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Simple Summary: The gene of the human tumor suppressive microRNA-142 (miR-142) carries
mutations in about 20% of cases of diffuse large B-cell lymphoma (DLBCL). Because microRNAs
post-transcriptionally regulate the protein expression of their cognate messenger RNA (mRNAs)
targets, we determined the effect of miR-142 knockout on protein expression in two cell lines derived
from DLBCL. We found a significant up-regulation of 52 proteins but also a down-regulation of
41 proteins upon miR-142 deletion. Knockout of a miRNA may be used to identify novel targets, and
seed-sequence mutants of a miRNA unable to bind to their targets can be used to confirm potential
novel targets. With this approach, we identify AKT1S1, CCNB1, LIMA1 and TFRC as novel targets of
miR-142. As miR-142 is highly present in the miRNA processing RISC complexes, the deletion of this
miRNA might result in its replacement by other miRNAs, thus introducing an additional layer of
complexity regarding gene regulation.

Abstract: Background: As microRNA-142 (miR-142) is the only human microRNA gene where
mutations have consistently been found in about 20% of all cases of diffuse large B-cell lymphoma
(DLBCL), we wanted to determine the impact of miR-142 inactivation on protein expression of
DLBCL cell lines. Methods: miR-142 was deleted by CRISPR/Cas9 knockout in cell lines from
DLBCL. Results: By proteome analyses, miR-142 knockout resulted in a consistent up-regulation
of 52 but also down-regulation of 41 proteins in GC-DLBCL lines BJAB and SUDHL4. Various
mitochondrial ribosomal proteins were up-regulated in line with their pro-tumorigenic properties,
while proteins necessary for MHC-I presentation were down-regulated in accordance with the finding
that miR-142 knockout mice have a defective immune response. CFL2, CLIC4, STAU1, and TWF1 are
known targets of miR-142, and we could additionally confirm AKT1S1, CCNB1, LIMA1, and TFRC
as new targets of miR-142-3p or -5p. Conclusions: Seed-sequence mutants of miR-142 confirmed
potential targets and novel targets of miRNAs can be identified in miRNA knockout cell lines. Due
to the complex contribution of miRNAs within cellular regulatory networks, in particular when
miRNAs highly present in RISC complexes are replaced by other miRNAs, primary effects on gene
expression may be covered by secondary layers of regulation.

Keywords: microRNA-142; CRISPR/Cas9; diffuse large B-cell lymphoma; miR-142 knockout cell
lines; proteomics; transcriptomics; AKT1S1; CCNB1; LIMA1; TFRC
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1. Introduction

To understand the contribution of genetic alterations in tumor formation, the concept
of oncogenes and tumor suppressor genes has been developed [1]. Cell proliferation
is activated via various mechanisms such as mutations, amplifications or translocations
of oncogenes, while cell division may conversely be induced by deletion or mutational
inactivation of growth suppressor genes. MicroRNAs (miRNAs), a class of small RNA
molecules of 18–25 nt, are also known to have growth inducing or growth retarding
effects [2]. MiRNAs are regulatory molecules that post-transcriptionally regulate gene
expression and are functionally involved in a wide variety of biological processes (reviewed
in [3]). They usually bind within the 3′ untranslated region (3′UTR) of their cognate
target messenger RNA (mRNAs) and inhibit protein expression, either through reducing
protein translation or by inducing target degradation [4]. Their role in cancer induction
and maintenance by acting as proto-oncogenes or as tumor suppressor genes has been
proposed [5] as miRNA genes are often located in genomic regions affected by alterations
in cancer cells such as deletion(s) or overexpression/amplification (reviewed in [6] and
references therein). This hypothesis was strengthened by the induction of leukemia in
transgenic mice which constitutively express miR-155 from the Eµ-promoter [7]. In contrast,
miR-34a is down-regulated in various tumors [8] and the miR-34a gene locus is deleted
in neuroblastoma [9]. As a consequence, efforts are made to classify tumors, among other
parameters, by their miRNA signature [10] or by the presence of secreted or released
miRNAs in body fluids like blood or urine [11,12]. Some miRNAs appear to have either
tumor-promoting or -suppressing functions depending on the type of tissue/cell where
they are expressed [13].

DLBCL represent the majority of non-Hodgkin lymphoma (NHL) and are categorized
either as germinal center B-cell-like (GCB), activated B-cell-like (ABC) or primary medi-
astinal large B-cell lymphoma (PMLBCL) [14]. During the miRNA profiling of primary
DLBCL [15], we observed mutations of the miR-142 gene in approx. 20% of primary cases
of DLBCL [16]. This finding was confirmed and extended to follicular lymphoma and also
to acute myeloid leukemia (AML) [17–20]. More recently, it was shown that the mutation of
miR-142-3p simultaneously resulted in reduced levels of miR-142-5p [20]. So far, no other
mutations in the mature or the precursor molecules of other miRNAs have consistently been
identified in lymphoma or leukemia, while sporadic somatic mutations in different miRNA
genes in specimens of lung cancer have been observed [21]. The activation of c-MYC by
juxtaposition of the miR-142 and the c-MYC locus have been described in IgκAID/p53−/−
B-cell lymphomas [22,23]. MiR-142 is one of the miRNAs mentioned above [13] to exert
tumor-suppressive or -promoting functions depending on the tissue where it is expressed.
MiR-142 has tumor-suppressive properties, for instance in hepatocellular carcinoma [24]
and reduced levels have also been found, among others, in colon [25], lung [26], or breast
carcinoma [27]. Likewise, low levels of miR-142 and simultaneous high levels of miR-375
in serum confer a poor prognosis for patients with gastric carcinoma [28]. The report
by Trissal et al. (2018) mentioned above [20] also pointed to a tumor-suppressive role of
miR-142 as point mutations in the seed of miR-142-3p led to an increase in ASH1L, which
in turn activates the expression of growth-promoting HOXA genes. High expression of
miR-142 was also described for various leukemia, and high levels in AML appear to confer
a positive prognosis [29]. In contrast, a tumor-promoting role for this miRNA has been
proposed for prostate carcinoma [30]. Likewise, miR-142 appears to induce cell growth in
adipose-derived stem cells [31].

The deletion of miR-142 in knockout mice resulted in a strongly deregulated lym-
phopoiesis and subsequent immunodeficiency [32,33]. Loss of function mutations in
miR-142, as previously described by our group and others [16,17], was subsequently impli-
cated in leukemogenesis [20]. However, miRNA profiling of the two DLBCL lines U2932
and SUDHL5 indicated high levels of miR-142-3p and-5p, both in the total miRNA count
as well as a strong increase of both mir-142-3p and -5p in the miRNA processing Ago-2
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complex [34], that harbors the biologically active miRNAs of a given cell [35]. Likewise,
high levels of miR-142 were also found in various leukemias [29].

MiR-142 is highly expressed in hematopoietic cells [36,37] and is also one of the miR-
NAs with the highest relative proportion within the Ago-complex in DLBCL cell lines [34].
Because miR-142 is the only human microRNA gene where mutations have consistently
been found in tumors, we wanted to determine the impact of miR-142 inactivation on
protein expression of DLBCL cell lines. To this end, we functionally deleted miR-142 by
CRISPR/Cas9 knockout [38] in the two GC-DLBCL lines BJAB and SUDHL4 [39].

