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OBJECTIVEdOur previous gene expression microarray studies identified a number of genes
differentially expressed in patients with type 1 diabetes (T1D) and islet autoantibody-positive
subjects. This study was designed to validate these gene expression changes in T1D patients and
to identify gene expression changes in diabetes complications.

RESEARCHDESIGHANDMETHODSdWe performed high-throughput real-time RT-
PCR to validate gene expression changes in peripheral blood mononuclear cells (PBMCs) from a
large sample set of 928 T1D patients and 922 control subjects.

RESULTSdOf the 18 genes analyzed here, eight genes (S100A8, S100A9, MNDA, SELL,
TGFB1, PSMB3, CD74, and IL12A) had higher expression and three genes (GNLY, PSMA4, and
SMAD7) had lower expression in T1D patients compared with control subjects, indicating that
genes involved in inflammation, immune regulation, and antigen processing and presentation
are significantly altered in PBMCs from T1D patients. Furthermore, one adhesion molecule
(SELL) and three inflammatory genes mainly expressed by myeloid cells (S100A8, S100A9,
and MNDA) were significantly higher in T1D patients with complications (odds ratio [OR]
1.3–2.6, adjusted P value = 0.005–1028), especially those patients with neuropathy (OR 4.8–7.9,
adjusted P value,0.005).

CONCLUSIONSdThese findings suggest that inflammatory mediators secreted mainly by
myeloid cells are implicated in T1D and its complications.
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Gene expression profiling has been
widely applied to the identification
of differentially expressed genes in

human diseases, including type 1 diabetes
(T1D). Understanding the patterns of
expressed genes is expected to provide
insight into disease pathogenic mecha-
nisms, therapy evaluation, or biomarkers
for risk prediction. Although much effort
has been devoted toward discoveries with
respect to gene expression profiling in

human T1D in the last decade (1–5), pre-
vious studies had serious limitations.
Microarray-based gene expression profiling
is a powerful discovery platform, but the
results must be validated by an alternative
technique such as real-time RT-PCR. Un-
fortunately, few of the previous microar-
ray studies on T1D have been followed
by a validation study. Furthermore,
most previous gene expression studies
had small sample sizes (,100 subjects

in each group) that are not adequate for
the human population given the expecta-
tion of large expression variations among
individual subjects. Finally, the selection
of appropriate reference genes for nor-
malization of quantitative real-time PCR
has a major impact on data quality. Most
of the previous studies have used only a
single reference gene for normalization.
Ideally, gene transcription studies using
real-time PCR should begin with the se-
lection of an appropriate set of reference
genes to obtain more reliable results
(6–8).

We have previously carried out ex-
tensive microarray analysis and identified
.100 genes with significantly differential
expression between T1D patients and
control subjects. Most of these genes
have important immunological functions
and were found to be upregulated in au-
toantibody-positive subjects, suggesting
their potential use as predictive markers
and involvement in T1D development
(2). In this study, real-time RT-PCR was
performed to validate a subset of the dif-
ferentially expressed genes in a large sam-
ple set of 928 T1D patients and 922
control subjects. In addition to the verifi-
cation of the gene expression associated
with T1D, we also identified genes with
significant expression changes in T1D pa-
tients with diabetes complications.

RESEARCH DESIGN AND
METHODS

Human subjects and samples
This study was approved by the institu-
tional review board (IRB) of the Georgia
Regents University, and informed consent
was obtained from every subject or his/
her legally authorized representative. Di-
agnosis of T1D was made using the
criteria of the American Diabetes Associ-
ation. Tempus RNA tubes were used to
collect peripheral blood for RNA extrac-
tion. The subjects in this study are Cau-
casian and were recruited from Georgia,
U.S., mainly in the Atlanta and Augusta
areas. The sex and age distributions, age
of onset for the patients, presence or
absence of a first-degree relative with the
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disease, duration of diabetes, complica-
tions of diabetes, as well as genetic risk
information for subjects have been sum-
marized in Supplementary Table 1.

High-throughput real-time RT-PCR
Peripheral blood (2.5 mL) was immedi-
ately preserved in Tempus RNA tubes.
After 2 h at room temperature, the tubes
were frozen at 2808C and total RNA was
extracted within a few weeks. Extracted
RNA was stored at 2808C until use. An
aliquot of total RNA for each sample was
arrayed in 96-well plates and then con-
verted to cDNA using a High-Capacity
cDNA Reverse Transcription Kit (Applied
Biosystems). The cDNA products were di-
luted, and an aliquot of cDNA equivalent
to 10 ng of total RNA was used for quan-
titative real-time PCR performed using
ready-to-use TaqMan gene expression as-
says from Applied Biosystems.

A total of 1,850 cDNA samples were
arrayed in five 384-well plates, each plate
containing 185 T1D and 185 autoanti-
body-negative (AbN) samples in addition
to a serial dilution of a common cDNA
sample for the establishment of a standard
curve. A total of 24 assays, including 18
target genes, 3 “negative control” genes,
and 3 reference or housekeeping genes,
were analyzed by real-time PCR using
TaqMan assay (Applied Biosystems)
(Supplementary Table 2). Real-time PCR
was performed in 384-well plates with the
ABI 7900HT Fast Real-Time PCR System.
Standard thermal cycling conditions (10
min at 958C, 40 cycles for 15 s at 958C,
and 1 min at 608C) were used for all
genes. Cycle threshold (CT) values and
quantity (Q) values, calculated from CT

values based on a standard curve, for
each test gene were obtained for each
sample using the SDS2.3 software.

