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Autologous CD34+ cells are widely used for vascular re-
pair; however, in individuals with diabetes and microvas-
cular disease these cells are dysfunctional. In this study,
we examine expression of the clock genes Clock, Bmal,
Per1, Per2, Cry1, and Cry2 in CD34+ cells of diabetic and
nondiabetic origin and determine the small encoding
RNA (miRNA) profile of these cells. The degree of diabetic
retinopathy (DR) was assessed. As CD34+ cells acquired
mature endothelial markers, they exhibit robust oscilla-
tions of clock genes. siRNA treatment of CD34+ cells
revealed Per2 as the only clock gene necessary to main-
tain the undifferentiated state of CD34+ cells. Twenty-five
miRNAs targeting clock genes were identified. Three of
the miRNAs (miR-18b, miR-16, and miR-34c) were found
only in diabetic progenitors. The expression of the Per2-
regulatory miRNA, miR-92a, was markedly reduced in
CD34+ cells from individuals with DR compared with
control subjects and patients with diabetes with no
DR. Restoration of miR-92a levels in CD34+ cells from
patients with diabetes with DR reduced the inflamma-
tory phenotype of these cells and the diabetes-induced
propensity toward myeloid differentiation. Our studies
suggest that restoring levels of miR-92a could enhance
the usefulness of CD34+ cells in autologous cell therapy.

The endogenous circadian system drives the rhythm of
many physiological and behavioral processes. Approximately
10% of the transcriptome in all tissues is under the control
of clock genes (1–3). Abnormal clock gene expression in
endothelial cells is implicated in the pathogenesis of both

macrovascular (2) and microvascular (3) complications. In
addition, clock gene dysregulation poses a risk for metabolic
syndrome, obesity, premature aging, and abnormal sleep
cycle (4).

While the suprachiasmatic nucleus drives the central
rhythm, the control of the clock at the molecular level
involves self-regulatory transcriptional feedback loops
composed of positive (Clock and Bmal1) and negative
(Per1, Per2, Cry1, Cry2, and Rev-Erba) sets of genes (5).
Previously, we reported that in type 2 diabetic (T2D) rats,
defects in clock gene expression of bone marrow progenitor
cells (BMPCs) contributed to development of diabetic ret-
inopathy (6). Using a mouse model lacking the clock gene
Per2, we showed that these mice develop the histological
features of diabetic retinopathy (DR) without hyperglyce-
mia and also develop diabetes-like BMPC dysfunction (3).
Per2 mutant mice display a range of endothelial defects,
including reduced tube formation, decreased endothelium-
dependent vasodilatation, and increased senescence (7).
Mice lacking Per2 in BMPCs undergo autoamputations,
largely due to the reduced function of BMPCs that hinders
vascular repair in these mice (8). Mice deficient in Bmal1
also exhibit endothelial defects with increased oxidative
stress and reduced endothelial nitric oxide synthase (9).
Together, these studies support an important role of clock
genes in both normal endothelial function and vascular
disease pathogenesis.

Small noncoding RNAs (miRNAs), 19–25 nucleotides in
length, are involved in repressing mRNA translation or
cleaving target mRNA and have been implicated in the
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regulation of clock gene expressions in angiogenesis (10).
The miR-17-92 cluster is highly expressed in endothelial
cells, and in particular, miR-92a is reported to have a role
in angiogenesis by targeting mRNAs of proangiogenic pro-
teins such as integrin a5 (11). Strikingly, CD34

+ cells show
a 5- to 10-fold increase in the expression of miR-92a (12)
that potentially targets the clock gene Per2 (13).

Differentiation of progenitor cells is a complex pro-
cess. A variety of transcription factors (e.g., Ets, Forkhead,
GATA, and Kruppel-like families) (14), posttranscriptional
regulators including miRNA-mediated repression (15), and
the microenvironment (16) together define the character-
istics of a particular progenitor population and their ten-
dency to differentiate toward the endothelial-like linage.
However, while only a limited number of CD34+ cells and
early endothelial progenitor cells (eEPCs) (CD34+CD133+

vascular endothelial growth factor [VEGF] receptor 2+) dif-
ferentiate into endothelial cells, the cells transition through
reduced levels of primitiveness, and this transition dramat-
ically influences their secretome. The secretome of CD34+