2. Materials and Methods
2.1. Cells

BJAB cells were cultured in RPMI media supplemented with 10% FCS and 0.5% antibiotics.
SUDHL4 cells were also cultivated in RPMI 1640 medium (Sigma, Munich, Germany) sup-
plemented with 10% (v/v) fetal calf serum (FCS; Biochrom, Berlin, Germany) and antibiotics
(40 IU/mL penicillin and 50µg/mL Streptomycin [Sigma, Munich, Germany], 1 IU/mL
Neomycin-sulphate [Roth, Karlsruhe, Germany], and 90 IU/mL Nystatin [Fagroms, Bars-
büttel, Germany]). Human HEK 293T cells were purchased from the German collection of
microorganisms and cell cultures (DSMZ) and authenticated using STR DNA typing. HEK
293T cells were cultured as described previously [40].

2.2. Generation of Knockout Cells Using CRISPR/Cas 9

For generation of the miR-142 knockout cells, guide RNA (gRNA) sequences were de-
signed using the tools https://chopchop.cbu.uib.no/ (accessed in October 2015). The plas-
mids with the designed gRNAs were synthesized by Genescript (https://www.genescript.
com (accessed in October 2015) in the backbone of pSPCas9(BB)-2A-GFP (PX458). The
following 3 gRNAs were used in this work to generate a knockout of miR-142: gRNA1
5′ GAAAGCACTACTAACAGCAC 3′, gRNA 2 5′ AGTACACTCATCCATAAAGT 3′ and
gRNA 3 5′ AGTAGTGCTTTCTACTTTAT 3′. The position of the mutations within the seed
sequence of miR-142-3p and -5p (mutants 142-3p-M1 and miR-142-5p-M3) as well as the
exact location of the gRNAs in respect to the miR-142 gene are shown in Supplementary
Figures S1 and S2, respectively. Four days after electroporation, single green fluorescent
cells were sorted into single wells of 96-well plates cells using a MoFlo-XDP cell sorter
(Beckman Coulter, Krefeld, Germany) [41]. Isolated outgrowing clones were screened by
sequencing of genomic PCR-amplicons to confirm the knockout. Cells that showed miR-142
deletion were additionally analyzed by Northern blotting.

2.3. RNA Isolation and Northern Blotting

Total cellular RNA was isolated from the cells using the miRNeasy kit (Qiagen,
Hilden, Germany) according to the manufacturer’s instructions. RNA concentration
and integrity were analyzed using a NanoDrop ND 2000 instrument (Thermo Scien-
tific, Dreieich, Germany) and an Agilent 2100 instrument (Agilent small RNA kit, cat-
alogue no. 5067-1548, Beutelsbach, Germany) as described before [42]. Northern blot-
ting was carried out as described before [34]. Briefly, 5–10 µg total RNA was separated
on a 12% Urea Acrylamide Gel (National Diagnostics, Beutelsbach, Germany). RNA
was then transferred to a nylon membrane and chemically cross-linked using EDC. For
the detection of miRNA-specific RNA, complementary oligomer probes for miR-142-3p:
GAGACAGGTCCATAAAGTAGGAAACACTACA and -5p: GAGACAGGAGTAGTGCTT
TCTACTTTATG [16] were radiolabelled using the mirVana kit (Life technologies). The
underlined sequences represent the T7 anchor sequence. Hybridization was carried out at
55 ◦C overnight. After washing, blots were exposed to a storage Phosphorscreen for 24 h
and visualized using a PhosphoImager (GE Healthcare Life Sciences, Freiburg, Germany).
Blots were also analyzed for the expression of miR-21 and U6 RNA as a loading control
using appropriate probes.

https://chopchop.cbu.uib.no/
https://www.genescript.com
https://www.genescript.com
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2.4. Growth and Cell Cycle Analysis of Knockout vs. Wild-Type Cells

10.000 cells/mL of the wild-type and 3 clones of the knockout cells were seeded
in 96-well plates on day 1 and then counted on day 6, 9 and 14. The cell cycle state of
3 knockout clones vs. the wild-type cells was determined by propidium iodide staining.
Propidium iodide solution (Product number 556463) was obtained from BD Sciences
(Heidelberg, Germany) and used according to the manufacturer’s instructions. Cell cycle
analysis was performed on a BD FACSLyric flow-cytometer using BD FACSuite software
v.1.4.0.7047, followed by data analysis using FlowJo software 10.6.2.

2.5. Proteome Analysis

Cell pellets (5 biological replicates per cell type) were lysed in 8 M Urea/0.4 M
NH4HCO3 by 5 min sonication (Sonopuls GM3200 with BR30 cup booster, Bandelin, Berlin,
Germany). For further lysis, samples were centrifuged through QIAshredder homogenizers
(QIAGEN GmbH, Hilden, Germany). Protein concentration was determined using a
Bradford assay [43]. To ensure a maximum of reproducibility, all lysates were adjusted to
a protein concentration of 2 µg/µL using 8 M Urea/0.4 M NH4HCO3. A total of 10 µg of
protein was reduced using dithioerythritol (final concentration 5 mM) for 30 min at 37 ◦C.
Subsequent alkylation of cysteines was performed with iodoacetamide (final concentration
15 mM) for 30 min in the dark. Prior to tryptic digestion, samples were diluted with H2O
to give 1 M Urea. Digestion was performed using 200 ng of modified porcine trypsin
(Promega, Madison, WI, USA) at 37 ◦C. A total of 1 µg of each sample was injected in
an Ultimate 3000 nano-chromatography system (ThermoFisher Scientific, Waltham, MA,
USA) and transferred to a trap column (Acclaim PepMap 100 µm × 2 cm, 5 µm particles,
100 Å, ThermoFisher Scientific). Separation was performed at 250 nL/min using a 50 cm
reversed-phase separation column (PepMap RSLC C18 2 µm 100 Å 75 µm × 50 cm, Thermo
Fisher Scientific). Solvent A was 0.1% formic acid in water and B 0.1% formic acid in
acetonitrile. The chromatography method consisted of a 160 min gradient from 3% to 25%
and a second 10 min gradient from 25% to 40% solvent B. Eluting peptides were analyzed
on a Q Exactive HF X mass spectrometer (Thermo Fisher Scientific) with a top 15 data-
dependent method. Data processing, peptide search and quantification were conducted
with MaxQuant (v.1.6.7.0) [44] and the human subset of the UniProt database. Results
were filtered to give a false discovery rate of <1%. Statistics, principal component analysis
as well as hierarchical cluster, volcano plot, and scatter plot analyses were performed in
Perseus (v.1.5.3.2) [45]. Bioinformatical analysis was carried out using two web-based tools
DAVID [46,47] and STRING [48], the R statistical software (v.4.0.4; R Core Team 2021), and
also via manual annotating.

2.6. mRNA-Microarray

Gene expression profiles of the wild-type and mutant cell lines were measured us-
ing SurePrint G3 Human Gene Expression 8 × 60 Kv2 Microarray (Agilent Technologies,
Santa Clara, CA, USA) following the manufacturer’s protocol and are described in detail
elsewhere ([49] and references therein). Background-corrected expression values were ex-
tracted using Agilent Feature Extraction Software. Data was log-transformed and quantile
normalized using Agilent GeneSpring Software. Fold-changes for all genes were calculated
as ratio of mutant vs. wild-type.

