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A B S T R A C T

HLA-F is one of the most conserved loci among the HLA gene family. The exact function of HLA-F is still under
investigation. HLA-F might present tolerogenic features, participate in the stabilization of HLA molecules in open
conformation, and also participate in the recycling of HLA molecules. Here we evaluate the variability and
haplotype structure of the HLA-F distal promoter segment (from −1893 to −943) and how this segment is
correlated with the coding region. Variability at the promoter segment was surveyed in 196 Brazilian samples
using second-generation sequencing. The HLA-F promoter region presents two major haplotype lineages. Most of
the variable sites are in perfect linkage and associated with a single promoter haplotype, here named F∗distal-C.
This haplotype is associated with F∗01:01:02 alleles, while alleles from the F∗01:01:01 or F∗01:03 groups present
closely related promoter sequences. F∗distal-C is quite frequent in Brazil and in worldwide populations, with
frequencies ranging from 8.41% at the Iberian Population in Spain to 34.34% in Vietnam. F∗distal-C is also
present in Neanderthal and Denisovan samples. In silico analyses demonstrated that F∗distal-C presents a dif-
ferent transcription factor binding profile compared with other HLA-F promoters. Moreover, individuals carrying
this haplotype present higher HLA-F mRNA expression levels. Functional studies are required to define the exact
mechanism underlying this higher HLA-F mRNA expression level associated with F∗distal-C and F∗01:01:02
alleles.

1. Introduction

HLA-F is a conserved non-classical HLA class I gene presenting a
differentiated expression profile when compared with other HLA class I
genes. HLA-F is expressed intracellularly in lymphocytes and mono-
cytes, but it can be detected at the cell surface upon activation [1–3].
The tissue-specific expression has been reported on tonsil, spleen,
thymus [1], trophoblasts [4,5], and fetal liver [2,6]. HLA-F expression
was also reported for different cell lines, including EBV-transformed
lymphoblastoid and monocytic cell lines [7], B, and HUT-78 cell lines
[1], J82 transitional cell carcinoma, MOLT-3T cell leukemia, JEG
choriocarcinoma, BeWo choriocarcinoma, and 3A-subE SV40 trans-
formed [5]. Moreover, HLA-F expression was detected for gastric, non-
small-cell lung and breast cancer [8–10], and also on esophageal
squamous cell carcinoma [11].

Unlike other HLA class I molecules, HLA-F can be exported to the
cell surface by a mechanism that is independent of loading with pep-
tides in the endoplasmic reticulum but depends on the HLA-F cyto-
plasmic tail [12]. HLA-F also presents an intracellular function, asso-
ciated with other HLA class I molecules at the “open conformer” mode.
HLA-F may play a role in the stabilization of open conformers, or even
participating in a recycling mechanism of these molecules, possibly
being associated with the cross-presentation of exogenous antigens
[13,14]. HLA class I molecules in an “open conformer” manner, in-
cluding HLA-F, may interact with KIR receptors, thus modulating NK
cell function [13,15,16]. Moreover, the HLA-F peptide-binding groove
is different from those of other class I genes [17]. Because of a mutation
(R62W) leading to an open-ended groove that can accommodate long
peptides, HLA-F presents peptides of unconventional length [13,17].

Although its exact function is not well established, HLA-F may
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present tolerogenic and immunomodulatory properties as other non-
classical HLA class I molecules since (a) HLA-F interacts with Natural
Killer receptors (NKRs), such as ILT2, ILT4, KIR2DS4, KIR3DL2,
KIR3DL1, and KIR3DS1 [1,13,15–18]; (b) HLA-F variants were asso-
ciated with implantation success during pregnancy [19]; (c) HLA-F is
expressed on trophoblasts [4,5], together with HLA-G, HLA-E and HLA-
C [4]; (d) HLA-F molecule is quite conserved at the DNA and protein
levels, as also observed for HLA-G and HLA-E [20–26]; (e) HLA-F is
highly conserved among primates, including humans, bonobos, gorillas,
orangutans, and chimpanzees, suggesting a critical function in the im-
mune response [25,27–29].

