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Abstract
The intervertebral discs (IVD) contribute to structural stability of the spinal
column, attenuate the impact of compressive loads, and enable a wide spectrum of
motions. As a consequence of aging, the majority of the adult population experiences
painful symptoms associated with IVD degeneration – a condition characterized by
diminished integrity of tissue components. Current treatment options unfortunately
cannot restore IVD structure and function. At the present, an avenue of great interest
involves autologous or allogeneic cell delivery to the degenerated IVD. Induced
pluripotent stem cells (iPSCs) have demonstrated their capacity to differentiate into
various cell types. A posited strategy for regenerative medicine applications entails
deriving iPSCs from a patient’s own somatic cells and directing them toward a specific
lineage.
The overall objective of this study is to assess the potential of mouse iPSCs to
regenerate nucleus pulposus (NP) cells of the IVD. Previous work identified CD24 as an
NP marker, while recent data from our lab noted its expression in mouse iPSCs. The first
portion of this thesis employed magnetic activated cell sorting (MACS) to isolate a
CD24high iPSC population. Notochordal gene expression was analyzed in this
undifferentiated cell fraction via real time RT-PCR. Mouse iPSCs were then cultured in a
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laminin-rich 3D culture system for up to 28 days, and NP phenotype was assessed by
immunostaining.
The latter half of this work focused on producing a more conducive environment
for NP differentiation of mouse iPSCs. This involved the addition of low oxygen tension
and notochordal conditioned medium (NCCM) to the culture platform. Mouse iPSCs
were evaluated for ability to adopt an NP-like phenotype through a combination of
immunostaining and biochemical assays. Furthermore, they were compared to NIH 3T3
mouse embryonic fibroblasts cultured under the same conditions.
Results demonstrated that a CD24high fraction of mouse iPSCs could be
successfully retrieved and differentiated into a population that could synthesize matrix
components similar to that in native NP. Likewise, the addition of hypoxia and NCCM
generated similar phenotypic results. 3T3 fibroblasts unexpectedly exhibited
transdifferentiation potential as well. Altogether, these studies conclude that mouse
iPSCs do have potential to differentiate into NP-like cells and may be applied to future
cell-based therapies for restoration of the degenerated IVD.
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1. Introduction
In a healthy intervertebral disc (IVD), organized lamellar collagen rings of the
annulus fibrosus (AF) enclose the hydrated, proteoglycan-rich nucleus pulposus (NP),
while cartilaginous endplates (CEPs) in contact with adjacent vertebrae orchestrate
nutrient and waste exchange (1, 2). This distinct architecture gives the spine versatility in
motion and cushioning from compressive stresses (3). However, these normal functions
often become compromised with aging due to resulting structural alterations that
impede diffusive transport and extracellular matrix (ECM) synthesis – processes crucial
to IVD maintenance (4).
Disc degeneration has been cited as a key contributor to lower back pain, which
is a physical condition affecting over 80% of adults and responsible for a socioeconomic
toll of $100 billion annually in the United States alone (5, 6). These staggering
consequences prompt a better understanding of the mechanisms governing IVD
pathology, and more importantly, to devise strategies that stimulate its repair.
While conventional treatments may alleviate symptoms, they neither inhibit nor
reverse the damage. Cell-based tissue engineering has thereby emerged as a promising
tool for restoring IVD structure and function. A number of studies focus on replenishing
the dehydrated NP – a prominent indicator of disc degeneration. Autologous disc
chondrocytes have been expanded ex vivo and then re-implanted (7). However, this
option seems limited by phenotypic differences arising in diseased tissue (8-11) and the
1

inherently small NP cell population. Other autologous sources evaluated include bone
marrow mesenchymal stem cells (MSCs) and adipose stem cells (ASCs), which are often
employed in co-culture systems with NP cells (12-14). Nevertheless, identifying
additional cell sources conducive for NP regeneration remains of interest.
Induced pluripotent stem cells (iPSCs) hold great potential for regenerative
medicine, with their embryonic stem cell (ESC)-like state conferred via forced expression
of several transcription factors. My work entails determining whether mouse iPSCs can
adopt an immature NP-like phenotype. I first evaluate the outcomes of sorting iPSCs
with CD24 – a biomarker expressed by the NP, but not by the AF (15) – to determine
whether it can yield an enriched fraction more suitable for NP regeneration. I then
analyze whether incorporating other factors, such as hypoxic conditions and
notochordal conditioned medium (NCCM), in a laminin-rich, 3D culture system will
also direct iPSCs toward an NP-like fate.

1.1 The Intervertebral Disc
The intervertebral discs (IVDs) – 25 in all – lie nestled between adjacent vertebrae
of the spinal column (3). They exhibit size variations, with the largest ones residing
within the lumbar region (16). These structures assume a biomechanical role in the body,
enabling a liberal range of movement and distributing the substantial forces imparted by
body weight and physical exertion. The IVD is notably an avascular tissue, with blood
supply limited to its fringes, and also remains sparsely innervated (17). Though
2

relatively few in number, cell populations do exist in the IVD and are primarily
responsible for extracellular matrix (ECM) production, which confers stability to the
whole tissue (18). The IVD consists of three distinct parts: cartilaginous endplates (CEP),
annulus fibrosus (AF), and nucleus pulposus (NP).

Figure 1: The IVD, consisting of the vertebral endplate, annulus fibrosus, and
nucleus pulposus, is sandwiched between two vertebrae of the spine. Left and right:
MRI and gross images respectively highlight the defined regions in a normal disc.
Adapted from (2, 19).
The CEP, a thin layer of hyaline cartilage, delineates the boundary between
vertebrae and IVD. Akin to a semipermeable membrane, its primary task entails
facilitating effective nutrient transport and waste removal throughout the disc (3, 20, 21).
This is made feasible by the vascular network present in the CEP, which stems from
neighboring vertebrae and extends to the periphery of the AF.
As the IVD’s outer tissue layer, the AF provides a barrier from the pressurized
NP. This structure predominantly consists of collagen fibers (largely collagen I) arranged
3

in a lamellar fashion (22). The concentric rings experience a shift in orientation, density,
and organization as they approach the NP region, exhibiting smaller angles relative to
the spine (62o to 45o), less-packed fibers, and greater disorganization (22, 23). Cell
populations within the AF vary by location. Those found at the outer margins have
fibroblast morphology, whereas the ones near the center are primarily rounded
chondrocytes (24).
The NP forms the central core of the IVD and acts as its shock absorber. It is
characterized by a well-hydrated, gelatinous structure heavily composed of
proteoglycans (mostly aggrecans), and to a lesser extent, randomly oriented collagen
(mostly collagen II) and elastin fibers (25, 26). This retention capability can be attributed
to hydrophilic glycosaminoglycans (a subset of proteoglycans), which cause the NP to
swell and imbue it with the capacity to withstand compression (4). The young NP also
contains both chondrocyte and notochordal cell types; the latter tend to be more
sizeable, possess an extensive cytoskeletal network, and are highly vacuolated (27). With
NP maturation, chondrocytic cells eventually supplant the notochordal cell population.

1.2 Disc Degeneration
As a consequence of aging, the IVD experiences tremendous shifts in structural
organization (28, 29). Degeneration often first manifests in the NP and is characterized
by diminished proteoglycan content (30) and a fibrous physical appearance (31). The
desiccated NP gradually loses its ability to dissipate mechanical loads, which thereby
4

imparts greater stresses on the AF that may cause a bulge, rupture, or even herniation
(32). Moreover, structural disarray can lead to nerve penetration into the NP space –
another cause of painful sensations (33).
IVD pathology may also be attributed to the calcification of CEPs with advanced
age; this situation impedes nutrition and waste diffusion, thus compromising tissue
health in this largely avascular structure (3). Other exacerbating factors may include the
presence of degradative enzymes within the disc space, fixed postures, loading stresses,
and exposure to substantial vibrations (10, 34, 35).

