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ABSTRACT

One of the longest human microRNA (miRNA) clusters is located on chromosome 19 (C19MC), contain-
ing 46 miRNA genes, which were considered to be expressed simultaneously and at similar levels from
a common long noncoding transcript. Investigating the two tissue types where C19MC is exclusively
expressed, we could show that there is a tissue-specific and chromosomal position-dependent decrease
in mature miRNA levels towards the 3' end of the cluster in embryonic stem cells but not in placenta.
Although C19MC transcription level is significantly lower in stem cells, this gradual decrease is not
present at the primary miRNA levels, indicating that a difference in posttranscriptional processing could
explain this observation. By depleting Drosha, the nuclease component of the Microprocessor complex,
we could further enhance the positional decrease in stem cells, demonstrating that a tissue-specific,
local availability of the Microprocessor complex could lie behind the phenomenon. Moreover, we could
describe a tissue-specific promoter being exclusively active in placenta, and the epigenetic mark analysis
suggested the presence of several putative enhancer sequences in this region. Performing specific
chromatin immunoprecipitation followed by quantitative real-time PCR experiments we could show
a strong association of Drosha with selected enhancer regions in placenta, but not in embryonic stem
cells. These enhancers could provide explanation for a more efficient co-transcriptional recruitment of
the Microprocessor, and therefore a more efficient processing of pri-miRNAs throughout the cluster in
placenta. Our results point towards a new model where tissue-specific, posttranscriptional ‘fine-tuning’
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can differentiate among miRNAs that are expressed simultaneously from a common precursor.

Introduction

MicroRNAs (miRNAs) are short non-coding RNAs that form
ribonucleoprotein complexes with Argonaute (AGO) proteins
to fine-tune the expression of their target mRNA molecules.
These approximately 22-nucleotide-long single-stranded
nucleic acids are formed via consecutive cleavage and matura-
tion steps from long primary transcripts (pri-miRNAs): dur-
ing the canonical pathway in animal cells, the imperfect
secondary structured hairpins are cleaved from the transcript
by the Drosha/Dgcr8 Microprocessor complex, and the so-
formed precursor miRNAs (pre-miRNAs) are transported out
from the nucleus by the Exportin-5 system. In the cytoplasm,
another RNaselll type enzyme, Dicer removes the apical loop
of the hairpin, forming short, double-stranded RNA mole-
cules with 3" overhangs of two nucleotides. Several subsequent
maturation events result in a formation of an RNA-induced
silencing complex (RISC) where one strand of the Dicer
cleavage product becomes associated with an AGO protein
and matures to an effector complex. The so-formed RISC
starts scanning the mRNA population in the cell to find its
target, typically a short sequence in the 3’ untranslated region
complementary to the ‘seed sequence’ (two to eight nucleo-
tides at the 5’ part) of the miRNA; the target mRNA is then

either degraded or its translation is inhibited by various
mechanisms [1,2].

miRNA genes can be located in introns (or even in exons)
of protein-coding and non-coding transcripts (even in the
coding region of DGCRS itself, see [3]), where their expres-
sion is linked to the host gene transcription, but not necessa-
rily coupled to splicing and maturation of the host transcript
[4]. On the other hand, miRNA genes can be regulated by
their own promoters, even if positioned in an intron [5].
Previous studies revealed that miRNAs are often clustered in
the human genome [6], and such clustered miRNAs are
functionally linked [7]. During evolution, several long
miRNA clusters have been formed, and in primates, they are
typically involved in stem cell regulation and placenta phy-
siology [8,9]. Two exceptionally long miRNA clusters (MC) in
the human genome are located on chromosome 14 (the
C14MC, with 52 miRNA genes) and on chromosome 19
(the C19MC, with 46 miRNA genes), and there is emerging
evidence that at least C1I9MC controls migration and invasion
of human trophoblasts and take part in cell-to-cell commu-
nication during pregnancy [8-10]. The genomic loci of both
clusters are complex: the C14MC is interrupted by a C/D
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snoRNA cluster and it is currently unknown if they are
regulated independently [8,9], whereas the C19MC is located
nearby the short miR-371-3 cluster which seems to have
a distinct regulation [11]. Another common aspect of these
long clusters is that their expression is regulated by imprint-
ing: in the placenta, the C14MC is expressed from the mater-
nally inherited allele, whereas the C19MC is expressed
exclusively from the paternally inherited chromosome
[8,9,11].

Although previous reports indicated that all miRNAs in
a cluster share a common regulation, several recent studies
found individual miRNAs showing distinct expression pat-
terns, indicating more elaborate regulatory mechanisms (for
a recent review, see [12]). As a prominent example, compo-
nents of the let-7 cluster mature differently from the same
polycistronic transcript, and due to the high variability of
individual processing, pri-miRNA levels were found to be
a better indicator for mature miRNA expression than primary
transcription [13]. Moreover, RNA binding proteins such
hnRNPA1 can bind to the stem-loop structure of distinct pre-
miRNAs in a cluster, providing separate regulation for indi-
vidual miRNAs, as shown for the hsa-miR-18a in the miR-17-
92 (oncomiR-1) cluster [14-16]. Clearly, common transcrip-
tional regulation is a necessary but may not be a sufficient
condition for similar expression levels of miRNAs within the
same cluster.