2.7. DNA Sequencing and Analysis

Whole genome sequencing DNA of the knockout vs. wild-type cells was performed
using MGIEasy DNA Library Prep Kit and BGISEQ-500RS High-throughput Sequencing Set
PE100 with 1 µg DNA input according to the manufacturer’s instructions. In short, genomic
DNA of wild-type and knockout cells was fragmented to 350 bp using a Covaris Focus-
Ultrasonicator and purified using magnetic beads. After end repair and tailing, adapters
were ligated to the 5′ and 3′ end of the DNA using barcoded adaptors. DNA fragments
were PCR amplified for 6 cycles and purified using magnetic beads. Equimolar pools of
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PCR fragments of the wild-type and knockout samples were generated and circularized.
Subsequently, DNA nanoballs (DNBs) were generated using rolling circle amplification,
loaded onto the flow cell and sequenced on a BGISEQ-500RS sequencer, generating paired
end 100 bp reads.

The sequences were then compared to detect changes such as the deletion of the
miR-142 coding sequence and also analyzed with respect to possible additional mutations
that were incurred due to the CRISPR/Cas9 procedure. As mutations observed in the
knockout lines appeared to affect transcription factor binding sites, these were analyzed
using the publicly available FIMO software (https://meme-suite.org/meme/doc/fimo/
html (accessed on July 2022). The mutant positions were analyzed with a window of
+/−25 bp for transcription factor binding sites applying binding motives obtained from
HOCOMOCO (https://hocomoco11.autosome.org/ (accessed on July 2022)).

2.8. Expression and Reporter Vectors

The pSG5-miR-142-wt, -miR-142-M1 and -mir-142-M3 expression plasmids were de-
scribed previously [16]. pSG5-miR-142-M1 features a point mutation in the seed sequence
of miR-142-3p (5′-UGUAGUGU > CUUCCUACUUUAUGGA-3′) while -M3 has a point
mutation in the seed sequence of miR-142-5p (5′-CAUAAAG > UUAGAAAGCACUACU-3′),
as shown in Supplementary Figure S1. The 3′UTRs of AKT1S1, CCNB1, LIMA1 and TFRC
were PCR-amplified using specific primers and ligated via SpeI and SacI restriction sites
into the pMIR-RNL-TK vector described elsewhere [50]. The sequences of all specific
cloning primers and the sequences of the amplified inserts, their genomic locations and
NM identifiers of the target sequences are given in Supplementary Table S1.

2.9. Dual Luciferase Reporter Assays

The dual luciferase assays were performed as described recently [51]. In brief, 2–2.5 × 104

HEK293T cells were seeded out per well of 96-well plate (Eppendorf, Hamburg, Germany)
and transfected after 24 h with the respective combinations of reporter (50 ng/well) and
expression vectors (200 ng/well) by the liquid handling system epMotion 5075 (Eppendorf,
Hamburg, Germany). PolyFect transfection reagent (Qiagen, Hilden, Germany) was used
for the transient transfections (48 h) and the Dual-Luciferase® Reporter Assay System
Kit (Promega, Mannheim, Germany) for conducting the dual luciferase assays. All dual
luciferase assays were conducted in duplicates and were repeated 4 times.

2.10. Western Blotting

Western blotting was carried out exactly as described previously [40,52]. In short, cells
were lysed in 2× sample buffer (130 mM Tris/HCl, 6% [v/v] SDS, 10% [v/v] 3-Mercapto-
1,2-propandiol, 10% [v/v] glycerol) and 3 times sonicated for 3 s. A total of 30 µg/lane
of cell extract was separated by gel electrophoresis and transferred to a nitrocellulose
membrane. After blocking with 5% skim milk in PBS for 60 min at RT, the membranes
were incubated at 4 ◦C overnight with primary antibody at a dilution of 1:1000 (rabbit
anti-PKN2), 1:30 (rat anti-EZR) or 1:3000 (mouse anti-β–actin) in PBS–milk. After washing,
the membranes were incubated for 60 min at 4 ◦C with appropriate secondary antibody
coupled to horseradish peroxidase diluted 1:5000 in PBS–milk. Bound antibody was
visualized using ECL [16]. PKN2 antibody (Cat. Nr. 8697) was purchased from Cell
Signaling (Frankfurt/M., Germany); a rat monoclonal antibody (rat IgG2a) directed against
Ezrin was described elsewhere (T. Pfitzner, MD thesis, Saarland University Medical School,
66421 Homburg/Saar, Germany, 1996). Mouse monoclonal antibody AC-15 against β-actin
(Cat.Nr.: A5541; Merck-Sigma-Aldrich, Taufkirchen, Germany) served as loading control.

3. Results
3.1. Inactivation of miR-142 in the GC-DLBCL Lines SUDHL4 and BJAB by CRISPR/Cas9 Knockout

The aim of these experiments was to determine the contribution of miR-142 in the
generation of DLBCL. MiR-142 was functionally eliminated in the GCB-DLBCL lines

https://meme-suite.org/meme/doc/fimo/html
https://meme-suite.org/meme/doc/fimo/html
https://hocomoco11.autosome.org/
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BJAB and SUDHL4. The guide RNAs used for CRISPR/Cas9 knockout [38] are shown in
Supplementary Figure S2. Three days post-transfection, single clones were expanded, mu-
tations were characterized by sequencing both strands with primers flanking the targeting
region and analyzed by Northern blotting for the absence of detectable amounts of both
miR-142-3p and -5p when grown in bulk culture. This data was also confirmed by whole
genome sequencing. As depicted in Figure 1, both the BJAB and the SUDHL4 knockout
clones showed no detectable miR-142-3p and -5p Northern blot signals as compared to the
parental cell lines. As a control, the blots were stripped and re-analyzed for the expression
of miR-21 as well as the U6 RNA. The wild-type and knockout cells both clearly exhibited
signals for miR-21 and equal signals for the U6 RNA loading control.
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Figure 1. Analysis of miRNA expression in the knockout cells by Northern blotting. Total RNA
(10µg/lane) from the BJAB-wild-type and SUDHL4-wild-type (“WT”) cells and the corresponding
miR-142 knockout (“KO”) cells was separated on a 12% polyacrylamide gel, transferred to a nitro-
cellulose membrane and hybridized with 32P-labelled probe for miR-142-3p (left upper panel) or
miR-142-5p (right upper panel). Bound probe was detected using a PhosphoImager. The bound
probes were removed and the membranes were re-hybridized either with a probe to detect miR-21
(left side of middle panel) or U6 RNA (right side of middle panel) as indicated. The bottom panel
shows the Ethidiumbromide (“Etbr”)-stained gels as loading control.

3.2. Growth Properties of miR-142 Knockout Cells

The growth properties of three BJAB knockout or SUDHL4 knockout cell clones were
analyzed in comparison to BJAB or SUDHL4 wild-type. The BJAB miR-142 knockout
clones designated BJAB k.o.1, k.o.2 and k.o.3 were found to grow slower than the wild-type
cells (Figure 2A), while there was no significant change in the growth of the SUDHL4
knockout vs. wild-type cells. A cell cycle analysis of three different BJAB knockout clones
showed that a larger proportion of the wild-type BJAB cells were in S-phase as compared
to the knockout-cells (Figure 2B, Supplementary Figure S3). As there was no significant
change in the growth behavior of the SUDHL4 knockout vs. wild-type cells, these were not
analyzed for their cell cycle status. The report by Mildner et al. (2017) showed that miR-142
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deletion in knockout mice resulted in reduced growth of thymocytes with a concomitant
increase in Cdkn1b (p27kip), and that the Cdkn1b 3′UTR is targeted by miR-142-3p [37].
We also found that the human CDKN1B 3′UTR is a target for miR-142-3p and that the
responsibility of a 3′UTR reporter vector is lost when the 3′seed-sequence mutant M1
(shown in Supplementary Figure S1) is used.

