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Background: Type-2 diabetes mellitus (T2DM) is a major health problem with increasing incidence, which
severely impacts cardiovascular disease. Because T2DM is associated with altered gene expression and aberrant
splicing, we hypothesized that dysregulations in splicing machinery could precede, contribute to, and predict
T2DM development.
Methods:A cohort of patientswith cardiovascular disease (CORDIOPREV study) andwithout T2DMat baseline (at
the inclusion of the study) was used (n=215). We determined the expression of selected splicing machinery
components in fasting and 4 h-postprandial peripheral blood mononuclear cells (PBMCs, obtained at baseline)
from all the patients who developed T2DM during 5-years of follow-up (n= 107 incident-T2DM cases) and
108 randomly selected non-T2DM patients (controls). Serum from incident-T2DM and control patients was
used to analyze in vitro the modulation of splicing machinery expression in control PBMCs from an independent
cohort of healthy subjects.
Findings: Expression of key splicing machinery components (e.g. RNU2, RNU4 or RNU12) from fasting and
4 h-postprandial PBMCs of incident-T2DM patients was markedly altered compared to non-T2DM controls.
Moreover, in vitro treatment of healthy individuals PBMCs with serum from incident-T2DM patients (compared
to non-T2DM controls) reduced the expression of splicing machinery elements found down-regulated in inci-
dent-T2DM patients PBMCs. Finally, fasting/postprandial levels of several splicing machinery components in
the PBMCs of CORDIOPREV patientswere associated to higher risk of T2DM(Odds Ratio N 4) and could accurately
predict (AUC N 0.85) T2DM development.
Interpretation: Our results reveal the existence of splicing machinery alterations that precede and predict T2DM
development in patients with cardiovascular disease.
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1. Introduction

Type 2 diabetes mellitus (T2DM) is a major health problem [1]
closely associated to cardiovascular disease (CVD), wherein patients
with myocardial infarction and T2DM have a higher risk of developing
a new cardiovascular event than those without T2DM [2]. Thus, early
identification of individuals at high risk for T2DM development, espe-
cially among patients with CVD [3,4], is critical for prevention [5,6]. Tra-
ditionally, this strategy has been based on biomarkers [glycated
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Research in context

Evidence before this study

Early identification of individuals at high risk of type 2 diabetes
mellitus (T2DM) development, especially among patients with
cardiovascular disease (CVD), is critical for prevention. Tradition-
ally, the identification strategy has been based on biomarkers
such as glycated hemoglobin (HbA1c) or predictive scores like
FINDRISK. However, these approaches have limitations and can-
not precisely predict an individual's risk of developing T2DM. In
this context, the identification of keymodifiers of phenotypic plas-
ticity that define individual susceptibility to develop T2DM may
hold predictive potential. Particularly, there is emerging evidence
that under adverse metabolic conditions, including obesity and
T2DM, the splicing process and, consequently, the generation of
splicing variants is markedly dysregulated in most tissues. How-
ever, until the present study, the association between potential
changes in the regulatory machinery governing the splicing pro-
cess and alterations in phenotypic plasticity —which is essential
to maintain whole body homeostasis, and therefore, to prevent
the development of metabolic pathologies— was still unknown.
In this context, we took advantage of the emerging evidence
showing that gene expression pattern of peripheral blood mono-
nuclear cells (PBMCs) commonly reflects and accompany dis-
ease-characteristic expression patterns, and may thus serve as a
general sentinel, biosensor and early indicator of the instauration
ofmetabolic disease. Until now, itwas not knownwhether the ex-
pression of the splicing machinery components is dysregulated in
PBMCs under conditions of loss of phenotypic plasticity and,
therefore, if it could be associated with the subsequent develop-
ment of T2DM.

Added value of this study

We took advantage of the CORDIOPREV study (CORonary Diet In-
terventionwith Olive oil and cardiovascular PREVention), an ongo-
ing, prospective, randomized trial that includes the 5-year follow-
up of patients with CVD, but without T2DM at the inclusion of the
study (baseline), to show, for the first time, that striking changes
in the expression of key splicingmachinery components of PBMCs
precede and can early predict the development of T2DM. More-
over, our study demonstrates that expression pattern of the splic-
ing machinery components can be dynamically modulated during
the post-prandial phase. These rapid changes likely reflect the
phenotypic flexibility of these patients in response to a metabolic
challenge, and,most importantly, were clearly altered at the inclu-
sion of the study in patients that developed T2DM during the 5-
year follow-up. In particular, the fasting/postprandial expression
levels of a set of bioinformatically-selected splicing machinery
components in the PBMCs of CORDIOPREV patients were associ-
ated to higher risk of T2DM (Odds Ratio N 4) and could accurately
predict (AUC N 0.85) diabetes development in this cohort, which
is significantly higher than the current standard procedures
(HbA1c and FINDRISK exhibited AUCs b 0.66 in our cohort). Fi-
nally, incubation of PBMCs with serum from patients that devel-
oped, or not, T2DM revealed a potential causal relationship in
that the latter was able to reproduce some of the changes ob-
served in the expression of key splicing machinery components.

Implications of all the available evidence

Altered expression of splicing machinery components may be as-
sociatedwith the development of T2DM, preceding the clinical in-
stauration of this pathology, and could serve as a sensor and early
predictor for T2DM development in CVD patients. Our data dem-
onstrate the existence of a splicingmachinery-associatedmolecu-
lar fingerprint capable to predict the future development of T2DM
in individual patients with high precision, which even outperforms
the capacity of classical predictors of T2DM development. There-
fore, this splicing machinery-associated molecular fingerprint
could become a valuable, non-invasive, new tool for early risk as-
sessment of T2DM in clinical practice to prevent disease
development.
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hemoglobin (HbA1c)] or predictive scores (FINDRISK); however, these
approaches have limitations and cannot precisely predict an individual's
risk of developing T2DM [7,8].