cells and eEPCs is paramount to their mode of action,
which is that of providing paracrine support to the injured
vasculature (17). In contrast, endothelial colony–forming
cells (ECFCs) (CD144+VEGFR2+CD1332) serve as building
blocks by directly participating in blood vessel formation
(18). Interestingly, ECFCs can undergo numerous popula-
tion doublings, while the proliferative potential of CD34+

cells and eEPCs is limited (19). ECFCs possess mature
endothelial markers like CD31 and CD144, which support
their role in vessel formation (18,20). The paracrine func-
tion of eEPCs, like CD34+ cells, is mainly mediated via
secretion of a variety of potent stem cell growth factors
including stem cell factor (SCF), hepatocyte growth factor
(HGF), and thrombopoietin (TPO) as well as cytokines
such as interleukins (IL), chemokine (C-C motif) ligand 2,
and granulocyte colony–stimulating factor. Diabetes causes
defects in ex vivo expansion of ECFCs (success rate 15%)
and in the paracrine function of eEPCs resulting in a de-
crease in SCF, HGF, and TPO (21).

In the current study, we hypothesized that the differ-
entiation of vascular progenitors is under the regulation
of clock genes with specific miRNAs regulating clock gene
oscillations. We further hypothesized that diabetes inter-
feres with the expression of these specific miRNAs leading
to altered differentiation and paracrine function of these
cells.

RESEARCH DESIGN AND METHODS

Isolation of CD34 Cells
Mononuclear cell fractions from healthy individuals or
patients with diabetes were negatively selected for lineage-
negative (Lin2) population using a human progenitor cell
enrichment kit (Stem Cell Technologies, Vancouver, BC,
Canada). Lin2 cells were stained with a Pacific Blue CD34
and PE/Cy7 CD45 antibodies (BioLegend, San Diego, CA)
and sorted for Lin2CD34highCD45dim population using a
FACSAria II cell sorter (BD Biosciences, San Jose, CA).

Culture of CD34+ Cells and Analysis for Surface
Expression
Isolated CD34+ cells were propagated in round-bottom
96-well culture plates with no more than 5,000 cells per
well under two different culturing conditions for 4 days: 1)
undifferentiated, Stem Span Media supplemented with cy-
tokine cocktail containing IL-3, IL-6, Flt, and SCF (Stem
Cell Technologies) and 2) differentiated, EBM-2 media sup-
plemented with EGM-2MV growth supplements (Lonza,
Allendale, NJ) containing human epidermal growth factor,
hydrocortisone, human fibroblast growth factor beta, VEGF,
recombinant analog of insulin-like growth factor, ascorbic
acid, heparin, and FBS.

At 4 days, the cells were stained with a cocktail of
antibodies containing Pacific Blue CD34, PE/Cy7 CD45,
FITC CD144, and PE CD133 (BioLegend). Cell-surface
expression was analyzed using a BD LSR II Flow Cytom-
eter, and the analysis was performed using FCS express (De
Novo Software, Los Angeles, CA).

Quantitative RT-PCR for Clock Gene Expression
mRNA was extracted using TRIzol (Life Technologies,
Grand Island, NY) and reverse transcribed using an iScript
cDNA synthesis kit (Bio-Rad, Hercules, CA). Transcript
levels of clock, bmal1, Per1, Per2, Cry1, and Cry2 were de-
termined using TaqMan Gene Expression assays (Life Tech-
nologies) and an ABI-7500 Fast Real-Time PCR system.

miRNA Microarrays and Analysis
Total RNA was extracted with the miRNeasy Serum/Plasma
extraction kit (Qiagen, Redwood City, CA) and purified using
RNeasy MinElute Spin Columns. A total of 250 ng RNA was
then reverse transcribed with a miScript II RT kit (Qiagen).
miRNA expression profile was then measured using Qiagen’s
Human Serum & Plasma miRNA PCR Array. Quantitative
PCR was performed using a StepOnePlus machine (Applied
Biosystems) per the manufacturer’s instructions. miRNA
array data were analyzed using Ingenuity pathway analysis
software (Qiagen) and DIANA-mirPath.

Statistics
Data were expressed as means 6 SEM, and each experi-
ment was repeated at least in triplicate unless otherwise
specified. Statistical analysis was conducted using either Prism
(GraphPad, La Jolla, CA) or SigmaPlot (Systat Software,
San Jose, CA). The data were analyzed using one-way
ANOVA followed by the Tukey-Karmer post hoc test.

