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Full-length RNA-Seq of the RHOH 
gene in human B cells reveals new 
exons and splicing patterns
Frédéric Leprêtre 1, Jean-Pascal Meneboo 1, Céline Villenet1, Laure Delestré 2, 
Bruno Quesnel 3, Carl Simon Shelley 4, Martin Figeac 1 & Sylvie Galiègue-Zouitina 5

The RhoH protein is a member of the Ras superfamily of guanosine triphosphate-binding proteins. 
RhoH is an atypical Rho family member that is always GTP-bound and thus always activated. It is 
restrictively expressed in normal hematopoietic cells, where it is a negative regulator of cell growth 
and survival. We previously analyzed the RHOH gene structure and demonstrated that this gene is 
composed of 7 exons, one single encoding exon located at the 3ʹ extremity of the gene, preceded 
by 6 noncoding exons. To further understand the transcription events associated with this gene, 
we performed full-length RNA-Seq on 12 B-cell lines. We identified new exons, new splice events 
and new splice sites, leading to the discovery of 38 RHOH mRNA molecules, 27 of which have never 
been described before. Here, we also describe new fusion transcripts. Moreover, our method allowed 
quantitative measurements of the different mRNA species relative to each other in relation to B-cell 
differentiation.

Keywords  RHOH gene, Full-length targeted mRNA-Seq, Oxford Nanopore Technologies, New exons, New 
transcripts, Gene fusion, B-cell differentiation

We previously isolated the human RHOH (TTF) gene by fusion to the BCL6 (LAZ3) gene, which was induced 
by a t(3;4) secondary recurring translocation, in follicular B non-Hodgkin’s lymphoma cells1,2. Fluorescence 
in situ hybridization (FISH) experiments allowed us to refine RHOH gene mapping to 4p13-143, which was 
subsequently accurately assigned to 4p14 by the human genome sequencing project (hg19, chr4:40198527–
40246281). We further showed that in normal tissues, RHOH is restrictively expressed in hematopoietic cells1,4, 
in agreement with the findings of other studies5, and that the 21 kDa hemato-specific RhoH protein is encoded 
by a single exon containing a major ORF of 576 bp1. We finally characterized the RHOH gene structure3,4.

In normal T cells, the RhoH protein regulates activation and differentiation5–9 and TCR signaling10–12. 
In hemopoietic progenitors, RhoH modulates intercellular interactions, proliferation, survival, homing 
and chemotaxis13,14. It also decreases leukotriene production in neutrophils15 and negatively regulates 
eosinophilopoiesis16. Despite a lack of knowledge about RhoH function in normal B cells, RHOH gene 
deregulation has been extensively studied in tumor B cells, especially in B-cell pathologies such as hairy cell 
leukemia17, chronic lymphocytic leukemia18,19, and B-nonHodgkin’s lymphoma of numerous subtypes, first 
in diffuse large B-cell lymphoma (DLBCL), where aberrant somatic hypermutation of the RHOH gene has 
been found20. The same hypermutation mechanisms have been described in many other subtypes of B-cell 
lymphoma21–23. Additionally, in the B-cell lineage, RhoH functions as a negative regulator of IL3-induced 
signaling through modulation of the JAK-STAT pathway23. Notably, the RHOH gene is also expressed in myeloid 
cells, where its induction could drive terminal differentiation and might represent a means of affecting acute 
myeloid leukemia (AML) differentiation24.

RhoH is an atypical member of the Rho family of small GTP-binding proteins5,25, suggesting its important 
role in both normal and disease states and suggesting that the RHOH gene is a potential target in therapeutic 
treatments. In contrast to classic members, atypical members either exhibit a high intrinsic guanine nucleotide 
exchange rate (RhoU and RhoV) or lack the ability to hydrolyze GTP5,26. Consequently, the atypical RhoH 
member is constitutively active and is regulated by mechanisms such as posttranslational modifications, such as 
phosphorylation21, subcellular localization and lysosomal degradation22, or by quantitative mRNA expression5. 
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Therefore, transcriptional and posttranscriptional events targeting the RHOH gene seem to be key points to be 
considered. In particular, the patterns of transcripts and modulation of their expression as a function of several 
physiological events, such as differentiation, are important. In a previous study aimed at identifying new RHOH 
exons in the 5ʹ region of the gene possibly involved in the modulation of RhoH protein translation, our strategy 
was to use 5ʹRace-PCR starting from the unique encoding exon, previously named exon 2, in the B-cell line 
Raji4. This led us to analyze RHOH transcript patterns in different hematopoietic cells from the B, T, and myeloid 
lineages, allowing us to identify six 5ʹ noncoding exons. We first named these genes X1, 1a, X2, 1b, X3, and X4 
(Table S1, for accession numbers). We thus described the RHOH 5ʹ-UTR as characterized by complex splicing 
patterns involving up to 6 upstream noncoding exons alternatively spliced to the unique encoding exon at the 
3ʹ extremity of the gene. Moreover, our study emphasized differences in transcript patterns as a function of the 
hematopoietic lineage. In particular, some noncoding exons were shown to be specific to B or T cells4. Next, we 
simplified the RHOH exon nomenclature from exons X1, 1a, X2, 1b, X3, X4, and 2 to exons 1–727. According 
to this new nomenclature, exons 1a and 1b are now called exon 2 and exon 4, respectively, and the unique 
RhoH-encoding exon is called exon 7. Primer extension assays revealed the presence of transcription initiation 
sites upstream of exons 1 (X1), 2 (1a) and 4 (1b)4, which was confirmed by further studies; in particular, by the 
cloning and complete characterization of one RHOH promoter next to exon 4, we called this promoter P327. 
Our work therefore revealed that the RHOH gene can be transcribed from 3 distinct promoters, P1, P2 and P3, 
upstream of exons 1, 2 and 4, respectively4,27.

Our present work focused on 12 human B-cell lines generated from different hematopoietic disorders and 
mimicking 4 differentiation stages, from pre-B to terminal plasmocytic differentiation, using up-to-date genomic 
studies for discovering and characterizing additional RHOH gene transcript patterns.