Figure 2: Comparison of a normal disc (left) and degenerated disc (right) from
the lumbar region of the spine. Disease progression leads to a disorganized AF and a
dehydrated NP. Figure reprinted from Biomed Central (36).
Current treatment modalities offer transient pain relief to the individual but do
not halt or reverse degeneration. Discectomy involves the surgical removal of herniated
IVD portions. However, such alterations to disc structure may actually perpetuate
degeneration (18). Another strategy, spinal fusion, entails joining two spinal vertebrae to
restrict motion in the affected area. This does not guarantee that other discs will remain
5

in healthy shape and even compounds the stresses imposed on them (37). Finally, disc
replacement entails partial or complete substitution for the diseased region with a
biomaterial-based implant. A prosthetic disc nucleus may be inserted for reinforcement,
with a hydrogel core designed to mimic normal NP swelling behavior (38). More severe
cases merit a total replacement, and this usually consists of a metal-biomaterial hybrid
(39-41). Unfortunately, these devices may succumb to biocompatibility issues and cannot
fully restore the IVD’s normal spectrum of motion. Consequently, there remains an
imminent need to develop strategies with outcomes of IVD reparation rather than
merely symptom attenuation.

1.3 Nucleus Pulposus Restoration
As previously mentioned, the earliest evidence of IVD degeneration typically
appears in the NP. Cell-based tissue engineering remains an attractive approach,
entailing the use of autologous or allogeneic sources to restore native tissue’s structure
and function. Current work focuses on recapitulating the environment conducive to NP
cell regeneration. Ultimately, it is of interest to transplant these cells into the damaged
disc for restorative purposes.
In earlier work, Okuma et al. discovered that NP cells cultured with AF cells
subsequently hamper disc pathology upon transplantation into rabbit spines (42).
Another rabbit model-based study showed that inserting an allograft of intact NP staved
off degeneration more effectively than simply using NP cells (43). Sun et al. devised an
6

in vitro culture system, in which both rabbit and sheep NP cells cultivated on type II
collagen-coated filter inserts produced tissue reminiscent of native NP (44).
Scaffolds have also been employed to facilitate cell adoption toward an NP fate.
Seguin and co-workers cultured bovine NP cells on calcium polyphosphate surfaces,
noting similar proteoglycan quantities and mechanical strength to that of native tissue
(45). Furthermore, Richardson et al. employed chitosan-glycerophosphate hydrogels to
induce bone marrow mesenchymal stem cell (MSC) differentiation toward a phenotype
resembling the NP (46).
Another strategy pursued by various research groups involves co-culturing NP
cells with bone marrow MSCs (47-50). Yamamoto et al. found that cultivating these cell
types in contact with each other upregulated the proliferative capacity and matrix
synthesis of NP cells (51). In a later study, Allon et al. observed bilaminar pellet
formation, with NP cells encapsulating MSCs (12). This system recreated a high
pressure, hypoxic interior that might enhance MSC differentiation into NP cells. Followup evaluation in a rat model indicated preservation of disc height and good retention of
the bilaminar pellets (52).
Though less extensively used than MSCs, adipose stem cells (ASCs) offer another
potential therapeutic source. Li et al. showed that alginate bead-encapsulated rabbit
ASCs co-cultured with NP cells markedly increased expression of type II collagen and
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aggrecan (14). Another study demonstrated that ASC exposure to chondrogenic stimuli
from NP cells during co-culture predisposed them to an NP-like cell type (13).
Gorensek and colleagues applied the method of autologous chondrocyte
transplantation, whereby they took bits of elastic cartilage from rabbit ears and cultured
the extracted chondrocytes in vitro (53). These cells were inserted into rabbit lumbar NP
regions. The formation of hyaline-like cartilage was noted, which the author’s deemed a
reasonable NP substitution, as it also consists largely of type II collagen and
proteoglycans (though at somewhat different ratios than native NP).
Most recently, Pei et al. created decellularized extracellular matrices from NP
cells and synovium-derived stem cells (SDSCs) and imposed hypoxic conditions to
stimulate SDSCs toward an NP-like phenotype (54).
As evident from the aforementioned works, characterization remains
intrinsically difficult due to a paucity of definitive NP markers. Positive preliminary
findings nevertheless affirm cell-based tissue engineering as a feasible approach for
restoring degenerated NP tissue.

8

1.4 Induced Pluripotent Stem Cells in Regenerative Medicine
In 2006, Takahashi and Yamanaka demonstrated that mouse embryonic
fibroblasts could be reprogrammed into pluripotent stem cells via retroviral transfection
of four transcription factors: Oct3/4, Sox2, c-Myc, and Klf4 (55). This was subsequently
proven feasible in fibroblasts from humans (56), rhesus monkeys (57), pigs (58), and rats
(59). Induced pluripotent stem cells (iPSCs) resemble embryonic stem cells (ESCs)
functionally, differentiating into cells from all three germ layers – ectoderm, endoderm,
and mesoderm. Their inception has opened up a new frontier for cell-based therapies.
iPSCs alleviate ethical concerns tied to usage of ESCs, in addition to representing a
possible autologous source for individualized treatments.
Dimos et al. produced patient-specific iPSCs from skin fibroblasts of an elderly
woman suffering from amyotrophic lateral sclerosis (ALS) and differentiated them into
motor neurons (60). Disease did not preclude obtaining such a cell population, which,
after defect correction, could likely be used to replenish the patient’s damaged cells. A
number of other studies likewise reported the generation of iPSC-derived neurons (6164).
Various groups have differentiated iPSCs from mouse and human sources into
functional cardiomyocytes in vitro (65-69). Nelson and co-workers took this a step
further by transplanting mouse iPSCs into murine models for myocardial infarction.
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They noted that the damaged cardiac tissue’s structural integrity and contractile
properties were restored (70).
Gai et al. also demonstrated that human iPSCs could adopt a hepatic fate (69).
The resulting cells expressed hepatocyte markers, and following three weeks in culture,
exhibited liver-specific functions. Furthermore, Zhang and co-workers established a
differentiation protocol for obtaining insulin-producing pancreatic cells in vitro (71).
iPSCs can also be directed toward the hematopoietic cell lineage, as shown in various
studies (72-74). Hanna et al. incorporated iPSCs into a murine model for sickle cell
anemia and observed that symptoms normally associated with the disease subsided (75).
Finally, retinal pigment epithelial cells have also been derived from iPSCs (76-78).
The aforementioned studies merely represent a fraction of the potential
applications for iPSCs. Indeed, they constitute an invaluable resource for elucidating
disease mechanisms and for repairing damaged portions of the body. My work thereby
focuses on evaluating iPSC differentiation into NP cells of the IVD. To my knowledge,
no published studies have undertaken this endeavor.

