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Abstract

This study investigates the transcriptome response of meniscus fibrochondrocytes (MFCs) to the low oxygen and
mechanical loading signals experienced in the knee joint using a model system. We hypothesized that short term
exposure to the combined treatment would promote a matrix-forming phenotype supportive of inner meniscus tissue
formation. Human MFCs on a collagen scaffold were stimulated to form fibrocartilage over 6 weeks under normoxic
(NRX, 20% O,) conditions with supplemented TGF-f33. Tissues experienced a delayed 24h hypoxia treatment (HYP,
3% O,) and then 5min of dynamic compression (DC) between 30 and 40% strain. Delayed HYP induced an anabolic
and anti-catabolic expression profile for hyaline cartilage matrix markers, while DC induced an inflammatory matrix
remodeling response along with upregulation of both SOX9 and COL/AI. There were 4| genes regulated by both HYP
and DC. Overall, the combined treatment supported a unique gene expression profile favouring the hyaline cartilage
aspect of inner meniscus matrix and matrix remodeling.
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as type II collagen and aggrecan that confer compressive
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Figure |. Experiment overview. Experiment steps |-5 were repeated three times, each time using cells from a new human

meniscus donor.

Adapted from “Autologous Haematopoietic Stem Cell Transplant”, by BioRender.com (2020). Retrieved from https://app.biorender.com/biorender-

templates.
HYP: hypoxia; NRX: normoxia; P: passage.

by a heterogeneous population of cells referred to as menis-
cus fibrochondrocytes (MFCs).® MFCs exist natively in a low
oxygen and dynamically-loaded environment in adults, expe-
riencing a complex combination of tension, compression,
hydrostatic pressure, and shear forces.'%° Low oxygen con-
ditions (known as hypoxia (HYP) or physioxia to reflect the
inner meniscus native environment) and mechanical loading
such as dynamic compression (DC) can each enhance expres-
sion of fibrocartilage matrix components by MFCs in
vitro.'®!> However, little is known about how MFCs respond
to these signals simultaneously, and how HYP and mechani-
cal loading can be used in combination toward tissue engi-
neering meniscus.

The objective of this study was to gain a better under-
standing of how MFCs respond to combined HYP and
short-term DC at the global mRNA level using a model
system of human meniscus. It was hypothesized that the
combined treatment would promote a matrix-forming phe-
notype supportive of inner meniscus tissue formation.

Materials and methods

Ethics and sample collection

Non-osteoarthritic human meniscus samples from arthro-
scopic partial meniscectomies as a consequence of trauma

at the Grey Nuns Community Hospital and the University
of Alberta Hospital in Edmonton were collected with
patient consent waived in accordance with the University
of Alberta human research ethics board’s approval
#Pro00018778 to use surgical discards with non-identify-
ing information for scientific research purposes.

Design of a dynamic compression (DC)
bioreactor

A custom bioreactor was created out of stainless steel to fit
a Biodynamic 5210 test instrument (TA Instruments, USA)
positioned inside of a Biospherix X3 incubation chamber
system (Supplemental Figure 1). Aspects of the bioreactor
design, such as the use of standard Petri dishes to hold
samples, were inspired by Mauck et al.'®

Cell expansion and formation of engineered
inner meniscus fibrocartilage

An overview of the experimental methods is provided in
Figure 1. Inner meniscus specimens from n=3 independ-
ent donors were collected during partial meniscectomy
(Figure 2(a)). Meniscus fibrochondrocytes (MFCs) were
isolated by collagenase digestion and were expanded to
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Figure 2. The donors formed a spectrum of engineered meniscus fibrocartilage at the six-week baseline before division into
experimental conditions. (a) Gross morphology of the donated meniscus specimens. PD: population doublings reached before
scaffold seeding. (b—e) Engineered fibrocartilage gross morphology and staining analysis. Panels in Safranin-O and types I/ll collagen
rows share common scale bars. Cell nuclei in immunofluorescence images are stained with DAPI (blue). (f) Average expression
levels for each donor, pooled across the experimental conditions, for a biased panel of meniscus-related genes.

All pairwise comparisons not marked by “n.s.” (not significant) were statistically different with p <0.05.

passage 2 in a high-glucose DMEM containing 1 ng/mL
TGF-B1 and 5ng/mL FGF-2."7

MFCs were collected and seeded onto cylindrical type I
collagen scaffolds (diameter=10mm, height=3.5mm, pore
size=115 =20 um, Integra Lifesciences, USA) at a density of
5 X 10%cm?. The cell-seeded scaffolds were then pre-cultured
for 6wecks in a defined serum-free standard chondrogenic
medium containing 10ng/mL TGF-B3 for fibrocartilaginous
matrix formation.!” The duration was selected based on our
unpublished data showing that tissues at this time point con-
tain the primary matrix constituents of the inner meniscus
(type I collagen, type II collagen, sulphated proteoglycans)
and have substantial mechanical properties compared to
shorter culture periods. A study using a similar type I collagen
scaffold applied a single dynamic compression event after a
comparable preculture period (7weeks) and found it to have
anabolic effects in articular chondrocytes.'®

At the end of the pre-culture period, baseline tissues were
harvested to confirm the presence of fibrocartilaginous

matrix using histological staining and immunofluorescence.
Briefly, tissues were fixed in formalin and paraffin-embed-
ded, sectioned, and stained with Safranin-O for sulphated
proteoglycans and antibodies for types I and II collagens by
immunofluorescence.!’

