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A B S T R A C T   

Receptor Expressed in Lymphoid Tissues (RELT) is a human tumor necrosis factor receptor superfamily member 
(TNFRSF) that is expressed most prominently in cells and tissues of the hematopoietic system. RELL1 and RELL2 
are two homologs that physically interact with RELT and co-localize with RELT at the plasma membrane. This 
study sought to further elucidate the function of RELT by identifying novel protein interactions with RELT family 
members. The transcription factor MyoD family inhibitor domain-containing (MDFIC) was identified in a yeast 
two-hybrid genetic screen using RELL1 as bait. MDFIC co-localizes with RELT family members at the plasma 
membrane; this co-localization was most prominently observed with RELL1 and RELL2. In vitro co- 
immunoprecipitation (Co-IP) was utilized to demonstrate that MDFIC physically interacts with RELT, RELL1, 
and RELL2. Co-IP using deletion mutants of MDFIC and RELT identified regions important for physical associ-
ation between MDFIC and RELT family members and a computational analysis revealed that RELT family 
members are highly disordered proteins. Immunohistochemistry of normal human lymph nodes revealed RELT 
staining that was most prominent in macrophages. Interestingly, the level of RELT staining significantly 
increased progressively in low and high-grade B-cell lymphomas versus normal lymph nodes. RELT co-staining 
with CD20 was observed in B-cell lymphomas, indicating that RELT is expressed in malignant B cells. Collec-
tively, these results further our understanding of RELT-associated signaling pathways, the protein structure of 
RELT family members, and provide preliminary evidence indicating an association of RELT with B-cell 
lymphomas.   

1. Introduction 

Tumor necrosis factor receptor superfamily (TNFRSF) members are 
transmembrane proteins critical for the regulation of many biological 
processes including cell death, inflammation, cellular differentiation, 
and development [1,2]. Many therapeutic agents designed to modulate 
TNFRSF signaling are utilized for the treatment of a variety of diseases 
including inflammation, autoimmunity, and cancer [3]. TNFRSF mem-
bers initiate signaling responses that alter cellular behavior, typically in 
response to binding by trimeric tumor necrosis factor superfamily 
(TNFSF) member ligands, which can be either soluble or attached to 

another cell. There are currently 19 distinct TNFSF ligands and 29 
TNFRSF members identified in humans [1]. 

Receptor expressed in lymphoid tissues (RELT) is a TNFRSF member 
(TNFRSF19L) that is expressed predominantly in the hematopoietic 
system [4–6]. RELT is an orphan receptor as the ligand for RELT has not 
been identified. RELL1 and RELL2 (RELT Like 1 and 2 respectively) are 
two RELT paralogs that are considered RELT family members, as they 
both physically bind RELT and co-localize with RELT at the plasma 
membrane [7]. Overexpression of RELT family members induces 
apoptosis in human epithelial cells with characteristics consistent of an 
apoptotic pathway [8]. RELT family members activate the p38 MAPK 
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pathway in a manner that requires phosphorylation by the closely 
related kinases OSR1 and SPAK [5,9]. Mice lacking RELT exhibit 
increased proliferation of CD4+ T helper cells and increased anti-tumor 
responses by CD8+ T cells, collectively indicating that RELT functions in 
part as a negative regulator of T cell responses [6]. Non-biased searches 
identified an upregulation of serum RELT in gastric cancer [10] and 
autoantibodies directed against RELT in breast cancer [11]. Further-
more, RELT is upregulated in lung cancer and was identified as the re-
ceptor for peptide-mediated liposome delivery of therapeutics to 
cancerous lung tissue in mice [12]. Cleavage of the RELT extracellular 
domain (ECD) is required for enamel development [13] and mutations 
in the RELT gene are associated with amelogenesis imperfecta [14,15]. 