T2DM development is critically affected by the loss of phenotypic
flexibility (i.e. the difficulty to copewith stressors tomaintainmetabolic
homeostasis), wherein the identification of keymodifiers of phenotypic
plasticity that define individual susceptibility to develop T2DM may
hold predictive potential [9]. Particularly, there is emerging evidence
that under adverse metabolic conditions (obesity, insulin resistance,
etc.) the splicing machinery is markedly dysregulated in most tissues
[10–12], including peripheral blood mononuclear cells (PBMCs); and
that dysregulations in splicing processes are associated with develop-
ment of several pathologies [10,13,14]. Specifically, splicing process is
catalyzed by the minor and major spliceosomes, which act on different
types of introns [15]. The spliceosome is an intricate macromolecular
complex, whose functional core is comprised by several small nuclear
ribonucleoproteins (snRNPs) subunits, which dynamically interact to
regulate the splicing process. In addition, the activity of the spliceosome
is modulated by N300 splicing factors (SFs) that specifically recognize
certain sequences in exons and introns. Consequently, the dysregulation
of the expression and/or function of certain spliceosomal components
may drive the aberrant alteration of the normal splicing process [16]. In-
deed, correct function of the splicing machinery, i.e. spliceosome com-
ponents and SFs, is an essential mechanism to maintain whole body
homeostasis [11,12,17,18]. Therefore, perturbed splicing may play a
major role as a pathogenic factor for and may serve as a predictive
marker of the development of T2DM [12,19].

In this sense, since gene expression patterns in PBMCs commonly re-
flect and accompanydisease-characteristic expression patterns [20], the
hypothesis of this study is that the pattern of expression of certain splic-
ing machinery elements in the PBMCs, especially during the post-pran-
dial response, when changes in phenotypic flexibility are more evident,
could be associated with the risk and could early predict the develop-
ment of T2DM. To test this idea, we took advantage of the CORDIOPREV
study (CORonary Diet Intervention with Olive oil and cardiovascular
PREVention), an ongoing, prospective and randomized trial that in-
cludes the follow-up of patients with CVD and, therefore, with high
risk to develop T2DM.

2. Material and methods

2.1. Study cohort

This work has been conducted in the context of the CORDIOPREV
study (Clinical Trials Registry NCT0092493741) [21]. The study protocol
was approved by the Human Investigation Review Committee of the
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Reina Sofia University Hospital (HURS, Cordoba, Spain), according to in-
stitutional and Good Clinical Practice guidelines. The CORDIOPREV
study is a prospective, randomized, controlled trial that includes 1002
coronary heart disease (CHD) patients, who had their last coronary
event over six months before joining the study. Details of the study, in-
cluding inclusion and exclusion criteria and cardiovascular risk factors
of the patients have been published elsewhere [21]. Briefly, patients
aged 20–75 years, with established CHD but without clinical events in
the last six months with no other serious illnesses and a life expectancy
of at least five yearswere eligible, with the intention of following a long-
term monitoring study. In addition to conventional treatment for CHD,
subjects were randomized in two different dietary models (Mediterra-
nean and low-fat diets). The intervention phase is still in progress, and
will have a follow up of seven years. Specifically, 462 of those patients
were non-T2DM at the inclusion of the study (baseline) [22] and, from
those, 107 patients developed T2DM (Incident-T2DM cases) after a
mean follow-up of 60 months, according to all the American Diabetes
Association (ADA) diagnosis criteria, evaluated on the basis of glucose
tolerance tests performed each year (Supplementary Fig. 1). T2DM
was diagnosed if one or more of following criteria were present in the
study subjects: fasting plasma glucose (FPG) concentration ≥ 126 mg/
dL, impaired fasting glucose (IFG); FPG ≥200 mg/dL after 2 h of oral glu-
cose test (OGTT), impaired glucose tolerance (IGT); glycated hemoglo-
bin (HbA1c) ≥6.5%. Specifically, among the 107 incident-T2DM
patients, 43 subjects were diagnosed during the first year of follow-
up, 24 during the second year, 11 during the third year, 19 during the
fourth year and 10 during the fifth year (Supplementary Fig. 1). The re-
maining 355 subjects did not develop T2DM during the study period. In
the present study, all the incident-T2DMcases (n=107)were included
together with 108 matched, randomly selected controls, who did not
develop T2DMduring the follow-up (non-T2DMsubjects) (Supplemen-
tary Table 1). The random selection of the non-T2DM subjects was per-
formed using computational stratified sampling from the 355 non-
T2DM subjects of the CORDIOPREV study according to the following
clinical, anthropometric and biochemical variables: diet, age, gender,
fasting plasma glucose, bodymass index, LDL-cholesterol and HDL-cho-
lesterol. To implement this type of sampling, the target population was
first divided into separate strata and then, samples were randomly se-
lected within each stratum through simple automatic sampling by
using the R software.
2.2. Metabolic study design

