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Abstract

The cellular adaptive response to hypoxia relies on the expression of hypoxia-inducible factors
(HIFs), HIF-1 and HIF-2. HIFs regulate global gene expression changes during hypoxia that are
necessary for restoring oxygen homeostasis and promoting cell survival. In the early stages of
hypoxia, HIF-1 is elevated, whereas at the later stages, HIF-2 becomes the predominant form.
What governs the transition between the two HIFs (the HIF switch) and the role of miRNASs in
this regulation are not completely clear. Genome-wide expression studies on the miRNA content
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of RNA-induced silencing complexes (RISC) in HUVECs exposed to hypoxia compared to the
global miRNA-Seq analysis revealed very specific differences between these two populations. We
analyzed the miRNA and mRNA composition of RISC at 2 hours (mainly HIF-1 driven), 8 hours
(HIF-1 and HIF-2 elevated), and 16 hours (mainly HIF-2 driven) in a gene ontology context. This
allowed for determining the direct impact of the miRNAs in modulating the cellular signaling
pathways involved in the hypoxic adaptive response. Our results indicate that the miRNA-mRNA
RISC components control the adaptive responses, and this doesn’t always rely on the miRNA
transcriptional elevations during hypoxia. Furthermore, we demonstrate that the hypoxic levels of
the vast majority of HIF-1-dependent miRNAs (including miR-210-3p) are also HIF-2 dependent,
and that HIF-2 governs the expression of 11 specific miRNASs. In summary, the switch from
HIF-1 to HIF-2 during hypoxia provides important level of miRNA-driven control in the adaptive
pathways in endothelial cells.
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HIFIA ; EPASI ; HIF-1a; HIF-2a

Introduction

When cells adapt to an insufficient oxygen supply, they rely on the hypoxia-inducible
factors, HIF-1 and HIF-2, as the major regulators of the global gene expression
reprograming. This regulated process is necessary in order to restore oxygen homeostasis
and facilitate cell survival (1). The hypoxic assembly of heterodimeric HIF complexes

is facilitated by the stabilization of HIF-a subunits following inactivation of the oxygen-
dependent HIF prolyl-hydroxylases (PHDs) (2). The HIF complexes then initiate the
adaptive hypoxic responses by inducing the expression levels of genes that contain
hypoxia response elements (HRE) in their promoter or enhancer regions and that stimulate
angiogenesis and glycolysis as well as other pathways involved in the adaptive response to
hypoxia (3-5).

HIF-1 complexes accumulate in all hypoxic cells, whereas HIF-2 is present in endothelial
cells (ECs), cardiomyocytes, hepatocytes, bone marrow and renal erythropoietin-producing
cells. HIF-1 stimulates glycolysis, maintains pH, and initiates angiogenesis, and HIF-2

also stimulates erythropoiesis and maturation of the vascular networks (5-9). Although
expression of some genes is clearly HIF-1 or HIF-2 dependent, the transcription of many
others, including vascular endothelial growth factor A (VEGFA) and the glucose transporter
1 (GLUTI) can be regulated by both (5). Furthermore, recent studies have expanded the HIF
signaling networks through the identification of HIF-1 and HIF-2 regulation by microRNAs
(miRNAs, miRs) (10-15).

HIF-1 activity occurs early during hypoxia and is first supported and then subsequently
replaced by HIF-2 signaling that change the cellular gene expression profiles (4, 5, 11, 13).
A similar transitional switch between the two HIFs has been reported in cancer cells (5, 16).
Although the distinct regulatory functions of HIF-1 and HIF-2 have been intensively studied
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during the transcriptional consequences of the HIF switch, the repercussions of the transition
on the MiRNA networks and their mRNA targets remain unknown.

Using genome-wide expression studies on the RNA-induced silencing complexes (RISC)
in HUVECs exposed to hypoxia, we examined the HIF switch effects on miRNA profiles
and their target mMRNAs. This allowed for determining the direct impact of the miRNAs

in regulating the cellular signaling pathways involved in the adaptive response to hypoxia.
The vast majority of HIF-1-dependent miRNAs including miR-210 were also regulated by
HIF-2. We also identified 11 novel HIF-2 regulated miRNAs.

Materials and Methods

Cell culture.

Primary human umbilical vein endothelial cells (HUVEC) that were pooled from ten
individual donors were purchased from Cellworks (Caltag Medsystems Ltd, UK) and
cultured in EGM-2 Bulletkit Medium (Lonza). All experiments were conducted between
passage 2 and 6 at a confluence of 70-80%.

Induction of hypoxia.

Hypoxia was induced in a CO,/O5 incubator/chamber specific for hypoxia research (Invivo2
Baker Ruskin). Briefly, cells were cultured in 35 mm or 60 mm dishes (for RNA isolation
and protein isolation, respectively) at 0.9% O, for the time periods specified (PO, was 10-12
mm Hg). Control cells were maintained in normoxia in a CO,/O5 incubator (Binder).

siRNA transfections.

SiRNA for HIF1A (Ambion assay id s6539) and £PASZ (Ambion assay id s4698) were
purchased from Ambion. HUVECSs were transfected using the Lipofectamine RNAiMax
(Invitrogen, 13778030) according to manufacturer's protocol. The siRNAs were used at

a final concentrations of 40 nM for single knockdowns or 60 nM each for the double
knockdowns. The transfected cells were cultured for 2 days prior to further analysis.
Ambion siRNA Negative Control 1 (Ambion assay id MC22484) was used as a control.
After 24 h, the transfected cells were put into a hypoxia chamber, whereas the control cells
remained in an incubator in normoxic conditions.

RNA Immunoprecipitation.

The RIP assay kit for miRNA (#RN1005, MBL) was used following the manufacturer’s
protocol. HUVECs (80% confluence) from four 100 mm culture dishes were collected for
each condition (17, 18). Cell lysis was conducted in hypoxia or normoxia using a cell
scraper and ice-cold PBS and mi-Lysis Buffer (+) was added to the cell pellet. Lysates were
snap-frozen and stored at =70°C until use. For immunoprecipitation, 15 g of anti-EIF2C2/
AGO2 (#RNO03M, MBL) or mouse 1gG2a (isotype control; # M076-3, MBL) and agarose
beads (Pierce Protein A/G Agarose, #20421, Thermo Scientific) were used. RNA was
isolated using a miRNeasy Mini Kit (Qiagen, Hilden, Germany). 700 pl of QIAzol Lysis
Reagent was added to the washed beads and the obtained RNA was eluted in 30 ul of
nuclease-free water and used in the next generation RNA sequencing experiments. Prior to
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NGS, post-RIP and Input samples quality were verified with Western blot and gPCR as
described in the protocol (Supplemental Figure 1).

Isolation of RNA.

Total RNA (containing both mRNA and miRNA) was isolated using miRNeasy kit (Qiagen).
RNA concentrations were calculated based on the absorbance at 260 nm. RNA samples were
stored at —70°C until use.

Measurement of miRNA and mRNA using quantitative Real Time PCR (gRT-PCR).

We used TagMan One-Step RT-PCR Master Mix Reagents (Applied Biosystems) as
described previously (19-23) using the manufacturer’s protocol (retrotranscription: 15 min,
48°). The relative expressions were calculated using the 2722Ct method (24) with the
Ribosomal Protein Lateral Stalk Subunit PO (RPLPO) and 18S rRNA genes as reference
genes for the mRNA, and RNU48 and RNU44 as references for the miRNA. TagMan probe
ids used are given in the Supplemental Table 1.

