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Abstract

Chondrocytes as mechano-sensitive cells can sense and respond to mechanical stress

throughout life. In chondrocytes, changes of structure and morphology in the cytoskeleton

have been potentially involved in various mechano-transductions such as stretch-activated ion

channels, integrins, and intracellular organelles. However, the mechanism of cytoskeleton

rearrangement in response to mechanical loading and unloading remains unclear. In this

study, we exposed chondrocytes to a physiological range of cyclic tensile strain as

mechanical loading or to simulated microgravity by 3D-clinostat that produces an unloading

environment. Based on microarray profiling, we focused on Fatl that implicated in the

formation and rearrangement of actin fibers. Next, we examined the relationship between the

distribution of Fatl proteins and actin fibers after cyclic tensile strain and microgravity. As a

result, Fatl proteins did not colocalize with actin stress fibers after cyclic tensile strain, but

accumulated near the cell membrane and colocalized with cortical actin fibers after

microgravity. Our findings indicate that Fatl may mediate the rearrangement of cortical actin

fibers induced by mechanical unloading.
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1. Introduction

Articular cartilage is daily subjected to continuous mechanical stress. Moderate mechanical

loading generated by normal joint motion is essential for the maintenance of healthy articular

cartilage. Meanwhile, mechanical unloading such as prolonged bed-rest (Liphardt et al.,

2009) and partial load-bearing (Hinterwimmer et al., 2004) results in the reduction of

cartilage thickness, which 1s harmful to articular cartilage. The extracellular matrix of

chondrocytes allows them to withstand these changes of mechanical stress. Chondrocytes in

articular cartilage are characterized by their ability to synthesize the extracellular matrix

consisting of type II collagen and aggrecan (Bleuel et al., 2015). Additionally, chondrocytes

as mechano-sensitive cells can sense and respond to mechanical stress (Liu et al., 2016).

Despite the critical importance of mechanical loading and unloading in health and disease of

articular cartilage, the mechano-transduction of chondrocytes are not fully understood.

Several studies have shown the changes of structure and morphology in the

cytoskeleton are potentially involved in various mechano-transductions such as stretch-

activated ion channels, integrins, and intracellular organelles (Ciccone and Med, 2016;

Janmey, 1998; Salter et al., 2001). The chondrocyte cytoskeleton is composed of actin fibers,

microtubules, and vimentin intermediate filaments (Langelier et al., 2000). Of these three

cytoskeletons, actin fibers have been shown to be changed their structure and morphology in

response to mechanical stresses. For example, compressive strain promotes the cortical actin
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de-polymerization in chondrocytes (Campbell et al., 2007). Chondrocytes reorganized actin

stress fibers in response to mechanical loadings such as cyclic tensile strain (CTS) (Xu et al.,

2013), hydrostatic pressure (Knight et al., 2006), and compressive strain (Ofek et al., 2009).

Furthermore, activation of Rho A, a member of the Rho GTPase family, was required for the

formation of actin stress fibers by CTS (Sarasa-renedo et al., 2006). On the other hand, the

effects of mechanical unloading on the chondrocyte cytoskeleton have been studied by

simulated microgravity (uG) with parabolic flight and random positioning machines (RPM).

Short parabolic flight disrupted actin fibers, and RPM changed actin fibers to be thinner and

distributed to the cell membrane (Aleshcheva et al., 2015). In addition, contrary to

mechanical loading, pG with RPM was contributed to the disruption of actin fibers by

inactivation of Rho A (Shi et al., 2017). However, the regulation of actin fibers in response to

mechanical loading and unloading is highly complex and remains unclear.

Several studies have reported that the B-tubulin (microtubules) in chondrocytes also

rearranged in response to mechanical loading (Pascarelli et al., 2015; Zignego et al., 2019),

however, hydrostatic stimulation did not change B-tubulin (Jortikka et al., 2000). RPM

accumulated B-tubulin in the perinuclear cytoplasm after 4 hours, but did not change [3-

tubulin after 24 hours (Aleshcheva et al., 2013). Taken together, how B-tubulin responds to

mechanical loading and unloading have been inconsistent, and therefore these mechanisms

are still poorly understood.
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We hypothesized that molecules identified by comprehensive gene expression

analysis would be involved in the changes of actin fibers and B-tubulin after mechanical

loading and unloading, leading to elucidating the mechanism of how their cytoskeleton

regulates the morphology and structure through mechanical stress. In this study, we expose

chondrocytes to a physiological range of CTS as mechanical loading or to a uG by 3D-

clinostat that produces an unloading environment like RPM. The goal of this study was to

identify how opposing loading and unloading alter gene expression implicated in the

regulation of the chondrocyte cytoskeleton by microarray analysis, and to clarify the

relationship between the identified potential target molecules and the cytoskeleton.

