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Abstract

Embryonic tendon cells have been studied in vitro to better understand mechanisms of tendon
development. Outcomes of in vitro cell culture studies are easily affected by phenotype instability
of embryonic tendon cells during expansion in vitro to achieve desired cell numbers, yet this

has not been characterized. In the present study, we characterized phenotype stability, expansion
potential, and onset of senescence in chick embryo tendon cells from low to high cell doublings.
We focused on cells of Hamburger-Hamilton stages (HH) 40 and HH42, where HH40 is

the earliest stage associated with substantial increases in extracellular matrix and mechanical
properties during embryonic tendon development. HH40 and HH42 cells both downregulated
expression levels of tendon phenotype markers, scleraxisand tenomodulin, and exhibited onset
of senescence, based on pZ6and p21 expression levels, cell surface area, and percentage of
B-galactosidase positive cells, before significant decreases in proliferation rates were detected.
These findings showed that embryonic tendon cells destabilize phenotype and become senescent
earlier than they begin to decline in proliferation rates in vitro. Additionally, embryonic stage

of isolation appears to have no effect on proliferation rates, whereas later stage HH42 cells
downregulate phenotype and become susceptible to senescence sooner than earlier stage HH40
cells. Based on our data, we recommend chick embryo tendon cells be used before a maximum
cumulative doubling level of 12 (passage 4 in this study) to avoid phenotype destabilization and
onset of senescence.
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1| INTRODUCTION

Tendon is a highly collagenous connective tissue that transmits muscle-generated forces to
bone to enable movement. Tendons possess poor intrinsic healing capacity to regenerate
after injury, and instead form fibrotic scar tissue associated with inferior mechanical
properties, compromised function, and often pain, leading to nearly 70 million physician
visits each year in the United States! and high rates of work disability.2 Tendons are also
associated with musculoskeletal birth deformities, such as congenital talipes equinovarus
(also known as clubfoot),3 which not only compromise musculoskeletal function but also
lead to osteoarthritis and other orthopedic ailments in adult years. Taken together, we are
interested in understanding how embryonic tendons form during development and using this
knowledge to motivate novel approaches to treat adult tendon injuries as well as congenital
birth deformities.

Embryonic tendon cells have been studied in vitro to better understand their roles in tendon
development.#-13 In vitro studies can complement in vivo studies by providing a controlled
environment within which to characterize the effects of specific cues without the myriad

of confounding factors present in vivo. It is common practice to expand embryonic tendon
cells in vitro until sufficient cell numbers are achieved to perform experiments. The extent
of proliferation in each study is typically referred to as “passage number,” which is the
number of times cells have been detached at sub-confluency and re-seeded at a lower density
on tissue culture plastic, to facilitate continued cell proliferation. Notably, the number of
times that cells double between passages can vary significantly within studies as well as
between studies because of the subjective nature in deciding when cells are ready to be
passaged. Thus, in characterizing cell proliferation rates, both passage number and cell
doubling number are informative metrics to consider.

The passage number at which embryonic tendon cells are used for experiments has varied
significantly across studies. For example, one study encapsulated passage 2 chick embryonic
tendon cells within functionalized alginate hydrogels to characterize the effects of scaffold
stiffness on embryonic tendon cell morphology and gene expression profile.> Another

study encapsulated chick embryonic tendon cells within gels immediately after harvest,
without expansion in vitro, to study the effects of actin cytoskeleton on engineered tendon
mechanical properties.1? Embryonic chick tendon cells have also been expanded to passage
7 before culture within fibrin gels to examine mechanisms of tendon crimp formation.”

To examine the effects of scleraxis knockdown on cell functions in vitro, equine fetal

tendon cells have been isolated and expanded to passage 14 before treatment.12 The wide
variability across studies in embryonic tendon cell doublings in vitro before experimentation
is of interest because postnatal tendon cells are known to stop proliferating and lose their
phenotype at higher passages in vitro,14-17 whereas this has not been characterized for
embryonic tendon cells.
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Several studies have shown that at higher doublings in vitro, human, mouse, and rabbit
postnatal tendon cells cease proliferating, reduce deposition of tendon extracellular matrix
(ECM) components, and upregulate senescence markers including p-galactosidase (p-gal)
and cell cycle inhibitors.14-16 While the effects of passage, or cell doublings, have not been
characterized for embryonic or fetal tendon cells, it has been shown that fetal bovine anterior
cruciate ligament cells and rat dermal fibroblasts cultured in vitro exhibit different behaviors
(e.g., proliferative capacity, ECM deposition) compared to postnatal cells that are isolated
from the tissues of the same anatomical origins.18:19 The finite number of times that cultured
cells can double in vitro is attributed to the onset of replicative senescence, a phenomenon
termed the Hayflick limit.29 Whether embryonic tendon cells experience this phenomenon
has not been characterized. Characterization of embryonic tendon cell behavior in vitro is
critical to guide the extent to which embryonic tendon cell populations can be expanded
while maintaining a stable tendon phenotype.

