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Abstract
Patients with 22q11.2 deletion syndrome have heterogeneous clinical presentations including
immunodeficiency, cardiac anomalies, and hypocalcemia. The syndrome arises from hemizygous
deletions of up to 3 Mb on chromosome 22q11.2, a region that contains 60 genes and 4
microRNAs. MicroRNAs are important post-transcriptional regulators of gene expression, with
mutations in several microRNAs causal to specific human diseases. We characterized the
microRNA expression patterns in the peripheral blood of patients with 22q11.2 deletion syndrome
(n=31) compared to normal controls (n=22). Eighteen microRNAs had a statistically significant
differential expression (p<0.05), with miR-185 expressed at 0.4× normal levels. The 22q11.2
deletion syndrome cohort exhibited microRNA expression hyper-variability and group
dysregulation. Selected microRNAs distinguished patients with cardiac anomalies, hypocalcemia,
and/or low circulating T cell counts. In summary, microRNA profiling of chromosome 22q11.2
deletion syndrome/DiGeorge patients revealed a signature microRNA expression pattern distinct
from normal controls with clinical relevance.
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1. Introduction
Chromosome 22q11.2 deletion syndrome is one of the most common human genetic
deletion disorders with a frequency of 1 in every 4000 births [1]. The syndrome develops
following aberrant interchromosomal exchanges involving 8 large, paralogous low copy
repeats of DNA (LCRs A-H) that span chromosome 22q11.2 [2–4]. These LCRs, long
nucleotide stretches with extremely high sequence-homology, mispair during meiosis, which
causes hemizygous chromosomal deletions of variable lengths. Most patients (90%) have a 3
million base pair (Mb) deletion between LCR-A and D (~60 genes), while 5–8% have a 1.5
Mb loss spanning LCR A and B (~30 genes) [5]. There are infrequent deletions between
LCR D and E and/or the more distal LCRs [6,7]. The deletions contribute to variable clinical
presentations including immunodeficiency, cardiac anomalies, hypocalcemia, feeding
difficulties, facial dysmorphology, skeletal and renal anomalies, developmental and speech
delay, learning disabilities, and/or schizophrenia [1,8,9]. The T cell immunodeficiency
results from inadequate development of the thymus [10]. Up to 60% of patients with
confirmed deletions on 22q11.2 have some degree of T cell lymphopenia. The peripheral T
cells in these patients can undergo an unusual homeostatic expansion, resulting in an age-
dependent T helper cell 2 (Th2) bias [9,11]. The cardiovascular defects primarily stem from
the haploinsufficiency of the T-box1 transcription factor (Tbx1), which is required for
formation of the pharyngeal apparatus during mammalian embryogenesis [12–16]. The 4th
pharyngeal arch and the 3rd pharyngeal pouch give rise to the aortic arteries, the thymus and
parathyroid organs, respectively. Point mutations in Tbx1 have been reported in several
patients, and these are causal to the cardiac anomalies [15]. Yet, the thymic hypoplasia is
only seen in a subset of such patients, suggesting that additional genetic components
contribute to the thymic defects and ensuing T cell lymphopenia [17].

DiGeorge Syndrome Critical Region 8 (DGCR8), another gene deleted on chromosome
22q11.2, is known to be a pri-microRNA-binding protein required for microRNA (miR)
biogenesis [18]. MiRs are a family of small, non-coding RNAs (18-22 nucleotides) that
modulate gene expression by targeting specific messenger RNAs for degradation,
translational repression, or both [19,20]. MiRs affect a wide range of biological responses
including proliferation, differentiation, apoptosis, and/or stress responses [21]. In 22q11.2-
deletion mouse models, a deficiency of DGCR8 causes a 20–70% reduction in a subset of
miRs in the brain [22,23]. These miR changes contribute to a cognitive impairment, with
altered short-term plasticity in the prefrontal cortex [23].

