54 and CD90 but negative against

the HSC marker CD45 (Appendix figure 1.2). Isotype controls IgG2a and IgG] are used

as negative controls.

When cells are seeded at proper Clonal density, colonies should rise from single cells.

Appendix figure 1.3A represents a colony formed by a single cell. Cloning cylinders can

then be used to separate the colonies and cells derived from the colonies can be cultured

separately. Appendix figure 1.3B and 1.3C represents cells derived from two individual

colonies. The cells derived from colony 1 are spindle like (Appendix figure 1.3B)

whereas the cells derived from colony 2 are round (Appendix figure 1.3C).
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Appendix figure 1.2 Flow cytometry analysis of MSCs for surface markers. MSCs were

labeled with antibodies against IgG2a (isotype control 1), IgG] (isotype control 2), CD45,

CD54 and CD90. MSCs expressed CD54 and CD90 but not CD45.

 

Appendix figure 1.3 Colony formation by MSCs and single-colony derived cells. MSCs

cultured at Clonal density form individual colonies. These colonies can be separated by

Cloning cylinders and cells from different colonies can be cultured separately. (A) A

representative colony formed by MSCs when plated at clonal density. (B) Spindle-like

cells derived from one colony. (C) Round cells derived fiom another colony.

Discussion

This protocol describes how to isolate and enrich MSCs. A method to separate the

single-colony derived cells is also incorporated. There are several steps that are important

for a successful isolation, enrichment and colony separation. While doing cell isolation
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from rat, it is recommended to filter through a cell strainer or a sterile nylon mesh of

similar size to get rid of the blood Clots and bone debris. After plating the cells overnight,

many dead cells will be floating in the medium and the dead cells are removed by

replacing with fiesh medium which should help the growth of the attached cells.

The magnetic cell sorting in this protocol describes how to perform a positive

selection, and similar procedures can be used to perform a negative selection. The

amount of antibodies to be added may differ and optimization is required to achieve

better sorting. This is also true for labeling the cells for flow cytometry analysis. If not

running flow cytometry analysis for the labeled samples immediately, samples can be

fixed with 2% formaldehyde and run later. However, long-term storage is not

recommended since this tends to increase the auto-fluorescence and sacrifice sample

quality.

The key part for the colony separation is seeding at the right cell density (which

should be optimized experimentally) and locating single Clones that are not surrounded

by other clones. If there are other Clones nearby, the Cloning cylinder may encompass the

nearby Clones and the cells obtained will no longer be from one clone. When placing the

cloning cylinder over the Clone, also be careful not to slide it over the dish surface as this

will cause the silicon grease at the bottom of the Cloning cylinder to cover the cells and

prevent the trypsin from reaching the cells to detach them.
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Appendix Table 1.1 Specific reagents and equipment

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

     

Name of the reagent Company Catalogue number Comments

(optionaD

1X D-PBS Invitrogn 14040-133

DMEM Invitrogen 1 1885-084

Cell strainer BD Bioscience 352350

FBS Invitrogen 26140-079

Pen-Strep Invitrogen 1 5 140

Trypsin-EDTA Invitrogen 25200-056

BD Imagnet BD Bioscience 552311

Biotin mouse IgG2a BD Bioscience 555572

Biotin mouse IgGl BD Bioscience 555747

Biotin anti-rat CD54 Cedarlane Labs CL054B

Biotin anti-rat CD90 Cedarlane Labs CL005B

Biotin anti-rat CD45 Cedarlane Labs CL001B

BD Imag buffer BD Bioscience 552362

Round-bottom tube BD Bioscience 352063

Streptavidin particles BD Bioscience 557812

SA-PE R&D systems F0040

Cloning cylinder Sigma C2059
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APPENDIX 2. SUPPLEMENTARY METHODS AND FIGURES FOR

CHAPTER 2

Supplementary methods

Quantitative real time polymerase chain reaction (RT-PCR)