Cancers 2022, 14, x FOR PEER REVIEW 7 of 24 
 

 

3.2. Growth Properties of miR-142 Knockout Cells 

The growth properties of three BJAB knockout or SUDHL4 knockout cell clones were 

analyzed in comparison to BJAB or SUDHL4 wild-type. The BJAB miR-142 knockout 

clones designated BJAB k.o.1, k.o.2 and k.o.3 were found to grow slower than the wild-

type cells (Figure 2A), while there was no significant change in the growth of the SUDHL4 

knockout vs. wild-type cells. A cell cycle analysis of three different BJAB knockout clones 

showed that a larger proportion of the wild-type BJAB cells were in S-phase as compared 

to the knockout-cells (Figure 2B, Supplementary Figure S3). As there was no significant 

change in the growth behavior of the SUDHL4 knockout vs. wild-type cells, these were 

not analyzed for their cell cycle status. The report by Mildner et al. (2017) showed that 

miR-142 deletion in knockout mice resulted in reduced growth of thymocytes with a con-

comitant increase in Cdkn1b (p27kip), and that the Cdkn1b 3′UTR is targeted by miR-142-

3p [37]. We also found that the human CDKN1B 3′UTR is a target for miR-142-3p and that 

the responsibility of a 3′UTR reporter vector is lost when the 3′seed-sequence mutant M1 

(shown in Supplementary Figure S1) is used.  

 

Figure 2. Growth properties of BJAB-miR-142 knockout clones. The BJAB wild-type (“wt”) and three 

knockout clones were seeded at 10.000 cells/mL and counted at the indicated days post-seeding (A). 

A cell cycle analysis of the BJAB wild-type cells and three knockout clones is shown in panel (B). 

The cells were stained with propidium iodide and analysed with a BD FACSLyric flow-cytometer. 

3.3. Analysis of Proteomic Alterations in BJAB and SUDHL4 Cell with Knockout vs.  

Wild-Type Genotype 

A comparative proteome analysis of two lymphoma B-cell lines, SUDHL4 and BJAB, 

with either a miR-142 knockout or a wild-type genotype, was performed. Proteomes from 

five biological replicates per genotype per cell line were analyzed by nano LC-MS/MS. 

In total, 4863 proteins and 52,380 peptides were identified in the proteomes (Supple-

mentary Table S2). The principal component analysis (PCA) showed separation according 

to cell type and genotype (Figure 3A), indicating major differences between the proteomes 

of the four groups. The heat map dendrogram shows cell line-wise grouping, regardless 

the genotype (Figure 3B). Within each of these sub-clusters, genotype-wise separation is 

distinctly visible. 

Figure 2. Growth properties of BJAB-miR-142 knockout clones. The BJAB wild-type (“wt”) and three
knockout clones were seeded at 10.000 cells/mL and counted at the indicated days post-seeding (A).
A cell cycle analysis of the BJAB wild-type cells and three knockout clones is shown in panel (B). The
cells were stained with propidium iodide and analysed with a BD FACSLyric flow-cytometer.

3.3. Analysis of Proteomic Alterations in BJAB and SUDHL4 Cell with Knockout vs.
Wild-Type Genotype

A comparative proteome analysis of two lymphoma B-cell lines, SUDHL4 and BJAB,
with either a miR-142 knockout or a wild-type genotype, was performed. Proteomes from
five biological replicates per genotype per cell line were analyzed by nano LC-MS/MS.

In total, 4863 proteins and 52,380 peptides were identified in the proteomes (Supplementary
Table S2). The principal component analysis (PCA) showed separation according to cell
type and genotype (Figure 3A), indicating major differences between the proteomes of
the four groups. The heat map dendrogram shows cell line-wise grouping, regardless
the genotype (Figure 3B). Within each of these sub-clusters, genotype-wise separation is
distinctly visible.

3.4. Analysis of Proteomic Alterations in BJAB and SUDHL4 Cells with Knockout vs.
Wild-Type Genotype

First, a volcano plot analysis was performed, to elucidate general proteomic differences
between both cell lines (Figure 4). This rendered 949 proteins more abundant in the
SUDHL4 cell line (i.e., less abundant in BJAB) and 988 proteins more abundant in the BJAB
cell line (i.e., less abundant in SUDHL4), regardless of the genotype. As expected, the result
clearly demonstrates major differences between the proteome profiles of the two cell lines.

To analyze the effect of miR-142 knockout on both cell lines, additional volcano plot
analyses were performed, for both cell lines separately (Figures 5A and 5B, respectively).
In BJAB, a total of 264 differentially abundant proteins were detected, out of which 123 were
less abundant and 141 were more abundant in the miR-142 knockout genotype (BJAB_KO).
The proteome of SUDHL4 showed a total of 170 significantly differentially abundant
entities, in which 87 proteins were decreased and 83 proteins were increased in abundance
in the miR-142 knockout genotype (SUDHL4_KO). Cell line specific differences of miR-142
knockout-induced proteome alterations became obvious.

3.5. Analysis of More and Less Abundant Proteins in Both Knockout Cell Lines

Given the prominent differences between BJAB and SUDHL4 cell lines, we looked for
proteins which were altered in abundance in both miR-142 knockout cell lines. Therefore, a
scatter plot analysis of log2 fold changes of differentially abundant proteins was performed
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(Figure 6) leading to the detection of 52 more and 41 less abundant proteins in both miR-
142-knockout cell lines (Supplementary Table S3). The table further highlights the known
and the novel miR-142 targets identified in this study and encompasses literature references
indicating a role in promotion or suppression (oncogenic, suppressive, o/s) of cell growth.
Of further interest, proteins with inversely altered abundance in BJAB vs. SUDHL4 were
detected: STAT1, PSMB5, CCT6A, HEL-S-108, MCMBP, RUFY1, and NNT.
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Figure 3. (A) Principal component analysis (PCA) of the proteome profiles from BJAB and SUDHL4
cell lines with either a wild-type or a miR-142 knockout genotype. Each data point represents a
single biological replicate. Colors indicate the cell line, shapes for the genotype. (B) Heat map and
unsupervised hierarchical clustering of protein intensity values from each of the replicate per cell
line, and per genotype.
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Figure 4. Volcano plot analysis of log2 normalized protein intensity values for BJAB/SUDHL4 cells.
Non-paired t-test with false discovery rate (FDR) correction (0.05) was implemented. Each colored
dot represents a protein fulfilling the significance criteria (|log2 FC| > 0.6; p-value < 0.05). For
selected significant hits gene names are displayed.
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Figure 5. Volcano plot analysis of log2 protein intensity values for BJAB_KO/BJAB_WT (A) and
SUDHL4_KO/SUDHL4_WT (B). Non-paired t-test with false discovery rate (FDR) correction (0.05) was
implemented. Each colored dot represents a protein fulfilling the significance criteria (|log2 FC| > 0.6;
p-value < 0.05). For selected significant hits gene names are displayed.
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Figure 6. The scatter plot analysis displays the overlaps in more and less abundant protein groups in
both cell lines. Filtering and overlap detection were performed upon a non-paired Student’s T-test,
based on the following criteria: p-value < 0.05 for the same entry in both cell lines, q-value (i.e., FDR
corrected p-value) <0.05 for the same entry in at least one of both cell lines, and |Log2FC| > 0.6 in
both cell lines.

