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A B S T R A C T   

The type 1 diabetes (T1D) risk locus on chromosome 15q25.1 harbors the candidate gene CTSH (cathepsin H). 
We previously demonstrated that CTSH regulates β-cell function in vitro and in vivo. CTSH overexpression pro-
tected insulin-secreting INS-1 cells against cytokine-induced apoptosis. The purpose of the present study was to 
identify the genes through which CTSH mediates its protective effects. Microarray analysis identified 63 anno-
tated genes differentially expressed between CTSH-overexpressing INS-1 cells and control cells treated with 
interleukin-1β and interferon-γ for up to 16h. Permutation test identified 10 significant genes across all time- 
points: Elmod1, Fam49a, Gas7, Gna15, Msrb3, Nox1, Ptgs1, Rac2, Scn7a and Ttn. Pathway analysis identified 
the “Inflammation mediated by chemokine and cytokine signaling pathway” with Gna15, Ptgs1 and Rac2 as 
significant. Knockdown of Rac2 abolished the protective effect of CTSH overexpression on cytokine-induced 
apoptosis, suggesting that the small GTPase and T1D candidate gene Rac2 contributes to the anti-apoptotic ef-
fect of CTSH.   

1. Background 

Type 1 diabetes (T1D) is a polygenic multifactorial disease that re-
sults from a gradual immune-mediated destruction of the pancreatic β 
cells, thus rendering the individual insulin dependent for life. Pro- 
inflammatory cytokines, such as interleukin-1β (IL-1β) and interferon- 
γ (IFNγ), released from local infiltrating immune cells are mediators of 
β-cell dysfunction and death (Berchtold et al., 2016; Eizirik et al., 2009). 
More than 60 T1D susceptibility loci have been identified through 
genome-wide association studies (GWAS) but their specific disease gene 
(s) and effects on disease biology are not well understood (Pociot, 2017). 
We and others have proposed that some of these candidate genes for T1D 
affect disease risk and progression by modulating β-cell function and 
sensitivity to immune-mediated destruction (Floyel et al., 2015; Pociot, 
2017; Santin and Eizirik, 2013; Storling and Pociot, 2017). Indeed, 
many of the candidate genes are differentially expressed in human islets 
and β cells after exposure to pro-inflammatory cytokines (Bergholdt 
et al., 2012; Eizirik et al., 2012; Storling and Brorsson, 2013). 

We previously demonstrated that T1D-associated risk variants in 
CTSH (cathepsin H), which encodes for a lysosomal cysteine protease, 
affect CTSH expression and are associated with β-cell function and dis-
ease progression in new-onset T1D (Floyel et al., 2014). We further 
showed that insulin-secreting INS-1 cells with stable overexpression of 
CTSH were protected against cytokine-induced apoptosis which was 
correlated with decreased activation of cytokine signaling, i.e. less 
phosphorylation of the mitogen-activated protein (MAP) kinases c-Jun 
N-terminal kinase (JNK) and p38, and reduced expression of inducible 
nitric oxide synthase (iNOS) as well as the pro-apoptotic factors c-Myc, 
Bim and death protein 5 (DP5) (Floyel et al., 2014). Overexpression of 
CTSH also increased insulin transcription (Floyel et al., 2014). Since 
pro-inflammatory cytokines suppressed CTSH expression in human islets 
and primary rat β cells (Floyel et al., 2014), we speculate whether 
decreased CTSH expression sensitizes the β cells to immune-mediated 
destruction. Interestingly, a recent study showed that CTSH deficiency 
in mice led to earlier disease onset of experimental autoimmune 
encephalomyelitis, an animal model of multiple sclerosis (Okada et al., 
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2018). 
In the present study, microarray analysis has been performed on 

CTSH-overexpressing INS-1 cells and pcDNA control cells treated with 
IL-1β and IFNγ for up to 16 h with the purpose of elucidating the genes 
and mechanisms underlying the protective effects of CTSH on β-cell 
function. 

2. Materials and methods 

2.1. Cell lines 

The generation of INS-1 cells stably transfected with a plasmid 
encoding CTSH (pCTSH) or an empty control vector (pcDNA) has been 
described previously (Floyel et al., 2014). Untransfected INS-1 cells, 
pcDNA cells, and two CTSH-overexpressing clones (pCTSH#1, 
pCTSH#2) were cultured as previously described (Floyel et al., 2014). 
The human fusion 1.1B4 β-cell line (McCluskey et al., 2011) was ob-
tained from Sigma. The 1.1B4 cells were maintained in RPMI-1640 with 
GlutaMAX, supplemented with 10% heat-inactivated fetal bovine serum 
(FBS), 100 U/mL penicillin, and 100 μg/mL streptomycin (all from Life 
Technologies). The 1.1B4 cells were trypsinized and passaged twice a 
week. For RNA extraction, INS-1 cells were seeded in 12-well culture 
plates (0.25 × 106 cells/well) and precultured for 3 days before exposure 
to 150 pg/mL recombinant mouse IL-1β (BD Pharmingen) and 5 ng/mL 
recombinant rat IFNγ (R&D Systems) for 0, 6, and 16 h. For apoptosis 
and caspase-3/7 activity measurements, INS-1 cells were seeded in 
24-well culture plates (0.15 × 106 cells/well) and white 96-well culture 
plates (0.02 × 106 cells/well) respectively, and precultured for 3 days 
before treatment with or without IL-1β and IFNγ for 16 h. For protein 
extraction, INS-1 cells were seeded in 12-well culture plates (0.25 × 106 

cells/well) and precultured for 3 days before exposure to IL-1β and IFNγ 
for 0, ½ and 4 h. For apoptosis and RNA experiments, 1.1B4 cells were 
seeded in 24-well culture plates (0.1 × 106 cells/well) and precultured 
for 24 h. For caspase-3/7 activity, 1.1B4 cells were seeded in white 
96-well culture plates (0.02 × 106 cells/well) and precultured for 24 h. 