In this study, we characterized the behaviors of embryonic tendon cells in vitro based

on proliferative capacity, phenotype stability, and onset of senescence from low to high

cell doublings. We used the chick embryo because this model is widely used to study
embryonic tendon development.57:11.21-29 \We hypothesized that embryonic tendon cells
reduce proliferation rate and tendon phenotype marker levels and become senescent at
higher doublings. We also hypothesized that later stage embryonic tendon cells destabilize
phenotype and become senescent sooner than earlier stage embryonic tendon cells. Working
toward a long-term goal of regenerating adult tendons based on embryonic tissue formation,
we focused on Hamburger—Hamilton3° (HH) 40 and HH42 chick embryonic tendon cells
because ECM deposition, organization, and collagen crosslinking are actively occurring

at these stages of development.11:21.23.24.26 Qur results reveal embryonic tendon cells
significantly downregulate tendon phenotype marker expression levels and begin to exhibit
signs of senescence despite continuing to proliferate for an extended period of time, and that
these outcomes are embryonic stage-specific. We recommend embryonic tendon cells to be
expanded to a maximum cumulative doubling level (CPD) of 12 (passage 4 in this study), to
avoid loss of tendon phenotype and onset of senescence. These findings provide important
guidance to future studies that use embryonic tendon cells in vitro.

2| MATERIALS AND METHODS

2.1

Experimental overview

Embryonic tendon cells were isolated from the calcaneal tendons of chick embryos at HH40
and HH42 (incubation Days 14 and 16, respectively). The cells were seeded on tissue culture
plastic at 20,000 cells/cm? and cultured until ~90% confluency, at which point the cells

were trypsinized from the plastic and divided into two groups. One group was re-seeded on
tissue culture plastic to continue culturing through subsequent passages until a plateau in
proliferation rates was detected, and the other group was harvested to evaluate cell number,
morphology, tendon phenotype based on expression of the tendon markers scleraxis and
tenomodulin, and onset of senescence based on cell surface area and expression of g-gal and
cell cycle inhibitors pZ6and p21.
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Embryonic tendon cell isolation and culture

Fertilized white leghorn chick embryos (University of Connecticut Poultry Farm) were
cultured in a humidified rocking incubator at 37.5°C, sacrificed, and staged at HH40 and
HH42. Calcaneal tendons were dissected from both limbs of six chick embryos and pooled
together for one biological replicate (A). Tendons were cut into small pieces using micro-
scissors and digested in 1% collagenase type Il solution (1 mg/ml) while shaking at 200
rotations per minute (RPM) at 37°C for 25 min. The tissue suspension was neutralized by
complete medium consisting of Dulbecco’s modified Eagle’s medium (Life Technologies),
10% fetal bovine serum (Atlanta Biologicals), and 1% antimycotic-antibiotic (Gibco). The
digested suspension was filtered through a 40-um cell strainer to obtain cells. Cells were
seeded at 20,000 cells/cm? and trypsinized at ~90% confluency for re-seeding and harvest.

Proliferation rate analysis

CPD and population doubling time (PDT) were quantified to evaluate proliferation rates.
Three biological replicates (N = 3) of HH40 and HH42 tendon cells each, were counted
at each passage using a hemocytometer. CPD, which represents the cumulative number of
times cells have doubled, was calculated as:

CPD = 3.32 X (log(N;) — log(No)) + CPD,,

where CPDy is the CPD of the previous passage, and Ay and A4 are the cell numbers at
the beginning and the end of the current passage being analyzed, respectively.1415.20 ppT,
which represents the number of hours cells take to double in number, was calculated as:

t

PDT = et TNy Tlog )’

where tis the time in culture.1431

Senescence-associated p-gal staining and analysis

At each passage, a portion of the cells were harvested and re-plated at 10,000 cells/cm? in
six-well plates for staining. Cells were cultured for 24 h so that cells had adequate time to
adhere but not enough time to proliferate and physically touch adjacent cells. Cells were
stained using a B-gal staining kit (Cell Signaling) according to manufacturer instructions.
Three biological replicates (V= 3) of HH40 and HH42 tendon cells were each stained for
[B-gal at each passage. For each biological replicate (A), the numbers of B-gal-positive and
total cells were counted in three different wells (n= 3 technical replicates) using ImageJ by
three different reviewers in a blinded manner.

