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4 RNA-SEQUENCING VALIDATES

MICRORNA-GENE PREDICTIONS FROM

TRANSLATION MODEL

Abstract

Micro-RNAs (miRs) are post-transcriptional regulators of gene expression, which play im-

portant roles in development and cancer. Current methods to discover the effects of miRs

on particular genes are either purely computational, and prone to produce many false posi-

tive, or cumbersome and low-throughput biochemical assays. In Chapter 3 we modeled the

kinetics of protein. In this way we reduced the large number of sequence-based predictions

to a few highly likely candidates that can be validated experimentally. Here, we validate the

effect of six miRs on their predicted three target genes. We optimize assays for introducing

miRs mimics or miR inhibitors in mouse embryonic stem cells using two fluorescent reporter

cell lines that indicate the activity of specific miR . We performed RNA-sequencing on mouse

emrbyonic stem cells (ESCs) transfected with mimics of six miRs and found in four cases that

the predicted target gene is differentially expressed to a comparable extent as known targets

of the respective miRs. These results corroborate the use of the kinetic model from Chapter 3

as a tool to identify novel miR-gene interactions.
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4.1 Introduction

Mature miRs are single-stranded RNAs of circa 22 nucleotides that mediate RNA interference

in eukaryotes. miRs typically pair to the 3’ untranslated region (3’-UTR) of an mRNA and

silence gene expression either through RNA-induced silencing complex (RISC)-mediated

cleavage, destabilization of the poly-A tail, or blocking the translational machinery. In

animals, the binding region in miRs is short and mostly not 100% complementary to the

mRNA binding site. This, combined with the fact that there are around 24,000 predicted

miRs and 140,000 predicted mRNA transcripts makes predicting miR-gene a difficult task.

One popular database of predicted miR-gene interactions is TargetScan [1]. TargetScan

reports a score which reflects the likelihood of miR binding, however neither its accuracy

nor its precision is well characterized. One obvious reason an interaction might not exist

is the lack of co-occurrence in cells. In Chapter 3 of this thesis we pre-selected dozens of

mir-gene interactions using a very lenient TargetScan score threshold and whittled down

this selection using our protein turnover rate model. By definition of our model, these miRs

and genes are expressed simultaneously. In this chapter we will investigate three genes for

which we predicted interactions: Acad8, Cdk7 and Eif4h.

Acad8 is part of the acyl-CoA dehydrogenase family of enzymes and is not known to

play a significant role in embryonic development or differentiation. However, mutations in

Acad8 are known to cause the rare genetic disease Isobutyryl-CoA dehydrogenase deficiency.

Acad8’s predicted regulator miR-433-3p, on the other hand, is known to target genes involved

in development: the transcription factor CREB [2], the WNT regulator DKK1 [3] and the Egfr

binding adaptor protein GRB2 [4]. The second predicted regulator of Acad8 is miR-23b-5p,

which is known for its role in cancer via targets like EBF3 [5], FOXC1 [6] and Hmgb2 [7]. We

decided not to investigate the third miR, miR-5615-3p, due to its low expression levels.

The second gene is the cell cycle gene Cdk7 which is part of the cyclin-dependent pro-

tein kinase family. Cdk7 is essential during the very early stages of development [8, 9]. The

two miRs that are predicted to regulate Cdk7 are mir-99a-3p and mir-100-3p, which are very

similar in sequence. Both are known to regulate MTOR/Mtor [10, 11], a serine-threonine ki-

nase that is essential for growth and proliferation [12]. Other targets of mir-99a-3p and mir-

100-3p include NOX4 [13], CDC25A [14] and Hoxa1 [15], and RASGRP3 [16] and IGF1R [17]
respectively.