For the CD34+ cell differentiation study (Fig. 3A), a
smooth curve for the expression of each gene was fitted
by single cosine function of f(t)=A*cos(vt+F)+M, where f(t)
is the gene expression level at time t, A is amplitude, v is
angular frequency, F is acrophase, and M is mesor (22).
The data were considered to be statistically significant when
the P value was ,0.05 using a zero-amplitude test.

Justification for Online Supplemental Material
In order to address our hypothesis, we preformed key
experiments which are included in the Supplementary Data
online. We believe this additional information, which is
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not part of the original article, will help readers understand
our study design and conclusions.

RESULTS

Differentiation of CD34+ Cells Leads to a Decrease in
CD133 Expression
We examined the differentiating effect of specific growth
factors on highly purified Lin2CD34+ cells (.97% purity)

(Fig. 1A, top panel) using media that either maintained
CD34+ cells in the undifferentiated state (cells supplemented
with SCF, IL-3, IL-6, and Flt-1) or promoted the differenti-
ated state (cells supplemented with VEGF, IGF-1, fibroblast
growth factor, and 5% serum). CD34+ cells maintained under
undifferentiated conditions showed a rapid expression of the
primitive stem cell marker CD133 (P , 0.05) by day 4 (23).
In contrast, endothelial-differentiating conditions resulted in

Figure 1—CD133 and CD144 expression in CD34+ cells under hematopoietic and endothelial culture conditions. Lin2CD34highCD45dim

cells were analyzed for surface expression of CD133 and CD144 under hematopoietic and endothelial differentiating culturing conditions at
day 0 and day 4. A: Representative flow cytometry dot plots showing highly purified fraction of cells exhibiting Lin2CD34highCD45dim

population expressing the above markers under conditions for differentiation or for maintenance of the stem cell characteristics. At day 4,
endothelial differentiation medium reduced the expression of stem cell marker CD133 and increased expression of the mature endothelial
marker CD144. B and C: Bar chart showing mean increase in expression of CD133 and CD144 from freshly isolated cells (day 0) in
hematopoietic or endothelial-culturing conditions. n = 7.
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a significant decrease in CD133 expression (P , 0.05)
compared with undifferentiating conditions (Fig. 1B).
CD34+ cells maintained in either undifferentiating or
differentiating media increased expression of CD144
(P , 0.05), a cell junction protein specifically expressed
by mature endothelial cells. CD144 expression was
significantly higher (P , 0.05) in cells maintained in dif-
ferentiating media compared with undifferentiating me-
dia (Fig. 1C) (P , 0.05).

Per2 Expression Is Required to Maintain
Undifferentiated Stem Cell Characteristics
in CD34+ Cells
Clinical reports support a dampened clock gene response in
metabolic (24) disorders; however, there are no reports
describing the involvement of clock genes in regulating
differentiation of CD34+ cells. To gain insights into this
question, we placed CD34+ cells with small interfering
RNAs (siRNAs) for the clock genes, Clock, Bmal1, Per2,
and Cry2. siRNA for Clock, Bmal1, and Cry2 did not have
any significant effect on expression of CD133. Only the
silencing of Per2 had an effect on CD34+ cell differentia-
tion, leading to a decrease in CD133 expression (P , 0.05)
compared with treatment of CD34+ cells with control siRNA

(Fig. 2). This suggested an important role of Per2 in main-
taining the stem cell characteristics of CD34+ cells.

We next tested the role of clock genes in controlling
endothelial differentiation by examining changes in CD144
expression. Silencing of the clock genes Clock, Bmal1,
and Cry2 did not cause a change in CD144 expression
(Supplementary Fig. 1).

Differentiation Toward an Endothelial Phenotype Alters
the Clock Gene Oscillatory Pattern of CD34+ Cells
Previous studies indicate that differentiation of neural
progenitor cells toward neurons was associated with clock
gene oscillation (25). To determine whether in vitro differ-
entiation influenced clock gene expression patterns in
CD34+ cells, we propagated CD34+ cells in either undiffer-
entiating or differentiating conditions. Cells were har-
vested every 4 h for 4 days, and mRNA expression for
clock genes was determined using real-time quantitative
RT-PCR (qRT-PCR). A rapid change in the clock gene Clock,
Bmal1, Per1, Per2, Cry1, and Cry2 expression was observed.
The cosine model, which uses a least squares method to fit
a cosine wave to a time series study, was used to interpret
clock gene expression (Fig. 3A). Each data point represents
the experimentally observed mRNA expression patterns for