Experimental conditions (n=23 donors, 3—4
replicates/condition per donor)

The remaining tissues were randomly assigned into six
groups: hypoxia or normoxia with a loading group of either 1.
vehicle control (VCtrl), 2. static compression (SC), or 3.
dynamic compression (DC). For the oxygen division, tissues
were placed into incubation chambers with 3% O, (hypoxia,
HYP) or 20% O, (normoxia, NRX) and 5% CO, within an
X3 Xvivo system (Biospherix, USA) for a 24h oxygen ten-
sion treatment. This duration was chosen to give time for the
medium and tissues to equilibrate to the new environment but
not undergo dramatic matrix-level protein changes.
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With the atmosphere set to 5% CO, with 3% O, or 20%
O,, replicate tissues within each group were transferred
into Petri dishes containing fresh culture medium and put
into the bioreactor. Tissues in a VCtrl group were com-
pressed until reaching a 0.01 N per tissue (Figure 1). The
corresponding pre-load position was then re-used for all the
five groups so that the strain calculations would be identi-
cal. The pre-load position was re-measured for each donor.

VCitrl consisted of samples reaching the pre-load posi-
tion and then maintained in contact with the platens for
Smin. SC consisted of 30% compression with a five-min-
ute hold. DC consisted of a 30% SC superimposed with
10% cyclic sinusoidal strain at 1 Hz for S min. These load-
ing regime strain parameters were selected based upon
preliminary work showing that although the tissues under-
went rapid stress relaxation during the first minutes of DC
loading, the stress response magnitude remained adequate
for at least Smin with these parameters. A study using a
similar type I collagen scaffold applied similarly large
strains (10% static offset with 25% dynamic amplitude) in
articular chondrocytes after a 7 week preculture period and
identified the regime to have anabolic effects.'®

After loading, the samples were removed from contact
with the platens and given 30 min to rest for gene expression
changes to occur. The samples were then transferred into
TRIzol reagent and snap-frozen in liquid nitrogen for stor-
age until the experiment was complete for all three donors.

RNA extraction

Total RNA was extracted with standard chloroform phase
separation and isopropanol precipitation.!” To confirm that
the short-term treatments were effective in inducing gene
expression changes, RNA was reverse transcribed into
cDNA for quantitative real-time polymerase chain reaction
(qRT-PCR) with gene-specific primers for loading-sensi-
tive (¢-FOS and c-JUN) and hypoxia-sensitive (lysyl oxi-
dase, LOX) genes.'®!” Chondrogenic regulator SOX9 was
also measured. Gene expression was compared to the aver-
age expression levels of three reference genes (Supplemental
Figure 2(a), Supplemental Table 1).

SPSS 27 (IBM, USA) was used to compare mRNA
expression measured by PCR across the different groups by
analysis of variance (ANOVA) with oxygen tension and
mechanical loading as fixed effects and donor as a random
effect. Mean replicate values within each donor and condi-
tion were first calculated. The Shapiro-Wilk test was used to
assess normality. The presence of any interactions was first
assessed by the significance of the Oxygen
tension*Mechanical loading term (p <0.05). In cases of no
significant interactions, the significance of the main effects
were assessed. In cases where mechanical loading had a sig-
nificant main effect, pairwise comparisons were made
between the levels with no p value corrections applied. Fold
changes were later compared between qRT-PCR and RNA-
seq using Pearson’s correlation (Supplemental Figure 2(c)).

RNA sequencing and bioinformatics

Total RNA samples were purified using RNeasy Mini Kits
(Qiagen, Germany) with a DNase digestion step according
to the manufacturer’s protocol. Equal masses of total RNA
from 3 or 4 replicate samples within each condition and
within each donor were pooled together to reduce inter-
replicate variability (Supplemental Figure 1(b)). To main-
tain inter-donor biological variation, pooled samples only
consisted of replicates from the same donor, that is, sam-
ples from different donors were not pooled together. With
two oxygen tensions (HYP and NRX), three loading groups
(VCtrl, SC, and DC), and three donors, there were thus a
total of 18 RNA pools that underwent RNA sequencing.

Next-generation sequencing was performed by the
University of British Columbia Biomedical Research
Centre. Sequencing was performed on the Illumina
NextSeq 500 with 20million paired end 42bp X 42bp
reads. Twelve thousand nine hundred and forty-six
expressed genes were studied.

RNA sequencing data analysis was performed using
Partek® Flow® software, version 9.0.20.0622, Copyright ©
2020, Partek Inc., St. Louis, MO, USA. Reads were aligned
to the human genome hg38 using STAR-2.7.3a and quanti-
fied to a transcript model (hg38-RefSeq Transcript 94;
2020-05-01) using the Partek Expectation/Maximization
(E/M) algorithm. Normalization was then conducted on
samples with Add: 1.0, TMM and Log 2.0 methods and
analysis of variance (ANOVA) was used for differential
expression analysis for the oxygen tension, mechanical
loading, and donor (random) effects. Differences in gene
expression were considered significant if p-values adjusted
for the false discovery rate (¢ values) were less than 0.05.
For certain comparisons, an absolute fold-change thresh-
old of at least two was also applied. Correlation analysis,
principal component analysis (PCA), visualization of dif-
ferentially expressed genes (DEGs), and Venn diagrams
were all conducted in Partek Flow software and further
exploratory functional analysis was conducted using Gene
Ontology (GO) enrichment.

Results

Baseline data

At the baseline, the donors had formed a spectrum of
fibrocartilage tissues with expression comparable for
type I collagen (Figure 2(d)) but variable for hyaline
cartilage matrix markers (Figure 2(c) and (e)). Average
expression levels across experimental conditions
between donors of a panel of meniscus-related genes
supported these protein-level observations (Figure 2(f)).
The more hyaline cartilage-like donors M/24y and
M/30y had 29 and 66-fold higher expression of chon-
dromodulin (CNMD) compared to the more fibrous
M/33y donor. The most highly regulated gene between
donors was CYTLI, which was 5.5 and 1091-fold
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Figure 3. Mechanical loading summary of engineered meniscus fibrocartilage by donor. (a) Strain versus time for a representative
donor. (b—d) Average stress versus time, computed as the forces reached during loading divided by the total cross-sectional area of
engineered tissues in the bioreactor. The vehicle control groups (no compression) are excluded because the force data is noise.