2.2. siRNA transfection 

Dharmacon ON-TARGETplus SMARTpool small interfering RNAs 
(siRNAs) (Horizon Discovery) against rat Gna15 (siGna15, #L-094788- 
02-0005), rat Rac2 (siRac2, #L-081345-02-0005), and human CTSH 
(siCTSH, #L-005839-00-0005) were used. The SMARTpool siRNAs 
consist of four individual siRNAs that target different places on the 
target mRNA sequence which should provide a more efficient knock-
down of the target with fewer off-target effects. The final concentration 
of siRNA pool was 30 nM. A pool of non-targeting siRNAs (ON-TARGET 
#D-001810-10-05; Horizon Discovery) was used as negative control 
(siNEG). INS-1 cells were precultured for 3 days and transfected using 
Lipofectamine RNAiMAX (Thermo Scientific), as previously described 
(Kaur et al., 2015). Two days post transfection, INS-1 cells were treated 
with or without 150 pg/mL recombinant mouse IL-1β (BD Pharmingen) 
and 5 ng/mL recombinant rat IFNγ (R&D Systems) for 16 h or for 0, ½ or 
6 h (for signaling studies). 1.1B4 cells were precultured for 24 h, 
transfected using Lipofectamine RNAiMAX (Thermo Scientific) for 24 h, 
and treated with or without 800 U/mL recombinant human IL-1β (R&D 
Systems), 200 U/mL recombinant human IFNγ (PeproTech) and 1000 
U/mL recombinant human TNFα (R&D Systems) for 24 h. 

Fig. 1. Differentially expressed genes in 
response to cytokine treatment and 
CTSH overexpression. Microarray anal-
ysis was performed on untransfected 
unstimulated INS-1 cells (INS-1) as well 
as on INS-1 cells with stable over-
expression of CTSH (pCTSH#1) or an 
empty vector (pcDNA) that had been 
left untreated (0 h) or exposed to IL-1β 
and IFNγ for 6 (6 h) and 16 h (16 h). a) 
PCA plot and b) Correlation matrix of 
untransfected INS-1 cells at 0 h (INS-1.0 
h), pcDNA cells at 0 h, 6 h, and 16 h 
(pcDNA.0 h/6 h/16 h) and pCTSH#1 
cells at 0 h, 6 h, and 16 h (pCTSH1.0 h/ 
6 h/16 h). c-e) Volcano plots of differ-
entially expressed genes between the 
pCTSH1 and pcDNA cells after 0 h (c), 6 
h (d), and 16 h (e). (For interpretation 
of the references to color in this figure 
legend, the reader is referred to the Web 
version of this article.)   
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2.3. Microarray analysis 

Total RNA was extracted using the RNeasy Mini Kit (Qiagen), ac-
cording to the manufacturer’s instructions. RNA quantity and purity 
were determined by UV absorbance using a NanoDrop 2000 (Thermo 
Scientific) and the RNA integrity was evaluated using the 2100 Bio-
analyzer RNA 6000 Nanochips (Agilent Technologies). All samples had 
RNA Integrity Number (RIN) above 8.5. 

100 ng of total RNA from pcDNA and pCTSH#1 cells after 0, 6, and 
16 h of cytokine exposure as well as untransfected INS-1 cells after 0 h 
exposure was used for the microarray analysis. The Affymetrix Gen-
eChip HT RG-230 p.m. 24-Array Plate was run at AROS Applied 
Biotechnology A/S, according to the instructions by the manufacturer. 
Briefly, double-stranded cDNA was synthesized for each of the 21 
samples, and biotin-labeled cRNA was transcribed using the IVT Express 
Kit (Affymetrix). A total of 7.5 μg of labeled cRNA was fragmented, and a 
hybridization cocktail was prepared, plated, and loaded into an 

Affymetrix GeneTitan system. Hybridization was performed for 16 h on 
HT Rat230 + PM microarrays. The GeneTitan system was used to 
perform the microarray hybridization, washing, and scanning. Image 
acquisition and quantification were performed using the Affymetrix 
GeneChip Operating Software (GCOS). 

Cel files were read into an AffyBatch object, quantile normalized and 
corrected for background using RMA background correction in the affy 
package (Gautier et al., 2004) in R statistical environment (http://cran. 
r-project.org/). Differential expression analysis was carried out on 
non-control probes with an empirical Bayes approach on linear models 
(LIMMA) (Smyth, 2004). Principal Component Analysis (PCA) method 
was employed for the initial interpretation of the data. In total, we 
computed eight pair-wise comparisons to identify differentially 
expressed genes: pcDNA.0 h vs INS1.0 h, pcDNA.6 h vs pcDNA.0 h, 
pcDNA.16 h vs pcDNA.0 h, pCTSH1.6 h vs pCTSH1.0 h, pCTSH1.16 h vs 
pCTSH1.0 h, pCTSH1.0 h vs pcDNA.0 h, pCTSH1.6 h vs pcDNA.6 h, and 
pCTSH1.16 h vs pcDNA.16 h. P-values were adjusted for multiple 

Table 1 
Summary of microarray results.  

Comparison Biological significance of comparison No. of differentially expressed annotated genes 

pcDNA.0 h vs INS1.0 h Regulated in pcDNA control transfected cells compared to untransfected INS-1 cells 2 
pcDNA.6 h vs pcDNA.0 h Regulated by cytokines at 6 h in pcDNA control cells 1036 
pcDNA.16 h vs pcDNA.0 h Regulated by cytokines at 16 h in pcDNA control cells 2752 
pCTSH1.6 h vs pCTSH1.0 h Regulated by cytokines at 6 h in CTSH-overexpressing cells 829 
pCTSH1.16 h vs pCTSH1.0 h Regulated by cytokines at 16 h in CTSH-overexpressing cells 2636 
pCTSH1.0 h vs pcDNA.0 h Regulated by CTSH overexpression in the absence of cytokines 29 
pCTSH1.6 h vs pcDNA.6 h Regulated by CTSH overexpression in the presence of cytokines at 6 h 40 
pCTSH1.16 h vs pcDNA.16 h Regulated by CTSH overexpression in the presence of cytokines at 16 h 32 

The numbers denote differentially expressed annotated genes in the eight pairwise comparisons following the double-filtering criterion of an FDR-adjusted p-value <
0.05 and an absolute log2 fold change >1.2. 

Table 2 
Differentially expressed genes between pCTSH#1 and pcDNA cells at 0 h, 6 h, and 16 h.  