The C19MC has an additional unique feature: there are
several Alu elements dispersed throughout the cluster, located
typically flanking the pre-miRNA sequences [17-19]. This geno-
mic arrangement and the fact that many of the miRNAs in the
cluster share similar seed sequences indicate that the C19MC
were formed by gene duplication events mediated by the Alu
elements during primate evolution, and the common ancestor
sequence was most likely an ancient miRNA similar to the miR-
371 species [17,20]. The cluster is expressed predominantly in
embryonic stem cells (ESCs) and in the reproductive system
including the placenta [21,22], but some individual miRNAs
from the cluster (such as hsa-miR-498) were found to be
expressed in the foetal brain [23]. Moreover, previous studies
of CI9MC regulation remained controversial: earlier investiga-
tors claimed that due to the presence of Alu sequences, the
cluster is transcribed by RNA polymerase III [18]. In a later
study, however, it was revealed that this is not the case but the
C19MC is transcribed by RNA polymerase II as a primate-
specific, long non-protein-coding transcript with a complex spli-
cing pattern, and the miRNA genes are intron-encoded [19].
Following that, Bellemer et al. provided evidence that during
miRNA maturation, the Microprocessor complex recognizes the
intron-coding long transcript near the site of transcription, and
after Drosha cleavage, the DGCRS8 remains attached to the pre-
cursors for longer [24]. However, the functional role of this latter
association remains unclear, as well as the elaborate, potentially
distinct regulatory processes of individual miRNAs from this
large transcript.

In this study, we aimed to understand the tissue-specific
transcriptional and  posttranscriptional regulation of
miRNAs expressed from the C19MC cluster. By examining
and comparing human ESC lines with placenta-derived
cells, we provided evidence that there is a strong correlation

between the position and the expression level of a given
miRNA from the cluster: significantly lower miRNA steady-
state levels could be detected towards the 3’ region of the
cluster in ESCs. We could reveal that the major source of
this difference is originated at the posttranscriptional level
of miRNA maturation, showing a decreasing pri-miRNA
processing efficiency towards the 3’ region of CIIMC,
mediated by the lowered local availability of Drosha.
Moreover, we could show that there is a placenta-specific
promoter that contributes to tissue specificity, and by per-
forming chromatin immunoprecipitation with antibody
against Drosha, followed by quantitative real-time PCR
(ChIP-qPCR), we could provide evidence that in placenta,
Drosha is associated with certain enhancer regions located
upstream of CI9MC. These data point towards a potential
enhancer-mediated, cotranscriptional recruitment of the
Microprocessor to the transcription complex, providing
the basis for the more efficient processing of miRNAs
throughout the entire cluster in placenta. Our results can
contribute to a new model of miRNA expression from long
clusters, where tissue-specific promoters or enhancers could
influence the processing of miRNAs from a common long
non-coding transcript.

Results

C19MC miRNA expression levels show a
position-dependent profile

Previous studies indicated that CI9MC is expressed predomi-
nantly in embryonic stem cells and placenta [21,22] so we
started analysing small RNA sequencing data from these
tissue types (see Methods). Examining the abundance of
miRNAs expressed from this cluster, we found that in pla-
centa samples, these miRNAs contribute to a very high frac-
tion, up to 40% of the total cellular miRNA population (Fig.
1A). This high expression level was in contrast to that in
ESCs, where all CI9MC species were detected but their overall
expression was around 1% of the total miRNA pool (Fig. 1A
and 1B). Individual miRNAs of the cluster showed heteroge-
neous expression levels in both tissue types, being more
abundant in placenta samples (Fig. 1B). When the miRNA
expression levels were compared with their genomic positions
two different trends were revealed: in placenta, the expression
of miRNAs slightly increases towards the 3’ end of the cluster,
while in ESCs, the expression levels show a decreasing ten-
dency (Fig. 2A). Moreover, if data were normalized to the
corresponding placenta expression level, this position-
dependent relative decrease in miRNA levels was further
enhanced (Fig. 2B). Thorough analysis of the data reveals
that the expression difference between the two tissue sample
sets doubles at approximately every 12th miRNA, so the ~10-
fold difference at the beginning of the cluster emerges to
a ~ 135-fold difference at the 3’ end. Similar tendency could
also be observed when independent datasets from Okae et al.
[25] or from Mong et al. [10] were analysed (Suppl. Fig. 1).
The data represents steady-state expression levels which are
the combined results of transcription efficiency and RNA
decay processes. Therefore, we aimed to investigate which
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Figure 1. Investigation of mature C19MC miRNA expression. (A) Abundance of C19MC miRNAs in the total cellular miRNA population of placenta (n = 8; blue bars)
and ESC (n = 4; red bars) samples (see Materials and Methods for dataset identifiers). (B) Expression levels of individual C19MC miRNAs. Averages of log,-transformed
CPMs are shown in placenta (x-axis) and in ESC (y-axis). C19MC miRNAs are marked by blue dots.
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Figure 2. C19MC miRNA levels are genomic position-dependent. MiRNAs encoded by the same pre-miRNA (5p and 3p arms) were summed and ordered by their
genomic position from first to 46th (x-axis). Y-axis shows log,-transformed (A) CPMs and (B) CPMs normalized to average placenta levels for each sample (placenta
(n = 8; blue dots); ESC (n = 4; red dots)). Blue and red lines illustrate fitted linear models for placenta and ESC samples, respectively. For panel (B), the B-coefficient of
regression is —0.08401, with p value of 3.5e-12. (C) Small RNA-seq results were reproduced by qRT-PCR on selected miRNA targets (B-coefficient: —0.08134, p value:
2.53e-06; blue dots are placenta samples (n = 5), red dots are ESC samples (n = 4)). (D) Pri-miRNA expression levels were measured by qRT-PCR and were found to be
position-independent (B-coefficient: 0.00928, p value: 0.321). Primers for detecting the indicated PCR amplicons are listed in Suppl. Table 1.
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level of regulation is responsible for this tissue-specific, posi-
tion-dependent miRNA expression profile.