Western Blots.

Western Blot analysis was performed as previously described (23). Following the
normalization of protein concentrations, the lysates were mixed with an equal volume of
6X Laemmli sample buffer (12% SDS, 60% glycerol, 0.06% bromophenol blue, 375 mM
Tris-HCI pH = 6.8) and incubated for 5 min at 95°C prior to separation by SDS-PAGE

on a 4-15% Criterion TGX Stain-Free Gel (Bio-Rad, Hercules, CA, USA). Following
SDS-PAGE, the proteins were transferred to polyvinylidene fluoride membranes (Bio-Rad)
using the wet electroblotting method (300 mA, 4°C, 90 min for one gel and 180 min

for two gels). The membranes were blocked with BSA dissolved in TBS/Tween-20 (3%
BSA, 0.5% Tween-20 for 1 h), followed by immunoblotting with the primary antibodies
(overnight, 4°C): mouse anti-HIF-1a (1:2000, ab16066; Abcam), rabbit anti-HIF-2a
(1:1000, ab199; Abcam), mouse anti-EIF2C2/AGO2 (1:1000, RNO03M; MBL), rabbit
anti-Dicer (1:1000, ah227518; Abcam), rabbit anti-Drosha (ab12286; Abcam) and rabbit
anti-actin (1:1000, ab1801; Abcam). After the washing steps, the membranes were incubated
with goat anti-rabbit 1gG (heavy and light chains) or with goat anti-mouse 1gG (heavy

and light chains) horseradish peroxidase-conjugated secondary antibodies (Bio-Rad) for 1 h
at room temperature and detected using SuperSignal West Pico ECL (Thermo Scientific).
Densitometry was performed using the Image Lab software v.4.1 (Bio-Rad).

Next generation RNA sequencing.—HUVECs were used for the RNA isolation and
analyses. Following total RNA isolation, samples were validated with quantitative real-time
PCR for activation of the hypoxic response prior to further analysis. Following rRNA
depletion, the remaining RNA fraction was used for the library construction and subjected
to 75-bp paired-end sequencing on an Illumina NextSeq 500 instrument (San Diego, CA,
USA). Sequencing reads were aligned to the Gencode human reference genome assembly
(GRCh38 p13 Release 32) using STAR version 2.7.3a (25). Transcript assembly and
estimation of the relative abundance and tests for differential expression were carried out
with Cufflinks and Cuffdiff (26). The resulting data were validated with quantitative real-
time PCR.
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Small RNA sequencing libraries were prepared using QIAseq miRNA library kit (Qiagen)
following the manufacturer’s instructions and followed by sequencing on an Illumina
NextSeq 500 instrument. Using Qiagen’s Gene Globe Software, sequencing reads were
aligned to the human reference genome assembly (hg19) followed by transcript assembly
and estimation of the relative abundances. The analysis of the differential expression of
small RNAs between control and experimental samples were performed with geNorm (27)
in the Gene Globe Software. Low read miRNA changes (below 10) were ignored. For
comparing biological replicates, the quantile normalization was performed as recommended
in (28). The RIP-Seq data miRNA and mRNA next generation sequencing results were
corrected for the signal obtained for normal rabbit IgG which was the negative control.

The heatmap generation and hierarchical clustering were performed with the Morpheus
Webserver (https://software.broadinstitute.org/morpheus). The Enrichr Webserver (https://
amp.pharm.mssm.edu/Enrichr/) (29) was applied to assign the NGS results into the "Gene
Ontology " categories with the selection based on a @ value < 0.05. Furthermore,

the analyses were limited to experimentally verified interactions and no extended gene
enrichment set analyses were performed. Finally, the miRNA-mRNA target interactions
were analyzed with the use of miRTarBase (30).

Hypoxia Response Element (HRE) analysis.

The promoters of gene transcripts that were affected by hypoxia in the microarrays
experiments were analyzed for HIF-1 or HIF-2 binding sites. In each gene promoter
sequence that was defined as a 20kb window around the TSS, we examined only the open
chromatin regions that were established in the HUVEC cell line by the ENCODE (31)
project. We merged both DNase I-seq HUVEC datasets found in Ensemb | (32) (v.79). We
focused on two distinct HRE motifs annotated to HIF-1 (M00139, alias H/F1A)and HIF-2
(M00074, alias £EPAS1) from the HOCOMOCO v.9 database (33). We used the Nencki
Genomics Database(34) (v. 79_1) to obtain genomic coordinates of these motif instances.
For each miRNA, we calculated the number of instances found in the open chromatin
regions for both HIF-1 and HIF-2. In the current work, we use two distinct HRE motifs
annotated to H/F1A and ERPASI in the Homo sapiens Comprehensive Model Collection
(HOCOMOCO) version 9 database (35). We note that from the version 10 onwards, the
creators of HOCOMOCO have decided to choose a single generic model for each TF (36).
This results in the assignment of nearly identical motifs to H/F1A and EPASI. Based on
previous specific research reports (37-40), however, we chose to continue to use the two
distinct HRE motifs annotated to H/F1A and EPASL

Statistical analysis.

Results were expressed as a mean * standard deviation. Statistical significance was
determined using the Student’s t-test and ANOVA on ranks with Pvalue <0.05 considered
significant. The correlations were accessed via the Pearson product-moment correlation
method.
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Results

Total cellular miRNA expression during the HIF switch

During the development of the adaptive response to hypoxia, HIF-1 is eventually replaced
by HIF-2 in human ECs (4, 11, 13). In the present studies, our goal was to explore the
consequences of this transition on the miRNA-dependent regulatory networks. To examine
this, we followed the HIF-1a and HIF-2a protein levels in human umbilical vein endothelial
cells (HUVECS) over a 20-hour time course of hypoxia exposure (0.9% O,) (Figure 1A).
Consistent with our previous findings (13, 19, 41), we observed that HIF-1a. rapidly
accumulated in HUVECs exposed to hypoxia for 2 up to 8 hours and then was dramatically
reduced by 12 hours. HIF-2a reached the maximum at 8 hours and remained elevated up

to 20 hours. Although both HIF-1a and HIF-2a rapidly accumulate during hypoxia, the
reduction of HIF-1 levels leads to the switch to HIF-2 signaling after 8 hours. In order

to test for the HIF switch effect on global miRNA expression, we utilized HUVECs as

our primary cell model using a 10-donor pool. We isolated total RNA from cells during
normoxia and from cells exposed to hypoxia for 2-3 hours (mostly HIF-1 expression), 8
hours (both activities) and 14-16 hours (mostly HIF-2 expression). Next, the samples were
subjected to genome-wide next generation sequencing followed by bioinformatics analyses.
We only selected mRNASs that were affected significantly (p-value below = 0.05) by more
than a 2-fold change in all three biological replicates. We accessed whether exposure to
hypoxia could result in global attenuation of miRNA processing. However, as shown in
Figure 1B, global miRNA levels remained constant throughout the entire time of HUVEC
exposure to hypoxia. The NGS observed miRNA changes were qualitative rather than
quantitative and probably result from the specific activation of the adaptive response to
hypoxia signaling networks. As shown in Figure 1C (Supplemental Data Set 1), the acute
and more specific HIF-1 response (2 h) to hypoxia resulted in a significant increase of only 4
mMiRNAs (miR-649; mir-4659a-5p; miR-3666 and miR-5694); whereas after 8 h of exposure
to hypoxia, 18 miRNAs were induced (including the well-known miR-210-3p), and 4 were
reduced. Finally, 16 hours of exposure to hypoxia resulted in induction of 74 miRNAs and
the reduction of 15 others. Furthermore, for the vast majority of hypoxia affected miRNAs
we observed a gradual accumulation or reduction with time, and this presumably allowed
them to reach maximal or minimal levels after 16 hours of hypoxia. These data suggest that
hypoxia-related development of signaling networks is illustrated by the changes in cellular
mMiRNA levels.