Upregulated Genes: Downregulated Genes: 
Gene Symbol 0 h 6 h 16 h Gene Symbol 0 h 6 h 16 h 
Aldh1a1 1.39   Ackr3   − 1.43 
Atp10a 2.75 2.24 2.56 Agt − 1.48 − 1.42  
Cav1  1.31 1.86 Amer2   − 1.40 
Ccl5   1.23 Asb4  − 1.25  
Cotl1   1.45 Bcl2l1  − 1.74 − 1.63 
Elmod1   1.29 Blnk  − 1.75 − 1.42 
Fam89a   1.22 C9  − 1.59 − 1.76 
Fam151a 1.58 1.46 1.58 Chac1  − 2.50  
Far2   1.49 Cpa2 − 1.62 − 1.73 − 1.21 
Gad2 1.32 1.76  Edil3 − 1.67 − 1.43  
Gas7 2.59 1.30  Fam49a  − 1.72 − 2.15 
Glod5 1.22 1.34 1.40 Gdf15  − 1.34  
Gna15 3.83 3.23 1.43 Irs4  − 1.35  
Hecw2 2.94 2.71 3.32 Kcnd3  − 1.28  
Islr2 1.81 1.72  Myo16 − 1.68 − 1.27  
Ldb3  1.32 1.75 Oasl  − 1.88  
LOC103691832 1.25   Onecut1  − 1.32  
Lpp 1.22   Pdzrn3 − 1.20   
Misp3  1.21  Pmp22 − 1.35   
Mppe1  1.23  Ppargc1a   − 1.97 
Naprt1 1.54 1.94 1.46 Ppp1r3c   − 1.27 
Nox1  1.22 2.42 Ptgs1  − 2.65 − 3.30 
Ntm   1.27 Rab34 − 1.47 − 1.65 − 1.57 
Phactr3 2.11   Serpine2 − 1.22   
Phf11   1.34 Slc7a7  − 1.37  
Polr3g 1.25 1.41  Slc16a12 − 1.22   
Ptpre   1.28 Spry2   − 1.81 
Rac2   1.36 St6gal1 − 1.51 − 1.49  
Runx1t1 1.66 1.27  Tac1 − 2.07 − 1.81 − 1.65 
Ttn 2.84 1.65  Tesc − 2.04 − 1.88 − 1.52     

Tff3 − 1.24       
Tnfaip8  − 1.23      
Trib3  − 1.85  

The 63 genes that were significantly up-/down-regulated in pCTSH#1 vs pcDNA cells after treatment with IL-1β and IFNγ for 0, 6, and 16 h. Values are log2 fold 
change. Values shown fulfill our criteria of differential expression i.e. an FDR-adjusted p-value < 0.05 and an absolute log2 fold change >1.2. 
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comparisons using the false discovery rate (FDR) correction (Benjamini 
and Hochberg, 1995). Differentially expressed genes were identified 
using the double-filtering criterion: FDR-adjusted p-value < 0.05 and an 
absolute log2 fold change >1.2. For transcripts targeted by more than 
one probe only those probes that were changing in the same direction 
and the probes with highest fold change values were retained for further 
analysis. All statistical analyses were performed with Bioconductor 
(Gentleman et al., 2004) (http://www.bioconductor.org/) in R statisti-
cal environment (http://cran.r-project.org/). 

2.4. Permutation test, gene ontology and pathway analyses 

To gain more precision on the influence of CTSH on total gene 
expression, we applied a statistical method, Significance Analysis of 
Microarray (SAM) assimilating a set of gene-specific t-tests as demon-
strated by Tusher et al. (2001) (http://statweb.stanford. 
edu/~tibs/SAM/). This nonparametric approach does not assume 
normal distribution of the data and introduces a fudge factor (S0) to 
account for small differences in gene expression and a small variance 
that could possibly introduce false positive results. SAM uses permuta-
tion analysis to determine the FDR. It uses repeated permutations of the 
data to determine if the expression of any genes is significantly related to 
the response. The cutoff for significance is determined by a tuning 
parameter delta, which is selected based on the false positive rate. We 
chose a delta of 0.14 corresponding to an FDR of 0.05. A q-value < 0.05 
was considered statistically significant. SAM was used to compare the 
time course data between the pCTSH#1 and pcDNA cells. It summarizes 
each time course by a slope, and the slopes are then compared between 
the two cell lines. A positive SAM score (d) means that the slopes are 
larger in the pCTSH#1 cells compared to the pcDNA cells; the opposite is 
true for a negative d. 

Gene ontology (GO) and pathway analyses were performed using 
PANTHER DB (Mi et al., 2013) (http://pantherdb.org/). GO slim bio-
logical process (BP) categories and PANTHER pathway annotations 
were used for the analysis. The over-represented pathways were iden-
tified based on Fisher’s Exact test in PANTHER. Bonferroni correction 
for multiple testing was used for calculating adjusted p-values. 

2.5. Real-time qPCR 

cDNA was prepared using the iScript cDNA Synthesis kit (Bio-Rad). 
Probe-based real-time qPCR was performed using TaqMan Assays and 
TaqMan Gene Expression Master Mix (all from Applied Biosystems) or 
PrimeTime Assays (Integrated DNA Technologies) and Brilliant III Ultra- 
Fast qPCR Master Mix (Agilent Technologies). The samples were run in 

duplicates on a CFX384 system (Bio-Rad). The mRNA expressions were 
evaluated using the 2− ΔΔCt method normalizing against Actb or a geo-
metric mean of three housekeeping genes (Actb, Hprt1 and Ubc/Ppia), 
depending on which housekeeping genes showed stable expression in 
the given experimental setup. 

TaqMan assays used were: c-Myc (Rn00561507_m1), Nos2 
(Rn00561646_m1), Msrb3 (Rn01509711_m1), CTSH (Hs00544778_m1), 
Rac2/RAC2 (Rn01504461_g1; Hs00427439_g1), Actb/ACTB 
(Rn00667869_m1; Hs00357333_g1), Hprt1/HPRT1 (Rn01527840_m1; 
Hs03929098_m1), and Ubc/UBC (Rn01499642_m1/Rn01789812_g1; 
Hs00824723_m1). PrimeTime assays used were: Fam49a (Rn. 
PT.56a.5791196), Gas7 (Rn.PT.58.18656737), Gna15 (Rn. 
PT.58.11400787), Nox1 (Rn.PT.58.34484817), Ptgs1 (Rn. 
PT.58.9329873), Rac2 (Rn.PT.58.13676408), Scn7a (Rn. 
PT.58.8329059), Ttn (Rn.PT.58.11737572), Elmod1 (Rn. 
PT.58.6679909), Actb (Rn.PT.58.10607869), Hprt1 (Rn. 
PT.58.37395539), and Ppia (Rn.PT.39a.22214830). 