Cell surface area measurements

Surface area of all p-gal-positive and -negative cells (50-150 cells per biological replicate)
were measured for three biological replicates (V= 3) of HH40 and HH42 tendon cell
cultures each, using the cell tracing function in ImagelJ by three different reviewers in a
blinded manner.
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2.6 | Reverse-transcription polymerase chain reaction (RT-PCR)

Calcaneal tendons were freshly harvested from three biological replicates (V= 3) of

HH40 and HH42 embryos and homogenized in TRIzol LS (Life Technologies). For

in vitro cultures, a portion of the cells were harvested for RNA isolation from three
biological replicates (V= 3) of HH40 and HH42 tendon cell cultures at each passage.

Cells were homogenized in TRIzol (Life Technologies). Total RNA was isolated from
tissue and cell lysates according to the manufacturer instructions and reverse-transcribed
using the Superscript 111 First Strand Synthesis kit (Invitrogen). PCR was performed using
Platinum™ Taq DNA Polymerase High Fidelity (Invitrogen) on Mastercycler® (Eppendorf).
Chick-specific primers were used to characterize gene expression levels of tendon markers
(scleraxis and tenomodulin), senescence markers (pZ6and p21), and housekeeping gene
(18S) (Table 1). Gene expression levels of scleraxis, tenomodulin, p16, and p21 for each
biological replicate were normalized to the corresponding levels of 78S of the same sample.

2.7| Statistical analyses

Proliferation rates, percentage of B-gal positive cells, gene expression levels, and average
cell surface areas were analyzed for statistically significant differences between passages
and embryonic stages HH40 and HH42 using two-way analysis of variance (ANOVA)
followed by Sidak’s multiple comparisons test. All statistical analyses were performed in
Prism 8 (GraphPad Software).

3| RESULTS

3.1| Proliferation rates

Proliferation rates of HH40 and HH42 tendon cells were assessed by calculating CPD and
PDT based on the cell number at the beginning and the end of each passage. HH40 and
HHA42 cells exhibited similar growth curves that appeared linear in the first 30 days of
culture, or passage 10, after which they began to plateau (Figure 1A). Cells needed 2 days
to reach 90% confluency for passage 1, and 10 days for passage 12 (Figure 1A). PDTs, the
number of hours cells needed to double in number, were the same between HH40 and HH42
cells at different CPDs (Figure 1B). At early CPDs, PDTs were low and constant for both
HH40 and HH42 cells. However, by CPD 31, PDT increased significantly for both HH40
and HH42 cells (Figure 1B). Passage number correlated linearly with CPD for both HH40
(A% =0.9659) and HH42 (/2 = 0.9249) cells throughout the experiment (Figure 1C).

3.2| Phenotype stability

Phenotype stabilities of HH40 and HH42 tendon cells were assessed by measuring scleraxis
and tenomoadulin gene expression levels from low to high passages. Scleraxis expression
levels increased significantly in both HH40 and HH42 cells at passage 1 compared to
freshly harvested tendons (p < 0.05) (Figure 2A). Scleraxis expression levels were the

same between freshly harvested HH40 and HH42 tendons. Scleraxis expression levels
decreased significantly in HH40 and HH42 cells by passages 10 and 7, respectively (p <
0.05) (Figure 2A). Comparison between cell types showed that scleraxis expression levels
became significantly lower in HH42 than HH40 cells by passage 7 (o < 0.05) (Figure 2A).
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Tenomodulin expression levels were higher in freshly harvested HH42 tendon compared to
HH40 tendon and remained 3- to 4-fold higher in HH42 than HH40 cells from passage 1 to
passage 7 in vitro (p < 0.05) (Figure 2B). 7enomodulin expression levels were higher in both
HH40 and HH42 cells at passage 1 compared to freshly harvested tendons. During culture

in vitro, tenomodulin expression levels stayed the same in HH40 cells, whereas tenomodulin
expression levels decreased significantly in HH42 cells by passage 10 (p < 0.05) (Figure
2B).