To gain insights into functions of the 93 proteins which were comparably altered
in both cell lines, a DAVID functional annotation cluster analysis was carried out. It
resulted in four significant clusters for the more abundant (Figure 7A) and in three for
the less abundant proteins (Figure 7B). In the set of less abundant proteins in miR-142
knockout, proteins involved in cell–cell adhesion (PCMT1, CAPZB, CAPZA1, EFHD2, EZR),
actin filament binding proteins (CAPZB, CAPZA1, CAPZA2) and of the F-actin-capping
protein complex (CAPZB, CAPZA1, and CAPZA2) were found to be overrepresented.
The involvement of miR-142 in actin filament homeostasis in megakaryocyte maturation
had already been described in the miR-142 mouse knockout model mentioned above [36].
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Proteins related to translational processes, including poly(A) RNA binding (YTHDF3,
CSRP1, NUFIP2, HDLBP, SBDS, MRPL39, NPM3, MRPS5, MRPL44) and mitochondrial
translational elongation (MRPS25, MRPL38, MRPL39, MRPS5, MRPL44), were found to
be overrepresented in the group of proteins more abundant in the miR-142 knockout.
Additionally, regulators of G proteins (GMPPB, ARF4, ARL3, RAB18, and TUBB4A) and
transport proteins (STX12, ARF4, SEC23A, IPO9, ARL3, RAB18, and NAPG) appeared
enriched in the set of up-regulated proteins.
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Figure 7. Overview of the results from the DAVID (Database for Annotation, Visualization, and
Integrated Discovery) analysis of proteins which are more abundant (A) and less abundant (B) in
knockout genotypes of both cell lines. The number behind each term indicates the number of proteins
annotated to the named cluster. Results with an enrichment score >1.3 and the Benjamini value <0.01
were considered significant and were visualized. Categories used for the analysis were: GO biological
process, GO molecular function, GO cellular component, UniProt keywords, Reactome Pathways
and KEGG Pathways.

Furthermore, the 93 differentially abundant proteins were analyzed with STRING
(Figure 8). In line with the DAVID analysis, in the set of proteins more abundant in
miR-142 cells a group of mitochondrial ribosomal proteins were interconnected by higher
order (thicker) confidence nodes: MRPL44, MRPS5, MRPL39, MRPS25, and MRPL38.
Furthermore, mitochondrial proteins of the respiratory chain, namely, the cytochrome c
oxidase subunits NDUFA4 and COX6B1, as well as cytochrome c (CYCS), were forming a
distinct cluster. Additionally, via manual annotation, the following proteins more generally
related to “mitochondrion” were identified: NADK2, HEL-S-26/IDH1, HEL-S-95n/SORD,
ABAT, ACADSB, TIGAR/C12orf5, ACSL1, and NAPG. Another prominent network of
proteins related to “vesicular transport/trafficking” was identified and included STX12,
VAMP2 and NAPG. Furthermore, COPS7A, a member of the COP9 signalosome [53] as



Cancers 2022, 14, 5031 12 of 23

well as NADK2, which also has oncogenic potential [54], were more abundant in both
miRNA-142 knockout cell lines.
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In addition, for the less abundant proteins (Figure 9), the STRING analysis, similar
to the DAVID analysis, resulted in a network of proteins related to the more general term
“cytoskeleton/cytoskeletal reorganization”: MSN/HEL70, UBR4, EZR, RHOG, CAPZB,
DPYSL2, DOCK2, and ARF6. Furthermore, clusters of proteins belonging to the family of F-
actin-capping proteins (CAPZB, CAPZA1, and CAPZA2) and those manually annotated to
“immunoregulation/immunoproteasome activity modulation” (PSMB8, PSMB9 and IRF8)
were visible. Another series of proteins was grouped in a similar attempt according to its re-
lation to “cell growth” and “cell growth-related signaling pathways”: GRB2, MST4/STK26,
USP47, DPYSL2, and CAT. Finally, the proteins involved in “transcription/transcriptional
activity regulation”, IRF8, NUP98, TLE3, HIST1H1B, STAT5B, HMGB2, USP47, and DOCK2
were displayed.

3.6. Analysis of mRNA Expression in miR-142 Knockout Cells

We then analyzed the gene expression profiles of the parental cell lines in compar-
ison to one knockout clone each by microarray analysis [49]. The results are shown in
Supplementary Table S4. Here, 19,924 genes were expressed in at least one of the ana-
lyzed samples. Of these, 235 displayed an at least a 2-fold increase and 388 genes showed
an at least 1.5-fold increase in both miR-142 knockout lines. The results are shown in
Supplementary Table S4. Of the genes that were at least 1.5-fold deregulated, 513 of those
up-regulated in the BJAB knockout were down-regulated in the SUDHL4 cells while 496 of
those that were up-regulated in the SUDHL4 knockout cells were down-regulated in the
BJAB knockout cells. We then asked which of these genes de-regulated in the knockout
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cells were known or predicted target genes of miR-142 as determined using miRWalk2.0
(http://mirwalk.umm.uni-heidelberg.de/ (accessed on 26 October 2020) as shown in Sup-
plementary Table S3. In this table, the already known targets and those established in the
present analysis, are highlighted in yellow (column A). Table 1 summarizes the 20 most
up- and down-regulated genes in the BJAB and SUDHL4 cell lines as well as the 20 most
differentially expressed genes in the comparison of both miR-142 knockout lines.
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We further determined which of the significantly up- or down-regulated proteins
were also affected in the mRNA analysis. Here, we found that 35 of the 93 proteins were
also changed in the microarray. Of these, 24 were up- and 11 were among the down-
regulated genes/proteins. ERP44 (highlighted in blue; Supplementary Table S3, Column
B), up-regulated in the proteome analysis, yielded no signal in the microarray. HMGB2 and
DPYSL2, both reduced in abundance at the proteome analysis, were inversely regulated in
that they were higher in the BJAB knockout but slightly reduced in the SUDHL4 knockout.
These proteins are highlighted in blue and brown, respectively, in Supplementary Table S3
(Column B).