The third gene with candidate interactions is Eif4h, a translation initiation factor. This

gene is part of the machinery that recruits ribosomes to mRNA. Williams-Beuren syndrome

is a rare genetic defect that results from a deletion of Eif4h [18]. We predicted regulation of

the miRs miR-152-3p and miR-467e-3p, where, to the best of our knowledge, the latter has

no experimentally validated targets. Some of miR-152-3p’s known targets are the two cell

cycle genes CDKN1B [19] and CDK8 [20], the pluripotency inducing KLF4 [21], and the DNA

methyltransferase Dnmt1 [22].
In this chapter we will demonstrate an miR mimic and inhibitor assay, which we opti-

mized using two fluorescent reporter cell lines for miR activity [23]. By RNA-sequencing of
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mouse ESCs transfected with miR mimics we validate four out of six predicted miR-gene in-

teractions.

4.2 Results

In Chapter 3 we identified Acad8, Cdk7 and Eif4h to be translationally regulated by miRs

Fig 1a. TargetScan predicts one or two binding sites per miR of which only one is conserved

between species Fig 1b. Based on the cumulative weighted context++ score (CWC++S) for

these genes alone, these interactions do not stand out among the hundreds of predicted in-

teraction each of these genes have with the exception for Acad8 with miR-433-3p [1].

In order to investigate the effect of these miRs on mouse ESCs we set up a transfection as-

say with miR mimics and inhibitors Fig 2A. miR mimics (Pre-miR miRNA Precursors, Thermo

Fisher Scientific) are double stranded RNAs designed to be processed by the cell into mature

miRs that are identical to a mature miR. Their small size facilitates transfection, making them

a potent tool to simulate miR overexpression in the cell. In contrast, miR inhibitors (miR-

CURY LNA miRNA Power Inhibitor, Qiagen) block miRs by complementary binding to the

mature miR. The modified LNA bases have a higher binding affinity compared to RNA and

therefore inhibit and degrade endogenous miR effectively. In order to evaluate the effective-

ness of the transfections we created two fluorescent reporter cell lines Fig 2B. These cell lines

have bi-directional CAG promoters with highly correlated transcription of two fluorescent

proteins: mCherry and citrine. The citrine transcript has additionally been cloned with miR

binding sites at its 3’-end, resulting in reduced expression of citrine relative to mCherry if the

respective miR is present. We created reporter cell lines for a miR that is undetected in our

system (mir-590-3p) and one that is highly expressed (miR292a-5p) in order to evaluate the

mimic and inhibitors respectively. Flow cytometry measurements of the mimic transfection

revealed a high percentage of positively transfected and regulated cells after 24h Fig 2C. Al-

though the effect increased slightly over time, we picked 24h as the ideal time point in order

to limit the amount of secondary effects of the mimic Fig 2D. Transfection of the inhibitor

was slightly less effective even at higher doses Fig 2E. For the miR inhibitor transfection we

selected 48h transfection with 2X the suggested dose to be ideal Fig 2F.

Having set up effective dose and timings for our transfection assays, we next set out to

validate the predicted miR targets. Although our kinetic model was set up to predict reg-

ulation at the level of translation, we used mRNA abundance as a readout, reasoning that

mRNA levels are likely affected as well. After 24h of exposure to the miR mimics, cell samples

were collected and purified mRNA was subjected to RNA-seq Fig 3A. Differential expression

analysis revealed significant downregulation of all three predicted target genes by at least

one of the proposed miRs Fig 3B. Acad8 is downregulated by miR-433-3p (P=1.7e–3), Cdk7

is downregulated by miR-99a-5p (P=0.014) and Eif4h is downregulated by both miR-152-3p

(P=0.015) and miR-467e-3p (P=1.21e–19). The observed downregulation supported the hy-

pothesis that miR-gene binding takes place in these four cases.
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Figure 1. Proposed miR-gene interactions from chapter 3 are not scored highly by Tar-
getScan. (A) Cartoon of miR-mediated translational regulation, miR-mediated mRNA degra-
dation is not shown. (B) miR-gene interaction predictions from TargetScan 7.2 with their
CWC++S [1]. Only one of eight predicted binding sites is preserved across species. Vertical
lines indicate binding bases.