Changing mRNA and miRNA content of RISC components during the HIF switch

Next, we determined if these hypoxia-related global miRNA changes occurred at a
functional level as well. To accomplish this, we isolated miRNAs and mRNA that were
incorporated in Ago2-conatining RISC components in HUVECS exposed to hypoxia for
2, 8 and 16 hours by immunoprecipitation with anti-AGO2 (Argonaute 2) antibodies
(Supplemental Figure 1ABC). We the analyzed the co-isolated miRNA and mRNA
subpopulations with NGS. Although, the global miRNA content in RISC components
remained unaffected by hypoxia up to 16 hours (Supplemental Figure 1D), even after 2
hours exposure to hypoxia, we observed at least a 2-fold enrichment of 22 miRNASs in
RISC components and depletion of 2 miRNAs when compared to the normoxic RISC
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complex content (Figure 2A, Supplemental Dataset 2). Whereas in RISC components
isolated after 8 hours of exposure to hypoxia, only 6 miRNAs levels were elevated, and

3 miRNAs reduced. The 16 hours exposure to hypoxia, however, resulted in dramatic
changes of RISC complex composition that led to enrichment in 61 miRNAs levels, and

a reduction of 252 miRNAs. miR-210-3p, one that we consider as a positive control

for our study, started to accumulate in RISC components after 8 hours of hypoxia and
remained elevated up to 16 hours. Interestingly, the hypoxic distribution of miRNA

within RISC components differed drastically from the changes observed at the global
miRNA levels (Supplemental Figure 1E). Similar changes in the miRNA expression
patterns between these 2 pools (global population versus RISC) were observed for only 15
miRNAs (increasing: hsa-miR-210-3p, hsa-miR-3916, hsa-miR-4725, hsa-miR-503-3p, hsa-
miR-5095, hsa-miR-5189-3p, hsa-miR-6790-5p, and hsa-miR-6813-5p; and decreasing: hsa-
miR-106a-3p, hsa-miR-4455, hsa-miR-4483, hsa-miR-4521, hsa-miR-586, hsa-miR-599,
and hsa-miR-922). In contrast, 6 miRNAs show the opposite pattern of changes between
these two pools. The miRNA levels that increased in global population and decreased in
RISC components were hsa-miR-138-5p, hsa-miR-3179, hsa-miR-33a-5p, hsa-miR-377-3p,
and hsa-miR-3923. Whereas, hsa-miR-7706 was reduced in global population and
accumulated in RISC. Furthermore, hsa-miR-4729 was enriched in RISC after 2- and
16-hours of exposure to hypoxia and depleted after 16 hours, whereas this miRNA level
was decreased in global population after 16 hours, and similar changes were observed for
hsa-miR-4472 and hsa-miR-5591-5p. Although some of the observed differences in miRNA
distribution between these two experimental models could be explained by the different
assay sensitivity and the related statistical selectivity, it was clear that the hypoxia-related
functional changes in miRNA levels in the RISC components differed significantly from
global population changes.

The miRNA composition in the RISC components was affected early during hypoxia,

after 2 hours exposure, whereas global population changes in miRNA levels at that time
were minimal. This suggested that miRNA-regulated adaptation to early hypoxia occurs
through modification of RISC component composition with enrichment in specific miRNAs.
Moreover, it also indicated that the functional adaption was not necessarily coupled with the
transcriptional induction of these miRNAs. This surprising result was further supported by
the observations that after 8 hours of exposure to hypoxia, when we observed significant
increases in number of induced miRNAs in the global population that did not correspond

to the miRNA changes in the RISC components. Furthermore, after 16 hours of exposure

to hypoxia, there were dramatic changes in the miRNA distribution both globally and in

the RISC components. There were also a large number of miRNAs that were reduced
(Figure 2A). Taken together, the data clearly indicate that during time course of hypoxia,

the functional changes in miRNA pool differ significantly from changes in global miRNA
expression profiles, particularly during the early stages of hypoxia. This suggests that during
these early stages, the changes in RISC miRNA content are based on selection rather

than availability. How miRNA selection occurs in the RISC components during hypoxia,
however, will require further study.

Since the RIP-Seq procedure permits access to both miRNA and mRNA components in
RISC, we next analyzed the NGS for changes in the mRNA distributions. We observed
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that during the hypoxia time course, the mRNA content in RISC changed in a time-specific
manner (Figure 2B, Supplemental Dataset 3). In RISC components from cells exposed

to hypoxia for 2 hours, 481 mRNAs levels were increased (by at least 2 log2 fold),
interestingly, 279 mRNAs were increased only at this time point, and 755 mRNAs were
reduced including 554 mRNAs that were specific for this time point. After 8 hours, 727
mMRNAs were increased, whereas only 156 of them were unique for this time point, while
369 were also increased after 16 hours and notably 380 of them were reduced after 16
hours, whereas only 25 mRNAs were induced at the 2-hour time point. However, from 436
mRNAs were reduced at 8 hours, 309 were specific for this time. Similarly, after 16 hours,
842 mRNAs were increased, but only 291 of them were specific for this time point, and the
majority was also observed at 8 hours. 16 hours exposure to hypoxia showed a reduction of
491 mRNAs, among which 380 were unique, while the rest were either reduced or induced
at 2 and 8 hours (Figure 2B). Taken together, in the RISC we observed a continuous increase
in enrichment of MRNAs (from 481 at 2 hours up to 842 at 16 hours) and decreasing
numbers of depleted mMRNAs (from 755 at 2 hours to 491 at 16 hours). Importantly these
changes in RISC mRNA content were unique for each time point, especially for 2 hours,
which represented the cellular response to acute hypoxia.

We next asked what the functional role of hypoxia-related changes in mMRNA RISC
distribution meant. To address this, the mRNA changes at each time point were considered
in a gene ontology context and the role of these MRNASs in adaptive response to hypoxia
were analyzed using the Erichr database (2 value below 0.05) (42). Notably, not all
miRNA-targeted mRNAs are ultimately degraded following translational repression imposed
by RISC, and furthermore, miRNA target mRNA, which is resistant to miRNA-mediated
translational repression, does not undergo degradation despite being bound by RISC (43).
Hence, not all RISC-observed miRNA-mRNA complexes will translate to the cellular target
MRNA content and the subsequent protein changes. To gain functional insight into hypoxic
the RISC composition, however, we assumed the model in which the increased levels of
mRNAs in RISC might lead to their reduction in the global population and that the reduced
MRNA levels in RISC would support its accumulation in the global population (44).