2. Materials and Methods

2.1 Experimental procedure

All experimental procedure was approved by the Institutional Animal Care and Use

Committee and carried out according to the Kobe University Animal Experimentation

Regulation (approval number: P140603). A total of 24 mice were used in this study. Primary

articular chondrocytes were isolated from 8-weeks-old C57BL/6J mice (SLC Japan Inc.,

Shizuoka, Japan) as described previously (Gosset et al., 2008). Mice were intraperitoneally

anesthetized with 40 mg/kg sodium pentobarbital and subcutaneously injected 0.02 mg/kg

buprenorphine to give relief of pain. After dissected and removed both sides of the hindlimbs,
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articular cartilage was collected from the femoral condyle and tibial plateau (knee joints from

2 or 3 mice were pooled and considered one primary chondrocyte). Articular cartilage was

washed with phosphate-buffered saline (PBS) and digested with collagenase overnight. After

that, cell suspension was filtered through a 100 um cell strainer (BD Falcon, NY, USA) and

centrifuged at 1200 g for 5 min. To preserve the chondrocyte phenotype, only the cells not

exceeding 1 or 2 passages were adopted (Gosset et al., 2008). Cells were assigned to the

following two experimental groups that were cultured under different conditions. Cells in the

CTS and non-CTS control groups for CTS experiments were cultured on a collagen-coated

silicone film chamber (Strex, Osaka, Japan). The other cells in the pG and normal gravity

(1G) control groups for uG experiments were cultured on non-coated glass coverslips in 25

mL flasks. Cells of all groups were cultured in Dulbecco's modified Eagle's medium (D-

MEM; Wako, Osaka, Japan) with 10% fetal bovine serum (Sigma Aldrich, Poole, UK), 50

pg/ml streptomycin, and 50 U/ml penicillin in an incubator set at 37°C and supplying 5%

COas. The media was changed once per 3 days.

2.2 CTS loading

Cells cultured in the collagen-coated silicone film chambers were stretched with STB-140

cell stretching system (Strex, Osaka, Japan). In the CTS group, CTS experiments in 8 %

elongation were applied at a frequency of 0.5 Hz. Cells were continuously stretched for 48

7
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hours. Cells in the non-CTS control group kept static in a CO; incubator without the CTS

loading.

2.3 nG exposure

uG was simulated with 3D-clinostat (PMS-VI, AES, Tokyo, Japan). 3D-clinostat generates a
multidirectional G force by 3D rotation. Rotational speed variances of 3D-clinostat are 0.33
in the X-axis, 0.34 in the Y-axis, and 0.33 in the Z-axis, which produces an unbiased
microgravity environment with an average of 10> G over time. The uG group were rotated
on 3D-clinostat in the CO» incubator set at 37°C for 48 hours. Cells in the 1G control group

were placed in the same incubator (1G).

2.4 Total RNA Isolation

Total RNA was isolated by ISOSPIN Cell & Tissue RNA reagent (NIPPON GENE, Tokyo,
Japan) according to the manufacturer’s protocol. The purity and concentration of total RNA
were measured by BioPhotometer D30 (Eppendorf, Hamburg, Germany). Simillar to a
previous study (Gigante et al., 2015), total RNA with A260/280 > 1.7 and A260/A230 > 1.6

was used for the subsequent analysis.

2.5 Microarray analysis
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For the microarray analysis, 1.0 pug of the total RNA (n = 1 per group) was amplified and

labeled with Cy5 by Ambion Amino Allyl aRNA kit (Ambion, Texas, USA). Each sample of

aRNA labeled with Cy5 were cohybridized with a highly sensitive DNA chip, 3D GeneTM

Mouse Oligo chip 24 k (Toray Industries, Tokyo, Japan) at 37 °C for 16 hours. The DNA chip

was then washed and dried. Hybridization signals derived from Cy5 were scanned using 3D-

Gene Scanner 3000 (Toray Industries, Tokyo, Japan). Detected signals for each gene were

subtracting background signal and normalized using global normalization methods (Signal

value median = 25). Differentially expressed genes with fold change of >+ 1 were used for

analysis. The extracted genes were categorized into four categories. There are genes up-

regulated by both CTS and pG in the Category I, genes upregulated by CTS and

downregulated by uG in the Category II, genes upregulated by uG and downregulated by

CTS in the Category III, and genes downregulated by both CTS and pG in the Category 1V.

