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A B S T R A C T

Solid tumor microenvironments are often subjected to various levels of hypoxia. Although regulation of gene
expression has been examined extensively, most studies have focused on prolonged hypoxia. The tumor mi-
croenvironment, however, experiences waves of hypoxia and reoxygenation that stimulate the expression of pro-
angiogenic factors that promote blood vessel formation. In this study, we examined human umbilical vascular
endothelial cells (HUVECs) under waves of intermittent (cyclic) hypoxia to determine how this process compares
to prolonged hypoxia, and more importantly, how this influences the microRNA profiles that potentially affect
the posttranscriptional regulation of angiogenic genes. The rationale for these studies is that cancer cells sub-
jected to cyclic hypoxia appear to have increased metastatic potential and endothelial cells exhibit a higher
radiation resistance and greater migration potential. This indicates that gene regulatory networks in cyclic
hypoxia may be different from prolonged hypoxia. Here we examined the consequences of cyclic hypoxia on
miRNA gene expression and how these changes in miRNA expression influence angiogenesis. Using Next
Generation Sequencing, our results demonstrate that cyclic hypoxia has very different effects on the miRNA
networks compared to prolonged hypoxia, and that the in silico predicted effects on the certain mRNA target
genes are more similar than might be expected. More importantly, these studies indicate that identifying po-
tential miRNAs (including hsa-miR-19a-5p) as therapeutic targets for inhibiting angiogenesis and tumor pro-
gression will require this type of physiologically relevant analysis.

1. Introduction

Hypoxia, as a feature of almost all solid tumor microenvironments,
often contributes to a tumor's aggressive phenotype and therapy re-
sistance [1]. Cyclic hypoxia affects tumor growth and results in in-
creased vascularization of growing tumors during periods of alternating
states of low oxygen concentration and reoxygenation. This process has
been defined previously as intermittent or acute hypoxia [2]. Two
general frequency patterns of fluctuating changes have been observed
in tumor microenvironments. Low frequency changes often result from
blood vessel creation or remodeling processes that can last hours or
even days. High frequency fluctuations can last from minutes to hours
and are caused by a decreased erythrocyte flux or a temporary lack of
blood flow [3,4].

Hypoxic conditions affect not only malignant tissues, but also the
blood vessels that nurture the tumor [2,3,5]. Although tumors express
various pro-angiogenic factors that stimulate angiogenesis, the

resulting vessels are often disorganized and structurally and function-
ally abnormal [6]. This aberrant tumor vasculature and tumor com-
pression by proliferating cancer cells result in irregular blood flow and
contribute to cyclic hypoxia [7,8]. Furthermore, since the cyclic hy-
poxia affects both cancer and endothelial cells, it is important that an
effective adaptation of the endothelium to low oxygen levels is required
for survival and tumor development [5].

Between the two types of hypoxia, prolonged hypoxia is well
characterized, whereas cyclic hypoxia appears to be more resistant to
cancer therapy. Cancer cells subjected to repeating cycles of hypoxia
and reoxygenation demonstrate increased metastatic potential, and
endothelial cells exhibit a higher radiation resistance, and a greater
migration potential and tube formation ability [8–11]. This suggests a
number of implications for tumor cell survival, delivery and respon-
siveness to chemotherapeutic agents and tumor regrowth potential.
Furthermore, these observations have been demonstrated in different
whole genome expression profiles of both cancer and endothelial tissues
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under cyclic and prolonged hypoxia conditions [3,12].
Although numerous studies have proposed that cyclic hypoxia is a

critical target for tumor response therapies, the molecular mechanisms
involved in cyclic hypoxia responses remain poorly understood.
Furthermore, most of the previous studies have focused on the hypoxic
microenvironment in tumor cells, while the consequences of cyclic
hypoxia on tumor blood vessel formation have been overlooked [13].
Although the role of miRNAs in the molecular responses to low oxygen
levels has been extensively studied [14,15], the specific role of miRNAs
in cyclic hypoxia remains limited despite their potentially far-reaching
implications in many forms of cancer. Importantly, the function of
miRNAs in human endothelial cells during cyclic hypoxia has not been
investigated. Given the potential role of miRNAs during cyclic hypoxia
in regulating angiogenesis and cell survival, these RNAs could poten-
tially play an important role in inhibiting tumor progression.

In the present studies using Next Generation Sequencing, we fol-
lowed the specific alterations in the miRNA levels during cyclic hypoxia
in primary human umbilical vein endothelial cells (HUVECs). The re-
sults of these experiments illustrate that cyclic hypoxia is very different
than prolonged hypoxia and has a very different effect on miRNA
profiles in endothelial cells. Our in silico analysis, however, suggests
that the changes in miRNA networks induced by cyclic hypoxia mod-
ulate the same signaling pathways that are responsible for the response
to prolonged hypoxia. Furthermore, we demonstrate that miR-19a-5p is
specifically reduced during cyclic hypoxia, and we discuss how this
could be a potential therapeutic target.

2. Results

The goal of this study was to test whether cyclic hypoxia has specific
effects on the miRNA profiles in human endothelial cells (ECs), and
more specifically with miRNAs involved in angiogenesis and cell sur-
vival. To address this, we utilized Next Generation Sequencing (NGS) to
follow changes in miRNA levels in primary HUVECs exposed to cyclic
and prolonged hypoxia.