The figure legends in (a) are shared by row.

DC: dynamic compression; HYP: hypoxia, 3% O,; M: male; NRX: normoxia, 20% O,; SC: static compression; y: years.

upregulated in M/24y and M/30y respectively compared
to M/33y. BSP1 and RANKL, two bone-related genes,
showed similar inter-donor trends (BSPI: 1, 13.8, and
234-fold; RANKL: 1, 4.2, and 86.4-fold).

During loading, the stress versus time plots showed that
tissues from the M/30y donor were much stiffer than from
the other two donors in both SC and DC groups (Figure
3(b)—(d)). This was consistent with the protein-level his-
tology and IF assessment (Figure 2(c)—(e)).

mRNA level analysis

gRT-PCR andlysis. To confirm that the short-term treat-
ments were effective, expression changes in genes sensi-
tive to hypoxia (LOX and SOX9) and mechanical loading
(c-FOS and c-JUN) were first measured by qRT-PCR. All
four genes were significantly upregulated by either HYP
or DC, which justified proceeding to more resource inten-
sive RNA sequencing (Supplemental Figure 1(a)).

Principal component (PC) and hierarchical clustering analy-
sis. PCs 1-3 explained 73% of the variance in the RNAseq
dataset (Figure 4(a)). There was clustering by oxygen ten-
sion and donor factors but not mechanical loading, sug-
gesting that these factors had the largest effects. There
were 8475 and 64 genes significantly regulated by oxygen
tension and mechanical loading, respectively, indicating
that oxygen tension was the more potent treatment than

mechanical loading. It should be appreciated that the treat-
ment durations varied substantially with 24h for hypoxia
and 5Smin+ 30min rest for mechanical loading (Figure
4(b)). Hierarchical clustering for oxygen tension separated
NRX and HYP samples at the highest level, indicating a
robust oxygen tension response across the three donors
(Figure 4(c)). Hierarchical clustering analysis for the DC
vs. VCtrl samples showed a complete separation between
VCtrl and loading groups and a partial separation between
SC and DC (Figure 4(d)).

Combined effects of oxygen tension and mechanical load-
ing. There were no genes with statistically significant
(g <0.05) two-way interactions between oxygen tension and
loading-related treatments, meaning that the effects of load-
ing were not significantly different between oxygen tensions.
Of the 8475 and 64 genes respectively regulated by oxygen
tension and mechanical loading, 41 were co-regulated by the
treatments meaning that they had significant main effects for
each (Figure 4(b)). These genes are listed in Table 1. Gener-
ally, several of the co-regulated genes are involved in the
response to endogenous stimuli and stress such as ATF3,
NR4A43, EGR2, DUSP2/5/6, JUND, and KLF4. RGS16 and
SOCS3 play inhibitory roles in signal transduction, while
1IER3/5 and PPPIRI5A play roles in stress resistance and
recovery. ADAMTS1, CCNI and PTGS? are related to matrix
remodeling and inflammatory responses, while CSRNP1/2,
MCLI, and PHLDAI are related to apoptosis.
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Figure 4. Oxygen tension had a more profound effect than mechanical loading. (a) Principal component analysis. (b) Venn diagram
showing genes significantly (g < 0.05) with significant main effects for mechanical loading, oxygen tension, or both. No genes were
found with statistically significant two-way interactions between mechanical loading and oxygen tension. (c) Differential expression
heatmap and hierarchical clustering analysis of genes regulated at least two-fold between oxygen tensions, narrowing the list of
8475 genes significantly regulated by hypoxia down to 806. The Z-score spectrum ranged from —3.12 (green, low expression) to
+2.5 (red, high expression). Genes are not labelled for clarity. (d) Similar information as (c) but for mechanical loading. The Z-score
spectrum ranged from —0.47 to +2.54.
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Table I. Genes significantly co-regulated by oxygen tension and mechanical loading. The HYP versus NRX comparison included
nine samples from three donors in each oxygen tension, because the loading groups were combined for this comparison. The SC
versus VCtrl and DC versus VCtrl comparisons each contained six samples from three donors because the oxygen groups were
combined. Finally, the HYP*DC versus NRX*VCtrl had only three samples from three donors because these were specific groups
with no combining possible.

Gene Fold change
HYP versus SC versus DC versus HYP*DC versus
NRX VCtrl VCtrl NRX*VCtrl