Figure 2—Per2 is required to maintain expression of CD133 stem cell marker. Lin2CD34highCD45mid cells were treated with siRNAs
specific to the clock genes clock, Bmal1, Per2, and Cry2 or a scrambled/control siRNA, and surface expression for CD133 was determined
using flow cytometry. Bar chart showing that only Per2 is necessary to maintain primitive stem cell characteristics compared with the other
clock genes Clock, Bmal1, and Cry2. n = 8. ns, not significant.
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Figure 3—Endothelial differentiation of CD34+ cells alters the expression pattern of clock genes. A: Lin2CD34highCD45mid cells were cultured
in hematopoietic progenitor–supporting (stem cell maintenance media [black lines]) or endothelial differentiation conditions (differentiation [red
lines]) and harvested every 4 h to analyze mRNA expression of clock genes (Clock, Bmal, Per1, Per2, Cry1, and Cry2). Each data point
represents the experimentally observed mRNA expressions for clock genes, while the solid line shows simultaneous data set fitted for the
cosine model (see RESEARCH DESIGN AND METHODS) over 96 h. The cosine model was used to predict the biological rhythm of individual clock
genes. Clock constituting “positive arm” of circadian cycle showed suppressed expression with endothelial differentiation, while Bmal1, Per2,
and Cry2 exhibited rapid oscillatory pattern in endothelial supporting conditions. There was no significant change in the expression pattern for
Per1 and Cry1. B: Bar chart showing relative mRNA expression at day 4 for individual clock gene expression. n = 4.
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clock genes, while the solid line shows the simultaneous fit
for mRNA expression over 96 h. Per1, Per2, Cry1, and Cry2
(negative arm) exhibited rapid oscillatory patterns under
endothelial-differentiating conditions (P , 0.05); however,
the positive arm of clock gene expression represented by
Clock and Bmal1 showed an overall decrease at the end of
the 4-day time course (Fig. 3B).

Diabetic CD34+ Cells Fail to Maintain Stem Cell
Characteristics or to Differentiate in Endothelial-
Supporting Conditions
To test the relevance of our findings that clock genes
influence the differentiation of CD34+ cells, we examined
the differentiation pattern of diabetic CD34+ cells under the
same experimental conditions described above for control
(nondiabetic) cells. Diabetic CD34+ cells showed a significant
reduction (P, 0.05) in baseline levels of CD133 and also
failed to respond to conditions required to maintain the
undifferentiated state (Fig. 4A). Exposure of diabetic
CD34+ cells to promote differentiation failed to show a char-
acteristic gain in differentiation marker CD144 under
endothelial-supporting conditions (Fig. 4B), suggesting
defects in the ability both to maintain “stemness” and
to differentiate toward endothelial cells.

Differential Expression of miRNA Signature in
Nondiabetic and Diabetic Progenitor Populations
Emerging studies suggest a role for miRNA in regulation of
physiological clock function (26). CD34+ cells obtained from
peripheral blood and bone marrow as well as during devel-
opment show a differential pattern of miRNA expression
(27). To study the influence of miRNA expression and clock
gene function on progenitor cell differentiation, we selected
three interrelated but distinct populations of endothelial
progenitors that exhibit clear differences in their propensi-
ties to differentiate to endothelial cells, CD34+ cells, eEPCs,
or ECFCs (Fig. 5A). These three populations were generated
from individuals with diabetes and age- and sex-matched
individuals without diabetes. Microarrays for miRNAs
were performed on these three populations using the Qia-
gen Human Serum & Plasma miRNA PCR Array. Data were
analyzed using Ingenuity Pathway Analysis software. From
both the control subjects and patients with diabetes, 59
miRNAs were mapped in the three different progenitor
populations. With the use of the miRNA target filter for
circadian function, 48 miRNAs targeting 23 mRNAs associ-
ated with circadian function were selected, and our database
was filtered to enrich for only highly predicted miRNA tar-
gets associated with circadian function. Finally, 25 miRNAs
were identified that were only associated with clock gene
function. These miRNA specifically targeted six clock gene
mRNAs (i.e., Clock, Bmal1, Per1, Per2, Cry1, and Cry2) (Fig.
5B). We further determined phastCons scores for individual
miRNAs using a genome database (28). Only the miRNAs
that crossed a threshold of 0.5 or 50% were considered
highly predicted targets for respective clock gene mRNAs.
Of the 25 filtered miRNAs, 20 miRNA passed this threshold
with the exception of miR-15 and miR-30c; however, the

