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ARTICLE INFO ABSTRACT

Keywords: Cell surface expression of HLA-DP is allele specific. SNP rs9277534 (A/G), located in the 3'UTR of the DPB1
HLA-DPB1 gene, has been associated with either low (A) or high (G) expression of DP on the cell surface. Considering the
miRNA

role of miRNAs in the regulation of gene expression, we computationally identified the miRNAs of two BLCLs,
PGF and COX, predicted to interact with their corresponding DPB1 transcripts, DPB1 * 04:01:01:01—low ex-
pression and DPB1 * 03:01:01:01—high expression. The identified target sequences are located primarily in
intron 2 and the 3’UTR. We hypothesize that gene expression may be influenced first by nuclear pre-mRNA
events involving intronic regions, followed by the usual 3'UTR-associated events in the cytoplasm. The low DP
expression allele was found to interact in silico with a larger number of miRNAs than the high expression allele.
This pattern holds when examining either the entire transcript unit or simply the polymorphic sites that dif-
ferentiate the alleles. Interestingly, the 1s9277534 A/G polymorphism appears to be in linkage disequilibrium
with polymorphisms targeted by the identified miRNAs. The multiplicity of sites targeted by different miRNAs
suggests that the expression of DPB1 may be a dynamic process, influenced by different miRNAs under different

Target prediction
DP expression
Linkage disequilibrium

states of the cell.

1. Introduction

Besides the very well documented and proven influence of struc-
tural variations on the functionality of HLA molecules, their functions
are also impacted by their level of expression, which appears to be
critical for many immunologically relevant physiological and patho-
logic phenotypes. During the last few years, a number of reports have
demonstrated the effects of differential HLA expression in diseases and
transplantation. These include the reduced viral load of HIV patients
with high expression of HLA-C [1,2], the opposite and deleterious effect
in Crohn’s disease [2], the adverse outcomes in hematopoietic stem cell
transplantation (HSCT) when a patient’s mismatched HLA-C allele has a
high level of expression [3], the predicted recovery from hepatitis B
virus infection depending on HLA-DP expression [4] and the higher risk
for graft-versus-host disease (GVHD) among HLA-DPB1-mismatched
transplants from donors with low-expression alleles to recipients with
high-expression alleles [5]. Such expression differences and their

biological consequences are important for developing rational diag-
nostic and therapeutic solutions for pathologic conditions and can also
influence optimal donor selection and potentially expand the pool of
acceptable unrelated donors in HSCT. It is therefore very likely that,
besides the aforementioned examples, the level of expression of HLAs is
relevant to a very broad range of phenotypes involving the immune
response, and thus, understanding the specific mechanisms underlying
the regulation of expression of the different HLA loci is likely of great
importance.

Considering the established role of miRNAs in the regulation of gene
expression [6] we focused on assessing the potential influence of
miRNAs derived from two chromosome 6-homozygous B lympho-
blastoid cell lines (BLCLs), PGF and COX, on the expression of their
respective HLA-DPBI alleles. Characteristically PGF is a low expression
and COX is a high expression DP BLCL. Furthermore, the expression of
DP has been reported to be associated with a SNP rs9277534 (A/G)
polymorphism in the 3'UTR of the DPB1 gene [4], raising the possibility
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that miRNAs may target this or other polymorphic sites in linkage
disequilibrium with rs9277534 and by doing so regulate gene expres-
sion for DPB1. Our approach involved the computational assessment of
targeting by miRNAs encoded by PGF and COX cells on the two re-
spective DPB1 genomic sequences of DPB1 *04:01:01:01 (PGF) and
DPBI1 *03:01:01:01 (COX). Our findings identify specific miRNAs and
their respective target sequences on the two DPB1 alleles. The resulting
patterns potentially reveal important insights and partially explain the
observed differences in expression of the two DP molecules. The results
of this computational approach can help us design experiments,
whereby direct relationships discovered between specific miRNAs and
their targeted sequences on the different DPB1 alleles could help ex-
plain differences in DP cell surface expression. Furthermore, this type of
knowledge will contribute to our understanding of genomic inter-
relationships between HLAs and other genomic sequences that are in-
volved in and contribute to disease processes.

2. Materials and methods
2.1. Cell culture and cell surface expression of HLA-DP

Details of the COX and PGF cell cultures have been described pre-
viously [7].

Cell surface expression of DP was assessed by flow cytometry [8].
FITC bound anti-human HLA-DP monomorphic monoclonal antibody
B7/21 (Leinco Technologies) and anti-CD19-PC5 (Beckman Coulter
Inc.) were added to COX or PGF cells (6-10 x 10%/ml). Cells were
analyzed on a Flow cytometer (Beckman Coulter Cytomics FC500)
using TB crossmatch settings.

2.2. RNA extraction and small RNA-seq

Total RNA was extracted from PGF and COX cells using the Qiagen
miRNeasy kit (Cat #217084) per manufacturer’s protocol. Cell density
was 1 x 10%/ml, and 5 x 10° cells were collected for RNA extraction
from each cell line. RNA was quantified on a Nanodrop ND-100 spec-
trophotometer, followed by RNA quality assessment on an Agilent 2200
TapeStation (Agilent Technologies, Palo Alto, CA). Library construc-
tion, workflow analysis and sequencing runs were performed following
standard Illumina TruSeq Small RNA protocol (15004197 Revision G).
50-base-pair single-end reads were generated on the Illumina NextSeq
500 sequencing platform and stored in FASTQ format.

miRNA expression can be impacted by the physiology of the cells.
These COX and PGF cells were cultured for some limited period of time
under the same conditions. No synchronization of growth or identifi-
cation of developmental state was attempted. It is expected that each
cell within the cultures would be at different growth phases of their cell
cycle.