Statistical analyses
All statistical analyses were performed
using the R language and environment
for statistical computing (R version
2.12.1; R Foundation for Statistical Com-
puting, www.r-project.org). There was a
small proportion (,5%) of cDNA sam-
ples that failed to amplify for each gene,
and those data were removed before sta-
tistical analyses. Plate-plate variations
were normalized by using a standard
curve on each 384-well plate. After selec-
tion and validation, the combination of
GAPDH, B2M, and ABL genes was used
as reference genes for normalization.

The pairwise correlation between in-
dividual gene expression levels was

computed using the Pearson correlation
coefficient. Linear regression of gene ex-
pression level with age as a covariate on
data stratified by sex and disease statuswas
completed to assess the effect of age on the
expression level of each studied gene.
Since there was a significant effect of age
and sex on the expression levels of many
genes, case-control matching was per-
formed with respect to age and sex using
the “matching” R package (9). To estimate
the relative risk of diabetes at different
gene expression levels, we performed con-
ditional logistic regression on matched
paired data. The odds ratios (ORs) and
95% CIs were computed for each gene.
To investigate the association between
gene expression levels and the diabetes
complications, the samples from the T1D
patients with a particular complication
were compared with the samples from
the T1D patients without any complica-
tion. Matching was performed with re-
spect to age, sex, and duration of
diabetes. Conditional logistic regression
was performed to estimate the relative
risk of a particular complication at differ-
ent expression levels. For analyses using
gene expression as a continuous variable,
the data were log transformed and scaled
to unit SD. For analyses using gene expres-
sion level as categorical variables, the val-
ues of “low” or “high” were assigned using
the middle value (median) in control sub-
jects as a cutoff point.

RESULTS

Gene expression changes associated
with diabetes
Fourteen genes were selected for valida-
tion studies based on our previous study
(2), and these genes showed higher ex-
pression in both T1D and autoantibody-
positive groups as compared with the
AbN control group. Four other genes
(TGFB1, NFKB1, Foxp3, and IL12A)
were selected based on their potential rel-
evance to T1D. Three genes (TSC22D3,
RPL17, and EEF1B2) that were not signif-
icant on our microarray dataset were in-
cluded as negative controls. All genes
were analyzed in a large sample set that
included 928 T1D patients and 922 AbN
control subjects using TaqMan assays.
Box plots of the expression levels in dif-
ferent subject groups are shown in Fig. 1.
Before examining the differences between
AbN and T1D groups, we determined
whether sex and sampling age of the sub-
jects were potential confounding factors.
We performed regression of gene

expression levels with age as a covariate.
Data for each gene were divided into four
subgroups based on sex and disease phe-
notype. There were significant correla-
tions with age in both phenotypic
groups and for both sexes for several
genes (data not shown). In order to accu-
rately assess the gene expression associ-
ated with T1D, we performed conditional
logistic regression analysis on age- and
sex-matched pairs. The ORs per SD incre-
ment of gene expression levels were first
computed using expression data as con-
tinuous variable (Table 1). These analyses
suggest that eight genes (TGFB1, SELL,
PSMB3, CD74, S100A8, S100A9, and
IL12A) were significantly upregulated
and three genes (GNLY, PSMA4, and
SMAD7) were significantly downregula-
ted in T1D patients. Conditional logistic
regression analysis was also performed
using expression values as categorical var-
iable after assigning each subject into low-
or high-expression subgroups using the
mean expression levels observed in AbN
control subjects. The results are highly
consistent with the analysis using expres-
sion levels as continuous data (Table 1).
We also compared gene expression differ-
ences between juvenile-onset (n = 692)
and adult-onset T1D patients (n = 232),
but no significant difference was found
(data not shown). The three negative con-
trol genes were analyzed using the same
approaches, and no significant differences
were found for these genes (data not
shown).

The T1D group is a heterogeneous set
of subjects as some have developed com-
plications such as neuropathy, retinopa-
thy, nephropathy, coronary artery disease
(CAD), and hypertension (HTN). As the
expression levels for some genes may be
associated with diabetes complications, it
is important to delineate the gene expres-
sion differences caused by hyperglycemia
or the specific types of complications.
Among the 928 T1D patients in our
dataset, 238 patients had at least one
diabetes complication. To exclude ex-
pression differences caused by diabetes
complications, we compared expression
levels between 922 AbN control subjects
and 407 T1D patients without any com-
plications (Table 1). In the first analysis,
each T1D patient without complication is
matched with an AbN control for age and
sex; the expression data were analyzed as
continuous variables using logistic regres-
sion. The results indicate that the seven
of eight genes significantly upregulated
in the entire dataset (except for S100A9)
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were also significantly higher in T1D pa-
tients without complications compared
with control subjects. Additionally, the
three genes shown to be downregulated
in the entire T1D cohort were consistently
downregulated in the T1D subset without
complications (Table 1). Conditional lo-
gistic regression analysis using expression
values as categorical variable also revealed
similar findings (Table 1).