Cyclic hypoxia inside vascularized tumors is defined as a recurrent
phenomenon that is composed of relatively short periods of alternating
hypoxia and reoxygenation. In this study, we applied parameters of
hypoxia/reoxygenation cycling that are widely established in literature
[8,16,17]. As shown in Fig. 1, we exposed HUVECs to 9 cycles of 1 h
hypoxia (0.9% O2) followed by 36min of reoxygenation (21% O2).
HUVECs were also exposed to prolonged or cyclic hypoxia for com-
parable times either with continuous hypoxia (prolonged) or cycles of

hypoxia and reoxygenation (cyclic hypoxia). Notably, our previous
studies in HUVECs under prolonged hypoxia identified the presence of a
switch between the expression of hypoxia inducible factors HIF-1 and
HIF-2 that is crucial for the endothelial cell (EC) adaptation to hypoxia
and the changes in gene expression that occurred between the two HIFs
[15]. Here, we restricted our NGS analyses to 3 main HIF switch
transcriptional stages in prolonged hypoxia (0.9% O2) [15]: (i) an in-
itial stage of hypoxia governed by HIF-1 (prolonged hypoxia for 3 h
12min compared to 2 cycles of hypoxia/reoxygenation for the same
total period of time); (ii) an intermediate stage governed by both HIF-1
and HIF-2 (8 h of prolonged hypoxia compared to 5 cycles of hypoxia/
reoxygenation); (iii) and a prolonged stage governed by HIF-2 (14 h and
24min of prolonged hypoxia compared to 9 cycles of hypoxia/reox-
ygenation). Both the prolonged and cyclic hypoxia experiments were
performed in parallel from the same batch of primary HUVECs cells that
were pooled from 10 independent donors and the results were com-
pared to normoxic controls. Since our goal was to determine the specific
effects of cyclic hypoxia without the complicating effects of hypoxia,
the cyclic hypoxia samples were collected after the full cycle, at the end
of the 36min reoxygenation step.

In HUVECs exposed to cyclic hypoxia for the 3 stages of hypoxia, 72
miRs were significantly changed. 24 miRs were induced and 48 were
reduced (Table 1), whereas prolonged hypoxia significantly changed
the expression of 121 miRNAs (45 miRs were induced and 76 were
reduced) (Fig. 2a; Supplemental Table 1). Notably, the miRNA ex-
pression profiles of prolonged and cyclic hypoxia were significantly
different and only 4 (including miR-210) and 27 miRs were induced or
reduced, respectively, in both models. As shown in Fig. 2b, both models
of hypoxia resulted in significant reduction in global miRNA expression.
This observation is in agreement with previous reports showing that
hypoxia interferes with miRNA biogenesis [18]. Notably, besides the
significant differences in miRNA profiles between cyclic and prolonged
hypoxia, the global miRNA levels during cyclic hypoxia were less re-
duced than during prolonged hypoxia (in at each cycle/time tested)
(Fig. 2b). Among the miRNAs affected by both hypoxia models, 9 had
been previously reported to be hypoxamiRs (Supplemental Table 1)
[14,15,19]. The prolonged hypoxia-specific miRNAs included 19 more
that were known hypoxamiRs [14,15,19]. Interestingly, none of the
miRNAs specifically affected by cyclic hypoxia have been reported
before as hypoxamiRs in endothelial cells. These results indicate that
cyclic hypoxia affects the miRNA profile in a very different manner than
prolonged hypoxia.

When we compared the specific time points with the respective

Fig. 1. Schematic representation of cyclic and prolonged hy-
poxia experiments. HUVECs were placed under cyclic (blue
line) and prolonged (green line) hypoxic conditions for the
time periods specified. For miRNAseq analysis, samples were
isolated at indicated time points (black dots) from cells placed
in (i) normoxia, (ii) cyclic and (iii) prolonged hypoxia for 3 h
12min (A), 8 h (B) and 14 h 24min (C). (For interpretation of
the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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cycles (Supplementary Fig. 1), both models had very limited impact on
miRNAs profiles in the initial stages (after 2 cycles or 3 h of prolonged
hypoxia). The levels of only 13 miRs and 20 miRs were affected, re-
spectively, with 5 miRs being common between these two models.
During the intermediate stage (after cycle 5 or 8 h of prolonged hy-
poxia), 33 miRs and 41 miRs were affected, respectively, with 9 miRs in
common between the two models. After cycle 9 or 14 h and 24min of
prolonged hypoxia, 37 miRs and 87 miRs were affected (Supplementary
Fig. 1), respectively, with 18 miRs in common between these two
models. Notably, prolonged cyclic hypoxia affected the miRNA profiles
to the lesser extent than the prolonged one.

In order to predict the cyclic hypoxia miRNA effects on the en-
dothelial cell transcriptome, we utilized the miRDIP database. This
database effectively combines different target prediction algorithms in
order to identify the most probable interactions [45]. Although we
limited our analysis to the top 1% of the predicted targets, this iden-
tified the highest probability mRNA hits for binding. This analysis
identified approximately 6226 of mRNAs being potential targets of
miRs affected by cyclic hypoxia and 8674 of potential unique targets for
miRs affected by prolonged hypoxia (Supplemental File 1). As shown in
Fig. 3, although these models of hypoxia affected a large number of
different miRNAs, the majority of potential targets of these miRNAs are
common (64.5%; 5842) for cyclic and prolonged hypoxia, whereas the
potential exclusive targets in the transcriptome are limited (potential
exclusive prolonged targets are 31% (2832)). Interestingly, the ex-
clusive targets for cyclic hypoxia are much more limited (4%; 384).
Although these data are based on bioinformatic predictions, they sug-
gest that cyclic and prolonged hypoxia utilize different sets of miRNAs
to modulate a number of similar targets of cells signaling (Fig. 3).
Moreover, the unique targets of miRNAs that are common between
these two types of hypoxia could modulate up to 30% of the targets, but
at the same time these targets can be also regulated by miRs unique for
either type of hypoxia. The mRNAs that were unique targets for the
common miRNA group had no clear GO relation to the cellular response
to hypoxia.