Although RELL1 and RELL2 have been proposed to modulate 
signaling by RELT [7] based on the lack a cysteine-rich ECD character-
istic of other TNFRSF members (Fig. 1), recent reports indicate that 
RELL1 and RELL2 possess functions independent of RELT. RELL1 in-
fluences infectious processes, as it enhances M. tuberculosis survival in 
macrophages by inhibiting autophagy [16] and a downregulation of 
RELL1 is associated with HCMV latency [17]. RELL1 has been proposed 
to serve as an oncogene, as it is upregulated and associated with poor 
prognosis in gliomas [18]. Conversely, RELL2 possesses anti-tumor ac-
tivity, as RELL2 expression inhibits migration and invasion of breast 
cancer cells [19], and inhibits the tumorigenic potential of esophageal 
cancer cells [20]. The RELL1 and RELL2 mRNA transcripts appear to 

have functions independent of the translated protein, as a circular RNA 
molecule transcribed from the RELL1 gene is pro-inflammatory in 
endothelial cells and may contribute to cardiovascular disease [21], 
while a long non-coding RNA transcribed from the RELL2 gene is asso-
ciated with better prognosis for patients with intrahepatic chol-
angiocarcinoma [22]. 

In this study, a yeast two-hybrid genetic screen was conducted uti-
lizing the intracellular domain of RELL1 as bait to identify MyoD Family 
Inhibitor Domain Containing (MDFIC), also known as HIC (Human I-mfa 
Domain containing protein) [23], as a novel protein that binds RELT 
family members. We describe the co-localization of MDFIC with RELT 
family members in human embryonic kidney 293 (293) cells and the 
regions of MDFIC and RELT required for this physical association. Re-
gions of RELT that bind MDFIC did not contain conserved structural 
motifs and further computational analysis of protein structure revealed 
that RELT family members are intrinsically disordered proteins. Finally, 
to obtain a better understanding of the physiological significance of 
RELT, we examined the expression of RELT in healthy versus diseased 
tissues and report preliminary evidence indicating that RELT expression 
is upregulated in B-cell lymphomas. 

2. Materials and Methods 

Reagents. The human embryonic kidney 293 (293) cell line was 
purchased from ATCC. The intracellular portion of RELL1 was cloned 
into the Gal4 DNA-binding domain vector pGBT9 (Clontech, Palo Alto, 
CA) as described previously [7]. The expression plasmid constructs for 
RELT, RELL1, OSR1 [7], and the RELT deletion mutants [5] were 
described previously. The Flag-tagged RELL2 construct [7] was cloned 
into the pCMV-HA-C plasmid (Clontech) to create the C-terminal 
HA-tagged RELL2 expression plasmid described in this report. Expres-
sion constructs for full-length and mutant forms of MDFIC were a kind 
gift from V. Gautier from the University of Dublin. Lipofectamine 
transfection reagent, the TNFRSF19L antibody used in IHC 
(PA5-21563), goat polyclonal CD20 antibody (PA1-9024), mouse 
anti-Flag antibody used for the RELL2-MDFIC Co-IP, and the donkey 
anti-goat antibody used in immunofluorescence (IF) assays were pur-
chased from ThermoFisher Scientific (Waltham, MA). The Protein G 
Immunoprecipitation kit (IP50-1 KT) and a mouse anti-HA antibody 
utilized for western blotting were purchased from Sigma-Aldrich (St. 
Louis, MO). The polyclonal RELT antibody used to detect RELT deletion 
mutants (AF1385) was purchased from R&D Systems (Minneapolis, 
MN). A rabbit polyclonal RELT antibody (ab96220) from Abcam (Bur-
lingame, CA) was used for RELT-CD20 co-localization. Additional anti-
bodies used in Co-IP and IF experiments included the mouse and rabbit 
anti-DYKDDDDK (equivalent to Flag) tags, rabbit anti-HA tag, Alexa 
Fluor goat anti-rabbit IgG 555 and goat anti-mouse IgG 488 antibodies, 
and rabbit IgG control antibodies, purchased from Cell Signaling Tech-
nology Inc. (Danvers, MA). The mouse IgG control was purchased from 
SantaCruz Biotechnologies Inc. (Santa Cruz, CA). IR-800 and IR-680 
secondary antibodies used for western blotting were purchased from 
LI-COR Biosciences (Lincoln, NE). Vectashield mounting medium with 
DAPI and most IHC reagents other than antibodies were purchased from 
Vector Laboratories (Burlingame, CA). De-identified unstained sections 
from normal adult lymph nodes and B-cell lymphomas were obtained 
from the University of California, Davis Comprehensive Cancer Center 
(Sacramento, CA). 