Oral glucose tolerance test (OGTT) and fat-rich meal tests were im-
plemented in all patients to dynamically determine the metabolic sta-
tus of the patient, as previously reported [21]. Briefly, OGTT (75 g
dextrose monohydrate in 250 ml water, NUTER. TEC GLUCOSA,
Subra, Toulouse, France) was started at 8:00 am, and plasma samples
were collected at 0, 30, 60, 90 and 120 min to determine plasma glu-
cose and insulin levels. Fat-rich meal test (0.7 g fat and 5 mg choles-
terol per kg body weight with 12% saturated fatty acids, 10%
polyunsaturated fatty acids, 43% monounsaturated fatty acids, 10%
protein, and 25% carbohydrates) was performed at 8:00 am. Blood
samples were collected before the meal and after 4 h. Biochemical de-
termination of metabolic parameters and calculation of insulin resis-
tance and sensitivity indexes were performed as previously reported
[21]. Further details are provided in Supplementary Material and
Methods.
2.3. Blood sampling and processing to isolate PBMCs

Venous blood from the participants (12 h overnight fast) was col-
lected in tubes containing EDTA during the fat-rich meal test, at 0 and
4 h. PBMCs were isolated as previously described [21,23].
2.4. RNA extraction, quantification and reverse transcribed

Total RNA from PBMCs was isolated using Direct-zol RNA kit (Zymo
Research, Irvine, CA, USA) following manufacturer's instructions. The
amount of RNA recovered was determined and its quality assessed by
the NanoDrop2000 spectrophotometer (Thermo Fisher). Specifically,
all the RNA samples passed the quality controls, being the 260/280
and 230/260 absorbance ratios among 1.8–2.0. One μg of RNA was re-
verse transcribed (RT) to cDNA using random hexamer primers with
the First Strand Synthesis Kit (Thermo Fisher).

2.5. In vitro culturing and treatment of PBMCs

PBMCs from n=7 healthy subjects (Supplementary Table 2) were
extracted as described above, and then cultured in serum-freeRPMIme-
dium (Lonza). 500,000 cells/well from each subject were seeded on
ultra-low attachment multi 12-well plates (Corning Costar, Sigma)
and treated per duplicate with 10% baseline fasting and postprandial
serum derived from control and incident-T2DM patients (specifically,
we used serum form individuals that developed T2DM during the first
two years of follow-up). After the incubation periods (4 and 24 h),
PBMCs were centrifuged and RNA was extracted and isolated using
TRI-reagent (Sigma) [23].

2.6. Analysis of splicing machinery components by qPCR dynamic array
based on microfluidic technology

A 48.48 Dynamic Array based on microfluidic technology (Fluidigm,
San Francisco, CA, USA) was implemented to determine the expression
of 48 transcripts in 48 samples, simultaneously. Specific primers for
human transcripts including components of the major (n = 13) and
minor spliceosome (n= 4), associated SFs (n= 28) and three house-
keeping genes were specifically designed (Supplementary Table 3).
The panel of splicing machinery components was selected on the basis
of two main criteria: 1) the relevance of the given spliceosome compo-
nents in the splicing process (such as the components of the
spliceosome core) and 2) the demonstrated implication in the regula-
tion of splicing variants implicated in the pathophysiology of T2DM
(as is the case of the 28 splicing factors selected in this study).

Primerswere selected using Primer3 softwarewith selection param-
eters set to identify primer pairs that: 1) span an intron (when possi-
ble), 2) differ by no more that 1 °C in annealing temperature, 3) are at
least 20 bp in length, 4) have a GC content between 45 and 55%, but
5) exclude primers thatmay form primer-dimers. Sequences of selected
primers were used in BLAST (NCBI) searches to check for potential ho-
mology to sequences other than the designated target. Initial screening
of primer efficiency using real-time detection was performed by ampli-
fying 2-fold dilutions of RT products,where optimal efficiencywas dem-
onstrated by a difference of one cycle threshold between dilutions and a
clear melting peak followed by a graded temperature-dependent disso-
ciation to verify that only one productwas amplified. The thermocycling
profile consisted of: 1) 95 °C for 1 min; 2) 35 cycles of denaturing (95 °C
for 5 s) and annealing/extension (60 °C for 20s); and 3) a last cycle
where final PCR products were subjected to graded temperature-de-
pendent dissociation (60 °C to 95 °C, increasing 1 °C/3 s). PCR products
were then column-purified (FAVORGEN Biotech, Vienna, Austria) and
sequenced to confirm target specificity. After confirmation of primer ef-
ficiency and specificity, the concentration of purified products was de-
termined, and PCR products were serial diluted to obtain standards
containing 1, 101,102, 103, 104, 105, and 106 copies of the synthetic tem-
plate. Standards were then amplified by qPCR, and standard curves
were generated using Stratagene Mx3000p software. The slope of a
standard curve for each template examined was approximately −3.33
(R2≈ 1), indicating that the efficiency of amplification of our primers
was 100%, meaning that all templates in each cycle were copied.



Table 1
Baseline characteristics of subjects who did not develop T2DM (Non-T2DM) vs subjects
who developed T2DM (Incident-T2DM) after a median follow-up of 5 years.