2.3. Identifying miRNAs expressed in PGF and COX cells

FastQC [9] (Version 0.11.5) was run on the raw sequencing data for
quality control checks. A patched [10] version of miRDeep2 [11,12]
was used to analyze the small RNA-seq data of each cell type separately
for miRNA detection and analysis. The GRCh38 primary assembly was
combined with the COX MHC alternate locus as the genome reference
for miRDeep2 analysis, so as to include the complete MHC sequences of
both COX and PGF haplotypes. The following parameters were used for
the miRDeep2 data preprocessing script, mapper.pl: -e -h -i -j -k TGG
AATTCTCGGGTGCCAAGG -1 18 -m -p hg38_prim+ COX_MHC. These
parameters specify a FASTQ input file, parsing to FASTA format, con-
version from RNA to DNA alphabet, removal of entries containing im-
permissible characters, clipping of adapter sequence specified in “k’,
discarding reads shorter than 18 nt, collapsing of reads, and utilizing
the aforementioned GRCh38 “primary assembly + COX_MHC alternate
locus” as the genome reference. For running the subsequent
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miRDeep2.pl wrapper script, the human subset of miRBase [13] release
21 was used as the dataset for known, annotated human miRNAs, and
the mouse subset of miRBase 21 was used as the known miRNA dataset
of a related species.

The following filters were applied to the miRNA candidates identi-
fied by miRDeep2, in order to provide a high-confidence subset for
subsequent HLA-DPBI target prediction. A threshold of at least 78% for
the estimated probability of the candidate miRNA being a true positi-
ve—as calculated by miRDeep2—was required, as well as removal of all
entries overlapping known non-miRNA Rfam [14] elements, followed
by the requirement of a RANDFOLD [15] p-value of less than or equal to
0.05. The RANDFOLD p-value reflects the statistical significance of the
difference between the minimum free energy of an original RNA se-
quence and randomly shuffled versions of the sequence, found by
Bonnet et al. to be a highly discriminating metric for identifying au-
thentic precursor miRNAs, with an analogous effect absent in ribosomal
and transfer RNAs. Mature miRNAs with non-zero read count were
retained, followed by removal of duplicates having identical sequence,
retaining the entry with the maximum read count. A single miRNA
sequence can be mapped to multiple genomic loci by miRDeep2;
therefore, we randomly choose one of the possible loci of origin to
associate with the sequence, while also retaining information for all
possible loci of origin, which is included in the final results tables and
alignment-annotation diagrams.

2.4. Computational HLA-DPBI target prediction for identified miRNAs

The subset of miRNAs which passed the aforementioned filters was
passed on to RNA22 [16] v2 and TargetScan [17] v7 for target pre-
diction. COX and PGF HLA-DPBI1 gene sequences and annotations were
obtained from the IPD-IMGT/HLA Database [18,19] (Release 3.31.0).
miRNA target prediction was performed using RNA22 on the complete
HLA-DPB1 gene sequences and TargetScan on the 3’UTR sequences.
The parameters used for RNA22v2 target prediction were as follows:
“Sensitivity of 21%, Specificity of 92%,” seed size of 7 with no seed
mismatches, minimum of 14 base pairs in heteroduplex, minimum
heteroduplex energy < —20 kcal/mol, and no G:U wobbles allowed in
the seed. RNA22 was selected as a target prediction tool because it was
the only known prediction tool designed to handle any genomic region,
with others designed for 3'UTR or 3'UTR and CDS regions only. How-
ever, given the relatively low performance metrics of an earlier
benchmarked version of RNA22 (v1) compared to other tools [20-23],
we set the RNA22v2 parameters to be rather stringent, in order to attain
higher precision. TargetScan v7 was selected because it is one of the
best-performing [21] target prediction tools for 3"UTRs, as well as the
only one currently accepting non-miRBase-annotated miRNAs (i.e., in
the standalone version, with current versions of DIANA microT and
PicTar not accepting custom miRNAs). Targetscan was run using only
human data, given the relatively low conservation of the MHC across
species, miRNA sequences were represented in all uppercase letters (the
program was found to omit parts of the scoring procedure when low-
ercase letters were used), and a context+ + score of —0.7 was used as a
threshold for retaining candidates, in order to remain on the higher-
precision side of the precision-recall curve [21] (~90% of candidate
targets—93.1% for COX and 89.2% for PGF—were removed using this
threshold, partially to compensate for lack of the conservation measure
in this analysis). Evaluations of various target prediction tools have
indicated that the relatively different classes of tools to which Tar-
getScan and RNA22 belong (i.e., those focused on the seed region,
utilizing cross-species conservation filters vs. those characterized by
novel analysis of sequence patterns/other features) allow them to find
disparate sets of targets, and thus, they may better serve as com-
plementary parts of a combined target prediction approach [22,23],
rather than as competing tools. Our analysis therefore employed a
complementary target prediction approach.
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Fig. 1. Flowchart of filtering steps applied to COX and PGF miRNA candidates resulting in sets of high confidence miRNAs for each cell line.

2.5. Alignment-Annotation of miRNAs and predicted targets

The Alignment-Annotator [24] web service was used for multiple
sequence alignment of the COX and PGF HLA-DPB1 genes, with map-
ping of the miRNAs to their predicted targets depicted as stacking an-
notations located immediately beneath corresponding HLA-DPBI1 allele
sequences. We have included pop-up bubbles for each miRNA sequence
within the alignment-annotator diagrams that include such information
as: associated miRBase name, genomic locus of origin name, maximum
associated read count for each miRNA sequence, all possible mapped
genomic loci of origin, all associated near-duplicate clusters for all
possible loci of origin, and all associated targets for the particular
miRNA sequence. All such details are also contained in the detailed
supplemental tables contained in each supplemental zip archive.