ADAMTSI  ADAM Metallopeptidase with Thrombospondin Type | Motif | -2.12%* 1.27 1.93% -1.13
ATF3 Activating Transcription Factor 3 1.87* 2.18* 5.79* 13.38*
CCNI Cellular Communication Network Factor | —1.35% 1.49 2.07* I.51%
CCNG2 Cyclin G2 2.55% -1.10 1.04 2.49*
CHDI Chromodomain Helicase DNA Binding Protein | 1.12% 1.08 1.28% | 44%
CHMPIB Charged Multivesicular Body Protein IB —1.31* I.15 1.50% I.16*
CLK1 CDC Like Kinase | 1.88* -1.10 |.44% 2.62%
CSRNP| Cysteine and Serine Rich Nuclear Protein | 1.38% 1.56 2.67% 4.08*
CSRNP2 Cysteineand Serine Rich Nuclear Protein 2 I.13% I.16 |.34% 1.52*%
DUSP2 Dual Specificity Phosphatase 2 —-1.61* 1.71 2.90% |.88*
DUSP5 Dual Specificity Phosphatase 5 1.52% |.74% 2.81* 5.15%
DUSPé Dual Specificity Phosphatase 6 1.75% 1.92 3.02* 5.94*
EGR2 Early Growth Response 2 1.56* |.77% 2.29% 3.99%
GEM GTP Binding Protein Overexpressed in Skeletal Muscle —2.72% 1.08 1.59% —-1.72%
HBEGF Heparin Binding EGF Like Growth Factor 1.45% 1.39 1.71% 2.30*
IER3 Immediate Early Response 3 1.26* 1.49 2.56* 3.70%
IERS Immediate Early Response 5 1.23% 1.37 |.85% 2.23%
JUND JunD Proto-Oncogene, AP-1 Transcription Factor Subunit 1.35% |.78* 2.71% 3.85%
KDM7A Lysine Demethylase 7A 2.06* -1.06 I.15 2.29%
KLF4 Kruppel Like Factor 4 1.41% |.82* 3.20% 4.80*
LOC284454 Uncharacterized LOC284454 —1.28% 2.22% 3.76* 3.201%
MCLI MCLI Apoptosis Regulator, BCL2 Family Member 1.12% 1.23 |.64* 1.86*
MIDN Midnolin —1.43* 1.35 |.44% 1.0l
NR4A3 Nuclear Receptor Subfamily 4 Group A Member 3 1.30% 1.06 2.96% 5.08*
OTuDI OTU Deubiquitinase | 1.53* 1.42 2.23* 3.24%
PHLDAI Pleckstrin Homology Like Domain Family A Member | —1.57% 1.52 2.59*% |.65%
PPPIRI5A  Protein Phosphatase | Regulatory Subunit |5A 2.15% 1.23 |.84%* 4.44%
PPPIR3B Protein Phosphatase | Regulatory Subunit 3B 2.23* -1.31* -1.19 1.69%
PTGS2 Prostaglandin-Endoperoxide Synthase 2 3.59% 1.86 3.73*% 17.11%
RASDI Ras Related Dexamethasone Induced | -2.56* 3.33 9.47* 4.40%*
RCANI Regulator of Calcineurin | 2.19*% -1.12 1.21 2.93%
RGSI6 Regulator of G Protein Signaling 16 1.85* |.45 1.90%* 3.86*
RND3 Rho Family GTPase 3 —I.15% I.14 1.57% 1.36%
RSBNI Round Spermatid Basic Protein | 1.43% —1.21%* —-1.04 1.31%
SGK1 Serum/Glucocorticoid Regulated Kinase | —1.39% 1.54 2.28* 1.67%
SLC25A25  Solute Carrier Family 25 Member 25 —1.41* 1.37 I.51% 111
SLC2A3 Solute Carrier Family 2 Member 3 3.29% —-1.17 1.12 3.29%
SOCS3 Suppressor of Cytokine Signaling 3 —1.65% 2.19 5.78* 3.79%
TRIBI Tribbles Pseudokinase | 1.69% 1.28 |.78% 3.02%
ZFP36L2 ZFP36 Ring Finger Protein Like 2 —1.59% 1.45 1.62* 1.01
ZNF507 Zinc Finger Protein 507 —l.16* I.14 1.21% 1.05

%9 < 0.05.

Biological interpretation was performed using Gene Table 3. The significantly enriched pathways included
Ontology (GO) enrichment analysis using the list of co- several relating to basic cellular functions such as cata-
regulated genes. Selected pathways are presented in Table lytic activity and metabolic processes, as well as cellular
2, with the complete pathway listing in Supplemental signalling such as MAP kinase.
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Table 2. Selected enriched pathways from Gene Ontology (GO) analysis of genes co-regulated by oxygen tension and mechanical
loading, as well as the individual effects of each treatment. The full lists are available in Supplemental Tables 3 to 5.

Description p-value Genes in list
GO Pathway: 41 oxygen and mechanical loading regulated genes (FDR < 0.05)
Regulation of smooth muscle cell proliferation 5.88E-7 6
Regulation of phosphate metabolic process 8.79E-7 16
MAP kinase tyrosine/serine/threonine phosphatase activity 3.82E-6 3
Regulation of catalytic activity 6.3E-6 17
Regulation of cellular metabolic process 1.0IE-5 28
GO Pathway: 806 hypoxia versus normoxia genes (FDR < 0.05, |[FC|=2)
Endoplasmic reticulum unfolded protein response 4.98E-15 29
Signal transduction 9.55E-15 262
Response to endoplasmic reticulum stress 2.89E-14 44
Extracellular space 881E-14 105
Response to hypoxia 2.16E-12 41
Angiogenesis 1.27E-10 39
Extracellular matrix 2.17E-10 54
lon homeostasis 2.44E-10 66
Collagen-containing extracellular matrix 5.77E-8 41
GO Pathway: 35 DC versus VCtrl genes (FDR<0.05, |[FC|=2)
Response to endogenous stimulus 3.3E-14 18
Positive regulation of RNA metabolic process 1.02E-13 21
DNA-binding transcription factor activity 2.53E-13 18
Positive regulation of cellular metabolic processes 3.98E-12 25
Response to hormone 5.43E-12 14
Positive regulation of cellular biosynthetic process 1.95E-11 20
Transcription factor AP-1 complex 1.96E—1 | 4
Cell differentiation 2.7E-11 19

Table 3. Genes with the largest |FC| between HYP and NRX.