10

Figure 3: Schematic of iPSC-based autologous cell therapy in regenerative
medicine. A patient’s own cells are cultured in vitro, converted into iPSCs,
differentiated into the cell type of interest, and re-implanted back into the individual
for therapeutic benefit.
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2. CD24-Enriched Mouse iPSCs for NP Differentiation
2.1 Introduction
Within a heterogeneous cell population, it may be of interest to further examine a
sub-fraction. Cell sorting enables the separation of particles via physical and/or chemical
properties. Two prevalent strategies include fluorescence activated cell sorting (FACS)
and magnetic activated cell sorting (MACS). Briefly, cells are labeled using specific
antibodies conjugated to fluorescent dye or magnetic beads respectively. FACS entails
the optical detection of individual cells, with those satisfying the selection parameters
subjected to an electrical charge that channels them to a different machine compartment
(79). On the other hand, MACS relies on a strong magnetic field for retention and
retrieval of an enriched fraction (80).
The effectiveness of cell sorting largely hinges on selecting distinct biomarkers
that will allow for isolation of cell populations with promising therapeutic benefit. A
noteworthy example is heat-stable antigen CD24 – a surface adhesion protein expressed
on diverse cell types, including T cells (81-83), B cells (84, 85), dendritic cells (86, 87),
neutrophils (88), keratinocytes (89, 90), epithelial stem cells (91, 92), neural cells (93),
muscle cells (94), and tumor cells (95-98). CD24 consists of a small protein core ranging
from 27 to 30 amino acids and relies on a glycosyl phosphatidylinositol for anchoring
purposes. It tends to express more highly in progenitor cells and metabolically active
cells (99). Regarding function, this small glycoprotein has been implicated in the
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following processes: activation (100), differentiation (101), proliferation (81, 102), and
apoptosis (103).
Prior work demonstrates that unique cell populations may be isolated through
CD24 sorting. An early study selected for primary murine hematopoietic stem cells that
had undergone successful gene transfer using CD24, which had been incorporated into
the retroviral vectors (104). Shackleton et al. extracted a Lin-CD29highCD24+ fraction of
murine mammary stem cells and discovered that one cell from this pool could generate
a full mammary gland in vivo (105). A follow-up manuscript characterized mammary
stem cells as CD24medCD49fhigh and mammary progenitors as CD24highCD24flow (92).
Different combinations of CD15, CD29, and CD24 yielded three distinct neural lineage
cells from human ESCs: neural stem cells (CD15+/CD29high/CD24low), neural
crest/mesenchymal (CD15-/CD29high/CD24low), and neuroblasts/neurons (CD15/CD29low/CD24high) (93). Furthermore, the CD24-enriched group was noted for its high
purity of neuronal cells. Von Furstenberg et al. demonstrated that CD24-negative
murine jejunal epithelial cells resulted in a population of intestinal stem cells, which is
intrinsically difficult to obtain (91). CD24 sorting also revealed a group of cells in mouse
livers predisposed to adopting the hepatocyte fate (106). More recently, human ESCderived PDX1-positive pancreatic progenitor cells expressing CD24 were shown to
produce insulin, whereas their CD24-negative counterparts could not (107).
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Regarding CD24’s relevance to the IVD, Fujita et al. observed that it expressed in
the NP, but not in the AF (15). Recent data from our lab also identified CD24 as an iPSC
marker (108). Hence, I hypothesized that CD24 enrichment of iPSCs could enhance their
differentiation capacity into NP-like cells. By employing MACS, I evaluated the gene
expression profiles of CD24-sorted mouse iPSCs and aimed to direct them toward an
immature NP phenotype through a 3D culture system.

2.2 Materials and Methods

Figure 4: General experimental overview.

2.2.1 iPSC Derivation and Characterization
Using a lentiviral gene delivery system, primary mouse embryonic fibroblasts
(PMEFs) were stably transduced with a poly-cystronic vector containing the inducible
promoter Tet-On, which controlled expression of the four transcription factors: Oct4,
Sox2, Klf4, and Myc. Reverse Tetracyline Transactivator (M2rtTA) and Doxycycline
induced transgene expression. The fibroblasts were then plated on a feeder layer of
14

mitotically inactivated MEFs and culture in Dulbecco’s Modified Eagle Medium
(Invitrogen) with 20% FBS, 1000u/ml Leukemia Inhibitory Factor, and 1 mg/ml
Doxycycline. From these reprogrammed mouse iPSCs, colonies were selected clonally
and cultured 14 to 21 days following transgene induction. Doxycycline was
subsequently removed upon colony derivation. Mouse iPSCs were characterized via
immunostaining and RT-PCR analysis of pluripotency markers, in addition to embryoid
body formation and differentiation into various cell lineages. MSC and NP-related
biomarkers were also analyzed through flow cytometry. Dr. Nicolas Christoforou and
Ms. Liufang Jing carried out the procedures described in this section.

2.2.2 Cell Culture
P3 CF-1-strain PMEFs (Millipore, Temecula, CA) were twice-passaged and
seeded at a density of 30,000 cells/cm2 onto 0.1% gelatin-coated T75 tissue culture
polystyrene (TCPS) flasks and cultured at 37°C and 5% CO2 in high glucose Dulbecco’s
Modified Eagle Medium (Invitrogen) supplemented with 10% Fetal Bovine Serum
(HyClone, Logan, UT), L-glutamine, sodium pyruvate, non-essential amino acids,
gentamicin and 2-mercaptoethanol (all from Invitrogen, Carlsbad, CA) at 37°C and 5%
CO2. Upon reaching confluency after 1 to 2 days in culture, the feeder layers were
treated with mitomycin-C (Sigma, St. Louis, MO) for two hours. Mouse iPSCs were
subsequently seeded at a density of 20,000 cells/cm2 and expanded for 2 to 3 days in high
glucose Dulbecco’s Modified Eagle Medium (Invitrogen) supplemented with 20% Fetal
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Bovine Serum (HyClone), L-glutamine, sodium pyruvate, non-essential amino acids,
gentamicine and 2-mercaptoethanol (all from Invitrogen) and 1000u/mL Leukemia
Inhibitory Factor (Millipore). Medium was changed daily.

2.2.3 Magnetic Activated Cell Sorting (MACS)
Freshly trypsinized (0.05% Trypsin/EDTA; Invitrogen) mouse iPSCs were
partitioned 10x106 cells per 1.5 mL Eppendorf tube. They were suspended in incubation
buffer (1X DPBS without Ca2+ and Mg2+, 0.5% BSA) and rat anti-mouse CD24-FITC (BD
Pharmingen, San Diego, CA) for an hour. Additionally, an isotype control sample of
500,000 cells was mixed with incubation buffer and rat IgG2b-FITC (AbD Serotec,
Kidlington, UK) for the same duration. After centrifugation (600 rcf, 6 minutes) and
supernatant removal, iPSCs were washed and re-suspended in labeling buffer (1X DPBS
without Ca2+ and Mg2+, 0.5% BSA, 2 mM EDTA) and anti-FITC microbeads (Miltenyi
Biotec, Bergisch Gladbach, Germany) for 30 minutes.
The MiniMACS kit (Miltenyi Biotec) was used to sort for CD24-positive cells. A
MiniMACSTM separator was affixed to the MultiStand, followed by placement of the
MACS column in between the separator’s magnetic field. This column was rinsed with
separation buffer before loading of the iPSC suspension. Three flushes with separation
buffer (1X DPBS without Ca2+ and Mg2+, 0.5% BSA, 2 mM EDTA, degassed) resulted in
the collection of a flow-through volume consisting of unlabeled cells. Meanwhile,
magnetically labeled cells were retained on the MACS column and subsequently eluted
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via a plunger. The aforementioned fractions, along with an unsorted sample, were
analyzed on an Accuri C6 flow cytometer (Accuri, Ann Arbor, MI) for comparison of
their respective CD24-positive populations. The sorted populations were henceforth
denoted CD24high (labeled) and CD24low (unlabeled).