Cells were treated as indicated and mRNA was extracted using the RNA extraction kit

from Qiagen according to the manufacture’s instruction. mRNA was then reverse

transcribed into CDNA using the CDNA synthesis kit from Bio-Rad. The following

primer sets (Eurofins MWG Operon) were used for PCR: actin (5’-

CCCTAGACTTCGAGCAAGAGA-3’, 5’- AGGAAGGAAGGCTGG AAGAG-B’), NSE

(5’-ACCACATCAACAGCACCATC-3’, 5’-T'I‘GTTCTCAGTCCCATCCAA-3’), Tujl

(5’-TAGTGGAGAACACGGATGAGA-3 ’, 5’-GCAGACACAAGGTGGTTGAG-3 ’),

GFAP (5’-GCTCCAAGATGAAACCAACC-3 ’, 5’-AACCTTCCTCTCCAGATCCA-3 ’).

Amplification of the CDNA templates were detected by SYBR Green Supermix (Bio-Rad)

using Real-Time PCR Detection System (Bio-Rad). The cycle threshold (CT) values for

each condition were determined by the Mle software.

Colony-forming units (CFU) assay

CFU assay was used to assess the self-renewal capability of MSCs [300]. In brief,

50~100 cells were plated in a 10 cm culture dish and the dish is incubated in a 5% C02

incubator at 37°C for 10~14 days. Colonies were stained with 0.5% crystal violet (Sigma)

in methanol for 5~10 nrinutes at room temperature and the number of colonies were

scored with a scoring grid.
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Adipogenesis induction

Adipogenesis induction was carried out according to the protocol provided on the

Millipore website. Cells were induced with adipogenesis induction media (cell culture

media supplemented with 10 mM dexamethasone (Sigma), 0.5 M IBMX (Sigma), 10

mg/mL insulin (Sigma) and 20 mM indomethacin (Sigma)) after reaching confluency.

This corresponds to differentiation day 1. The induction media was changed on day 3 and

day 5. On day 7, the media was changed to adipogenesis maintenance media (cell culture

media containing 10 mg/mL insulin) for two days. On days 9, 11 and 13, the media was

replaced with fiesh adipogenesis induction media. On day 15, the media was replaced

with fresh adipogenesis maintenance media. On days 17 and 19, the media was replaced

with fi'esh adipogenesis induction media. On day 21, the cells were fixed and lipid

droplets were stained using Oil Red 0 solution (Sigma).

Osteogenesis induction

Osteogenesis induction was carried out according to the protocol provided on the

Millipore website. Confluent cells were induced with osteogenesis induction media (cell

culture media supplemented with 1 mM dexamethasone (Sigma), 0.1 M ascorbic acid 2-

phosphate (Sigma), 1 M glycerol 2-phosphate (Calbiochem) and 200 mM L-glutamine

(Sigma)). Media was Changed every two days for a total of 14 days. Calcium deposition

can then be visualized by Alizarin Red (Sigma) staining.

Oil Red 0 staining for lipid droplets
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Cells were fixed with 4% formaldehyde for 30 minutes at room temperature. After

carefully removing the fixative, the cells were rinsed three times with PBS, and twice

with DI water. The cells were then covered with enough Oil Red 0 solution and

incubated for 50 minutes at room temperature. Excess dye was removed and the cells

were rinsed three times with DI water. The cells stained with Oil Red 0 can be visualized

using phase contrast imaging (with a color camera).

Alizarin Red staining for calcium deposits

Cells were fixed with 70% ice cold ethanol for 1 hour. After carefully removing the

fixative, the cells were washed twice with DI water for 5~10 minutes each. Alizarin Red

solution was added to stain the cells for 30 minutes after removing the water. The cells

were rinsed four times with DI water before phase contrast imaging (with a color camera).