Materials and methods
Cell culture
Pre-B-cell line models representing the early stage of B-cell differentiation (Nalm-6 and Lila-1, derived from 
acute lymphoblastic leukemia patients) were obtained from the German Collection of Microorganisms and 
Cell Culture (DSMZ, Braunschweig, Germany) and kindly provided by Martin Dyer (MRC Toxicology Unit, 
Hodgkin Building, Leicester, United Kingdom). The pre-B-cell line Lila-1 was treated with phorbol myristate 
acetate (PMA) to induce differentiation. Both cell lines were cultured in RPMI 90% supplemented with 10% 
FBS, and when indicated, Lila-1 cells were induced to differentiate by treatment with 20 ng/mL PMA or the 
same volume of the corresponding vehicle DMSO for 24 to 72 h. Lila-1 ± PMA-treated cells were analyzed by 
flow cytometry to determine the increase in the expression of CD19 surface markers following PMA treatment 
(from 10% after 24 h to 40% after 72 h), and cell counting was used to determine whether the cells stopped 
dividing when they were differentiated. Mature Burkitt B cells (Raji) were obtained from American Type Culture 
Collection (ATCC; Manassas, USA). Mature B cells Burkitt BJA-B, diffuse large B-cell lymphoma (DLBCL), 
HBL-1 and U-2932 were obtained from Dimitar Efremov (International Centre for Genetics Engineering and 
Biotechnology, ICGEB, Trieste, Italy) and were grown in RPMI 90% supplemented with 10% FBS. The DLBCL 
cell lines OCI-Ly1 and OCI-Ly3 were obtained from Mark Minden MD, PhD (Princess Margaret Cancer Centre, 
University Health Network, Toronto, Canada) and were grown in 80% IMDM supplemented with 20% FBS. 
Multiple myeloma cell lines, RPMI 8226 and U266, which represent the late stage of B-cell differentiation, were 
obtained from the ATCC and cultured in RPMI 90% supplemented with 10% FBS. Finally, the myeloid cell line 
control HL60 was obtained from the DSMZ and was grown in the same way. All cells were grown in the presence 
of 100 units/ml penicillin and 100 µg/ml streptomycin.

RNA extraction
Total RNA was isolated using an RNeasy Kit from Qiagen (Düsseldorf, Germany) following DNAseI treatment. 
All RNA samples were subsequently tested for integrity on an Agilent 2100 Bioanalyzer (Santa Clara, California, 
USA) for RIN calculation, and concentrations were assessed on a NanoDrop 2000 from Thermo Fisher (Waltham, 
Massachusetts, USA). All the RINs reached 10.0 and were therefore included in further analysis.

NanoString nCounter Expression Assay
The nCounter expression assay was performed according to the manufacturer’s instructions (NanoString 
Technologies, Seattle, USA). A custom panel was designed comprising 3 pairs of probes targeting the ABL1, 
GAPDH and TBP genes used for normalization and 18 pairs of probes targeting known parts of the RHOH 
transcripts and RHOH predicted exon sequences (extracted from the UCSC Table Browser for Unigene and SIB 
databases). The names, sequences and positions of the probes in the hg19 genome are given in Table S1.

The custom CodeSet was hybridized to 300  ng of total RNA from the 12 cell lines for 20  h at 67  °C in 
a VERITI thermal cycler (Thermo Fisher Scientific, Waltham, Massachusetts, USA). After hybridization, the 
samples were purified and immobilized in a sample cartridge using the automated nCounter® Prep Station. This 
cartridge was scanned in an nCounter® Digital Analyzer for quantification of mRNA targets in each sample. 
Analysis of the assays was performed with nSolver version 4.0 software (NanoString Technologies, Seattle, USA), 
including quality control of the raw data and normalization to the counts of ABL1, GAPDH and TBP (Table S2). 
The results were visualized through IGV software (Broad Institute, Cambridge, USA).

3ʹRACE-PCR
We performed 3’RACE PCR using the 3ʹRACE System for Rapid Amplification of cDNA Ends Kit from 
Invitrogen according to the manufacturer’s protocol (Waltham, Massachusetts, USA). The primer sequences 
are given in Table S1. Briefly, cDNA synthesis was initiated using an oligo-dT adapter primer (AP) on 1 µg of 
total RNA per cell line. Then, amplification of the target cDNA fragments was performed using a custom primer 
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annealed to a specific site of interest (SSI) and one universal primer that targeted the polyA region (AUAP). 
PCR was subsequently performed to amplify cDNA fragments starting from exon 2 or exon 4 to downstream 
sequences up to the 3ʹ end of the RHOH gene (Fig. 1).

The following forward primers were used: ex2RACElong or ex4RACElong, each of which was combined 
with the AUAP reverse primer. To increase specificity, nested PCR was conducted by combining RHOH gene-
specific primers adjacent to the first SSI (ex2RACEnested or ex4RACEnested) with the universal AUAP primer. 
The sequence products started 49 bp and 24 bp downstream of the documented transcription initiation sites of 
exon 2 and exon 4, respectively, to ensure the accuracy of the sequencing reactions. Finally, the PCR products 
were purified using AMPure Beads XP (Beckman, Brea, USA) and quantified on an Agilent 2100 bioanalyzer. 
The primers used were designed using Oligo7.6 software (Molecular Biology Insights, Cascade, USA) to allow 
homogeneous amplification, and the positions at the most 5’ regions in the exons were selected.

Library preparation
The 3ʹRACE-PCR products (starting at exon 2 or exon 4) were pooled in equimolar amounts, and 500 ng was used 
to prepare barcoded libraries using a Ligation Sequencing Kit (SQK-LSK109) and a Native Baring Expansion 
Kit from Oxford Nanopore Technologies, according to the manufacturer’s protocol (1D Native Barped Genomic 
DNA Rev E). After qualification and quantitation on an Agilent 2100 bioanalyzer, all the barcoded libraries were 
mixed in equimolar amounts.

MinION sequencing and analysis
As previously described, sequencing was performed on an Oxford Nanopore MinION sequencer with a SpotON 
Flowcell (MIN106-R9.4.1) for 24 h using the MinKNOW program. The run was followed by base-calling and 
demultiplexing via the guppy tool (version 2.3.5). Quality control was carried out by using fastQC (version 
0.11.5) and MinIONQC (version 1.3.5). Demultiplexing by use of barcodes led to the identification of transcript 
samples, starting from exon 2 or exon 4, as mentioned above. The sequences were filtered by use of cutadapt 
(version 2.1) and Nanoflit (version 2.2.0) to keep sequences of interest only, filtering out sequences without 
barcodes, those below a length of 600 bp and those of low quality (phred read quality score under 10). Each 
read of interest was also selected to obtain 5ʹ and 3ʹ primers in the sequence. These filters allowed us to keep the 
complete sequences of the transcripts after trimming the barcode and adaptor sequences.