Immunofluorescence (IF) staining. For MDFIC staining, IF was used as 
previously described [24] using Lipofectamine as the transfection re-
agent. 1:1000 dilutions of a mouse anti-Flag and rabbit anti-HA antibody 
were utilized as primary antibodies. For secondary antibodies, 1:1000 
dilutions of the Alexa Fluor goat anti-mouse IgG 488 and Alexa Fluor 
goat anti-rabbit IgG 555 were utilized. For IF staining of lymph nodes 
and B-cell lymphomas, fixed tissue sections were incubated with 1:250 
and 1:100 dilutions of rabbit anti-RELT and goat anti-CD20 antibodies 
respectively as primary antibodies, with 1:1000 dilutions of the Alexa 

Fig. 1. MDFIC identified in a two-hybrid screen utilizing RELL1 as bait. 
Schematic showing the RELT family members, the two isoforms of MDFIC, and 
the LIL18 clone obtained in the two-hybrid screen. The transmembrane do-
mains of RELT family members are highlighted in black. The intracellular 
domain of RELL1 was utilized as bait in a two-hybrid screen as described in 
Materials and Methods. LIL18 encodes a truncated fragment of the p40 isoform 
of MDFIC expressed in-frame with the GADD activation domain. Relative sizes 
of the two forms of MDFIC, p32, and p40, are shown. The carboxy-terminal I- 
mfa domain of MDFIC is shown in black, and the basic-rich regions implicated 
in nuclear and nucleolar import of p40 are highlighted. LIL18 clone contains 
sequences encoding the entire p32 region in addition to 28 amino acids of se-
quences exclusive to p40, including one of the two basic-rich domains. 

J.K. Cusick et al.                                                                                                                                                                                                                                



Biochemistry and Biophysics Reports 24 (2020) 100868

3

Fluor goat anti-rabbit IgG 555 and Alexa Fluor donkey anti-goat IgG 488 
antibodies as secondary antibodies. All IF experiments included staining 
with DAPI. 

Co-immunoprecipitation (Co-I) and western blotting. 293 cells (≈5 ×
106) were transfected with 10 μg of the indicated expression plasmids 
and harvested as described previously [24]. Co-IP was performed using a 
kit from Sigma-Aldrich according to the manufacturer’s instructions. For 
Co-IP of MDFIC with RELT, RELL1 or OSR1, 0.3 μg of either anti-Flag, 
anti-HA antibody, or IgG isotype control was utilized for the 
pull-downs, and western blots were performed using either an anti-Flag 
or anti-HA antibody. For Co-IP between MDFIC and RELL2, 5 μg of either 
anti-Flag, anti-HA, or IgG isotype control was utilized for the 
pull-downs, and western blots were performed using either an anti-Flag 
or an anti-HA antibody. A 30 μl lysate aliquot was saved before Co-IP for 
western analysis to verify protein expression. RELT deletion mutants 
were detected using a polyclonal anti-RELT antibody. IR-800 and IR-680 
secondary antibodies were utilized for visualization of the western blots. 

Computational analysis of the intrinsic disorder predisposition. The per- 
residue predisposition for intrinsic disorder of the proteins analyzed in 
this study human RELT (UniProt ID: Q969Z4); MDFIC p32 (UniProt ID: 
Q9P1T7); MDFIC p40 (UniProt ID: Q9P1T7-1); RELL1 (UniProt ID: 
Q8IUW5), and RELL2 (UniProt ID: Q8NC24) was evaluated by a set of 
predictors from the PONDR family, such as PONDR® VLXT, PONDR® 
VL3, PONDR® VSL2, and PONDR® FIT. Although PONDR® VLXT [25] 
is not the most accurate disorder predictor, this tool is known to have 
high sensitivity to local sequence peculiarities and can be used for 
identifying disorder-based interaction sites [26–28] PONDR® VSL2 is 
one of the more accurate stand-alone disorder predictors [29], and based 
on the comprehensive assessment of in silico predictors of intrinsic 
disorder, this tool was shown to perform reasonably well [30,31]. 
PONDR® VL3 possesses high accuracy in finding long IDPRs [32], 
whereas PONDR-FIT represents a metapredictor, which, being moder-
ately more accurate than each of the component predictors, is one of the 
more accurate disorder predictors [33]. We also utilized an IUPred 
platform that was designed to recognize intrinsically disordered protein 