The position effect is attributed to tissue-specific
pri-miRNA processing efficiency

To validate the expression profiles in the two tissues, we
measured the steady-state levels of selected miRNA species
by quantitative real-time PCR in the placenta-derived JAR
and in the human embryonic stem cell originated HuES9
cell lines. The position-dependent profile was indeed con-
tirmed (Fig. 2C): expression levels in hESCs were lower in
general but when compared to their corresponding levels in
placenta samples, miRNAs located at the 5’ regions of the
cluster had higher abundance than those from the 3’
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regions (e.g. hsa-miR-512 versus hsa-miR-517c). This ten-
dency of gradual decrease towards the 3’ end in stem cells
was statistically significant when linear regression models
were fitted on the data (Fig. 2B and 2C). However, when
pri-miRNA transcript levels were examined, this position-
dependent decrease in abundance was not detected,
although the steady-state expression level difference
between the two cell types could still be revealed (Fig. 2D).

In order to further characterize this phenomenon, we
quantified the processing efficiency by measuring the ratios
of the unprocessed and the total pri-miRNAs in the two
tissue types (Fig. 3A, and see also Materials and Methods).
Interestingly, the processing was more efficient in hESCs
but showed a position-dependent decrease towards the end
of the cluster when compared to placenta cells (Fig. 3B).
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Figure 3. Position dependence of pri-miRNA processing efficiency. (A) Processing efficiency was measured at multiple positions of the cluster. At each position, two
pairs of PCR primers were used: for the total pri-miRNA level measurements, both primers are located outside the pre-miRNA stem-loop; for the unprocessed pri-
miRNA levels, a forward primer on the pre-miRNA stem-loop and a reverse primer downstream from the pre-miRNA were used. (B) Processing efficiency shows
a position-dependent difference between placenta (n = 4; blue dots) and ESC samples (n = 6, red dots) (B-coefficient: —0.014825, p value: 0.0184). (C) Processing
efficiency difference between control (n = 2; blue dots) and ActD treated JAR cells (n = 2; purple dots) was not affected by chromosomal position (B-coefficient:
0.002638, p value: 0.9256). (D) Drosha depletion by siRNA (n = 2; orange dots) reduced processing efficiency in a position-dependent manner in HUES9 cells (3-
coefficient: —0.0228201, p value: 0.00131). (E) In JAR cells, Drosha depletion (n = 2; purple dots) had no effect compared to the control siRNA treatment (n = 2, blue

dots) (B-coefficient: —0.002625, p value: 0.881).



These results indicated that there is a tissue-specific, post-
transcriptional process acting on the pri-miRNA species.

Position-dependent processing is influenced by
Microprocessor recruitment

We first hypothesized that pri-miRNA processing could be
related to the transcript levels: in placenta, the much higher
transcript level might saturate the miRNA processing
machinery, causing a lower processing efficiency. To test
this theory in the JAR cell line, we performed actinomycin
D treatment to inhibit transcription and quantified the
processing efficiency of pri-miRNAs in the CI9M cluster.
The transcripts in JAR cells had half-lives of less than
1 hour, and after 8 hours of treatment, the levels decreased
to what was comparable to that in hESCs (Suppl. Fig. 2). At
that time point, when measured at the two ends of the
cluster, the processing efficiency did not show the position-
dependent difference detectable in hESCs, although the
processing efficiency increased because of the lower pri-
miRNA input due to transcription inhibition (Fig. 3C).
These results demonstrated that transcription level per se
could not explain the position-dependent decrease in pro-
cessing efficiency.