Oxygen regulated DEGs with the 10 largest fold changes

Genes Fold change
HYP versus NRX SC versus VCtrl DC versus VCtrl

BHLHAIS Basic Helix-Loop-Helix Family Member A15 30.94* 1.08 1.02
KISSIR KISS| Receptor 30.52* —1.12 —-1.00
KTI12 KTI12 Chromatin Associated Homolog —26.75% 1.07 —1.52
CDHI5 Cadherin 15 18.43* -1.26 1.03
ARFGEF3 ARFGEF Family Member 3 18.23* 111 -1.03
P2RYII Purinergic Receptor P2Y | | 16.59* 2.72 4.21
MT3 Metallothionein 3 14.88* 1.01 1.10
DERL3 Derlin 3 14.78* 1.18 1.33
STCI Stanniocalcin | 14.69* 1.12 =111
CKMT2 Creatine Kinase, Mitochondrial 2 |3.55% 1.23 1.09
%q = 0.05.

Characterization of individual main effects for oxygen tension
and mechanical loading. Of the 8475 genes regulated by
oxygen tension, 806 had absolute value fold-changes,
|[FC|=2. The ten genes with the highest fold changes are
shown in Table 3, with the complete list available in Sup-
plemental Table 2. The 24h hypoxia treatment had pro-
fibrocartilage effects including upregulation of anabolic
genes including SOX9 (1.58-fold), FGF-1 (3.29-fold),

MATN4 (2.39-fold), and ACAN (1.49-fold), and downreg-
ulation of catabolic genes ADAMTS! (2.12-fold) and
MMPs 1, 3, and 13 (4.50,2.98, and 1.59-fold respectively).
Selected enriched pathways from GO analysis are pre-
sented in Table 2, with the complete listing available in
Supplemental Table 4.

Of'the 64 genes regulated by mechanical loading, 35 genes
had |[FC|=2. All of these fell within the DC versus VCtrl
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DC vs. VCtrl Gene VCtrl SC DC

(DC vs. VCtrl) only
RASD1 1 3.3 9.5%
SOCS3 1 2.2 5.8*
ERG3 1 2.8 4.4*
A Cllorf96 1 1.9 4.1*
KLF2 1 2.4 4.0*
JUN 1 1.7 3.3*
SCvs. VCtrl DC vs. SC i 1] 207] 3
KLF4 1 1.8* 3.2*
Gene VCtrl SC DC JUNB 1 1.9 3.0*
N DUSP6 1| 19| 3.0
NR4A2 1 4.4 | 19.8*t NRAA3 1 11| 30
PTGS2 1 1.9 Sl DUSP2 1 1.7 2.9*%
(SC vs. VCtrl) AND (DC vs. VCtrl) DUSPS 1 17 5 g
FOsB 1 7.3*% 22.9% R q L 5 =
Echd ! 467 22" CSRNP1 1 1.6 2.7*
ZFP36 1 2.3% 4.5*%t NEKBIZ 1 1.7% 5 6*
2(5)5284 ! 22 iy PHLDA1 1 1.5 2.6*
IER2 1 2.4* 3.6% | | /RS ! 15| 26
(SC vs. VCtrl) AND (DC vs. VCtrl) AND | | 272 1] 4] 24
(DC vs. SC) ERG2 1| 1.8%| 2.3%
FOS 1 7.3*% 20.8*t SGK1 1 15 2.3%
NR4A1 3.0* 8.4%t OTUD1 1 1.4 2.2%
ATF3 1 2.2% 5.8%t | | CCN1 1 15| 2.1*
DUSP1 1 2.3*% 5.2*%t | | KLF6 1 1.5 | 2.1*

Figure 5. Dynamic compression was more effective in inducing a gene expression response than static compression. The data
is pooled from both oxygen tensions. All listed genes were significantly regulated in at least one of the comparison groups with

g=<0.05and [FC|=2.
*Significance relative to VCtrl.
tSignificance relative to SC.

comparison (Figure 5). These genes all showed a “step-up” in
fold change and increased statistical significance in comparing
first VCtrl to SC and then SC to DC (Figure 5). This indicates
that SC did not upregulate a unique set of genes compared to
DC; rather, it induced an intermediate gene expression pheno-
type between VCtrl and DC. The DC treatment was clearly

more effective than the SC treatment in inducing a gene
expression response. This is likely due to the dynamic loading
aspect but also the added compression applied in DC (up to
40% total strain) compared to SC (up to 30%).

The ten genes with the highest fold-changes in DC
versus VCtrl are shown in Table 4, with the complete list
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Table 4. Top 10 mechanical loading genes with the highest fold change in DC versus VCtrl.

Gene Fold change

HYP versus NRX  SC versus VCtrl  DC versus VCtrl
Mechanical loading regulated DEGs with the 10 largest fold changes
FOSB FosB Proto-Oncogene, AP-I Transcription Factor Subunit ~ —1.03 7.26* 22.85%
FOS Fos Proto-Oncogene, AP-I Transcription Factor Subunit I.15 7.30%* 20.81*
NR4A2 Nuclear Receptor Subfamily 4 Group A Member 2 -1.37 4.35 19.80%*
EGRI Early Growth Response | I.15 4.56* 9.17%
NR4A| Nuclear Receptor Subfamily 4 Group A Member | —1.54 2.95% 8.41*
DUSPI Dual Specificity Phosphatase | -1.18 2.34* 5.21*
ZFP36 ZFP36 Ring Finger Protein -1.16 2.33% 4.50%
EGR3 Early Growth Response 3 1.05 2.77 4.43*
Cllorf96  Chromosome || Open Reading Frame 96 1.04 1.19 4.101%*
KLF2 Kruppel Like Factor 2 1.24 2.35 3.95%
*q=<0.05.

Table 5. Expression comparisons between HYP/NRX, DC/VCtrl, and the double versus no treatment groups HYP*DC/
NRX*VCtrl for a biased selection of meniscus-related genes. The HYP versus NRX comparison included nine samples from three
donors in each oxygen tension, because the loading groups were combined for this comparison. The DC versus VCtrl comparisons
each contained six samples from three donors because the oxygen groups were combined. The HYP*DC versus NRX*VCtrl had
only three samples from three donors because these were specific groups with no combining possible.