regions (IDPRs) from the amino acid sequence alone based on the esti-
mated pairwise energy content and that predicts probability of a query 
protein to have short and long IDPRs [34–36]. We also evaluated the 
mean disorder propensity of target proteins which was calculated by 
averaging disorder profiles of individual predictors. Use of consensus for 
evaluation of intrinsic disorder is motivated by empirical observations 
that this approach usually increases the predictive performance 
compared to the use of a single predictor [31,37,38]. For the rapid 
generation of disorder profile plots for query proteins a DiSpi web 
crawler was used. In these analyses, the disorder scores above 0.5 are 
considered to correspond to disordered residues/regions, and disorder 
scores noticeably exceeding 0.1 are considered as flexible. 

MobiDB-based intrinsic disorder analysis. The overall disorder status of 
human proteins RELT, MDFIC p32, MDFIC p40, RELL1, and RELL2 was 
further analyzed using the MobiDB database (http://mobidb.bio.unipd. 
it/) [39–41]. This platform represents outputs of ten intrinsic disorder 
predictors, such as two versions of DisEMBL [42], two versions of 
ESpritz [43], GlobPlot [44], JRONN [45], PONDR® VSL2B [29,46] and 
two versions of IUPred [34–36] and uses the outputs of these predictors 
to generate consensus disorder scores for query proteins. MobiDB also 
represents manually curated protein function and structure annotations 
derived from UniProt [47] and DisProt [48], as well as from Pfam [49] 
and PDB [50]. 

Prediction of disorder-based binding sites in the query proteins. Potential 
disorder-based binding sites in human RELT, MDFIC p32, MDFIC p40, 
RELL1, and RELL2 were predicted using the ANCHOR algorithm [51, 
52]. This approach relies on the pairwise energy estimation approach 
developed for the general disorder prediction method IUPred [34,35], 
being based on the hypothesis that long regions of disorder contain 
localized potential binding sites that cannot form enough favorable 
intrachain interactions to fold on their own, but are likely to gain sta-
bilizing energy by interacting with a globular protein partner. This tool 
allows identification of molecular recognition features (MoRFs); i.e., 
specific functional elements, which are located within the longer IDPRs, 
are mostly disordered in their unbound states, and fold at interaction 

Fig. 2. Co-localization of MDFIC and RELT family members. 293 cells were transiently transfected with the indicated mammalian expression plasmids, followed 
by fixing the next day for immunofluorescence as described in Materials and Methods. Anti-HA and anti-Flag primary antibodies were used as indicated in com-
bination with Alexa Fluor dye secondary antibodies to detect the presence of the epitope-tagged proteins. This procedure resulted in HA-tagged RELT family proteins 
fluorescing red and the Flag-tagged p32 isoform of MDFIC fluorescing green. Cells were treated with DAPI to stain DNA blue. Photographs were taken at 40x 
magnification. (A) Localization of MDFIC and RELT family member proteins when transfected individually. (B) Localization of MDFIC with the indicated RELT family 
members when co-transfected together. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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with specific partners [27,28,53,54]. 
Functional disorder analysis. The D2P2 database (http://d2p2.pro/) 

[55] was used for the complementary evaluation of intrinsic disorder 
propensity of human RELT, MDFIC p32, MDFIC p40, RELL1, and RELL2. 
Some important disorder-related functional information was retrieved 
from this database too. D2P2 is a database of predicted disorder for a 
large library of proteins from completely sequenced genomes [55] that 
uses outputs of IUPred [34], PONDR® VLXT [25], PrDOS [56], PONDR® 
VSL2 [29], PV2 [55], and ESpritz [43]. The database is further supple-
mented by data concerning location of various functional domains, sites 
of curated posttranslational modifications, and predicted disorder-based 
protein binding sites. In addition, the D2P2 profile of a query protein 
contains information on the location of various posttranslational mod-
ifications and predicted disorder-based protein binding sites [55]. 