3.7. Target Genes of miR-142 Deregulated in DLBCL Knockout Cells

We questioned which of the 93 differentially abundant proteins in the two cell lines,
identified by the proteome analysis, were known or predicted target genes of miR-142 as
determined again using miRWalk2.0 (http://mirwalk.umm.uni-heidelberg.de/ (accessed
on 26 october 2020) applying the following criteria: we consider a mRNA as a confirmed
target when the responsiveness to miR-142 expression is lost in a luciferase assay by
the mutation of respective miR-142 binding site or, when a miRNA-inhibitor of miR-142
(antisense-miR-142) inhibits miR-142 function [16]. The study by Chapnik et al. (2014) [36]
identified Twinfilin (TWF1) as well as Cofilin (CFL2), and also BOD1 and ITGAV as novel

http://mirwalk.umm.uni-heidelberg.de/
http://mirwalk.umm.uni-heidelberg.de/
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targets for miR-142. These proteins were up-regulated by at least 1.5-fold in their analysis
and we also found an at least 1.5–2-fold induction for these mRNAs in our analysis. The
mRNA of the miR-142-targets WASL and GRIF2, up-regulated in the knockout model in
that study [36], was not changed in our array. A study by Mildner et al. (2017) [37] had
shown that mouse Cdkn1B is a target for miR-142 in T-cells; here, the human CDKN1B
mRNA was present but not significantly changed (see below). From our array analysis, we
chose as additional targets overlapping with the proteomic dataset CCNB1 (significantly
increased in the proteome of BJAB knockout cells), LIMA1 and TFRC as these are potential
targets of miR-142-5p, AKT1S1 (exclusively identified in both knockout cell lines) as a
potential target of miR-142-3p. AKT1S1 (alternatively called PRAS40) was a very promising
candidate because it is part of the mTORC1 complex which is a target for treatment of
DLBCL [55].

Table 1. The 20 most up- (dark grey) and down-regulated (light grey) genes in miR-142 knockout
BJAB and SUDHL4 cell lines as well as the 20 most differentially expressed genes in the comparison
of miR-142 knockout SUDHL4 vs. BJAB cells.

BJAB SUDHL4 SUDHL4 vs. BJAB
Gene Symbol FC KO vs. WT Gene Symbol FC KO vs. WT Gene Symbol FC Difference

CASP1 0.002 TUBB8 0.004 CAMK2N2 −90.240
HEBP2 0.002 GPATCH1 0.005 APCDD1 −43.254

CARD16 0.003 PSCA 0.007 DAB2IP −41.563
DCN 0.004 TTN 0.011 MAP3K6 −34.677

THEMIS 0.006 LMX1B 0.011 BCL2L15 −33.949
LRFN3 0.007 NRIP1 0.012 FBXL7 −32.339

SLC38A4 0.009 SLC6A2 0.013 ART5 −27.928
CD274 0.009 ENTPD8 0.014 GPR171 −24.575

ADCYAP1 0.009 CD200R1 0.016 H6PD −23.742
OR51S1 0.011 CCDC120 0.016 CD3G −23.354

CBS 0.011 NAV2 0.017 MORN4 −21.185
FAM183A 0.012 PCDH15 0.017 CELSR1 −19.788

PSG5 0.012 CCDC144A 0.017 GPRASP2 −19.247
SMOC2 0.012 FOXR1 0.017 C12orf40 −18.125

TRAPPC3L 0.013 SMPDL3A 0.019 FOS −15.809
XAF1 0.016 ST8SIA1 0.019 TGM7 −14.890
CLIP4 0.016 RXFP1 0.020 AS3MT −14.816

CARD17 0.016 PLXNB3 0.020 PYGL −13.197
NT5E 0.020 DNASE2B 0.020 GUCA1A −12.201
RIC3 0.020 OIT3 0.021 C16orf62 −11.145

PDCD1LG2 20.835 FOXL1 55.254 BDNF 37.896
PLEKHH2 20.971 FBXW2 57.711 TMPRSS15 39.814

PPP4R4 22.315 MAGEB16 58.134 WISP1 40.863
IGF2BP2 22.854 KIF5A 58.160 SEMA5A 43.383
COL4A4 23.466 GPR85 66.176 GJB1 46.221
FOXL1 25.999 FOXC2 68.900 PLAU 46.481
CHRD 27.345 TDRD6 70.648 SULF2 47.733
NPHP1 28.583 GAL3ST2 71.346 CNPY1 50.162
FBXL7 29.758 PAGE4 73.636 RSG1 51.428
IRS1 35.501 OR2H1 75.353 IFI44L 58.035

OPLAH 47.738 KITLG 78.372 AKAP14 63.312
DHRS9 52.841 CACNA1B 83.562 CLIP4 64.945
HOXB6 64.707 SDC4 98.925 MAGEB16 65.662
AIM2 66.156 SKI 102.922 FOXC2 71.354

TCEAL8 67.141 LOC100505841 103.228 OR2H1 80.166
CAMK2N2 84.172 VAMP3 112.579 NT5E 81.031
RIMKLA 96.113 ZNF680 262.647 OR51S1 94.888
ACAP2 127.043 LRRC1 2774.524 XAF1 95.632

ARMCX5 144.324 ZNF521 2876.359 CACNA1B 105.876
TCEAL8 158.819 KCNC2 3110.916 SLC38A4 120.136
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The potential miR-142-3p target AKT1S1 as well as the potential miR-142-5p targets
CCNB1, LIMA1 and TFRC were analyzed by dual luciferase assay as described above.
The RLUs (relative light units) of the four 3′UTR reporter constructs were clearly down-
regulated with the miR-142-wt expression vector, while the corresponding -3p or -5p seed-
sequence mutants failed to down-regulate their respective targets [16]. These results are
shown in Figure 10A,B, respectively. Our approach identified novel targets of miR-142-3p
as well as -5p and also shows that seed-sequence mutants can be used to validate miRNA
binding sites within target mRNAs. This might be particularly useful when multiple
potential targets of a given miRNA have to be confirmed.
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Figure 10. Confirmation of novel miR-142 targets by luciferase assay. (A) Analysis of AKT1S1 as
a target of miR-142-3p. The 3′UTR of AKT1S1 was tested by dual-luciferase assay using either
empty effector plasmid, effector plasmid expressing miR-142-wt or the miR-142-3p-M1 mutant which
features a 3P-seed-sequences mutation (see Figure S1). The value obtained with the empty effector
plasmid was set to 100%. (B). Analysis of TFRC, LIMA1 and CCNB1 as targets of miR-142-5p. The
3′UTRs of TFRC, LIMA1 and CCNB1 were assayed with empty effector plasmid, effector plasmid
expressing miR-142-wt or the miR-142-3p-M3 mutant which features a 5P-seed-sequences mutation
(see Figure S1). The value obtained with the empty effector plasmid was set to 100%. The data
shown in (A,B) represent 4 independent assays carried out in duplicate. Three asterisks represent
a significant reduction of the luciferase activity with a p-value ≤ 0.001. Two asterisks represent
a significant reduction of the luciferase activity with a p-value ≤ 0.01 and ≥0.001. One asterisk
represents a significant reduction of the luciferase activity with a p-value ≤ 0.05.

3.8. Western Blot Analysis of PKN2 and Ezrin

The protein kinase PKN2, a potential tumor suppressor in colon carcinoma cell
lines [56], was strongly up-regulated in the proteome analysis of both knockout cell
lines, while Ezrin (EZR; Supplementary Table S3), a cytoskeleton protein with oncogenic
potential [57], was moderately down-regulated. To corroborate these results, Western blots
were carried out to compare the protein levels in the wild-type vs. knockout cells. As shown
in Figure 11, PKN2 was strongly up-regulated in the knockout cells while Ezrin levels were
reduced. These data confirmed the results of the proteome analysis for these two proteins.
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Figure 11. Western blot analysis: Extracts of BJAB-wild-type and SUDHL4-wild-type (“WT”) cells
and the corresponding miR-142 knockout (“KO”) cells were separated on a 10% polyacrylamide
gel, transferred to a nitrocellulose membrane and incubated with antibodies against PKN2, Ezrin
and β-actin as a loading control. The membranes were incubated with the appropriate secondary
antibodies coupled to horseradish peroxidase. Bound secondary antibodies were visualized by ECL.
The bands were quantified using Image Lab 6.0.1. The mean value of two separate experiments
is shown above the bands. The wild-type value was set to 1. The uncropped blots are shown in
Figure S4.