Variables Non-T2DM Incident-T2DM p-value

n 108 107
Sex (male; female) 93; 15 89; 18 0.550
Diabetes family history n (%) 35 (32.4) 41 (38.3) 0.220
Age (years) 60.30 ±0.806 58.75 ±0.873 0.191
Waist circumference (cm) 102.48 ±0.958 105.28 ±1.08 0.053
Weight (kg) 81.92 ±1.194 85.69 ±1.47 0.047
BMI (kg/m2) 30.16 ±0.362 31.39 ±0.466 0.038
Glucose (mg/dl) 94.4 ±0.952 96.18 ±1.403 0.208
HbA1c (%) 5.88 ±0.032 6.03 ±0.033 0.001
Insulin (mU/l) 8.07 ±0.514 10.5 ±0.656 0.004
TG (mg/dl) 109.24 ±4.699 132.60 ±6.608 0.004
Total cholesterol (mg/dl) 159.55 ±3.027 164.97 ±3.409 0.235
c-LDL (mg/dl) 91.20 ±2.38 93.4 ±2.657 0.538
c-HDL (mg/dl) 44.58 ±0.899 43.52 ±1.039 0.440
NEFA (mmol/L) 0.286 ±0.015 0.317 ±0.016 0.174
Apo A1 (mg/dl) 133.5 ±2.093 135.15 ±2.312 0.596
Apo B (mg/dl) 71.57 ±1.934 76.22 ±1.835 0.083
hs-CRP (mg/dl) 2.428 ±0.32 2.878 ±0.292 0.300
HOMA-IR 2.5424 ±0.126 3.3734 ±0.302 0.012
HIRI 1024.55 ±50.85 1370.214 ±120.93 0.009
MISI (x102) 0.021 ±0.002 0.019 ±0.002 0.402
DI 0.8948 ±0.041 0.7685 ±0.041 0.030
ISI 4.0815 ±0.256 3.2758 ±0.186 0.012
IGI 1.0646 ±0.103 0.6633 ±0.294 0.200

Values expressed as mean ± SEM. BMI: Body mass index; HbA1c: Glycated hemoglobin;
TG: Triglycerides; c- LDL: Low density lipoprotein; c-HDL: High density lipoprotein;
NEFA: Non-esterified fatty acids; Apo A1: Apolipoprotein A1; Apo B: Apolipoprotein B;
hs-CRP:High sensitivity C-reactive protein;HOMA-IR:Homeostasismodel assessment- in-
sulin resistance; HIRI: Hepatic insulin resistance index; MISI: Muscle insulin sensitivity
index; DI: Disposition index; ISI: Insulin sensitivity index; IGI: Insulinogenic index.
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Preamplification, exonuclease treatment and qPCR dynamic array
based on microfluidic technology were implemented following manu-
facturer's instructions using the Biomark System and the Real-Time
PCR Analysis Software (Fluidigm). Additional details are provided in
SupplementaryMaterial andMethods. Finally, in the case of PBMC sam-
ples from non-T2DM and Incident-T2DM patients, the expression level
of each transcript was adjusted by a normalization factor (NF) obtained
from the expression levels of two different housekeeping genes [Beta-
actin (ACTB) and Glyceraldehyde-3-Phosphate Dehydrogenase
(GAPDH)] using Genorm 3.3 [24], while ACTB was the housekeeping
gene used to normalize the expression level of each transcript in the
in vitro experiment. This selection was based on the stability of these
housekeeping genes among the experimental groups to be compared,
wherein the expression of these housekeeping genes was not signifi-
cantly different among groups.

2.7. Statistical and bioinformatical analysis

Data were evaluated for heterogeneity of variance using the Kolmo-
gorov–Smirnov test and are expressed as mean ± SEM. Statistical anal-
ysis was carried out using unpaired t-test, MannWhitney U test or one-
way ANOVA followed by Dunnett's test. Significant correlations were
studied using bivariate Spearman correlation methods. The odds ratio
(OR) was calculated by logistic regression analysis by comparing T1
vs. T3. The subjects were categorized into tertiles of expression levels
as low (T1), intermediate (T2) and high (T3). Predictive models were
constructed by logistic regression (first with the SPSS software and
later validated with the R language), Random Forest and C4.5 (both
with R language) algorithms and followed by cross-validation studies
by using the full-dataset of variables or a selection of them (obtained
by feature ranking processes) as described in Supplementary Material
and Methods. AUCs from ROC curves were compared by DeLong test
[25]. P-values smaller than 0.05were considered statistically significant.
When appropriate, analyses were adjusted for age, diet, gender, BMI,
glycated hemoglobin, HDL and triglycerides. Statistical analyses were
carried out with GraphPad Prism 6 (La Jolla, CA, USA) and SPSS 17.0
(IBM).

3. Results

3.1. Description of the cohort

The group of patients who developed T2DM during the study (Inci-
dent-T2DM; n = 107) presented higher weight, BMI, HbA1c levels,
fasting insulin and TGs at baseline compared to non-T2DM controls
(n= 108) (Table 1). HOMA-IR, HIRI, DI and ISI were also significantly
different at baseline between both groups (Table 1). Remarkably, the
cohort of n = 108 randomly selected non-T2DM patients showed com-
parable levels of all the parameters determined except for age and DI
compared to the total population (n= 355) of non-T2DM individuals
(Supplementary Table 1).

3.2. Expression of splicing machinery components is different between inci-
dent-T2DM and non-T2DM patients

The expression pattern of several spliceosome components and SFs
was dysregulated in the PBMCs of incident-T2DM compared to non-
T2DM patients at baseline (Fig. 1a). Specifically, PBMCs of incident-
T2DM patients exhibited significantly lower levels of RNU2, RNU4,
RNU6ATAC, SNRNP200, ESRP1, SRSF1 and SRSF5 (Fig. 1b).