In order to assess the level of downregulation of our target genes, we compared these

genes to some known targets in the context of the full transcriptome Fig 3C. The genes Dkk1,

Ebf3, Foxc1, Nox4, Hoxa1 and Rasgrp3 were undetected in our system. Of the rest of the genes

with known interactions most appear to be downregulated. Fixing the false discovery rate

(FDR) at 0.1% only miR-100-5p–Cdk7, miR-152-3p–Dnm1 and our own proposed miR–3p–

Eif4h, are identified as interactions. Importantly, the lack of measured differential mRNA

expression does not exclude binding of the mIRs and regulation of translation. These data

show that our proposed significant miR-gene interactions, miR-433-3p–Acad8, miR-99a-5p–

Cdk7, miR-152-3p–Eif4h and miR-467e-3p–Eif4h, lead to a similar extent of downregulation
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as found in known targets.

4.3 Discussion

Due to an enormous amount of possible combinations of miRs and genes it is a formidable

challenge to identify true interactions. The kinetic model discussed in Chapter 3 whittles

down potential interactions to a much smaller set of interactions that may have impact on

translational regulation. We created reporter cell lines for activity of a lowly expressed and

a highly expressed miR. Using these cell lines, we set up transfection assays for miR mimics

and miR inhibitors that can enhance or annul a miRs effect on protein expression. We per-

formed transcriptomic measurements of the mimic assay for six proposed miRs. These data

showed that at least four out of six miRs bind and downregulate their predicted target mRNA,

a surprisingly high fraction considering the search space. Moreover, Eif4h is, to the best of

our knowledge, the first confirmed target for miR-467e-3p.

In this study we decided not to investigate the miRs using the dual luciferase assay. Al-

though this is considered the gold standard of validating miR-gene interactions it only re-

ports on the interaction between a specific miR-gene pair and does therefore not scale well

to many possible pairs. By RNA-seq we can simultaneously observe the effects on the whole

transcriptome. This can potentially reveal biological relevance of miRs in addition to pro-

viding controls in the form of known targets. On the other hand, some of the observed dif-

ferential expression might be a secondary effect of direct miR targets. However, we start out

with a clear hypothesis about the interaction from a very different source. In a follow up

study we will complement the mimic experiments with the corresponding inhibitor assays.

We hypothesize that quenching the miRs of miR-433-3p–Acad8, miR-99a-5p–Cdk7, miR-152-

3p–Eif4h and miR-467e-3p–Eif4h, will result in higher expression of the respective mRNAs.

miR-433-3p is downregulated upon retinoic acid (RA) differentiation meaning any tar-

Figure 2 (following page). Dose and timing for miR mimic and inhibitors transfection ex-
periments can be obtained using fluorescent reporters of miR activity. (A) Cartoon of miR
mimic and miR inhibitor translational regulation. (B) miReporter plasmid, inserts and di-
gestion sites (BamHI and NheI). The insert overhangs are compatible with BamHI and NheI,
but block redigestion. See Methods for full cloning strategy. (C) Inhibition of the miR-590-
3p reporter transcript by the miR-590-3p mimic for seven time points as measured by flow
cytometry. The asterisk indicates the optimal transfection timing shown in D (1d). (D) Flu-
orescence signal of miR-590-3p reporter for miR-590-3p mimic or scrambled control at op-
timal transfection conditions. Blue line indicates 1st percentile of reporter/normalizer ratio
of the scrambled control. (E) Relief of inhibition on the miR-292a-5p reporter transcript by
the miR-292a-5p inhibitor for three time points at three transfection concentrations as mea-
sured by flow cytometry. The asterisk indicates the optimal transfection timing shown in
F (2days, 2X). (F) Fluorescence signal of miR-292a-5p reporter for miR-292a-5p inhibitor or
scrambled control at optimal transfection conditions. Blue line indicates 99th percentile of
reporter/normalizer ratio of the scrambled control.
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get’s translational efficiency increases. Two of its known targets were present in our mouse

ESCs, Grb2 (downregulated FDR = 0.10%) and Creb1 (downregulated FDR = 5.8%). Grb2 is

a known suppressor of Nanog so it may aid the exit of pluripotency [24]. Furthermore, Creb

may be involved with the differentiation towards ectoderm or primitive endoderm, as it is in-

volved in the differentiation towards many cell types like endothelial cells, brown adipocytes

and osteoclasts [25, 26, 27]. Co-regulation of our discovered gene Acad8 could suggest that

miR-433-3p increases mitochondrial activity and simultaneously, reinforces the exit from

pluripotency and differentiation.