Senescence marker expression

Onset of senescence was evaluated by quantifying the percentage of B-gal-positive cells

and cell surface area (Figure 3). Cells exhibited predominately thin, elongated morphology
during earlier passages (1 through 4) and enlarged surface areas during later passages (7
through 12) (Figure 3A). The percentage of B-gal positive cells were examined at each
passage from 1 to 12 for both HH40 and HH42 cells (Figure 3B). The percentage of

B-gal positive cells was less than 5% in both HH40 and HH42 cultures and remained the
same between passages and embryonic stages from passages 1 to 6. Statistically significant
increases were first detected at passage 10 in HH40 cell cultures and at passage 7 in HH42
cell cultures (Figure 3B). The percentage of B-gal positive cells became significantly higher
in HH42 than HH40 cultures starting at passage 7 (Figure 3B). By passage 10, average
surface area of B-gal positive cells in both HH40 and HH42 cultures was significantly
larger (approximately 3 times) than at the earliest timepoint (p < 0.05) (Figure 3C), whereas
average surface area of p-gal negative cells remained constant (Figure 3D). There was no
significant difference in surface areas of p-gal positive cells and B-gal negative cells between
HH40 and HH42 throughout their time in culture (Figure 3C,D).

We further characterized the senescent state of embryonic tendon cells by evaluating gene
expression levels of cell cycle inhibitors pZ6and p21 (Figure 4). Expression levels of p16
decreased significantly in HH40 cells at passage 1 compared to freshly harvested tendon (o
< 0.05) (Figure 4A), whereas expression levels of p16 remained the same between HH42
cells at passage 1 and freshly harvested tendon. Expression levels of p16 were significantly
higher in freshly harvested HH40 tendon compared to HH42 tendon (p < 0.05) but were

the same between the two cell stages throughout their time in culture. Expression levels of
pl6increased significantly by passage 12 in both HH40 and HH42 cells in vitro (p < 0.05)
(Figure 4A). Expression levels of p21 were the same between freshly harvested HH40 and
HH42 tendons (Figure 4B). At passage 1, expression levels of p27 decreased significantly in
both HH40 and HH42 cells compared to freshly harvested tendons (Figure 4B). In addition,
expression levels of p21 were significantly higher in HH40 compared to HH42 cells at
passage 1. Expression levels of p21 increased significantly by passage 12 in HH40 cells and
passage 4 in HH42 cells in vitro (p < 0.05) (Figure 4B).

4| DISCUSSION

In this study, we characterized the effects of long-term in vitro culture on phenotype
stability, proliferation rate, and onset of senescence for chick embryo tendon cells harvested
from an earlier (HH40) and a later (HH42) developmental stage (Figure 5). Both HH40 and
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HHA42 cells began to lose their phenotype and exhibit signs of senescence before declines
in proliferation rate were observed. Comparison between stages showed that HH42 cells
downregulated tendon phenotype marker expression and became senescent sooner than
HHA40 cells. Based on our results, embryonic tendon cells can be expanded to passage

4, or CPD 12, before phenotype marker levels begin to decrease and senescent cells are
detectable.

Proliferation rates were similar for HH40 and HH42 embryonic tendon cells throughout

the experiment, with both decreasing significantly by CPD 31, or passage 12 (Figure

1). Decreasing proliferation rates at higher passage numbers have also been reported for
5-month-old fetal bovine tendon cells.® Additionally, studies in postnatal tendon cells have
shown declining proliferation rates in vitro with increasing age of the donor animal 1531~
34 patellar tendon cells isolated from 3- to 4-month-old rats exhibit significantly higher
proliferation rates than tendon cells from 24 to 26-month-old rats.3! Another study showed
lower proliferation rates with human Achilles tendon cells from older patients (63 + 14
years) compared to cells from younger patients (28 + 5 years).1> Achilles tendon cells
isolated from 2-, 12-, and 24-month-old rats showed decreasing proliferation rates with
increasing age, with the biggest difference observed between 2- and 24-month-old rats.32 In
contrast to the age-dependent proliferation behaviors of postnatal tendon cells reported in
these other studies, our study suggests embryonic tendon cell proliferative capacity in vitro
is independent of embryonic stage. However, future studies should characterize proliferation
rates of embryonic tendon cells isolated from additional developmental stages to confirm
this conclusion.