4. Discussion

The aim of this study was (i) to decipher actions of miR-142 at the proteome level,
which may contribute to the induction or maintenance of DLBCL, (ii) to identify novel
targets of miR-142-3p and -5p, and (iii) to show that seed-sequence mutants of miR-142-5p
can be used to confirm a potential target of this miRNA. The successful generation of
two miR-142 knockout GC-DLBCL lines was confirmed by DNA sequence analysis of the
knockout cells and Northern blot analyses. As outlined above, miR-142 is considered to
have tumor-suppressive functions in line with the loss-of-function mutations described for
miR-142 mutants found in lymphoma and leukemia [20,58], in particular DLBCL [17,34].
For instance, reduced levels of miR-142-3p were found in acute myeloid leukemia [59].
However, elevated levels of this miRNA have been found in various lymphoma [17,19].
Further, the high abundance and thus functional relevance due to its relative increase
in the Ago2-containing RISC complexes in DLBCL [34] are counterintuitive to its tumor-
suppressive role. The contribution of this miRNA to the induction or maintenance of
lymphoma remains thus unclear. Although the proteomics results also did not finally
clarify the underlying mechanisms, the presented dataset gives interesting insight into
miR-142 action in two different GC-DLBCL cell lines that were chosen for the knockout
analysis because the miR-142 mutations described by Hezaveh et al. (2016) were found in
GC-DLBCL [17]. For instance, various proteins known to have growth-inductive as well as
-retarding properties are similarly altered in abundance in both miR-142 knockout cell lines,
of which the majority of the reduced proteins are known to have growth-promoting poten-
tial (Supplementary Table S3). The reduced growth of the BJAB knockout cells, as compared
to the wild-type was also counter-intuitive in respect to its growth-retarding role. It might
in part be explained by the reduction of the proteins with growth-promoting properties in
the knockout cells. Of further interest, proteins with inversely altered abundance in BJAB
vs. SUDHL4 were detected. STAT1, PSMB5 and CCT6A were less abundant in the BJAB
knockout cells than in the wild-type cells, while they showed increased abundance in the
SUDHL4 knockout cells as opposed to the wild-type cells. Conversely, HEL-S-108/TPMS4,
MCMBP, RUFY1 and NNT had higher abundance in the BJAB knockout cells but lower
abundance in the SUDHL4 cells as opposed to the respective wild-type cells. The growth
of highly aggressive ABC- as well as GC-DLBCL is induced by PD-L1 via JAK2-STAT1
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(or STAT3) [60]. Likewise, high expression of CCT6A confers an unfavorable outcome in
various tumor entities [61] such as breast [62] or cervical cancer [63], and CCT6A is secreted
in extracellular vesicles [61]. The role of PSMB5 is less clear, as a series of 92 primary DLBCL
showed no sign of this protein in the tumor cells, except within the microenvironment of
the tumor [64], which could be explained with a possible secretion from the tumor cells
into the stroma.

Because miR-142 is among the most highly expressed miRNAs in DLBCL lines and is
highly abundant in the Ago2-containing RISC complexes [34], it is thus not surprising that
a relatively large number of proteins was deregulated upon its inactivation in the DLBCL
lines. The fact that besides the up-regulated proteins, we found a relatively large number
of proteins decreased in abundance indicates that miR-142 is part of a larger network of
regulatory factors that conversely inhibit the expression of certain proteins/genes. For
instance, the elimination of the highly expressed miR-142 in DLBCL [34] may result in
its replacement in the Argo2- complexes by other endogenous miRNAs with additional
impact on protein expression.

In the microarray analysis, we found that 235 and 388 genes showed an either 2
or 1.5-fold increase or decrease, respectively, in the knock-out cells. A comparison of
the overlap with the proteome analysis revealed that 24 of the mRNAs did increase in
abundance of the 52 proteins (46.1%), while 11 mRNAs vs. 41 proteins (26.8%) also showed
a decrease. The binding of a miRNA to a mRNA may result in a decrease of protein
synthesis without affecting the mRNA stability while, alternatively, the binding to the
mRNA may induce the degradation of the target [65].

Strikingly, in the proteomics screen we found a strong up-regulation of the actin
filament remodeling factor Cofilin-2 (CFL2) and the actin-binding Twinfilin-1 (TWF1)
protein (Supplementary Table S3). An important role for miR-142 in the actin filament
homeostasis has been previously described in a mouse knockout model [36] where CFL2
and TWF1 were also found to be up-regulated. TWF1, CFL2 and Ezrin (EZR; the latter
being moderately down-regulated in the knockout cells and CFL2 strongly up-regulated
in the knockouts) belong to the large group of actin-binding proteins involved in the
remodeling of actin filaments relevant for cell motility in cancer cells [66]. Additionally,
the deregulated PSMB8 and -9 proteins also play a role in actin-filament reorganization.
The down-regulated CAPZA1, CAPZB, EFHD2, EZR and PCMT1 proteins are involved
in cell–cell adhesion; their reduced levels are compatible with the metastatic behavior
of lymphoma cells. Furthermore, we found PKN2 to be more abundant in the miR-142
knockout cells in the proteome analysis and mRNA microarray. This observation was
further confirmed by Western blot analysis in both knockout cell lines. The Ser/Thr kinase
PKN2 is a potential target for both miR-142-3p and -5p (Supplementary Table S3).

Various proteins associated with cytoskeleton remodeling were altered in abundance
due to the knockout: Ezrin (EZR), as well as Cofilin (CFL2), are phosphorylated and acti-
vated by the Rho kinase ROCK1 [67] as well as their main targets, the Rho GTPases such
as CDC25B which activate the cell cycle transition via PKN2 [68]. PKN2 is a potential
target for miR-142-3p and -5p, which is in line with its strong induction in the knockout
cell proteomes. Upon activation, PKN2 appears to play a stimulatory proliferative role
in G2/M transition [68] in line with its pro-tumorigenic properties [69]. PKN2 phospho-
rylates and thereby activates mTORC1 to increase nutrient supply [70]. Subsequently,
mTORC1 regulates mitochondrial functions as well as mRNA translation and ribosomal
biogenesis [71]. MTORC1 in turn is complexed with AKT1S1, which we also identify as
a novel target of mir-142-3p. A causal linkage of only one target gene like Ezrin or PKN2
to a complex cellular mechanism like proliferation is difficult. The impact of Ezrin or
PKN2 on proliferation can probably be overcome by several other direct or indirect effects
caused by dysregulation of multiple other target genes of miR-142. The down-regulated
Histone H1.5 is tumor-suppressive in lymphoma and its loss in the germinal center B-cells
induces activation of otherwise silent chromatin [72], but appears to be tumor-promoting in
prostate carcinoma [73]. Cofilin (CFL2) showed the strongest up-regulation in both knock-
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out lines and activation of the ROCK/LIMK/Cofilin pathway with a concomitant depletion
of CAPZB and CAPZA2 results in increased CFL2 phosphorylation and enhanced cell
invasion [74]. In line with this notion, the F-actin binding proteins CAPZB, CAPZA1 and
CAPZA2 were down-regulated in the knockout cells. CAPZB has oncogenic potential [75],
CAPZA1 inhibits cancer cell migration in gastric carcinoma [76] while CAPZA2 promotes
gastric cancer cell migration and invasion [77].