Regarding its genetic diversity, there are 31 different HLA-F se-
quences (or alleles) encoding 6 different full-length proteins described
so far at the International Immunogenetics database (IPD-IMGT/HLA,
version 3.33.0). However, due to the lack of studies addressing HLA-F
variability in worldwide populations, HLA-F might be even more
polymorphic. So far, only one study has evaluated HLA-F variability by
using massively parallel sequencing in a population-level approach
[20], revealing the presence of many new HLA-F alleles. Nevertheless,
most of these new alleles encode the same HLA-F molecules already
reported, emphasizing that HLA-F is indeed the most conserved HLA
class I gene. In addition, there is a lack of studies addressing the HLA-F
promoter structure. Variability at the regulatory segments may directly
influence the HLA-F expression quantitatively and qualitatively. Here
we evaluated the variability and haplotype structure of the HLA-F distal
promoter segment in the same Brazilian samples already characterized
for the proximal promoter and the coding region [20], correlating the
HLA-F haplotypes with mRNA expression levels.

2. Methods and samples

2.1. HLA-F distal promoter variability and haplotypes

We evaluated the HLA-F distal promoter variability in 204 in-
dividuals from the State of São Paulo, Brazil, associating each promoter
haplotype with the coding alleles reported for the same samples in a
previous study [20]. All participants gave written informed consent to
participate in this study, and the UNESP School of Medicine Ethics
Committee (#24157413.7.0000.5411) approved this study protocol.
HLA-F amplification and sequencing library preparation was performed
as described elsewhere [20].

Sequencing was performed using MiSeq Reagent Kit (V2, 500 cycles
– Illumina, Inc.). Read mapping, genotype calling and haplotyping were
performed as described elsewhere [20–22]. Briefly, we processed the
paired-end FASTQ files with hla-mapper (www.castelli-lab.net/apps/
hla-mapper) [30]. Then, we used the GATK HaplotypeCaller for variant
calling and haplotypes were inferred using both GATK Read-
BackedPhasing and the PHASE algorithm [31], as previously addressed
[21,22]. The association between the distal promoter, proximal pro-
moter and coding haplotypes was detected by using the PHASE algo-
rithm. We used the Arlequin 3.5.1.2 software to calculate nucleotide
diversity, gene diversity, and adherence of diplotype proportions to
expectations under Hardy–Weinberg equilibrium [32]. Linkage dis-
equilibrium (LD) was assessed as an LD plot using Haploview 4.2 [33].
We used HaploReg version 4.1 to infer the impact of known variants on
the binding of transcription factors [34]. The evolutionary relationships
of the HLA-F coding sequences and the HLA-F promoters were inferred
using the Neighbor-Joining method, 500 replicates, using MEGA7 [35].
Branch lengths correspond to the evolutionary distances between se-
quences. The evolutionary distances were computed using the number
of differences method and correspond to the number of base differences
per sequence.

2.2. HLA-F expression levels among different haplotypes

To assess whether HLA-F variants are associated with the HLA-F

mRNA expression levels, we evaluated RNA-Seq expression levels from
445 individuals’ from the Geuvadis project [36] that have also been
genotyped by the 1000Genomes Project Phase 3. This RNA-Seq data
consists of paired-end reads of 75 bases, with 89 Utah Residents (CEPH)
with Northern and Western European Ancestry (CEU sample), 92 Fin-
nish from Finland (FIN sample), 86 British from England and Scotland
(GBR sample), 91 Toscani from Italy (TSI sample), and 87 Yoruba from
Ibadan, Nigeria (YRI sample). Because of the repetitive and poly-
morphic nature of HLA genes, this read length may bias read mapping
and further downstream analyses. Thus, to evaluate HLA-F expression
levels, we used a motif-searching approach as described below.