Embryonic tendon cells downregulated scleraxisand tenomodulin expression as early as
passage 7 (Figure 2), reflecting limited phenotype stability during proliferation in vitro.
While phenotype stability of embryonic tendon cells in vitro has not been previously
examined, other embryonic tissue-derived cells such as brain endothelial cells and cartilage
cells have been shown to downregulate expression of their respective phenotype markers
with increasing number of population doublings in culture.3538 Here, scleraxis and
tenomodaulin expression levels were used to assess embryonic tendon cell phenotype.
Scleraxis is a transcription factor involved in determining tendon cell fate and is the earliest
known tendon marker,22:37 whereas tenomodulin is detected later during development.38
Knockout of tenomodulin leads to abnormally large collagen fibrils in tendon after birth.3°
In our study, fenomodulin expression levels were higher in freshly harvested HH42 tendon
compared to HH40 tendon, reflecting the more differentiated state of HH42 cells. In
addition, tenomodulin expression levels were higher in HH42 cells than HH40 cells in
culture up to passage 7 (Figure 2). Significant reduction in tenomodulin expression levels
also occurred after scleraxis expression decreased (Figure 5). This seemed consistent with
previous findings that fenomodulinis a downstream target of scleraxis during embryonic
tendon development.22:3740 Sc/eraxis expression decreased sooner in HH42 cells than in
HHA40 cells (Figure 2), revealing embryonic stage of cell isolation is a factor in phenotype
stability in vitro. While other studies have not directly compared phenotype stability of
embryonic tendon cells between different developmental stages, it has been reported that
scleraxis expression levels in postnatal patellar tendon cells are higher in 3—-4-month-old rats
compared to 24-26-month-old rats.3! It would be interesting to compare our current findings
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with the phenotype stabilities of earlier embryonic stage cells and also with early postnatal
tendon cells in future studies.

At passage 1, scleraxis and tenomodulin expression levels in HH40 and HH42 cells were
significantly higher compared to freshly harvested tendon (Figure 2). Based on our previous
publication that showed stiffer substrates upregulated gene expression levels of tendon
markers such as scleraxisin cultured chick embryo tendon cells in vitro, it is possible in

our current study that the stiffness of tissue culture plastic increased expression levels of
scleraxis and tenomodulin over that in softer native tendon tissue in vivo.> However, we
suggest this with caution because in vivo tendon tissue environment is three-dimensional and
contains biological factors that are not present in a two-dimensional tissue culture system in
vitro.

Significant downregulation of scleraxis and tenomodulin expression levels during culture
occurred before the reduction in proliferation rates in HH40 and HH42 cells (Figure 5). It
has been previously reported that knockout of tenomodulin leads to impaired proliferation in
neonatal mouse tendon cells in vivo.3% Knockout of tenomodulin also reduces proliferation
rates of 6-month-old mouse tail tendon cells cultured in vitro, whereas transient transfection
of tenomodulin rescues the proliferative deficit between tenomodulin knockout cells and the
control.14 Future studies could perform knockdown experiments to further examine the role
of tenomodulin in embryonic tendon cell proliferation in vitro.

The phenomenon in which cells undergo a limited number of doublings in vitro

while remaining viable and metabolically active is known as the Hayflick limit.20:41

To characterize whether the cells were approaching the Hayflick limit, or becoming
senescent, we used multiple markers as there is no known single marker to reliably

evaluate senescence. Characteristics of senescent cells in vitro include enlarged surface area,
expression of B-gal, and expression of cell cycle inhibitors.#2-45 Enlarged surface area of
senescent cells has been attributed to increased organelle volume and cellular content that
accumulate because the cells are unable to divide.*® B-gal is a lysosomal enzyme that is
upregulated with onset of replicative senescence.#2 Other commonly used markers include
cyclin-dependent kinase inhibitors p16 and p21, both which induce cell cycle arrest by
hindering DNA replication.*344 In our study, significant increases in the percentage of p-gal
positive cells and expression levels of pZ6 and p21 occurred in both HH40 and HH42 cells
at higher passages (Figures 3 and 4). Average surface area of p-gal positive cells increased
significantly while that of B-gal negative cells remained constant over time in culture (Figure
3). Our findings are consistent with previous reports in which postnatal mouse and human
tendon cells cultured in vitro increased gene expression levels of pZ6and percentage of
B-gal positive cells at higher passages.141534 In another study, forced overexpression of p16
in human adult Achilles tendon cells increased the percentage of p-gal positive cells and
decreased gene expression levels of scleraxisand tenomodulin in vitro.** Taken together,
the upregulation of multiple senescence markers in our study suggests embryonic tendon
cells were becoming senescent at higher passages, which could have been the reason for the
downregulation of phenotype markers and decreased proliferation rates.