As shown in Figure 3 (Supplemental Dataset 4), the mRNA levels at each time point

that increased in RISC composition (red) and those that decreased (blue) were considered
separately. mMRNAs that enriched RISC components after 2 hours of exposure to hypoxia
were related to regulation of epidermal growth factor signaling, the unfolded protein
response (UPR), kinase activity and VEGF2 signaling. The mRNAs that were reduced

in RISC components at the same time were related to autophagy, mTOR signaling and
phosphoinositide metabolism (Figure 3A). Hence, acute hypoxia exposed cells may utilize
miRNA networks to prevent cell death and attenuate both VEGF-related signaling and the
UPR, and stimulate autophagy.

After 8 hours exposure to hypoxia, mRNA increases in RISC were assigned to cellular
responses to hypoxia, including HIF-1 activity, VEGF signaling, angiogenesis, and
responses to ROS (Figure 3B). Notably, many of these MRNAs were identified as HIF-1
transcriptional targets. The mRNAs that were reduced in RISC components were responsible
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for regulation of genes transcription. Hence, during this time point, miRNASs are used to
attenuate the activity of HIF-1 related transcriptional induction of gene expression.

Finally prolonged exposure to hypoxia (16-hour time point) resulted in enriching RISC
components in MRNAs involved in the canonical response to hypoxia that includes

both HIF-1 and HIF-2 signaling, heme metabolism, and apoptosis (Figure 3C), whereas
reduced mRNAs could be assigned as the ones responsible for response to DNA damage

and regulation of transcription processes. Taken together, the mRNA changes in RISC
components clearly illustrate miRNA’s role in regulating the development and intensity of
the adaptive response to hypoxia including the metabolic switch, angiogenesis, prevention of
cell death, and the support of HIF-1- and HIF-2-driven global transcriptional reprograming.

To gain a better understanding of the miRNA-mRNA interactions during hypoxic in the
RISC components, we used a bioinformatic approach to identify experimentally verified
miRNA regulatory effects using the miRTarBase (30). We focused on the miRNA-mRNA
interactions that were confirmed with Western blots, gPCR, reporter assays and NGS, to
assign RISC-identified miRNA to their potential co-immunoprecipitated mRNAS within

the assigned cellular pathways. To visualize the data for each unique cellular pathway
miRNA-mRNA interaction, we scored this as 1 for the unique RISC-enriched potential
miRNA-mRNA hybrid and -1 for a depleted one. As shown in Figure 4A, the potential
miRNA-mRNA pairs that were enriched in RISC components isolated from ECs exposed to
hypoxia for 2 hours mainly were genes involved in regulation of transcription, response to
hypoxia, and the VEGF and EGF/EGFR signaling pathways. Whereas the miRNA-mRNA
pairs that were reduced had a very modest representation in the signaling pathways. Notably,
the 8-hour exposure to hypoxia resulted in enrichment of RISC components with potential
miRNA-mRNA pairs that mainly could be assigned to HIF-1 and VEGF signaling (Figure
4B), whereas the reduced miRNA-MmRNA pairs were associated with mainly with regulation
of transcription and apoptosis.

Finally in ECs exposed to hypoxia for 16 hours, the potential mMiRNA-mRNA pairs that were
enriched in RISC components were involved in HIF-1 and HIF-2, TNF-a signaling, the
VEGF pathway, and the canonical responses to hypoxia (Figure 4C). Furthermore, enriched
miRNA-mRNA pairs could be also assigned to regulation of apoptosis. At the same time,
RISC components were depleted of potential mMiRNA-mRNA pairs involved in regulation

of transcription, of the negative regulation of macromolecule synthesis, and of the cellular
response to hypoxia and apoptosis (Figure 4C).

Taken together, the miRNA-mRNA composition of hypoxic RISC components resembles
the time development of all of the main aspects of the adaptive hypoxic response, including
the transition from HIF-1 to HIF-2, tuning of angiogenesis, cellular metabolism, and
preventing apoptosis and DNA damage. Furthermore, along with the hypoxic time course,
the composition of RISC components is modulated and developed in order to fine-tune
adaption to hypoxia and to support cellular survival. The changes in the RISC component
compositions support the hypothesis that microRNA-mediated gene regulatory networks
serve in a regulatory role in buffering the cellular processes by setting threshold settings
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for their target gene levels and thus conferring the robustness of activated cellular signaling
networks (45, 46).

Identification of miRNAs regulated during hypoxia by HIF-1 and HIF-2

Although the both HIF-1 and HIF-2 are the main regulators of the adaptive hypoxic
response, the hypoxia-related miRNA changes have been identified as being mainly HIF-1
dependent (11). However, our analysis of the hypoxic changes in miRNAs distributions
clearly demarcated the acute (2h) and prolonged (16h) hypoxia effects on both the
composition of the RISC components and of the global population miRNA levels. Therefore,
next we focused on the impact of ECs transition from HIF-1 to HIF-2 on the miRNA
distribution in hypoxia-exposed cells in the global population compared to the RISC
components. We analyzed using next generation sequencing the cellular changes in miRNA
levels upon HIF-1 and HIF-2 silencing in HUVECs exposed to hypoxia for 8 hours

since this was the transitional time point between acute and prolonged hypoxia and a

time in which both HIF-1 and HIF-2 were well expressed. We focused on the cellular
changes in the miRNA distributions since our goal was to identify the miRNAs that

could be transcriptionally regulated by either HIF. As shown in Supplemental Figure 2,
HIF1A and EFASI silencing in hypoxia-exposed HUVECS was efficient at both protein

and mRNA levels, as well as when both H/F1A and EPASI were silenced at the same

time. Furthermore, although in some experiments we have observed some small increase

in HIFIA mRNA levels up on £ERASI silencing (~ 1.3-fold), this phenomenon was not
significant at the HIF-1a protein levels between the three biological replicates. Similarly,
silencing H/F1A led to small reduction of EPASI mRNA, but again this was not reflected

in HIF-2a protein levels (Supplemental Figure 2). We also obtained and analyzed miRNA
profiles following efficient H/F1A and ERASI silencing in HUVECSs exposed to hypoxia for
2 hours, when H/F1A transcript increased upon £PASI silencing (Supplemental Figure 2).
Given that the silencing related changes in miRNA expression were very limited and similar
to what was seen in Figure 2, and we decided to focus on the 8-hour time point.

The follow up next generation analysis resulted in the initial selection of 17 miRNAs that
were reduced by at least one-fold upon HIF-1a silencing during hypoxia, (Supplemental
Data Set 5). Nevertheless, independent validation of next generation sequencing data
resulted in identification of 5 potentially both HIF-1 and HIF-2-dependent miRNAS

and 1 only HIF-1 dependent (hsa-miR-6789-5p): hsa-miR-210-3p; hsa-miR-520d-3p; hsa-
miR-98-3p; hsa-miR-4745-5p; hsa-miR-139-5p and (Figure 5A-F). The majority of these
miRNAs were induced in hypoxia exposed cells, except for miR-139-5p, which remained
unaffected (Figure 5E). Nevertheless, among them only the hypoxic induction of hsa-
miR-210-3p was observed in global population analysis of hypoxic miRNA distribution
and in the RISC components content, whereas the changes in miR-98-3p and miR-139-5p
were only in RISC components.