How the hemizygous deletions of 60 genes and 4 miRs encoded on chromosome 22q11.2
influence the complex clinical symptoms presented by 22q11.2 deletion syndrome patients
is not well understood. We profiled the miRs in the peripheral blood of 31 patients with
22q11.2 deletion syndrome along with 22 normal controls. Statistically significant
differences in the expression of 18 miRs were identified. MiR-185 was expressed at 0.4×
normal levels, consistent with its hemizygous deletion on chromosome 22q11.2. This was
the only miR of the 4 encoded within the locus detected in the peripheral blood. Mosaic
cluster analyses revealed groups of miRs with both positive and negative correlation
coefficients that were dramatically altered and/or absent in the patients [24–26]. Putative
targets of these clusters were linked to various biological responses. The changes in
particular groups of miRs matched selected clinical conditions including low numbers of
circulating T cells, hypocalcemia, and cardiac anomalies. MiR differences were not related
to changes in the cell populations of the peripheral blood, as expression profiling with 177
genes that define selected cell-based modules revealed similar patterns between the patient
cohort and normal groups. These findings indicate that miR profiling of 22q11.2 deletion
syndrome patients can uncover a clinically informative miR pattern significantly distinct
from normal individuals.
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2. Materials and methods
2.1. Patient cohort

Our study was a prospective and retrospective analysis of clinical and laboratory data of a
total of thirty-one patients with 22q11.2 deletion syndrome. For this study, DiGeorge
syndrome was defined as patients with low CD3 counts (<10% percentile for age and <1500
cells/μl), hypocalcemia and congenital heart disease. All patients were referred to the
outpatient Immunology Clinic and/or admitted to Children’s Medical Center in Dallas, TX
between May 2009 and April 2011. The Institutional Review Board at UT Southwestern
Medical Center approved this study (IRB # 072010-003). Informed consent was obtained
from all patients and control subjects (or parents, when necessary).

2.2. Patient characteristics
A total of 31 subjects, 64% females (20/31), mean age 5.34± 4.81 years, participated in the
study (Supplemental Tables 1–3). Ethnic distributions were as follows: 48% Hispanic, 45%
Caucasian, and 6% African-American. All 31 patients had fluorescent in-situ hybridization
(FISH) evidence for the 22q11 deletion. One patient had documented autoimmunity
(thrombocytopenia, MRNAP060), 1 had low IgG (MRNAP040) as compared to age-
matched controls, and 1 had IgA deficiency (MRNAP058). Immunological testing was
performed as part of standard of care. Lymphocyte subpopulations were collected at the
same time as the miR analysis for 22 of the 31 patients. If patients were greater than three
years of age, values reported are those within 3 years of collection, otherwise they were
accepted if collected within three to six months of blood draws for the miR profiling.
Twenty-two normal control samples ages newborn to >10 years were included. Twelve were
male; 7 were<3 years of age; 4 between ages 3 and 10 years, and 8 from 10 to 18 years of
age (Supplemental Table 1). In addition, three adult control samples were utilized.

2.3. Peripheral blood RNA preparation and microRNA arrays
For RNA preparations, 2.0–2.5 ml of peripheral blood was drawn directly into PAXgene
Blood RNA Tubes (BD, Franklin Lakes, NJ). PAXgene tubes were stored at room
temperature for 2 h and subsequently processed or frozen at −20 °C overnight followed by
−70 °C for up to 2 weeks. RNA was isolated using the PAXgene Blood miRNA Kit
following the protocol specified by the manufacturer (Qiagen, Valencia, CA). RNA was
quantitated on a NanoDrop 2000 Spectrophotometer. Between 1 and 5 μg RNA was sent to
LC Sciences for MicroRNA Array Expression Profiling (LC Sciences, Houston, TX). The
same batch of Cyanine 3 (Cy3) was used for all RNA labeling reactions to diminish sample-
to-sample variability. The microRNA arrays were upgraded each time a new human miR
dataset was released (Sanger Releases, MRA-1001, LC Sciences). The array used for most
of the profiling was based on miRBase Versions 12.0–14.0, which comprised a minimum of
600 human miR probes. For a subset of patients and controls with sufficient amounts of
remaining RNA after the miR profiling, gene expression profiling was undertaken. A
custom gene expression nCounter Plex2 for GEx Assay consisting of 177 genes representing
44 gene modules spanning blood cell populations was purchased from NanoString
Technologies [27,28]. A total of 100 ng of RNA was targeted for hybridization. Subsequent
purification of bound reporter/capture probe and RNA target was carried out using the
nCounter Prep Station. Target detection was carried out using the nCounter Digital
Analyzer. Raw data were both processed and analyzed using Excel. Visualization and
further analysis was done using GeneSpring GX 7.3.1 analysis software.

de la Morena et al. Page 3

Clin Immunol. Author manuscript; available in PMC 2014 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