Fig. 1.  Experimental workflow used for full-length RHOH transcript sequencing. First-strand cDNA synthesis 
was initiated at the poly(A) tail of mRNAs using an adapter primer (AP). After first-strand cDNA synthesis, the 
original mRNA template is degraded with RNase H, which is specific for RNA‒DNA heteroduplex molecules. 
Amplification was performed using 3 primers, the AUAP (Abridged Universal Amplification Primer), which 
is homologous to the adapter sequence for first strand cDNA synthesis; the SSI (Single Sequence of Interest), 
for the amplification of all targeted sequences for 2 cycles; and, third, a nested SSI to allow more specific 
amplification of the RHOH transcripts for 35 cycles. The primer sequences are given in Table S1.
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Sequence reads were subsequently aligned to the human genome (hg19) using minimap2 software (version 
2.1) and reference gene annotations (GRCh37/hg19 release 87). To discover new transcripts, we used pinfish 
software (version 0.1) to cluster reads with similar exon/intron structures to create a consensus sequence. 
Transcript expression was quantified from the alignment files (.bam files) and gene annotations (pinfish) using 
flair software (Fig. 2).

Finally, to ensure the reliability of our methods and findings, we applied a minimum depth threshold of 500 
to the read count matrix.

Prediction of potential proteins
According to the length of the discovered transcripts (529–1759  bp), we used ORFfinder software from the 
NCBI (https://www.ncbi.nlm.nih.gov/orffinder/) to search for open reading frames (ORFs) for potential ​p​r​o​t​e​i​n​
-​e​n​c​o​d​i​n​g segments and their predicted proteins/peptides. For complete analysis and to fit to biological process, 
we chose to add to each transcript sequence the 49 and 24 bp between the transcript initiation sites and the 
start of sequencing, respectively, for exons 2 and 4. Using standard “ATG” and alternative noncanonic initiation 
codons, ORFs were generated and filtered by selecting proteins with weights above 7 kDa. In addition, we used 
the protein families database (Pfam) tool (https://pfam.xfam.org) from EMBL-EBI for sequence alignment.

Results
On the basis of our previous study27, we showed that the P3 promoter upstream of exon 4 is predominant and 
active mainly in normal T and B cells, while the P1 promoter is silent in normal B cells. In contrast, P2 promoter 
activity upstream of exon 2 seems to be restricted to the B-cell lineage, where it shows similar activity to that 

Fig. 2.  Bioinformatics workflow used for full-length RHOH transcript sequencing. The bioinformatics 
workflow is separated into 2 parts. The first part (in blue) corresponds to the primary analysis, with basecalling 
and demultiplexing of the samples. The second part (in red) corresponds to the secondary analysis involving 
filtering, mapping, annotation and counting for each sample.
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of P3 (Fig. S1). Additionally, PCR were loaded on 2% agarose gels stained with BET (Fig. S2). We then focused 
on the P2 and P3 active promoters to perform our present study. For this purpose, we analyzed the total RNA 
of the nCounter (NanoString Technologies, Seattle, USA) potential new RHOH exons, which were predicted 
or potential exons from different sources (UCSC, Swiss Institute of Bioinformatics, Unigene and Ref-Seq 
databases), to ensure the future of new discoveries. We subsequently performed a full-length RHOH-targeted 
mRNA sequencing approach by using 3ʹRace-PCR downstream of either exon 2 or exon 4, followed by nested 
PCR and MinION sequencing (Oxford Nanopore Technologies, Oxford, UK).

NanoString analysis of B cells allowed the discovery of potential new RHOH exons
On the basis of our previous work using a 5ʹRace-PCR4 approach, “priming” inside the RhoH gene encoding 
an exon allowed the upstream identification of new exons. Furthermore, several other RHOH exon predictions 
were mentioned in the University of California, Santa Cruz (UCSC), the Swiss Institute of Bioinformatics (SIB) 
and Unigene. We selected from UCSC 8 ESTs we called them EST1-8 (5 predicted exons and 3 identified as 
exons: EST2, -6, and -7), and from Unigene, 3 predicted exons we called them Uni1-3 to search for their presence 
in total RNA by use of the nCounter. Therefore, we designed 18 pairs of probes for EST1-8 and Uni1-3 for 6 
out of the 7 RHOH exons we had previously identified; exons 1–4, 6, and 7; and the RHOH 3ʹ-UTR as a control. 
Notably, EST7 was identified as RHOH exon 5 in our protocol. Three genes (ABL1, GAPDH, and TBP) were 
added for normalization of the raw data via nSolver software.

Figure 3 shows that our assay allowed the identification of all exons we had previously identified (in blue), 
except for exon 1, which was not expressed in normal B cells (Fig. S1).

Exons 4 and 6 and the encoding exon 7, together with the 3ʹ-UTR, presented the highest counts in all 12 
B-cell lines, in agreement with previous observations leading us to call them “major exons” in hematopoietic 
cell lines from all lineages4. In contrast, both exons 2 and 3 exhibited weaker counts but were detected in all 
B-cell lines but not in the myeloid cell line control HL60 (Fig. 3). Interestingly, all the predicted exons, EST1-8 
and Uni1-3, were detected, with weak counts (Fig. 3, in red), similar to exons 2 and 3 (Table S2, showing the 
normalized counts that were obtained). Thus, this approach highlighted the possible existence of 10 potential 
new exons in RHOH mRNAs (Fig. 3).

Full-length mRNA-Seq analysis of the RHOH gene in B cells
In accordance with the results of our nCounter study, we performed a targeted full-length mRNA-Seq analysis 
of the RHOH gene. This study aimed to characterize new transcript patterns governed by both the P2 and P3 
promoters in B cells and to determine the presence of possible new exons, as detected in our nCounter study. 
With the Oxford Nanopore MinION sequencer, we achieved a sequence of 7.63 gigabases, leading to a total of 
7,774.901 reads with median and maximum lengths of 819 and 8886 bases, respectively, with 99.5% read quality 
> Q7 (the nanopore default passed quality). The exons discovered in our project were named with respect to the 
exon nomenclature in Delestré’s paper or adapted with respect to the known closest one. Figures 4 and 5 present 
the positions and exon successions of the 38 RHOH mRNA molecules that were identified, numbered from T01 
to T38, and their relative percentages in the 12 B-cell lines.

Figures 6, 7, 8 and 9 precisely illustrates 21 of the mRNA molecules that we identified.
All sizes and positions of exons, in addition to transcript structures, are given for additional information 

(Figs. 4 and 5 and Table S1).