The extracted genes were assigned to Gene Ontology (GO) Biological process by GeneCodis

4.0 databases (Carmona-saez et al., 2007).

2.6 Real-time Polymerase Chain Reaction (PCR)

To validate the microarray gene profiles, we evaluated the mRNA expression levels of Fatl

(n =4 per group). Total RNA and the TagMan™ Fast Virus 1-Step Master Mix (Thermo

Fisher Scientific Inc., Waltham, MA, USA) were used for reverse transcription. mRNA was

9



115  quantitatively analyzed with the StepOne real-time polymerase chain reaction system

116  (Thermo Fisher Scientific Inc., Waltham, MA, USA) with TagMan gene expression assays

117 (Applied Biosystems, Foster City, CA, USA) for Fatl mRNA (Mm01200756 m1) and

118  ribosomal protein S18 rRNA (MmO03928990 gl). Fatl mRNA expression was calculated as

119  ratios of the quantity of ribosomal protein S18 rRNA in the same cDNA sample.

120

121 2.7 Immunocytochemical staining

122 Cells were fixed with 4% paraformaldehyde in PBS for 10 min at room temperature. The

123 fixed cells were permeabilized with 0.1% Triton X-100 in PBS for 5 min and blocked with

124 10% goat serum, 1% BSA and 22.52 mg/mL glycine for 30 min. Primary antibody anti-§

125  tubulin (1:1000 dilution; ab11309; Abcam, Tokyo, Japan) or, Fatl antibody (1:1000 dilution,

126 ab190242, Abcam, Tokyo, Japan) in 1% BSA/PBS was incubated for 2 hours at room

127  temperature. Cells were incubated with secondary antibodies anti-rabbit Alexa Fluor 555

128  (1:500 dilution; A-21429; Invitrogen, CA, USA). F-actin was stained with Acti-stain™ 488

129  phalloidin reaction solution (1:150 dilution, PHDG1-A, Cytoskeleton Inc, Denver, CO, USA)

130  for 30 min, and three washes with PBS for 5 min. Nuclei were stained with DAPI (D21490;

131  Thermo Fisher Scientific) for 1 min. After two washes with PBS, coverslips were mounted

132 with ProLong® Diamond Antifade Mountant (P36965; Invitrogen, CA, USA). Images for

10
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chondrocytes were captured at 40x magnification. The experiment was repeated 3 times for

the 1G control and pG groups, and 4 times for the non-CTS control and CTS groups.

According to the modification of a previous study (Gardner and Arnoczky, 2015),

staining intensity of F-actin (n = 150-200 cells per group) and Fatl (n = 60-70 cells per

group) was measured as an indicator of their expression levels. The mean of pixel gray values

(in the range 0-255) was measured after all images were converted to grayscale images using

Image J 1.50 (National Institutes of Health, Bethesda, MD, USA). Additionally, the staining

intensity of Fatl in the cell cortical region (n = 60-70 cells per group) was measured as an

indicator of its expression levels, referring to previous studies (Chao et al., 2006). After all

images were converted to grayscale images using image J 1.50, the cell diameter was divided

into six sections; and outer two regions were defined the cell cortical regions. Staining

intensities of the cell cortical region were averaged and normalized to staining intensities of

the whole cell region.

2. 8 Statistical analysis

The results for Fatl mRNA expression and quantification of immunocytochemical staining

were analyzed statistically using EZR (Saitama Medical Center, Jichi Medical University,

Saitama, Japan), which is a graphical user interface for R (The R Foundation for Statistical

Computing, Vienna, Austria). First, all values were checked for normality with the Shapiro-

11
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Wilk test, where P > 0.05 indicates a normal distribution. As a result, normality was observed

in all values; thus, the results were compared with Student’s t-test. Comparison of all data

was made between the CTS and the non-CTS groups or between the uG and the 1G groups.