Supplementary Figures

 

Appendix figure 2.1 Self-renewal and multi-lineage differentiation ability of MSCs. (A)

Colony-forming units (CFU) assay indicates that MSCs can form colonies and have self-

renewal property. (B) Oil Red 0 staining for oil droplets indicates MSCs can differentiate

into adiocytes. (C) Alizarin Red staining for calcium deposit indicates MSCs can

differentiate into osteoblasts.

136



 
Appendix figure 2.2 Cytoskeleton staining for actin filaments and microtubules. MSCs

were treated with 10 pM forskolin and 100 pM IBMX (FI) for 1 hr. Green: microtubules;

red: actin filaments; blue: nucleus.

 
Appendix figure 2.3 Morphology of MSCs treated with staurosporine (1 pM) 1 hour. (A)

Microtubules, (B) Actin filaments, (C) Nucleus and (D) Overlaid image of (A-C).
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Appendix figure 2.4 Morphology of MSCs treated with 10 pM forskolin and 100 pM

IBMX (F1) for 12 hours. The cell denoted by the arrow head has changed

morphologically and lifted up from the surface. The cells denoted by the arrows are not

as anchored to the surface and eventually may lift up.
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Appendix figure 2.5 mRNA levels of neural markers NSE, Tujl and GFAP. MSCs were

in control media or induced with 10 pM forskolin and 100 pM IBMX (F1) for one day.

(n=3 for NSE and Tuj 1, n=2 for GFAP). *: p<0.05.
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Appendix figure 2.6 PKA regulates morphology and marker expression. (A) MSCs

induce with 10 pM forskolin and 100 pM IBMX (F1) for one hour. (B) MSCs pretreated

with 10 pM Rp—CAMPS for 30 minutes and induced with FI supplemented with 10 pM

Rp-CAMPS for 1 hour. (C) Expression of neural markers NSE, Tujl and GFAP. MSCs

Were treated with FI in the absence or presence of 10 pM Rp-CAMPS for 24 hours.

 
Appendix figure 2.7 Morphology of MSCs treated with FI and paclitaxel. (A)

Morphology of MSCs treated with 10 pM forskolin and 100 pM IBMX (F1) for 3 hours

followed by fresh Fl medium for 1 hour. (B) Morphology of MSCs treated with F1 in the

presence of 0.4 pM paclitaxel for 3 hours followed by fresh FI medium for 1 hour.
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Appendix figure 2.8 CAMP levels and live cells in different treatments (A) Intracellular

CAMP levels for untreated cells, or cells treated with 10 pM forskolin and 100 pM IBMX

(F1) for 0.5, l, 2 and 3 hours (FI pulse 1), or after the first pulse treated again with FI for

0.5, 1, 2 and 3 hours (FI pulse 2), or after the second pulse treated again with F1 for 0.5, 1,

2 and 3 hours. (B) Number of viable cells in control and F1 treated culture, in the absence

or presence of 1 pg/ml actinomycin D (ActD), 10 pg/ml cycloheximide (CHX) or 0.4 pM

paclitaxel (Ptx) for 3 hours followed by fresh FI medium for another 21 hours (n=3). *:

p<0.05, NS: not significant.
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APPENDIX 3. SUPPLEMENTARY FIGURES FOR CHAPTER 3
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Appendix figure 3.1 Evaluation of MSCs expressing Ml-CREB. (A) Expression of

CREB for MSCs expressing the control vector and MSCs expressing the dominant

negative Ml-CREB (Ml-MSCs). (B) Proliferation curves for MSCs and Ml-MSCs

during culture. (C) Colony formation ofMl-MSCs (expressing Ml-CREB).