Most notably, expression of many of these spliceosome components
and SFs was dynamically, and differentially, regulated in the PBMCs of
these individuals during a fat-rich meal test (a stress condition that
challenges phenotypic flexibility, enabling its analysis) (Supplementary
Fig. 2). Specifically, some spliceosome components and SFs were selec-
tively altered during the post-prandial phase compared to the baseline
state in a specific group of patients (e.g. RNU12 was increased in non-
T2DM patients, whereas SNRNP70 was increased in incident-T2DM pa-
tients), leading to the appearance of significant differences between
both groups of patients (Supplementary Fig. 2a). Interestingly, several
of the changes observed at baseline (RNU2, RNU4, RNU6ATAC, ESRP1
and SRSF1) were also evident in the postprandial state, while others
did not (SNRNP200 and SRSF5) (Supplementary Fig. 2B and C,
respectively).

Comparison between the expression profiles of PBMCs from non-
T2DM and incident-T2DM patients at post-prandial state revealed a
drastic dysregulation of many spliceosome components and SFs after
this meal challenge (Fig. 2a). Specifically, expression levels of RNU2,
RNU4, RNU6, RNU4ATAC, RNU6ATAC, RNU12, NOVA1, ESRP1 and SRSF1
were lower, whereas those of SNRNP70 were higher in PBMCs from in-
cident-T2DM patients vs. non-T2DM during the post-prandial phase
(Fig. 2b). Remarkably, these fasting and postprandial changes observed
between non-T2DM and incident-T2DM patients were also observed
when only considering the male population, which were age and BMI
matched (data not shown).

3.3. Expression of splicing machinery components is different according to
the year of T2DM diagnosis

Subjects diagnosed of T2DM in the first 2-years of follow-up exhib-
ited more pronounced changes in the expression pattern of
spliceosome components and SFs as compared to non-T2DM controls
and subjects diagnosed in subsequent years, at both baseline fasting
and post-prandial states (Supplementary Figs. 3 and 4). Specifically,
fasting RNU4, and post-prandial RNU4, RNU4ATAC and RNU6ATAC ex-
pression levels were altered in patients who developed T2DM during
the first and second years of follow-up compared to non-T2DM pa-
tients (Supplementary Figs. 3 and 4). In contrast, fasting RNU2,
SNRNP200, RNU6ATAC and SRSF5 and post-prandial RNU2, RNU6,
NOVA1, ESRP1 and SRSF1 expression levels were lower only in patients



Fig. 1. Baseline expression pattern of the selected spliceosome components and splicing factors in the PBMCs of Incident-T2DM and control non-T2DM patients. a) Fold-change levels
between Incident-T2DM and non-T2DM subjects, represented in red (increase) or blue (decrease). Specific spliceosome components or splicing factors significantly altered are
highlighted in bold. b) mRNA expression levels [adjusted by a normalization factor (NF) calculated from the expression level of GAPDH and ACTB] of specific spliceosome components
(first row) and splicing factors (second row) in the PBMCs from non-T2DM and Incident-T2DM subjects. Values represent the mean± SEM. Asterisks indicate values that significantly
differ from non-T2DM patients (t-test: *, p b .05).
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that developed T2DM during the first year of follow-up compared to
non-T2DM patients (Supplementary Figs. 3 and 4). Also, post-prandial
expression levels of RNU1 and RNU12 were significantly altered during
the second year of follow-up in patients that developed T2DM com-
pared to non-T2DM patients (Supplementary Fig. 4).

3.4. Baseline expression of splicing machinery components was correlated
with key clinical parameters

Baseline expression of several spliceosome components and SFs
was correlated with clinically relevant parameters, thus suggesting a
potential pathophysiological role. Although the baseline fasting or
postprandial expression levels of the splicing components were not
associated with BMI, baseline fasting levels of ESRP1, SRSF1 and
RNU4 was directly correlated with fasting c-HDL and NEFA levels. Fur-
thermore, fasting levels of SRSF1 and RNU4 were directly correlated
with postprandial NEFA levels and fasting levels of SNRNP200 were
directly correlated with postprandial glucose. Fasting SRSF5 expression
levels were directly correlated with fasting and postprandial c-HDL,
postprandial Apo A1 and ISI values, and inversely correlated with
fasting HbA1c and postprandial triglycerides and C-reactive protein.
Additionally, baseline postprandial expression levels of ESRP1, RNU4,
RNU6 and NOVA1 were inversely correlated with HbA1c levels, while
postprandial levels of RNU2 were directly correlated with DI and post-
prandial RNU12 levels inversely correlated with ISI. Finally, postpran-
dial SRSF1 levels were directly correlated with postprandial NEFA
levels (Supplementary Table 4).

3.5. Expression of some splicing machinery components was associated to
the risk of developing T2DM

The possible association between the expression of the components
of the splicingmachinery and the risk of developing T2DMwas assessed
by logistic regression analysis (odds ratio, OR). This analysis revealed



Fig. 2. Baseline expression pattern of the selected spliceosome components and splicing factors in the PBMCs of incident-T2DM and control non-T2DM patients during the postprandial
state. a) Fold-change levels between Incident-T2DM and non-T2DM subjects, represented in red (increase) or blue (decrease). Specific spliceosome components or splicing factors
significantly altered are highlighted in bold. b) mRNA expression levels [adjusted by a normalization factor (NF) calculated from the expression level of GAPDH and ACTB] of specific
spliceosome components and SFs in the PBMCs of non-T2DM and Incident-T2DM subjects. Values represent the mean ± SEM. Asterisks indicate values that significantly differ from
non-T2DM patients (t-test: *, p b .05; **, p b .01; ***, p b .001).
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that low baseline fasting expression levels of RNU4 and RNU2, as well as
low baseline postprandial levels of RNU4ATAC, NOVA1, RNU6ATAC,
RNU6, RNU12, SRSF1 and RNU4 were strongly associated to the relative
risk of T2DM development when adjusting by age, gender, diet, BMI,
HbA1c, c-HDL and TG levels (Table 2).
3.6. Alterations in the expression of the splicingmachinery components pre-
dict the development of T2DM

In our cohort, incident-T2DM and non-T2DM patients exhibited dif-
ferent baseline characteristics (Table 1); however, HbA1c and/or



Table 2
Association between the PBMC expression of the components of the splicing machinery
and the relative risk of developing T2DM by logistic regression analysis of relative risk
(odds ratio, OR).