Gene Fold change

HYP versus DC versus HYP*DC versus

NRX VCtrl NRX*VCtrl
ACAN Aggrecan |.49% 1.08 |.56*
ADAMTSI ADAM Metallopeptidase with Thrombospondin Type | Motif | —2. | 2Kk |.93%k* -1.13
COLIAI Collagen Type | Alpha | Chain -1.19 1.33* I.16
COL2AI Collagen Type Il Alpha | Chain 1.20 .16 1.31
COLIOAI Collagen Type X Alpha | Chain 1.23 1.04 I.16
DCN Decorin —1. 2]k 1.00 —1.23%%k
MMPI Matrix Metallopeptidase | —4.50%F* 1.07 —4.68%F*
MMP3 Matrix Metallopeptidase 3 —2.98%F* 1.03 —2.80%F*
MMPI3 Matrix Metallopeptidase |3 —|.59%F* 1.08 —1.5%
SOX9 SRY-Box Transcription Factor 9 | .58%** 1.37% 2,09k
VCAN Versican —2.04%F* 1.03 —1.96%F*

*p < 0.05. #p < 0.001.

provided in Supplemental Table 2. Several genes related
to the AP-1 transcription factor complex, including FOS,
FOSB, JUN, and JUNB were upregulated with roles in
early signal transduction of mechanical stimulus. Further,
many genes involved in inflammatory-related pathways
such as MAPK, IL-17, and TNF signalling were also
upregulated. Selected enriched pathways from GO analy-
sis of the 35 genes significantly regulated by mechanical
loading with |[FC|=2 are presented in Table 2, with the
complete listing available in Supplemental Table 5.

A biased panel of known meniscus fibrocartilage
matrix-related genes were then considered to assess
whether the combined treatment had beneficial effects for
tissue formation at this early stage using unadjusted p val-
ues (Table 5). HYP clearly favoured matrix protection

through consistent suppression of catabolic enzymes such
as ADAMTSI (-2.12-fold) and MMPs. It also favoured
development of the hyaline cartilage aspects of the inner
meniscus through upregulation of ACAN (1.49-fold) and
SOX9 (1.58-fold) and suppressed the fibrous aspect
through reduced expression of VCAN (-2.04-fold), DCN
(-1.21-fold) (Table 5). DC had mixed effects, increasing
both hyaline cartilage-like tissue marker SOX9 (1.37-fold)
and fibrous tissue marker COL1A41 (1.33-fold), as well as
the aggrecanases such as ADAMTS! (1.93-fold) (Table 5).

Discussion

This study investigated the global gene expression response
of human MFCs to a short mechanical loading event under
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different oxygen tensions. Engineered tissues from the
three donors were remarkably different in the degree of
hyaline cartilage matrix formation at the baseline. Inter-
donor variability was also a considerable factor after appli-
cation of the experimental conditions based upon PCA. The
donors appeared evenly spaced from one another on the
PCA plot and covered a range of fibrous to cartilaginous
matrix phenotype, which may improve the external validity
of this study’s findings with respect to the oxygen tension
and mechanical loading treatments because the listed genes
were identified as being significantly regulated across the
three donors with differing matrix phenotypes. The RNA
pooling strategy from multiple replicates within conditions
and donors would have reduced the contributions of varia-
bility in culture and analysis, making it easier to detect
these differences between donors. Pooled across the experi-
mental conditions, several genes were identified with wide
differences in expression levels between donors that corre-
lated to the matrix phenotype, which may prove useful as
candidate biomarkers for hyaline cartilage type matrix for-
mation in this model. Previous work has also reported
human MFCs to show considerable inter-donor variabil-
ity.?? This result highlights the importance of biological
replication using multiple meniscus tissue donors.?!
During the early phases of monolayer expansion, MFCs
lose their native expression of chondrogenic markers but
these can be restored through 3D culture with TGF-33.!%17
However, clearly there were wide inter-donor variations in
the degree that MFCs re-express chondrogenic markers.
For donors with more chondrogenic MFCs, shorter expo-
sure to pro-chondrogenic conditions may be more appro-
priate to attain matrix compositions more representative of
healthy adult meniscus.??> The observed inter-donor differ-
ences cannot be attributed with certainty to a specific
cause. The donors were of the same sex, of similar age, and
their cells underwent similar degrees of in vitro expan-
sion.!®!7 Two potential contributors were the proportion of
inner vs. outer meniscus tissue in the donor samples and
the injury details: the M/33y tissue specimen was more
than twice as large as the others implying inclusion of parts
of the outer fibrous regions and the M/30y donor had an
associated ACL injury. Different injuries could affect the
progenitor cell proportion within the harvested meniscus
specimen with downstream effects on the matrix-forming
capacity of isolated cells.?>?” Although MFCs may be the
most attractive cell type for meniscus tissue engineering
applications,?® it is a challenge that their matrix-forming
outcomes may depend upon uncontrollable factors such as
the nature of the injury and the recruitment of local stem
cell progenitors.?? 3> Candidate gene biomarkers of the
human inner avascular meniscus have been characterized
relative to expanded and re-differentiated MFCs.33
Chondroadherin (CHAD), which encodes a cartilage
matrix adhesion-related protein, showed wide expression
differences within that study and in the present work

between the fibrous and hyaline-like donors (11-fold
upregulation) with M/24y as the intermediate, suggesting
its expression in tissue may provide early knowledge of a
donor’s downstream matrix forming capacity. Similar
methods to predict the matrix-forming capacity of a
donor’s cells at an early stage may facilitate eventual clini-
cal translation of meniscus tissue engineering-related
technology.