Fig. 3.  NanoString-normalized counts of probes within the RHOH gene for all cell lines. Normalized 
counts are visualized as bar charts on the Integrative Genomics Viewer (IGV version 2.8.3; Broad Institute, 
Cambridge, USA) with the autoscale option turned on and the hg19 genome. Known sequences of the RHOH 
gene and predicted sequences are represented under the gene track with blue and red marks, respectively. 
Samples are shown with respect to increasing differentiation status.
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First, we identified RHOH transcript patterns containing known exons. Eighteen mRNA molecules (Fig. 4, 
in black), 8 of which were initiated from exon 2 (T01–08) and 10 from exon 4 (T20–29), contained either exons 
6–7 (T01–07 and T22–27, respectively, for 7 and 6 mRNAs), exon 7 alone (T08, T28–29), or exon 6 alone (T21), 
which were spliced to exon 2 or exon 4. Both T06 and T07 contained split versions of exon 7 with almost 
total excision of the RhoH protein ORF (Fig. 6); consequently, they might not be templates for RhoH protein 
synthesis, as did T08, T28 and T29, which contained truncated versions of exon 7, or T21, which contained only 
exon 6 spliced to exon 2 (Fig. 6). In contrast, in transcripts T01–05 and T22-27, both exons 6–7 were entirely 
spliced (Figs. 4, 6: T01 and T22 as examples), indicating that these 11 mRNAs could encode the RhoH protein. 
Notably, in these mRNAs, exon 7 presented 9 different 3’-UTRs, leading to the exon 7 configuration EX7A3 
to EX7A11 (Fig. 5; Tables S1, S3). Both T01 and T22, which had the largest 3’-UTRs, were found to be major 
transcripts, representing nearly 20% of the total transcripts in 10 out of the 12 cell lines (Fig. 5).

Strikingly, the T20 and T21 mRNAs contained larger versions of either exon 4 alone or exon 6 spliced to exon 
4 (Fig. 6), possibly corresponding to a hypothetical “intron retention”28 or to another mechanism leading to 

Fig. 4.  Representation of the RHOH gene region with all RHOH mRNAs detected by mRNA sequencing in 
B-cell lines. The RHOH gene region is described here in the GRCh37-hg19 genome assembly. The primers 
used for 3’RACE-PCR were used; former exons (orange) and new exons (green) are shown in the third 
track. Finally, the observed transcripts are presented in black below the corresponding exons. We used the 
multiregional option of the UCSC genome browser to locate the RHOH and LINC02265 genes more closely 
related to each other and resize the 63 kb gap between both genes. This is symbolized by a blue bar.
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this event. Both were notably expressed, especially T21, in 6 out of the 12 cell lines studied (Fig. 5; Table 1). The 
emergence of the T20 and T21 mRNAs from the RHOH gene, as well as the T06-08, T28 and T29 transcripts, 
has never been described before. Thus, among the 18 RHOH mRNA molecules described above, 11 might be 
templates for RhoH protein synthesis (T01–05, T22–27), and 7 (T06–07–08, T20–21, T28–29) known exons 
have never been detected before. Specifically, the T06–07–08 transcript, which exhibited a large split of exon 7, 
was weakly expressed, while the T20 and T21 genes without any exon 7 sequence were notably expressed, all of 
which eliminate the possibility of RhoH protein synthesis. Several internal cryptic splice sites were identified, 
which may lead to the synthesis of 6 transcripts. We observed these sites inside exon 7, leading to its splitting 
accompanied by the loss of almost the entire RhoH protein coding region (T07). A 5ʹ-sided shorter exon 7 due 
to a splice exonic acceptor shift (Fig. 6, Table 1) was also observed for HBOC genes29. In addition, some of them 
were found inside exon 4 (T28 and T29), exhibiting a 3ʹ-sided shorter exon 4 due to a splice exonic donor shift in 
this exon. Moreover, skipping of exon 6 was observed, accompanied by exon 7 splitting and by loss of part or the 
entire exon 7 sequence (T08, T20, T28–29; Fig. 6, Table 1). These cryptic splice sites are highlighted in Table S3.

To summarize, 18 RHOH mRNA molecules containing exons 6 and 7 are hypothesized to be potential 
templates for RhoH protein synthesis or to be involved in its regulation. These mRNAs included 13 molecules 
containing exons 2 and 4 and four molecules containing exons 2 or 4, in addition to a single molecule containing 
a large version of exon 4 alone.

Second, we detected 5 new RHOH exons, which led to the generation of 18 new transcripts that did not contain 
RhoH, which encodes exon 7 or exon 6 (Fig. 4). These new exons located downstream of exon 3 or exon 4 were 
named EX3B, EX4B1, EX4B2–6, EX4B7 and EX4T1–4. These fragments were alternatively spliced downstream 
of exon 2 (11 mRNAs, T09–19) or exon 4 (7 mRNAs, T30–36). Two of these 5 new exons were already identified 
as exons in the SIB database (EX4B1 and EX4B7; Fig. 4), but no transcripts have been described in the literature 
or in other databases.

Fig. 5.  Heatmap of the observed transcript counts in the 12 cell lines. The read counts for each sample were 
computed as percentages for the start of exon 2 or exon 4 sequencing. The percentages range from pale blue 
(low) to red (high). Samples are shown with respect to increasing differentiation status. Red asterisks indicate 
variations in Lila-1 cells following PMA treatment, whereas blue asterisks indicate variations in the terminal 
differentiation of plasmocytic cells.
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Among the 11 RHOH transcripts with new exons that started from exon 2 (T09–19), T09 contained a new 
single exon that was never predicted before; we named this gene EX3B, which was spliced to exon 2. Six out of 
the 10 remaining mRNAs in Fig. 4 contained either the new exon EX4B2–6 alone (T11, T14, T17) or both the 
new exons EX4B1 and EX4B2–6 (T10, T13, T16), indicating the possible inclusion or skipping of EX4B1. In 
addition, among these 6 mRNAs, 4 (T10–11–13–14) presented an inclusion of exon 4 immediately downstream 

Fig. 8.  New RHOH mRNAs with new RHOH exons and starting from RHOH exon 4. In the T33 mRNA, 
splitting of exon 4B2-6 was accompanied by a deletion of 84 bp, leading to the 4B2 and 4B6 versions.

 

Fig. 7.  New RHOH mRNAs with new RHOH exons and starting from RHOH exon 2. Four new exons of 
RHOH (3B; 4B1; 4B2-6, 4T1-4) are depicted in brown. An example of exon 4 inclusion between exon 2 and 
exon 4T1-4 (4A4 in T12) is indicated by a double asterisk.