OR 95% C.I. p-value

Inferior Superior

Fasting RNU4 2.521 1.117 5.688 0.026
Fasting RNU2 2.283 1.012 5.153 0.047
Postprandial RNU4ATAC 4.456 1.821 10.903 0.001
Postprandial NOVA1 4.099 1.836 9.154 0.001
Postprandial RNU6ATAC 3.762 1.706 8.298 0.001
Postprandial RNU6 3.762 1.706 8.298 0.001
Postprandial RNU12 2.274 1.041 4.967 0.039
Postprandial SRSF1 2.204 1.007 4.825 0.048
Postprandial RNU4 2.109 0.963 4.619 0.062

Subjects were categorized in tertiles according to the expression level of each spliceosome
component or splicing factor as follows: low expression levels (T1), medium expression
levels (T2) and high expression levels (T3), and the OR estimated between T1 and T3 for
each element of interest. OR: Odds Ratio; C.I.: Confidence intervals.

362 M.D. Gahete et al. / EBioMedicine 37 (2018) 356–365
FINDRISK, the classic predictors of T2DM development, exhibited low
predictive potential (HbA1c: AUC= 0.643, p b .001, TPR= 0.669, TNR
= 0.565; FINDRISK: AUC = 0.548, p = .231, TPR = 0.622, TNR =
0.393; HbA1c and FINDRISK: AUC= 0.643, p b .001, TPR= 0.651, TNR
= 0.606) (Table 3). In this sense, although the expression levels of
spliceosome-associated elements altered in PBMCs of incident-T2DM
compared to non-T2DM patients generated significant but low (b0.65)
AUCs in ROC curves (Supplementary Table 5), the combination of all
these elements led to more significant and accurate ROC curves. Specif-
ically, the fingerprints comprised by the baseline expression of
spliceosome components and SFs during fasting, post-prandial or their
combination generated significant ROC curves with AUC N 0.85 using
different algorithms (Table 3 and Supplementary Table 6), which was
validated (AUCs ranging 0.65–0.81) by cross-validation analysis (Sup-
plementary Table 6). In particular, the fingerprint comprised by the
fasting and postprandial expression of spliceosome components and
SFs presented an AUC = 0.813 (TPR = 0.802, TNR = 0.689) in the
cross-validation analysis (Fig. 3a – green line), which was significantly
higher than the capacity of the clinically-relevant HbA1c and FINDRISK
Table 3
Capacity of the molecular fingerprint comprised by baseline fasting and/or postprandial
levels of spliceosome components and splicing factors as T2DM predictive models by lo-
gistic regression and ROC curve analysis.

Model AUC p-value

Splicing machinery components baseline expression during
fasting

0.894 0.000

Splicing machinery components baseline expression during
postprandial phase

0.853 0.000

Splicing machinery components baseline expression during
fasting and postprandial phase

1 0.000

HbA1c 0.643 0.000
FINDRISK 0.548 0.231
HbA1c + FINDRISK 0.643 0.000
Splicing machinery components baseline expression during
fasting + HbA1c

0.898 0.000

Splicing machinery components baseline expression during
postprandial phase + HbA1c

0.867 0.000

Splicing machinery components baseline expression during
fasting and postprandial phase + HbA1c

1 0.000

Splicing machinery components baseline expression during
fasting + FINDRISK

0.895 0.000

Splicing machinery components baseline expression during
postprandial phase + FINDRISK

0.856 0.000

Splicing machinery components baseline expression during
fasting and postprandial phase + FINDRISK

1 0.000

Logistic regression models considering the fasting and/or postprandial baseline levels of
the measured elements, alone or in commination with the classic predictors of T2DM
(HbA1c and FINDRISK). AUC: Area under curve; HbA1c: Glycated hemoglobin.
to predict T2DMdevelopment (Fig. 3a), as demonstrated byDeLong test
comparing the AUCs (p b .05 vs. HbA1c or FINDRISK).

More remarkably, a subset of splicing machinery elements selected
by computational approaches (feature ranking analysis) exhibited
even higher predictive capacity compared to thewhole dataset. Indeed,
a predictivemodel comprised by fasting expression levels of RNU4ATAC,
SRSF3, SRSF6, SRSF10, TRA2B, PTBP1, SF3B1 and post-prandial levels
of RNU4, RNU6, RNU4ATAC, RAVER1, NOVA1, and PRPF8 exhibited AUC
= 0.881 (TPR = 0.801, TNR = 0.700) in cross-validation analysis
(Fig. 3b – green line), which was validated by different modeling
methods, clearly outperformed the capacity of the classic predictors of
T2DM development (p b .001 by DeLong test vs. HbA1c or FINDRISK
AUCs) (Fig. 3 b).