2.2.4 Real Time RT-PCR
2.2.4.1 RNA Isolation
RNA extraction from unsorted, CD24high and CD24low samples (roughly 2x105
cells per sample) was performed using the RNeasy Mini kit (Qiagen). Cells were first
suspended in RLT cell lysis buffer, composed of 10 μL β-mercaptoethanol (Invitrogen)
per 1 mL Buffer RLT. They were then applied to a shredder column and centrifuged for
2 minutes at 13,000 rpm. The precipitated RNA was bound to an RNeasy mini spin
column through the addition of 70% ethanol. In between washes with Buffer RW1, a
solution (10 μL DNase I and 70 μL Buffer RDD) was used to digest DNases in the
samples. The procedure continued with two washes in RPE Buffer, followed by a dry
spin to remove any lingering traces of reagents. Finally, the RNA in each sample was
twice eluted using 25 μL of RNase-free water and centrifuged at 13,000 rpm for 1 minute
and 2 minutes, respectively. RNA concentration was measured on a NanoDrop
spectrophotometer (Thermo Scientific, Wilmington, DE). The samples were stored at 80°C until use.
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2.2.4.2 RT-PCR
The iScript cDNA Synthesis kit (Bio-Rad, Hercules, CA) was employed for
reverse transcription of unsorted, CD24high and CD24low–derived RNA. 5X iScriptTM
reaction mix, iScriptTM reverse transcriptase, and nuclease-free water (all from kit) were
combined together and mixed thoroughly. After dividing equivalent amounts of this
mixture into PCR tubes, 800 ng of unsorted, CD24high or CD24low RNA was added to each
80μL reaction for a final cDNA concentration of 10 ng/μL. The cycling protocol followed
vendor’s guidelines: 5 minutes at 25°C, 30 minutes at 42°C, 5 minutes at 85°C, and hold
at 4°C.
2.2.4.3 Real Time PCR
2X Taqman PCR Master Mix (Applied Biosystems, Foster City, CA), Taqman
gene expression assay probe/primers (Applied Biosystems) for notochordal markers
(Noto, Noggin, Foxa2, Shh), and UltraPure distilled H2O (Invitrogen) were combined
and distributed amongst PCR tubes. 20 ng cDNA from unsorted, CD24high and CD24low
samples (n=2) were then dispensed for each probe/primer, and amplification was
performed on a Bio-Rad iCycler (Bio-Rad). Samples were averaged and analyzed with
respect to the beta-2-microglobulin (B2M) housekeeping gene (Applied Biosystems). The
relative mRNA levels were normalized to the unsorted fraction.

2.2.5 Cell Differentiation in 3D Culture System
Matrigel (BD Biosciences, San Jose, CA) was thawed overnight at 4°C, coated
onto 6.5 mm diameter Costar Transwell inserts (Corning, Corning, NY) at 60 μL each,
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and let set at 37°C for 2 hours. Immediately after MACS, CD24high and CD24low mouse
iPSCs were seeded 1x106 cells per Transwell (n=3) arranged in a 24-well plate. They were
cultured under normoxic conditions in NP differentiation medium: Dulbecco’s Modified
Eagle Medium/Ham’s F-12 Nutrient Broth with 15 mM HEPES, L-glutamine, and
pyridoxine hydrochloride (1:1, v/v; Invitrogen), in addition to L-ascorbic acid-2phosphate (sterilized using a 0.22 μm filter; Sigma), non-essential amino acids, insulin
transferrin-selenium and penicillin-streptomycin (all from Invitrogen). Medium both
outside and inside the Transwells was changed biweekly for the duration of cell pellet
culture (Figure 5).

Figure 5: Transwell setup for mouse iPSCs in NP differentiation experiment.

2.2.6 Histology
Cell constructs from the Transwells were harvested at the following time points:
14 days and 28 days. They were embedded in Optimal Cutting Temperature (OCT)
compound (Sakura Finetek USA, Torrance, CA), flash frozen, and stored at -80°C. A
Leica CM1850 cryostat (Leica Microsystems, Wetzlar, Germany) was used to generate
7μm sections, which were transferred onto Superfrost Plus microscope slides (Fisher
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Scientific, Waltham, MA). Prior to staining, all slides were air dried for at least 30
minutes at room temperature. Post-staining, they were overlaid with glass coverslips
(VWR, Radnor, PA) using ClearMount Mounting solution (Sigma). Samples were stored
at either room temperature or -20°C and visualized on an Eclipse E600 POL fluorescent
microscope (Nikon, Tokyo, Japan) or on an LSM 510 confocal microscope (Zeiss,
Oberkochen, Germany), respectively.
2.2.6.1 Hematoxylin Eosin (H&E)
Slides were fixed with 10% formalin (Azer Scientific, Morgantown, PA), stained
with Mayer’s hematoxylin solution (Sigma), and immersed in an eosin Y counterstain
solution with traces of glacial acetic acid. A series of washes in 95% ethyl alcohol (VWR),
100% ethyl alcohol (VWR), and xylene substitute (Sigma) then followed.
2.2.6.2 Safranin O
Samples were fixed with 10% formalin and stained with Mayer’s hematoxylin
solution (Sigma). They underwent 10 dips in a 1% lithium carbonate solution
(Mallinckrodt) and five dips in a 0.1% Safranin O solution (Sigma). The procedure
concluded with a series of 95% ethyl alcohol (VWR), 100% ethyl alcohol (VWR), and
xylene substitute (Sigma) clearing steps.
2.2.6.3 Type II Collagen
The HistoStain Plus Broad Spectrum staining kit (Invitrogen), consisting of
Reagents A, B, C and D, was used to elucidate the presence of collagen II. Slides were
fixed in 10% formalin (Azer Scientific), quenched for two minutes in peroxo-block
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solution (Invitrogen), and digested with pepsin solution (Invitrogen) for five minutes.
The samples were covered with blocking serum (Reagent A) for 30 minutes in 4°C. Then
they underwent an incubation period of 2 hours with primary antibody II-II6B3
(Developmental Studies Hybridoma Bank, Iowa City, IA) or negative control (Reagent
A). Afterwards, the secondary antibody (Reagent B), enzyme conjugate (Reagent C), and
substance chromagen mixture (Reagent D) were applied sequentially at room
temperature. Between each reagent, the samples were rinsed in 1X PBS (Calbiochem, La
Jolla, CA) or deionized H2O for 5 minutes. Lastly, the slides were counterstained with
Mayer’s hematoxylin (Sigma).
2.2.6.4 Other Pertinent Cell Markers
Samples were fixed for 10 minutes in 4% paraformaldehyde (diluted with 1X PBS
from 16% stock; Electron Microscopy Sciences, Hatfield, PA), permeabilized for 15
minutes with 0.2% Triton X-100/PBS (Sigma), and blocked for 30 minutes with a mixture
of 10% normal goat serum and bovine serum albumin fraction V (both from Invitrogen).
They were incubated overnight at 4°C with primary antibodies (1:100 dilution) or
appropriate isotype controls, as listed in Table 1. This was followed by incubation with
AlexaFluor488 secondary antibodies (1:400 dilution; Invitrogen) for 30 minutes and
staining of cell nuclei with propidium iodide (1:3 dilution; Invitrogen) for 15 minutes.
Between each step, slides were subject to 5-minute washes in 1X PBS (Calbiochem).
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Table 1: Pertinent cell markers for NP phenotype analysis. Ms: mouse, Hu:
human, Rb: rabbit.
Antibody

Vendor

Host/type

Type II collagen

DSHB
(II-II6B3)
Santa Cruz
(sc-373717)
Millipore
(MAB3228)
Santa Cruz
(sc-20145)
Santa Cruz
(sc-7652)
Epitomics
(3706-1)
abcam
(ab18203)
R&D Systems
(AF2787)
BD Biosciences
(555734)
Chemicon
(ab1922)

Ms/monoclonal

Vimentin
Cytokeratin-8
Laminin α-5
Laminin γ-2
Lu (CD239)
N-cadherin
Integrin α3
(CD49c)
Integrin α6
(CD49f)
Integrin β4
(CD104)