Gene expression changes associated
with diabetes complications
We next examined gene expression
changes associated with complications

seen in T1D patients. In this dataset, there
were 119 patients with hypertension, 59
patients with neuropathy, 70 patients
with retinopathy, 35 patients with CAD,
and 26 patients with nephropathy. Before
examining the gene expression changes in
different diabetes complications, we de-
termined whether T1D duration is a po-
tential confounding factor since T1D
duration is significantly longer for all
complication groups (Supplementary
Table 3). We performed regression anal-
ysis of gene expression level with T1D du-
ration as covariate (Supplementary Table 4).
There were significant correlations with

T1D duration in both sexes for four genes
(S100A9, S100A8, PSMA4, and IL12A) and
significant correlation in only the male
group for four genes (RNF31, FOXP3,
MFNG, and NFKB1).

Since T1D duration and sex are con-
founding factors for most genes, age, T1D
duration, and sex matching was then
performed using a multivariate and pro-
pensity score–matching software (9).
Each T1D patient with a specific compli-
cation was paired with one or two of the
closest T1D patient(s) without any com-
plications. The comparisons of expres-
sion levels between complication and

Figure 1dBox plots for gene expression levels (data were log transformed) in different subject groups including AbN, T1D without any compli-
cation (T1D-NoComp), T1D with at least one complication (AnyComp), and T1D with one specific complication (neuropathy, HTN, retinopathy,
nephropathy, or CAD). The box lines delineate the 25th, 50th, and 75th percentile, respectively.
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noncomplication groups are shown as a
box plot for each complication (Fig. 2) for
the top four genes. Conditional logistic
regression analysis was performed to first
assess changes associated with diabetes
complication using all 238 patients with
at least one complication. Four genes
(S100A8, S100A9, SELL, and MNDA)
were significantly higher in the T1D pa-
tients with any one kind of complication
(any-complication group) compared with
the no-complication group, whereas four
other genes (SMAD7, PSMA4,MFNG, and
GNLY) were significantly lower in T1D
with complication than T1D without
complication (Table 2). To exclude the
possibility that the gene expression
changes result from the treatment for sec-
ondary complications, we further exam-
ined gene expression differences between
patients that were on treatment with spe-
cific drugs and those without the treat-
ment. As the numbers of patients on
individual drugs were very small, we
grouped the treatments into four major
categories: hypertension, blood choles-
terol, hypothyroidism, and psychological
disorders. Our results suggest that the

expression differences observed in this
study were not due to treatment for dia-
betes complications (data not shown).

We further examined these eight
genes in five patient subsets with specific
complications (neuropathy, hyperten-
sion, retinopathy, nephropathy, and
CAD). Patients with neuropathy showed
significant changes for all eight genes,
especially with the four upregulated
genes. For example, subjects with higher
S100A8 expression are 7.9 times more
likely to have neuropathy. T1D patients
with neuropathy are also much more
likely to have higher gene expression
levels for S100A9, SELL, and MNDA (OR
4.8, 4.9, and 5.2, respectively). Patients
with hypertension also showed signifi-
cant changes for seven of the eight genes,
including all four upregulated genes
(S100A8, S100A9, SELL, and MNDA)
(Table 2). Although statistical significance
was not reached, the four upregulated
genes were also higher in patients with
other examined complications, including
CAD, retinopathy, and nephropathy, sug-
gesting that these genes are probably im-
plicated in all diabetes complications.

Finally, we examined pairwise corre-
lation of gene expression levels for all 18
genes, and the results are graphically
presented in Fig. 3. Clustering of the
genes based on the expression correlation
values revealed a main cluster of proin-
flammatory genes (S100A8, S100A9,
MNDA, and SELL) significantly upregula-
ted in T1D and its complications. TGFB1,
NFKB1, and RNF10 are also loosely grou-
ped within this cluster, and these genes,
especially TGFB1, are increased in T1D
compared with control subjects.

CONCLUSIONSdThis is to date the
largest-scale study on gene expression
profiles in human T1D patients. Several
strategies contributed to the success of
this study. The large sample set of close to
2,000 individuals was especially informa-
tive for the gene expression profiles in
control subjects and T1D patients with
and without diabetes complications.
Since expression data were generated on
multiple plates, normalization through
the use of a standard curve for each gene
in each 384-well plate was critical to
ensure consistency across plates. Further-
more, the use of multiple validated refer-
ence genes, rather than a single gene,
improved the normalization of the RNA
concentration across all samples.

This well-designed and adequately
powered study allowed us to confirm
gene expression differences between
T1D and control subjects initially sugges-
ted by microarray experiments. We also
demonstrated that gene expression is
significantly different between AbN con-
trol subjects and T1D patients without
any diabetes complications. The genes
with a higher expression in T1D are
implicated in immune function, such as
inflammation (S100A8, S100A9, MNDA,
and IL12-A), immune regulation/promo-
tion (TGFB1 and SELL), and antigen pro-
cessing and presentation (CD74 and
PSMB3). Our findings strongly support
the notion that chronic inflammation
contributes to T1D development (10–12).
Upregulation of genes involved in antigen
processing and presentation may occur in
response to the activation and prolifera-
tion of autoreactive pathogenic T cells in
T1D patients.