J Orthop Res. Author manuscript; available in PMC 2024 October 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nguyen et al.

Page 9

The percentage of B-gal positive cells increased at an earlier passage and remained higher

in HH42 cells than HH40 cells, suggesting onset of senescence in vitro occurs more rapidly
in later embryonic stage tendon cells (Figure 3). Similar trends with age have been reported
for postnatal tendon cells in vitro.32:34 The percentage of B-gal positive cells and expression
of cell cycle inhibitor p27 were significantly higher in Achilles tendon cells of 24-month-old
rats compared to 2- and 12-month-old rats at the same passages.32 Human Achilles tendon
cells from older patients (65 + 14 years) exhibited higher percentage of g-gal positive cells
than those of younger patients (27 + 5 years) at the same passages in vitro.3# We hypothesize
that HH42 embryonic tendon cells possess shorter telomere length and lower telomerase
activity than HH40 cells, and that these differences led to the observed differences in
proliferation rates and senescence trends. Telomeres provide protection against chromosome
degradation during DNA replication.#? Telomere shortening has been implicated in growth
arrest of replicative senescent cells.** During development, telomere length and telomerase
activity decline with increasing gestational age in human fetuses.6:47 For example, telomere
length and telomerase activity both decline in human fetal tissue between gestational ages

6 and 11 weeks.*8 To test our hypothesis, future studies should examine telomere length

and telomerase activity of HH42 versus HH40 cells and the influence of these factors on
embryonic tendon cell behaviors in vitro.

In our study, pZ6and p21 expression levels in both HH40 and HH42 cells at

passage 1 decreased significantly compared to freshly harvested tendon (Figure 4). The
downregulation of gene expression levels of these cell cycle regulators was particularly
interesting. However, the reasons are unknown and future studies would be needed

to investigate this. We also found that p27 expression levels in HH42 cells increased
significantly by passage 4 whereas percentage of B-gal positive cells, surface area, and
plé6levels did not increase until after passage 7 (Figures 3 and 4). Additionally, expression
levels of p21 were significantly higher in HH40 than HH42 cells at passage 1 (Figure 4).
These data suggest p21 may also play non-senescence roles in embryonic tendon cells.
Studies with oligodendrocytes and myoblasts have shown p21 plays roles in development
that are independent of senescence.*849 For example, p21 appears to regulate the G1-G0
transcriptional program in brain development, unrelated to its role in controlling cell cycle
exit in cellular senescence.? It has also been reported that p21 is involved in the mechanism
of Sox9 overexpression-induced differentiation of mouse embryonic stem cells into three
germ layer lineages by binding to Sox2 enhancer and inhibiting Sox2 expression.>° Future
studies should examine potential non-senescence roles of p21 to better understand its roles
in embryonic tendon development.

Based on our study, embryonic tendon cells lose their phenotype and start to become
senescent before proliferation rate declines in vitro. Furthermore, proliferation rate appears
to be independent of embryonic stage of cell isolation, whereas phenotype stability and
susceptibility to senescence are dependent on embryonic stage. We discovered that chick
embryonic tendon cells can be at least expanded up to passage 4, or CPD 12, before loss
of tendon phenotype and onset of senescence occur, but it is possible that different culture
conditions would shift that passage number higher or lower. Additionally, chick embryonic
tendon cells could potentially be used as late as passage 7 as the slight increase in p-gal
positive cells may be considered negligible depending on the scientific question at hand.
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Taken together, future studies that utilize embryonic tendon cells in vitro should consider the
embryonic stage of cell isolation and be aware that these cells may lose their phenotype and
experience onset of senescence before proliferation rates decline.
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FIGURE 1.
Proliferation rates were similar between HH40 and HH42 cells. (A) CPD of HH40 and