First, we computed all possible 20-base motifs that present the fol-
lowing characteristics: (a) it must be present in all known HLA-F se-
quences described at the IPD-IMGT/HLA database version 3.33; (b) it
must be present in both HLA-F sequences from each sample available at
the 1000Genomes database; (c) it cannot be found in any other HLA
gene sequence already reported at the IPD-IMGT/HLA database; (d) it
must not be found at the complete human genome reference sequence
hg19 exception made for the HLA-F locus. Then, we selected three
motifs for each HLA-F segment (exons and introns), keeping a distance
of at least 75 bases from each other whenever possible. This set of 33
motifs allows an accurate evaluation of overall HLA-F expression of a
given individual without taking into account genetic variability and the
existence of eventual alternative transcripts. In addition, we also se-
lected allele-specific motifs that would make it possible to evaluate
allele-specific HLA-F expression levels in heterozygous individuals. For
this additional purpose, since the motif must be specific for a given
HLA-F allele, the first and second rules described above for motifs se-
lection were set aside. The list of motifs is available in Table S1.

Second, the motif-searching algorithm calculated the number of
fragments (or read pairs) presenting each of these motifs. At this point,
we considered only read pairs in which one read presents a motif and
the other presents at least 20 consecutive bases compatible with any
known HLA-F sequence.

Third, we calculated the overall HLA-F mRNA expression level for
each sample by adding the number of fragments detected for each of the
33 motifs, dividing the sum by the number of fragments at the RNA-Seq
library, and multiplying this result by 106. Then, we compared the
overall HLA-F expression levels among individuals carrying at least one
copy of the haplotype F*Distal-C against individuals that do not present
F*Distal-C, according to the 1000Genomes data. For the complementary
analysis of allele-specific HLA-F expression in heterozygous samples
presenting one copy of the F*Distal-C/F*01:01:02 haplotype, we
counted the number of fragments associated with all motifs used to test
for allele-specific expression.

For the analysis of overall HLA-F mRNA levels, we used the Mann-
Whitney test for comparing two sample groups, while we used the
Wilcoxon matched signed-rank test to evaluate allele-specific differ-
ences in expression levels of heterozygous individuals. These analyses
were performed using GraphPad InStat 3.05 (GraphPad Software). For
all instances, the significance level was set at 0.05. We also evaluated
the association between polymorphisms and the HLA-F expression le-
vels using linear regression. We converted the 1000Genomes VCF file
into a PED/MAP format with plink 1.9. Then, we performed a linear
regression indicating the HLA-F expression levels as the response vari-
able.

3. Results

3.1. HLA-F promoter variability and extended haplotypes

We evaluated the HLA-F promoter segment between positions
−1893 and −943, considering as +1 the Adenine of the first trans-
lated ATG. This comprises a promoter segment of 950 bp, henceforth
considered as the HLA-F distal promoter. Within this segment, there
were 13 variable sites (Table 1), ten of them presenting alternative
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alleles with frequencies above 15%, and all fitting Hardy-Weinberg
equilibrium expectations (P > 0.05). Nine of these variable sites pre-
sented the same allele frequencies, indicating possible complete linkage
among them, which was confirmed when evaluating the LD pattern
across this segment (Fig. 1).

The distal promoter variable sites (Table 1) are arranged into six
distinct haplotypes. These haplotypes were named following a decreased
frequency order, as shown in Table 2. The reference haplotype, i.e., the
haplotype found at the human reference genome hg19 or hg38, is the
most frequent one (57.84%) and was named F*distal-A. The summed
frequency of F*distal-A, -B, and -C is approximately 95%. One haplotype
carries most of the alternative alleles, F*distal-C, while the remaining
ones derives from F*distal-A by single point mutations. The summed
frequency of F*distal-A and its derived haplotypes was 82.59%. The

F*distal-C haplotype presents many alleles in absolute LD (Table 2 and
Fig. 1). Therefore, there are basically two promoter profiles in this
sample: haplotypes similar to F*distal-A and the highly divergent
F*distal-C (Fig. S1). The frequencies of resultant diplotypes did fit Hardy-
Weinberg equilibrium expectations (P=0.57198 ± 0.00574).

We evaluated the impact of the promoter variable sites (Table 1) on
the binding of transcription factors (Table 3 and Table S2.). We ob-
served a preferential binding of different subsets of transcription factors
F*distal-A and its derived haplotypes when compared with F*distal-C.
The positive Delta values indicate transcription factors binding pre-
ferentially to the reference allele, while negative values indicate the
opposite (Table 3). Table 3 illustrates transcription factors with Delta
values exceeding 5, but the complete data is available in Table S2.
F*distal-A would better bind most of the transcription factors listed in

Table 1
Variable sites detected within the HLA-F distal promoter in a Brazilian population sample from the State of São Paulo, Brazil.