2.4. Statistical analyses
LC Sciences provided the initial statistical analyses, involving standard t-tailed tests, with
the data sets. Subsequent statistical analyses were done with associative tests, a more recent
method for assessing and comparing gene expression data sets [29]. The patient and control
data sets were analyzed and normalized using internal standards, as previously performed
for gene arrays (Supplemental Table 4, excel spreadsheet) [24,29]. The internal standards
were constructed from miRs that behaved similarly in the data sets. An iterative procedure
was used to define the background parameters (average and standard deviation). The data in
each array was transformed to make these parameters equal to 0 and 1, correspondingly. The
miR expression data are presented in units of standard deviation of the background
distribution, with 3 SD above the mean distinguishing the expressed from non-expressed
genes. Linear regression is then used to adjust the normalized profiles to each other.
Following these normalization processes, an associative analysis is undertaken that consists
of several steps. First, the Reference group (an internal standard of equity of expression) is
established using miRs that are expressed above background and have low variability within
normal control samples. Second, the differentially expressed miRs are selected in paired
comparison (normal controls versus patient samples) with a Student t-test using a
significance threshold of p<0.05. Since this contributes a significant number of false
positives, an Associative T-test is introduced in the next step, with the replicates from the
samples compared to the entire set of the stably expressed miRs from the Reference group.
The null, Ho, hypothesis is checked if miR expressions in the patient group (replicated
residuals that deviate from the average control group profile), are associated with a normally
distributed set of residual miRs in the control group. The significance threshold for this
associative analysis is adjusted for multiple testing to minimize false positives: p<0.0001.
Additional restrictions included minimal fold changes >1.5, and minimal level of expression
of up regulated miRs >20 (in normalized units equal to SD of background noise). MiRs
passing both tests were presented in the results tables. A web-based computational tool
(DIANA-miRPath v2.0) was used for enrichment analysis of multiple miR target genes
predicted by DIANA-microT-CDS, comparing each set of miR targets to all known KEGG
(Kyoto Encyclopedia of genes and genomes) pathways [30,31]. Union of targeted genes by
miR clusters was used for the over-representation statistical analyses, identifying the
pathways significantly enriched with the targeted genes in the union. During analysis, false
discovery rate correction was enabled. Pathways with few targeted miR nodes were
penalized. Thresholds for p-value and MicroT parameters were set as >0.01 and 0.8,
respectively. Statistically over-represented KEGG pathways are listed in the Tables, and this
includes p-values of their components.

3. Results
3.1. MicroRNA profiling reveals significant microRNA expression differences between
22q11.2 deletion syndrome patients and normal controls

Greater than 90% of 22q11.2 deletion syndrome patients have a hemizygous deletion of over
60 genes, including dgcr8, and four miRs on chromosome 22q11.2. It is not known how this
hemizygous deletion, which affects a miR-processing protein (dgcr8), impacts miR
expression patterns. To address this, we performed a miR profiling of peripheral blood
samples from a cohort of 31 22q11.2 deletion syndrome patients along with 22 normal
controls (Table 1, Supplemental Table 1). The RNA was hybridized to human microRNA
arrays that contained over 600 human miR probes. Standard statistical analyses were used to
compare the miR array data sets (Supplemental Table 2). Eighteen miRs were differentially
expressed in a statistically significant manner (T-test, p<0.05) (Supplemental Table 2).
Scatter plots of those miRs with the highest associative p values illustrated the differences
between the normal controls and the patient group (Fig. 1). MiR-185 was expressed at 0.4×
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normal control levels in all the patients with confirmed deletions on 22q11.2 (Fig. 1,
associative p value<10−12). MiR-150 was also reduced and miR-15b-3p, miR-194,
miR-324-5p, miR-363, miR-23b, and miR-361-5p were elevated in a statistically
significantly manner (Fig. 1). Since miR differences could have arisen from changes in the
cellular composition of the peripheral blood, gene expression analyses were undertaken for a
subset of 177 genes that define the cellular constituents of the blood. An unbiased
hierarchical cluster analysis failed to reveal any statistically significant clustering of the
22q11.2 deletion syndrome samples compared to normal controls (Supplemental Figs. 1–2).
Neutrophil, eosinophil, plasmablast, erythrocyte, monocyte–macrophage, and NK/cytotoxic
T cell subsets were similar in the 22q11.2 deletion syndrome cohort and the normal controls
(Supplemental Fig. 1).