HHA42 cells increased over time in culture, and then began to plateau after 30 days (or
passage 10). (B) PDTs were the same between HH40 and HH42 cells at different CPDs.
PDTs were low and constant for both HH40 and HH42 cells from the beginning of the
experiment until CPD 31, at which time PDT increased significantly for both HH40 and
HHA42 cells. (C) Passage number correlated linearly with CPD for both HH40 and HH42
cells for the duration of the study. /=3 for each stage; two-way ANOVA; *p < 0.05
between different passages within same stage
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FIGURE 2.
Gene expression levels of tendon markers scleraxis and tenomodulin declined at higher

passage numbers in both HH40 and HH42 cells. (A) Scleraxis expression levels increased
significantly in both HH40 and HH42 cells at passage 1 compared to freshly harvested
tendons. During culture in vitro, scleraxis expression levels of HH40 and HH42 cells
decreased significantly by passages 10 and 7, respectively. Scleraxis expression levels were
the same between freshly harvested HH40 and HH42 tendons. Scleraxis expression levels
became significantly lower in HH42 cells than HH40 cells by passage 7. (B) 7enomodulin
expression levels were higher in freshly harvested HH42 tendon compared to HH40 tendon
and remained 3- to 4-fold higher in HH42 than HH40 cells from passage 1 to passage 7 in
vitro. 7enomodulin expression levels were higher in both HH40 and HH42 cells at passage
1 compared to freshly harvested tendons. During culture in vitro, tenomodulin expression
levels in HH40 cells remained the same between passages, whereas tenomodulin expression
levels in HH42 cells decreased significantly by passage 10. /= 3 for each stage; two-way
ANOVA,; *p < 0.05 between freshly harvested tendons and different passages within same
stage; #p < 0.05 between HH40 and HH42 freshly harvested tendons or HH40 and HH42
cells at the same passage
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FIGURE 3.

Cell surface area and B-gal positivity. (A) Representative images of B-gal-stained HH40
and HH42 cells with select cells outlined to highlight representative morphology. Cells
exhibited predominately thin, elongated morphology during earlier passages (1 through 4)
and enlarged, wider surface areas during later passages (7 through 12). (B) The percentage
of B-gal positive cells were examined at each passage from 1 to 12 for both HH40 and
HHA42 cells. Data for passages 1, 4, 7, 10, and 12 are shown, but note that there were no
changes in the percentage of p-gal positive cells between passages and embryonic stages
from passages 1 through 6. The percentage of B-gal positive cells increased significantly at
passage 10 in HH40 cell cultures and at passage 7 in HH42 cell cultures. The percentage
of B-gal positive cells became significantly higher in HH42 than HH40 cultures starting at
passage 7. (C) Surface area of B-gal positive cells increased significantly by passage 10 in
both HH40 and HH42 cultures. There was no significant difference in surface area of p-gal
positive cells between HH40 and HH42 cultures. (D) Surface area of p-gal negative cells
remained constant throughout culture. There was no significant difference in surface area
of B-gal negative cells between HH40 and HH42 cultures. /= 3 for each stage; two-way
ANOVA; *p < 0.05 between different passages within same stage; #p < 0.05 between HH40
and HH42 cells at the same passage
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FIGURE 4.
Gene expression levels of cell cycle inhibitors pZ6 and p21 in HH40 and HH42 cells.

(A) Expression levels of pZ6 were lower in HH40 cells at passage 1 compared to freshly
harvested tendon, but remained the same between HH42 cells at passage 1 and freshly
harvested tendon. Expression levels of pZ6were higher in freshly harvested HH40 tendon
than HH42 tendon, but were similar between HH40 and HH42 cells through passage 12.
Expression levels of p16in both HH40 and HH42 cells increased significantly by passage
12. (B) Expression levels of p21 were the same between freshly harvested HH40 and HH42
tendons, but at passage 1 were significantly higher in HH40 than HH42 cells. Expression
levels of p21 decreased significantly in both HH40 and HH42 cells at passage 1 compared
to freshly harvested tendons. Expression levels of p21 increased significantly by passage 12
in HH40 cells and passage 4 in HH42 cells. V= 3 for each stage; two-way ANOVA; *p <
0.05 between freshly harvested tendons and different passages within same stage; #p < 0.05
between HH40 and HH42 freshly harvested tendons or HH40 and HH42 cells at the same
passage
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FIGURE 5.
Timeline of significant changes in phenotype expression, proliferation rate, and senescence

characteristics for HH40 and HH42 tendon cells cultured in vitro (passage number not to
scale). TWMD is not shown for HH40 cells in the timeline because TAVMD expression levels
did not change significantly between different passages in vitro
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