2.6. Identification of near-duplicate miRNAs found within separate runs of
miRDeep2

Since the output of the separate miRDeep2 analyses of the COX and
PGF samples was found to contain an unknown number of near-dupli-
cates that differed by only 1 or a few nucleotides, we sought to char-
acterize and quantify these near-duplicates within our data. These near-
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duplicates seem to result from output of slightly different miRNA can-
didates, which contain differentially predicted borders upon processing
of separate samples. These similar miRNA candidates may reflect an
identical underlying miRNA across samples or they could represent
different isomiRs.

Our procedure for identifying these near-duplicates was as follows
(“position” in the following description refers to the central position of
the mapped genomic locus of origin for each miRNA, in which we
considered all possible genomic loci of origin for each miRNA): we it-
erated through our sets of miRNAs and compared the position of each
miRNA to that of the previously iterated miRNAs, along with the pre-
viously identified clusters, as defined next, to identify those miRNAs
whose positions fell within a threshold distance of 1 nt from the other
miRNAs and clusters. The current miRNA being examined would either
be joined to the nearest miRNA to form a cluster or else be added to the
nearest cluster (its position being the average of its members’ posi-
tions), whichever was closer. The list of near-duplicates is available in
supplemental file near_duplicates.csv.
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Table 1
MHC-encoded miRNAs within our original pool of 930 miRNAs.
miRBase name Genomic origin name Read count Sequence Source
hsa-miR-219a-1-3p chr6:33207896-33207917_+ 985 AGAGUUGAGUCUGGACGUCCCG COX miRBase-annotated miRs
hsa-miR-219a-1-5p chr6:33207855-33207874_+ 60 UGAUUGUCCAAACGCAAUUC COX miRBase-annotated miRs
chr6:33207857-33207878._- 66 UCGAGAAUUGCGUUUGGACAAU PGF Novel miRs
chr6:33207892-33207913._- 20 ACGUCCAGACUCAACUCUCGGC PGF Novel miRs
chr6:32621716-32621735_- 44 AAUUUCUGCAUAGUCCACCU PGF Novel miRs
chr6:32621749-32621770_- 12 GUGGAUUAUGCAGAAAUUUCUA PGF Novel miRs
hsa-miR-6891-5p chr6:31355295-31355316_- 124 GUAAGGAGGGGGAUGAGGGGUC PGF miRBase-annotated miRs
hsa-miR-6891-3p chr6:31355229-31355248 - 11 CCCUCAUCUUCCccuccuuu PGF miRBase-annotated miRs

3. Results
3.1. Identifying miRNAs expressed in PGF and COX cells

Deep sequencing of the miRNA transcriptome was performed on
two chromosome 6-homozygous B-lymphoblastoid cell lines (BLCLs)
that contained opposing rs9277534 SNP variants. PGF contains the A
variant, which is associated with low DP expression, whereas COX
contains the G variant, which is associated with high DP expression. To
confirm the differential cell surface expression of DP between the two
cell lines, cell surface expression of DP was assessed using flow cyto-
metry in three different experiments. The relative expression of DP on
the two cell lines was on average 1.0 (PGF) : 1.8 (COX), with separate
measurements of 1: 1.22, 1: 1.95, and 1: 2.34.

Four technical replicates for each cell type were sequenced, gen-
erating a total of eight RNA-seq datasets. No aberrant results were
found using FastQC for quality control checks. The reads from each
sample were mapped to the GRCh38 reference genome, containing only
the primary assembly sequence and the COX MHC alternate locus. The
miRDeep2 mapping procedure reported that 56.5% of the raw reads
from the PGF samples and 62.3% of the raw reads from the COX
samples aligned to the genome reference.

These aligned reads were processed by miRDeep2 to identify novel
and miRBase-annotated miRNA transcripts. The miRDeep2 output was
aggregated according to cell type, with the application of a series of
filters to obtain only the highest confidence candidates for further
target prediction. Following the applied filters, the COX-expressed
miRNA candidates were reduced from an initial miRDeep2 output of
496 miRBase-annotated miRNA precursors and 870 novel miRNA pre-
cursors to a final total of 443 unique miRBase-annotated mature
miRNAs and 164 unique novel mature miRNAs (Fig. 1). The PGF-ex-
pressed miRNA candidates were reduced from an initial miRDeep2
output of 501 miRBase annotated miRNA precursors and 865 novel
miRNA precursors to a final total of 455 unique miRBase-annotated
mature miRNAs and 190 unique novel mature miRNAs (Fig. 1). A final
total of 607 distinct, high-confidence miRNAs were identified in the
COX cells, with 285 (46.9%) of them identified only in the COX cells. A
total of 645 distinct, high-confidence miRNAs were identified in the
PGF cells, 323 (50.1%) of which were only identified in the PGF cells.
The number of these high-confidence miRNAs identified in common in
the two cell lines was 322 (Fig. 1).