Position at chr6a SNPid Relative position
IMGT/HLAb

Reference Allelec Reference Allele Frequency
(2n=408)

Alternative Allele Alternative Allele Frequency
(2n=408)

29689423 rs144001783 −1818 G 0.9975 A 0.0025
29689532 rs9258169 −1709 T 0.8284 G 0.1716
29689590 rs9258170 −1651 T 0.8284 G 0.1716
29689631 rs17875375 −1610 T 0.9510 C 0.0490
29689683 rs78739406 −1558 A 0.8284 AG 0.1716
29689717 rs9258171 −1524 G 0.8284 T 0.1716
29689973 rs9258172 −1268 C 0.8284 T 0.1716
29690002 rs9258173 −1239 G 0.8284 T 0.1716
29690026 rs9258174 −1215 T 0.8284 C 0.1716
29690037 . −1204 G 0.9975 A 0.0025
29690056 rs17875376 −1185 C 0.8015 T 0.1985
29690125 rs9258175 −1116 G 0.8284 A 0.1716
29690228 rs9258176 −1013 C 0.8284 G 0.1716

a Position at chromosome 6 considering the human reference genome, version hg19.
b Relative position regarding the IPD-IMGT/HLA database, considering the Adenine of the first translated ATG as nucleotide +1.
c Reference allele at the human reference genome version hg19.

Fig. 1. Linkage disequilibrium (LD) map between
pairs of variable sites in the HLA-F distal promoter
region. This image was generated by the Haploview
4.2, using a minor allele frequency (MAF)≥0.1%.
The color of the spots represents the r2 value be-
tween two variants, ranging from zero (white) to
one (black). Values different from 1 are indicated as
percentages.
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Table 3, but the opposite is observed for FEV, PU.1_known1, Foxf1,
DMRT1, BDP1_disc1, and SP1_disc3, which present a stronger interac-
tion with F*distal-C. With the exception of the SNP at position −1610,
all the frequent variable sites at the HLA-F distal promoter were con-
sidered as eQTLs for HLA-F expression in many tissues according to the
HaploReg database.

Table 4 presents the extended haplotypes considering the distal
promoter, the proximal promoter, and the coding allele in 196 samples
whose HLA-F coding region has been previously evaluated [20]. The
HLA-F locus presented 39 extended haplotypes (Table 4), with F*distal-
C exclusively associated with coding alleles of the F*01:01:02 group.
Other distal promoter haplotypes are associated with both F*01:01:01
and F*01:03 allele groups. This association pattern between the distal
promoter and coding alleles is a consequence of the elevated linkage
disequilibrium along the entire HLA-F gene, which behaves essentially
as a single segregation block (Fig. S2).

3.2. HLA-F mRNA expression levels according to genotypes and haplotypes

HLA-F coding sequences can be clustered into two main HLA-F
lineages, F*01:01:01 and F*01:01:02/F*01:03 (Fig. S1). F*01:01:01 and
F*01:03 are associated with closely related promoter and coding se-
quences, while F*01:01:02 presents a very divergent sequence con-
sidering the promoter segment and many introns. In addition, HLA-F
presents only two frequent CDS variable sites. The first one is a sy-
nonymous mutation at position +63 (rs2076183). Allele +63A is as-
sociated with F*01:01:02 and +63G with all others. The second fre-
quent variable site is a non-synonymous mutation at position +1771
(rs1736924). Allele +1771C is associated with F*01:03 while +1771T
is associated with all others. Because of that, and since lineages
F*01:01:01 and F*01:03 do present similar promoter sequences and
closely related coding sequences (Table 4, Fig. S1), here we compared
the HLA-F mRNA expression levels between F*distal-C/F*01:01:02
carriers against individuals that do not present this haplotype. Our re-
sults indicate that individuals carrying F*distal-C/F*01:01:02 (in the
homozygous or heterozygous state) present a higher HLA-F mRNA ex-
pression level (P < 0.0001, Fig. 2 right panel). Moreover, we detected
a larger number of fragments carrying the allele +63A, which is as-
sociated with F*01:01:02 and F*Distal-C compared with +63G
(P= <0.0001, Fig. 2 left panel), and also when considering two in-
tronic alleles, +473C and +504G, both exclusively associated with the
F*Distal-C/F*01:01:02 haplotype. The linear regression analysis in-
dicated many variants associated with a higher HLA-F expression level,
but all these variants are linked within the haplotype F*Distal-C/
F*01:01:02. The strongest associations (lowest P values) were detected
for variants that occur exclusively in the haplotype F*Distal-C/