503m 20]:m

Appendix figure 3.2 Time-dependent morphological Changes upon 10 pM forskolin and

100 pM IBMX (Fl) induction of MSCs (expressing control vector) and Ml-MSCS

(expressing Ml-CREB). (A-B) MSCs and Ml-MSCs in control medium (left: MSCs;

right: Ml-MSCs). (C-D) MSCs and Ml-MSCs induced with Fl for 2 days. (E-F) MSCs

and Ml-MSCs induced with Fl for 4 days. (G-H) MSCs and Ml-MSCs induced with F1

for 6 days. (I-J) MSCs and Ml-MSCs induced with FI for 8 days. (K) Magnified view of

Ml-MSCs induced with F1 for 8 days. Arrows denote a typical cell (Ml-MSCs) that

adopted a distinct morphology.
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Appendix figure 3.3 LDH release as indication of toxicity of treatment. Cells were

incubated in control media, media containing 5 pM forskolin and 50 pM IBMX (F5150),

10 pM forskolin and 100 pM IBMX (F101100), 20 pM forskolin and 200 pM IBMX

(FZOIZOO) and 40 pM forskolin and 400 pM IBMX (F4OI400) for 24 hours. NS: not

significant; **:p<0.01; ***: p<0.001.
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Appendix figure 3.4 CREB and G0/G1 phase cells. MSCs were transfected with the

control vector pCMV, the constitutively active CREB (VPl 6-CREB), the negative

control scramble siRNA and CREB siRNA. Transfected cells were incubated in medium

in the absence (ctrl) or presence of 10 pM forskolin and 100 pM IBMX (F1) for 20 hours

and cell cycle distribution was assessed after that (n=3). *: p<0.05; "z p<0.01.
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Appendix figure 3.5 D1 promoter and expression of ICER and C-fos. (A) Dl promoter

contains a CRE site and several Sp sites. (B) ICER expression upon 10 pM forskolin and

100 pM IBMX (F1) treatment for the indicated time. (C) C-fos expression upon FI

treatment for the indicated time. '
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APPENDIX 4. SUPPLEMENTARY FIGURES FOR CHAPTER 4

 
Appendix figure 4.1 Oil Red 0 staining for triglyceride. (A) cells treated with 0.7 mM

oleate for 5 h, (B) cells treated with 0.7 mM palmitate for 5 h, (C) cells treated with

0.7 mM oleate for 12 h, and (D) cells treated with 0.7 mM palmitate for 12 h.
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Appendix figure 4.2 Mitochondrial morphology. (A) control cells in medium/BSA, (B)

cells treated with 0.2 mM palmitate for 24 h, (C) cells treated with 0.4 mM palmitate for

24 h, (D) and cells treated with 0.7 mM palmitate for 24 h.
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Appendix figure 4.3 Western blot of mitochondrial and cytosolic fractions. Cells were in

control, 0.7 mM oleate and 0.7 mM palmitate in the absence or presence of 10 pM

forskolin and 100 pM IBMX (FI) for 24 h (n = 3).
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Appendix figure 4.4 Apoptotic and necrotic labeling by P1 (propidium iodide) and Alexa

Fluor-488 conjugated annexin V. Cells were in control (ctrl) and 0.7 mM palmitate (P)

without (w/o) or with (w/) 10 pM forskolin and 100 pM IBMX (F1) for 5 h and 12 h.

Early apoptotic cells: PI_ annexin V+ cells; late apoptotic cells: PIJr annexin V+ cells;

necrotic cells: PI+ annexin V— cells (n = 3).*: p < 0.05; "z p < 0.01.

\
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Appendix figure 4.5 Mitochondrial morphology of cells treated with 0.7 mM palmitate

for 12 h. (A) Some cells already had fragmented mitochondria, as indicated by the

arrowheads. (B) Some cell had both fragmented mitochondria and fragmented nucleus, as

indicated by the rectangle. (C) Enlargement of the rectangle area in panel B.
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Appendix figure 4.6 Mitochondrial superoxide levels. Cells were in control, 0.7 mM

oleate and 0.7 mM palmitate without (w/o) or with (w/) F1 for 24 h (n = 3). *: p < 0.05;

Shi‘-
. p < 0.01.
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