Finally, the capacity of splicing machinery alterations to predict
T2DM development was even superior when considering only the pa-
tients that developed T2DM during the first 2 years of follow-up. In-
deed, the fasting and/or postprandial baseline fingerprints comprised
by spliceosome components and SFs generated ROC curves with AUC
ranging 0.630–0.851 by cross-validation analysis (Fig. 3c and Supple-
mentary Table 6),whichwere again clearly higher than those generated
by HbA1c or FINDRISK (p b .05 by DeLong test in all cases). Similarly,
models generated after selection of the most relevant elements exhib-
ited AUCsN0.8 when predicting T2DM development in the first two
years of follow-up (Fig. 3d), which were clearly higher than those gen-
erated by HbA1c or FINDRISK (p b .001 by DeLong test in all cases).

3.7. Incident-T2DM patient serum altered spliceosome components expres-
sion in PBMCs of healthy patients

To test whether changes in the expression of spliceosome compo-
nents and SFs in PBMCs could be caused by the metabolic dysregulation
occurring in incident-T2DM patients, PBMCs from healthy subjects
(Supplementary Table 1) were incubated with serum from non-T2DM
and incident-T2DMpatients. Remarkably, 24 h incubationwith baseline
fasting serum from Incident-T2DMpatientsmarkedly reduced RNU4 ex-
pression compared to the serum from non-T2DM patients (Fig. 4a);
whereas expression of other spliceosome components and SFs altered
at fasting baseline was not significantly modulated (Supplementary
Fig. 5). More strikingly, 4 h incubation with baseline postprandial
serum from Incident-T2DM patients induced a significant reduction of
RNU4 and RNU12 expression and a non-significant reduction trend of
RNU2 (p = .09) compared to non-T2DM treated samples (Fig. 4b). It
should be noted that PBMCs survival was evaluated to assess the possi-
ble effect of human sera and that after 24 h of culture with baseline
fasting and postprandial serum derived from control and incident-
T2DM patients, the survival of the PBMCs was minimally affected
(N95% of cell survival in all cases) by the different sera used and that
there were not significant changes among the different types of serum
(data not shown).

4. Discussion

In this study, we analyzed the expression pattern of selected splicing
machinery elements in PBMCs from non-T2DM patients with CVD and,
therefore, with high risk to develop T2DM, who were followed-up dur-
ing 5-years (individuals that suffered a cardiovascular event and were
included in the CORDIOPREV study [21]). This revealed, for the first
time, that PMBCs expression levels of certain splicing machinery com-
ponents were significantly altered in Incident-T2DM at the inclusion
of the study (before the development of T2DM) and associated with
T2DM development. Indeed, the molecular fingerprints comprised by
the fasting and, especially, by the postprandial levels of certain of
these splicing machinery components were able to differentiate be-
tween patients who subsequently developed T2DM (Incident-T2DM)
from those patients who did not develop the disease with an AUC N

0.8 after cross-validation analysis, which is significantly higher than



Fig. 3. Spliceosome components and splicing factors-based predictivemodels generated by Random Forest computational algorithm and ROC curve analysis. ROC curves parameters were
calculated for the predictivemodels generated by Random Forest algorithmconsidering the expression of all the splicingmachinery elements determined at fasting (orange), postprandial
(blue) or their combination (green) in non-T2DM and Incident-T2DM patients (a) or using a selection of the most relevant and discriminatory splicing machinery components (b).
Specifically, the subset of specific splicing machinery components were RNU4ATAC, TIA1, KHDRBS1, SRSF10, PTBP1, RAVER1, RNU2, RNU5, SRSF9, U2AF2, RBM45, SRSF4, RBM3 for baseline
fasting, RNU4ATAC, RNU6ATAC, RAVER1, SF3B1, SRSF3, NOVA1, SRM160, SRSF6, ESRP1, U2AF1 for baseline postprandial and fasting SRSF3, SRSF10, SRSF6, TRA2B, PTBP1, SF3B1 and
postprandial RNU4ATAC, RAVER1, RNU4ATAC, NOVA1, RNU4, RNU6, PRPF8 for combined analysis. The same ROC curves were calculated considering the patients that developed T2DM
during the first two years of follow-up (c and d). In this case, the subset of specific splicing machinery components were RNUU4ATAC, PTBP1, TRA2A, RM17, RNU12, TIA1, SRSF5, RNU2
for baseline fasting, RNU4ATA, PTBP1, MAGOH, SRSF9, RAVER1, PRP8, PRPF40A, SRRM1, SRSF6, SNRNP200, TIA1, RNU2 for baseline postprandial, and baseline fasting RNU4ATAC, TRA2A,
SRSF5, RBM17, SRSF10, SRSF3, RNU2 and postprandial RNU4ATAC, RNU4, RNU6ATAC, MAGOH, RAVER1, PRPF40A, RBM4, U2AF2, SRSF10, RNU11 TRA2B, SND1 for combined analysis. ROC
curves of HbA1c and FINDRISK were also estimated. HbA1c: glycosylated hemoglobin; AUC: Area under the curve; TPR: True positive ratio; TNR: True negative ratio; p: p value.
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the current standard procedures (HbA1c and FINDRISK exhibited
AUCsb0.66 in our cohort). In addition, patients with low PBMCs expres-
sion levels of specific splicing machinery components, including RNU2,
RNU4 or RNU12, which we have shown to be modulated by the serum
of Incident-T2DM patients, were at higher risk (OR N 4) of T2DM devel-
opment as comparedwith those patientswith high PBMC levels of these
components.