F*01:01:02 (unadjusted P=2.286×10−5, adjusted P=0.0016).
Moreover, we observed that variants associated with F*Distal-C/
F*01:01:02 are related to higher HLA-F expression levels when testing
either African or European (CEU, TSI, GBR, and FIN) samples sepa-
rately.

4. Discussion

Reports on HLA-F variability are quite scarce, mainly when the
promoter segment is included. In fact, as far as we know, a single study
evaluated the HLA-F promoter, comprehending approximately 2 kb
upstream the first translated ATG, but it only explored a few cell lines
[25]. This study described a pattern of variation similar to the one
detected in this Brazilian population sample. Moreover, only one study
evaluated the complete HLA-F coding segment by second-generation
sequencing, but the distal promoter was not addressed [20]. The re-
maining studies regarding HLA-F variability evaluated only exons
[26,37].

HLA-F is considered one of the least variable genes among the HLA
gene family. Basically, two different full-length protein molecules are
encoded by the sequences already reported [20,25,26,37]. These two
molecules are known as F*01:01 (encoded by alleles from the
F*01:01:01 and F*01:01:02 groups) and F*01:03 (encoded by alleles
from the F*01:03 group). The two molecules differ by a single amino
acid encoded at codon 251, a polar Threonine for F*01:01 and a hy-
drophobic Proline for F*01:03. In spite of this high conservation at the
protein level, the HLA-F promoter seems to be very polymorphic when
compared with other HLA-F segments.

Here we observed 13 variable sites detected in an HLA-F promoter
segment of about 805 nucleotides, most of them with a minor allele
frequency higher than 15%. These variable sites configure 6 different
haplotypes. However, 13 variants are in perfect LD and associated with
a unique and divergent haplotype, here named F*distal-C (Table 2).
This same pattern has been previously detected in the aforementioned
study that evaluated different cell lines [25]. Despite the presence of
this divergent haplotype, HLA-F distal promoter can be considered a
conserved segment, since its nucleotide diversity is the lowest observed
among all HLA-F segments [20]. Gene diversity is also low, reflecting
the existence of only two large promoter groups: the F*distal-A (and
derivatives) and F*distal-C (Fig. S1).

F*distal-C is also present at the 1000Genomes data with a high
frequency in all studied populations, from 8.41% for the Iberian
Population in Spain to 34.34% in Vietnam. F*distal-C is also present in a
Neanderthal sample in heterozygosis [38] and in a Denisovan sample in
homozygosis [39]. This Denisovan sample seems to be homozygous for
F*Distal-C/F*01:01:02, although a definitive conclusion is not possible

Table 2
List of HLA-F distal promoter haplotypes in a Brazilian population sample from the State of São Paulo, Brazil, comprehending the segment between
nucleotides −1893 and −943.

The alternative alleles are indicated in shades of gray.
aHaplotypes were listed in decreased frequency order.
bPositions were calculated considering as nucleotide +1 the adenine of the first translated ATG. Chromosome positions are listed in Table 1.
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due to the low sequencing depth that characterizes this sample. Some
variants associated with F*01:01:02 can also be detected in sample of 6
chimpanzees, including the variants -104G, +63A, +473C, +1094G,
and +1882T. However, variants associated with F*Distal-C seems to be
absent. This raises the speculation that this promoter associated with
higher expression levels may be absent in primates, although larger and
different primate samples are yet to be studied. Thus, it is possible that
F*Distal-C/F*01:01:02 is present only among the genus Homo, and has
emerged from an older sequence already available in primates. This
haplotype is quite old since we detected it in all modern human po-
pulations here studied, as well as in ancient humans.