3.2. Computational HLA-DPBI target prediction for identified miRNAs

The set of miRNAs expressed in each cell line that passed the fil-
tering process was then used for subsequent target prediction, using the
DPB1 *03:01:01:01 (COX) and HLA-DPBI * 04:01:01:01 (PGF) se-
quences as targets. Our target prediction strategy utilized relatively
stringent parameter and threshold settings in order to attain heightened
precision (positive predictive value). The 5’UTR, intronic, and exonic
subsequences were evaluated by RNA22 for target prediction, while
3’UTR predicted targets were the result of both RNA22 and TargetScan
predictions (although there were no 3"UTR targets produced by RNA22
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using our parameter settings).

Our approach was to assess the theoretical binding of the collection
of miRNAs from each cell line to both DPB1 allelic sequences. The ra-
tionale for this approach was that the vast majority of miRNAs ex-
pressed in each BLCL are not encoded by chromosome 6 and therefore
should be independent of the HLA profile/haplotype of the cell.
Therefore, in order to avoid any bias, we have chosen to perform the
target prediction analysis for each separate set of miRNAs from each
BLCL as well as for a unified set of miRNAs, encompassing both BLCLs,
against both DPB1 alleles. In addition, we have chosen to present not
simply the full set of miRNAs that are predicted to interact with se-
quences within the entire length of each of the two alleles but also
specifically the set of miRNAs that target polymorphic regions that
differentiate the two alleles. The intent here was to demonstrate the
different patterns of miRNAs that interact only with polymorphic sites,
thereby revealing allele specific patterns of miRNA interactions.

Of the 930 (285 + 322 + 323) total distinct, high-confidence
miRNAs found to be expressed in the two BLCL cells and used for target
prediction (Fig. 1), we found 8 of these miRNAs to be derived from the
MHC region, 4 of which represented novel miRNAs (Table 1).

The first of our target analyses examined the set of all COX-ex-
pressed miRNAs and assessed predicted targeting of these miRNAs
against the DPB1 *03:01:01:01 (COX) and DPB1 * 04:01:01:01 (PGF)
alleles. Forty-two (of 607) COX-expressed miRNAs were found to target
the COX HLA-DPB1 * 03:01:01:01 allele, and forty-five (of 607) COX-
expressed miRNAs were found to target the PGF HLA-
DPBI1 * 04:01:01:01 allele. Within these two sets, 32 miRNAs were
found to target both HLA-DPBI1 alleles (Fig. 2A).

Some miRNAs have multiple targets on a single HLA-DPB1 allele,
such that the total number of targets, indicated in the bar plot (Fig. 2B),
is larger than the number of miRNAs in the corresponding Venn dia-
gram (Fig. 2A).

The bar plot in Fig. 2B shows the number of COX-expressed miRNA
targets in different segments of the DPB1 *03:01:01:01 (COX) and
DPBI1 * 04:01:01:01 (PGF) alleles. One miRNA was predicted to interact
with the 5'UTR of both DPB1 alleles. Intron 1 of both alleles had 11
predicted targets by a common set of miRNAs. The DPB1 * 03:01:01:01
(COX) allele had 2 additional intron 1 targets which were not present
on the DPB1 * 04:01:01:01 (PGF) allele, by miRNAs that targeted spe-
cifically the DPBI *03:01:01:01 (COX) allele. Intron 2 of the
DPB1 * 04:01:01:01 (PGF) allele had 10 predicted miRNA targets, 6 of
which were also present at the corresponding site on the
DPB1 * 03:01:01:01 (COX) allele and involved the same miRNAs. The
DPB1 *03:01:01:01 (COX) allele had 6 additional intron 2 targets in-
volving miRNAs that targeted the DPBI1 *03:01:01:01 (COX) allele
only. The 3'UTR of the DPB1 * 04:01:01:01 (PGF) allele had 27 pre-
dicted targets, 16 of which were also present at the corresponding site
on the DPB1 * 03:01:01:01 (COX) allele and involved the same miRNAs,
and one of which was an additional DPB1 * 04:01:01:01 (PGF) tar-
get—not found on DPBI1 *03:01:01:01 (COX)—of a miRNA that tar-
geted both alleles. The 3'UTR of the DPB1 * 03:01:01:01 (COX) allele
had 3 additional targets by miRNAs that targeted the
DPB1 *03:01:01:01 (COX) allele only.
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Fig. 2. A: The numbers of COX-expressed miRNAs that have predicted targets
on DPB1 *03:01:01:01 (COX) and DPB1 * 04:01:01:01 (PGF) alleles. B: Bar plot
displaying the target counts per gene section on the different alleles. C: Gene
representations depicting miRNAs at their target locations on the two DPB1
allelic sequences.

We have also included gene representations (Fig. 2C) which depict
exact miRNA targeting along the full gene as well as on individual
genetic sub-sections. The full-size, interactive versions of these dia-
grams are available in supplemental file COX-expressed.zip.

Fig. 3 contains a simplified version of the predicted
DPB1 *03:01:01:01 (COX) and DPB1 *04:01:01:01 (PGF) targets,
miRNAs, and associated miRNA read counts, with color-coding of tables
to match the categories in Fig. 2. Full targeting results tables are
available in supplemental file COX-expressed.zip.

The following results were obtained when we considered only sites
containing a polymorphism that differs between the two DPB1 alleles,
denoted as a “polymorphic region” or “PMR” (Fig. 4). A total of 20 of
607 COX-expressed miRNAs targeted the DPB1 *03:01:01:01 (COX)
allele at PMRs. A total of 23 of 607 COX-expressed miRNAs targeted the
DPBI1 * 04:01:01:01 (PGF) allele at PMRs. Ten of these miRNAs targeted
both DPB1 alleles at PMRs (Fig. 4A).