 

Fig. 6.  New RHOH mRNAs with known RHOH exons. Previously known exons 2, 4, and 6 of RHOH are 
depicted in black, and exon 7 is depicted in black, blue and gray. Exon 7 contains the RhoH protein ORF (in 
blue), framed by its 5ʹ-extremity and the 3ʹ-UTR regions (both presented in gray). Exon 6 skipping (in T08, 
T28 and T29) is indicated by a black asterisk. Shorter 3ʹ-UTRs in exon 7 are named 7B1 to 7B5, and the largest 
3ʹ-UTRs are named 7A10 and 7A11 (for T01 and T22, respectively). In T06, exon 7 was split; two identical 
sequence motifs, “​G​C​C​G​T​C​A”, frame the deletion.
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of exon 2, and exon 4 exhibited a shorter length upon inclusion: EX4A5in T10–11 or EX4A4 in T13–14, in 
agreement with our previous results4. The last 4 mRNAs included either EX4T1-4 alone (T12, T15, T19) or both 
EX4B7 and EX4T1–4 (T18) and were spliced either to exon 2 alone (T18–19) or to exon 2 directly followed by 
exon 4 (T12–15) (Figs. 4 and 7; Table 1). As stated in a previous study30, selection of the 3ʹ splice site, highlighted 
by different exon sizes, might be due to internal cryptic splice sites in the EX4T1–4 sequence (Table S3). In 
addition, the inclusion of exon 4 was observed again (EX4A5 in T12 and EX4A4 in T15), between exon 2 and 
the new exon EX4T1–4. Importantly, 7 of the 11 new mRNAs, starting from exon 2 and therefore reflecting 
promoter P2 activity in B cells, were notably expressed in some cell lines (Fig. 5, Table 1).

The 7 following new RHOH mRNA molecules, T30 to T36, started from exon 4 and contained 3 of the new 
RHOH exons: EX4B1, EX4B2-6, and EX4T1–4 (Figs.  4, 5 and 8). Only one mRNA contained the new exon 
EX4T1–4 spliced to exon 4 (EX4T3 in T34; Figs.  5 and 8, Table 1). The T35 and T36 transcripts contained 
exon 5 and were named EX5B1–2. Remarkably, these cells exhibited two larger sizes, EX5B1 and EX5B2 (Fig. 4, 
Tables S1 and S3). However, T35–36 were very weakly expressed in all 12 cell lines, similar to T30, T33 and 
T34 (Fig. 5, Table 1). In contrast, both the T31 and T32 transcripts, containing the new exon EX4B2–6, were 
notably expressed in almost all 12 cell lines, mostly in the 4 DLBCL mature B cells (U2932, HBL1, OCI-Ly1 and 
OCI-Ly3; Fig. 5). The percentage of these transcripts was 2- to 5-fold greater in these cells than in other cells, as 
observed for T01 and T22, 2 transcripts that are likely “good” templates for RhoH protein translation (Table 1, 
Fig. 5). This finding suggested that this new exon, EX4B2–6, might play an important role in the control of RhoH 
protein synthesis. Indeed, it seems important to emphasize that these 5 new RHOH exons did not associate with 
the previously identified RHOH exons 6–7, which are required for RhoH protein synthesis4,27.

Finally, the RHOH gene was framed by 4 neighboring genes (Fig. S3). We observed 2 fusion transcripts, T37 
and T38, likely generated by long-distance splicing. Strikingly, these 2 last RHOH mRNAs, starting from RHOH 
exon 4, containing exons from LINC02265 (LINC02265 exons 4 and 5 in T37 and LINC02265 exons 4, 4B and 5 
in T38), located approximately 60 kb downstream of the RHOH gene, were never described before (Figs. 4 and 
9; Table 1). These mRNA molecules may have emerged from tandem chimerism induced by a long-distance 
splicing mechanism, as previously described31–34. Regarding the relative amounts of these particular mRNA 
molecules in the 12 B-cell lines, only T37 was notably expressed in both Burkitt mature cell lines (15% in Raji 
and 11.7% in BJAB; Fig. 5). Notably, we discovered exon 4B as a new exon in this long noncoding RNA.

Quantitative analysis of RHOH transcript pattern variation during B-cell differentiation
As in traditional RNA-Seq studies, we searched for new transcripts and investigated their abundance between 
samples (we assumed these results according to the use of only one sample per cell line). The expression of a total 
of 10 mRNAs varied quantitatively upon differentiation, as observed in Lila-1 cells following PMA treatment 
(+ PMA) or not (− PMA). Figure 5 first illustrates a series of 8 out of these RHOH mRNA molecules (highlighted 
by red asterisks). Previously unknown, they contained either exons 6–7 (in T06 and T08) or new exons, EX3B, 
EX4B1, EX4B2–6, and EX4T1–4 (in T09, T13–15, T17, and T19), and started all from exon 2, reflecting the 
B-cell lineage-specific activity of the P2 promoter upstream of this exon (Fig. S1). Notably, T06 and T08, which 
contained split versions of the major ORF in exon 7 and therefore did not lead to RhoH protein synthesis, 
presented markedly decreased expression levels upon B-cell differentiation (Table 2). More importantly, 6 of 
the 8 transcripts contained new RHOH exons spliced to exon 2 (T09, T13–15, T17, and T19), indicating their 
possible function during such a biological phenomenon (Fig. 5; Table 2). In contrast, the expression of most of 
the mRNAs starting from exon 4 did not vary upon differentiation, except for T20, which contained exon 4 alone 
and had a greater size and presented a 5.7-fold decrease in expression after PMA treatment. In addition, T37, 
which contains LINC02265 exons fused to RHOH exon 4, presented a 2.25-fold decrease upon differentiation of 
Lila-1 cells (Fig. 5; Table 2). Another mRNA molecule, T12, exhibited increased expression upon B-cell terminal 
differentiation, as indicated by RPMI and U266 plasmocytic cells, compared to pre-B and mature Burkitt cells 
(Table 2; Fig. 5, highlighted by a blue asterisk).

Potential protein/peptide formation from RHOH mRNA molecules
The RHOH transcripts might serve as templates for the synthesis of the atypical RhoH protein or may be involved 
in its regulation. In particular, new transcripts could be templates for the synthesis of new regulatory peptides/
proteins. We used the web version of ORFfinder software from NCBI to search for open reading frames (ORFs; 
Table S4). In this chapter, we will only present potential proteins for which we found homology to known protein 
families in Pfam.