Previous reports showed that the HLA-F proximal promoter presents
a similar structure to other HLA class I genes promoters [40,41]. For
HLA-F, there are responsive elements to NF-kB, IRF1, IFN-γ, and CIITA
[42,43]. However, differently from classical HLA class I genes, but si-
milarly to HLA-G, HLA-F promoter does not have a conserved Inr
(“Initiator”) element, which explains the relatively limited HLA-F

expression [43]. The HLA-F distal promoter region may comprise reg-
ulatory protein binding sites, enhancing or silencing gene expression. In
1990, when Geraghty and colleagues first described the HLA-F pro-
moter comprehending 300 bp upstream the first translated ATG, they
described a highly repetitive sequence and the presence of micro-
satellites. These repetitive sequences might play a regulatory function
[40].

Although most of the promoter haplotypes are similar to F*distal-A
(Fig. S1), the presence of a highly divergent and frequent haplotype
(F*distal-C, associated with F*01:01:02 alleles, frequency of 17.16%)
may be associated with a differential HLA-F transcriptional profile. The
HaploReg analysis supports this hypothesis (Table 3 and Table S2), and
all variable sites associated with F*distal-C are registered as eQTLs for
HLA-F expression for many different tissues. The remaining distal pro-
moters seem to present similar binding profiles, and they are associated
with both F*01:01:01 and F*01:03. The HLA-F mRNA expression levels
survey from 445 individuals of the 1000Genomes project also

Table 4
HLA-F extended haplotypes in a Brazilian population sample from the State of São Paulo, Brazil, comprehending the segment between nucleotides -1893 and +4252,
considering the Adenine of the first translated ATG as +1.

Distal Promotera 5′ upstreamb HLA F Alleleb 3′ downstreamb Frequency (2n=392)