There are several RNA binding proteins involved in
miRNA stability and processing, and a significant portion of
them have been shown to bind the stem-loop structure of
various pri-miRNAs, influencing their further maturation
steps [12]. We searched for such factors that could potentially
regulate miRNAs of the C19MC and found that hnRNPA1
and SRSF1 could be predicted to bind to several sequences in
the cluster. However, when the scores of these binding sites
were examined, they showed no correlation with the miRNA
expression levels in the cluster (Suppl. Fig. 3). This indicated
that although these (and potentially other) factors could reg-
ulate miRNA members of the cluster, their activity could not
explain the tissue-specific, position-dependent processing
difference.

To investigate whether the Microprocessor level or its
recruitment is connected to processing efficiency, we exam-
ined the levels of Drosha in the cells. The mRNA levels were
comparable in the two tissues so we knocked down Drosha by
siRNA treatment (Suppl. Fig. 4) to see if this influences the
processing. It was intriguing that in contrast to JAR cells (Fig.
3E), Drosha depletion in ESCs caused a strong decrease in
processing efficiency towards the 3’ end of the cluster and it
further enhanced the already present position-dependent pro-
cessing decline within the cluster (Fig. 3D). When performing
Drosha overexpression in JAR cells, no changes in the overall
processing could be detected. On the other hand, when
Drosha was expressed at higher levels in ESCs, the processing
efficiency showed an increase towards the 3’ end of CI9MC
(Suppl. Fig. 5). These results supported the idea that during
miRNA maturation from this cluster, tissue-specific processes
regulate the local concentration of Drosha and thereby the
Microprocessor, significantly influencing its access to the
RNA template and therefore its processivity.

RNA BIOLOGY (&) 5

A placenta-specific promoter could cause more efficient
co-transcriptional Microprocessor recruitment

To further study the tissue-specific aspect of the position-
dependent processing regulation, we analysed epigenetic data-
sets from the NIH Roadmap Epigenomics Project. By exam-
ining data from human embryonic stem cell and placenta
samples, we could reveal that there are distinct promoter
activities in the two cell types. CAGE-seq data analysis [26]
points towards 5 different transcription start sites, 4 of which
are placenta-specific (TSS1-4), whereas TSS5 is active in ESCs
(Fig. 4A). Moreover, a previously identified CpG island over-
laps TSS1, and its methylated status in several tissues but
placenta [11] indicates that this promoter region is exclusively
active in the placenta, initiating the transcription of a longer
RNA species. In contrast to that, in ESCs transcription is
initiated 3" downstream of this region which is also supported
by the validated binding site of the stem cell-specific Nanog
transcription factor, as well as the TATA-Box-Binding protein
(TBP) site at TSS5 (Fig. 4A, see also the H3K4me3 marks of
active transcription start sites [27]). By investigating our pla-
centa and ESCs samples, we could indeed show that a longer
transcript is present only in placenta samples (Fig. 4B). The
two putative promoters show distinct epigenetic marks (dif-
ferent patterns of modified histones and DNase hypersensitive
sites, Fig. 4A) which could well explain the tissue-specific
differences in transcription intensity. In addition, the exten-
sive regions with H3K27 acetylation and H3K4 tri-
methylation in placenta samples not only indicate active
enhancers and strong transcription start sites, but their pre-
sence in broad regions could also boost Microprocessor
recruitment [28]. In order to investigate this potential aspect
of regulation, we carried out ChIP-qPCR experiments using
antibody against Drosha to analyse its binding to selected
regions upstream of CI9MC. We used the DNase
I hypersensitive (DHS) sites to predict putative enhancers
and designed real-time PCR primers to amplify seven selected
DNA segments (DHS 1-7, Fig. 4A). For background normal-
ization, we used two irrelevant promoter sequences, the elon-
gation factor 1-alpha (EFla) promoter being constitutively
active, and the cardiac-specific alpha-actin (ACTC1) promo-
ter being inactive in both tissues, to exclude potential binding
signals related to Drosha’s non-canonical functions (e.g. in
DNA repair, see [29]). By performing the experiments we
could reveal Drosha association with selected sequences in
placenta, showing a highest peak on the DHS 6 putative
enhancer region; in ESCs, however, only very weak Drosha
signals could be obtained (Fig. 4C and Suppl. Fig. 6). These
findings were in line with the previous results on the distinct,
tissue-specific promoters. In addition, an independent sup-
port for the tissue-specific promoter effect was revealed when
we analysed the datasets from Mong et al.: the authors used
the CRISPR/dCas9 Synergistic Activation Mediator system to
activate the stem cell-specific C19MC promoter in HEK293
cells where it is normally transcriptionally silent. [10] By
analysing their miRNA expression data, we could indeed
provide evidence that the miRNA expression profiles show
the similar, genomic position-dependent gradual decrease that
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Figure 4. Promoter usage analysis in placenta tissues and in embryonic stem cells (H1 cell line as example) by investigating the epigenetic marks on a 22 kb DNA
segment upstream of C19MC. (A) H3K4me3 modifications indicate two putative tissue-specific promoters with distinct active enhancer regions (H3K27ac
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DHS1-7) and the two pri-miRNA transcripts (C19MC-0 for the longer, and C19MC-1 for the shorter form). The first two miRNAs of the cluster (hsa-miR-512-1 and —2)
are marked by green boxes (B) The pri-miRNA with a longer 5" end (C19MC-0) was detected only in the placenta sample (RT-PCR end point detection, gel image on
upper panel). JAR genomic DNA (gDNA) was used for primer testing; the 'noRT’ samples serve as negative controls. For the placenta and the HUES9 samples, C19MC-
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line). Significant enrichment for DHS5-7 regions were detected in JAR cells (blue bars), but only weak binding in HUES9 cells (red bars, see separately also in Suppl.
Fig. 6). Beads without antibody were used as ChIP negative controls (light blue and light red bars for JAR and HUES9, respectively), error bars indicate standard
deviations.