Immunohistochemistry (IHC). A total of 5 normal adult lymph nodes 
and 5 cases of B-cell lymphomas (2 low grade and 3 high grade) were 
examined; a total of 6 unstained sections for each of these 10 samples 
were utilized (therefore 60 slides combined). 20 of these slides were 
used for IF staining, IHC was performed as described previously [57] on 
the remaining 40 slides using a 1:100 overnight incubation with a RELT 
polyclonal antibody. A negative control was routinely performed in an 
identical fashion as the other samples with the exception that the 

primary RELT antibody was omitted. To estimate the intensity of im-
munostaining for RELT in the specimens, images were first inspected at 
low magnifications (4x and 10x) and the percentages of positively 
staining cells were evaluated. Each sample was next inspected at me-
dium and medium-high magnifications (40x, 100x, respectively) to 
assign intensity values based on the semi-quantitative scale of 0–3, 
where 0 is no staining, 1 is weak, 2 is moderate and 3 is strong. Im-
munostaining intensity scores were calculated by using the following 
formula: weighted signal intensity = percentage of immunostained cells 
× average intensity score. A one-way ANOVA test was used to analyze 
the statistical significance between the different groups. 

3. Results and discussion 

A two-hybrid yeast genetic screen [58] was performed using the 
conserved intracellular domain (ICD) of RELL1 fused in-frame with the 
GAL4 DNA-binding domain as bait (Fig. 1). Approximately 1.2 × 106 

and 1.0 × 106 clones from leukocyte and B-cell cDNA libraries were 
screened and the LIL18 clone was identified from the leukocyte library 
using the indicated RELL1 bait construct. DNA sequencing revealed 
LIL18 contains a portion of the MDFIC gene expressed in-frame with the 
GAL4 activation domain. MDFIC exists in two isoforms, p40 and p32, 

Fig. 3. MDFIC physically interacts with RELT family members. For all indicated experiments, 293 cells were transiently transfected with the indicated epitope- 
tagged expression plasmids for Co-immunoprecipitation (Co-IP) as described in Materials and Methods. A small amount of the protein lysate (lys) was saved to verify 
the expression of the epitope-tagged construct. Co-IP was performed using either an anti-HA (αHA), anti-Flag (αF) or IgG isotype control (C) antibody as the 
immunoprecipitating (IP) antibody. Western blot analysis was performed using either an anti-HA (αHA) or anti-Flag (αF) antibody as indicated. The size of molecular 
weight markers (MW) in kilodaltons (kDa) is indicated. (A). RELT family members physically interact with the p32 isoform of MDFIC. The expression plasmid for the 
Flag-tagged MDFIC was co-expressed with the indicated expression plasmids for HA-tagged RELT family members, and Co-IP was performed with an anti-HA 
antibody to pull-down the indicated RELT family member. (B). MDFIC does not physically interact with OSR1. An anti-Flag antibody was used to pull-down 
MDFIC as shown in the bottom panel (C). MDFIC physically interacts with regions of RELT proximal to the plasma membrane. The expression plasmid for 
MDFIC was co-transfected with expression plasmids for either full-length (FL) RELT, or deletion mutants for RELT, as indicated. An anti-Flag antibody was used to 
pull-down MFDIC. (D). RELL1 interacts with the I-mfa domain of MDFIC. The expression plasmid for RELL1 was co-transfected with expression plasmids for either the 
N-terminal fragment of the p32 isoform of MDFIC or the C-terminal I-mfa domain as indicated. An anti-Flag antibody was used to pull-down the indicated truncated 
versions of MDFIC. The positions of RELL1 and a non-specific band (NSB) observed in all Co-IP lanes are indicated. The expression of the N-terminal MDFIC construct 
and full-length (FL) construct in the protein lysates was confirmed as indicated. 
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Fig. 4. Functional disorder analysis of human RELT and MDFIC p32. Intrinsic disorder profiles generated by DiSpi web-crawler for (A) RELT (UniProt ID: 
Q969Z4) and (C) MDFIC p32 (UniProt ID: Q9P1T7). Per-residue disorder predisposition was evaluated by PONDR® VLXT (red curves), PONDR® VL3 (green curves), 
PONDR® VSL2 (blue curves), PONDR® FIT (black curves), IUPred_Short (orange curves), and IUPred_Long (pink curves). Light gray shade shows distribution of 
standard deviations for the mean disorder predisposition. The transmembrane alpha helix (TMD) of RELT (163–183) and I-mfa domain of MDFIC p32 (144–246) are 
indicated. Intrinsic disorder propensity and some important disorder-related functional information generated for human RELT (B) and MDFIC p32 (D) by the D2P2 
database (http://d2p2.pro/) [55]. Outputs of nine disorder predictors are shown by differently colored bars. The green-and-white bar in the middle of the plot shows 
the predicted disorder agreement between nine predictors, with green parts corresponding to disordered regions by consensus. Yellow bars show the locations of the 
predicted disorder-based binding sites (molecular recognition features, MoRFs), whereas colored circles at the bottom of the plots show location of phosphorylation 
(red) and acetylation (yellow) sites. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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produced from differing translational start sites [23]. The LIL18 clone 
contained the entire coding sequence for p32 and a portion of 
amino-terminal sequences from p40 beginning at amino acid 82 and 
therefore contains one of the two basic regions of p40 implicated with 