Two previous studies with small sam-
ple sizes (13,14) reported a decreased
TGFB1 level in T1D patients; however,
this study with a very large sample size
revealed a significantly higher expression
of TGFB1 in T1D patients. TGFB1 acts
as a double-edged sword in immune

Table 1dGene expression changes in T1D compared with AbN (n = 922)

Continuous data Categorical data

Genes OR per SD (95% CI)
P adjusted

value OR (95% CI)
P adjusted

value

All T1D (n = 928)
TGFB1 1.31 (1.2–1.42) 1.07E208 1.58 (1.35–1.86) 6.80E207
SELL 1.23 (1.13–1.34) 7.59E206 1.46 (1.24–1.71) 6.26E205
PSMB3 1.17 (1.08–1.26) 0.0004 1.32 (1.13–1.54) 0.0020
CD74 1.16 (1.06–1.26) 0.0026 1.32 (1.11–1.56) 0.0045
MNDA 1.15 (1.06–1.24) 0.0023 1.32 (1.12–1.55) 0.0028
S100A8 1.16 (1.07–1.26) 0.0008 1.35 (1.15–1.58) 0.0012
S100A9 1.13 (1.04–1.22) 0.0069 1.21 (1.04–1.42) 0.0258
IL12A 1.11 (1.02–1.2) 0.0388 1.26 (1.07–1.49) 0.0127
GNLY 0.83 (0.76–0.89) 8.07E206 0.71 (0.61–0.82) 8.16E205
PSMA4 0.72 (0.66–0.78) 2.74E212 0.75 (0.64–0.88) 0.0020
SMAD7 0.83 (0.77–0.9) 2.23E205 0.78 (0.67–0.91) 0.0045

T1D without any complication (n = 407)
TGFB1 1.38 (1.22–1.56) 3.25E206 1.67 (1.34–2.08) 6.10E205
SELL 1.2 (1.08–1.33) 2.48E203 1.4 (1.13–1.74) 0.0085
PSMB3 1.26 (1.13–1.42) 6.09E204 1.32 (1.13–1.54) 0.0238
CD74 1.28 (1.13–1.46) 6.08E204 1.32 (1.05–1.66) 0.0485
MNDA 1.15 (1.03–1.28) 2.40E202 1.35 (1.09–1.68) 0.0210
S100A8 1.18 (1.06–1.3) 5.38E203 1.19 (0.97–1.47) NS
S100A9 1.08 (0.97–1.2) 0.2529 1.16 (0.94–1.43) NS
IL12A 1.26 (1.11–1.43) 1.80E203 1.42 (1.13–1.78) 0.0106
GNLY 0.82 (0.73–0.92) 1.84E203 0.67 (0.54–0.83) 0.0015
PSMA4 0.74 (0.66–0.82) 1.72E206 0.84 (0.68–1.04) NS
SMAD7 0.86 (0.77–0.95) 8.09E203 0.89 (0.72–1.11) NS

NS, not significant.
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regulation. It induces immune tolerance
by acting as a potent immune suppressor
through the inhibition of proliferation,
differentiation, activation, and effector
function of immune cells (15–17). Pa-
rodoxically, it also promotes immune

reaction by being a potent chemoattrac-
tant for neutrophils and promoting in-
flammation. In addition, it can induce
differentiation into the anti-inflammatory
regulatory T cells (18–20) or the proin-
flammatory Th17 cells (21) depending

on the context. Although the protective
effects of TGFB1 have been documented
in various autoimmune diseases, includ-
ing T1D, the increased TGFB1 gene ex-
pression in T1D shown in the current
study suggests that TGFB1 may mainly

Figure 2dBox plots for gene expression levels (data were log transformed) in T1D patients without any complication and T1D patients with
different complication groups: at least one of complications (AnyComp), neuropathy, HTN, retinopathy, nephropathy, and CAD. The box lines
delineate the 25th, 50th, and 75th percentile, respectively. Data are matched for sex and age between the two examined groups. Comp, compli-
cations; N, no for complications; Y, yes for complications.
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Table 2dGene expressions associated with T1D complications

Continuous data Categorical data

Genes OR per SD (95% CI) P value P adjusted OR (95% CI) P value P adjusted

Any complication (n = 238)
S100A8 1.39 (1.21–1.60) 4.55E206 4.77E205 2.46 (1.84–3.28) 1.04E209 1.08E208
S100A9 1.33 (1.17–1.51) 1.20E205 8.38E205 2.22 (1.65–2.98) 1.30E207 8.68E207
SELL 1.19 (1.05–1.33) 0.0044 0.0116 1.54 (1.18–2.01) 0.0015 0.0051
MNDA 1.35 (1.16–1.56) 6.25E205 0.0003 2.60 (1.91–3.54) 1.08E209 1.08E208
SMAD7 0.68 (0.59–0.80) 1.79E206 3.75E205 0.66 (0.50–0.88) 0.0047 0.0118
PSMA4 0.86 (0.76–0.97) 0.0119 0.0250 0.82 (0.63–1.06) NS NS
MFNG 0.79 (0.68–0.91) 0.0011 0.0034 0.66 (0.51–0.86) 0.0021 0.0061
GNLY 0.77 (0.67–0.89) 0.0003 0.0011 0.6 (0.45–0.79) 0.0003 0.0013