3.2. Patients with 22q11.2 deletion syndrome have a unique miR and gene expression
hyper-variability

We next used an established multistep associative-statistical analysis to compare the miR
expression patterns [24,29]. The normalized expression values for the miRs were plotted for
16 of the normal controls, followed by the 22q11.2 deletion syndrome samples (Fig. 2A).
We were unable to include all the samples originally used for the miR analysis because
insufficient quantities of RNA remained that were necessary for the gene expression
comparisons. A high level of miR expression variability was detected among 128 distinct
miRs in the samples from the 22q11.2 deletion syndrome patients (−2 to 30) compared to
the normal group (−1 to 5 range) (Fig. 2A). Was there also evidence of elevated expression
values for genes? A similar analysis was undertaken for the 177 genes profiled in the
peripheral blood. The 22q11.2 deletion syndrome patient population also had a significant
increase in the relative expression values for many genes (Fig. 2B). This was consistent
when comparing individual patients, indicating that the miR and gene expression hyper-
variability were linked. To evaluate whether this hypervariability could be seen in single
gene defects causing immunodeficiency, 6 patients with x-linked hyper-IgM syndrome were
profiled. The miR variability was only present in the 22q11.2 deletion syndrome cohort
(Supplemental Fig. 3).

3.3. Abnormal miR group behavior in 22q11.2 deletion syndrome patients
The miR expression changes in the 22q11.2 deletion syndrome patients suggested a complex
dysregulation. To better define this behavior, correlative mosaic analysis was used [26]. This
analysis compares the coordinated expression of groups of miRs in the normal controls
versus the patients. The results were presented in graphical form as positively (red) and
negatively (blue) correlated clusters of miRs. Four distinct clusters (Normal CL1-CL4) of
miRs were identified in the normal controls based on their tight, co-regulated expression
(Fig. 3A, red regions). In the patient samples, CL1 was only partly linked, CL2 was very
similar, but CL3 and CL4 were either uncoupled or negatively (blue) correlated in their
expression (Fig. 3B). To understand the biological significance of these changes, a web-
based computational tool (DIANA-miRPath v2.0) was used to identify potentially affected
molecular KEGG pathways by the miR clusters [30,31]. The miRs in CL1-CL2 were
involved in the regulation of extracellular matrix assembly, MAPK-, neurotrophin-, TGF-,
and mTOR signaling (Table 2). The CL3 cluster regulates genes involved in additional
pathways including circadian rhythms and cytokine pathways. The latter two, along with
pathways described in certain malignancies (CML, renal cell cancer, AML and melanoma),
mTOR signaling, and biotin and lysine metabolism were clustered uniquely in control
subjects but not identified in patients (Tables 2 and 3).

The same clustering strategy was independently applied to miRs profiled in the 22q11.2
deletion syndrome patients (Fig. 3C). Again, 4 independent clusters were identified, and
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designated as 22q11.2 CL1–22q11.2 CL4. Of these 4 clusters, the miRs in the 3rd and 4th
22q11.2 cluster were significantly different in the control group, exhibiting only a partial
link or negative correlation (blue) (Fig. 3C versus D). This unexpected difference suggests
that the patients with deletions on 22q11.2 have compensatory biological responses that
cause a coordinated expression of miRs not normally seen in controls. The pathways include
those involved in cerebellar long-term depression, arrthymogenic right ventricular
cardiomyopathy, and fatty acid biosynthesis (Tables 2 and 3). It is important to note that
miR deregulation did not apply to all clusters, as Normal CL2 and 22q11.2 CL2 were
coordinately expressed in both control and 22q11.2 groups (Fig. 3). Taken together, our data
revealed three critical features of miR expression profiling applicable to clinical pathologies.
First, changes in the absolute expression of certain miRs are markers for hemizygous
chromosomal deletions (miR-185). Second, significant variability in miR expression levels
could reflect pathological conditions such as 22q11.2 deletion syndrome. Third, mosaic
cluster analyses can reveal positively or negatively linked miRs that distinguish control from
patient groups with biological relevance.