Using Gene Ontology Software, we placed these target prediction
results into physiological context. As shown in Fig. 3, the common pool

of miRNA potential targets for both prolonged and cyclic hypoxia
would allow patterns of adaptation to hypoxia that includes cytoske-
letal signaling, Wnt/Hedgehog/Notch signaling, MAP kinase signaling,
angiogenesis, energy/glucose metabolism and apoptosis and autophagy
(Supplemental File 2). Interestingly, the genes that were miRNA target-
specific for either prolonged hypoxia or cyclic hypoxia had very limited
impact on cell signaling and did not appear to be related to hypoxia.

This data suggest that the cellular adaptation to prolonged and
cyclic hypoxia is achieved by differential modulation of expression of a
crucial pool of common regulatory genes by distinctive changes in the
miRNA modulatory networks. To further test this hypothesis, we fol-
lowed mRNA changes of genes encoding HIF-1α (HIF1A) and HIF-2α
(EPAS1) (master regulators of hypoxic genes expression), and some
downstream effectors including VEGFA (main angiogenesis mediator)
and GLUT1 (responsible for adaptation of metabolism to hypoxia).
Importantly, both VEGFA and GLUT1 are transcriptionally induced
during prolonged hypoxia. As shown in Fig. 4ab, cyclic hypoxia did not
result in a dramatic reduction of HIF1A mRNA when compared with
prolonged hypoxia, and similar to prolonged hypoxia, had a limited
effect on EPAS1 mRNA levels. However, as shown in Fig. 4e, although
HIF-1α and HIF-2α accumulate under prolonged hypoxia, the reox-
ygenation during cyclic hypoxia results in protein degradation. Inter-
estingly, the induced expression of VEGFA and GLUT1 were similar and
elevated in both forms of hypoxia (Fig. 4 cd). Notably, the cyclic hy-
poxia effects on VEGFAmRNA levels were less pronounced compared to
the prolonged hypoxia. Although these results are limited to two genes,
they clearly show the different influence of these hypoxia models on the
transcriptional signaling pathways.

In order to verify the usefulness of our functional predictions in the
context of anti-angiogenic therapies, we used our NGS data in an in
silico approach to narrow our focus to the miRNAs uniquely modulated
by cyclic hypoxia. These miRNAs display statistically notable and op-
posite expression profiles during cyclic and prolonged hypoxia, and are
dysregulated in various types of cancer and have potential target sites
in mRNAs that code for important regulators of hypoxia-induced an-
giogenesis as predicted by the bioinformatic analysis.

Consequently, we selected miR-19a-5p, an oncomiR that is

Fig. 2. Cyclic hypoxia has a different effect on the miRNA profiles than prolonged hypoxia. (a) Venn diagrams [44] representing differences in miRNA profiles
between the cyclic and prolonged hypoxia models with the numbers of common upregulated and downregulated miRNAs. Light grey denotes upregulation and dark
grey denotes downregulation of miRNAs for each condition. (b) Relative miRNAs levels are significantly different during cyclic and prolonged hypoxia when
compared to normoxia. The miRNAs levels were expressed as fold change relative to normoxic control, and the groups were compared with ANOVA. *Denote values
significantly different between normoxia group and hypoxia groups (P < .05). **Furthermore, prolonged hypoxia resulted in more reduced miRNA levels than the
cyclic hypoxia (at each cycle/time tested), and the median values are marked with solid lines while average values are dashed.
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dysregulated in hepatocellular carcinoma cells under hypoxic condi-
tions [39], in bladder cancer [37] and in lung cancer [38]. As shown in
Fig. 5, miR-19a-5p is reduced during cyclic hypoxia, and induced
during prolonged hypoxia.

Interestingly, our target prediction analysis identified HIF1A and
cyclooxygenase-2 (COX-2), vascular endothelial growth factor (VEGF),
vascular endothelial growth factor receptor 1 (FLT1), endothelin 1
(EDN1), and endothelin-B receptor (EDNRB) mRNAs as putative targets
of miR-19a-5p. Notably, endothelin signaling has been shown as a
critical inducer of cancer angiogenesis [45], while EDNRB is predicted
to be one of the most probable (top 1% score) targets for miR-19a-5p.
Next, using miR-19a-5p analog (mimic) and antagomiR, we tested
whether these mRNAs are affected by miR-19a-5p during hypoxia. We
looked for mRNAs that are reduced after miR-19a-5p mimic over-
expression, and elevated during antagomiR expression. As shown in
Fig. 5 and Supplemental Fig. 3, only EDNRB mRNA fulfilled these cri-
teria.

The expression of EDNRB is elevated during cyclic hypoxia, but not
affected by prolonged hypoxia (Fig. 5b). Hence, the downregulation of
miR-19a-5p could stimulate angiogenesis through stabilization of
EDNRB mRNA. Furthermore, overexpression of miR-19a-5p resulted in
significant reduction of EDNRB mRNA, whereas antagomiR treatment
had significant effect on accumulation of this mRNA (Fig. 5c). These
results suggest the possibility of a direct interaction between miR-19a-
5p and EDNRB. This observation, however, would require further

analysis to confirm a direct effect. Furthermore, we tested miR-19a-5p
effects on mRNA levels of all other predicted mRNA targets that are
important for modulation of endothelial response to hypoxia. As shown
in Supplemental Fig. 3, miR-19a-5p did not have a direct effect on the
majority of these genes. The HIF1A and COX-2 mRNAs levels were
unaffected by overexpressed or depleted levels of miR-19a-5p, whereas
EDN1 and FLT1 mRNAs were reduced by miR-19a-5p mimic only. No-
tably, a bidirectional influence of miR-19a-5p was observed for VEGF,
however, the antagomiR effects were minimal.