Significance was accepted at the 0.05 level of probability (P < 0.05). All values are presented

as mean + standard deviation (SD).

3. Results

3. 1 Microarray analysis of gene expression profiling

Microarray analysis revealed changes in differential expression of genes in response to CTS

and nG, respectively. The CTS group upregulated 171 genes and downregulated 194 genes

compared to the non-CTS control group. The nG group upregulated 112 genes and

downregulated 238 genes compared to the 1G control group. To identify genes that are

commonly or conflictingly affected by CTS and pG, these genes were classified into 4

categories. As shown in Fig. 1, 4 genes in Category I, 2 genes in Category II, 10 genes in

Category III, and 8 genes in category IV were identified. Based on the Gene Ontology (GO)

terms classification, the GO biological processes implicated in the cytoskeleton included Fatl

(GO 0007015, actin filament organization) in Category II, Fscn2 (GO 0051017, actin

filament bundle formation), and Dnahc6 (GO 0007018, microtubule-based movement) in

Category III (Table 1-4). In particular, Fatl plays an important role in regulating the

12
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formation and rearrangement of actin fibers (Moeller et al., 2004; Tanoue and Takeichi,

2004), and therefore we focused on Fatl.

3. 2 Fatl mRNA gene expression in response to CTS and uG

To validate the results of microarray analysis, we quantified the expression of Fatl mRNA

with real-time PCR. There were no significant differences between the CTS group and the

non-CTS control group (Fig. 2A). The Fatl mRNA expression was significantly increased in

the uG group compared with the 1G control group (Fig. 2B). The results of Fatl mRNA

expression quantified by real-time PCR were not consistent with the result of microarray

analysis.

3. 3 Immunocytochemical staining of B-tubulin, F-actin and Fatl

In all groups, B-tubulin was observed in radial morphology around the nucleus. The

morphology of B-tubulin was unchanged after both CTS and uG (Fig. 3A-D). F-actin of

chondrocytes cultured in the collagen chamber without CTS was observed in radial

morphology (Fig. 4A). CTS loading oriented F-actin parallel to the long axis of chondrocytes.

In addition, F-actin showed actin stress fibers throughout the chondrocytes (Fig. 4B). F-actin

of chondrocytes cultured on the glass cover with normal gravity was observed with strong

staining intensity (Fig. 4C). uG exposure decreased perinuclear F—actin compared to that of

13
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the 1G control group. On the other hand, cortical F-actin was maintained after pG. (Fig, 4D).

In the staining intensity of F-actin, no significant differences were found between the CTS

group and the non-CTS control group (Fig. 4Q). The uG group significantly decreased the

staining intensity of F-actin compared with the 1G control group (Fig. 4R).

Immunocytochemical staining for Fatl was detected in the cytoplasm, cell membrane, and

nucleus of the non-CTS control group cultured in chambers on collagen (Fig. 4A, E, and M).

The localization of Fatl proteins in the CTS group was unchanged compared to the non-CTS

control group. In addition, Fatl proteins did not colocalize with actin stress fibers in the

cytoplasm after CTS loading (Fig. 4B, F, and N). In the 1G control group cultured on the

cover glass in the flask, Fatl was distributed in the cytoplasm, cell membrane, and nucleus

(Fig. 4C, G, and O). The puG exposure increased the accumulation of Fatl protein near the

cell membrane and colocalized Fatl with F-actin (Fig. 4D, H, and P). The staining intensity

of Fatl in whole cell region was unchanged after both pG and CTS (Fig. 4S and T). In

addition, there were no differences in the staining intensity of Fatl in the cortical region

between the CTS group and the non-CTS control group (Fig. 4U). However, the staining

intensity of Fatl in the cortical region was increased in the pG group compared with the 1G

control group (Fig. 4V).

4. Discussion

14
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Our objectives were to identify how CTS and uG alter gene expression implicated in the

regulation of the chondrocyte cytoskeleton by microarray analysis, and to clarify the

relationship between the identified potential target molecules and the structure of the

cytoskeleton. Based on microarray profiling, we identified Fatl that implicated in the

formation and rearrangement of actin fibers. Next, we examined the relationship between

Fatl proteins and actin fibers after CTS and pG. As a result, Fatl proteins did not colocalize

with actin stress fibers after CTS loading, but accumulated in the cell membrane and

colocalized with cortical actin fibers after pG. These findings indicate that Fatl may mediate

the formation of cortical actin fibers induced by mechanical unloading.