The finding of no significant interactions between
hypoxia and mechanical loading indicates that gene regu-
lation by a single loading event did not seem to depend on
whether the tissues were in a hypoxic or normoxic state at
the measured time point. It should be appreciated that the
study had limited power to detect statistical interactions. It
was, however, interesting to find a list of genes regulated
by both oxygen tension and mechanical loading. This indi-
cates that the treatments can amplify or antagonize each
other's effects through regulation of the same genes. The
rightmost column of Table 1 shows how large combined
fold changes could be produced in the double treatment
group (HYP/DC) compared to the double control (NRX/
VCtrl), as the main effects are multiplied through coopera-
tive co-regulation. For example, ATF3 (1.9-fold HYP/
NRX, 5.8-fold DC/VCtrl) and PTGS2 (3.6-fold HYP/
NRX, 3.7-fold DC/VCtrl) were respectively upregulated
13.4 and 17.1-fold in the double treatment compared to the
control. Other genes had antagonistic co-regulation, with
the HYP and DC effects neutralizing each other. For exam-
ple, ADAMTS1 was suppressed 2.1-fold by hypoxia and
induced 1.9-fold by DC. Apart from cooperative or antag-
onistic co-regulation of specific genes between the oxygen
and mechanical loading treatments, the unique genes regu-
lated by the individual treatments are all regulated together
in the combined treatment. Simultaneous treatments of
oxygen tension and mechanical loading thus induce a
unique combined gene expression profile. These genes
were identified despite the wide differences in the degree
of hyaline cartilage-like matrix between the three donors,
suggesting that their expression may be robust to varia-
tions in this variable.

Table 5 shows the individual and combined effects of
HYP and DC on a list of inner meniscus matrix-related
genes. The clearest result was that the combined treatment
supported development of a more hyaline cartilage-like
matrix profile. The results were otherwise mixed: HYP
strongly suppressed catabolic enzymes which was only
partly balanced by increases in these enzymes by DC. The
HYP and DC treatments also had opposing effects on
fibrous tissue markers. This makes sense in the context of
the native meniscus because the adult tissue contains both
hyaline cartilage and fibrous tissue characteristics. The
results thus offer early support for our hypothesis that com-
bined hypoxia and mechanical loading would induce a
matrix-forming phenotype favourable to inner meniscus
tissue formation. Beyond the inner meniscus, this could be
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an important result for the field of hyaline cartilage tissue
engineering. However, it remains to be determined how
longer treatment durations would affect this profile and to
what extent it would translate into protein and mechanical
effects.

Previous work in combined hypoxia and mechanical
loading in the context of other tissue engineering applica-
tions besides meniscus showed similar hypoxia-induced
upregulation of hyaline cartilage matrix components as
was observed here.*3¢ Hypoxia regulation of HIF-1 is
well known to have pro-chondrogenic effects, and was
recently shown to mediate anti-catabolic effects through
suppression of MMPs as was observed here and by sup-
pression of NF-kB signalling.?” Previously, HYP increased
SOX9 in MFC cell pellets®® but did not affect SOX9 in
MFC-seeded type I collagen scaffolds when applied imme-
diately after cell seeding.®® The results indicate that a
delayed hypoxia treatment occurring after a NRX pre-cul-
ture period may allow HYP to exert chondrogenic effects
in the type I collagen scaffold. This is further supported by
yet unpublished data in this same culture model, which
showed nearly 5-fold upregulation of SOX9 for n=3
donors after 5days of culture in HYP compared to NRX
following a 3-week NRX pre-culture period.

Static compression (SC) was used as a control group for
dynamic compression (DC). Under normoxic conditions,
SC under normoxic conditions has been shown to inhibit
matrix synthesis and promote matrix breakdown in menis-
cus and cartilage tissue such as through decreased synthesis
of collagen and sulphated proteoglycans, reduced mRNA
expression of precursors to type I collagen and proteogly-
cans such as aggrecan and decorin, and increased mRNA
expression of MMP-1.0* In contrast, under normoxic
conditions in engineered meniscus and cartilage, DC can
have anabolic or catabolic effects depending on the condi-
tions measured through changes in outcomes such as GAG
and collagen contents, mechanical properties, matrix
organization, and mRNA expression of related genes. !> 1843-
46 Here, the SC treatment had a fundamentally similar
response to the DC treatment but with smaller effect sizes
and less differential gene regulation. The reason that gene
expression in SC was fundamentally like that of DC, that is,
pro-fibrocartilage, here may be due to the short treatment
duration. Also, since the total level of strain in DC was up
to 40% and only 30% in SC, the differences between these
groups can’t be solely attributed to the dynamic aspect of
DC as it could have been due to the added compression.
However, the large increase in ¢-FOS in DC (35.8-fold)
compared to SC (10.1-fold) relative to the unloaded VCtrl
group suggests that the dynamic aspect accounts for much
of the difference (Supplemental Figure 2(a)).