To test whether miR-19a-5p has a direct effect on blood vessel
formation, we performed angiogenic assays in primary HUVECs and
overexpressed or depleted miR-19a-5p. As shown in Fig. 6, increasing
levels of miR-19a-5p with the specific analog (mimic) impaired tube
formation, while depleting HUVECs of physiological levels of miR-19a-
5p with an antagomiR had a strong pro-angiogenic effect. This result
demonstrates that loss of miR-19a-5p during cyclic hypoxia would be
proangiogenic.

It is well known that the endothelial cells show remarkable het-
erogeneity in structure and function depending on their tissue dis-
tribution and other microenvironmental factors [46]. Although HU-
VECs that are representative for macrovascular endothelium were used
as our primary model, we also validated miR-19a-5p's role in primary
human dermal microvascular endothelial cells (HMVEC-D). As shown
in Fig. 7a, miR-19a-5p is also reduced during cyclic hypoxia in HMVEC-
Ds, whereas prolonged hypoxia induces its expression. Furthermore,

Fig. 3. Venn diagram representing miRDIP's top 1% of predicted targets for miRNAs affected by cyclic and prolonged hypoxia. The signaling pathway targets of miRs
affected by the two types of hypoxia are common. The miRNA target roles in cellular signaling and the influence scores were assigned with the GeneAnalytics
database. Only high scores (> 10; that represent a significant percentage of matched genes and thus potential involvement in signaling pathways) and medium scores
(> 5) were considered.
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depleting these cells of physiological levels of miR-19a-5p with an an-
tagomiR had a strong pro-angiogenic effect (Fig. 7b). Notably, miR-19a-
5p analog and antagomiR were able to bidirectional modulate EDNRB
mRNA levels (Fig. 7c), just as was seen in HUVECs.

3. Discussion

Although cyclic hypoxia has been proposed as a crucial therapeutic
target for anticancer therapy, previous studies have focused mainly on
prolonged hypoxia models [47,48]. Furthermore, most of the studies
conducted so far have focused on the hypoxic microenvironment in
tumor cells, while neglecting to follow the consequences of cyclic hy-
poxia for tumor blood vessel formation [13]. Furthermore, endothelial
cells under cyclic hypoxic conditions have been shown to exhibit higher
resistance to radiation, greater migration potential and greater tube
formation ability [8]. Both cancer and endothelial tissues display dif-
ferent whole genome expression profiles under cyclic and prolonged
hypoxia [3]. This difference suggests that the identification of the
transcriptional and posttranscriptional factors specific for the cellular
adaptation to the cyclic hypoxia may provide novel therapeutic stra-
tegies for cancer. The fact that specific miRNAs have been shown to be
crucial posttranscriptional mediators for cellular adaptation to pro-
longed hypoxia suggests that other miRNAs may promote adaptation to
cyclic hypoxia [13]. Cyclic hypoxia's influence on endothelial miRNA
networks, however, remains unknown. Recently Liu and coworkers
identified a cyclic hypoxia-specific interaction between miR-218 and
HIF-1α in mouse aortic endothelial cells [49]. To test the hypothesis

that cellular adaptation to cyclic hypoxia relies on miRNAs, we have
compared miRNA profiles of primary normal endothelial cells exposed
to cyclic and prolonged hypoxia. The use of healthy endothelial cells
allowed us to identify changes in miRNA levels related to cyclic hy-
poxia, without the complications associated with the molecular pro-
cesses triggered by carcinogenesis [3].

As shown in Table 1, cyclic hypoxia has a distinctive effect on
HUVEC's miRNA profile, modulating the miRNA network in a very
different manner than the prolonged hypoxia. Although, the both hy-
poxia models have common miRNAs affected (31 miRs: miR-210-3p,
miR-3974, miR-4477b, miR-5095, let-7c-3p, miR-1264, miR-143-3p,
miR-195-3p, miR-216b-3p, miR-26a-1-3p, miR-301b-5p, miR-4271,
miR-4472, miR-4483; miR-449c-5p, miR-499b-3p, miR-520d-5p, miR-
523-3p, miR-5581-3p, miR-5591-5p, miR-584-3p, miR-586, miR-599,
miR-6083, miR-6500-5p, miR-6785-5p, miR-6823-5p, miR-6865-3p,
miR-6885-5p, miR-9-3p, and miR-9-5p.), including miR-210, the ma-
jority of miRs induced or reduced by the cyclic hypoxia were different
than those identified during prolonged hypoxia. Notably, the large
group of miRNAs identified as hypoxamiRs in the prolonged model was
reported previously in endothelial cells [15,19]. We collected our
prolonged hypoxia data during the time periods that corresponded to
the oxygenation/reoxygenation cycles and thus these were different
from previous studies [19]. Importantly, none of the miRs that we
identified as specific for cyclic hypoxia has been described previously as
a hypoxamiR, although the deregulation of many of them has been
observed in cancer cells [14,15,19]. Along with the time of exposure of
endothelial cells to both hypoxia models, their effect on miRNA levels
was more significantly affected at later cycles and during prolonged
hypoxia (Supplemental Fig. 1). This is consistent with the previous
transcriptomic studies showing that prolonged hypoxia had an ex-
tended effect on the transcriptome due to the development of signaling
networks and related secondary effects [50,51]. Given that miRNA
expression is controlled transcriptionally and often by the HIFs, the
observed analysis of miRNA signaling is warranted.

The observed discrepancies in miRNAs profiles between cyclic and
prolonged hypoxia suggest that both of these models use miRNAs to
modulate different mRNAs in order to adapt the endothelial cells to the
low oxygen conditions. In order to verify this hypothesis, we used a
bioinformatic approach and found high probability mRNA target genes
that could be affected by each hypoxia-specific miRNA network.
Interestingly, as shown in Fig. 2, despite the observed differences in
miRNA profiles between the prolonged and cyclic hypoxia, their po-
tential target pool was very similar.