To identify genes that are commonly or conflictingly affected by CTS and pG, we

identify following three genes involved in the cytoskeleton: Fatl, Fscn2, and Dnahc6. Of

these, we focused on Fatl because of its ability to regulate the formation and rearrangement

of actin fibers (Tanoue and Takeichi, 2004). This result of microarray analysis was validated

by real-time PCR analysis of Fatl mRNA. Fatl mRNA expression quantified by real-time

PCR was unchanged by CTS and increased by nG. These results were inconsistent with the

result of microarray analysis. A discrepancy between microarray analysis and real-time PCR

is occasionally found, e.g. due to differences in normalization methods for the target gene

expression_(Dallas et al., 2005; Morey et al., 2006). Real-time PCR is high sensitivity,

15
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accuracy, and reliability in quantifying gene expression (Mocellin et al., 2003), and therefore

we accepted the results of real-time PCR in this study.

B-tubulin, a component of microtubules, may also change its morphology in

response to mechanical stress such as cyclic hydrostatic compression (Pascarelli et al., 2015).

Contrary to this finding, the morphology of B-tubulin was unchanged when chondrocytes

were subjected to CTS. Our result is consistent with a previous study in which chondrocytes

were subjected to hydrostatic pressure (Jortikka et al., 2000). In addition, similar to a

previous study of RPM exposure to human chondrocytes for 24 hours (Aleshcheva et al.,

2013), our uG by 3D-clinostat did not change B-tubulin of chondrocytes. Taken together, our

results support the view that B-tubulin is not affected by mechanical loading and unloading.

Actin fibers organized by polymerization of monomeric G-actin change their

structure and morphology by mechanical stress (Halder et al., 2012). In the present study,

actin stress fibers in chondrocytes were observed after CTS loading. This is consistent with

previous studies showing the effects of CTS loading on fibroblast cells and chondrocytes

(Greiner et al., 2013; Xu et al., 2013). In our study, the staining intensity of F-actin as an

indicator of actin polymerization did not change after CTS loading. A previous study has

reported that CTS at the physiological intensity of 5-10% did not change actin polymerization

in tendon cells (Gardner and Arnoczky, 2015). Similarly, this study indicated that CTS at the

intensity of 8% does not change the polymerization of actin in chondrocytes. Some studies
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have shown that RPM depolymerizes actin and disrupt actin fibers in the perinuclear

cytoplasm of vascular endothelial cells (Versari et al., 2007). In this study, the exposure of

chondrocytes to uG by 3D-clinostat decreased the staining intensity of actin fibers,

suggesting the depolymerization of actin. Immunocytochemical staining for F-actin in the pG

group showed that actin fibers in the cytoplasm were decreased, but that the cortical actin

fibers were maintained. Consequently, uG exposure to chondrocytes may not change the

structure of cortical actin fibers.

Fatl cadherin proteins play an important role in regulating actin fiber formation

while colocalizing with actin fibers (Moeller et al., 2004; Tanoue and Takeichi, 2004).

PAM212 cells, which express a high level of endogenous Fatl proteins, have been shown that

Fatl proteins mainly colocalizes with cortical actin fibers (Tanoue and Takeichi, 2004). In our

study, Fatl proteins did not change their expression level and localization in whole cell and

the cell cortical region after CTS loading. CTS loading also did not change the expression of

Fatl mRNA quantified by real-time PCR. Therefore, these results suggest that Fatl did not

participate in the formation of actin stress fibers by CTS loading. Meanwhile, pG

accumulated Fatl proteins near the cell membrane and colocalized Fatl proteins with cortical

actin fibers. Additionally, uG exposure did not change Fatl staining intensity in whole cell

region, but increased in the cortical cell region. These results suggest that pG does not affect

the expression level of Fatl protein per cell, but may shift the subcellular localization of Fatl

17
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to the cortical cell. In a previous study, when Fatl is exogenously expressed in MDCK cells,

Fatl protein was colocalized with cortical actin fiber (Tanoue and Takeichi, 2004). Therefore,

an increase of Fatl mRNA expression and Fatl protein localized near the cell membrane may

contribute to the rearrangement of cortical actin fibers after pG.