phastCons score for miR-127-5p and miR-29b could not be
determined owing to the unavailability of sufficient infor-
mation in database (Fig. 5C). The miRNAs mapped by the
three populations of progenitors are depicted in Fig. 5D
along with their respective mRNA targets (Supplementary
Table 1). Several unique miRNAs only target clock genes in
diabetic progenitor populations and not in any of the
nondiabetic populations. These were miR-18b (miR-17
family), miR-16 (miR-15 family), and miR-34c (miR-34
family).

Differential Expression of miRNA in Nondiabetic and
Diabetic Endothelial Progenitor Populations
The enriched data set mapped by the three progenitor
populations of diabetic or nondiabetic origin was further

Figure 4—Decrease in “stemness” and endothelial differentiation in
diabetic CD34+ cells. Bar chart showing CD133 (A) and CD144 (B)
surface expression of Lin2CD34highCD45mid population when first
isolated and then when placed in vitro under conditions to maintain
the undifferentiated state or the differentiated state (n = 4). □,
control; ■, diabetes.
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Figure 5—miRNA microarrays identify unique clock gene regulatory miRNAs in control and diabetic cells in three distinct stages of
endothelial differentiation. A: Differentiation pattern and clock gene expression in freshly isolated CD34+ cells (i), cultured eEPCs (ii),
and ECFCs (iii). B: Analysis scheme for miRNA microarray data using Ingenuity miRNA target analysis to predict highly significant targets
for clock genes. C: Bar chart showing highly conserved miRNA targets expressed in terms of their phastCons score determined using
a combination of miRNA target filter and mRNA expression pairing. D: Schematic showing highly predicted miRNAs for circadian target
genes mapped by three progenitor populations with distinct capabilities to differentiate to endothelial cells. miRNAs identified only in the
diabetic population are marked in red. Scale bar, 100 mm. The array plates were run at minimum in sextuplicate, with at least 6 unique
samples for each sample category.
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analyzed using PermutMatrix cluster analysis software. The
change in expression pattern of miRNAs due to differenti-
ation toward endothelial linage or due to diabetes was ex-
amined (29). Clustering identified candidate miRNAs that
changed dramatically among these distinct progenitor popu-
lations, e.g., let-7e, miR-92a, miR-30c, and miR-200c (Fig. 6A).

With the use of the combination of TargetScan (www
.targetscan.org [30]) and cluster analysis, miRNAs for the
mRNA targets Per2 (Fig. 6B) and Cry2 (Fig. 6C) were selected,
and qRT-PCR was performed to validate the miRNA changes.
For these studies, CD34+ cells were selected, as these cells
are the most feasible for use in autologous cell therapy and
to date the use of autologous CD34+ cells in patients with
diabetes has been severely limited by the dysfunction of

these cells. Using qRT-PCR, we showed a significant de-
crease in miR-92a (Fig. 6C) (P , 0.001), which is known to
target Per2. We also observed a decrease in let-7e (Fig. 6D)
(P , 0.001), which previously had been shown to possess
circadian oscillations, predicted to repress Cry2 and known
to be involved in glucose homeostasis and insulin sensitiv-
ity (31). We also validated miR-9, miR-96, miR-124, miR-
135, and miR-363, which are known to regulate the clock
genes Clock and Bmal1 (Supplementary Fig. 2). On the basis
of the studies supporting a role of miR-92a in angiogenesis
(11), we selected miR-92a as the candidate miRNA for
additional examination.