F*distal-A F*upstream-A F*01:01:01:09 F*downstream-B 0.1735
F*distal-A F*upstream-B F*01:01:01:08 F*downstream-A 0.1684
F*distal-B F*upstream-B F*01:01:01:01 F*downstream-A 0.1403
F*distal-A F*upstream-A F*01:03:01:01 F*downstream-D 0.1020
F*distal-D F*upstream-A F*01:03:01:03-compatible ([TG]12] F*downstream-E 0.0459
F*distal-A F*upstream-D F*01:01:01:05 (1943G, [TG]12) F*downstream-A 0.0434
F*distal-A F*upstream-A F*01:01:01:11 F*downstream-B 0.0383
F*distal-C F*upstream-E F*01:01:02:01 (new-238T, 1230A, 1943G, new2486T, new3205G, [TG]13) F*downstream-C 0.0383
F*distal-C F*upstream-C F*01:01:02:08-compatible ([TG]11) F*downstream-C 0.0332
F*distal-B F*upstream-B F*01:01:01:01 ([TG]12) F*downstream-A 0.0332
F*distal-C F*upstream-C F*01:01:02:05 (([TG]11) F*downstream-C 0.0306
F*distal-C F*upstream-F F*01:01:02:03 (1943G, [TG]11) F*downstream-C 0.0179
F*distal-A F*upstream-A F*01:04 (1943G, 3189 T) F*downstream-B 0.0128
F*distal-B F*upstream-B F*01:01:01:01 ([TG]12) F*downstream-F 0.0128
F*distal-C F*upstream-E F*01:01:02:08-compatible (new-238T, new2486T, new3205G, [TG]13) F*downstream-C 0.0128
F*distal-A F*upstream-A F*01:01:01:09 (new394G) F*downstream-B 0.0077
F*distal-C F*upstream-H F*01:01:02:07-compatible ([TG]13) F*downstream-C 0.0077
F*distal-A F*upstream-D F*01:01:01:05 (1943G, [TG]14) F*downstream-A 0.0077
F*distal-C F*upstream-C F*01:01:02:08-compatible ([TG]11) F*downstream-G 0.0077
F*distal-D F*upstream-A F*01:03:01:03-compatible (new1378T, [TG]11) F*downstream-E 0.0051
F*distal-A F*upstream-G F*01:01:01:08 (−222G, 2698G, [TG]11) F*downstream-A 0.0051
F*distal-A F*upstream-B F*01:01:01:08 (new1779A) F*downstream-A 0.0051
F*distal-A F*upstream-G F*01:01:01:08 (−222G, 2698G, [TG]11) F*downstream-H 0.0051
F*distal-C F*upstream-C F*01:01:02:08-compatible ([TG]12) F*downstream-C 0.0051
F*distal-B F*upstream-B F*01:01:01:01 (new1313G) F*downstream-A 0.0051
F*distal-A F*upstream-D F*01:01:01:08 (−222G, 2698G, [TG]11) F*downstream-A 0.0026
F*distal-C F*upstream-E F*01:01:02:08-compatible (new-238 T, new2486T, new3205G, [TG]10) F*downstream-C 0.0026
F*distal-C F*upstream-C F*01:01:02:08 (new1570A, [TG]11) F*downstream-C 0.0026
F*distal-B F*upstream-B F*01:01:01:01 F*downstream-F 0.0026
F*distal-C F*upstream-C F*01:01:02:08-compatible ([TG]11) F*downstream-C 0.0026
F*distal-A F*upstream-A F*01:03:01:01 ([TG]11) F*downstream-D 0.0026
F*distal-A F*upstream-B F*01:01:01:08 F*downstream-J 0.0026
F*distal-C F*upstream-C F*01:01:02:08-compatible ([TG]12) F*downstream-I 0.0026
F*distal-E F*upstream-A F*01:01:01:11 F*downstream-B 0.0026
F*distal-A F*upstream-A F*01:03:01:01 (new1225C) F*downstream-D 0.0026
F*distal-B F*upstream-B F*01:01:01:01 ([TG]14) F*downstream-A 0.0026
F*distal-A F*upstream-A F*01:03:01:01 ([TG]13) F*downstream-D 0.0026
F*distal-A F*upstream-A F*01:01:01:11 ([TG]9) F*downstream-B 0.0026
F*distal-F F*upstream-B F*01:01:01:01 F*downstream-A 0.0026
Nucleotide Diversity 0.0040 ± 0.0020
Gene Diversity 0.9267 ± 0.0062

a Haplotypes detected in this study and described in Table 2.
b Haplotypes detected in a previous study [Lima, 2016]. Some haplotype names were updated following the new IPD-IMGT/HLA database version 3.31.0. The

updated names were as follows: F*01:03:01:01 (1383G) to F*01:03:01:03-compatible (([TG]12); F*01:01:02:02 (1943G, 2208C, [TG]11) to F*01:01:02:08-compatible
([TG]11); F*01:01:02:03 (new1570A, 1943G, 2208C, [TG]11) to F*01:01:02:08-compatible (new1570A, [TG]11); F*01:01:02:02 (new-238 T, 1943G, 2208C,
new2486T, new3205G) to F*01:01:02:08-compatible (new-238T, new2486T, new3205G, [TG]10); F*01:01:02:02 (new-238 T, 1943G, 2208C, new2486T, new3205G,
[TG]13) to F*01:01:02:08-compatible (new-238T, new2486T, new3205G, [TG]13); F*01:01:02:03 (1943G, 2208C, [TG]11) to F*01:01:02:08-compatible ([TG]11);
F*01:01:02:03 (1943G, [TG]13) to F*01:01:02:07-compatible ([TG]13); F*01:01:02:04 (3189T) to F*01:01:02:05 ([TG]11); F*01:01:02:03 (1943G, 2208C, [TG]12) to
F*01:01:02:08-compatible ([TG]12); F*01:03:01:01 (new1378T, 1383G, [TG]11) to F*01:03:01:03-compatible (new1378T, [TG]11).
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corroborates this hypothesis. Individuals carrying the F*distal-C/
F*01:01:02 haplotype are associated with a higher HLA-F mRNA ex-
pression levels (Fig. 2, right panel), due to a higher presence of
F*01:01:02 transcripts (Fig. 2, left panel).