Ms/monoclonal

Crossreactivity
Broad,
Xenopus
Ms, rat, hu

Isotype
control
N/A
Ms IgG1

Ms/monoclonal

Ms, rat, hu

Ms IgG1

Rb/polyclonal

Ms, rat, hu

N/A

Goat/polyclonal

Ms, rat, hu

N/A

Rb/monoclonal

Ms, rat, hu

Rb IgG

Rb/polyclonal

Ms, rat, hu

N/A

Goat/polyclonal

Ms

N/A

Rat/monoclonal

Ms, dog, pig

Rat IgG2a

Rb/polyclonal

Ms, rat, hu

N/A

2.3 Results
2.3.1 iPSC Derivation and Characterization
Immunostaining confirmed successful reprogramming of mouse embryonic
fibroblasts (Figure 6).
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Figure 6: Pluripotency markers expressed in derived mouse iPSC colonies.
Nuclei counterstained with DAPI. Scale bar: 20 μm. Courtesy of Dr. Nicolas
Christoforou.
Various cell surface markers associated with MSCs and NP cells were analyzed
in mouse iPSCs by flow cytometry. Positive markers are listed in Table 2. Mouse iPSCs
did not express CD34, CD45, CD90, CD31, and CD104.
Table 2: Cell marker expression in undifferentiated mouse iPSCs. Courtesy of
Ms. Liufang Jing.
Marker
CD24

% Positive Cells
17

Associated with
NP

Reference
(15)

CD54

54

MSC, NP

(109, 110)

CD49c

22

MSC, NP

(111, 112)

CD49e

32

MSC

(111, 113)

CD49f

27

MSC, NP

(111, 114)

CD29

81

MSC

(113, 115)
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2.3.2 Cell Culture
PMEF feeder layers were mitotically inactivated upon confluence and seeded
with mouse iPSCs, which formed many round colonies (Figure 7). After proliferating for
approximately 2 days in culture, cells were ready to be passaged. Healthy colonies were
mostly free of debris (characterized by floating cells in the culture medium and browntinted specks).

Figure 7: Mouse iPSC colonies cultured on a PMEF feeder layer. Scale bar: 100
μm. Courtesy of Ms. Liufang Jing.

2.3.3 Magnetic Activated Cell Sorting (MACS)
The cell fractions obtained from MACS were quantified by flow cytometry.
Following selection with CD24, undifferentiated mouse iPSCs exhibited a roughly fivefold enrichment (Figure 8).
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Figure 8: iPSCs incubated with CD24 antibody and magnetic beads were
passed through a MACS column, yielding two sub-fractions. Flow cytometry analysis
was performed using small volumes of each sample. The gated readouts represent the
percentage of CD24-expressing cells.

2.3.4 Real Time RT-PCR
Changes in notochordal marker expression are presented in Table 3. Noto,
Noggin, Foxa2, and Shh were consistently upregulated in the CD24high cell population
(Figure 9).
Table 3: Target genes and their corresponding Ct values (Ct = Target Ct B2M Ct ). Values represent the mean of all real time RT-PCR replicates for unsorted,
CD24low, and CD24high samples (all n=2). Unsorted values are subtracted from CD24low
and CD24high values to generate Ct and fold-difference.
Sample Noto Noggin Foxa2 Shh
Unsorted 12.5
4.44
3.61
9.88
low
CD24
12.08
4.64
3.31 11.28
CD24high 9.59
3.41
0.74
7.1
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Figure 9: Relative mRNA levels in three undifferentiated iPSC populations for
notochordal markers: (A) Noto, (B) Noggin, (C) Foxa2, (D) Shh. Data (mean of 2

independent experiments) was expressed as fold-difference (2- Ct) between CD24high
or CD24low and unsorted samples.

2.3.5 Cell Differentiation in Pseudo-3D Culture System
Both CD24low and CD24high cells aggregated 24 hours post-seeding onto
Transwells. As in Figure 10, they maintained a clustering morphology reminiscent of
immature NP cells in situ for the duration of culture (116).
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Figure 10: Cell construct extracted from Transwell at day 14.

2.3.6 Histology
Immunostaining of cell constructs harvested at days 14 and 28 revealed similar
structural morphology and comparable amounts of proteoglycan content in both
CD24low and CD24high populations (Figure 11 and 12). Type II collagen expression was
distinctively noted in CD24high constructs at day 28 (Figure 13). Furthermore, vimentin
and integrin α6 were present (Figure 14), though the latter became evident earlier in
CD24high cells with appearance observed at 14 days.
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Figure 11: Representative H&E images of NP cell constructs from non-enriched
and enriched fractions harvested at days 14 and 28. Scale bar: 100 μm.

Figure 12: Representative Safranin O images of NP cell constructs from nonenriched and enriched fractions harvested at days 14 and 28. Scale bar: 100 μm.
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Figure 13: Representative type II collagen images of NP cell constructs from
non-enriched and enriched fractions harvested at days 14 and 28. Scale bar: 100 μm.

Figure 14: Confocal images revealed expression of vimentin and integrin α6 in
cell constructs at days 14 and 28. Scale bar: 20 μm.

2.4 Discussion
Previous studies have demonstrated that distinct cell populations may be
isolated via CD24 sorting (91, 93, 104, 107). CD24 has also been identified as an NP
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marker (15). Moreover, recent data from our lab showed that mouse iPSCs express
CD24, albeit at low percentages (108). These observations provided the impetus for the
present study, which employed MACS to obtain a CD24-enriched fraction of mouse
iPSCs. The sorting procedure resulted in a several-fold increase in CD24 expression and
resulted in upregulation of notochordal markers.
During NP differentiation in a 3D culture system, cells clustered on the lamininrich surface as seen in immature NP cells. Vimentin expression further alluded to the
emerging young phenotype. Enhancements in structure and proteoglycan content were
not apparent, though CD24high cell constructs did display increased capacity for matrix
synthesis, as evidenced by type II collagen production. This finding remains of interest
because NP cells contribute to ECM maintenance in IVD tissue.
CD24 enrichment overall generated minimal improvement in directing mouse
iPSCs toward an NP-like phenotype. However, this process represented merely one
factor in the differentiation process and did not optimize other pertinent parameters,
such as the inclusion of low oxygen tension and additional exogenous cues. The current
experiment took place under normoxic conditions to elucidate the effects of CD24
sorting. Consequently, a future endeavor would involve replicating this study under the
hypoxic conditions (2-5% O2) experienced by native NP cells.
Additionally, only a few of the biomarkers tested for actually expressed. It was
not until establishing mouse controls in Chapter 3 that several antibodies were
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discovered to not function properly, including laminin 5 and laminin 2. Because those
were also used in phenotypic analysis for this section, it will be necessary to reevaluate
results upon obtaining new antibodies.
One drawback of MACS is the requirement of a fairly large starting cell number
to obtain a reasonably numbered enriched pool for both gene expression analysis and
3D culture. I posited that this subpopulation could proliferate if reseeded onto a T75
flask and passaged thereafter to maintain a line of CD24high iPSCs. However, that
fraction did not readily expand in culture and was characterized by low viability.
Perhaps prolonged exposure to MACS reagents and lengthy duration of the sorting
process may have taken a toll on these mouse iPSCs.
As mentioned earlier, follow-up studies should incorporate hypoxic conditions
(2-5% O2) and various chemokine treatments to create a 3D culture system more
conducive for NP differentiation. Measuring proteoglycan content and matrix
components via biochemical assays will also be necessary, since histological analysis
simply provides a qualitative overview. Furthermore, it would be interesting to delve
into the finer structural characteristics of these differentiated cells. Searching for
vacuoles known to be present in immature NP cells by means of transmission electron
microscopy (TEM) would be a helpful asset. Finally, the mechanical properties of cell
constructs must be evaluated. The cell constructs’ small size renders conventional
mechanical testing equipment unsuitable and will likely need to rely on other
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approaches – perhaps atomic force microscopy (AFM) indentation – to generate the
desired measurements.