Fig. 4B summarizes the PMR target counts per genetic subsection.
Intron 1 of the DPB1 * 03:01:01:01 (COX) allele had 2 predicted PMR
targets associated with miRNAs that target PMRs of the
DPBI1 *03:01:01:01 (COX) allele only, while the DPB1 * 04:01:01:01
(PGF) allele had no intron 1 PMR targets. Intron 2 of the
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DPB1 *04:01:01:01 (PGF) allele had 6 predicted PMR targets, 2 of
which were also present on the DPB1 * 03:01:01:01 (COX) allele, as-
sociated with the same miRNAs. The DPB1 * 03:01:01:01 (COX) DPB1
allele had 6 additional intron 2 PMR targets associated with miRNAs
that targeted PMRs of the DPB1 * 03:01:01:01 (COX) allele only. The
3’UTR of the DPB1 * 04:01:01:01 (PGF) allele had 19 predicted PMR
targets, 8 of which were also present on the DPB1 * 03:01:01:01 (COX)
allele, associated with the same miRNAs, and one of which was an
additional DPBI *04:01:01:01 (PGF) PMR target—not found on
DPBI1 *03:01:01:01 (COX)—of a miRNA that targeted both alleles at
polymorphic sites. The 3’'UTR of the DPB1 * 03:01:01:01 (COX) allele
had 3 additional PMR targets by miRNAs that targeted the
DPBI1 *03:01:01:01 (COX) allele only.

Fig. 4C depicts the exact locations of miRNA PMR targeting on the
full gene, as well as on individual genetic sub-sections. The full-size,
interactive versions of these diagrams are available in supplemental file
COX-expressed.zip.

Fig. 5 contains a simplified version of the predicted
DPB1 *03:01:01:01 (COX) PMR and DPBI * 04:01:01:01 (PGF) PMR
targets, miRNAs, and associated miRNA read counts, with color-coding
of tables to match the categories in Fig. 4. Full targeting results tables
are available in supplemental file COX-expressed.zip.

The same target prediction procedure (evaluating all targets, as well
as only those coinciding with polymorphic sites) was repeated using
different subsets or supersets of the originally expressed miRNAs from
the two types of cell lines (i.e. PGF, COX intersect PGF, exclusively PGF
or COX, PGF plus COX). The results of the target predictions on the
DPBL1 * 04:01:01:01 (PGF) and DPB1 * 03:01:01:01 (COX) alleles using
these different sets of expressed miRNAs can be found in the supple-
mental materials. The miRNA subsets/supersets utilized for target
prediction on the separate DPB1 alleles include the miRNAs (1) ex-
pressed in COX cells (Figs. 2-5 and supplemental file COX-ex-
pressed.zip), (2) expressed in PGF cells (supplemental file PGF-ex-
pressed.zip), (3) expressed in common between PGF and COX cells
(intersection set of COX and PGF miRNAs) (Supplemental file com-
mon_set.zip), (4) expressed exclusively in COX cells (Supplemental file
COX-exclusive.zip), (5) expressed exclusively in PGF cells
(Supplemental file PGF-exclusive.zip) and (6) expressed in total in the
two cell lines (Union set of COX and PGF miRNAs) (Supplemental file
Union_set.zip).

Characteristically, all miRNA-DPB1 allele interactions analyzed
demonstrated an increased number of miRNAs interacting with the
3’UTR of DPB1 * 04:01:01:01 (PGF) as compared to DPB1 * 03:01:01:01
(COX) (Fig. 6). This difference supports the notion that the rs9277534 A
alleles may simply contain many more actionable miRNA target sites,
resulting in greater miRNA-induced suppression. Additionally, when
considering only polymorphic site targets, intron 2 retained the ma-
jority of targets from among the intronic subsections, suggesting that
intron 2 targets may more likely contribute to differential expression if
intronic miRNA targets indeed play a role in differential DPB1 expres-
sion.

3.3. Alignment-annotation of miRNAs and predicted targets

Included in each supplemental zip archive are the Alignment-
Annotator [24,25] diagrams that display the sequence alignments of the
two HLA-DPB1 alleles, together with stacking annotations corre-
sponding to miRNAs mapping to their predicted targets, with targeting
details viewable in pop-up bubbles or upon right-clicking of targeted
sequences. These and further details are also contained in the detailed
supplemental tables contained in each supplemental zip archive.

4. Discussion

We have reproduced the reported HLA-DPBI1 allele-specific ex-
pression of DP dimer molecule on BLCLs [4,5], based on two
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Gene section miRNA
chr13_33189393-33189413 -
hsa-miR-5090
hsa-miR-5090
chrl_182391716-182391736_-
chr3_45118121-45118142 +
hsa-miR-17-5p
hsa-miR-20b-5p
hsa-miR-93-5p
hsa-miR-16-3p
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miR sequence
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CAAAGUGCUUACAGUGCAGGUAG
CAAAGUGCUCAUAGUGCAGGUAG
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CCAGUAUUAACUGUGCUGCUGAA
AGGCUGCAGGUUCCGAGCCCUGCCC

["3'UTR"] GGAGAGGCCGCACUGGGC

miRNA
chr10_101902637-101902657 -
hsa-miR-6840-3p
hsa-miR-6737-5p
chr17_82594048-82594070_+
chr19_54148127-54148146_+
hsa-miR-3918_star
chr6_41733589-41733610_-
hsa-miR-1254
chr16_30533050-30533067_-
chrl5_86879110-86879133_+
hsa-miR-3679-5p
chrl7_40122407-40122428 -
chrl9_54148127-54148146_+
hsa-miR-4755-3p
hsa-miR-942-5p
hsa-miR-3155a_star
chr8_98393702-98393725_-
hsa-miR-1304-5p
hsa-miR-660-3p