In Chapter 3 we have observed that miR-99-5p expression increases in RA differentiation.

Therefore we expect an increase in downregulation of Ckd7 and Mtor as the cells differenti-

ate. By targeting both of these genes miR-99-5p may simultaneously regulate the cell cycle,

proliferation and cell growth. Mtor-/- mice embryos have shown to be embryonic lethal with

a disorganized visceral endoderm at E5.5 [28]. Visceral endoderm is a derivative of primi-

tive endoderm, which is one of the two cell types emerging in RA differentiation. Perhaps

Mtor, and by extension Ckd7, are involved with the specification of the cell types induced

by RA. Ckd7, despite being a cell cycle gene, is known to be involved in many differentiation

processes.

The observation that the translational regulator Eif4h is itself translationally regulated

demonstrates the complexity of translation regulation. One notable, known target of miR-

152-3p is Klf4, which is part of the pluripotency gene regulatory network [29] and one of the

four factors that were originally used to induce pluripotency in adult fibroblast cells [30]. In

chapter 3 we observed that miR-152-3p, as well miR-467e-5p, increase over time around the

exit from pluripotency during RA differentiation (Chapter 3 Fig S3). Perhaps miR-152-3p co-

regulates the exit from pluripotency (by down-regulating Klf4, while simultaneously tweak-

ing translation by downregulating Eif4h. Interestingly, according to our data, miR-467e-5p is

more likely to downregulate Klf4 expression than miR-152-3p (FDR = 1.4% vs 3.2%), but the

validity of this interaction would require further investigation.

Using miRs the cell has many possible ways to subtly change its state. Unfortunately,

many of the interactions between miRs and their target genes remain unconfirmed. The

methods presented here, will serve as tools to discover bona fide interactions in a more scal-

able way than before. Future studies will have to reveal the functional relevance of these miRs

for embryonic stem cell differentiation.

Figure 3 (following page). Four out of six miR mimic transfections downregulate their
proposed mRNA targets. (A) Schematic of the transfection protocol. (B) Expression levels
(regularized counts scaled to scrambled control) of the proposed targets Acad8, Cdk7 and
Eif4h after miR mimic transfection and scrambled control. P-value shown is for an uncor-
rected one-sided test (see Methods). (C) Expression fold changes relative to scrambled con-
trol of six miR mimic transfections. Text annotations are known or proposed targets. The
boxed genes are our proposed targets. Red lines indicate significantly downregulated genes.
Padj = Benjamini-Hochberg corrected p-value.
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4.4 Materials and Methods

4.4.1 Cell culture

E14 mouse embryonic stem cells were maintained as described in Chapter 3 of this thesis.

During transfections, cells were temporarily cultured in serum+LIF medium (10% ES cer-

tified FBS, 1X non-essential amino acids, 0.1mM β-mercaptoethanol, 1X pen/strep, 2mM

L-glutamine, 10,000U/ml mLIF, mLIF from Merck, rest from Thermo Fisher Scientific). Fur-

thermore, miR reporter cell line clone selection took place on homegrown mouse embryonic

fibroblast feeders.

4.4.2 Cloning

The miReporter backbone (AddGene, Plasmid #82478) was transformed into DH5a com-

petent cells (Cat. 18265017, Thermo Fisher Scientific) as per manufacturer’s instructions.