2.5 Conclusion
This chapter examined whether CD24 selection of mouse iPSCs influences their
differentiation capacity into NP-like cells. A CD24high fraction was effectively retrieved
and cultured in a laminin-rich environment for up to 4 weeks. Cell constructs exhibited
a clustering morphology reminiscent of immature porcine NP cells in situ, formed
cytoskeleton, and demonstrated ability to synthesize matrix. These results indicate that
mouse iPSCs do have potential to adopt an NP phenotype. Experiments here found that
CD24high cells did not significantly enhance differentiation. In any case, further
optimization of the culture microenvironment is warranted to better comprehend the
role of cell enrichment. Chapter 3 consequently explores several aspects not considered
in this section.
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3. iPSC Differentiation Under Hypoxic Conditions and
Notochordal Conditioning
3.1 Introduction
The IVD is a predominantly avascular structure with blood vessels limited to the
CEPs and outer AF. As such, oxygen concentration diminishes increasingly toward the
center of the disc. This hypoxic environment implies that low oxygen tension should be
an important consideration in NP cell-based tissue engineering. It may play a role in
directing stem cells toward adopting an NP-like phenotype. Previous work established
hypoxic conditions ranging from 2% to 5% O2 (117-119). Risbud et al. notably
demonstrated that 2% hypoxia, along with transforming growth factor-, helped
facilitate rat MSC differentiation toward NP-like cells (120). This 2% O2 condition was
maintained in follow-up studies (121, 122).
Oxygen tension aside, the role of notochordal cells in NP tissue engineering
remains an avenue to explore. These cells populate the NP during early development in
humans but disappear at approximately 10 years of age (123). While IVD degeneration
typically occurs later in life, the first signs of pathology may surface soon after this
depletion (124). Notochordal cells can instruct proteoglycan synthesis (125), in addition
to preserving matrix structure and inhibiting apoptotic events within the NP (126). They
may contribute to IVD repair, and their largely untapped potential should thus be
further elucidated.
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Korecki et al. developed a notochordal conditioned medium (NCCM) using cells
extracted from porcine NP tissues and maintained in alginate gels (127). This treatment
directed human bone marrow MSCs toward an immature NP phenotype after 7 days of
culture at 5% O2. More recently, Permessur et al. preserved the native IVD environment
during NCCM production by directly soaking porcine NP with other culture medium
components (128). This optimization to the prior study’s NCCM protocol resulted in
human bone marrow MSCs displaying higher GAG production.
In the present study, I hypothesize that stimulating iPSCs with NCCM under
hypoxic conditions will increase their capacity to adopt an immature NP-like phenotype.
The main objectives include tailoring an NP differentiation protocol specifically to iPSCs
and characterizing the resulting cell population through both qualitative and
quantitative means.

3.2 Materials and Methods

Figure 15: General experimental overview.
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3.2.1 iPSC Derivation
Refer to Section 2.2.1 for details.

3.2.2 Cell Culture
Refer to Section 2.2.2 for details specific to iPSCs.
NIH 3T3 mouse embryonic fibroblasts (ATCC, Manassas, VA) were cultured in
Dulbecco’s Modified Eagle Medium (Invitrogen) supplemented with 10% FBS
(HyClone), HEPES, penicillin/streptomycin, and fungizone (all from Invitrogen).
Medium was changed biweekly.

3.2.3 Cell Differentiation in 3D Culture System
Matrigel (BD Biosciences, San Jose, CA) was thawed overnight at 4°C, coated
onto 6.5 mm diameter Costar Transwell inserts (Corning) at 60 μL each, and solidified at
37°C. Nearly confluent mouse iPSCs were transferred to a low-oxygen humidified
environment (2% O2, 37°C) and remained there for a 24-hour period.
Following hypoxic conditioning, cells were gently detached using 0.05%
trypsin/EDTA (Invitrogen) and seeded onto Matrigel-coated Transwells (n=3). They
were cultured in either equilibrated NP differentiation medium consisting of Dulbecco’s
Modified Eagle Medium/Ham’s F-12 Nutrient Broth with 15 mM HEPES, L-glutamine,
and pyridoxine hydrochloride (1:1, v/v; Invitrogen), in addition to L-ascorbic acid-2phosphate (sterilized using a 0.22 μm filter; Sigma), insulin transferrin-selenium and
penicillin-streptomycin (all from Invitrogen), or in equilibrated notochordal conditioned
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medium (NCCM), which contained porcine NC cells in addition to the previously listed
components. Medium both outside and inside the Transwells was changed biweekly for
up to 28 days.
3T3 cells were also cultured as per the aforementioned details, with one
exception: detachment with 0.025% trypsin/EDTA (Invitrogen).

3.2.4 Cell Viability
3.2.4.1 Live/Dead Assay
A Live/Dead Viability/Cytotoxicity kit for mammalian cells (Invitrogen) was
used to analyze the NP cell constructs. Control (n=1) and NCCM samples (n=1) were
extracted from Transwells with a sterile surgical blade. They were immersed in 1X DPBS
(Invitrogen) containing 2μM calcein AM and 4μM EthD-1 AM (both from kit) for 30
minutes at room temperature. The cell constructs were washed and re-suspended in 1X
DPBS (Invitrogen). They were promptly mounted onto 24 mm x 60 mm glass coverslips
(Corning) and imaged on an LSM 510 confocal microscope (Zeiss).
3.2.4.2 Nitroblue Tetrazolium (NBT) Assay
Powdered nitro blue tetrazolium chloride (Invitrogen) was dissolved in 70% N,
N-dimethylformamide (Sigma), composed of stock solution diluted in 1X DPBS. This
was then added to NP differentiation medium (DMEM/F12) to yield a 0.05% NBT
solution. Cell constructs (n=1) were incubated overnight at 37°C and protected from
light. The following day, they were extracted and flash frozen. A cryostat (Leica) sliced
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constructs into 10 to 15 μm sections, which were subsequently imaged on an Eclipse
E600 POL fluorescent microscope (Nikon).