In line with our findings, previous reports have indicated that under
adverse metabolic conditions (e.g. obesity, insulin resistance, etc.) the
splicing machinery is markedly altered in most tissues [10–12] and
associated with the development of several pathologies [10,13,14]. Ac-
tually, alternative splicing seems to reside at the crossroad between
hyperinsulinemia, insulin resistance, obesity and T2DM [11,12,17],
and, consequently, the correct function of the splicing machinery
(spliceosome components and SFs) is essential to maintain whole
body homeostasis [18]. However, we provide herein novel, primary ev-
idence demonstrating that the alteration in the expression of certain
spliceosome components and SFs precedes the development of T2DM
in CVD patients and, most notably, our results provide the first indica-
tion that the expression of certain spliceosome components and SFs in



Fig. 4. Expression levels of key spliceosome components in PBMCs from healthy subjects treated with non-T2DM and Incident-T2DM derived baseline fasting during 24 h (a) or
postprandial serum during 4 h (b). mRNA expression levels, adjusted by ACTB expression levels, of specific spliceosome components. Values represent the mean ± SEM. Asterisks
indicate values that significantly differ from PBMCs treated with non-T2DM derived serum (t-test: *, p b .05; ***, p b .001).
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PBMCs can bedynamicallymodulated, according to themetabolic status
of the individual, and specially under stress conditions as those ob-
served during the post-prandial response, thus suggesting an adaptive
capacity of the splicing machinery in order to respond to metabolic
disturbances.

In particular, this study demonstrated that the expression of some
splicing machinery components is altered in control individuals during
the postprandial phase, which is consistent with previous results dem-
onstrating a regulatory response of specific splicing variants to the post-
prandial environment [26,27]. Therefore, these data suggest that the
changes observed in the splicing machinery during the postprandial
phase may be responsible for the regulation of the expression of partic-
ular splicing variants under these conditions [12,19,28], which could be
essential to the appropriate response of the organism tometabolic chal-
lenges and disturbances. Moreover, our results also demonstrate for the
first time that the response of key splicing machinery components to
metabolic insults is altered in individuals whowill develop T2DM (Inci-
dent-T2DM patients), but especially in those developing T2DM during
the first two years of follow-up. Therefore, since postprandial alter-
ations are closely related to the phenotypic flexibility, which is strongly
linked to T2DM development [9], our data primarily demonstrate that
the alteration in the splicing machinery precedes the instauration of
T2DM, thereby suggesting its putative implication as a driving force in
the development of this pathology. Based on all the information men-
tioned above, it is tempting to propose that the splicing machinery
could be acting as a biosensor of the whole body metabolism to adapt
cell gene expression to the pathophysiological conditions, and that its
dysregulation could lead to an unbalance in the landscape of splicing
variants present in a given cell at a given moment [12,28,29], which
may be associated to the instauration of T2DM [10,30]. This idea is fur-
ther supported by two pieces of evidence presented herein. First, we
have demonstrated that low fasting or postprandial expression levels
of certain splicing machinery components drastically increase the rela-
tive risk of T2DM development in these patients, suggesting that a dys-
regulated expression of certain splicing machinery components could
augment the risk of developing T2DM. Secondly, our in vitro studies
demonstrate that the expression of relevant spliceosome components,
specially RNU2, RNU4 or RNU12, which are key elements responsible
for the appropriate function of the spliceosome [31], can be modulated
by baseline fasting and/or postprandial serum from Incident-T2DM pa-
tients. This observationmight suggest the existence of specific factors in
the serum of these patients capable to modulate the expression of rele-
vant spliceosome components and, therefore, the function of the splic-
ing machinery. In this sense, previous studies have found a
relationship between circulating factors and the modulation of SFs in
different tissues. For example, it has been described that insulin signal-
ing can up-regulate the expression of the splicing factor SRSF1 in pan-
creatic beta cells, inducing the splicing of the insulin receptor to
generate the INSR-B isoform [32]. The same study also found a regula-
tion of the protein levels of the splicing factor MBNL1 by high glucose
levels. Furthermore, the splicing of the Fatty acid desaturase 3 has
been observed to be modulated in the liver of baboons in response to
different diets and in human liver HepG2 cells after treatment with
polyunsaturated fatty acids [33]. Obviously, further studies will be re-
quired to attain a more comprehensive understanding of the changes
in the splicing process and the contribution of the dysregulation in the
splicing machinery to the generation of alternative spliced isoforms
bearing pathological implications; aswell, additional, andmore detailed
and refined experiments will be needed to assess the specific contribu-
tion of each blood cell subset to the effects observed herein. Ultimately,
all of this information would help to elucidate the nature of the ele-
ments causing the changes in the splicing machinery.

In conclusion, although this studywas implemented in CVD patients
from the CORDIOPREV study [21], which limits our findings to people
with these characteristics, and precludes generalization to healthy peo-
ple, the data presented herein strongly support the notion that altered
expression of spliceosome components and SFs variants may be associ-
ated with the development of T2DM, preceding the clinical instauration
of this pathology and, therefore, could likely serve as a sensor and early
predictor for T2DM development in CVD patients. Certainly, our data
demonstrate the existence of a spliceosome-associated molecular fin-
gerprint capable to predict the future development of T2DM in individ-
ual patients with high precision (AUC = 0.881, TPR = 0.801, TNR =
0.700), which even outperforms the capacity of classical predictors of
T2DMdevelopment, such asHbA1c or FINDRISK. Therefore, this splicing
machinery-associated molecular fingerprint could become a valuable,
non-invasive, new tool for early risk assessment of T2DM in clinical
practice to prevent disease development.
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