Gene section
[5' UTR"]

miR sequence
CAAAGAGCUGUGGUAGAAAGU
GCCCAGGACUUUGUGCGGGGUG
UUGGGGUGGUCGGCCCUGGAGGG
CUGCUCCGGCGUCUCUGUCCACA
UCUGCUCUCUCCCACCCGCA
UCUCCAGCUGGGACCCUGCAC
UGGCUCCCUUCUCUCCGUCUGC
AGCCUGGAAGCUGGAGCCUGCAGU
CUGGGCUGAAGGCUCCCC
AAGAGGAUGUCUGGCAGGUGGCAG
UGAGGAUAUGGCAGGGAAGGGGA
GUGGAGGCCGCGGCUGAGGCCC
UCUGCUCH ICCCACCCGCA
AGCCAGGCUCUGAAGGGAAAGU
UCUUCUCUGUUUUGGCCAUGUGU
CCUCCCACUGCAGAGCCUGGGGA
CCCAGCCUACUGGAGGAUAAGAGG
UUUGAGGCUACAGUGAGAUGUG
["3'UTR"] ACCUCCUGUGUGCAUGGAUUA
["3'UTR"] chrl3_33189449-33189470_-
hsa-miR-545-3p
hsa-miR-3667-3p
hsa-miR-6501-3p
chr10_101902602-101902623 +
chrl6_28822850-28822870_-
chr20_36050800-36050823_-
chrl7_40122407-40122428 -
hsa-let-7a-3p

hsa-let-7f-3p

hsa-miR-98-3p
hsa-miR-6516-5p
chr9_97514749-97514770_+
hsa-miR-545-5p
chr7_92682470-92682491 -

UCCCUUCCCUUUCCUCCUGCUU
AUCAGCAAACAUUUAUUGUGU
ACCUUCCUCUCCAUGGGUCUUU
CCAGAGCAGCCUGCGGUAACAGU
ACAAAGAGCUGUGGUAGAAAGU
GGAGAGAAUCAAGUCGGUGAA
CGGAGGCCUCUGCUGUGGCUGCCC
GUGGAGGCCGCGGCUGAGGCCC
CUAUACAAUCUACUGUCUUUCC
CUAUACAAUCUAUUGCCUUCCC
CUAUACAACUUACUACUUUCCC
UUUGCAGUAACAGGUGUGAGC
AUUGCAGUCGCUGUGCCAGGAC
CCUCAGUAAAUGUUUAUUAGAUG
AUCAUUUAUGCUUGCGGAGGAC

["3'UTR"]
["3'UTR"]
["3'UTR"]
["3'UTR"]
["3'UTR"]
["3'UTR"]
["3'UTR"]
["3'UTR"]
["3'UTR"]
["3'UTR"]
["3' UTR"]
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Readicount] Gene section miRNA
32 ['Intron 2']

20 ['Intron 2]

20 ['Intron 2']

Read count Gene section
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19 ['Intron 1']
6 ['Intron 1']
13 ['Intron 1']
50 ['Intron 1]
14 ['Intron 1']
33 ['Intron 1']
2172 ['Intron 1']
11 ['Intron 1']
16 ['Intron 1']
119 ['Intron 1']
112 ['Intron 1']
50 ['Intron 2]
47 ['Intron 2']
6489 ['Intron 2]
33 ['Intron 2']
11 ['Intron 2']
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54 ["3'UTR"]
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10 ["3' UTR"]

22 ["3' UTR"]
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17 ["3' UTR"]

['Intron 2']
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miR sequence Read count
UGGGCUGUGUGUCUCUGUUUUGG
GCGGGCCCUGGGAGUGGAGAC
AUCUCCCGCCuCCcuuuUCCCG
UGAGACCUCUGGGUUCUGAG
GUGCCUGAGGGAGUAAGAGCC
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ACAGUGAGGUAGAGGGAGUGC
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Fig. 3. Predicted DPB1 * 03:01:01:01 (COX) and DPB1*04:01:01:01 (PGF) targets and their associated miRNAs, with color-coding of tables to match the categories in

Fig. 2.

representative MHC haplotypes, PGF and COX, which contain the A and
G alleles of rs9277534, respectively. The expression of DP dimer mo-
lecules on COX is almost twice as much as the DP expression on PGF
cells. We have therefore utilized the two BLCLs to investigate the spe-
cifics of the interactions of miRNAs derived from the two cell lines with
the genomic sequences of these two DP alleles. This assessment was
performed computationally and pertinent target sequences on the two
DPB1 alleles have been identified. The underlying assumption is that
miRNA binding to DPBI1 transcripts influences cell surface expression of
DP molecules.

miRNAs can potentially bind and interact at many different sites on
each mRNA—or associated hnRNA or pre-mRNA—transcript [26],
raising the possibility that the resulting overall miRNA repression of the
gene product may be the conglomerate effect of disparate miRNAs in-
teracting with the transcript in its different forms.