Fig. 9.  Diagrams of RHOH fusion mRNAs. The T37 and T38 mRNAs are fusion transcripts generated by long-
distance splicing between RHOH exon 4 and LINC02265 exons 4 to 5. The LINC02265 exon, which includes 
the new exon 4B, is depicted in red.
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First, the RhoH protein is predicted to be normal in size (21.3  kDa) or to harbor 2 possible N-terminal 
extensions, 29 or 39AA, leading to 24.4 or 25.6 kDa proteins, the first of which is likely initiated by the previously 
described noncanonical initiation codon TTG (35,36; Table S4). All 3 isoforms are predicted to be translated from 
transcripts T01–05 or T22–27, respectively, initiated by exon 2 or exon 4, and containing both exons 6–7 entirely 
spliced to each of them.

Description RNAseq name New or known

Nanostring 
study used name 
or observed 
modification Transcript name Position in transcript (in bold)

Average 
transcript 
frequency 
(%)

New exons in new 
transcripts

EX3B New T09 EX2-EX3B 4.8

EX4B1 New EST2 T10 EX2-EX4A5-EX4B1-EX4B4 1.18

EX4B1 New EST2 T13 EX2-EX4A4-EX4B1-EX4B4 2

EX4B1 New EST2 T16 EX2-EX4B1-EX4B3 2.16

EX4B1 New EST2 T30 EX4-EX4B1-EX4B4 1.14

EX4B3 New EST3 T16 EX2-EX4B1-EX4B3 2.16

EX4B3 New EST3 T17 EX2-EX4B3 4.1

EX4B4 New EST3 T10 EX2-EX4A5-EX4B1-EX4B4 1.18

EX4B4 New EST3 T11 EX2-EX4A5-EX4B4 6.04

EX4B4 New EST3 T13 EX2-EX4A4-EX4B1-EX4B4 2

EX4B4 New EST3 T14 EX2-EX4A4-EX4B4 8.81

EX4B4 New EST3 T30 EX4-EX4B1-EX4B4 1.14

EX4B4 New EST3 T32 EX4-EX4B4 13.14

EX4B5 (long) New EST3 T31 EX4-EX4B5 14.04

EX4B2-B6 (split) New EST3 T33 EX4-EX4B2-EX4B6 0.94

EX4B7 New EST6 T18 EX2-EX4B7-EX4T1 0.87

EX4T1 New Uni3 T18 EX2-EX4B7-EX4T1 0.87

EX4T2 New Uni3 T15 EX2-EX4A4-EX4T2 3.38

EX4T3 New Uni3 T12 EX2-EX4A5-EX4T3 4.15

EX4T3 New Uni3 T34 EX4-EX4T3 2.55

EX4T4 (long) New Uni3 T19 EX2-EX4T4 5.04

EX5B1 Known (ex5) EST7 T35 EX4-EX5B1 0.65

EX5B2 Known (EX5) EST7 T36 EX4-EX5B2 1.36

Known exons in 
new transcripts

EX4A3 EX4 EX4 long T20 EX4A3 6.04

EX6A1 EX6 EX6 long T21 EX4-EX6A1 8.74

EX4A1 EX4 EX4 short T28 EX4A1-EX7B2 0.97

EX4A2 EX4 EX4 short T29 EX4A2-EX7B4 0.09

EX7A1-EX7B1 EX7 EX7 splitting T06 EX2-EX6-EX7A1-EX7B1 2.08

EX7A2-EX7B5 EX7 EX7 splitting T07 EX2-EX6-EX7A2-EX7B5 1.66

EX7B3 EX7 EX7 splitting T08 EX2-EX7B3 2.97

EX7B2 EX7 EX7 splitting T28 EX4A1-EX7B2 0.97

EX7B4 EX7 EX7 splitting T29 EX4A2-EX7B4 0.09

EX6 EX6 EX6 skipping T28 EX4A1-EX7B2 0.97

EX6 EX6 EX6 skipping T29 EX4A2-EX7B4 0.09

EX6 EX6 EX6 skipping T08 EX2-EX7B3 2.97

Long-distance 
splicing

LINCEX4-LINCEX5 New Genes fusion T37 EX4-LINCEX4-LINCEX5 5.06

LINCEX4B New Genes fusion T38 EX4-LINCEX4-LINCEX4B-LINCEX5 0.83

Table 1.  New RHOH transcript patterns identified by mRNA-Seq. The 5 new RHOH exons that were 
identified in new transcript patterns are listed, as are the previously identified EX5 exons, with the details of 
each transcript structure and their relative abundance in the different cell lines. Already known RHOH exons 
exhibiting size/sequence modifications and included in seven new RHOH transcripts are listed, with detailed 
structures of these new mRNAs. One of these mutations started from exon 2 (T06-07–08), and the other 
started from exon 4 (T20-21; T28-29). All observed modifications for each of these exons are listed. Notably, 
EX2 is never modified in this pattern but rather is modified mainly by EX4, EX7 and EX6. The two last 
mRNAs, T37 and T38, emerged from the gene fusion of RHOH and LINC02265 resulting from long-distance 
splicing of RHOH exon 4 to LINC02265 exons 4 and 5 (T37) or exons 4, 4B, and 5 (T38). All average transcript 
frequencies were calculated without taking into account the HL60 control cell values. Significant values are in 
italics.
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In the second group of potential proteins, we found homology between one ORF from T07 and the Ras 
family in the Pfam database. Notably, this ORF comprises the 39AA region of the N-terminal extension followed 
by the 36AA “classic” RHOH N-terminus fused to the p4 C-terminal region (T07; Table S4).

The peptides possibly arising from transcripts containing the new RHOH exons are also listed in Table S4. 
First, transcript T09, which contains the rather large EX3B gene, presented 2 possible ORFs, p5- and p6-ORF, 
starting inside EX3B or EX2, respectively, that generated 4 peptides. p5 proteins are homologous to T2SSM 
(Type II secretion system, protein M; Table S4). Importantly, the T09 mRNA was notably expressed in some cell 
lines and exhibited a 27.7-fold increase in expression when Lila-1 cells differentiated (Table 2).

Finally, fusion of the T37 and T38 transcripts containing RHOH exon 4 fused to the LINC02265 exons 
allowed the synthesis of 5 peptides from the p16, p17, and p18 ORFs (Table S4). Both peptides from p17-ORF 
contained a D-ribitol-5-phospho-cytidylyltransferase motif, and both emerged from p18-ORF as a restriction 
alleviation protein LAR motif (Table S4); these motifs are related to bacterial metabolism. As these ORFs start 
inside LINC02265 exons, they do not contain RHOH sequences (Table S4). However, because of the fusion of 
both genes, peptide synthesis is governed by the RHOH P3 promoter.