Next, we analyzed these miRNAs’ genomic locations for the presence of specific HIF-1

and HIF-2 HRE motifs in their target gene promoter regions. For each gene promoter
sequence, we looked at the open chromatin regions established in the HUVEC cell line by
the ENCODE project and focused on two distinct HRE motifs annotated to HIF-1 and HIF-2
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(see Methods section for details). For hsa-miR-210-3p, we identified 12 and 18 HIF-1 and
HIF-2 motifs, respectively, 1 HIF-1 and 2 HIF-2 motifs for hsa-miR-139-5p, 2 HIF-1 and 1
HIF-2 motifs for hsa-miR-139-5p and 17 HIF-1 and 14 HIF-2 motifs for hsa-miR-4745-5p.
Whereas for some miRNAs like hsa-miR-98-3p, hsa-miR-520d-3p, we could not detect open
chromatin regions in our database, so the presence of HIF motifs was unclear in these cases.

Since both the bioinformatic analysis of HRE maotifs and the NGS results suggested the
possibility that the HIF-1-dependent miRNA could be also regulated by HIF-2, we verified
the effects of £RPASI silencing on their hypoxic expression. Surprisingly, all identified
miRNAs except for hsa-miR-6789-5p were also significantly reduced in the absence of
HIF-2 (Figure 5). Notably, hsa-miR-210-3p, mainly considered to be HIF-1 dependent
miRNA, was more reduced up on HIF-2 silencing than upon HIF-1 silencing (Figure

5A), whereas HIF-2 was mainly responsible for expression of this miRNA after 16 hours
exposure to hypoxia (Supplemental Figure 3A). The hsa-miR-520d-3p and miR-98-3p
required both HIF-1 and HIF-2 to be expressed during hypoxia (Figure 5BD).

Identification of miRNAs regulated during hypoxia by HIF-2

A similar analysis was performed in hypoxia exposed cells during HIF-2a silencing

that resulted in initial selection of 8 miRNAs that were reduced by at least one-fold

upon HIF-2a silencing during hypoxia (Figure 6, Supplemental Data Set 5). Independent
validation of next generation sequencing data resulted in identification of 11 potentially
HIF-2 dependent miRNAs: hsa-miR-7-5p; hsa-miR-503-3p; hsa-miR-503-5p. hsa-miR-543;
hsa-miR-450b-5p; hsa-miR-374a-3p, hsa-miR-10a-3p, hsa-miR-424-3p, hsa-miR-495-3p
and hsa-miR-342-5p; hsa-miR-26a-2-3p (Figure 6A-K). Surprisingly only 5 of these
miRNAs were induced in hypoxia exposed cells: hsa-miR-503-3p; hsa-miR-503-5p,
hsa-miR-543; hsa-miR-10a-3p and hsa-miR-26a-2-3p (Figure 6), whereas levels of the
others remained constant during hypoxia. The hypoxic induction of hsa-miR-503-3p, hsa-
miR-503-5p, and hsa-miR-424-3p was observed in the global population analysis, whereas
the majority of these miRNA changes were reflected in RISC component content that
included hsa-miR-424-3p, hsa-miR-495-3p, hsa-miR-7-5p, hsa-miR-450b-5p; hsa-miR-543,
hsa-miR-503-3p and hsa-miR-503-5p. Interestingly, the analysis of HRE motifs revealed
that hsa-miR-7-5p has 1 HIF-1 motif, hsa-miR-374a-3p has 1 HIF-1 and 1 HIF-2 motif.
Whereas, hsa-miR-503-3p and hsa-miR-10a-3p have 4 HIF-1 and 10 HIF-2 motifs,
whereas hsa-miR-26a, hsa-miR-424-3p,hsa-miR-503-5p, hsa-miR-503-3p hsa-miR-543,
hsa-miR-450b-5p, hsa-miR-495-3p were expressed from chromatin regions that are not
open during normoxia. Furthermore, in case of hsa-miR-342-5p, we did not identify any
HIF-1 or HIF-2 motifs. We have also tested the effects of HIF-1a silencing on this miRNA
levels in cells exposed to hypoxia (Figure 6), and noted that expression of all of them

were HIF-2-specific, and HIF-1 silencing in some cases (hsa-miR-26a-2-3p; hsa-miR-7-5p;
hsa-miR-495-3p; and hsa-miR-424-3p) resulted in a significant increase in the expression
of these miRNAs. Importantly, none of the identified HIF-2-dependent miRNAs were also
HIF-1 dependent (reduced upon HIF-1a silencing). Taken together, we identified 3 different
groups of HIF-dependent miRNAs: one HIF-1 specific (hsa-miR-6789-5p); five both HIF-1
and HIF-2 specific, and eleven HIF-2 specific miRNAs. The identified miRNAs were also
confirmed as components of the RISC components. These findings support the importance
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of separating the transcriptional signaling by the HIF switch and its impact on the miRNA
profiles.

In final step, we used a similar approach as for the RISC components to evaluate the
functional role of these HIF-dependent miRNAs in the adaptive response to hypoxia by
using the data of the global mRNA changes upon HIF silencing (Supplemental Data Set
6). We focused on the data obtained from ECs exposed for 8 hours to hypoxia (Figure

7A). We observed that silencing of H/F1A reduced (by 2-fold) the expression of 1672
transcripts, among which 649 were also reduced after £PASI silencing. Whereas, EPASI
silencing resulted in reduction of 1160 genes. Furthermore, H/F1A silencing resulted in the
upregulation of 633 genes among which 235 were also induced in after EPASI silencing.
EPASI silencing alone resulted in upregulation of total 700 genes. Although these data
provided only a brief insight into the HIF transition, they clearly show that despite the
common signaling pathways, both of these factors have important distinct functions during
hypoxic in ECs.

Given that our focus was on HIF-related miRNAs, we narrowed our analysis to the
transcripts that were upregulated in the absence of HIFs since this upregulation could
potentially result from increased mRNA stability caused by the depletion of specific
miRNAs. We assigned these upregulated genes into signaling pathways (Figure 7B), and
noted that absence of HIFs leads to accumulation of mMRNAs similar to that observed in

the RISC component analysis. The increased pathways involved included hepatocyte growth
factor signaling, hemostasis, focal adhesion, Notch and VEGF, EGF and TGF signaling,
and the regulation of apoptosis and angiogenesis. Given that only some of these expression
changes could be considered as a direct consequence of HIF-dependent miRNAs on these
mRNAs, we performed a similar identification of the miRNA-mRNA pairs as we did for
RISC components and assigned these data to the identified pathways as shown in Figure
7C. For the majority of the identified HIF-dependent miRNAs, we found assignments in
pathways for hsa-miR-139-5p, hsa-miR-210-3p, miR-7-5p, miR-503-3p, miR-503-5p and
miR-342-5p. Furthermore, all of these mMiRNAs were induced either by HIF-1 and HIF-2
or by HIF-2 alone. Taken together, these data illustrate that the transition from HIF-1 to
HIF-2 allows the cells to enhance expression levels of miRNAs initially induced by HIF-1
as well as to induce expression of HIF-2 dependent ones. Thus HIF-2 thorough its effect on
miRNAs, modulates mMRNA levels in order to both sustain and fine-tune cellular adaptation
to prolonged hypoxia and angiogenesis.