nuclear import [23]. All experiments described in this report utilized 
p32, the most predominant isoform of MDFIC. 

Immunofluorescence (IF) was utilized to observe the localization of 
MDFIC with RELT family members in 293 cells as described in Materials 

Fig. 4. (continued). 
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and Methods. When expressed by itself, MDFIC was predominantly 
cytosolic (Fig. 2A), as has been reported previously [23,59]. RELL1 and 
RELL2 expressed individually were predominantly associated with the 
plasma membrane, whereas RELT displayed punctate cytosolic staining, 
consistent with previous observations [7,24]. Co-expression of MDFIC 
with either RELL1 or RELL2 resulted in prominent co-localization of the 
proteins at the plasma membrane. In contrast, the co-localization of 
MDFIC with RELT was not as consistently observed (Fig. 2B). However, 
the localization of some TNFRSF members is signal-dependent [60], and 
therefore it is conceivable that a more pronounced MDFIC-RELT 
co-localization could be dependent on an unidentified ligand, or other 
signaling molecules present in hematopoietic cells, but not in the 293s 
used in this study. 

Co-immunoprecipitation (Co-IP) was used to confirm a physical 
interaction between MDFIC and RELT family members. HA-tagged 
RELT, RELL1, and RELL2 each pulled-down Flag-tagged MDFIC 
(Fig. 3A). Additionally, MDFIC pulled-down each of the HA-tagged RELT 
family members when the Co-IP was performed in the opposite direction 
(data not shown). MDFIC did not pull-down OSR1 in a Co-IP despite 
abundant expression of both proteins (Fig. 3B). MDFIC is not predicted 
to bind the kinase OSR1 due to the absence of the characteristic [S/G/V] 
RFx[V/I]xx[V/I/T/S]xx motif characteristic of OSR1-binding proteins 
[61]. The inability of MDFIC to pull down OSR1 indicates that the Co-IP 
conditions used to assess physical interactions between the 
epitope-tagged constructs were relatively specific. 

Having confirmed a physical association between MDFIC and RELT 
family members, we next used deletion mutants in Co-IP experiments to 
identify regions that mediate these physical interactions. All five dele-
tion mutants containing differing amounts of the RELT ICD [5] were 
successfully pulled down by MDFIC (Fig. 3C) and the electrophoretic 
migration of individual RELT mutants correlated with their expected 
sizes. p32 migrated as a doublet as has been described previously [62]. 
The carboxy-terminal I-mfa domain from MDFIC was capable of pulling 
down RELL1 in a Co-IP experiment (Fig. 3D). However, RELL1 was not 
pulled-down by the N-terminal domain of MDFIC, despite detectable 
expression in protein lysates (Fig. 3D). The Flag-tagged I-mfa domain 
was unexpectedly not detected by western blotting, despite the observed 
pull-down of RELL1, yet the inability to detect a Flag-tagged I-mfa 
domain by western blot has been reported previously [63]. Collectively, 
our results indicate that interactions between RELT family members and 
MDFIC occur between the I-mfa domain of MDFIC and regions of RELT 
family members proximal to the plasma membrane (amino acids 
190–252 in RELT) which are devoid of conserved domains as indicated 
by using a traditional blast search. 