Neuropathy (n = 59)
S100A8 2.25 (1.51–3.34) 6.91E205 0.0007 7.88 (2.72–22.8) 0.0001 0.0024
S100A9 2.46 (1.61–3.77) 3.34E205 0.0007 4.77 (1.97–11.5) 0.0005 0.0030
SELL 2.02 (1.41–2.90) 0.0001 0.0010 4.85 (2.09–11.2) 0.0002 0.0024
MNDA 2.00 (1.3–3.08) 0.0016 0.0055 5.20 (1.99–13.5) 0.0007 0.0030
SMAD7 0.58 (0.39–0.85) 0.0049 0.0148 0.65 (0.32–1.31) NS NS
PSMA4 0.70 (0.54–0.90) 0.0063 0.0164 0.51 (0.27–0.99) 0.0464 NS
MFNG 0.82 (0.59–1.14) NS NS 0.22 (0.09–0.53) 0.0007 0.0030
GNLY 0.69 (0.49–0.97) 0.0341 0.0716 0.93 (0.47–1.82) NS NS

Hypertension (n = 119)
S100A8 1.41 (1.13–1.76) 0.0025 0.0146 2.66 (1.75–4.05) 5.13E206 7.69E205
S100A9 1.33 (1.08–1.62) 0.0061 0.0183 2.22 (1.45–3.38) 0.0002 1.50E203
SELL 1.40 (1.12–1.76) 0.0033 0.0146 1.56 (1.04–2.33) 0.0302 NS
MNDA 1.47 (1.17–1.84) 0.0008 0.0081 2.45 (1.57–3.83) 7.84E205 7.00E204
SMAD7 0.76 (0.60–0.96) 0.0206 0.0481 0.79 (0.52–1.20) NS NS
PSMA4 0.89 (0.74–1.05) NS NS 0.82 (0.57–1.19) NS NS
MFNG 0.65 (0.52–0.82) 0.0003 0.0057 0.49 (0.33–0.74) 0.0006 0.0025
GNLY 0.72 (0.57–0.90) 0.0035 0.0146 0.45 (0.29–0.69) 0.0002 0.0015

Retinopathy (n = 70)
S100A8 1.17 (0.82–1.66) NS NS 1.94 (0.99–3.78) NS NS
S100A9 1.11 (0.80–1.54) NS NS 1.41 (0.73–2.75) NS NS
SELL 1.09 (0.79–1.51) NS NS 1.14 (0.6–2.18) NS NS
MNDA 0.79 (0.54–1.16) NS NS 1.60 (0.85–3.01) NS NS
SMAD7 0.93 (0.63–1.37) NS NS 1.05 (0.54–2.06) NS NS
PSMA4 0.83 (0.60–1.16) NS NS 0.44 (0.23–0.85) 0.0149 NS
MFNG 0.56 (0.37–0.87) 0.0091 NS 0.34 (0.16–0.71) 0.0042 NS
GNLY 1.13 (0.77–1.66) NS NS 1.51 (0.75–3.02) NS NS

Nephropathy (n = 26)
S100A8 2.25 (1.05–4.82) 0.0362 NS 3.67 (1.02–13.2) 0.0464 NS
S100A9 1.05 (0.68–1.61) NS NS 1.32 (0.41–4.26) NS NS
SELL 1.70 (0.84–3.43) NS NS 1.64 (0.48–5.59) NS NS
MNDA 1.23 (0.65–2.33) NS NS 1.93 (0.58–6.46) NS NS
SMAD7 0.82 (0.38–1.77) NS NS 0.65 (0.19–2.24) NS NS
PSMA4 0.67 (0.31–1.42) NS NS 0.17 (0.04–0.81) 0.0261 NS
MFNG 0.26 (0.09–0.77) 0.0143 NS 0.25 (0.07–0.90) 0.0341 NS
GNLY 1.55 (0.81–2.98) NS NS 1.49 (0.51–4.36) NS NS

CAD (n = 35)
S100A8 1.03 (0.59–1.81) NS NS 3.26 (1.13–9.43) 0.0291 NS
S100A9 1.01 (0.54–1.87) NS NS 2.08 (0.72–5.99) NS NS
SELL 1.69 (0.96–2.96) NS NS 3.33 (1.11–10.0) 0.0322 NS
MNDA 1.23 (0.69–2.20) NS NS 5.93 (1.79–19.7) 0.0037 NS
SMAD7 0.90 (0.52–1.55) NS NS 0.45 (0.18–1.13) NS NS
PSMA4 1.00 (0.60–1.65) NS NS 1.40 (0.64–3.05) NS NS
MFNG 1.05 (0.66–1.66) NS NS 1.06 (0.51–2.24) NS NS
GNLY 0.87 (0.50–1.54) NS NS 0.57 (0.23–1.36) NS NS

NS, not significant.
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play a pathogenic role in T1D as a proin-
flammatory mediator. Interestingly, the
expression of an inhibitor of TGFB1 sig-
naling, SMAD7, showed a decreased level
of expression in T1D as compared with
healthy control subjects. SMAD7 encodes
a nuclear protein that binds the E3
ubiquitin ligase SMURF2 and inhibits
TGFB1 signaling in many ways (22).
Overexpression of SMAD7 has been
shown to antagonize TGFB1-mediated
fibrosis, carcinogenesis, and inflamma-
tion (23). More interestingly, it has been
reported that TGFB1 and SMAD7 play a
major role in diabetic nephropathy (24).
In this study, SMAD7 is indeed reduced
in T1D patients with complications
compared with patients without any
complications.