were detected in other ESCs (Suppl. Fig. 1B). As a conclusion sequences among the pre-miRNAs indicates that retrotran-
of our various analyses, the strong association of Drosha with  sposon elements-mediated gene duplication events could have
the promoter/enhancer regions in placenta cells could explain  been responsible for the formation of the cluster [17-19]. For
the more efficient co-transcriptional recruitment of Drosha/  this reason, originally it had been proposed that the cluster is
DGCR8 in these cell types which ensures that the transcribed entirely by RNA polymerase III [18], however, it
Microprocessor could efficiently process the entire region of was later proved that RNA polymerase II transcribes this
the long non-coding transcripts from the miRNA cluster on  heavily spliced long RNA molecule [19]. Those studies all
the human chromosome 19. suggested that the numerous encoded miRNA species are
processed simultaneously and at similar levels after transcrip-
tion, however, we could prove that this is in fact not the case:
apart from differences in individual miRNA levels, in human
In this study, we investigated the regulation of the miRNA ESCs, there is a tissue-specific, chromosomal position-
cluster on human chromosome 19, especially focusing on the dependent miRNA expression profile which is different from
tissue-specific differences between placenta and human what can be detected in placenta. We could provide evidence
embryonic stem cells. The C19MC is one of the longest that there is a gradual decrease in the steady-state levels of
human miRNA clusters and the presence of scattered Alu miRNAs when moving towards the 3’ end of the cluster in

Discussion



ESCs, indicating tissue-specific regulatory differences (Fig.
2A-C). Investigating the potential mechanism(s) behind this
observation we could show that such positional difference
could not be detected on the pri-miRNA levels, demonstrating
that at least on the transcript level, the 5" and 3’ regions of this
long noncoding RNA are present at similar levels in the
examined tissues (Fig. 2D). Moreover, when transcription
was hindered in a placenta cell line and when it was compar-
able to the lower level found in hESCs, the pri-miRNA pro-
cessing from the 5" and the 3’ end of C19MC did not show the
gradual decrease present in stem cells (Fig. 3B-C). These
results clearly proved that transcription level per se cannot
explain the observed phenomenon and posttranscriptional
mechanism(s) are responsible for the tissue-specific positional
effect.

There are examples of other mammalian miRNA clusters
where individual miRNAs are regulated distinctly from their
neighbours: the hsa-miR-18a, for instance, shows different
expression in its cluster, and posttranscriptional regulation
by the hnRNPA1 protein has been found to be responsible
for that [14-16]. We have tested some RNA regulatory pro-
teins for the C19MC and although pri-miRNA binding was
clearly predicted throughout the cluster, an overall effect on
the miRNAs expression could not be detected (Suppl. Fig. 3).
When testing the pri-miRNA processing efficiency, a clear
difference was revealed between the two examined tissues:
the efficiency showed a position-dependent gradual decrease
in hESCs as compared to placenta (Fig. 3B). A previous study
revealed that the DGCR8 protein component of the
Microprocessor seems to stay longer on the pre-miRNA
after the Drosha cleavage but the authors could not explain
the significance or the consequence of this observation [24].
Based on this we hypothesized that the Microprocessor avail-
ability or the difference in its local activity might be respon-
sible for the positional decrease in miRNA processing in
hESCs. To investigate the mechanism, we tested the miRNA
maturation by knocking down or overexpressing Drosha in
the examined tissues. It was intriguing to see that changes in
the level of Drosha could strongly influence the positional
effect in hESCs but did not affect the miRNA processing
efficiency in placental cells (Fig. 3 and Suppl. Fig. 5). The
results indicated that in stem cells, the availability of the active
Microprocessor complex could be limited which would
explain the lower releasing efficiency of pre-miRNAs towards
the 3’ end of this particularly long primary noncoding
transcript.