On the basis of our analysis, several known noncanonical start codons, such as TTG, CTG and ATC, were 
used (in blue; Table S4). For many other ORF predictions, non-ATG start codons, not described before, were 
used (AGA, GAG, GGA, CAG, ACA, TGG, CTT, GCT, CCC, TTT; Table S4, in bold). To date, it is not known 
whether such non-ATG translation initiation codons, which have not yet been documented, may be “true” start 
codons35–37.

Finally, we computed our sequenced data compared to genomic sequences and compiled exon-introns splice 
sites (Supplementary Table S5).

Discussion
Annotation mistakes
We detected a mistake in the EMBL numbering of one sequence. Our publication refers to the sequence of the 
first described RHOH mRNA4, named this mRNA Z35225, whereas the number in the EMBL database is Z35227 
(in the EMBL database, Z35225 refers falsely to a bacterial DNA for ribosomal spacer sequence; see Table S1).

New insights
The RhoH protein is a hemato-specific atypical member of the Rho small GTP-binding subfamily. It is always 
GTP bound, leading to permanent activation5. Therefore, the synthesis of the RhoH protein may be controlled 
by subtle specific mechanisms upstream and downstream of RNA synthesis. Our present work provides new 
insights into the properties of the RHOH gene complex. We first identified 7 new mRNA molecules with RHOH 
exons 6 and/or 7 that presented exon 6 skipping (T06–08, T28–29) with exon 7 splitting or skipping (T20–21) 
and might regulate RhoH protein synthesis. Indeed, RhoH might be negatively regulated by decreasing the 
amount of encoding mRNAs such as T01–05 and T22–27 and/or by increasing the amount of the 7 so-called 
“RhoH noncoding mRNAs” (Figs. 4, 5, 6, 7, 8, 9). Second, our method allowed us to identify a series of 10 
potential new RHOH exons, 5 of which were included in 18 new mRNA molecules. None of these new exons 
were combined with exons 6–7, which are mRNA templates used for the synthesis of the RhoH protein (Figs. 4, 
7, and 8). Therefore, we hypothesized that such new RHOH mRNA molecules containing new exons could be 
used for RhoH protein synthesis control, particularly during biological phenomena such as B-cell differentiation 
(Fig. 5; Table 2). Furthermore, T31 and T32 were notably expressed in almost all B-cell lines and contained the 

Comparisons Transcript name/cell lines without PMA with PMA Average expression values Fold change

Lila-1 cells following PMA treatment

T06 13.2 0.4 – − 32

T08 9.6 0.1 – − 96

T09 0.7 19.4 –  + 27.7

T13 3.6 0.2 – − 18

T14 0.3 13.4 – + 44.7

T15 2.3 0.2 – − 11.5

T17 8.0 0.6 – − 13.3

T19 0.4 1.9 – + 4.7

T20 8.0 1.4 – − 5.7

T37 6.3 2.8 – − 2.25

T12 transcript in B-cell lineage sub-types

Plasma cells (RPMI; U266) – – 9.7 1

Pre-B (Nalm-6; Lila-1) – – 0.2 − 48.5

B mature Burkitt (BJAB; HBL1) – – 0.2 − 48.5

B mature DLBCL (Ly3; Ly1; U2932) – – 2 − 4.8

Table 2.  New RHOH transcript levels as a function of differentiation in the Lila-1 cell line following PMA 
treatment. Transcript level (%) differences of 10 transcripts in Lila-1 cells following PMA treatment or not, and 
the resulting fold changes ranged from − 96 to + 44.7. Downregulation of the T12 transcript was observed in 
most of the tested B-cell lines beginning at earlier differentiation stages compared to that in plasma cells.
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new exon EX4B2-6, which was directly spliced to EX4. Additionally, transcript T14, which contained the same 
new exon, was notably expressed and increased by 44.7-fold upon differentiation (Fig. 5; Table 2). This finding is 
in agreement with possible regulatory functions and highlights the importance of this new exon, which captures 
EX4 and/or EX2 to create unproductive mRNAs not encoding the RhoH protein.

More elements
Analysis of the sequences led us to identify a possible regulatory motif of 7 bp (​G​C​C​G​T​C​A) at the 5ʹ end and 
inside RHOH exon 7 at positions chr4:40244873–40244879 and chr4:40245514–40245520 in the hg19 genome 
assembly. We analyzed this sequence by the MEME and TOMTOM algorithms (https://meme-suite.org) and 
found it to be a potential transcriptional element binding motif38. Interestingly, this sequence has been described 
as one cAMP response element involved in the binding of cAMP response element binding protein (CREB). 
Notably, CREB stimulates gene expression, cell survival and migration, especially during tumorigenesis39,40. 
Moreover, multialignment analysis via the UCSC website led to high conservation of this sequence at both 
positions near RHOH exon 7 in 48 vertebrate genomes. This last piece of information highlights the importance 
of this motif with respect to the proximity of the splice sites we observed within T06 and the 2 CRE sites (at the 
3ʹ end of EX7A1 and 5ʹ end of EX7B1; Fig. 6). T06 expression could therefore stop CREB binding by the loss of 
these potential binding sites and decrease RhoH protein synthesis, especially in Lila-1 cells, where T06 is highly 
expressed (Fig. 5).

In addition to this first motif, additional analysis led us to highlight in EX4B2-6 one sequence (​G​T​T​T​T​G​T​
A​T​T​T​T​T​T​T​G​T​A​GAGA; Table S3) that could have a function in mRNA secondary structure modeling, which 
is needed for posttranscriptional and translational control mechanisms, such as internal translation initiation 
facilitation41. The RNA structure has critical roles in processes such as the regulation of translation and splicing42; 
these results could therefore provide insight into this process.

New exons and differentiation
The expression of ten mRNAs, six of which contained new exons, varied upon differentiation in Lila-1 ± PMA 
(Table 2). These new exons (Figs. 4, 5) are alternatively spliced to exon 2 alone or to exons 2 and 4, leading to 
new RHOH transcript patterns never described before (T09, T13–15, T17, T19). These new transcripts presented 
notable variations following PMA treatment (Table 2). This might suggest a possible function of these new exons 
in regulating the RhoH protein level during biological events such as B-cell differentiation. Notably, exons 6–7, 
which are clearly required for RhoH protein translation, were absent from these new transcript patterns.