This study had several limitations. First, our study had only one experiment per

group in microarray analysis as a screening. Therefore, our results of microarray analysis

should be confirmed by comprehensive analysis with multiple experiments in further study.

Second, in our study, chondrocytes were cultured in two different conditions. Caution should

be taken with interpreting our results because the difference in substrate flexibility may

potentially affect actin fiber formation (Wu et al., 1999). Finally, we only evaluated the

localization of Fatl and actin fibers. Fatl regulates actin fiber dynamics by binding to

Ena/VASP proteins through the EVH domain (Moeller et al., 2004; Tanoue and Takeichi,

2004). Further studies of Fatl and Ena/VASP proteins are needed to clarify how Fatl

regulates actin fibers in response to pG.

In conclusion, we demonstrated that Fatl cadherin accumulated near the cell

membrane and colocalized with cortical actin fibers in chondrocytes by mechanical

unloading. Given that Fatl is required for the actin fiber formation, our findings indicate that

Fatl cadherin may mediate actin rearrangement induced by changes of mechanical stress in

18
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chondrocytes. Future studies should assess their relationship in response to other mechanical

conditions.
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Figure Legends

Fig. 1. Microarray analysis of gene expression profiling

Microarray profiling of chondrocytes showed genes that are commonly or conflictingly

regulated by CTS and pG (n = 1 per group). Category I: genes upregulated by both CTS and

uG, Category II: genes upregulated by CTS and downregulated by uG, Category III: genes

upregulated by uG and downregulated by CTS, and Category VI: genes downregulated by

both CTS and pG.

Fig. 2. Fatl mRNA gene expression in response to CTS and uG

The graphs show the expression of Fatl in each group. Data are shown as the mean = SD of 4

wells per group. *P < 0.05.

Fig. 3. Immunocytochemical staining of p-tubulin

Representative images of immunocytochemical staining shows (A-D) B-tubulin.in each group

Scale bars = 50 um.

Fig. 4. Immunocytochemical staining of F-actin and Fatl

Representative images of immunocytochemical staining shows (A-B) F-actin, (E-H) Fatl, (I-

L) nucleus staining-DAPI, and (M-P) Merge in each group. Scale bars = 50 um. The graph

26



right shows staining intensity of (Q and R) F-Actin in whole cell region (n =150-200 cells per
group), (S and T) Fatl in whole cell region (n = 60-70 cells per group), and (U and V) Fatl in

the cell cortical region (n =60-70 cells per group) in each group. Data are shown as the mean

+ SD. *P <0.05.
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Table 1. GO terms of genes upregulated by both CTS and uG

symbol description GO biological process
Traf3ip3 TRAF3 interacting protein 3 GO:0008150 (biological process)
S100g S100 calcium binding protein G Unavailable annotation
G0O:0006865 (amino acid transport)
GO:0006874 (cellular calcium ion homeostasis)
i Kell blood group precursor GO0:0008361 (regulation of cell size)
(McLeod phenotype) homolog GO:0010961 (cellular magnesium ion homeostasis)
G0:0042552 (myelination)
GO:0048741 (skeletal muscle fiber development)
GO:0007165 (signal transduction)
GO:0007186 (G-protein coupled receptor protein signaling pathway)
Prokrl prokineticin receptor 1 G0:0007623 (circadian rhythm)

G0O:0043066 (negative regulation of apoptotic process)
GO:0060976 (coronary vasculature development)
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Table 2. GO terms of genes upregulated by CTS and downregulated by nG

symbol

description

GO biological process

Fatl

FAT tumor suppressor homolog 1

GO0:0002088 (lens development in camera-type eye)

GO0:0003382 (epithelial cell morphogenesis)

GO0:0003412 (establishment of epithelial cell apical/basal polarity
involved in camera-type eye morphogenesis)

GO: 0007015 (actin filament organization)

GO:0007155 (cell adhesion)

GO: 0007156 (homophilic cell adhesion via plasma membrane adhesion
molecules)

GO: 0007163 (establishment and/or maintenance of cell polarity)

GO: 0016337 (cell-cell adhesion)

GO0:0043010 (camera-type eye development)

GO0:0045197 (establishment or maintenance of epithelial cell apical/basal
polarity)

GO0:0048593 (camera-type eye morphogenesis)

GO0:0050729 (positive regulation of inflammatory response)
GO:0098609 (cell-cell adhesion)