PGF contains the rs9277534 A allele, which is associated with lower
DP expression [4] and correlates with the greater number of predicted
miRNA targets seen in our results, while COX contains the rs9277534 G
allele, which is associated with higher DP expression [4] and correlates
with the lower number of predicted miRNA targets seen in our results.
We have performed an analogous targeting procedure as above, using
our COX-PGF union-set miRNAs, as well as miRNAs from a public da-
taset of 10 normal primary B cells in various level of development [27],
on 23 HLA-DPB1 alleles representing all the distinct 3’'UTRs of HLA-
DPB1 alleles contained in IMGT 3.32.0 that contain a full 3'UTR se-
quence (see supplemental file “multiple DPB1 alleles_analysis.zip”).
Due to the significant linkage disequilibrium shared within rs9277534
allele classes in the 3’UTR, the DPB1*03:01:01:01 and
DPB1 * 04:01:01:01 alleles that we have thoroughly interrogated serve
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as illustrative representatives of their respective rs9277534 allele
classes and reflect the general trend of miRNA targeting for each
1s9277534 class type. We plan to further analyze these data, with ad-
justment of various parameters, as well as subgroup analyses of miRNAs
from the 10 primary B cells in different levels of development to more
fully characterize their differential targeting profiles.

The 3’UTR and CDS are not the only regions of possible miRNA
interaction. One Argonaute HITS-CLIP study found 12% of Ago-mRNA
HITS-CLIP tags to be located in intronic sequences in mouse brain [28].
In a HITS-CLIP study of human brain, 15% of Ago2 binding sites were
found within intronic regions [29], and 8% of Ago2 binding sites were
localized to introns in a HITS-CLIPS study of human myocardium [30].
In plants (Arabidopsis thaliana and Oryza sativa), evidence from de-
gradome data supports miRNA-mediated pre-mRNA cleavage at in-
tronic sites, with targeting specificity of transcript isoforms demon-
strated, consistent with alternative splicing out of intronic targets [31].
One caveat for all of these studies is that there remains a possibility that
the identified interactions could arise from retained introns in the cy-
toplasm. Despite the questions remaining, what we can state is the
following: We observe many predicted targets within our interrogated
DPBI alleles in introns 1 and 2, the presence of which may translate to
interactions of miRNAs with these regions when the relevant transcripts
are localized in the nucleus; such types of potential nuclear interactions,
which are generally understudied but have recently begun to receive
increasing attention [32-35], may contribute to resultant levels of
corresponding mRNA transcripts. Possible mechanisms include regula-
tion of pre-miRNA stability/turnover or splicing efficiency via intronic
and/or DPB1-associated IncRNA targeting.

Even though the miRNA pools that are endogenous to each cell type
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COX-expressed miRs analysis, polymorphic sites only:

COX-expressed miRNAs
that target COX DPB1
at polymorphic sites

COX-expressed miRNAs
that target PGF DPB1
at polymorphic sites

Target counts per gene section - COX-expressed miRs analysis (polymorphic sites only)
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mmm COX-expressed miRs targeting both COX and PGF DPB1 polymorphic sites
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Fig. 4. A: The numbers of COX-expressed miRNAs that have predicted PMR
targets on DPB1 * 03:01:01:01 (COX) and DPB1 * 04:01:01:01 (PGF) alleles. B:
Bar plot displaying the PMR target counts per gene section on the different
alleles. C: Gene representations depicting miRNAs at their PMR target locations
on the two DPBI allelic sequences.

Gene section miRNA

‘Intron 2'] chr8_98393702-98393725_-
['Intron 2] hsa-miR-1304-5p
["3'UTR"] hsa-miR-660-3p

miR sequence
CCCAGCCUACUGGAGGAUAAGAGG
UUUGAGGCUACAGUGAGAUGUG
ACCUCCUGUGUGCAUGGAUUA

["3' UTR"]
["3' UTR")
["3' UTR"]
["3' UTR"]
["3' UTR")
["3' UTR")
["3' UTR"]

AUCAGCAAACAUUUAUUGUGU
ACCUUCCUCUCCAUGGGUCUUU
ACAAAGAGCUGUGGUAGAAAGU
CUAUACAAUCUACUGUCUUUCC
CUAUACAAUCUAUUGCCUUCCC
CUAUACAACUUACUACUUUCCC
CCUCAGUAAAUGUUUAUUAGAUG

hsa-miR-545-3p
hsa-miR-3667-3p
chr10_101902602-101902623_+
hsa-let-7a-3p

hsa-let-7f-3p

hsa-miR-98-3p
hsa-miR-545-5p

AL Gene section miRNA

Read count Gene section
11 ['Intron 2]
106 ['Intron 2']

1722 ["3' UT
237 ["3' UTR"]
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seem to be unique for the cell types tested, we have performed target
prediction on each allele using different miRNA pools in order to better
understand whether patterns of miRNA interactions differ depending on
the miRNAs involved and the target DPB1 allelic sequences. We have
also separated each analysis into “all targets” and “polymorphic site
only targets” in order to better identify miRNAs that seem to be relevant
to particular haplotypes. While the union set of miRNAs and their po-
tential interactions with the two DPB1 alleles can be argued to only
represent an imaginary and theoretical scenario, the common set of
miRNAs, as being surely present within both cell lines, is a reliable and
real set of miRNAs for identifying potential target sequences that dif-
ferentiate the two alleles.

Some of the miRNAs predicted to differentially target the inter-
rogated DPBI alleles possess high RNA-seq read counts, demonstrating
that these are potentially high-yield candidates to test in further con-
firmatory biological experiments.

The computational nature of our approach entails that we present
our data in a broad and at times hypothesis-agnostic way; since there is
still much that is unknown about nuclear miRNA actions and effects, we
provide details that may only gain relevance in the future.