3.2.5 Histology
Refer to Section 2.2.6 for details. The same procedures were performed with 3T3
fibroblasts.

3.2.6 Biochemical Quantification
Cell constructs were extracted from Transwells on days 7, 14, 21, and 28. All were
flash frozen and stored at -80°C for later use. Sample digestion required a 300 μg/mL
papain solution (Sigma), prepared in 1X PBS, 5 mM EDTA (Mallinckrodt, Hazelwood,
MO), and 5 mM cysteine-HCl anhydrous (Sigma) and occurred in a Shake N’ Bake
hybridization oven (Boekel Scientific, Feasterville, PA) for 16 hours at 65°C, with 500 μl
of papain per sample.
All results were normalized to DNA content prior to evaluation with a two-way
ANOVA and Tukey’s HSD (p<0.05) using JMP statistical software (SAS Institute, Cary,
NC).
3.2.6.1 Dimethylmethylene Blue (DMMB) Assay
To determine sulfated-glycosaminoglycan (sGAG) content, samples were
incubated with DMMB dye solution in a 96-well assay plate. An EnSpire multimode
plate reader (PerkinElmer, Waltham, MA) generated absorbance values at 525 nm. To
calculate total sGAG content, the optical densities of sample triplicates were averaged,
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subtracted from the blank sample’s mean absorbance, and applied to a chondroitin-4sulfate (Calbiochem) standard curve.
3.2.6.2 Sircol Collagen Assay
Collagen content analysis was performed using the Sircol Collagen Assay kit
(Biocolor, Northern Ireland, UK). Samples were incubated for 30 minutes with Sircol dye
reagent and carefully mixed after each five-minute increment. To collect the collagenbound dye and discard supernatant, they were centrifuged for 10 minutes at 12,000 rpm.
Any remaining unbound dye was gently removed from samples using an acid-salt wash
solution. Following re-suspension in an alkali reagent, samples were relocated to a 96well assay plate. An EnSpire multimode plate reader (PerkinElmer) generated
absorbance values at 555 nm. Determination of total collagen content involved
averaging the optical densities of sample triplicates, subtracting those values from the
blank sample’s mean absorbance, and applying the normalized results to a bovine skin
type I collagen (from assay kit) standard curve.
3.2.6.3 PicoGreen Assay
To quantify double stranded DNA (dsDNA), samples in a 96-well assay plate
were incubated with DMSO-PicoGreen reagent (Invitrogen) diluted with 1X TE solution
(composed of 20X TE buffer and distilled water, both from Invitrogen). An EnSpire
multimode plate reader (PerkinElmer) generated fluorescence values at 485 nm. To
calculate total dsDNA content, fluorescence values of sample triplicates were averaged,
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subtracted from the blank sample’s mean fluorescence, and applied to a lambda DNA
(Invitrogen) standard curve.

3.3 Results
3.3.2 Cell Culture
While mouse iPSCs gather in round colonies (Figure 16A), 3T3 cells exhibit
spindle-like structures (Figure 16B). The latter is an immortalized cell line and serves as
a comparison to the mouse iPSCs in this study.

Figure 16: Morphological comparison of (A) mouse iPSCs, and (B) NIH 3T3
mouse embryonic fibroblasts.

3.3.3 Cell Differentiation in 3D Culture System
Akin to that observed in Chapter 2, both iPSCs and 3T3 fibroblasts clustered on
Matrigel-coated Transwells (Figures 17 and 18). This morphology was maintained for
the entire duration of culture.
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Figure 17: 3T3 cell construct in Transwell at day, flanked by control (A) and
NCCM (B) samples harvested on day 28. Scale in cm.

Figure 18: Mouse iPSC-derived constructs extracted at various time points of NP
differentiation. Scale in cm.
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3.3.4 Cell Viability
Results from the Live/Dead assay were a bit difficult to interpret. Aside from the
relatively sparse scattering of dead cells (red), there were large patches of green that
resembled a mix of both live cells and background. In any case, there were more dead
cells at day 28 than at day 7. Negative controls were established for comparison,
consisting of solely Matrigel (Figure 19A) and a cell construct dipped into 70% EtOH for
eight hours (Figure 19B) or DMSO for 1 hour (image not shown). While Matrigel does
autofluoresce in some cases (for example, when excited in the UV range), this seems less
likely to have occurred here because the Matrigel-only samples generated very minimal
fluorescence. A more plausible explanation could be that the cells are too highly
concentrated. Regarding the presence of live cells in the other negative controls, the
procedures intending to eliminate all viable cells were clearly not optimal and require
further refinement.
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Figure 19: Live/Dead stains during NP differentiation of mouse iPSCs: (A)
Matrigel only (B) NCCM construct at day 14 submerged in 70% EtOH for 8 hours, (C)
Control construct at day 7, (D) NCCM construct at day 7, (E) Control construct at day
28, (F) NCCM construct at day 28. Scale bars: 100 μm.
The NBT assay provided an alternative option to evaluate cell viability. After
overnight incubation, the cell constructs were dyed blue, while the surrounding
Matrigel remained untouched. Sectioning the samples revealed that the coloring also
penetrated throughout the pellet, including portions of the innermost regions. While live
cells could be visualized at higher magnification (20X upward), dead cells remained
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difficult to identify since Matrigel remnants blended into the background. The unusually
dark color of NBT dye likely stems from the constructs’ high cell densities.

Figure 20: Images near center region of mouse iPSC-derived constructs: control
at day 14 (A and B), NCCM at day 14 (C ad D), NCCM at day 28 (E and F). Arrows
highlight select areas stained by NBT dye. Scale bar: 100 μm.

3.3.5 Histology
During NP differentiation, 3T3 fibroblasts and mouse iPSCs displayed similar
structure (Figures 22 and 23) and amount of proteoglycans (Figures 24 and 25). 3T3 cells
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expressed type II collagen beginning at day 14 (Figure 26). However, matrix synthesis in
mouse iPSCs was already apparent at day 7 (Figure 27). Cytoskeletal marker vimentin
was also seen in both cell types (Figures 29 and 30), with higher expression seen in 3T3
fibroblasts. Mouse stains for the aforementioned markers provided a frame of reference
(Figure 21).

Figure 21: Representative stains of 1-week-old mouse IVD for: (A) H&E, (B)
Safranin O, and (C) Type II collagen, with arrow denoting region of expression. Scale
bar: 100 μm.

Figure 22: Representative H&E stains during NP differentiation of 3T3 cells.
Scale bar: 100 μm.
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Figure 23: Representative H&E stains during NP differentiation of mouse
iPSCs. Scale bar: 100 μm.

Figure 24: Representative Safranin O stains during NP differentiation of 3T3
cells. Scale bar: 100 μm.

Figure 25: Representative Safranin O stains during NP differentiation of
mouse iPSCs. Scale bar: 100 μm.
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Figure 26: Representative type II collagen stains during NP differentiation of
3T3 cells. Arrows highlight regions of expression. Scale bar: 100 μm.

Figure 27: Representative type II collagen stains during NP differentiation of
mouse iPSCs. Arrows highlight regions of expression. Scale bar: 100 μm.
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Figure 28: Vimentin expression in 1-week-old mouse IVD. Scale bars: 100 μm.

Figure 29: Confocal images of vimentin expression during NP differentiation
of 3T3 cells. Scale bar: 100 μm.
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Figure 30: Confocal images of vimentin expression during NP differentiation
of mouse iPSCs. Scale bar: 100 μm.

3.3.6 Biochemical Quantification
Statistical analysis revealed that NCCM-treated samples exhibited significantly
higher sGAG production than did their control counterparts (Figure 31). This trend was
sustained throughout the 28 days of culture. Moreover, collagen content was
significantly greater at days 7 and 14 compared to days 21 and 28 in both types of
constructs (Figure 32). No major differences in collagen synthesis were attributed to
treatment.
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Figure 31: sGAG production in differentiated mouse iPSCs over 28 days in 3D
culture. Results from cell constructs (n=3) for each condition are shown as meanSD.
Significant effects of treatment and time were detected using a two-way ANOVA and
Tukey’s HSD (p<0.05). Treatment and time points denoted by different letters were
found to be significantly different (uppercase letters: treatment; lowercase letters:
time).