Expression of miR-92a in CD34+ Cells of Long-term
Patients With Diabetes With DR
In order to understand the role of miR-92a in CD34+ cells,
we selected a unique cohort of individuals who, despite long-
standing poorly controlled diabetes of .40 years’ duration,
remained free of DR (Diabetes w/o DR). We compared
CD34+ cells from the “protected” patients with diabetes
with individuals matched for age, sex, and duration of
diabetes who developed DR (Diabetes w/DR) and with
age- and sex-matched control subjects without diabetes.
The evaluation of miR-92a expression showed a significant
upregulation (P , 0.05) of miR-92a in Diabetes w/o DR
compared with the patients that developed retinopathy
(Fig. 7A). miR-92a is a negative regulator of inflammation
modulating Toll-like receptors (TLR) to reduce inflammatory
gene expression (32). Therefore, we next examined the
miR-92a–TLR target gene network in the three cohorts and
analyzed the data using Ingenuity Pathway Analysis. Our
microarray studies have previously been published (33).
The pathway analysis for TLR receptors showed downregu-
lation in TLR2, TLR4, TLR5, TLR7, and TLR8 (Supplemen-
tary Fig. 3A), known targets of IL-1. We observed similar
changes in TLR2 (Fig. 7B), TLR4 (Fig. 7C), and TLR8 (Fig.
7D) gene expression when the microarray results were val-
idated using qRT-PCR. We also observed a profound increase
in clock genes Bmal (Arntl), Per1, Per2, Cry1, and Cry2 in
individuals protected from DR (Supplementary Fig. 3B).

Overexpression of miR-92a Corrects Inflammation in
Diabetic CD34+ Cells
Overexpressing miR-92a in diabetic Lin2CD34+CD45+

cells was accomplished using an miR-92a mimic, and ex-
pression of miR-92a was determined using qRT-PCR. A
significant increase in the concentration of miR-92a was
observed at two concentrations (5 nmol/L and 50 nmol/L)
of the miR-92a mimic tested (Fig. 8A). All additional stud-
ies were performed using the lower concentration of the
miR-92a mimic. Next, we examined whether restoring
optimum levels of miR-92a in diabetic CD34+ cells could
correct known dysfunction, specifically, defects in prolif-
eration and differentiation and changes in inflammatory
gene expression in these cells. For this purpose, we treated
diabetic CD34+ cells with miR-92a mimic and propa-
gated the cells in methylcellulose semisolid media. At

Figure 6—Differential expression of miRNA signatures in popula-
tions with diabetes and populations without diabetes with different
propensities for endothelial differentiation. A: Heat map showing
individual expression of miRNAs that are known to target clock
genes in CD34 cells, eEPCs, and ECFCs. Highly altered miRNAs
were further separated to identify unique miRNAs targeting Per2 (B)
and Cry2 (C) mRNA. n = 3. D: qRT-PCR validating miRNA expres-
sion of miR-92a and let-7e. n = 8, control subjects without diabetes;
n = 10, diabetes.
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10 days after culture, the numbers of colonies were enu-
merated using a light microscope. The morphology of the
colonies was similar in both the control miRNA and the
miR-92a mimic-treated groups (Supplementary Fig. 4A
and B). Similarly, no effect of miR-92a overexpression
on diabetic CD34+ cell proliferation was observed as de-
termined by enumeration of colonies. Next, we tested
whether differentiation of diabetic CD34+ cells was affected
by miR-92a overexpression using the protocol described in
Fig. 1A. Overexpression of miR-92a failed to show the
expected decrease in CD133 expression under endothelial-
differentiating conditions (Supplementary Fig. 5A). Treat-
ment with the miR-92a mimic also did not cause a change
in CD144 expression compared with control miRNA (Sup-
plementary Fig. 5B).

Diabetic CD34+ cells exhibit paracrine dysfunction and
are proinflammatory (34). We next studied the effect of
miR-92a mimic treatment on the expression of inflammatory
genes in these cells; we measured mRNA expression of a

variety of cytokines in these cells. We could not detect IL-6
or IL-15 by qRT-PCR, while IL-8 and tumor necrosis factor
(TNF)-a were detected in only 25% of samples. There was
a significant decrease in expression of IL-1b after treat-
ment with miR-92a mimic (Fig. 8B). Flow cytometry anal-
ysis revealed a significant decrease in surface expression
of CD14 (Fig. 8C), while CD11a and CD13 expression
remained unchanged (Supplementary Fig. 6).