In a recent study [30], Donayo and colleagues revealed that
apart from previous findings of the selective regulation by
hnRNPA1 [14], an additional hierarchical processing of pre-
miRNAs in the miR-17-92 cluster results in different expres-
sion levels of the mature miRNA species. Moreover, they
showed that the oncogenic amplification of this cluster leads
to the sequestration of Microprocessor complexes in the cells,
lowering the processing efficiency of other miRNA clusters.
Such a mechanism could be in line with our findings but
would not explain the tissue-specific differences in processing
of C19MC. So, what could cause the decrease in availability of
the Drosha/DGCRS8 complex in embryonic stem cells as com-
pared to placenta cells? One explanation could lie in the
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transcriptional regulation of the cluster. Here we described
a placenta-specific promoter that overlaps with the previously
described promoter of the cluster [11] and it is very active in
placenta but silent in hESCs (Fig. 4A and 4B). This clearly
explains the much stronger transcription activity observed in
placenta cells but the detected epigenetic histone marks also
point to the idea that this region can work as a potential
enhancer: as described earlier for certain ‘super-enhancer’
regions [31,32], it can more efficiently recruit proteins and
regulators to the RNA polymerase II apparatus, carrying out
a more robust co-transcriptional processing of the transcript.
Such a mechanism was shown to exist for long noncoding
RNAs [33], including co-transcriptional recruitment of the
Drosha/DGCR8 complex [13,28,34]. As a similar regulation
could well explain our results showing tissue-specific differ-
ences in formation of miRNAs from C19MC, we performed
ChIP-qPCR experiments using an antibody against Drosha,
and could provide evidence that Drosha is indeed associated
with several potential enhancer sequences located in the
region upstream of the C19MC locus (Fig. 4C). This result
fits well into the model of Microprocessor recruitment to the
transcription apparatus already at the initiation site of tran-
scription [28,34], and the level and the local availability of
Drosha could also contribute to explaining the efficient pro-
cessing of miRNA precursors throughout the C19MC region
in placenta (Fig. 5). By investigating similar, super-enhancer
mediated recruitment mechanisms it seems that it is not
limited to the more efficient co- or posttranscriptional proces-
sing of the transcripts, such as splicing or pre-miRNA clea-
vage, but could also contribute to the more efficient
recruitment of RNA export factors [35]. In addition, such
tissue-specific sequestration of the miRNA processing appa-
ratus could help in understanding why the misregulation of
C19MC could be connected to tumour formation, as elevated
level of C19MC transcription was found to be an associated
marker of triple-negative breast cancers [36], or when
a genomic rearrangement mediated fusion of C19MC with
the TTYHI gene resulted in the formation of embryonal brain
tumours [37]. On the other hand, it still needs to be addressed
how the previously described imprinting regulation of

Placental miR level
A
Mature miR H

difference

Droas

rosha " Pri-mi
avaliablity

Pprocessing efficiency

Positional order of C19MC miRNA genes

Figure 5. Cumulative model of the position-dependent miRNA maturation at
C19MC. Normalized mature miRNA levels of C19MC show a position-dependent
difference between placenta and ESCs (indicated with a blue and a red line,
respectively). The constant difference of primary transcript levels (pri-miRNAs
levels, represented by vertical dotted red arrows) could not explain this phe-
nomenon, however, pri-miRNA processing efficiencies (represented by vertical
black arrows) significantly contribute to this positionally increasing difference.
Based on the results of the present study, tissue-specific difference in processing
efficiency of C19MC is regulated by Drosha/Microprocessor level and local
availability.
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C19MC [11] is connected to the identified enhancer region
and Microprocessor recruitment.

The Drosha recruitment model supported by our ChIP-
qPCR data could explain the local Drosha availability and the
efficient processing of C19MC but fails to explain why the
ESCs are more sensitive to changes in Drosha levels whereas
placenta cells are not (Fig. 3 and Suppl. Fig. 5). When con-
sidering expression levels, the transcription of CI9MC in
placenta is very high, and miRNAs from the cluster make
up a huge amount (40%) of the total miRNA pool in the cell
(Fig. 1A). Together with the efficient recruitment of Drosha
to the promoter in placenta, this massive amount of miRNA
could ‘titrate out’ available Drosha (e.g. Microprocessor com-
plexes) from other, less transcriptionally active miRNA loci,
similarly to what was shown for the highly expressed miR-
17 ~ 92 cluster [30]. In stem cells, however, the C19MC is
expressed in a much lower level (approx. 1% of the total
cellular miRNA pool, see Fig. 1A), and other strongly
expressed miRNA loci could ‘titrate out’ Drosha locally, mak-
ing the Microprocessor complexes less available for the
C19MC in stem cells, therefore being more sensitive to the
overall Drosha level. Our data analyses indicate that the
mentioned miR-17 ~ 92 cluster (making up 10-30% of the
total miRNA pool) or the miR-302 ~ 367 cluster (also making
up a significant, 10-20% of the total miRNA pool) could act
such local “recruiters® in stem cells. Nevertheless, to gain
a more detailed picture on the molecular mechanisms, further
studies should also address the level and potential recruitment
of DGCRS, or other associated factors of the Microprocessor
complex in relation to CI9MC processing. Activating the
placenta-specific promoter by the already described
CRISPR/dCas9 Synergistic Activation Mediator system [10]
could also provide further details about the connection
among transcription-recruitment-processing; however, these
experiments are beyond the scope of the current
investigation.