To gain a better insight into the functional roles of these putative
common and unique cyclic and prolonged hypoxia miRNA targets,
these results were placed in a physiological context using a gene on-
tology approach. The potential targets in common for both hypoxia
models were responsible for the cellular adaptation to hypoxia, whereas
the potential effects on cellular signaling networks of targets specific for
each type of hypoxia were fairly limited. From this analysis, it is clear
that the transcriptome's adaptation to cyclic hypoxia is achieved by the
different modulation of expression of a set of universal genes for both
types of hypoxia that promote angiogenesis, cell survival and a meta-
bolism switch.

The modulation of this gene expression, however, differs between
these two types of hypoxia because of the involvement of different
miRNA networks that are responsible for destabilizing their mRNA
targets. Although adaptation to cyclic hypoxia relies on signaling net-
works related to the same ones for prolonged hypoxia, their effects are
modulated differently by miRNAs. We verified this hypothesis fol-
lowing changes in HIF1A and EPAS1 mRNA levels as well as their
transcriptional targets during cyclic and prolonged hypoxia and de-
monstrated that these models affect HIF mRNA levels differently.
Notably, in the current study, we used fast proliferating HUVECs (cul-
tured in the presence of hVEGF, Insulin-Like Growth Factor 1 and
hEGF), that were doubling once a day, while we have conducted our

Table 1
Cyclic hypoxia-induced changes in miRNAs levels in HUVECs. Cells were ex-
posed to 2, 5 and 9 hypoxic cycles or to the corresponding times of prolonged
hypoxia and the miRNA profiles determined with NGS analysis. The detailed
fold change values for miRNA affected by either prolonged or cyclic hypoxia are
provided in Supplemental Table 1. Only 2 fold changes were considered.

miRNA
Induced during prolonged and cyclic hypoxia
hsa-miR-210-3p (HypoxamiR in ECs and many other types of cells [15,20]); hsa-miR-

3974; hsa-miR-4477b; hsa-miR-5095 (HypoxamiR in HUVECs [15]).
Reduced during both prolonged and cyclic hypoxia
hsa-let-7c-3p; hsa-miR-1264; hsa-miR-143-3p (Tumor suppressor in several cancers

[21]); hsa-miR-195-3p (Dysregulated in pancreatic cancer [22]); hsa-miR-216b-
3p; hsa-miR-26a-1-3p; hsa-miR-301b-5p; hsa-miR-4271; hsa-miR-4472
(HypoxamiR in HUVECs [15]); hsa-miR-4483 (HypoxamiR in HUVECs [15]);
hsa-miR-449c-5p (HypoxamiR in HUVECs [15]); hsa-miR-499b-3p (Dysregulated
in breast cancer [23]); hsa-miR-520d-5p (Dysregulated in hepatoma [24]); hsa-
miR-523-3p; hsa-miR-5581-3p; hsa-miR-5591-5p; hsa-miR-584-3p (Dysregulated
in glioma [25]); hsa-miR-586; hsa-miR-599 (HypoxamiR in HUVECs and
dysregulated in breast cancer [15,26]); hsa-miR-6083; hsa-miR-6500-5p; hsa-
miR-6785-5p (HypoxamiR in HUVECs [15]); hsa-miR-6823-5p; hsa-miR-6865-
3p; hsa-miR-6885-5p; hsa-miR-9-3p (Dysregulated in breast cancer [27]); hsa-
miR-9-5p (Dysregulated in breast cancer [27]).

Induced during cyclic hypoxia
hsa-miR-191-3p (Dysregulated in hepatocellular carcinoma [28,29]); hsa-miR-3128;

hsa-miR-3136-5p; hsa-miR-3193; hsa-miR-3194-5p; hsa-miR-320c (Dysregulated
in pancreatic cancer [30]); hsa-miR-3620-3p (Dysregulated in bladder cancer
[31]); hsa-miR-3653-3p; hsa-miR-3663-3p (Dysregulated in degenerative aortic
stenosis [32]); hsa-miR-3684; hsa-miR-4301 (Dysregulated in colorectal cancer
[33]); hsa-miR-450a-5p; hsa-miR-4664-5p; hsa-miR-548u; hsa-miR-641
(Dysregulated in glioblastoma [34]); hsa-miR-6755-3p; hsa-miR-6755-5p; hsa-
miR-6817-3p; hsa-miR-744-3p (Dysregulated in pancreatic cancer [35]); hsa-
miR-7641

Reduced during cyclic hypoxia
hsa-miR-1257; hsa-miR-1284 (Dysregulated in osteosarcoma [36]); hsa-miR-19a-5p

(Dysregulated in bladder cancer [37], lung cancer [38] and hepatocellular
carcinoma [39]); hsa-miR-2117; hsa-miR-212-5p; hsa-miR-3120-3p; hsa-miR-
3662; hsa-miR-3667-3p (Dysregulated in intracranial aneurysm [40]); hsa-miR-
3960 (Dysregulated in type 2 diabetes [41]); hsa-miR-4457; hsa-miR-4650-3p;
hsa-miR-4669; hsa-miR-4720-5p; hsa-miR-4778-3p; hsa-miR-4784; hsa-miR-
5011-5p; hsa-miR-520 g-5p; hsa-miR-588 (Dysregulated in ovarian cancer [42]);
hsa-miR-598-5p (Dysregulated in bile duct cancer [43]); hsa-miR-6770-3p; hsa-
miR-7974
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previous studies using single donor slow proliferating HUVECs (ATTC
CRL-1370, a slow growing cell line that has a doubling time of ~5 to
6 days) [52]. Although the hypoxia related changes in HIF-1 protein
levels between these two models are correlated, the changes in HIF1A
mRNA kinetics differ, especially during acute hypoxia, when we do not
observe HIF1A mRNA accumulation as in ATCC HUVECs. Nevertheless,

although the fast proliferating HUVECs are easy to maintain and thus
widely used, the turnover of human endothelial cells in vivo is over
100 days, whereas the tumor endothelial turn-over can be up to 100
times faster [53]. Although the slow proliferating HUVECs may con-
stitute a more reliable model for following acute hypoxia mRNA
changes, the fast proliferating ECs better resemble the tumor