2.6. Apoptosis 

Caspase 3/7 activity was measured using the Caspase-Glo 3/7 assay 
(Promega) and apoptosis was evaluated using the Cell Death Detection 
ELISAPLUS kit (Roche), as previously described (Floyel et al., 2014; Kaur 
et al., 2015). 

2.7. Immunoblotting 

The cells were washed in cold HBSS and lysed for 5 min in M-PER 
Mammalian Protein Extraction Reagent (Pierce) supplemented with 
Halt Protease & Phosphatase Inhibitor Cocktail (Thermo Scientific). 
Detergent-insoluble material was pelleted by centrifugation (15.000 g, 
10 min, 4 ◦C) and the supernatants were stored at − 80 ◦C. The protein 
concentrations were measured using the DC Protein Assay (Bio-Rad). 
Equal amounts of protein were heated for 5 min at 80 ◦C in 4x LDS 
sample buffer and run on Bis-Tris gels in MOPS or MES buffer (all from 
Life Technologies). The primary antibodies used were: phospho-JNK 
(#9251, Cell Signaling), phospho-p38 (#9211, Cell Signaling), 
phospho-ERK1/2 (#9101, Cell Signaling), cleaved caspase-3 (#9661, 
Cell Signaling) and GAPDH (ab9482, Abcam). The secondary antibodies 
used were: anti-rabbit IgG (#7074, Cell Signaling) and anti-mouse IgG 
(#7076, Cell Signaling). Immune complexes were detected by chem-
iluminescence using LumiGlo (Cell Signaling) and an ImageQuant LAS 
4000 (GE Healthcare). 

Fig. 2. Cytokine- and CTSH-regulation of the 63 
differentially expressed genes. The 63 differentially 
expressed genes between the CTSH-overexpressing 
INS-1 cells (pCTSH#1) and pcDNA control cells 
were divided into six groups depending on if they 
were regulated by cytokines in the pcDNA cells and 
increased/decreased in response to CTSH over-
expression. aHecw2 was upregulated at 6 h and 
downregulated at 16 h in the pcDNA cells. (For 
interpretation of the references to color in this 
figure legend, the reader is referred to the Web 
version of this article.)   

T. Fløyel et al.                                                                                                                                                                                                                                   

http://www.bioconductor.org/
http://cran.r-project.org/
http://statweb.stanford.edu/%7Etibs/SAM/
http://statweb.stanford.edu/%7Etibs/SAM/
http://pantherdb.org/


Molecular and Cellular Endocrinology 518 (2020) 110993

5

2.8. Nitric oxide measurement 

Nitric oxide (NO) was measured as accumulated nitrite in the cell 
culture media using the Griess Reagent System (Promega), according to 
the manufacturer’s instructions. 

2.9. Statistics 

Besides from the previously mentioned analyses, paired or unpaired 
2-sided t-tests were used to assess statistical significance, as appropriate, 
using either Microsoft Office Excel or GraphPad Prism version 8. P- 
values < 0.05 were considered statistically significant. Data are pre-
sented as mean ± SEM unless otherwise stated. 

3. Results 

3.1. Identification of differentially expressed genes in CTSH- 
overexpressing INS-1 cells 

We used two individual clones of INS-1 cells with stable 

overexpression of CTSH (pCTSH#1 and pCTSH#2) generated in our 
previous study (Floyel et al., 2014). Initially, we confirmed that both 
clones were still protected against cytokine-induced apoptosis, and that 
there were no significant differences in cytokine-induced apoptosis be-
tween INS-1 cells transfected with an empty vector (pcDNA) and 
untransfected INS-1 cells (Supplementary Fig. S1a). The two clones 
show comparable CTSH expression level at both the mRNA (pCTSH#1: 
CT = 29.35; pCTSH#2: CT = 29.09) and protein level (Floyel et al., 
2014). It was also confirmed that the clone (pCTSH#1) chosen for the 
microarray experiments had decreased cytokine signaling at the JNK, 
iNOS, and c-Myc levels (Supplementary Fig. S1b-d). 

In the present study, we aimed at investigating the genes and 
mechanisms underlying the protective effects of CTSH on β-cell 
apoptosis. We previously showed that CTSH overexpression decreased 
cytokine-induced apoptosis after 24 h and diminished cytokine signaling 
at the mRNA level (DP5, Bim, c-Myc, iNOS) after 2–8 h of cytokine 
treatment (Floyel et al., 2014). In order to examine both the early and 
late CTSH-mediated changes in gene expression prior to apoptosis, 
microarray analysis was performed on pCTSH#1 and pcDNA cells after 
treatment with IL-1β and IFNγ for 0, 6, and 16 h. Untreated untrans-
fected INS-1 cells were also included in the microarray analysis to 
confirm that the transfection procedure did not affect basal gene 
expression. Initially, we examined whether overexpression of CTSH 
affected the overall gene expression using PCA. This analysis showed 
that the cytokine treatment was by far the most important contributor to 
the changes in gene expression; however, CTSH overexpression also 
clearly affected gene expression with the most prominent effect after 
cytokine treatment (Fig. 1a and b). We then performed eight pair-wise 
comparisons to identify differentially expressed genes: pcDNA.0 h vs 
INS1.0 h, pcDNA.6 h vs pcDNA.0 h, pcDNA.16 h vs pcDNA.0 h, 
pCTSH1.6 h vs pCTSH1.0 h, pCTSH1.16 h vs pCTSH1.0 h, pCTSH1.0 h vs 
pcDNA.0 h, pCTSH1.6 h vs pcDNA.6 h, and pCTSH1.16 h vs pcDNA.16 
h. Differential expression was defined by a FDR-adjusted p-value < 0.05 
and an absolute log2 fold change >1.2. Table 1 shows the number of 
differentially expressed annotated genes in each comparison. The full 
lists of differentially expressed genes with probe IDs, p-values and log2 
fold changes are shown in Supplementary Table S1. The raw microarray 
data are deposited at the GEO database (GSE136643). 

Only two genes were differentially expressed between the pcDNA 
cells and the untransfected INS-1 cells at 0 h (Table 1; Supplementary 
Table S2; Supplementary Fig. S2), indicating that the transfection pro-
cedure generally did not affect gene expression. Additionally, the cyto-
kine treatment was verified by examining the expression of known 
cytokine-regulated genes in the pcDNA cells after stimulation with IL- 
1β and IFNγ for 6 and 16 h (Supplementary Table S2). The genes were 
chosen based on known cytokine-regulated genes and on cytokine- 
regulated genes before 24 h from a human/rat-islet/β-cell time series 

Fig. 3. SAM plot. The scatter plot showing genes with positive (red dots) and 
negative (blue dots) score (d) in pCTSH#1 vs pcDNA cells (SAM analysis; FDR 
= 0%). (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.) 