3.4. Correlation of miR expression profiles with clinical phenotypes in those patients
defined as DiGeorge syndrome

Patients with 22q11.2 deletion syndrome represent a classic contiguous gene defect
syndrome with resultant clinical heterogeneity (Supplemental Table 3). For the purposes of
this study, we defined patients with DiGeorge syndrome if patients had a 22q11.2 deletion;
CD3+ T cell counts below <10% percentile of normal for age and <1500 cells/μl, congenital
heart disease, and hypocalcemia. Comparative miR analyses were used to determine whether
specific miR patterns could define particular clinical pathologies. Selected miRs
distinguished patients with congenital heart disease, hypocalcemia, and low CD3+ T cell
counts (Table 4). In fact, several individual miRs were able to differentiate patients with low
CD3 numbers (miR-29a), those with low CD3 and hypocalcemia (miR-21), and
hypocalcemia with congenital heart disease (let-7i). Overlapping miRs were illustrated with
Venn diagrams (Fig. 4A). The DiGeorge patients with all three clinical phenotypes had 4
miRs that were up- (miR-15b-3p, miR-194, miR-324-5p, miR-361-5p) and 4 that were
down-regulated (miR-185, miR-150, let-7b, miR-720). We also used discriminant functional
analyses to determine whether the normal controls, the patients with low CD3 levels, and
22q11.2 deletion syndrome patients with normal CD3 levels could be classified separately.
A set of miRs, whose collective, combinatorial up- and/or down-regulation, clearly
demarcated the groups (Fig. 4B).

4. Discussion
MiRs are important biomarkers for cancer, autoimmune diseases, and muscular disorders,
and are currently in phase II clinical trials for treating various conditions. Our studies
suggest that four approaches, associative studies, hyper-variability plots, mosaic cluster
analyses, and discriminant functional analyses, can distinguish complex clinical disorders
arising from chromosomal deletions such as 22q11.2 deletion syndrome. MiR-185 was
reduced to 0.4× control level in the FISH-verified 22q11.2 deletion syndrome patients,
consistent with its haploinsufficiency on 22q11.2. MiR-185 is also haploinsufficient in
mouse models of 22q11.2 deletion syndrome [32]. One patient with a duplication of 22q11.2
expressed miR-185 at levels 1.4 fold normal (data not shown). These results indicate that the
locus encoding miR-185 is transcriptionally active on both alleles in multiple species.
During the screening of patients with a clinical diagnosis of DiGeorge syndrome, miR
profiling revealed 3 with normal miR-185 levels. These patients were subsequently
confirmed to be FISH negative (i.e. no deletion of the most frequently deleted segment on
22q11.2). Two such patients were infants of diabetic mothers. This, along with Trisomy
22q11 and chromosome 10p13–p14 deletions can result in a DiGeorge-like clinical
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presentation [33–37]. Therefore, miR-185 analysis may represent a potential surrogate
marker for 22q11.2 deletion syndrome and an alternative to molecular cytogenetics in
distinguishing clinically defined DiGeorge cohorts.

The associative methodology applied to the miR and gene expression data sets revealed a
miR expression and gene hyper-variability unique to patients with deletions on chromosome
22q11.2. Mosaic cluster analyses also uncovered a miR group behavior that was extremely
unusual in the study population. These clusters of miRs, tightly linked in expression in the
normal population, were uncoupled in the patient group. Many of the miRs in these clusters
have key roles in controlling cellular growth and differentiation (Tables 2–4). The molecular
basis of the miR alterations in the patients remains unknown, but is partly linked to
reductions in dgcr8, consistent with mouse models [18,22,32].

There are many dysregulated miRs in the patient cohort with confirmed biological functions.
MiR-185 defined all the patients with confirmed deletions on 22q11.2. Could its reduced
expression account for some of their clinical presentations? In mouse models, reductions in
miR-185 increase the expression of one of its target, Bruton’s tyrosine kinase, leading to
autoantibody production by B cells [38]. In our miR-185 over-expression model in T cells,
elevated miR-185 caused a dose-dependent T cell lymphopenia [39]. MiR-185 targeted
Mzb1, NF-ATc3, and Camk4 in developing thymocytes, with Mzb1 reduced 5-fold. This
reduction causes a T cell receptor-dependent increase in intracellular calcium levels [39].
This agrees with previous work demonstrating that Mzb1 is an endoplasmic reticulum
calcium regulator, with high levels of Mzb1 reducing calcium influx [40]. MiR-185 targets a
distinct calcium regulator in neurons, SERCA2 [32]. In the 22q11.2 deletion mouse model,
the neurons have elevated levels of SERCA2 and increases in long-term potentiation over
time [32]. Taken together, the findings strongly support the idea that reductions in miR-185
in 22q11.2 deletion syndrome patients contributes to their immune system deficiencies and
neurological abnormalities, partly through the up regulation of two distinct calcium
regulators. Other candidate miRs likely contribute to disease progression. MiR-150, also
reduced in the patient cohort, is normally expressed in many cell populations including
mature T and B cells [41]. Its reduced expression could reflect the low numbers of these
cells in the DiGeorge subgroup. MiR-23b, elevated in a subset of the patients, regulates
transforming growth factor β [42]. MiR-363 is a paralog of the miR-17-92 family and
functions in a similar anti-apoptotic role as the 6 other miRs in this family, with the
haploinsufficiency of miR-17-92 causal to Feingold syndrome [43]. In conclusion, miR
profiling of patients with confirmed deletions on chromosome 22q11.2 reveals
distinguishing signature miR expression behaviors with clear connections to the
immunological and cardiac abnormalities. The associative methodologies for miR profiling
we describe for 22q11.2 deletion syndrome patients may provide novel insights into the
clinical heterogeneity underlying other chromosomal deletion syndromes.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