Fig. 4. Cyclic hypoxia (light grey) and
prolonged hypoxia (dark grey) have dif-
ferent effects on the expression of the HIF
pathway genes. The corresponding mRNA
levels of (a) HIF-1A, (b) EPAS1, (c) VEGFA
and (d) GLUT1 from 2 independent experi-
ments (n=8) are plotted normalized to
TBP mRNA levels and expressed as a fold-
change over the normoxic controls. Error
bars represent standard deviations.
Significant changes (P < .05) are marked
with an asterisk. (e) The reoxygenation of
HUVECs exposed to cyclic hypoxia results
in HIF-1α and HIF-2α protein degradation,
while the HIF-1α and HIF-2α accumulate
under prolonged hypoxia. The protein ly-
sates were collected after the hypoxic cycle
specified (1 h hypoxia and 36min reox-
ygenation) and compared with the lysates
obtained from cells cultured in normoxia
and exposed to 3 h of prolonged hypoxia at
the specified times. A representative wes-
tern blots are shown and β-Actin was used
as a loading control.
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microenvironment. Since numerous specific miRNAs have been pro-
posed to downregulate HIF mRNAs during prolonged hypoxia and none
of these miRNAs were identified in this study during cyclic hypoxia, the
observed diminished effect on HIF1A and EPAS1 mRNA during cyclic
hypoxia supports this hypothesis. Notably, it has been shown that
during cyclic hypoxia, HIF-1α is absent during the reoxygenation per-
iods [8,16] (Fig. 4e). Since HIFs were shown to specifically effect
miRNAs during prolonged hypoxia, their limited transcriptional impact
during cyclic hypoxia could explain differences in the miRNAs profiles.
Furthermore, some miRs such as miR-210 [54] were shown to be in-
duced by HIFs during prolonged hypoxia. Our data show that although
cyclic hypoxia induces miR-210 expression, this induction is about 5
times lower than in prolonged hypoxia, suggesting that the HIF-related
mechanisms of regulating miRNAs levels are limited during the cyclic
hypoxia (Supplemental Fig. 2).

Furthermore, our bioinformatic approach suggests that miRNA

during both types of hypoxia can be modulators of the chromatin
acetylation pathway. Therefore from this group of genes, we selected
ones linking HIF transcriptional activity with chromatin acetylation
processes that included histone acetyltransferase p300 (EP300) and
CREB-binding protein (CREBBP) (co-activators of HIF-1 transcriptional
activity) [55], chromobox-like protein 4 (CBX4) (enhances HIF-1 ac-
tivity posttranslationally) [56], and exportin-1 (XPO1) (mediates
miRNA biogenesis and participates in factor inhibiting HIF (FIH) export
from the nucleus) [57]. As shown in Supplemental Fig. 4, EP300,
CREBBP and CBX4 mRNAs were induced during prolonged hypoxia and
unaffected during cyclic hypoxia. However, the functional con-
sequences of these observations and determining whether miRNAs
cause these expression differences will require further studies.

Taken together, our data suggest that endothelial cellular adapta-
tion to cyclic hypoxia is governed by miRNA changes that result in
specific modulation of angiogenesis. Hence, this type of miRNA could

Fig. 5. Cyclic hypoxia (light grey) and prolonged
hypoxia (dark grey) have different effects on the
expression of miR-19a-5p (a) and its potential target
EDNRB (b). The corresponding miRNA levels from 2
independent experiments (n=8) are plotted nor-
malized to miR-186-5p levels and expressed as a
fold-change over the normoxic controls. The corre-
sponding mRNA levels from 2 independent experi-
ments (n= 8) are plotted normalized to TBP mRNA
levels and expressed as a fold-change over the nor-
moxic controls. Error bars represent standard de-
viations. Significant changes (P < .05) are marked
with an asterisk. (c) miR-19a-5p regulates EDNRB
mRNA in primary HUVECs during hypoxia (5 h). The
corresponding mRNA levels from 2 independent ex-
periments (n=6) are plotted normalized to TBP le-
vels and expressed as a fold-change over the c67
control.
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provide a basis for a novel anticancer therapy. In our analysis on
miRNAs specific for cyclic hypoxia that were known to be dysregulated
in cancer, we identified miR-19a-5p as an efficient modulator of an-
giogenesis both in macrovascular and microvascular endothelial cells.
Furthermore, this miRNA could potentially modulate endothelin-B re-
ceptor mRNA, an important mediator of cancer angiogenesis [58]. The
effects of overexpression of miR-19a-5p significantly decreased EDNRB
mRNA levels, illustrating that this miRNA either directly or indirectly
strongly influences EDNRB mRNA levels.

Moreover, our deep sequencing study identified hypoxamiRs (spe-
cific for both cyclic and prolonged hypoxia) that were previously re-
ported as oncomiRs and thus provide a novel link between hypoxia and
the cancer microenvironment (Table 1). The oncomiRs include miR-
143-3p, miR-195-3p, miR-449b-3p, miR-520d-5p, miR-584-3p, miR-9-
3p, miR-9-5p, miR-191-3p, miR-320c, miR-3620-3p, miR-4301, miR-
641, miR-744-3p, miR-1284, miR-19a-5p, miR-588, miR-598-5p and
miR-210-3p.