Discussion

The molecular mechanisms that determine cell survival during hypoxia that is termed the
hypoxic adaptive response (1) offer a number of therapeutic opportunities for many of the
deadliest human diseases that include coronary artery disease, stroke, chronic obstructive
pulmonary disease, and cancer. In order to take advantage of controling this hypoxia
adaptive response, it is important to understand molecular basis of this complex process
including the role of mMiRNAs and their function in mediating the transition from HIF-1
to HIF-2 signaling (11). Although numerous studies have tried to indentify these hypoxia-
related changes in the global population miRNA profiles, the majority of these studies
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examined the steady state analysis of only a single time point after prolonged of exposure
to hypoxia (16 or more hours). Furthermore, most of these studies were performed in
cancer cells, and did not consider the consequences of the HIF-1 to HIF-2 switch for
miRNA-mediated regulation of the adaptive response to hypoxia.

To determine how the miRNA changes influence the transition form HIF-1 to HIF-2, we
performed a dedicated genome-wide miRNA time-course study in ECs exposed to hypoxia.
Although hypoxia results in changes in the global population miRNA levels for the vast
majority of affected miRNAS, these changes are gradual and require at least 8 to 16 hours
exposure to reach maximal or minimal levels. Furthermore, only a small number of miRNAs
are affected during accute hypoxia (2 hours) and thus there was no clear relationship to the
HIF-1 levels since at 8 hours both HIF-1 and HIF-2 are present. Whereas at 16 hours, HIF-2
becomes the main driver of hypoxic signaling in ECs.

Given that hypoxia-related genome-wide changes in gene expression profiles are extremely
complex and affect hundreds of transcripts (47-49), we decided to examine the hypoxia-
related changes in miRNA and mRNA compositions of the RNA-induced silencing
complexes (RISC). Only a small proportion of the total cellular miRNA is contained within
the RISC (44, 50), and the level of RISC association of a given endogenous miRNA is
regulated by the available mRNA targetome (51). We hypothesized that the level of the
miRNAs in RISC might be a better predictor the activity of a given miRNA than the total
global miRNA content and it would also allow for a better correlation of the mRNA with
miRNA activity during the development of adaptive response to hypoxia.

To test this, we performed Ago2-RIP-seq to detect both RISC-associated miRNA and
mMRNA in ECs exposed to hypoxia for 2 hour, 8 hours and 16 hours (Figure 2). The

miRNA changes observed in RISC from cells exposed to hypoxia poorly correlated with
their respective total profiles. We also observed that the hypoxic changes in miRNA
composition became more pronounced at the later stages of the time course. The number of
miRNA affected by 2 hours of exposure to hypoxia was drastically higher in RISC, and the
complexes obtained after 16 hours of exposure to hypoxia were depleted of large number

of miRNAs when compared to ones obtained from normoxic cells. Given that the miRNA
content of the complexes remained unaffected by hypoxia (Supplemental Figure 1D), similar
to the global miRNA content (Figure 1B), this suggested that the miRNA depletion of
RISC observed after 16 hours of exposure to hypoxia is a part of a specific regulation

rather than the general consequences of hypoxia-related impairing of miRNA biogenesis
(52-54). Supporting this model, the RISC formation, especially Argonaute 4 (AGO4) levels,
were shown to be increased during hypoxia (52). This data is also in good agreement with
previous reports of the analyses of pri-miRNAs and mature miRNAs levels during hypoxia
that suggested that additional mechanisms are involved in maintaining hypoxic miRNA
expression (52).

The 2 hours of exposure to hypoxia indicated that there were significant changes in RISC
and suggested that the miRNA-mediated adaptation to low oxygen pressure relies on the
efficient utilization of global miRNAs without the necessity of increasing their cellular
content through transcription. The depletion of RISC of numerous miRNAs at 16 hours
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may also suggest that the cells are minimizing miRNAs to prevent reduction of expression
of proteins important for adaptive response to hypoxia caused by chronic hypoxia-related
translational repression (55, 56).

Given that the miRNA presence in RISC results from availability of their mRNA targets
(51), we next analyzed their respective mRNA content using RNA-seq analyses. Notably,
the MRNA profiles of RISC clearly indicated that at each time of exposure to hypoxia a
large number of specific transcripts were uniquely affected. Interestingly, during the time
course, the number of mMRNASs that are enriched in RISC increased (481 mRNAs at 2 hours,
727 at 8 hours and 842 at 16 hours), whereas a number of depleted transcripts decreased at

8 hours (755 mRNAs at 2 hours, 436 at 8 hours and 491 at 16 hours). We tested that the
RISC enrichment in mRNA could be predictor of reduced protein levels, whereas depletion
would have the opposite effect. This would suggest that during acute hypoxia, the RISC
composition supports the development of adaptive response allowing for the accumulation of
proteins crucial for initial cell survival, whereas at later time points, the RISC composition is
modified to govern/adjust oxygen homeostasis and metabolism.

To test this hypothesis, we performed a functional assignment analysis for the RISC-
observed mRNA changes at each time point and found that at 2 hours the RISC were
depleted of mRNAs involved in initiation of transcription as well as autophagy, whereas
enriched transcripts were involved in the unfolded protein response (UPR), apoptosis,
VEGFA signaling and apoptosis. This suggests that miRNA composition of RISC during
acute hypoxia support HIF-1-related activation and changes in mitochondrial metabolism
as well as survival through autophagy. At the same time, they prevent activation of
apoptosis, UPR and modulate the extend of VEGF signaling (57, 58). After 8 hours, the
RISC composition supports RNA binding and mRNA processing as well as chromatin
reorganization, and controls the extend of HIF-1 signaling and angiogenesis. At 16 hours,
MRNA processing, transcription and chromatin remodeling are promoted, along with the
cellular responses to DNA damage, cell cycle progression, and the regulation of both HIF-1
and HIF-2 signaling and apoptosis. Furthermore, these observations are in good agreement
with the numerous reports that miRNA modulate their targetome through both positive and
negative feedback loops (13, 59). This was further supported by our analysis of involvement
of potential MiRNA-mRNA complexes that clearly indicate that both mMRNA and miRNA
changes observed in RISC complement each other and serve to regulate the proposed
signaling pathways involved in cellular adaptation to hypoxia.

Furthermore, the composition of RISC components suggest that the miRNAs are modulating
the HIF activated cellular responses to hypoxia (45, 46) that could also protect the cells
from damage if the oxygen levels are rapidly restored and lead to reoxygenation injury (60).
Support for this theory is also provided by the comparisons of RISC mRNA content from
the results of our previous studies using microarrays to follow the global transcriptomic
changes in HUVECs exposed to hypoxia during the same time periods (61). In this analysis,
we found that after 8- and 16-hours of hypoxia about one third of induced transcripts were
enriched in RISC (Supplemental Figure 3BC) and these mRNAs coded for proteins involved
in HIF-1 signaling, apoptosis as well as glycolysis. That being said, further extended
molecular and functional studies will be necessary to confirm the extend of each of these

FASEB J. Author manuscript; available in PMC 2023 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Moszyniska et al.