The most noteworthy finding of this
study is the identification of a set of genes
associated with diabetes complications.
Relative to the comparison between T1D
patients and control subjects, the sample

sizes for the study on specific complica-
tions are smaller and the results should be
viewed with more caution. However,
several strategies used in this study ensure
that the findings are most likely robust.
First, we started by comparing T1D pa-
tients without any complication (n = 407)
and T1D patients with any complication
(n = 238). Only those genes showing sig-
nificant differences in this relatively large
dataset were further analyzed for specific
complications. Second, many of the genes
are altered in multiple complications, fur-
ther strengthening evidence for the find-
ings. For example, the most prominent
genes are two inflammatory genes,
S100A8 and S100A9, both being strongly
associated with complications, especially
neuropathy (OR 7.9 and 4.8) and hyper-
tension (2.7 and 2.2). These two genes
may also be increased in retinopathy
(OR 1.9 and 1.4) and nephropathy (3.6
and 1.3), even though statistical signifi-
cance was not reached due to small

sample size. Both macrovascular and mi-
crovascular complications can occur in
T1D patients. CAD is a major macrovas-
cular complication, and neuropathy, ne-
phropathy, and retinopathy are major
microvascular complications (25). Al-
though the pathogenesis of diabetic angi-
opathy is incompletely understood,
patients with one complication often
present with a second one, suggesting
the existence of common risk factors
and pathogenic mechanisms. Endothelial
dysfunction, a common change among
T1D patients, represents a major link be-
tween vascular complications (26).
S100A8 and S100A9 may play important
roles in different pathways leading to en-
dothelial dysfunction initiated by
inflammation and/or hyperglycemia, two
hallmarks of T1D patients (Fig. 4).
S100A8/A9, also referred to as MRP8/14,
are two calcium-binding proteins pri-
marily expressed in cells of myeloid ori-
gin, particularly in monocytes and
neutrophils. As a marker of monocyte
and neutrophil activation, the expression
and secretion of the S100A8/A9 hetero-
dimer could be induced by inflammatory
cytokines such as IL1b (27). Other in-
flammatory cytokines such as IL6 and
TNF-a also had positive associations
with S100A8/A9 and diabetic vascular
complications (28). In one pathway,
S100A8/A9 stimulation can cause a rapid
increase of CD11b expression on the
monocyte surface, accounting for the in-
crease of trans-endothelial migratory ac-
tivity of monocytes and hence vascular
endothelium changes (29). In another
pathway, S100A8/9 protein can bind spe-
cifically to and induce a specific inflam-
matory response in human vascular
endothelial cells by increasing the tran-
scription of proinflammatory chemokines
and adhesion molecules (30). More inter-
estingly, the proinflammatory endothelial
response to S100A8/A9 can be increased
by advanced glycation end products
(AGEs) since S100A8/A9 can work as li-
gands of RAGE (receptor for AGE) and
have effects on the RAGE-NFKB–
mediated induction of proinflammatory
gene expression (31).

Another myeloid cell–related gene,
MNDA, was found as having highly corre-
lated expression with S100A8/S100A9 and
was also increased in neuropathy and hy-
pertension (OR 5.2 and 2.5). The myeloid
cell nuclear differentiation antigen (MNDA)
is detected only in the nuclei of cells of the
granulocyte-monocyte lineage and plays
a role in the cell-specific response to

Figure 3dPairwise correlations between gene expression levels for 18 studied genes in different
subject groups: AbN, T1D without any complication (T1D-noComp), T1D with at least one
complication (AnyComp), and T1D with neuropathy. The squares indicate the high correlation
between S100A8, S100A9, MNDA, and SELL.
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interferon (32). The function of MNDA in
T1D and diabetes complications remains
elusive.

Another interesting gene that is upre-
gulated in both T1D and diabetes com-
plications is SELL. L-selectin (SELL) is a
cell surface adhesionmolecule that plays a
critical role in facilitating leukocyte mi-
gration from blood vessels to secondary
lymphoid organ and sites of local inflam-
mation. Although there are controversial
reports about the role of L-selectin in the
development of autoimmune diabetes in
NODmice (33–35), a positive correlation
between the serum level of soluble
L-selectin and T1D, diabetic retinopathy,
atherosclerosis, and arterial hypertension
was reported in human studies (36–38).
The percentage of T cells expressing
L-selectin was significantly increased in
T1D patients and in T1D patients with
arterial hypertension as well. Consistent
with these findings, we provided convinc-
ing evidence that L-selectin expression in

peripheral blood mononuclear cells is
higher in T1D patients (OR 1.4), espe-
cially those patients with diabetic neurop-
athy (4.9) and hypertension (1.6).