According to the Human Protein Atlas (https://www.proteinatlas.
org/), most of the transcription factors binding preferentially to
F*distal-C presents a restrict expression pattern or are expressed ubi-
quitously in low levels. For instance, FOXF1 is expressed mainly on
placenta, lung, gallbladder, prostate, and tissues from the digestive
tract; FOXI1 is expressed on breast, kidney, prostate and salivary gland
tissues; DMRT1 is only expressed on testis; and SP1 is expressed ubi-
quitously in low levels. Interestingly, according to the Human Protein
Atlas, lung, gallbladder, testis and many tissues from the digestive tract
present high levels of HLA-F mRNA. However, a similar rationale might
be applied to transcription factors binding preferentially to the re-
ference alleles (F*distal-A and derivatives), such as PAX5, which is
mostly expressed on cells of the immune system and cells expressing
high HLA-F mRNA levels, or RFX5, which is expressed in high levels on
many tissues. Thus, it is possible that these haplotypes are associated
with specific expression levels at particular tissues. Notwithstanding
that, F*distal-C/F*01:01:02 is clearly related to a higher HLA-F ex-
pression (Fig. 2).

The exact mechanism by which F*distal-C/F*01:01:02 influences
HLA-F expression is unknown. First, F*distal-C presents a different
transcription factor binding profile, as demonstrated by the HaploReg
analysis. Second, F*01:01:02 alleles present specific variants at the
proximal promoter, such as Thymine at position -144 (other alleles
present Adenine) and Guanine at position -101 (other alleles present
Cytosine). These mutations do not modify the TATA or CAAT boxes at
the HLA-F proximal promoter. Third, the haplotype F*distal-C/
F*01:01:02 presents fewer CpG sites than others [positions -1116,
-1013, and -101 destroys CpG sites, while position -116 creates one].

Thus, in this context, F*distal-C would be less methylated than others.
Fourth, according to the 1000Genomes data, at least twelve other
mutations are in complete LD with F*distal-C at the segment encom-
passing positions −3142 and −1992, and other intronic variants are
also in absolute LD with F*Distal-C, which might also influence the
binding of transcription factors.

From the HLA-F distal promoter analyses, we may conclude that this
gene is indeed conserved, once its nucleotide diversity is the lowest
observed among all HLA-F segments. HLA-F promoter presents two
frequent and highly divergent haplotypes, with predicted different
transcription factor binding capabilities. Most of the variants here de-
tected are associated with a single haplotype here named F*distal-C,
which was associated with higher HLA-F mRNA expression levels.
F*Distal-C is associated with F*01:01:02 alleles. This high-expressing
haplotype is common in worldwide populations, and is also detected at
Neanderthal and Denisovan samples. Independently of the role played
by HLA-F, such as the stabilization of HLA class I molecules presenting
an open conformation, or the recycling of HLA class I molecules, or
even as an antigen presenting molecule or ligand to KIR receptors, the
conservation of this gene suggests a critical role for the cell physiology.
Further functional studies are required for the understanding of the
HLA-F function, and to define the exact mechanism by which F*distal-
C/F*01:01:02 is related to a higher HLA-F mRNA expression level.
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Fig. 2. HLA-F expression levels considering different HLA-F genotypes. Left panel: comparison of the number of fragments detected for each tested allele in het-
erozygous samples, indicating a higher expression of the chromosome carrying the HLA-F alleles +63A, +473C, and +504G, all exclusively associated with
F*01:01:02 alleles. Right panel: comparison of the HLA-F mRNA expression levels in individuals that do not present F*Distal-C/F*01:01:02 alleles against individuals
with F*Distal-C/F*01:01:02 alleles (in homozygous or heterozygous state), indicating a higher HLA-F expression level for individuals carrying F*Distal-C/F*01:01:02.
The HLA-F expression level for each sample was calculated as follows: number of fragments detected by taking into account each one of the 33 exonic and intronic
motifs, dividing the sum by the number of fragments at the RNA-Seq library, and multiplying this result by 106.
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