Page 15

miRNA functions. Given that miRNA-dependent regulation of expression is often tissue
and cell specific (62), similar types of studies will be necessary to obtain the composition
of RISC components during hypoxia in other experimental models such as hepatocytes,
epithelial cells and immune cells.

The changes in miRNA-mRNA composition of RISC may also be an important regulator
and controller of both adaptation and the transition from acute to chronic to hypoxia.
Interestingly, miRNA comprise only about 0.01% of total RNA (63), whereas mRNA
account for up to 4% of cellular RNA (64). Hence, the changes in miRNA-mRNA
complexes observed in RISC are an important mechanism for fine tuning the hypoxia
adaptive response to prevent its uncontrolled expanse rather than relying on an abrupt
shutdown mechanism. Despite the fact that our RISC analysis suggested some level
independence from the transcriptional regulation of miRNA levels, the impact of HIF-1

and HIF-2 on miRNA expression should not be overlooked. For example, previous studies
reported that hypoxia and ischemia change the expression profiles of many miRNAs that are
HIF-dependent (65, 66). A large number of these studies, however, have focused on cancer
cell lines only and HIF-1’s role and did not consider the consequences of HIF-2 activity
(11). Furthermore, most of the previous studies focused on miRNA and mRNA changes
during chronic hypoxia, without relating the observed miRNA changes to the specific HIF-1
and HIF-2 levels. In spite of the fact that HIF-1 and HIF-2 are the main regulators of

the adaptive hypoxic response, many of the hypoxia-related miRNAs changes have been
identified as being mainly HIF-1 dependent (11). Our results of hypoxic miRNA profiles in
both the global population and in the RISC fractions clearly demarcated between acute and
chronic hypoxia and illustrated the regulated transition from HIF-1 to HIF-2.

Our focus was on the 8-hour time point when both HIFs were well represented. We analyzed
the cellular miRNA and mRNA fractions since our goal was to identify miRNAs that could
be transcriptionally regulated by HIF-1 and HIF-2. These resulted in the identification of 6
potentially HIF-1-dependent miRNAs: hsa-miR-210-3p; hsa-miR-520d-3p; hsa-miR-98-3p;
hsa-miR-4745-5p; hsa-miR-139-5p and hsa-miR-6789-5p, among which only the well-
known hsa-miR-210-3p was induced in both in the global and RISC fractions. Whereas,

the induction of miR-98-3p and miR-139-5p was only observed in RISC fraction. The
analysis of the miRNAs’ genomic locations for the presence of specific HIF-1 and HIF-2
motifs indicated that all of these that promotors regions were located in open chromatin
regions for both HIF-1 and HIF-2. This suggested that these HIF-1-dependent miRNAs
could be also regulated by HIF-2, which was further verified with EPASI silencing. Notably,
all identified miRNAs except for hsa-miR-6789-5p were also significantly reduced in the
absence of HIF-2. This observation is in good agreement with our previous study showing
that the majority of genes responsible for HIF-dependent cellular responses to hypoxia can
be regulated by both HIF-1 and HIF-2 (48) as well as previous report of miR-210 being a
target of both HIF-1 and HIF-2 in renal cancer (67).

A parallel analysis that we performed to identify HIF-2a.-related miRNAs resulted in
identification of 11 miRNAs. The hypoxic induction of hsa-miR-503-3p, hsa-miR-503-5p
and hsa-miR-424-3p was observed in global analysis of hypoxic miRNA distribution,
whereas the majority of the miRNA changes were indicated in RISC contents that
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included hsa-miR-424-3p, hsa-miR-495-3p, hsa-miR-7-5p, hsa-miR-450b-5p; hsa-miR-543,
hsa-miR-503-3p and hsa-miR-503-5p. Furthermore, 6 of these miRNAs were not induced

in hypoxia exposed cells, suggesting that the HIF-2a transcriptional activity is either
substituted by some other transcription factors or that HIF-2a driven expression of this
miRNA is equalizing their functional utilization in RISC that relies on degradation of

these mMiRNA-mRNA hybrids rather than on translational suppression. Nevertheless, this
hypothesis will require further study. The expression of all of these miRNAs were
HIF-2-specific since HIF-1a silencing did not decrease their expression. Taken together,

we identified 3 different groups of HIF-dependent miRNAs: one HIF-1 specific (hsa-
miR-6789-5p); five both HIF-1 and HIF-2 specific, and eleven HIF-2 specific miRNAs.

The identified miRNAs were also confirmed as components of the RISC components.
Previous reports have indicated that HIF-1 governs the expression of several miRNAs during
hypoxia including miR-210 (68), miR-146a (69), miR-145 (70), miR-382 (71), miR-191
(72), miR-363 (73), miR-421 (74), miR-204 (75), miR-30a, miR-21 (76, 77), miR-687 (78),
miR-155 (15), and miR-429 (13) and miR-19a (79), whereas to the best to our knowledge
this is the first study identifying HIF-1 and HIF-2 specific, and HIF-2 specific miRNAs.

Importantly, we correlated the identified the HIF-dependent miRNAs with the corresponding
mMRNA changes and observed that the identified HIF-dependent miRNAs are likely involved
in governing adaptive response to hypoxia signaling pathways that include angiogenesis-
related signaling and the hypothesis that the transition from HIF-1 to HIF-2 modulates
miRNA levels in order to both sustain and tune ECs cellular adaptation to prolonged
hypoxia. Furthermore, although some of the miRNAs that were identified in this work were
already well established as HIF-dependent master regulators of hypoxic response, the role
of the majority of them is unknown and will require further study. Notably, deregulation of
these miRNAs has been reported in cancer and cardiovascular diseases (Supplemental Table
2), suggesting their potential for developing novel therapeutic and diagnostic approaches.

In summary, our study demonstrates that hypoxia-related changes in miRNA-mRNA RISC
composition serve both the development and control of adaptive responses to hypoxia and
do not completely rely on transcriptionaly driven changes in miRNA experssion levels.
Furthermore, for the first time we show that the hypoxic levels of the vast majority of

HIF-1 dependent miRNAs are also HIF-2 dependent, whereas HIF-2 additionaly specifically
governs the expression of a number of miRNAs, and thus the switch from HIF-1 to HIF-2 in
ECs provides important level of miRNA-driven control in the hypoxia adaptive pathways in
endothelial cells.
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Figure 1. Hypoxia resultsin accumulation of HIF-1a and HIF-2a. in HUVECs.
(A) Cells were exposed to hypoxia for the time periods specified and protein lysates were

collected. The representative changes in HIF-1a and HIF-2a protein levels were evaluated
by western blot normalized to B-actin. (B) Hypoxia does not affect the total miRNA
expression in HUVECSs. The mapped miRNA reads in NGS analysis were normalized

to total mapped RNA reads and expressed as fold change over normoxia control, and