Then, transformed cells were expanded and harvested for miReporter backbone by miniprep

(Qiaprep, Qiagen). A set of two oligos were synthesized for each of the two reporter cell

lines: miR-590-3p-fwd: 5’-GATCG TAATTTTATGTATAAGCTAGT AAGCTTC-3’, miR-590-3p-

rev: 5’-CTAGGAAGCTT ACTAGCTTATACATAAAATTA C-3’, miR-292a-5p-fwd: 5’-GATCG

ACTCAAACTGGGGGCTCTTTTG AAGCTTC-3’, miR-292a-5p-rev: 5’-CTAGGAAGCTT

CAAAAGAGCCCCCAGTTTGAGT C-3’ (Integrated DNA Technologies, see Fig 2b). Pairs of

oligos were annealed and phosphorylated in a thermocycler: 30m at 37°C, 5m at 95°C,

for 12 cycles (1μM fwd oligo, 1μM rev oligo, 1X T4 buffer, 1U/μl T4 Polynucleotide Kinase;

buffer and enzyme from New England Biolabs). Next, backbone digestion and ligation

was performed in one step in a thermocycler, which was facilitated by the ligated inserts

destroying the restriction sites for the enzymes (See Fig 2b): 5m at 37°C, 5m at 23°C, for 12

cycles (1:2500 dilution of phosphorylated oligo duplex, 2.5ng/μl backbone, 5% v/v DTT,

0.15U/μl BamHI, 0.5U/μl NheI, 1U/μl T4 ligase, 1X restriction buffer; T4 from New England

Biolabs, rest from Thermo Fisher Scientific). Plasmids were then amplified in the same

manner as the backbone: Plasmids were transformed into DH5a cells, which were then

expanded and used for midiprep extraction (Plasmid Midi, Qiagen).

4.4.3 miReporter cell lines creation

miReporter-590-3p and miReporter-292a-5p plasmids were transfected into ESCs with lipo-

fectamine 3000 (Thermo Fisher Scientific) as per manufacturer’s instruction. Briefly, 125μl

DMEM (Sigma-Aldrich) was mixed with 5μl lipofectamine 3000 and briefly vortexed. Sepa-

rately 125μl was mixed with 5μl p3000 reagent and 5μg of plasmid and also briefly vortexed.

Both mixtures were combined and incubated at room temperature for 5 minutes to create

DNA-lipid complexes. 2i medium was removed from pre-seeded ESCs at a confluency of

about 70-90% and replaced with serum+LIF medium. DNA-lipid complexes were added to

the medium for 24 h. Medium was then aspirated, cells washed twice with PBS, and cells were
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left to grow for two days in 2i. Transfected cells were selected for by hygromycin (100 μg/ml

in 2i) for three days. Single clones were selected differently for the two miReporter cell lines.

Double-positive, single cells of the miReporter-590-3p cell line were sorted by Fluorescence-

activated cell sorting in 96-well feeder-coated plates and expanded thereafter. miReporter-

292a-5p cells however, were strongly diluted upon passage and single colonies with double-

positive cells were picked by hand using a benchtop microscope and a 200μl pipette. Double

positive colonies were left to expand on feeders in 48-well plates. Clones were grown for

at least two passages to ascertain the stability of the transfection. The reporter activity was

confirmed by flow cytometry.

4.4.4 Mimic and inhibitor transfection

ESCs and both miReporter cell lines were transfected with miR mimic and inhibitors in an

identical fashion. Cells were seeded 48 h prior to transfection in 12-well plates. DNA-lipid

complexes (Lipofectamine RNAiMax, Thermo Fisher Scientific) were prepared at the ratios

recommended by the manufacturer but siRNA was replaced with either miR mimic or miR

inhibitor (see Table 4.1). We considered 1X concentration of mimic/inhibitor to be 100nM in

the DNA-lipid mixture. We used 37.5μl of DNA-lipid mixture per well. After 24h transfection

cells were either harvested or washed with PBS and left to grow in 2i.