In summary, our studies clearly demonstrate that cyclic hypoxia has
a very different and specific effect on miRNA profiles of endothelial
cells compared to prolonged hypoxia. Interestingly, the physiological
changes in the miRNA networks during cyclic hypoxia allows for a
specific cellular adaption to this insult through directed modulation of
the very same signaling pathways that are responsible for the cellular
response to prolonged hypoxia. Furthermore, we show that miRNAs
specific for cyclic hypoxia such as miR-19a-5p are potentially important
regulators of cellular signaling and thus may provide novel therapeutic
strategies for hypoxia and angiogenesis-related diseases.

4. Materials and methods

4.1. Cell lines and culture conditions

Primary HUVECs pooled from 10 independent donors were obtained
from Cellworks (division of Catalog Medsystems Ltd., UK). Primary

human dermal microvascular cells (HMVEC-D) from a single donor
were obtained from Lonza. Both cell lines were maintained until pas-
sage five in EGM-2 BulletKit™ medium (Lonza). Cells were split either
into 6-well plates or 10 cm dishes and allowed to grow to 70–80%
confluence prior to the start of the experiments.

4.2. Induction of hypoxia

Hypoxia was induced in a CO2/O2 incubator for hypoxia research
(Tri-gas Binder CB150). Briefly, cells were cultured in 35mm dishes at
0.9% O2 for the time periods specified. Control cells were maintained in
normoxic conditions in the same incubator and harvested at the spe-
cified times. Cells maintained in cyclic hypoxia were cultured at 0.9%
O2 for 1 h and then in normoxia for 36min for the specified number of
cycles (1 h 36min per cycle). The schematic representation of cyclic
hypoxia model is depicted in Fig. 1.

4.3. Isolation of RNA and microRNA

Total RNA containing the microRNA fraction was isolated using
miRNeasy kit (Qiagen) according to the manufacturer's protocol. RNA
concentrations were calculated based on the absorbance at 260 nm.
RNA samples were stored at −70 °C until use.

4.4. Next generation RNA sequencing analyses

HUVECs (passage 3) were used for the RNA isolation and analyses.
Cells were incubated in normoxia, cyclic hypoxia and prolonged hy-
poxia conditions for the times specified (Fig. 1) and subsequently used
for the RNA isolation and analyses. The induction of hypoxia was
verified by accessing miR-210 levels prior to further analysis. MiRNA
sequencing libraries were prepared using QIAseq miRNA library kit
(Qiagen) following the manufacturer's instructions and followed by
sequencing on an Illumina NextSeq instrument. Using Qiagen's

Fig. 6. miR-19a-5p controls angiogenesis in HUVECs. HUVECs were transfected with an antagomiR negative control, miR-19a-5p antagomiR, mimic negative control,
miR-19a-5p mimic or treated with vinblastine and cultured for 8 hours in matrigel. Then cells were counted under a microscope at 20 × magnification and their
angiogenic factor accessed (total length, the number of created branches and intercellular joints were measured from 6 random focal fields per sample and nor-
malized to the cell number). (a). Representative focal fields illustrating miR-19a-5p's influence on HUVEC morphology in matrigel. (b). The results of the angiogenic
factor calculations are plotted normalized to controls and expressed as a fold change over the respectful controls. Error bars represent SD. Significant (P<0.05)
changes are marked with an asterisk (“*”).
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Geneglobe Software, sequencing reads were aligned to the human re-
ference genome assembly (hg19) followed by transcript assembly and
estimation of the relative abundances. The analyses of the differential
expression of small RNAs between the control (normoxia) and the ex-
perimental samples were performed with geNorm (Gene Globe Soft-
ware) [59]. Next Generation Sequencing experiments were performed
by the UAB Heflin Center for Genomic Sciences at UAB. Twofold
changes in miRNA levels were considered significant. The resulting data
were validated with quantitative real-time PCR. The raw data were
deposited in Gene Expression Omnibus (GEO) at accession number
GSE116909.

4.5. Bioinformatic analysis of potential miRNA effects

miRNA potential target identification was performed with use of the
miRDIP database [45]. The GeneAnalytics™ webserver (geneanalytics.
genecards.org) [60] was used to place these targets prediction results in
a physiological context and predict potential miRNA effects [61]. The
scoring algorithm in the pathways category is based on the algorithm
used by the GeneDecks Set Distiller tool [62]. Briefly, all genes in each
SuperPath are given a similar weight in the analysis, and the matching
score is based on the cumulative binomial distribution. This is used to
test the null hypothesis that the queried genes are not over-represented
within any SuperPath pathway.

4.6. miRNA analogs and target protector transfections

HUVECs and HMVEC-Ds were transfected in 6-well plates using the
liposome Lipofectamine RNAiMAX Transfection Reagent (Thermo
Fisher Scientific) according to the manufacturer's protocol. MiR-19a-5p
mirVana miRNA Mimic (analog) (assay ID: MC12420) and miR-19a-5p
mirVana miRNA antagomiR (assay ID: MH12420) were purchased from
Thermo Fisher Scientific and were used at concentrations of 20 and
200 nM, respectively. Cel-miR-67 (Ambion, assay id: MC22484) was
used as a negative control. As an additional control for the angiogenic
assay-based transfection experiments, Ambion mimic control (no.
4464060) and Ambion antagomiR control (no. 4464076) were used.
The transfected cells were cultured for 48 h prior to further analysis.