We sought to determine the intrinsic predispositions for RELT and 
MDFIC due to both the inability to determine conserved motifs in the 
ICD of RELT family members, and due to reports in the literature indi-
cating that both RELT and MDFIC are multifunctional proteins, which 
are often characterized by disordered structures. Results of this multi-
factorial analysis are summarized in Fig. 4. Fig. 4A and C shows disorder 
profiles generated for these proteins by DiSpi indicating their highly 
disordered status. In fact, the C-terminal half of RELT (residues 
200–430) and the long N-terminal region of MFDIC p32 (residues 
1–160) are predicted as mostly disordered. Overall, 45.6% and 60.2% of 
the human RELT and MFDIC residues are predicted to be disordered 
(have disorder scores above the 0.5 threshold) based on the averaging 
the outputs of the PONDR® VLXT, PONDR® VL3, PONDR® VSL2, 
PONDR® FIT, IUPred_short, and IUPred long predictors. This clearly 
places them into the category of highly disordered proteins, if the clas-
sification of proteins based on their percent of predicted disordered 
residues (PPIDR) values is used, where proteins are considered as highly 
ordered, moderately disordered, or highly disordered if their 
PPIDR<10%, 10%≤ PPIDR<30%, or PPIDR≥30%, respectively [64]. 
Even most stringent and conservative evaluation of the disorder content 
in human RELT and MFDIC (14.2% and 28.9%, respectively) by the 
MobiDB platform that aggregates the outputs from ten disorder 

predictors placed these two proteins into the category of moderately 
disordered proteins. Curiously, for a given query protein tools included 
into the MobiDB platform showed a broad variability of the disorder 
levels that ranges from 5.3% (ESpritz-DisProt) to 74.2% (PONDR® 
VSL2) in RELT and from 17.5% (ESpritz-DisProt) to 85% (PONDR® 
VSL2) in MFDIC. 

Next, we analyzed prevalence of functional disorder in human RELT 
and MFDIC by the D2P2 platform (http://d2p2.pro/) [55], which in 
addition to the outputs of 9 disorder predictors shows predicted disorder 
agreement, presence of conserved functional domains, as well as loca-
tion of predicted disorder-based protein binding sites and various 
posttranslational modifications (PTMs). Fig. 4B and D represent the 
D2P2 profiles of human RELT and MFDIC, provide further support to the 
highly disordered status of these proteins, and show that they contain 
multiple phosphorylation and acetylation sites, which are concentrated 
within the IDPRs of query proteins. 

Multiple studies revealed that some IDPs/IDPRs are able to undergo 
at least partial disorder-to-order transitions upon binding, and such 
binding-induced folding is crucial for recognition, regulation, and 
signaling functions of these proteins [26–28,53,54,65–67]. Often, such 
disorder-based functional sites can be identified as short order-prone 
motifs located within the long IDPRs. Although such motifs do not 
have structure in their unbound forms, they are capable of the under-
going the binding-induced disorder-to-order transitions caused by their 
interaction with specific partners. Since these molecular recognition 
features (MoRFs) can be identified computationally [27], to find MoRFs 
in human RELT and MFDIC, we utilized a specialized algorithm, AN-
CHOR [51,52]. Fig. 4B and D includes the results of this analysis into the 
D2P2 profiles and shows that human RELT contains seven MoRFs, resi-
dues 225–231, 241–251, 281–297, 340–354, 365–370, 393–402 and 
419–430, distributed within its C-terminal half, whereas one can find 
two MoRFs in human MFDIC p32 (residues 1–38 and 41–111). In other 
words, 18.1% and 60.6% residues of human RELT and MFDIC p32 can 
be potentially involved in disorder-based interactions, clearly indicating 
that intrinsic disorder in these proteins can be utilized in protein-protein 
interactions. 