DISCUSSION

The salient findings of our study are that only Per2 is
required for maintaining the undifferentiated state of
CD34+ cells, while robust oscillations of clock genes are
needed for differentiation toward the endothelial linage.
Patients with diabetes who are protected from the devel-
opment of DR maintain higher levels of miR-92a expres-
sion in their CD34+ cells compared with Diabetes w/DR.
Importantly, restoration of miR-92a levels in CD34+ cells
from patients with Diabetes w/DR reduces the inflammatory

Figure 7—Patients with diabetes protected from DR show an upregulation in miR-92a and a decrease in TLR expression. A: Bar chart
showing increase in miR-92a expression in Diabetes w/o DR compared with Diabetes w/DR. mRNA expression determined using real-time
quantitative PCR showing decrease in expression of TLR2 (B), TLR4 (C ), and TLR8 (D) in the Diabetes w/o DR group. n = 5, Diabetes w/o
DR; n = 3, Diabetes w/DR; n = 5, control subjects without diabetes.
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phenotype of these cells and the diabetes-induced pro-
pensity toward myeloid differentiation.

Several major regulators of differentiation include the
Sox, Ets, Forkhead, GATA, and Kruppel-like families. Of
these, the Ets family members are expressed in hemato-
poietic stem cells and have been shown to be under clock
control. The nuclear binding of Ets is necessary to maintain

the undifferentiated state in progenitor cells (35). Interest-
ingly, the CLOCK/BMAL and CRY2 complex displaces Ets
in the promoter region (36), suggesting that nuclear bind-
ing of the clock gene complex may promote progenitor
differentiation by suppression of Ets transcription. How-
ever, studying the potential role of clock genes in endothe-
lial transcription will require a robust experimental design.
Specifically, the studies would need to ascertain molecular
regulators of the respective clock genes and screen for a
series of endothelial transcription factors followed by val-
idation in animal studies.

A key determinant of clock gene function is post-
transcriptional and posttranslational regulation. Seminal
studies show that posttranslational modifications of PER2
determine the duration of the clock (5). In addition, emerg-
ing studies document that miRNA regulation is critical in
defining clock gene expression. A variety of miRNAs such
as miR-181d (clock, bmal) and miR-192/194 (Per1, Per2,
and Per3) have previously been implicated in clock gene
regulation (37). Our study highlights 25 key miRNAs tar-
geting mRNAs of clock gene transcripts that influence the
three populations of progenitors examined. We identify
miR-18b, miR-16, and miR-34c-5p as unique to the di-
abetic cell populations. miR-18b has been identified as
an important marker of cell proliferation and adhesion
and as a diagnostic marker in individuals with hepato-
cellular carcinoma (38). Our study demonstrates that
miR-18b, similar to miR-92a, may serve as an indicator
of CD34+ cell dysfunction in diabetes. miR-16 plays
a critical role in angiogenesis by targeting VEGF (39)
and in cell-cycle control by targeting regulators of cell-
cycle progression such as cyclin D1, cyclin E1, and cylcin-
dependent kinase 1 (40). Interestingly, miR-16 is reduced
in skeletal muscles of individuals with diabetes (41) and
is involved in insulin resistance (42). Optimum restora-
tion of miR-16 may correct diabetes-induced dysfunction
in CD34+ cells; however, such experiments are beyond
the scope of this study.

Another main finding of our study is the reduction of
miR-92a, a Per2-regulatory miRNA, in CD34+ cells of indi-
viduals with DR. Previously, we reported that Per2 mu-
tant mice show decreased colony-forming ability (3)
suggesting the important role of Per2 in maintaining
the stem cell nature of BMPCs. It would be of interest
to determine whether miR-92a overexpression in Per2
mutant mice could help correct BMPC dysfunction and
prevent retinopathy. Our study provides a basis for future
studies in this direction.

miR-92a is activated in cancer cells including solid
tumors and neuroblastomas but also is highly expressed
in endothelial cells, acting as an endogenous repressor of
angiogenesis by regulating mRNAs of proangiogenic pro-
tein integrin subunit a5 (3,11). miR-92a targets TLR, and
forced overexpression of miR-92a using a mimic leads to
a decrease in expression of inflammatory cytokines, IL-6
and TNF, in macrophages. This response of miR-92a is likely
mediated via a c-Jun NH2-terminal kinase (JNK/c-Jun)