ASD Atrial septal defects

Btk Bruton’s tyrosine kinase

Camk4 Calcium/calmodulin-dependent kinase 4

Cy3 Cyanine 3

DGCR8 (dgcr8) DiGeorge Syndrome Critical Region 8

DGS DiGeorge syndrome

FISH Fluorescent in situ hybridization

IRB Institutional Review Board

Itk Interleukin-2 inducible T cell kinase

KEGG Kyoto Encyclopedia of genes and genomes

LCR Low copy repeats

MiR microRNA

Mzb1 Marginal zone B- and B1-cell specific protein 1 (pERp1)

NF-ATc3 Nuclear factor of activated T cells, cytoplasmic, calcineurin 3

PIDs Primary immunodeficiency diseases

SERCA2 sarcoplasmic/endoplasmic reticulum calcium ATPase 2

TA Truncus arteriosus

Tbx1 T-box transcription factor

TOF Tetralogy of Fallot

Th2 T helper 2 subset

VCF Velo-cardio-facial syndrome

VSD ventricular septal defects
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Figure 1.
Altered miR expression levels in patients with 22q11.2 deletion syndrome compared to
normal controls. MiRs were profiled from peripheral blood samples of 22 normal controls
and 31 patients using microRNA arrays. Scatter plots are provided for the normalized
expression values for selected miRs including miR-185, miR-150, miR-15b-3p, miR-194,
miR-324-5p, miR-363, miR-23b, and miR-361-5p. The data is assembled from 53
independently acquired samples. Associative p values: *p<10−3, **p<10−4, ***p<10−8,
****p<10−12.
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Figure 2.
Selected miRs and genes exhibit an extreme expression range in patients with 22q11.2
deletion syndrome. (A) The normalized expression values for a subset of miRs are plotted
for the normal controls (samples 1–16), followed by the 22q11.2 deletion syndrome patients
(samples 17–44). Normalized miRs analyzed included: miR-15b-3p, miR-30c, miR-602,
miR-486-5p, miR-302d-5p, miR-223, miR-92a, miR-193a-5p, miR-23b, miR-340-3p,
miR-23a, miR-484, miR-128, miR-432, miR-142-5p, miR-1208, miR-30e-3p, miR-145,
miR-25, miR-1825, miR-920, miR-610, miR-296-5p, miR-625-3p, miR-151-3p, miR-320d,
miR-361-5p, miR-1246, miR-18a-3p, miR-675, miR-320c, miR-30a, miR-320b, miR-181a,
miR-151-5p, miR-1913, miR-335, miR-191-3p, miR-219-1-3miR-503, miR-425,
miR-127-5p, miR-1914-3p, miR-485-3p, miR-324-5p, miR-574-5p, miR-1237, miR-1908,
miR-22, miR-98, miR-92b, miR-1976, miR-423-5p, and miR-1469. (B) The normalized
expression values for a subset of 177 genes used in the transcriptional profiling of the
peripheral blood was plotted for the normal controls (samples 1–16), followed by the
22q11.2 deletion syndrome patients (samples 17–44). Genes profiled include: HUWE1,
NDUFB3, RBM38, SIAH2, CMPK2, LMOD3, ANKRD57, GALM, KCNMB1, NAT9,
GOPC, RPP40, GOT1, C18ORF32, GPSM3, CHPT1, LANCL1, ROGDI, IGF2BP2,
NT5C3, TAF7, CEBPA, ELP3, C5ORF62, SAMD9, SNW1, NDUFA11, IFITM3,
SERF2ISG15, SCNN1D, OLIG2, OLIG1, IFI44, TNFRSF17, TRAK2, TEX261,
SH3BGRL2, ANAPC4, CEACAM6, C1ORF35, UBL3, DDEF2, CDC34, IL5RA,
NDUFA8, PI4K2A, XAF1, CTDSPL, RAD23A, LY6E, PTPLAD2, NUBPL, ZNF248,
CEACAM8, PNMA, and IFI27.
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Figure 3.
Selected miR clusters exhibit distinct correlation patterns when comparing normal controls
and patients with 22q11.2 deletion syndrome. (A) Mosaic of correlation coefficients for 4
clusters of miRs that were highly correlated (yellow-red) in samples from normal controls.
These clusters, designated as CL1, CL2, CL3, and CL4, comprise 10, 17, 13, and 7 miRs,
respectively. (B) The same clusters were presented for the 22q11.2 deletion syndrome
cohort, which revealed a negatively (blue) or marginally correlated (blue-yellow) pattern,
particularly for CL3 and CL4. (C) Mosaic of 4 independently derived clusters in the patient
cohort was designated as 22q11.2 CL1–22q11.2 CL4. There are 20, 14, 16, and 7 miRs in
each, respectively. (D) Control groups (22q11.2 CL1–CL4) were either negatively (blue),
weakly (yellow) or strongly correlated in expression in the control groups (red). All the data
are presented as heat maps of clusters of miRs, using a scale from −0.4 (blue) to highly
correlative at 1.0 (red), as indicated. Statistical analyses were performed using associative
studies, as described in the Materials and methods.
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Figure 4.
Specific miR groups distinguish 22q11.2 deletion syndrome patients with T cell deficiency,
hypocalcemia, and congenital heart disease. (A) Venn diagram illustrating groups of miRs
that distinguish three major clinical presentations in patients with 22q11.2 deletion
syndrome, congenital heart disease, hypocalcemia, and CD3+ T cell values below 2SD for
normal age-matched controls. Groups of miRs that overlap among the different clusters are
shown. (B) Discriminant functional analyses reveal unique miRs that categorize 22 normal
controls, 13 patients with 22q11.2 deletion syndrome with normal CD3+ T cell numbers, and
18 with CD3 levels below the 10th percentile of age-matched controls. The miRs that
distinguish these groups are miR-185, miR-720, miR-15b-3p, miR-29a, miR-26b, miR-20a,
miR-374b, miR-638, miR-18a, miR-195, and miR-1234.
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Table 2