LincRNA fusion
Long noncoding RNAs (lincRNAs) are RNA types that are generally defined as transcripts of more than 200 
nucleotides that are not translated into proteins. There are multiple functions of these genes in cells; they 
act in the regulation of gene transcription, regulate the basal transcription machinery, and are involved in 
posttranscriptional and epigenetic regulation, most likely in the regulation of DNA replication timing and 
chromosome stability43,44. However, this landscape of functions still seems incomplete since we found that the 
long noncoding RNA LINC02265 fused to RHOH exon 4, generating 2 mRNA molecules never described before. 
To date, many fusions involving LincRNAs have been described across various cancers, but all of these fusions 
are the result of DNA damage45; we are the first to describe the fusion of such LincRNAs to their upstream 
neighboring genes. These mRNA molecules might constitute a new means of gene expression regulation by cis-
acting long noncoding RNAs, in addition to what has been described in the literature46. We therefore speculate 
that such fusion of LINC02265 exons to RHOH exon 4 might play a role in the regulation of RhoH protein 
synthesis by sequestering RHOH exon 4. This exon would then not be used as a template for RhoH protein 
synthesis. Alternatively, this fusion could be involved in interactions with other genes.

Nested splicing events
With respect to the P3 promoter being next to RHOH exon 4, which had the highest activity (29; Fig. S1), and 
to new exons downstream of P3 and exon 4, we discovered new exons. For this section, we decided to focus on 
splicing events in this region. Sequencing analysis confirmed that exon 4 can be spliced into exon 2-initiated 
transcripts (Figs. 4, 5). Due to the use of internal cryptic splice sites in addition to its 253 bp leader exon size, 
EX4 can exhibit 5 different sizes (EX4A1-5 of 149, 184, 798, 201 and 180 bp). EX4B2-6 also exhibited 5 different 
sizes 84, 433, 435, 574 and 267 bp whereas EX4T1-4 exhibited 4 different sizes 332, 337, 341 and 900 bp (Tables 
S1 and S3). As stated in previous studies, the regulation of the choice of the 3ʹ splice site, highlighted by several 
exon sizes differing from the 3ʹ side, might be due to internal cryptic splice sites regulated by elements that could 
control intrasplicing events to produce proteins with functional diversity30. Regulation of 3ʹ splice site choice 
could also arise from a hypothetical intron retention phenomenon. This last mechanism involves the overuse of 
the transcriptional machinery to produce unproductive mRNAs further degraded by the nonsense mRNA decay 
(NMD) process or by microRNA-induced cleavage28. These new mRNAs were then detected because they were 
not degraded by NMD and were able to be reliably detected. Taken together, these findings suggest that these 
biological engineering strategies could thereby participate in the decrease or loss of RhoH protein production. 
Our study revealed the extraordinary complexity of AS regulation in humans, which may be associated with the 
differentiation status of the targeted cell lines.

Splicing-polyA sites
In our perseverance in the discovery of new elements arising from the RHOH full-length RNA-Seq, we observed 
at the 3ʹ extremity of the gene that some of the 7ʹ ends of the exons mapped close to polyadenylation sites 
(Fig. S4). As shown in the picture extracted from the UCSC genome browser (hg19) with the optional track 
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name “reported poly(A) sites from polyA database”47, 4 out of the 5 sites for this gene were mapped at the 
3ʹ border of some of the exon 7 configurations we described (Hs.160673.1.15 for EX7A3, Hs.160673.1.16 for 
EX7A5, Hs.160673.17 differentiating EX7A8 from EX7A9, and finally Hs.160673.1.18 to distinguish EX7B3 
and EX7B4 from EX7A10 and EX7A11). Previous studies have indicated that splicing and polyadenylation 
are two inseparable parts of one consolidated pre-mRNA processing machinery, leading to the conjecture that 
cotranscriptional splicing is a natural mechanism for suppressing premature transcription48. Recent genome-
wide protein‒RNA interaction studies have significantly reshaped the understanding of the role of mRNA 3ʹ end 
formation factors in RNA biology49. With the evolution of the understanding of the roles of 3ʹ end formation 
factors, the final picture might be more complex than originally supposed. The abundance of possible 3ʹ ends of 
the RHOH gene transcripts could increase the list of functions of the gene in biological pathways.

Potential peptides
Sequencing analysis led us to identify 38 single transcripts that were further analyzed via ORFfinder to generate 
open reading frames (ORFs) with potential translation into peptides/proteins. Although the normal RhoH 
protein was predicted in our analysis (with 3 lengths), many additional ORFs of many sizes were predicted 
(Table S4). When expressed, some of these peptides could induce a regulatory process to limit the synthesis 
of the RhoH protein, as their mRNA templates are notably expressed in almost all cell lines (Table S4). Such 
synthesis could be initiated by noncanonical codons, as suggested here (Table S4), or by human genes35–37. Using 
ORF prediction tools with new findings on the RHOH gene, the construction of the ORFome of this gene seems 
straightforward, as does the construction of the whole genome.

Outlook
Full-length mRNA sequencing of the RHOH gene allowed us to identify new exons and new transcripts to show 
quantitative discrimination of these transcripts in B-cell lines across differentiations and, more promisingly, 
new fusion transcripts involving the RHOH and LINC02265 genes. Interestingly, both genes seem to share some 
regulatory elements, as shown by GeneCards via the use of the GeneHancer tool (https://www.genecards.org49). 
The link between the RHOH-LINC02265 fusion transcripts needs to be further investigated.

Conclusion
Targeted RNA-Seq analysis of the RHOH gene led to the discovery of more genes than we knew about this 
gene in human B cells. As previously proposed, the occurrence of new exons, new splice sites, new transcripts 
and fusion transcripts may be linked to genome evolution in mammals and could play a major role in gene 
expression. In this context, increasing the variety and number of exons could lead to increased expression of 
the corresponding gene50. Using the powerful capacity of full-length mRNA sequencing, we refined the RHOH 
gene structure (through intron–exon succession) in humans and suggested new potential mechanisms for 
RhoH protein synthesis regulation and possible implications for controlling the regulation of differentiation 
in B cells. In addition, the drastic filters applied in the RNA-Seq analysis workflow allowed us to detect real 
mRNAs, which are known and well described in the literature, as well as new mRNAs. Finally, the present 
results enrich our previous work4. At the scale of a single gene, all those events (new exons, new splice sites, 
new transcripts, transcript fusions and, of course, new possible ORFs) are of primary importance. It seems 
clear that further investigating the involved mechanisms in the landscape of the whole genome could lead to a 
better understanding of normal and disease biology. Overall, our study emphasizes the importance of full-length 
mRNA sequencing and Pandora’s box opening in understanding gene regulation.

Data availability
All raw sequencing data are available under the SRA database from NCBI website ​(​​​h​t​t​p​s​:​/​/​w​w​w​.​n​c​b​i​.​n​l​m​.​n​i​h​.​g​o​
v​/​s​r​a​​​​​) with the PRJNA690664 bioproject accession number.
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