Intron 2 binding appears to follow the patterns of nucleotide di-
vergence between rs9277534 A/G allele clades that have been eluci-
dated by Klasberg et al. [36]. The first third of intron 2 sequences
corresponds to the so-called homogenization zone, which has low di-
vergence between clades and which corresponds to miRNA binding
sites that are common between our COX & PGF DPB1 alleles. The next
two intron 2 zones, which fall into the transition and differentiation
zones [36], are characterized in our analysis by an increasing number of
miRNAs that target only one DPB1 allele or the other, which follows the
markedly increased inter-clade diversity pattern noted in those two
zones [36] . We also notice that the majority of the 3’'UTR miRNA
binding sites specific to one allele or the other localize to the first half of
the 3’UTR, reflective of the higher divergence observed between the
clades in that region [36].

We hypothesize that there may be an initial level of allele-specific
differential miRNA-associated control of DPB1 transcripts before they
leave the nucleus, perhaps relating to intron 2 binding sites; after
leaving the nucleus, the well-understood cytoplasmic miRNA effects on
the transcripts would then commence, which are known to mostly in-
volve the 3'UTR.

When examining a publically available dataset of miRNAs derived
from 10 normal primary B cell samples in various levels of development
[27], we found a set of 44 miRNAs that were expressed in common in
all these samples as well as in our COX and PGF cells. Targeting results

miR sequence Read count
UGGGCUGUGUGUCUCUGUUUUGG
GCGGGCCCUGGGAGUGGAGAC
AUCUCCCGCCUCCUUUUCCCG
UGAGACCUCUGGGUUCUGAGCU
GUGCCUGAGGGAGUAAGAGCC
GUGCCUGAGGGAGUAAGAG
GGGAGCCAGGAAGUAUUGAI
UUCCUGUAUGUGGGCGUGCA
GGCCAGCCACCAGGAGGGCUGC
ACAGUGAGGUAGAGGGAGUGC
CUUUCAGUCGGAUGUUUACAGC
CUUUCAGUCAGAUGUUUGCUGC
CUUUCAGUCGGAUGUUUGCAGCU
GGGAGCCAGGAAGUAUUGAUGUU
miR sequence
CCCAGCCUACUGGAGGAUAAGAGG
UUUGAGGCUACAGUGAGAUGUG
ACCUCCUGUGUGCAUGGAUUA
ACCUUCCUCUCCAUGGGUCUUU
AUCAGCAAACAUUUAUUGUGU
ACCUUCCUCUCCAUGGGUCUUU
ACAAAGAGCUGUGGUAGAAAGU
CUAUACAAUCUACUGUCUUUCC
CUAUACAAUCUAUUGCCUUCCC
CUAUACAACUUACUACUUUCCC
CCUCAGUAAAUGUUUAUUAGAUG

chré_37561767-37561789_-
chr5_108748670-108748690_-
chr19_5978306-5978326_+
hsa-miR-769-5p
hsa-miR-550a-5p
hsa-miR-550a-5p
hsa-miR-505-5p
hsa-miR-3939_star
hsa-miR-3194-5p
chr4_10078620-10078640_-
hsa-miR-30e-3p

hsa-miR-505-5p
miRNA
chr8_98393702-98393725_-

chr10_101902602-101902623_+
hsa-let-7a-3p
hsa-let-7f-3p

Fig. 5. Predicted DPB1 * 03:01:01:01 (COX) and DPB1 * 04:01:01:01 (PGF) PMR targets and their associated miRNAs, with color-coding of tables to match the

categories in Fig. 4.
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Target counts per gene section - COX-expressed miRs analysis
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Target counts per gene section - COX-expressed miRs analysis (polymorphic sites only)
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Fig. 6. Bar plots for each miRNA analysis category displaying target counts per gene section for each allele. Bar plots representing “all targets” are displayed on the

left, while corresponding PMR-only target bar plots are shown on the right.

from this 44 miRNA subset re-emphasized a top candidate of interest in
our results—hsa-miR-30e-3p—which is amply expressed and differen-
tially targets the DPBI1 * 04:01:01:01 (PGF) allele while sparing the
DPB1 *03:01:01:01 (COX) allele, even when widely varying levels of
different targeting parameters. We have begun efforts to experimentally
verify a selection of our in silico results, with this particular miRNA as a
top candidate for explaining the differential expression between
159277534 A/G DPBI1 alleles.

Computational miRNA target prediction programs can have a high
rate of false positive predictions [21]. In order to minimize this weak-
ness, we utilized stringent parameters in our analysis to achieve higher
precision/positive predictive value, at the expense of possibly omitting
a large number of true predictions. RNA22 is known to underperform
when tested head-to-head with other prediction programs [20,21];
however, when considering that RNA22 is in a special class of programs
that is able to identify a unique class of miRNAs [22,23], we felt jus-
tified in utilizing the program, as long as we utilized stringent para-
meters. One problem with utilizing stringent parameters with RNA22,
however, is that such a process may undermine its very ability to pick
up some of the unique miRNA-target pairs in the first place (e.g. it
normally has the ability to identify various levels of incomplete seed
matches or G-U wobbles within the seed region). We felt that at this
stage, it is more important to first identify higher-confidence candidates

for experimental verification, whereas in the future, it may prove to be
worthwhile to explore further lower-confidence candidates as well.

While this computational assessment addresses the possible influ-
ence of the miRNAs in the post-transcriptional control of DPB1 ex-
pression in the two BLCLs, we should be mindful that, as previously
described [37], there may be inter-individual or inter-allele variability
of HLA cell surface expression that is not due to differences of mRNA
expression levels but may be due to mechanisms involved in post-
transcriptional regulation beyond that of miRNAs. This possibility adds
an additional level of complexity not accounted for in the approach we
have taken.

Experimental verification of the effect that the identified miRNAs
may have on both mRNA levels and cell surface expression will further
our understanding of DP expression and most likely of other HLA genes
as well.
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