Putative KEGG pathways affected by miR clusters in normal controls.a

Cluster

Pathway name p-Value

Normal CL1 #1-10b

Glycosaminoglycan biosynthesis — heparan sulfate 6.20E−11

ECM–receptor interaction 2.75E−08

Mucin type O-glycan biosynthesis 1.10E−07

Adherens junction 2.67E−05

Biotin metabolism 6.47E−04

TGF-beta signaling pathway 1.26E−03

Chronic myeloid leukemia 4.20E−03

Axon guidance 7.28E−03

Neurotrophin signaling pathway 7.28E−03

Endocytosis 7.28E−03

Normal CL2 #11-27c

Glycosaminoglycan biosynthesis — heparan sulfate 7.87E−27

ECM–receptor interaction 6.51E−19

Prion diseases 4.43E−07

Glioma 4.43E−07

Pathways in cancer 9.23E−07

TGF-beta signaling pathway 1.29E−05

Focal adhesion 1.37E−05

Fatty acid biosynthesis 5.32E−05

Neurotrophin signaling pathway 5.32E−05

Mucin type O-glycan biosynthesis 1.01E−04

Prostate cancer 1.04E−04

Non-small cell lung cancer 1.07E−04

MAPK signaling pathway 1.75E−04

Renal cell carcinoma 2.54E−04

Pancreatic cancer 1.24E−03

Glycosaminoglycan biosynthesis—keratan sulfate 1.53E−03

ErbB signaling pathway 1.53E−03

Lysine degradation 1.95E−03

mTOR signaling pathway 2.15E−03

Acute myeloid leukemia 2.15E−03

Gap junction 2.23E−03

Small cell lung cancer 3.26E−03

Axon guidance 3.53E−03

Colorectal cancer 6.92E−03

Wnt signaling pathway 9.50E−03

Melanoma 9.67E−03
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Cluster

Pathway name p-Value

Normal CL3 #28-40d

Fatty acid biosynthesis 8.63E−14

Glycosaminoglycan biosynthesis—heparan sulfate 1.06E−04

Adherens junction 1.06E−04

Pathways in cancer 1.06E−04

TGF-beta signaling pathway 1.79E−04

Circadian rhythm — mammal 3.28E−04

Axon guidance 7.88E−04

Glioma 2.42E−03

Endocytosis 4.05E−03

Renal cell carcinoma 5.55E−03

Lysine degradation 6.64E−03

Cytokine–cytokine receptor interaction 8.97E−03

Normal CL4 #41-47e

ECM–receptor interaction 2.91E−14

MAPK signaling pathway 2.28E−03

Glycosaminoglycan biosynthesis — heparan sulfate 6.07E−03

a
We used publicly available DIANA miRPath v2.0 to identify affected molecular pathways by miR clusters as detailed in the methods section.