The examination of a pairwise corre-
lation of gene expression revealed
coordinated upregulation of multiple
proinflammatory genes in myeloid cells.
S100A8, S100A9, and MNDA are likely
examples of the cluster of myeloid cell-
related genes associated with T1D and di-
abetes complications. It will therefore be
important to examine the cellular func-
tions and pathogenic roles of myeloid
cells in the development of T1D and its
complications in future studies.

AcknowledgmentsdThis work was sup-
ported by grants from the National Institutes of
Health (4R33-HD-050196, DR33-DK-069878,
and 2RO1-HD-37800) and the Juvenile Di-
abetes Research Foundation (JDRF 1-2004-
661) to J.-X.S.

No potential conflicts of interest relevant to
this article were reported.
Y.J. contributed to study design, most of the

data generation, and wrote the manuscript.
A.S. performed most of the data analysis. C.C.
contributed to data generation. D.H., D.G.R.,
B.B., S.W.A., J.C.R., R.D.S., and L.S. contrib-
uted to sample and data collection. X.W.
contributed to data analysis. J.-X.S. contrib-
uted to study design, data interpretation, and
writing of the manuscript. All authors re-
viewed and edited the manuscript. J.-X.S. is
the guarantor of this work and, as such, had
full access to all the data in the study and takes
responsibility for the integrity of the data and
the accuracy of the data analysis.

References
1. Britten AC, Mijovic CH, Barnett AH, Kelly

MA. Differential expression of HLA-DQ
alleles in peripheral blood mononuclear
cells: alleles associated with susceptibility
to and protection from autoimmune type
1 diabetes. Int J Immunogenet 2009;36:
47–57

2. Collins CD, Purohit S, Podolsky RH, et al.
The application of genomic and proteo-
mic technologies in predictive, preventive
and personalized medicine. Vascul Phar-
macol 2006;45:258–267

3. Kaizer EC, Glaser CL, Chaussabel D,
Banchereau J, Pascual V, White PC. Gene
expression in peripheral blood mono-
nuclear cells from childrenwith diabetes. J
Clin Endocrinol Metab 2007;92:3705–
3711

4. Padmos RC, Schloot NC, Beyan H, et al.;
LADA Consortium. Distinct monocyte
gene-expression profiles in autoimmune
diabetes. Diabetes 2008;57:2768–2773

5. Rassi DM, Junta CM, Fachin AL, et al.
Gene expression profiles stratified ac-
cording to type 1 diabetes mellitus sus-
ceptibility regions. Ann N Y Acad Sci
2008;1150:282–289

6. Chervoneva I, Li Y, Schulz S, et al. Selec-
tion of optimal reference genes for nor-
malization in quantitative RT-PCR. BMC
Bioinformatics 2010;11:253

7. Stamova BS, Apperson M, Walker WL,
et al. Identification and validation of
suitable endogenous reference genes for
gene expression studies in human pe-
ripheral blood. BMC Med Genomics
2009;2:49

8. Vandesompele J, De Preter K, Pattyn F,
et al. Accurate normalization of real-
time quantitative RT-PCR data by geo-
metric averaging of multiple internal
control genes. Genome Biol 2002;3:
RESEARCH0034

9. Sekhon JS. Multivariate and propensity
score matching software with automated
balance optimization: the matching
package for R. J Stat Softw 2011;42:1–52

10. Devaraj S, Cheung AT, Jialal I, et al. Evi-
dence of increased inflammation and

Figure 4dStudied genes involved in pathways leading to endothelial dysfunction.

care.diabetesjournals.org DIABETES CARE, VOLUME 36, SEPTEMBER 2013 2801

Jin and Associates



microcirculatory abnormalities in patients
with type 1 diabetes and their role in mi-
crovascular complications. Diabetes 2007;
56:2790–2796

11. Treszl A, Szereday L, Doria A, King GL,
Orban T. Elevated C-reactive protein
levels do not correspond to autoimmunity
in type 1 diabetes. Diabetes Care 2004;27:
2769–2770

12. Zhi W, Sharma A, Purohit S, et al. Dis-
covery and validation of serum protein
changes in type 1 diabetes patients using
high throughput two dimensional liquid
chromatography-mass spectrometry and
immunoassays. Mol Cell Proteomics
2011;10:M111, 012203

13. Abbasi F, Amiri P, Sayahpour FA, et al.
TGF-b and IL-23 gene expression in un-
stimulated PBMCs of patients with di-
abetes. Endocrine 2012;41:430–434

14. Han D, Leyva CA, Matheson D, et al. Im-
mune profiling by multiple gene expres-
sion analysis in patients at-risk and with
type 1 diabetes. Clin Immunol 2011;139:
290–301

15. Prud’homme GJ, Piccirillo CA. The in-
hibitory effects of transforming growth
factor-beta-1 (TGF-beta1) in autoimmune
diseases. J Autoimmun 2000;14:23–42

16. Gorelik L, Flavell RA. Abrogation of
TGFbeta signaling in T cells leads to
spontaneous T cell differentiation and
autoimmune disease. Immunity 2000;12:
171–181

17. Gorelik L, Constant S, Flavell RA. Mech-
anism of transforming growth factor beta-
induced inhibition of T helper type 1
differentiation. J Exp Med 2002;195:
1499–1505