Figure 32: Collagen synthesis in differentiated mouse iPSCs over 28 days in 3D
culture. Results from cell constructs (n=3) for each condition are shown as meanSD.
Significant effects of treatment and time were assessed via a two-way ANOVA and
Tukey’s HSD (p<0.05). Notable differences observed: days 7 and 14 > days 21 and 28.
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3.4 Discussion
The primary focus of this study was to stimulate mouse iPSCs toward NP
differentiation by refining the 3D culture system. Traveling toward the IVD’s center,
oxygen content decreases proportionately due to absence of interior vasculature (129).
The NP is thereby situated in a hypoxic environment and reliant on the surrounding
CEPs and AF for nutritional sustenance and waste removal. As such, low oxygen
tension was accounted for in the current experimental setup. A previous issue
encountered in our lab was that mouse iPSCs did not fare well if immediately
transferred from normoxic conditions during the expansion phase to hypoxic conditions
in the differentiation stage. Allowing mouse iPSCs to undergo overnight preconditioning in the 2% hypoxia incubator resolved this problem.
Prior work has shown that culturing MSCs in NCCM produced more
characteristically immature NP cells (127, 128). Thus, I investigated whether these effects
would also translate to mouse iPSCs.
Experimental results suggest that cells remained viable under hypoxic
conditions. However, neither the Live/Dead assay nor NBT assay alone could vividly
distinguish both live and dead cells. It will be necessary to devise an alternative protocol
for assessing cell viability, or perhaps Matrigel could be depolymerized from the
constructs using Dispase or Cell Recovery Solution (both available from BD Biosciences)
prior to performing the desired assays.
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Supplementation with NCCM seemed to improve matrix synthesis, notably type
II collagen production. Expression of other NP markers is still in the process of being
analyzed. As mentioned in Chapter 2, 1-week-old mouse IVDs serving as positive
controls unexpectedly failed to express certain cell markers, such as laminin 5 and
laminin 2, raising questions about antibody functionality. Antibody validation using
positive controls of A-431 whole cell lysate (Santa Cruz) revealed expression of laminin
5 but not that of laminin 2. The former implies that there may be a cross-reactivity
issue with mouse cells, while the latter points to a defective antibody.
Heightened sGAG production seen in NCCM-treated iPSC constructs bodes well
for regenerating the NP – a structure abundant in proteoglycans. These results notably
exceeded total sGAG levels for control constructs, which were already on par with those
of porcine NP cells cultured on Matrigel (130). Collagen synthesis did not depend on
treatment type, but varied significantly over time (days 7 and 14 > days 21 and 28). It is
suspected that an appreciable amount of collagen may have been released into the
surrounding culture environment during the differentiation process. Validation of this
will involve collecting culture media at the various time points (day 7, day 14, day 21,
day 28) and repeating biochemical quantification using these samples. One concern
regarding the use of DMMB and collagen assays is that Matrigel artifacts may enhance
the absorbance readings. This issue requires further inquiry.
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Adding another dimension to this work, 3T3 mouse embryonic fibroblasts were
employed as a comparison for mouse iPSCs. George Todaro and Howard Green first
established this immortalized cell line in 1962, which has since become a standard in
many laboratories (131). I hypothesized that 3T3 fibroblasts would have more limited
capacity for differentiation, as they were not reprogrammed with pluripotency
transcription factors. Interestingly, 3T3 cell-derived constructs did in fact show
phenotypic characteristics and matrix synthesis capabilities akin to those of mouse
iPSCs, alluding to their transdifferentiation potential.
In prior work, Nanbu-Wakao et al. demonstrated that 3T3 cells could undergo
adipogenesis mediated in part by CCAAT enhancer-binding proteins and peroxisome
proliferator-activator receptor  (132). This represents one of many manuscripts that
have investigated the mechanisms of adipocyte formation using this immortalized cell
line. Rajasingh and colleagues dedifferentiated 3T3 fibroblasts into multipotent stem
cells using ESC factors, transplanted the reprogrammed cells into mouse models for
ischemia, and noted some restoration of damaged cardiac tissue (133). Recently, Wang et
al. showed that 3T3 cells could be directed toward a neuronal lineage sans epigenetic
modification (134). Subsequent addition of retinoic acid and taurine produced retinal
photoreceptor-like cells.
In light of the present study, it would be of interest to further clarify 3T3
fibroblast transdifferentiation into NP-like cells. Mouse iPSCs also require additional
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characterization of structure, phenotype, and mechanical properties using similar
follow-up methods discussed in Chapter 2. Finally, gene expression comparisons
between undifferentiated and differentiated stages should also be quantified using real
time RT-PCR and flow cytometry.

3.5 Conclusion
Work described in this chapter created a more representative culture
environment for mouse iPSCs undergoing NP differentiation through hypoxic
regulation and supplementation with NCCM. Experimental data showed that NCCMtreated cell constructs displayed higher capacity to become NP-like cells. These cells
were able to synthesize type II collagen, unlike their control counterparts cultured in
basal medium. Furthermore, increased sGAG production was also observed following
NCCM treatment (iPSC-derived constructs) Perhaps the most intriguing finding was
that 3T3 fibroblasts also exhibit similar morphological and phenotypic trends, thereby
suggesting that they may be able to undergo transdifferentiation into NP-like cells. This
raises a new set of questions that should be examined in future experiments.
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4. Summary and Future Work
A healthy NP is vital for maintaining normal structure and biomechanical
function of the IVD. This well-hydrated, proteoglycan-rich tissue dissipates compressive
forces throughout the spine. Disc degeneration generally occurs with aging, as the NP
loses its ability to swell in the presence of external pressures and its composition shifts to
a more fibrotic appearance. These changes are accompanied by painful symptoms and
socioeconomic consequences that reduce an individual’s quality of life.
Current treatments may provide temporary relief for the patient, yet they
generally involve invasive measures that may actually inflict more damage to the IVD.
The objective of NP tissue engineering thereby seeks to restore the disc to its normal
state. Among the various strategies pursued, therapies that use autologous cell sources
hold tremendous potential for reparation and dramatically minimize the risk for
immune rejection.
The question then turns to identifying appropriate cell sources. Unfortunately,
native NP cells comprise a sparse population within the IVD and also may possess
undesirable phenotypic abnormalities due to degeneration. iPSCs have been cited as
highly promising in a plethora of regenerative medicine applications. These ESC-like
cells can differentiate into all three germ layers and will enable treatment to be tailored
individually. These attractive aspects propelled the current study, in which mouse iPSCs
were evaluated for their capacity to differentiate into NP-like cells.
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The biomarker CD24 has been used to select desired fractions from a
heterogeneous cell population for further analysis. Moreover, it has been shown to
express exclusively in the NP. Chapter 2 explored whether a CD24high iPSC population
obtained via MACS would be more predisposed to an NP phenotype. Among
undifferentiated cells, the CD24high fraction expressed higher levels of notochordal
markers than their CD24low counterparts. This preliminary finding seemed promising
because the NP is notochord-derived. When subject to differentiation in a laminin-rich,
3D culture system, this enriched fraction did improve matrix synthesis, specifically that
of type II collagen. While the overall effects were not dramatic, CD24 sorting does
influence NP differentiation to some extent.
In Chapter 3, mouse iPSCs were cultured in 2% hypoxia and with NCCM or
basal medium for up to 28 days. Cell constructs exhibited clustering morphology akin to
that observed in porcine NP cells in situ. NCCM treatment resulted in type II collagen
expression, whereas control cell constructs did not show signs of matrix synthesis. iPSCderived constructs further showed significantly enhanced sGAG production under
NCCM conditions. 3T3 mouse embryonic fibroblasts cultured under identical
differentiation protocols as iPSCs also displayed similar phenotypic patterns. Their
ability to transdifferentiate was an unexpected finding and will require another avenue
of study.
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Future work should focus on optimizing the parameters for the laminin-rich, 3D
culture system to better mimic the native NP environment. Additional evaluation of the
cell constructs’ structural traits, phenotype and mechanical properties also remains
necessary. Finally, a major follow-up experiment should investigate the cumulative
effects of CD24 cell sorting, hypoxia, and NCCM on mouse iPSC differentiation. This
process should then be repeated using human iPSCs to tap into the possibility for future
clinical translation. Summarily, the results presented in this thesis demonstrate that
mouse iPSCs can be directed toward an NP-like phenotype under appropriate culture
conditions and have promising implications for NP tissue engineering.
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