In conclusion, our results could reveal a new transcription-
coupled, tissue-specific regulatory mechanism of miRNA
maturation from long clusters. Although we could provide
evidence that the rate-limiting step in the processing of the 3’
region of C19MC is the local availability of the effector
Drosha/DGCRS, further studies are required to elucidate the
exact details of this mechanism. Nevertheless, together with
the described regulation of other oncogenic clusters, our
results can well contribute to a novel model of a tissue-
specific regulation of miRNA maturation from long genomic
clusters.

Materials and methods
Cell culture maintenance and treatments

The JAR placental choriocarcinoma cell line was maintained
under standard conditions in 5% CO2 incubator at 37°C, in
RPMI-1640 medium supplemented with 10% FBS and 1%
penicillin-streptomycin (Gibco). Transcription inhibition was
achieved by 5 ug/mL of actinomycin D (Sigma-Aldrich) treat-
ment, and samples were taken at 1, 2, 4 and 8 h after
treatment.

The HuES9 embryonic stem cell line was originally pro-
vided by Dr. Douglas Melton (HHMI). The cells were cul-
tured on Matrigel (Corning) coated six-well plates in mTeSR
medium (Stemcell Technologies) and were grown to 70%
density before transfection. For nucleofection, cells were trea-
ted overnight with the rho-associated protein kinase (ROCK)
inhibitor Y-27,632 (Selleckchem), then detached with
Accutase (Thermo Fisher Scientific) and washed with 1x
PBS at 37°C.

10° cells per reaction were used for electroporation using
the A-023 program with the Amaxa Human Stem Cell
Nucleofector Kit 1 (cat. #: VPH-5012, Lonza) for HuES9
cells, or the X-005 program with the Amaxa Cell Line
Nucleofector Kit V (cat. #: VVCA-1003, Lonza) for JAR
cells, according to the manufacturer’s protocol; the cells
were seeded on six-well plates and harvested 24 hrs after
transfection. For knock-down experiments, 25 nM of siRNA
targeting Drosha (catalogue #4,390824) and a negative control
(cat. #4,390843) were used as recommended by the manufac-
turer (Thermo Fisher Scientific). For Drosha overexpression
experiments, GFP-tagged Drosha expressing plasmid was used
(Addgene #62520 plasmid, [38]) and transfection efficiency
was verified using fluorescence microscopy. In case of HuES9
cells, the similar nucleofection method was applied as
described above. For efficient plasmid transfection into JAR
cells, the FuGENE® HD reagent (Promega) was used accord-
ing to the manufacturer’s instruction.

Study participants, placenta sample collection and
handling

Study participants had been recruited during routine prenatal
care or following hospital admission during the third trime-
ster of pregnancy at 1lst Department of Obstetrics and
Gynaecology, Semmelweis University, Budapest, Hungary. In
this study, five placenta samples were collected right after
C-sections at term pregnancies without any indications of
gestational complications. The study protocol was approved
by the Scientific and Research Ethics Committee of the
Medical Research Council (ETT TUKEB) [No: 24387-2/
2016] and written informed consent was obtained from each
patient. The research was conducted in accordance with the
Declaration of Helsinki.

Placenta samples were collected according to the protocol
described by Pasupathy ef al. [39]. Four areas suitable for
sampling were located on the maternal surface; damaged
areas (calcification, haematoma, etc.) were excluded. About
1-2 mm from the basal membrane was removed and pea-
sized tissue samples were taken from the placental cotyledons.
The samples were washed twice in 1x PBS solution at 4°C and
placed in RNAlater™ stabilizing solution (Thermo Fisher
Scientific) to avoid RNA degradation.

RNA isolation

Total RNA isolation was done by using TRIzol™ Reagent
(Thermo Fisher Scientific) as described in the user guide.
RNA integrity was analysed by agarose gel electrophoresis,



sample purity and concentration were measured by
a Nanodrop spectrophotometer (Thermo Fisher Scientific).

cDNA preparations and real-time PCR quantifications

For mRNA or pri-miRNA analysis, 1 ug total RNA was reverse
transcribed by random oligomers using the High-Capacity
cDNA Reverse Transcription Kit (Thermo Fisher Scientific);
cDNA samples were diluted 1:10 before subsequent amplifica-
tions. Drosha mRNA level was measured by using TagMan®
Gene Expression Master Mix (Thermo Fisher Scientific) and
pre-designed Drosha TaqgMan® assay (cat. #4331182). In the
case of C1I9MC pri-miRNA, RT-PCR was done by using SYBR
Green PCR Master Mix with custom-made PCR primers
(Suppl. Table 1). Real-time PCR measurements were done on
a StepOnePlus™ platform (Thermo Fisher Scientific) according
to the manufacturer’s instructions. The AACt method was
applied for relative quantifications, using a set of endogenous
control mRNAs for normalization: for TagMan® analyses, the
PolR2A (assay Hs00172187_m1l), and the RPLPO (assay
Hs9999902_m1); for SYBR® Green assays, custom-made pri-
mers for PolR2A and RPLPO (for details, see Suppl. Table 1).