miR-target Our name Company name Company Catalog number

None mimic

scrambled

Pre-miR™miRNA Precursor

Negative Control #1

Thermo Fisher

Scientific

AM17110

miR-590-3p miR-590-3p

mimic

Pre-miR miRNA Precursor Thermo Fisher

Scientific

AM17100-PM20392

miR-23b-5p miR-23b-5p

mimic

Pre-miR miRNA Precursor Thermo Fisher

Scientific

AM17100-PM15655

miR-433-3p miR-433-3p

mimic

Pre-miR miRNA Precursor Thermo Fisher

Scientific

AM17100-PM10774

miR-99a-5p miR-99a-5p

mimic

Pre-miR miRNA Precursor Thermo Fisher

Scientific

AM17100-PM10719

miR-100-5p miR-100-5p

mimic

Pre-miR miRNA Precursor Thermo Fisher

Scientific

AM17100-PM10188

miR-152-3p miR-152-3p

mimic

Pre-miR miRNA Precursor Thermo Fisher

Scientific

AM17100-PM12269

miR-467e-5p miR-467e-5p

mimic

Pre-miR miRNA Precursor Thermo Fisher

Scientific

AM17100-PM12611

None scrambled

inhibitor

miRCURY LNA miRNA

Inhibitor Control: Negative

control A

Qiagen YI00199006-DDA

Continued on next page
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Continued from previous page

miR-target Our name Company name Company Catalog number

miR-292a-5p miR-292a-5p

inhibitor

miRCURY LNA miRNA

Power Inhibitors

Qiagen YI04101165-DDA

Table 4.1. Overview of miR mimic and inhibitors.

4.4.5 Flow cytometry

Transfected cells were harvested for flow cytometry by washing with PBS and detachment us-

ing Accutase (Sigma-Aldrich). Detached cells were washed and resuspended in 2i. Cells were

fixed in 4%Formaldehyde in medium (Cat. 43368, Alfa Aesar) for 15 min at room tempera-

ture. Cells were then centrifuged and the supernatant was removed. Cells were resuspended

in 1% BSA (Cat. A2153, Sigma-Aldrich) in PBS and stored at 4°C until the measurement.

Fixed cells were measured on a BD LSRFortessa X-20. Forward and side scatter was mea-

sured as well as Citrine fluorescence (488nm laser, 530/30nm emission filter) and mCherry

fluorescence (561nm laser, 610/20 emission filter). Live cell gating and Citrine/mCherry pos-

itive selection was achieved using custom R scripts (FlowCore v1.52.1 [31]). To determine

relative down- or upregulation of citrine expression we calculated the ratio mCherry/citrine

for each cell in the mimic/inhibitor assays and scrambled controls. Mimic cells with a ra-

tio lower than the 1st percentile of scrambled control ratios were deemed transfected with

successful citrine inhibition. Inhibitor cells with a ratio higher than the 99th percentile of

scrambled control ratios were deemed transfected with successful miR inhibition.

4.4.6 RNA-sequencing

RNA-sequencing was performed as described in Chapter 3 of this thesis with a minimum of

10 million raw reads per sample.

4.4.7 RNA-sequencing analysis

RNA-sequencing data was preprocessed as described in Chapter 3 of this thesis. Sample 3

of the miR-100p-5p mimic was excluded due to low complexity. Only genes with expression

counts larger than 20 were kept and were subsequently processed using DEseq2 (v1.26.0,

[32]). Regularized counts are defined as the 2-base exponent of the rlog-values. DESeq2 was

also used to identify differentially expressed genes and obtain log2 fold-changes. 14 genes

were differentially expressed between the scrambled control and no treatment control: Tjp2,

Serp1, Rap1b, Cdk2ap1, Ssr2, B230219d22rik, Cyld, Fam98b, Tpm3, Uggt1, Snx6, Rfc4, Tcf7l1

and Adam10. This list of genes was excluded in other comparisons.
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Acronyms

CWC++S cumulative weighted context++ score

ESC emrbyonic stem cell

FDR false discovery rate

miR micro-RNA

RA retinoic acid

RISC RNA-induced silencing complex
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