Table 3 
Top 10 differentially expressed genes over time based on SAM.  

Gene Symbol Gene Name Score (d) Numerator (r) Denominator (s + s0) Fold Change 

Positive score: 
Nox1 NADPH oxidase 1 1.22 0.15 0.12 2.97 
Elmod1 ELMO domain containing 1 1.19 0.10 0.09 3.27 
Scn7a Sodium Voltage-Gated Channel Alpha Subunit 7 1.04 0.09 0.08 0.40 
Rac2 Rac family small GTPase 2 0.94 0.10 0.10 1.95 
Msrb3 Methionine Sulfoxide Reductase B3 0.92 0.07 0.08 2.44 
Negative score: 
Gna15 G protein subunit alpha 15 − 1.81 − 0.16 0.09 12.54 
Fam49a Family with sequence similarity 49 member A − 1.66 − 0.15 0.09 0.17 
Gas7 Growth arrest specific 7 − 1.24 − 0.15 0.12 3.74 
Ptgs1 Prostaglandin-endoperoxide synthase 1 − 1.21 − 0.16 0.14 0.11 
Ttn Titin − 1.18 − 0.12 0.10 44.02 

The table shows the list of most differentially expressed genes in pCTSH#1 compared to pcDNA cells over time upon cytokine exposure for 0, 6 and 16 h based on SAM 
analysis. The SAM score (d) is the standardized change in expression as calculated by T-statistics; numerator (r): numerator of the T-statistic; denominator (s + s0): 
denominator of the T-statistic; s0: exchangeability factor, expressed as a percentile of the standard deviation values of all the genes. The list of differentially expressed 
genes is divided into positive or negative SAM score (d). 
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meta-analysis (Lopes et al., 2014). 
The pairwise comparisons between the CTSH-overexpressing cells 

and the pcDNA control cells at each timepoint (pCTSH1.0 h vs pcDNA.0 
h, pCTSH1.6 h vs pcDNA.6 h, pCTSH1.16 h vs pcDNA.16 h) identified a 
total of 63 annotated genes (targeted by 79 probes) that were differen-
tially expressed (Table 2; Fig. 1c–e). Nine additional probes did not 
localize to a known transcript and were therefore not examined further. 
As shown in Table 2 there was an overlap between the differentially 
expressed genes in the three conditions. Fig. 2 provides an overview of 
the 63 genes in response to cytokine treatment and CTSH over-
expression. Interestingly, 40 of the 63 genes were significantly regulated 
by cytokines in the pcDNA control cells (Fig. 2). 

3.2. Significance analysis of microarray (SAM) analysis 

To identify the most differentially expressed genes between the 
CTSH-overexpressing cells and the pcDNA control cells when taking into 
consideration the time-course experiment (cytokine treatment for 0, 6 
and 16 h), we performed permutation tests using the SAM method 
(Tusher et al., 2001). Genes regulated at least 0.1 fold in pCTSH#1 cells 
compared to pcDNA cells, with a FDR of 0.05 and a q-value < 0.05, were 
considered significant. SAM identified 11 genes that showed significant 
expression changes over time in pCTSH#1 compared to pcDNA cells 
(Fig. 3). Of the 11 genes, one unannotated gene (BE105417) was 
removed. The 10 differentially expressed genes over time are shown in 
Table 3. 

Fig. 4. Validation of differentially 
expressed genes by real-time qPCR. INS- 
1 cells with stable overexpression of 
CTSH (pCTSH#1, grey bars; pCTSH#2, 
black bars) or an empty vector (pcDNA, 
white bars) were treated with IL-1β and 
IFNγ for 0, 6, and 16 h. Gene expression 
of a) Fam49a, b) Gas7, c) Gna15, d) 
Nox1, e) Ptgs1, f) Rac2, g) Scn7a, h) Ttn, 
i) Elmod1 and j) Msrb3 were examined 
by real-time qPCR and normalized to 
the geometric mean of Actb, Hprt1 and 
Ppia. Data are shown as means ± SEM 
(n = 3). *: p < 0.05. **: p < 0.01. ***: p 
< 0.001. $: p < 0.01, $$: p < 0.01, $$$: 
p < 0.001 vs 0 h condition in the given 
cell line.   
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3.3. Real-time qPCR validation of the top 10 differentially expressed 
genes based on SAM 

Using real-time qPCR, we validated the expression of the 10 differ-
entially expressed genes identified by SAM analysis in the INS-1 pcDNA 
cells as well as in the two CTSH-overexpressing INS-1 clones, pCTSH#1 
and pCTSH#2, after cytokine treatment for 0, 6 and 16 h. According to 
the SAM-generated fold changes (Table 3), seven genes were upregu-
lated (Elmod1, Gas7, Gna15, Msrb3, Nox1, Rac2 and Ttn) and three genes 
downregulated (Fam49a, Ptgs1 and Scn7a) by CTSH overexpression. The 
real-time qPCR results confirmed these expression patterns, however, 
only eight genes (Fam49a, Gas7, Gna15, Nox1, Ptgs1, Rac2, Scn7a and 
Ttn) showed consistency between the two CTSH-overexpressing clones 
with differential expression in both clones compared to the pcDNA 
control cells (Fig. 4a–h). The two remaining genes (Elmod1 and Msrb3) 
both showed the same expression pattern in the two CTSH-over-
expressing clones, but the results were not statistically significant in the 
pCTSH#2 clone (Fig. 4i–j). 

Regarding cytokine-regulated genes, five genes were upregulated by 
cytokines (Elmod1, Fam49a, Nox1, Ptgs1 and Rac2), three genes were 
downregulated by cytokines (Gas7, Gna15 and Scn7a), and two genes 
were not regulated by cytokines (Msrb3 and Ttn) in the pcDNA control 
cells (Fig. 4). 

3.4. Functional annotation and pathway analysis of differentially 
expressed genes 

We performed the functional annotation analysis using PANTHER 
GO terms and pathway annotations (Mi et al., 2013) for the 10 genes 
that were differentially expressed between the CTSH-overexpressing 
cells and the pcDNA control cells as identified by the SAM analysis. The 
GO-slim BP terms associated with these genes are listed in Table 4. These 
genes were found to be involved in cellular and biological regulation 
processes including “Response to stimulus”, “Immune system process”, 
“Cellular process”, and “Biological regulation”. The pathway analysis 
revealed enrichment for “Inflammation mediated by chemokine and 
cytokine signaling pathway” (Fisher’s exact test; adjusted p-value: 0.03; 
no. of genes: 3, expected no. of genes: 0.12; fold enrichment: 24.23; 
reference genes: 260). Three genes Gna15, Ptgs1 and Rac2 were among 
the associated genes for this pathway. 