Dynamic mechanical loading regimes of cartilaginous
tissues such as meniscus may be described on a “loading
aggression spectrum” from insufficient (no effects) to
excessive (detrimental effects), with an intermediate

optimum (beneficial effects).?!***" Placement of a DC
regime on the spectrum depends on loading parameters
(e.g. applied strains) and the matrix maturity prior to initia-
tion of loading.?'*® Although the same loading regime
applied to native meniscus tissue or in brittle hydrogels
would likely be destructive, in our experiences engineered
tissues on the porous type I collagen scaffolds can undergo
large strains—well beyond 40%—without a dramatic loss
of cell viability. The scaffolds themselves are readily com-
pressible, and so the only relevant limits to the strains that
can be applied are what the cell-made matrix can with-
stand. Despite the inter-donor variability in matrix matu-
rity, a common set of genes was rapidly regulated by the
short-term mechanical loading indicating a donor inde-
pendent mechanotransduction response. Many of the
genes upregulated by mechanical loading were stress and
inflammation related. This suggests that for the maturity of
engineered meniscus fibrocartilage used here, the applied
loading regime may have been excessive. However, the
panel of specific fibrocartilage related genes assessed by
unadjusted p-values showed mixed anabolic and catabolic
characteristics, with upregulation of a type I collagen pre-
cursor and chondrogenic regulator SOX9, but also precur-
sors for aggrecanases. This indicates that the load regime
induced matrix remodeling activities, which is remarkable
given its short duration. The DC-induced increase in SOX9
observed here is consistent with previous work in chondro-
cytes in a similar type I collagen scaffold with a single
loading event.'® The few published mechanical loading
studies that investigated meniscus engineered with human
MEFCs all used normoxia and show mixed results, but gen-
erally induced anabolic effects such as increased expres-
sion of types I and II collagens, ACAN, and SOX9.4°-53 The
initial gene expression profile under DC observed here has
promising early effects consistent with previous work and
seems especially promising when combined with the
matrix protecting and hyaline cartilage promoting effects
of HYP.

Peak stress can be used as an indicator for the aggres-
siveness of a DC regime that cycles between two strain
levels. In a similar culture model to the present study but
on the last day of two weeks of loading after an initial two-
week pre-culture duration, the peak stress during DC from
0 to 10% strain ranged from 1.9 to 2.4 kPa (Szojka, unpub-
lished data). In contrast, the present study’s DC groups
reached peak stresses from 30 to 40% strain of 88-305 kPa.
The pre-culture duration and loading regime in the current
study were designed to provide much more aggressive DC
loading than the previous work because no mechanotrans-
duction effect had been observed. The beneficial effects of
increased static pre-culture time on instantaneous com-
pression modulus from 0 to 10% strain were clear between
studies: 4 weeks previously led to a range between donors
of 26-40kPa, whereas 6 weeks here had a range of 57—
163 kPa (data not shown). Based on stress values and the
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inflammatory gene profile induced here, the two matrix
maturity and loading regime combinations are on opposite
ends of the loading aggression spectrum. Our ongoing
work investigates an intermediate combination of pre-cul-
ture duration and loading regime applied over a longer
period under HYP and NRX conditions.

Early in life, the human menisci are vascularized and
fibrous.® By adulthood, the inner meniscus regions transi-
tion to an avascular fibrocartilage phenotype with an
organized functional matrix of type I collagen and hyaline
matrix components.>*** Development of the adult inner
meniscus phenotype is speculated to be related to increased
mechanical loading during the first two decades of life, with
the strain fields induced by deformational loading poten-
tially guiding organization of the type I collagen.’%>*38
Being avascular and existing within the hypoxic synovial
fluid, MFCs within the inner meniscus regions experience
a low oxygen tension environment that may assist in devel-
opment of hyaline cartilage matrix components.>*¥ The
present study mimicked the low oxygen environment
using HYP incubators, and mechanical loading by DC.
The results suggest that HYP regardless of loading sup-
ports accumulation of hyaline cartilage aspect of fibrocar-
tilage by promoting anabolism and suppressing catabolism.
On the other hand, DC regardless of oxygen tension
induces a mixed profile suggestive of matrix remodeling.
This could be important to protect the integrity of the avas-
cular matrix from loading-induced inflammation.>*% The
anabolic effects of hypoxia combined with the matrix
remodeling effects of an optimized DC regime could help
generate engineered meniscus with more physiological
characteristics.

This study had two main limitations. The gene expres-
sion profiles were considered only at a single time point
after loading. Previously, FOSB and SOX9 expression
immediately increased after an anabolic loading period
and returned to baseline levels within hours in chondro-
cytes. Although the single time point of 30 minutes may
have appropriately captured the early gene expression
response to loading, it missed out on delayed and down-
stream mRNA changes.'® The study also only considered a
single and short-term loading event, and thus the mRNA
and protein effects of longer loading durations under HYP
compared to NRX remain unknown. Obviously, recurring
loading events are more representative of meniscus physi-
ology, and it is likely that longer term treatments would
have favoured discovery of interactions between the treat-
ments in individual genes. No protein analysis was per-
formed to validate differences in mRNA content between
groups because the harvest time point was so early after
the loading period and it was expected that related protein
changes would be limited compared to those at the mRNA
level. It can thus only be assumed that changes in mRNA
expression led to differential protein transcription. The
RNAseq data pooled across groups was well supported by

baseline protein and mechanical observations, however,
making this a plausible assumption (Figures 2 and 3). The
stress vs. strain curves during loading showed an initial
stress relaxation period followed by a plateau (Figure 3).
Our future work will also investigate the effects of DC
regimes that extend well into the plateau region, as are
typical in related literature.”!

Conclusion

A short-delayed hypoxia (HYP) treatment after 6 weeks of
normoxic pre-culture was enough to induce an inner
meniscus matrix-forming phenotype in engineered human
meniscus tissue constructs. Early molecular level changes
occur in response to static compression that are amplified
by dynamic compression (DC). Delayed HYP regardless
of loading supports accumulation of hyaline cartilage-type
matrix by promoting anabolism and suppressing catabo-
lism. On the other hand, DC regardless of oxygen tensions
induces a mixed profile suggestive of matrix remodeling.
Several genes were identified that are co-regulated by oxy-
gen tension and compression loading. Altogether, these
results indicate that simultaneous HYP and DC are prom-
ising as a combined treatment for inner meniscus tissue
engineering.
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