1117rb

interleukin 17 receptor B

GO0:0019221 (cytokine-mediated signaling pathway cytokine-mediated
signaling pathway)

G0:0032736 (positive regulation of interleukin-13 production)
GO0:0032754 (positive regulation of interleukin-5 production)
GO0:0050729 (positive regulation of inflammatory response)
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Table 3. GO terms of genes upregulated by pG and downregulated by CTS

symbol description GO biological process

GO:0001569 (branching involved in blood vessel morphogenesis)
GO0:0001756 (somitogenesis)

G0:0002063 (chondrocyte development)

G0:0003214 (cardiac left ventricle morphogenesis)

GO:0007584 (response to nutrient)

GO:0010975 (regulation of neuron projection development)

GO:0010719 (negative regulation of epithelial to mesenchymal transition)

GO0:0010667 (negative regulation of cardiac muscle cell apoptotic process)

GO0:0010950 (positive regulation of endopeptidase activity)
GO:0021915 (neural tube development)

GO:0030111 (regulation of Wnt signaling pathway)
GO0:0030178 (negative regulation of Wnt signaling pathway)
G0:0030199 (collagen fibril organization)

GO:0030514 (negative regulation of BMP signaling pathway)
GO0:0003151 (outflow tract morphogenesis)

Stfrp2 secreted frizzled-related protein 2

GO0:0031668 (cellular response to extracellular stimulus)

G0:0035567 (non-canonical Wnt signaling pathway)
G0:0036342 (post-anal tail morphogenesis)
G0:0042493 (response to drug)

G0:0042733 (embryonic digit morphogenesis)
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G0:0045600 (positive regulation of fat cell differentiation)
G0:0042662 (negative regulation of mesodermal cell fate specification)
G0:0043508 (negative regulation of JUN kinase activity)

G0:0046546 (development of primary male sexual characteristics)
G0:0048546 (digestive tract morphogenesis)

GO0:0050732 (negative regulation of peptidyl-tyrosine phosphorylation)
G0:0060028 (convergent extension involved in axis elongation)
G0:0060349 (bone morphogenesis)

GO0:0061056 (sclerotome development)

GO:0061185 (negative regulation of dermatome development)
G0:0071425 (hematopoietic stem cell proliferation)

GO:0071481 (cellular response to X-ray)

GO:0090175 (regulation of establishment of planar polarity)

GO0:0090179 (planar cell polarity pathway involved in neural tube closure)

G0:0090244 (Wnt signaling pathway involved in somitogenesis)

G0:1902042 (negative regulation of extrinsic apoptotic signaling pathway

via death domain receptors)

GO:1904956 (regulation of midbrain dopaminergic neuron differentiation)

G0:2000035 (regulation of stem cell division)

G0:2000041 (negative regulation of planar cell polarity pathway involved

in axis elongation)

Gprl2

G-protein coupled receptor 12

G0:0006874 (calcium ion homeostasis)
GO0:0007165 (signal transduction)
G0:0007186 (G-protein coupled receptor protein signaling pathway)
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G0:0019222 (regulation of metabolic process)

G0:0001892 (embryonic placenta development)
G0:0002026 (regulation of the force of heart contraction)
G0:0002027 (regulation of heart rate)

G0:0002028 (regulation of sodium ion transport)
GO0:0006874 (cellular calcium ion homeostasis)
G0:0006883 (cellular sodium ion homeostasis)
GO:0007154 (cell communication)

GO:0007584 (response to nutrient)

solute carrier family 8 G0:0010763 (positive regulation of fibroblast migration)
Slc8al (sodium/calcium exchanger), GO:0010881 (regulation of cardiac muscle contraction by regulation of the
member 1 release of sequestered calcium ion)

G0:0014829 (vascular associated smooth muscle contraction)
G0:0021537 (telencephalon development)

G0:0030001 (metal ion transport)

G0:0030501 (positive regulation of bone mineralization)
GO:0033198 (response to ATP)

G0:0034614 (cellular response to reactive oxygen species)
G0:0035050 (embryonic heart tube development)
G0:0035902 (response to immobilization stress)
G0:0035994 (response to muscle stretch)

G0:0036376 (sodium ion export across plasma membrane)
G0:0042493 (response to drug)