18. Apostolou I, Verginis P, Kretschmer K,
Polansky J, H€uhn J, von Boehmer H. Pe-
ripherally induced Treg: mode, stability,
and role in specific tolerance. J Clin Im-
munol 2008;28:619–624

19. Dardalhon V, Awasthi A, Kwon H, et al.
IL-4 inhibits TGF-beta-induced Foxp3+ T
cells and, together with TGF-beta, gen-
erates IL-9+ IL-10+ Foxp3(-) effector T
cells. Nat Immunol 2008;9:1347–1355

20. Liu Y, Zhang P, Li J, Kulkarni AB, Perruche
S, ChenW. A critical function for TGF-beta

signaling in the development of natural
CD4+CD25+Foxp3+ regulatory T cells.
Nat Immunol 2008;9:632–640

21. Veldhoen M, Hocking RJ, Atkins CJ,
Locksley RM, Stockinger B. TGFbeta in
the context of an inflammatory cytokine
milieu supports de novo differentiation of
IL-17-producing T cells. Immunity 2006;
24:179–189

22. Yan X, Liu Z, Chen Y. Regulation of TGF-
beta signaling by Smad7. Acta Biochim
Biophys Sin (Shanghai) 2009;41:263–
272

23. Fraser D. SMAD7: at the interface of TGF-
beta and proinflammatory signaling. Perit
Dial Int 2007;27:523–525

24. Wolf G, Ziyadeh FN. Cellular and mo-
lecular mechanisms of proteinuria in di-
abetic nephropathy. Nephron Physiol
2007;106:p26–p31

25. Marcovecchio ML, Tossavainen PH,
Dunger DB. Prevention and treatment of
microvascular disease in childhood type
1 diabetes. Br Med Bull 2010;94:145–
164

26. Cheung AT, Tomic MM, Chen PC,
Miguelino E, Li CS, Devaraj S. Correlation
of microvascular abnormalities and en-
dothelial dysfunction in Type-1 Diabetes
Mellitus (T1DM): a real-time intravital
microscopy study. Clin Hemorheol Mi-
crocirc 2009;42:285–295

27. Bouma G, Coppens JM, Lam-Tse WK,
et al. An increased MRP8/14 expression
and adhesion, but a decreased migration
towards proinflammatory chemokines of
type 1 diabetes monocytes. Clin Exp Im-
munol 2005;141:509–517

28. Burkhardt K, Schwarz S, Pan C, et al.
Myeloid-related protein 8/14 complex
describes microcirculatory alterations in
patients with type 2 diabetes and ne-
phropathy. Cardiovasc Diabetol 2009;8:
10

29. Bouma G, Lam-Tse WK, Wierenga-Wolf
AF, Drexhage HA, Versnel MA. Increased
serum levels of MRP-8/14 in type 1 di-
abetes induce an increased expression of
CD11b and an enhanced adhesion of cir-
culating monocytes to fibronectin. Di-
abetes 2004;53:1979–1986

30. Viemann D, Strey A, Janning A, et al.
Myeloid-related proteins 8 and 14 induce a
specific inflammatory response in human
microvascular endothelial cells. Blood
2005;105:2955–2962

31. Ehlermann P, Eggers K, Bierhaus A, et al.
Increased proinflammatory endothelial
response to S100A8/A9 after preactivation
through advanced glycation end prod-
ucts. Cardiovasc Diabetol 2006;5:6

32. Fotouhi-Ardakani N, Kebir DE, Pierre-
Charles N, et al. Role for myeloid nuclear
differentiation antigen in the regulation of
neutrophil apoptosis during sepsis. Am J
Respir Crit Care Med 2010;182:341–350

33. Yang XD, Karin N, Tisch R, Steinman L,
McDevitt HO. Inhibition of insulitis and
prevention of diabetes in nonobese di-
abetic mice by blocking L-selectin and
very late antigen 4 adhesion receptors.
Proc Natl Acad Sci USA 1993;90:10494–
10498

34. Lepault F, Gagnerault MC, Faveeuw C,
Bazin H, Boitard C. Lack of L-selectin
expression by cells transferring diabetes in
NOD mice: insights into the mechanisms
involved in diabetes prevention byMel-14
antibody treatment. Eur J Immunol 1995;
25:1502–1507

35. Friedline RH, Wong CP, Steeber DA,
Tedder TF, Tisch R. L-selectin is not
required for T cell-mediated autoim-
mune diabetes. J Immunol 2002;168:
2659–2666

36. Pawłowski P, Urban M, Peczy�nska J.
Could the expression of L-selectin be an
early marker of arterial hypertension and
microangiopathy in the course of type 1
diabetes mellitus in juvenile patients?.
Endokrynol Diabetol Chor Przemiany
Materii Wieku Rozw 2005;11:147–152
[in Polish]

37. Kretowski A, Gillespie KM, Bingley PJ,
Kinalska I. Soluble L-selectin levels in type
I diabetes mellitus: a surrogate marker for
disease activity? Immunology 2000;99:
320–325

38. Kordonouri O, B€uhrer C. Circulating
L-selectin concentrations in children
with recent-onset IDDM. J Pediatr En-
docrinol Metab 2000;13:85–89

2802 DIABETES CARE, VOLUME 36, SEPTEMBER 2013 care.diabetesjournals.org

Gene expression changes in T1D