3 biological replicates were used. * £< 0.05 was considered significant, the error bars
represent SD. (C) The heat map represents the global distribution of unique miRNAs
significantly affected during 2h, 8h and 16h of hypoxia exposure (Supplemental Data Set 1).
At each time point the miRNAs levels from 3 biological replicates were expressed as fold
change of hypoxia-treated samples compared to the normoxic control samples (£ < 0.05 was
considered significant). The heatmap generation and hierarchical clustering were performed
with the Morpheus Webserver (https://software.broadinstitute.org/morpheus). The miRNAs
that were enriched or depleted in the RISC components are denoted with red and blue fonts,

respectfully.
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Figure 2. RISC miRNA compositional change during the hypoxia time coursein HUVECSs.
(A) The heat map represents the distribution of unique miRNAs affected by at least 2-fold

during 2h, 8h and 16h of hypoxia exposure (Supplemental Data Set 2). At each time point,
the miRNAs levels were corrected for the signal obtained using the normal rabbit 1gG
control and expressed as fold change relative to normoxic control. The heatmap generation
and hierarchical clustering were performed with the Morpheus web server (Morpheus,
https://software.broadinstitute.org/morpheus). The miRNAs that were induced or reduced in
the RISC component analysis are denoted with red and blue fonts, respectfully. (B) The
Venn diagram (80) represents the general distribution of unique mRNAs levels that changed
by at least 2 log, fold in HUVEC RISC samples during 2h, 8h and 16h of hypoxia exposure
(Supplemental Data Set 3).
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Figure 3. The predicted cellular responses based on the mRNA composition of RISC samples
obtained from HUVECs during the hypoxia time cour se.

The mRNA levels in RISC components that were increased in by 2 log, folds (Red color)

or decreased 2 logs folds (Blue color) at (A) 2h, (B) 8h, and (C) 16h of hypoxia were

assigned with the Erichr database to cellular signaling pathways (Supplemental Data Set 4)
and selected based on Pvalue < 0.05 (only the top 10 assignments are presented for each

time point).
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Figure 4. The miRNA-mRNA interactionsin RI SC samplesfrom HUVECs exposed to hypoxia
for (A) 2h, (B) 8h and (C) 16h along with their cellular signaling assignments.

The miRNA-mRNA targets interactions were analyzed with the use of miRTarBase (30). For
each of signaling pathways, the individual miRNA-mRNA interactions were scored as 1 for
the RISC enriched miRNAs or -1 for the RISC depleted miRNAs (Blue). The black square
depicts no assignment. The heatmap generation and hierarchical clustering were performed

with the Morpheus web server (Morpheus, https://software.broadinstitute.org/morpheus).
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Figure 5. Themajority of HIF-1 dependent miRNAs are also HI F-2 dependent.
The follow-up gPCR validation of NGS identified miRNA levels that changed by at least

log fold upon H/F-1a silencing in HUVECSs. This analysis confirmed 6 potentially HIF-1
dependent miRNAs: (A) hsa-miR-210-3p; (B) hsa-miR-520d-3p; (C) hsa-miR-4745-5p;
(D) hsa-miR-98-3p; (E) hsa-miR-139-5p; and (F) hsa-miR-6789-5p. The validation was
performed upon both H/F-1a (-HIF1A) and HIF-2a (-EPAS1)silencing in HUVECs
exposed to hypoxia for 8h. The cells cultured in normoxia and transfected with control
SiRNA were used as the normoxic control. miRNA levels were normalized to RNU44

and expressed as a fold change over control in normoxia. The data represent mean of 3
biological replicates (3 technical replicates each) + SEM of three (*P< 0.05 was considered
significant).

FASEB J. Author manuscript; available in PMC 2023 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Moszyniska et al.

w
w

~
~

wok

-

hsa-miR-503-5p relative levels
-

hsa-miR-503-3p relative levels

o
o

Normoxia ~ _Ctrl___(-) HIFIA_(-) EPAS1 Normoxia ~ Ctrl ) HIF1A_(-) EPAST
Hypoxia i
c yp D . Hypoxia

3 * 2
@ > *
o o
2 gt
S kS
g2 ¥ ©3 .
o QL
= )
? S2
ot 5
gt e ¥ Hox
5 L1
e g
2 &

0 20

Normoxia Ctrl (-) HIF1A (-) EPAS1 Normoxia Cirl -) HIF1A__(-) EPAS1
Hypoxia Hypoxia

m
~
m
-
d}

®

IS
*

hsa-miR-374a-3p relative levels
.

hsa-miR-26a-2-3p relative levels

0 0
Normoxia  Ctrl () HIF1A () EPAS1 Nommoxia ~ Ctl () HIF1A () EPAS1
Hypoxia Hypoxia
G

» 3 H
@ 3
° K3
¢ ]
2 * 3 A
2, . 2
K 2,
e ®
M - 8
8 %
ol g1 X
& S &
g &
2 2

0 0

Normoxia Ctrl (-) HIF1A (-) EPAS1 Normoxia ~ Ctrl  (-) HIF1A (-) EPAST
Hypoxia Hypoxia

FASEB J. Author manuscript; available in PMC 2023 July 01.

Page 30



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Moszyriska et al. Page 31

1 J
2 @ 3

3 . g &

5 *% E

o 2

2 T 2

5 ®

[5

o 1 T Q

st g

§ * %.‘ 1

J *%

g ©

© [2] *
g 0 < 0 *%

Normoxia — _Ctrl (HIFIA () EPAST Normoxia ~ Ctrl  (-) HIF1A (-) EPAST
Hypoxia Hypoxia
K

wn 2

[

>
o

[
2
k&

[

QU
>
¢ T

§

©

1%} *
< *%k

0

Normoxia ctrl (-) HIF1A__(-) EPAS1
Hypoxia

Figure 6. HIF-2 modulates expression of 11 miRNAsin hypoxia-exposed endothelial cells.
The follow-up gPCR validation of NGS identified miRNA levels that changed by at least

log fold upon H/F-1a silencing in HUVECSs exposed to hypoxia (Supplemental Data

Set 6). This confirmed 11 potentially HIF-2 dependent miRNAs: (A) hsa-miR-503-3p,

(B) hsa-miR-503-5p, (C) hsa-miR-543, (D) hsa-miR-450b-5p, (E) hsa-miR-374a-3p, (F)
hsa-miR-26a-2-3p, (G) hsa-miR-10a-3p, (H) hsa-miR-7-5p, (1) hsa-miR-495-3p, (J) hsa-
miR-424-3p, and (K) hsa-miR-342-5p. The validation was performed upon both H/F-1a
(-HIF1A) and HIF-Za (-EFAS1)silencing in HUVECs exposed to hypoxia for 8h, and the
cells that were cultured in normoxia and transfected with control sSiRNA were used as a
normoxic control. miRNA levels were normalized to RNVU44 and expressed as a fold change
over control in normoxia. The data represent mean of 3 biological replicates (3 technical
replicates each) £ SEM of three (*/< 0.05 was considered significant).
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Figure 7. The Venn diagram represents the NGS-based general distribution of unique mRNAs levels
that are changed by at least 2 logp fold upon HIF-1a and HIF-2a silencing in HUVECS exposed to
hypoxia.

(A) The mRNAs that were upregulated in hypoxia exposed HUVECs upon HIF-1a and
HIF-2a silencing were assigned with the Erichr database to cellular signaling pathways
and selected based on Pvalue < 0.05. (B) The miRNA-mRNA targets interactions were
analyzed with the use of miRTarBase (30). For each of the signaling pathways, the
individual miRNA-mRNA interactions were scored as 1. (C) The heatmap generation and
hierarchical clustering were performed with the Morpheus web server (Morpheus, https://
software.broadinstitute.org/morpheus).
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