3.5. Evaluation of Gna15 and Rac2 as mediators of CTSH-dependent 
anti-apoptotic effects 

Of the three genes associated with “Inflammation mediated by che-
mokine and cytokine signaling pathway”, Gna15 and Rac2 were upre-
gulated by CTSH overexpression (Table 2; Fig. 2; Fig. 4). To evaluate the 

Table 4 
GO terms associated with the top 10 differentially expressed genes based on SAM.  

PANTHER GO-slim BP categories No. of genes Gene symbols Total % genes from input associated with the term 

Response to stimulus (GO:0050896) 1 Nox1 5.90% 
Immune system process (GO:0002376) 1 Ptgs1 5.90% 
Developmental process (GO:0032502) 1 Ttn 5.90% 
Cellular process (GO:0009987) 6 Ttn, Elmod1, Nox1, Rac2, Scn7a, Gna15 35.30% 
Multicellular organismal process (GO:0032501) 3 Ttn, Rac2, Scn7a 17.60% 
Biological regulation (GO:0065007) 3 Rac2, Scn7a, Gna15 17.60% 
Cellular component organization or biogenesis (GO:0071840) 1 Rac2 5.90% 
Localization (GO:0051179) 1 Rac2 5.90% 

The table lists GO-slim BP terms associated with the 10 differentially expressed genes based on PANTHER analysis. The total number of genes associated with each GO- 
term is listed. The percentage of genes associated with each term based on the input list is also reported. 

Fig. 5. Knockdown of Rac2 but not 
Gna15 affects cytokine-induced cas-
pase-3/7 activity in CTSH-over-
expressing INS-1 cells. INS-1 cells with 
stable overexpression of CTSH 
(pCTSH#1, grey bars) or an empty 
vector (pcDNA, white bars) were trans-
fected with siRNA pools against Gna15 
(siGna15), Rac2 (siRac2), or a non- 
targeting negative control siRNA pool 
(siNEG) for 48 h followed by treatment 
with/without IL-1β and IFNγ for 16 h. a) 
Validation of siRNA-mediated knock-
down of Gna15 as measured by real- 
time qPCR and normalized against 
Actb. Means ± SEM (n = 4). b) Valida-
tion of siRNA-mediated knockdown of 
Rac2 as measured by real-time qPCR 
and normalized against Actb. Means ±
SEM (n = 4). c) Caspase-3/7 activity 
after Gna15 knockdown. Data are pre-
sented as fold change with means ±
SEM (n = 4–5). d) Caspase-3/7 activity 
after Rac2 knockdown. Data are pre-
sented as fold change with means ±
SEM (n = 5). The siNEG data in (c) and 
(d) are identical. *: p < 0.05, **: p <
0.01, ***: p < 0.001. $: p < 0.05, $$: p 
< 0.01, $$$: p < 0.001 vs similar con-
dition in pcDNA cells.   
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potential of Gna15 and Rac2 to be mediators through which CTSH 
protects against apoptosis, we knocked down their individual expression 
in the pCTSH#1 and pcDNA cells using siRNA pools and examined the 
effect on cytokine-induced caspase-3/7 activity. Gna15 and Rac2 were 
knocked down by 40–75% by the siRNA pools compared to cells trans-
fected with a non-targeting negative control siRNA pool (siNEG) (p <
0.05; Fig. 5a and b). Knockdown of Gna15 did not affect cytokine- 
induced caspase-3/7 activity (Fig. 5c), however, knockdown of Rac2 
partially abolished the protective effect of CTSH overexpression on 
cytokine-induced caspase-3/7 activity (p < 0.01, Fig. 5d). 

To further verify that knockdown of Rac2 counteracts the effects of 
CTSH overexpression on cytokine-induced apoptosis, the knockdown 
experiments were expanded to include both CTSH-overexpressing clones 
as well as an additional apoptosis assay that detects DNA-histone 

complexes (nucleosomes) within the cells. Rac2 was knocked down by 
~80% in the cytokine-treated condition and became undetectable in the 
untreated condition (Fig. 6a). Knockdown of Rac2 increased cytokine- 
induced caspase-3/7 activity in both CTSH-overexpressing clones and 
in the pcDNA cells (p < 0.01; Fig. 6b). Additionally, knockdown of Rac2 
increased cytokine-induced apoptosis in pcDNA (p < 0.05), pCTSH#1 
(p < 0.05) and pCTSH#2 cells (p = 0.05) (Fig. 6c). Noteworthy, in the 
siNEG-transfected condition, cytokine-induced apoptosis was signifi-
cantly lower in both CTSH-overexpressing clones compared to the 
pcDNA cells (pCTSH#1, p < 0.01; pCTSH#2, p < 0.05), and this pro-
tective effect was absent upon knockdown of Rac2 (Fig. 6c), confirming 
that the anti-apoptotic effect of CTSH is mediated by Rac2. The results 
were substantiated by immunoblot data of cleaved caspase-3 showing 
that knockdown of Rac2 increased the amount of cleaved caspase-3 in 