For mature miRNA quantification, the expression analy-
sis was performed using the miRCURY LNA™ Universal RT
miRNA PCR Assay (Qiagen), according to the manufac-
turer’s instructions. Briefly, RNA samples (5 ng/pl) were
reverse-transcribed and the UniSp6 RNA spike-in template
was added to each reaction for controlling the quality of
cDNA synthesis. cDNA samples were diluted 1:80 before
subsequent amplifications. RT-PCR was done by using
miRCURY SYBR® Green master mix (Qiagen) and real-
time PCR reactions were run on a StepOnePlus™ platform
(Thermo Fisher Scientific) according to the manufacturer’s
protocol. Pre-designed assays were used to measure the
levels of hsa-miR-512, hsa-miR-517a, hsa-miR-516b and
hsa-miR-517 c. In these cases, the hsa-miR-103a internal
control miRNA was used for normalization during the
relative quantifications by the AACt method.

Pri-miRNA processing efficiency was calculated with normal-
ization of uncleaved pri-miRNA level to the total amount of pri-
miRNA (see also Fig. 3A); primers are listed in Suppl. Table 1.

Chromatin immunoprecipitation (ChIP) gPCR

ChIP-qPCR measurements were done using the ChIP Kit
(cat. #ab500, Abcam) according to the manufacturer’s
instructions. Briefly, 10° cells were collected per ChIP,
chromatin was cross-linked by formaldehyde (Sigma), and
cells were lysed and sonicated for 10 minutes. Sheared
DNA fragment length was analysed by gel electrophoresis.
Immunoprecipitations were done by anti-Drosha antibody
(cat. #ab12286, Abcam), and for positive control, the anti-
H3 antibody (cat. #ab1791, Abcam); as a negative control,
only Protein A beads were used. For normalization pur-
poses, input chromatin DNA was used. qPCR was done by
using SYBR Green PCR Master Mix with custom-made
PCR primers (Suppl. Table 1) on a StepOnePlus™ platform
(Thermo Fisher Scientific) according to the manufacturer’s
instructions.
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Western blot

Cell lysates were collected 24 h after transfection with siRNAs.
Samples were briefly sonicated and protein concentration was
measured by Lowry method. About 30 pg of protein samples
per lane were run on 8% acrylamide gels and electroblotted
onto PVDF membranes (BioRad). After washing with TBS-
Tween, membranes were blocked by 5% milk/TBS-Tween,
and subsequently incubated with Anti-Drosha antibody (cat.
#ab12286, Abcam) on 4°C overnight. Membranes were
washed three times with TBS-Tween and then incubated in
Anti-Rabbit IgG secondary  antibody (Jackson
ImmunoResearch) solution for 1 h at room temperature.
Membranes were washed twice with TBS-Tween, and for
signal detection ECL reagent (Thermo Fisher Scientific) was
used, and the membranes were exposed to Agfa films. Anti-
beta Actin antibody (cat. #ab20272, Abcam) was used as
a loading control and to normalize Drosha expression.
Expression levels were determined by densitometry of the
scanned images using the Image] software [40].

Next-generation sequencing data analyses, visualization
and statistics

Publicly available sequencing data were reanalysed from the
PRJNA187509 NCBI BioProject (placenta samples) [41] and
from SRA data with accession name: SRR026761,
SRR1616134, SRR1616135, SRR1203788 (hESC samples) |-
42-44]. Histone modification data (H3K27ac and H3K4me3)
from hESC and placenta samples (E003 H1, E008 H9, E014
HuES48, E015 HuES6, E016 HuES64 and E091 Placenta) were
downloaded from NIH Roadmap Epigenomics [45].

Raw data were trimmed by CutAdapt (1.10) [46] and reads
were mapped to hg38 assembly of the human genome by BWA
aln (0.7.12) algorithm [47]. Read counting was carried out by
FeatureCounts from the Rsubread package (1.26.1) [48] using
miRBase (v.21) [49] annotations. Normalization was done by
edgeR package (3.18.1) [50] and ‘count per million’ (CPM)
values were used. For quantification of miRNA genes, the two
arms of each miRNA were summed. Logarithmic transformed
relative expression levels were calculated similarly to the AACt
method: logarithmic transformed values of the target samples
were normalized to the mean of logarithmic transformed values
of the control samples.

Statistics and visualization were done in R(3.4.4) [51] soft-
ware environment. Simple linear regression models were
fitted by the Im function [52] and associated p-values were
used to decide whether the explanatory variable (e.g. genomic
position) has a significant influence on the response variable
(e.g. relative miRNA expression). The relationship between
the response and the explanatory variable was described by
the slope (B-coefficient) of the fitted linear model.

Epigenomics data was displayed with the WashU
Epigenome Browser [53].
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