b
miR-940, miR-1238, miR-1913, miR-1237, miR-1825, miR-1228, miR-423-3p, mIR-19a, miR-1229, miR-636.

c
miR-374b, miR-148a, miR-29b, miR-21, miR-144-5p, miR-335, miR-29c, miR-30e, miR-340-3p, miR-27b, miR-628-3p, miR-374a, miR-7,

miR-424, miR-142-5p, miR-98, miR-576-5p.

d
miR-142-3p, miR-550a-3p, miR-425, miR-324-5p, miR-103a-2-5p, miR-222, miR-1181, miR-1973, miR-107, miR-103, miR-484, miR-151-5p,

miR-93.

e
miR-183, miR-505-5p, miR-584, miR-let-7e, miR-874, miR-let-7b, miR-342-5p.
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Table 3

Putative KEGG pathways affected by miR clusters in 22q11.2 deletion syndrome patients.a

Cluster

Pathway name p-Value

22q11.2 CL1 #1-20b

ECM–receptor interaction 1.09E−18

Glycosaminoglycan biosynthesis — heparan sulfate 1.07E−16

Prion diseases 1.25E−11

TGF-beta signaling pathway 2.85E−09

Glioma 6.26E−07

Pathways in cancer 7.63E−06

Fatty acid biosynthesis 1.13E−05

Focal adhesion 9.89E−05

Endocytosis 9.89E−05

Neurotrophin signaling pathway 9.89E−05

Gap junction 2.18E−04

Pancreatic cancer 2.18E−04

Lysine degradation 3.40E−04

Small cell lung cancer 3.40E−04

Prostate cancer 3.97E−04

MAPK signaling pathway 7.82E−04

Non-small cell lung cancer 8.95E−04

Axon guidance 1.36E−03

ErbB signaling pathway 2.13E−03

Melanogenesis 3.02E−03

Wnt signaling pathway 3.29E−03

Amoebiasis 3.93E−03

22q11.2 CL2 #21-34c

ECM–receptor interaction 2.93E−12

Glycosaminoglycan biosynthesis — heparan sulfate 1.03E−09

Mucin type O-glycan biosynthesis 1.71E−05

TGF-beta signaling pathway 1.83E−04

Adherens junction 3.29E−04

Axon guidance 5.08E−04

Endocytosis 5.23E−04

22q11.2 CL3 #35-50d

Glycosaminoglycan biosynthesis — heparan sulfate 1.68E−33

Prion diseases 6.51E−14

TGF-beta signaling pathway 9.14E−05

ErbB signaling pathway 9.14E−05

Long-term depression 1.78E−04

Arrhythmogenic right ventricular cardiomyopathy (ARVC) 3.54E−04
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Cluster

Pathway name p-Value

Pathways in cancer 2.07E−03

Adherens junction 2.95E−03

Colorectal cancer 3.10E−03

Endocytosis 4.00E−03

22q11.2 CL4 #51-57e

Fatty acid biosynthesis 1.26E−28

Glycosaminoglycan biosynthesis - heparan sulfate 2.89E−21

a
We used publicly available DIANA miRPath v2.0 to identify affected molecular pathways by miR clusters as detailed in the methods section.

b
miR-155, miR-28-5p, miR-142-3p, miR-335, miR-19a, miR-7, miR-374b, miR-148a, miR-29b, miR-21, miR-182, miR-183, miR-215, miR-29a,

miR-146b-5p, miR-29c, miR-30e-3p, miR-27b, miR-374a, miR-424.

c
miR-940, miR-1238, miR-1913, miR-625-3p, miR-1237, miR-1249, miR-1281, miR-1825, miR-1234, miR-296-5p, miR-425-3p, miR-1228,

miR-409-3p, miR-423-3p.

d
miR-324-5p, miR-222, miR-140-3p, miR-424-3p, miR-550a-3p, miR-1914-3p, miR-548 h, miR-486-3p, miR-331-3p, miR-610, miR-432,

miR-148a-5p, miR-425, miR-103a-2-5p, miR-1307, miR-33b-3p.

e
miR-663, miR-505-5p, miR-584, miR-1180, miR-503, miR-18b-3p, miR-210.
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