Fig. 6. Effect of Rac2 knockdown on cytokine-induced apoptosis, p-JNK, iNOS and NO production. INS-1 cells with stable overexpression of CTSH (pCTSH#1, grey 
bars; pCTSH#2, black bars) or an empty vector (pcDNA, white bars) were transfected with a siRNA pool against Rac2 (siRac2) or a non-targeting negative control 
siRNA pool (siNEG) for 48 h followed by treatment with IL-1β and IFNγ for the indicated time periods. a) Validation of siRNA-mediated knockdown of Rac2 was 
measured by real-time qPCR after treatment with/without cytokines for 16 h. Rac2 was normalized against a geometric mean of Actb, Hprt1 and Ubc. Data are 
presented as fold change with means ± SEM (n = 5). b) Caspase-3/7 activity was measured after treatment with/without cytokines for 16 h. Data are presented as 
fold change with means ± SEM (n = 5). c) Apoptosis was measured by Cell Death Detection ELISA after treatment with/without cytokines for 16 h. Data are 
presented as fold change with means ± SEM (n = 4). d) Cleaved caspase-3 was evaluated by immunoblotting after treatment with/without cytokines for 16 h. Gapdh 
was used as loading control. Data are presented as fold change with means ± SEM (n = 3). The shown blot is representative for the individual experiments. e) 
Phosphorylated JNK (p-JNK, Thr183/Tyr185) was evaluated by immunoblotting after cytokine treatment for 0 (-) and ½ (+) hour. Gapdh was used as loading 
control. Data are presented as fold change with means ± SEM (n = 4). The shown blot is representative for the individual experiments. f) iNOS (Nos2) mRNA 
expression was measured by real-time qPCR after cytokine treatment for 16 h and normalized against a geometric mean of Actb, Hprt1 and Ubc. Data are presented as 
fold change with means ± SEM (n = 5). g) Accumulated nitrite in the cell culture media (NO production) was measured after cytokine treatment for 16 h. Data are 
presented as concentration (μM) with means ± SEM (n = 4). *: p < 0.05. **: p < 0.01. ***: p < 0.001. $: p < 0.05, $$: p < 0.01, $$$: p < 0.001 vs similar condition in 
pcDNA cells. 
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both CTSH-overexpressing clones (p < 0.05; Fig. 6d) and abolished the 
protective effect of CTSH overexpression (Fig. 6d). 

3.6. Effect of Rac2 knockdown on MAP kinase signaling and NO 
production 

Rac2 is known to regulate MAP kinase signaling and NO production 
(Gu et al., 2002; Jyoti et al., 2014; Kuncewicz et al., 2001; Yi et al., 2010; 
Yu et al., 2001; Zou et al., 2017). We therefore examined if knockdown 
of Rac2 neutralized the effect of CTSH overexpression on the MAP ki-
nases JNK and p38 (Floyel et al., 2014). As shown previously, 
cytokine-mediated phosphorylation of JNK was diminished in the 
CTSH-overexpressing clones compared to the pcDNA control cells (p <
0.01), however, Rac2 knockdown did not affect JNK phosphorylation in 
the CTSH-overexpressing cells (Fig. 6e). Noteworthy, however, there 
was a strong trend towards decreased JNK phosphorylation in the 
pcDNA cells in response to Rac2 knockdown (p = 0.057; Fig. 6e). There 
was no effect of Rac2 knockdown on phosphorylation of p38 (Supple-
mentary Fig. S3a) or extracellular-signal regulated kinase 1/2 (ERK1/2) 
(Supplementary Fig. S3b). We then examined if Rac2 knockdown 
modulated iNOS mRNA expression and NO production after 16 h of 
cytokine treatment. Knockdown of Rac2 led to decreased iNOS mRNA 
expression in both CTSH-overexpressing clones (pCTSH#1, p < 0.05; 
pCTSH#2, p < 0.001) and in the pcDNA cells (p < 0.01) (Fig. 6f). In 
contrast, Rac2 knockdown had no effect on accumulated nitrite in the 
cell culture media, a measure of NO production (Fig. 6g). 

3.7. CTSH has anti-apoptotic effects and regulates RAC2 expression in 
human β cells 

In order to confirm that CTSH has anti-apoptotic effects in human β 
cells, we examined if siRNA-mediated knockdown of CTSH modulates 
apoptosis in the clonal human β-cell line 1.1B4, which is a hybrid of 
primary human pancreatic β cells and the pancreatic ductal cell line 
PANC-1 (McCluskey et al., 2011). CTSH was efficiently knocked down 
by the siRNA pool compared to cells transfected with a non-targeting 
negative control siRNA pool (siNEG) with ~96% knockdown in both 
the untreated and cytokine-treated condition (p < 0.001; Supplemen-
tary Fig. S4a). Indeed, knockdown of CTSH increased cytokine-induced 
caspase-3/7 activity (p < 0.01; Supplementary Fig. S4b) as well as 
apoptosis (p < 0.001; Supplementary Fig. S4c). We also examined if 
RAC2 expression was modulated by CTSH knockdown in the 1.1B4 cells. 
Interestingly, knockdown of CTSH led to ~50% reduction in RAC2 
expression in both the untreated and cytokine-treated condition (p <
0.01; Supplementary Fig. S4d). These data further substantiate an 
anti-apoptotic role for CTSH in β cells and support that CTSH regulates 
RAC2 in β cells. 

4. Discussion 

In the present study, we aimed at identifying the genes and mecha-
nisms involved in the protective effects of CTSH overexpression on 
cytokine-induced β-cell apoptosis. By microarray analysis, a total of 63 
differentially expressed genes were identified between stable CTSH- 
overexpressing INS-1 cells and pcDNA control cells after cytokine 
treatment for 0, 6 and 16 h. Furthermore, SAM analysis identified 10 
genes that were significantly regulated by CTSH overexpression across 
all time-points. Real-time qPCR analysis confirmed that the expression 
patterns of Fam49a, Gas7, Gna15, Nox1, Ptgs1, Rac2, Scn7a and Ttn 
correlated well with the microarray data and showed consistency be-
tween the two individual CTSH-overexpressing clones. 

Pathway analysis using the 10 SAM-identified genes as input 
revealed enrichment for the pathway “Inflammation mediated by che-
mokine and cytokine signaling pathway”, which is in line with our 
previous study showing prominent effects of CTSH-overexpression on 
cytokine signaling, e.g. reduced activation of the MAP kinases JNK and 

p38 and reduced expression of the downstream pro-apoptotic factors 
Bim, DP5 and c-Myc (Floyel et al., 2014). The three genes associated 
with the enriched pathway, Gna15, Ptgs1 and Rac2, all have relevant 
biological functions that may be involved in regulating β-cell function 
and apoptosis. 