The gene ontology analysis of the genes up-regulated in both knockout cell lines
indicated that mitochondrial ribosomal proteins, among other factors found in mitochon-
dria, were affected. For instance, the mitochondrial ribosomal proteins MRPL38, -39,
and -44, were among the up-regulated proteins. Although their up-regulation, at first
sight, appears not to be compatible with reduced growth, it was shown that some of
these, such as MRPL17 (exclusively identified in both knockout cell types), -33, -35 or -44
(increased as a trend in both cell types, p < 0.05) were up-regulated in various tumors,
such as glioma-, leukemia-, breast-, colon- or lung carcinoma (reviewed in [78]). COPS7A,
a protein of the COP9 signalosome, was also induced. It is known that COP9 proteins,
when expressed asynchronously from the other members of the COP9 signalosome, might
contribute to cancer induction [79]. Lastly, COX6B1, NDUFA4 as well as cytochrome c
(CYCS) of the mitochondrial respiratory chain were also induced, indicating a role for
their regulation, directly or indirectly, by miR-142 with a possible link to the deregula-
tion of the MRPL and MRPS proteins. The up-regulated mitochondrial NADK2 kinase
is tumor-promoting [54] and is up-regulated in the knockout cells alongside with further
proteins associated to mitochondrial function (HEL-S-26/IDH1, HEL-S-95n/SORD, ABAT,
ACADSB, TIGAR/C12orf5, ACSL1, NAPG; see Figure 8 and accompanying text). Interest-
ingly, mitochondrial-associated ER membranes under inflammatory stress are enriched for
both miR-142-3p and -5p [80].

The PSMB8 and PSMB9 proteins, which are part of the 26S proteasome, were down-
regulated. The 26S proteasome is a major constituent of the immune response which
processes foreign proteins for presentation to immune cells by MHC-I [81]. Although
their reduced levels in the two knockout cell lines appears to be counter-intuitive, this
observation is compatible with the disturbed hematopoiesis and a loss of immune-response
to soluble antigens in miR-142 null mice due to the impaired MHC-I presentation described
previously [32,58].

In addition to already known targets (e.g., CFL2, TWF1, STAU1 and CLIC4) of miR-142,
we used luciferase reporter assays to show that several candidates from the -omics screens
were indeed targets of miR-142. As previously shown for the miR-142-3p seed-sequence
mutants [16], the miR-142-5p-M3 seed mutant can also be used to confirm a 3′UTR as a
target since corresponding reporter constructs lost their responsiveness due to the mutation
of the miRNA 5p-seed sequence. Applying this strategy, we could confirm LIMA1 (Eplin),
CCNB1 (Cyclin B1), AKT1S1 and TFRC as novel miR-142-3p or -5p targets. Similar to
CFL2, LIMA1/Eplin inhibits actin filament depolarization. However, low levels of LIMA1
are associated with tumor growth [82], and LIMA1 binds to the known miR-142 target
RAC1 [83] while low levels of Cyclin B1 (CCNB1) are associated with reduced cell growth
in accordance with a tumor-suppressive role of miR-142. CCNB1 is directly up-regulated
by FOXM1 over-expression in DLBCLs [84]. The dampened regulation of CCNB1 by the
loss of miR-142-5p in DLBCLs can contribute to the malignant phenotype. TFRC plays a
role in mitochondrial morphology [85]. As a down-stream target of c-MYC, it contributes to
lymphomagenesis [86] and, in conjunction with cadherins like CAPZA1 or EZR, regulates
ferroptosis [87]. The up-regulated ACADSB protein already mentioned above is also
involved in ferroptosis and high levels reduce cell growth [88].

Various reports described the secretion of miR-142 in exosomes isolated from serum of
transplant patients [89], human T-lymphocytes of type I diabetes patients [90] or Sjögren’s
syndrome [91], macrophages [92], or CD4+T-cells that activate heart myofibroblasts [93].
Exosome-derived miR-142-5p expressed in cervical squamous cell carcinoma inhibits the
CD8+ T-cell-mediated immune response via induction of indoleamine-2,3-diogxigenase
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(IDO) in tumor-associated lymphatic vessels, thereby exhausting the CD8+ cells [94]. So
far, the exosomal release of miR-142-3p or-5p from B-cells or B-lymphoma has not been
reported. It is conceivable, however, that miR-142-3p and/or -5p are secreted from DLBCL
cells to generate a microenvironment favorable to the growth of the tumor or as a means
to evade the immune surveillance of the host. Increased levels of exosomal miR-142-3p
are observed during allograft rejection and lead to down-regulation of RAB11FIP2 in
endothelial cells after up-take of the miR-142-3p contained in the vesicles released from
activated T-cells [89].

5. Conclusions

Our observations might explain why the knockout of miR-142 led to a reduced growth
of the BJAB cells contrary to the expectation that the loss of a potentially tumor-suppressive
miRNA should induce cell growth. As shown for the miR-142 knockout mice [20], knockout
cell lines may be used to identify novel targets of (human) miRNAs. Lastly, seed-sequence
mutants of a miRNA may be employed to screen larger numbers of potential 3′UTR targets
as the time-consuming generation of binding site mutants can be avoided. In summary,
we found that a large number of genes/proteins considered to have oncogenic properties
were induced in the knockout cells in line with a tumor suppressive function of miR-
142, which additionally enforces the notion that miRNAs might affect indirect layers of
transcriptional regulation. Overall, the deletion of a highly expressed miRNA reveals the
complex contribution of miRNAs within cellular regulatory networks.
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www.mdpi.com/article/10.3390/cancers14205031/s1, Table S1: Cloning primers; Table S2: Raw
data of proteome analysis; Table S3: Comparison mRNA microarray vs. proteome analysis vs.
miR-142 target prediction; Table S4: Raw data mRNA microarray. Figure S1: Point mutations
M1 and M3 in miR-142. Shown is the secondary structure of pri-miR-142. Mutations M1 and
M3 occurring in DLBCL tumors studied in this work are indicated in red and annotated as mut
1 and 3. Mut 1 (U>C) is found in the seed region of miR-142-3p. Mut 3 (G>U) is in the seed of
miR-142-5p. The mature miRNA species are shown in blue and the seed sequences in dark blue. The
secondary structure was generated by using the RNAfold web server of the University of Vienna:
(http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi); Figure S2: (A) Genomic sequence
of pri-miR-142. The positions of the mature miR-142-3p and -5p are underlined. The positions of
the gRNAs are shown as red arrows. (B) Sequences of the three gRNAs used; Figure S3: Cell cycle
analysis of the three BJAB knockout cell lines vs. BJAB-wild type cells. Cell cycle analysis was carried
out by FACS analysis. Cells were stained with propidium iodide. The relative amounts of cells in G1,
S and G2/M are shown in Figure 2B. Figure S4: uncropped blots of Figure 11.
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