G0:0042542 (response to hydrogen peroxide)
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G0:0044557 (relaxation of smooth muscle)

G0:0048747 (muscle fiber development)

GO0:0051481 (negative regulation of cytosolic calcium ion concentration)
GO0:0051924 (regulation of calcium ion transport)

GO0:0055013 (cardiac muscle cell development)

G0:0055074 (calcium ion homeostasis)

G0:0060048 (cardiac muscle contraction)

G0:0060402 (calcium ion transport into cytosol)

GO:0070509 (calcium ion import)

GO:0071313 (cellular response to caffeine)

GO0:0071320 (cellular response to cAMP)

GO:0071901 (negative regulation of protein serine/threonine kinase
activity)

G0:0086036 (regulation of cardiac muscle cell membrane potential)
G0:0086064 (cell communication by electrical coupling involved in cardiac
conduction)

G0:0098703 (calcium ion import across plasma membrane)
GO0:0098719 (sodium ion import across plasma membrane)
GO0:0098735 (positive regulation of the force of heart contraction)
G0:0099566 (regulation of postsynaptic cytosolic calcium ion
concentration)

GO0:1901660 (calcium ion export)
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. ) ) G0:0007163 (establishment or maintenance of cell polarity)
fascin homolog 2, actin-bundling
Fscn2 G0:0042462 (eye photoreceptor cell development)

protein, retinal ]
GO:0051017(actin filament bundle assembly)

G0:0003341 (cilium movement)
Dnahc6 dynein, axonemal, heavy chain 6 G0:0007018(microtubule-based movement)
GO0:0060285 (cilium-dependent cell motility)

GO:0000904 (cell morphogenesis involved in differentiation)
G0:0033209 (tumor necrosis factor-mediated signaling pathway)
G0:0045214 (sarcomere organization)
GO:0051599 (response to hydrostatic pressure)

Krt8 keratin 8 GO:0051707 (response to other organism)
GO:0060706 (cell differentiation involved in embryonic placenta
development)
G0:0097191 (extrinsic apoptotic signaling pathway)
G0:0097284 (hepatocyte apoptotic process)

2210403B10Rik RIKEN cDNA 2210403B10 gene GO:0007165 (signal transduction)

GO:0007165 (signal transduction)

Olfr1218 olfactory receptor 1218 GO:0007186 (G-protein coupled receptor protein signaling pathway)
GO:0007608 (sensory perception of smell)
GO:0050911 (detection of chemical stimulus involved in sensory

perception of smell)

Prap1 proline-rich acidic protein 1 Unavailable annotation
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AK122525 cDNA sequence AK122525 Unavailable annotation

GO0:0001958 (endochondral ossification)
Phosphol phosphatase, orphan 1 GO0:0030500 (regulation of bone mineralization)

GO0:0035630 (bone mineralization involved in bone maturation)
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Table 4. GO terms of genes downregulated by both CTS and uG

symbol description GO biological process
GO:0010466 (negative regulation of peptidase activity)

Serpina3k serine (or cysteine) peptidase GO:0010951 (negative regulation of endopeptidase activity)

inhibitor, clade A, member 3K G0:0034097 (response to cytokine)

G0:0043434 (response to peptide hormone)

Klhl4 kelch-like 4 (Drosophila) GO:0008150 (biological process)

Me3 malic enzyme 3, NADP(+)- G0:0006090(pyruvate metabolic process)

dependent, mitochondrial GO:0006108(malate metabolic process)

1700093K21Rik RIKEN ¢cDNA 1700093K21 gene GO:0008150 (biological process)

4930528 A17Rik RIKEN cDNA 4930528A17 gene Unavailable annotation
GO:0001657 (ureteric bud development)

. GO:0006749 (glutathione metabolic process)

Gsta3 glutathione S-transferase, alpha 3 o .
GO:0006805 (xenobiotic metabolic process)
G0:0046223 (aflatoxin catabolic process)
G0:0002250 (adaptive immune response)

Slamf7 SLAM family member 7 GO0:0032814 (regulation of natural killer cell activation)
G0:0045087 (innate immune response)

. . GO:0007409 (axonogenesis)
. SLIT and NTRK-like family, ) o
Slitrk4 GO:0050807 (egulation of synapse organization)

member 4

GO:0051965 (positive regulation of synapse assembly)
GO:1905606 (regulation of presynapse assembly)
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