Ptgs1 encodes an enzyme, cyclooxygenase 1 (Cox-1), which converts 
arachidonic acid to prostaglandins that act as autocrine/paracrine lipid 
mediators and are important modulators of a wide array of physiological 
functions, including inflammation (Choi et al., 2008; Smith and Lan-
genbach, 2001). For that reason, targeting Cox by nonsteroidal 
anti-inflammatory drugs has been widely attempted to attenuate in-
flammatory responses in both humans and mice (Brune and Patrignani, 
2015; Cryer and Feldman, 1998; Sigthorsson et al., 2002). The role of 
prostaglandins in regulation of β-cell function and mass following Cox 
enzyme metabolization has been an active area of research since the 
1970s (Carboneau et al., 2017). Both Cox isoforms (Cox-1 and Cox-2) are 
expressed in islets and insulin-secreting cell lines (Persaud et al., 2004, 
2007a; Shanmugam et al., 2006; Sorli et al., 1998), however, Cox-2 has 
been studied more intensively. Genetic variants in the PTGS2 (Cox-2) 
gene are associated with type 2 diabetes (T2D) (Konheim and Wolford, 
2003; Ozbayer et al., 2018), and Cox-2 has been shown to be upregu-
lated in islets and β-cell lines in response to both IL-1β and hypergly-
cemia (Corbett et al., 1993; Heitmeier et al., 2004; Persaud et al., 2004; 
Shanmugam et al., 2006; Sorli et al., 1998), which contribute to β-cell 
dysfunction and destruction in both T1D and T2D (Carboneau et al., 
2017; Luo and Wang, 2011; Persaud et al., 2007b; Tran et al., 2002). 
Interestingly, our microarray data showed that both Ptgs1 and Ptgs2 
were significantly upregulated following cytokine treatment in the 
pcDNA control cells, and these upregulations were absent in the 
CTSH-overexpressing cells (Supplementary Table S1). Future studies 
should aim at investigating the possible connection between CTSH and 
prostaglandin production in β-cells. 

Gna15 encodes the G protein subunit alpha 15, also known as Gα15, 
which is a hematopoietic stem cell heterotrimeric G-protein which lo-
calizes to the plasma membrane. To the best of our knowledge, the role 
of Gna15 in inflammation or apoptosis in diabetes has not previously 
been investigated. However, in a study of small intestinal neuroendo-
crine neoplasia, both gene and protein expression of Gna15 were 
significantly upregulated in primary tumors, and silencing Gna15 in a 
cell model was associated with decreased proliferation and increased 
apoptosis at least in part via decreased phosphorylation of ERK and Akt 
(Zanini et al., 2015). We speculate whether Gna15 could modulate β-cell 
apoptosis through similar mechanisms. 

Rac2 encodes a guanosine triphosphate (GTP)-metabolizing protein 
belonging to the Rho subfamily of the Ras superfamily of small GTPases. 
Interestingly, Rac2 is itself a T1D candidate gene located at the chro-
mosome 22q12.3 risk locus (Cooper et al., 2008; Onengut-Gumuscu 
et al., 2015). Rac2 localizes to the plasma membrane where it in its 
active form binds to a variety of effector proteins thereby regulating a 
diverse set of cellular processes, such as cytoskeletal organization, 
phagocytosis, secretion, superoxide generation, and apoptosis (Ram-
aswamy et al., 2007; Troeger and Williams, 2013; Yang et al., 2000). 
Rac2 is generally described as being expressed only in hematopoietic 
cells, however, Rac2 is also expressed in insulin-secreting cells (Kowl-
uru, 2011; Kowluru et al., 1994). The roles of Rac2 in the β-cells remains 
to be elucidated. Rac2 has 92% sequence homology with Rac1, which 
has been studied extensively in β-cells where it appears to have both 
protective and deleterious functions, e.g. by regulating insulin secretion 
and oxidative stress-mediated apoptosis (Han et al., 2015; Kowluru, 
2011; Li et al., 2004). Whether Rac2 is involved in similar mechanisms 
in β-cells awaits clarification. 

Importantly, we also verified that CTSH has anti-apoptotic effects in 
a human β-cell line since knockdown of CTSH in the 1.1B4 cells led to 
increased cytokine-induced apoptosis, and we confirmed that CTSH 
regulates RAC2 expression in both human and rat β-cell models. 

The functional knockdown experiments suggest that CTSH partially 
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protects against cytokine-induced β-cell apoptosis via Rac2, since 
knockdown of Rac2 abolished the protective effects of CTSH over-
expression. However, as Rac2 knockdown also increased cytokine- 
induced apoptosis in the pcDNA control cells, which according to the 
microarray data have a very low endogenous Ctsh expression level, Rac2 
also likely possess CTSH-independent anti-apoptotic effects. This is 
supported by the immunoblot data, which indicates an affect of Rac2 
knockdown on p-JNK in the pcDNA cells. The trend towards a reduction 
in p-JNK is however counterintuitive since Rac2 knockdown leads to 
increased apoptosis. In this context, it is noteworthy that JNK subtypes 
have been demonstrated to play both pro- and anti-apoptotic roles in 
cytokine-induced β-cell death (Prause et al., 2016). A previous study 
showed that Rac2 knockdown in human myeloid leukaemia HL-60 cells 
led to lower levels of total as well as phosphorylated JNK1 but not JNK2 
(Yi et al., 2010). Interestingly, it appears that Rac2 can have both pro- 
and anti-apoptotic roles depending on cell type (Gu et al., 2001; Lores 
et al., 1997; Yang et al., 2000; Yi et al., 2010). The fact that we only 
observed an effect of Rac2 knockdown on the activation of JNK and not 
p38 nor ERK1/2 is in concordance with previous studies (Gu et al., 2002; 
Yi et al., 2010; Zou et al., 2017). Future studies should examine the 
Rac2-mediated regulation of the individual JNK subtypes in β-cells. 

We also found that Rac2 knockdown led to decreased iNOS mRNA 
after 16 h of cytokine treatment in both CTSH-overexpressing clones and 
pcDNA cells, suggesting that this effect was CTSH-independent. Sur-
prisingly, the suppressive effect on iNOS expression was not reflected in 
lower NO production. The reason for this is currently unclear and re-
quires more detailed investigation at different time-points. Taken 
together, our data suggest that Rac2 modulates β-cell apoptosis through 
yet undiscovered pathways which involves both CTSH-dependent and 
-independent mechanisms. Since Rac2 is also known to regulate Akt 
survival signaling and Bcl-2 family members in other cell types (Wan 
et al., 2014; Yang et al., 2000), it would also be relevant to investigate if 
Rac2 regulates β-cell function and apoptosis through these pathways. 

5. Conclusions 

To the best of our knowledge this is the first study that provides 
evidence for a link between the two T1D candidate genes CTSH and 
RAC2. Our findings suggest that both genes have anti-apoptotic effects 
in insulin-secreting cells. Further experiments are needed to evaluate if 
higher cellular levels of CTSH and RAC2 can protect β-cells against 
immune-mediated damage and preserve β-cell function in vivo, thereby 
representing a possible strategy for preventing β-cell destruction in T1D. 
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