Figure 8—miR-92a overexpression downregulates inflammation
and myeloid differentiation CD34+ cells obtained from patients
with diabetes. A: miR-92a mimic (5 nmol/L) was overexpressed
in CD34+ cells using Optimem and Lipofectamine 2000, and the
miR-92a expression was evaluated using qRT-CPR. Bar chart
showing upregulation in expression of miR-92a after treatment
with miR-92a mimic. B: miR-92a mimic treatment showing down-
regulation in IL-1b mRNA expression. C: Bar chart showing surface
expression of CD14 after treatment with miR-92a mimic determined
using flow cytometry. n = 4.
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pathway, which results in a decrease of TLR4 expression
(32). In CD34+ cells of individuals with diabetes protected
from DR, we observed a profound decrease in TLR2,
TLR4, and TLR8 that was associated with an increase in
miR-92a expression. We speculate that this unique cohort of
protected individuals maintains high levels of miR-92a
throughout the course of their disease, which prevents the
TLR-mediated inflammatory response typically seen in the
CD34+ cells of patients with diabetes with DR. Previously, we
reported that CD34+ cells from patients with diabetes pro-
tected from DR exhibit other unique phenotypic character-
istics including a reduction of transforming growth factor-b1
(33), modulation of the renin angiotensin system (43), and
protection of their long-term repopulation ability (under re-
vision). Together, these likely represent the mechanisms for
the sustained vascular repair capacity observed in the CD34+

cells isolated from the individuals with diabetes protected
from DR.

CD34+ cells of diabetic origin express a proinflamma-
tory secretome compared with cells from healthy control
subjects (21). Diabetic CD34+ cells show a dramatic de-
crease in proangiogenic growth factors (e.g., SCF, HGF,
TPO), which are known to be involved in proliferation,
differentiation, and migration of CD34+ cells (21). Inter-
estingly, inflammatory molecules such as TNF-a and IL-1b
possess a diurnal rhythm, and sleep deprivation results in
an increase of these cytokines (44). We speculate that the
autocrine production of inflammatory factors such as TNF-a
and IL-1b by diabetic CD34+ cells may be responsible for the
defective differentiation observed in these cells.

In CD34+ cells of individuals with diabetes protected
from DR, we observed a profound decrease in TLR2,
TLR4, and TLR8 that was associated with an increase in
miR-92a expression. CD34+ cells widely express TLR4, -7,
and -8 receptors. Activation of these receptors results in
biased differentiation toward more committed monocytic
and macrophagic cells characterized by an increase in ex-
pression of CD13, CD11c, and CD14 (45). Normally, there
is a perfect balance between myeloid, lymphoid, and stem
cell numbers; however, with diabetes this balance shifts
toward more myeloid and fewer lymphoid cells (46). Our
results would suggest that miR-92a downregulation is
linked to this imbalance. Restoration of optimum miR-92a
would not only correct myeloid bias but also reduce in-
flammation; thus, we believe that the protective effect of
miR-92a in diabetes is possibly mediated via reduced
activation of TLR receptors.

Our miRNA validation and subsequent miR-92a over-
expression studies focused on diabetic CD34+ cells because
CD34+ cells possess the greatest translational potential due
to their ease of isolation, which requires minimum manip-
ulation, unlike eEPCs or ECFCs, which require ex vivo ex-
pansion. CD34+ cells serve as “reporter” cells that can gauge
diabetes-induced dysfunction (47). In these cells, this dys-
function represents multiple defects including the shift to
a myeloid phenotype characterized by a rapid expression of
dendritic markers such as CD11c and CD14 (48,49).

Taken together, we consider that the shift of healthy
nondiabetic CD34+ progenitor cells toward a more differ-
entiated state is a dynamic process in which clock genes
play an integral role. At the nuclear level, clock genes pro-
mote transcription of endothelial differentiation genes,
thus reducing stem cell characteristics, while at a posttran-
scriptional level a variety of miRNAs regulating clock genes
may augment this endothelial differentiation phenotype.
Unanswered questions remain, including the nature of
the transcription factors that bind to the clock genes that
orchestrate these events and whether overexpression of
miR-92a can correct endothelial dysfunction in Per2 mu-
tant mice or miR-16 can correct the dysfunction of CD34+

cells isolated from patients with diabetes with vascular
complications.

While acknowledging the limitations of this study, we
have shown an important role of clock genes in the
phenotypic shift of progenitors toward a more differentiated
phenotype and that unique miRNAs can regulate this
process. In an era that is bringing stem cell therapies to
the clinics, use of miR-92a mimics may restore diabetic
CD34+ cells toward functional progenitors with enhanced
reparative capacity. Furthermore, our study has identified
TLR as a potential target regulated by miR-92a. miR-92a
may serve to correct diabetes-associated inflammation as
well as restore normal circadian function in CD34+ cells,
enhancing their therapeutic potential.
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