4.7. Measurement of mRNA and miRNA levels using quantitative real-time
PCR

TaqMan RNA-to-CT 1-Step Kit (Thermo Fisher Scientific) was used
according to the manufacturer's protocol (relative quantification;
Applied Biosystems StepOnePlus Real-Time PCR System). The relative
expressions were calculated using the comparative relative standard
curve method [63]. TATA-binding protein (TBP) mRNA was used as the
relative control for the studies. We also validated this relative control
against rRNA of another housekeeping gene, 18S. For microRNA real-
time PCR experiments, TaqMan Advanced miRNA cDNA Synthesis Kit
(Thermo Fisher Scientific) and TaqMan Fast Advanced Master Mix
(Thermo Fisher Scientific) were used as described in the manufacturer's
protocols. As a relative control for miRNA quantification, we used hsa-
miR-186-5p. TaqMan Gene Expression Assay identification (ID) num-
bers used were: Hs99999901_s1 (18S), Hs4332659_m1 (TBP),

Hs00153153_m1 (HIF1A), Hs00900055_m1 (VEGF), Hs00892681_m1
(GLUT1) Hs00174961_m1 (EDN1), Hs00934968_g1 (EDNRB),
Hs00932878_m1 (CREBBP), Hs00185645_m1 (XPO1), Hs01106875_g1
(CBX4), Hs00914223_m1 (EP300), Hs01052961_m1 (FLT1),
Hs00153133_m1 (COX-2).

TaqMan Advanced miRNA Assay identification (ID) numbers were
478750_mir (hsa-miR-19a-5p) and 477940_mir (hsa-miR-186-5p).
TaqMan miRNA Assay identification (ID) numbers were: hsa-miR-210-
3p (000512); hsa-miR-19a-5p (002424); RNU48 (00106).

4.8. Western blots

Cells were lysed in RIPA buffer (150mM NaCl, 1% NP-40, 0.5%
sodium deoxycholate, 0.1% SDS in 50mM Tris- HCl, pH 8.0) supple-
mented with protease Inhibitor Complete Mini (Roche) on ice for
15min. The cell lysates were rotated at 4 °C for 30min and the in-
soluble material was removed by centrifugation at 15,000g for 15min.
Protein concentrations were determined by BioRad™ Protein Assay
using bovine serum albumin (BSA) as a standard. Following the nor-
malization of protein concentrations, lysates were mixed with an equal
volume of 2× Laemmli sample buffer and incubated for 5min at 95 °C
prior to separation by SDS PAGE on stain-free TGX gradient gels
(BioRad). Following SDS-PAGE, the proteins were transferred to poly-
vinylidene fluoride membranes (300mA for 90min at 4 °C). The
membranes were then blocked with BSA (Sigma-Aldrich) dissolved in
TBS/Tween-20 (3% BSA, 0.1% Tween-20 for 1–2 h), followed by im-
munoblotting with the primary antibody specified for each experiment
HIF-1α (Abcam ab16066, diluted at 1:2000); HIF-2α (Abcam ab199,
diluted at 1:800), beta Actin (Abcam ab1801, diluted at 1:1000). After
the washing steps, the membranes were incubated with goat anti-rabbit
IgG (H+L) or with goat anti-mouse IgG (H+L) HRP-conjugated
secondary antibodies (BioRad) and detected using ECL (Amresco).
Densitometry was performed using Image Lab software v. 4.1 (BioRad).

4.9. Angiogenic assays

Capillary-like structure formations were accessed with the In Vitro
Angiogenesis Assay Kit (ECM625, Merck Millipore) according to man-
ufacturer's protocol. Briefly, HUVECs or HMVEC-Ds were transfected
with miR-19a-5p mirVana miRNA Mimic and miR-19a-5p mirVana
miRNA inhibitor (antagomiR) at final concentrations of 20 and 200 nM,
respectively. Ambion mimic control and Ambion antagomiR control
were used. 48 h after transfection, cells were passaged to matrigel-
coated plates. The number of capillary-like structures was counted in
each well (from 6 random focal fields at 100× magnification) after 8 h
of incubation. A semi-quantitative measurement of capillary structure
formation was performed with the Angiosys 2.0 software (Cellworks,
Catalog Medsystems Co.; UK). The vinblastine (V1377, Sigma-Aldrich)
at a 1 pM final concentration was used as a negative control.

4.10. Statistical analyses

Results were expressed as means ± standard deviations (SD).
Statistical significance among means was determined using the
Student's t-test (two samples, paired and unpaired) or the Kruskal-

Fig. 7. miR-19a-5p controls angiogenesis in HMVEC-Ds. (a) Cyclic hypoxia (light grey) and prolonged hypoxia (dark grey) have different effects on the expression of
miR-19a-5p. The corresponding miRNA levels from 2 independent experiments (n=6) are plotted normalized to RNU48 levels and expressed as a fold-change over
the normoxic controls. Error bars represent standard deviations. Significant changes (P<0.05) are marked with an asterisk. (b). HMVEC-Ds were transfected with an
antagomiR negative control, miR-19a-5p antagomiR, mimic negative control, miR-19a-5p mimic or treated with vinblastine and cultured for 8 hours in matrigel.
Then cells were counted under a microscope at 20 × magnification and their angiogenic factor accessed (total length, the number of created branches and
intercellular joints were measured from 6 random focal fields per sample and normalized to the cell number). Left section - representative focal fields illustrating miR-
19a-5p's influence on HMVEC-Ds morphology in matrigel. Right section - the results of the angiogenic factor calculations are plotted normalized to controls and
expressed as a fold change over the respectful controls. Error bars represent SD. Significant (p-value<0.05) changes are marked with an asterisk. (c) miR-19a-5p
regulates EDNRB mRNA in primary HMVEC-Ds during hypoxia (5 hours). The corresponding mRNA levels from 2 independent experiments (n=6) are plotted
normalized to TBP levels and expressed as a fold-change over the c67 control.

K. Kochan-Jamrozy et al. Cellular Signalling 54 (2019) 150–160

159

http://geneanalytics.genecards.org
http://geneanalytics.genecards.org


Wallis One Way Analysis of Variance on Ranks [64] and Dunn's Method
[65] (ANOVA on ranks).

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.cellsig.2018.11.020.
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