Therefore, results of previous studies clearly show that RELT and 
MFDIC are multifunctional proteins and our analysis indicates that RELT 
family members are intrinsically disordered proteins. Among various 
factors defining a capability of protein to be multifunctional is their 
remarkable structural heterogeneity defined by the predisposition for 
intrinsic disorder. In fact, a typical protein molecule is characterized by 
a complex mosaic structure, where different regions can be disordered to 
different degrees [68], and where a protein represents an assembly of 
foldons (independent foldable units of a protein), inducible foldons 
(disordered regions that can fold at least in part due to the interaction 
with binding partners), non-foldons (non-foldable protein regions), 
semi-foldons (regions that are always in a semi-folded form), and 
unfoldons (ordered regions that have to undergo an order-to-disorder 
transition to become functional) [68–70]. Obviously, such structural 
mosaic defines the capability of a protein to have a multitude of unre-
lated functions and be involved in interaction with a host of structurally 
unrelated partners, with the resulting structural and functional hetero-
geneity of proteins serving as a foundation of the structure-function 
continuum concept [71–73]. 

The discovery that MDFIC interacts with RELT family members is a 
novel finding deserving of further exploration given that RELT and 
MDFIC share many similarities. MDFIC and RELT are both highly 
expressed in tissues and cells of the hematopoietic system [4,5,23] and 
both proteins exhibit high levels of expression in resting T cells that 
subsequently drops upon T-cell activation [6,74]. Initial attempts to 
identify the physiological relevance of RELT and p32 interactions were 
inconclusive and are worthy of further exploration. Although this study 
focused on the p32, the LIL18 clone obtained in this study contained part 
of the p40 isoform, and therefore, it is possible that RELT family mem-
bers also interact with p40 isoform. 

J.K. Cusick et al.                                                                                                                                                                                                                                

http://d2p2.pro/


Biochemistry and Biophysics Reports 24 (2020) 100868

8

Fig. 5. RELT is expressed in human lymph 
nodes and B-cell lymphomas. Immunohisto-
chemistry was performed on both normal lymph 
nodes and resected B-cell lymphomas using an 
antibody directed against RELT as described in 
Materials and Methods. (A) Comparison of RELT 
staining in normal lymph nodes, low-grade, and 
high-grade B-cell lymphomas. RELT staining at the 
indicated magnification with the presence of 
macrophages in normal lymph nodes indicated by 
red arrowheads. (B) RELT co-localizes with CD20 
in B-cell lymphomas. Immunofluorescence was 
conducted with RELT and CD20 antibodies as 
described in Materials and Methods resulting in 
RELT fluorescing red, CD20 fluorescing green, and 
DAPI staining nuclei blue. Photographs were taken 
at 40x magnification. (For interpretation of the 
references to color in this figure legend, the reader 
is referred to the Web version of this article.)   
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Multiple lines of evidence suggest that MDFIC regulates transcrip-
tion, and both p32 and p40 isoforms are capable of modulating tran-
scription by sequestering transcription factors in the cytosol and 
nucleolus respectively [75]. MDFIC has additional capabilities to influ-
ence transcription besides sequestration, as MDFIC influences global 
transcriptional events by altering the phosphorylation status of the 
glucocorticoid receptor [62]. MDFIC also influences signal transduction 
pathways including the Wnt/β-catenin and JNK pathways [76,77]. 
MDFIC is epigenetically silenced in cancerous hematopoietic cell lines, 
suggesting it may function as a tumor suppressor [78], an idea supported 
by the observation that ectopic expression of MDFIC suppresses the 
growth of a colorectal cancer cell line [79]. Yet the impact of MDFIC on 
cancer cells may be cancer cell-specific, as MDFIC expression enhanced 
the chemoresistance of cancer stem cells in a lung cancer cell model 
[80]. 

Since RELT is prominently expressed in the hematopoietic system, 
we sought to characterize the expression of RELT in lymphoid organs. 
Immunohistochemistry (IHC) was utilized to detect the presence of 
RELT in normal human lymph nodes as well as B-cell lymphomas. RELT 
staining was consistently observed in normal lymph nodes and the 
staining appeared strongest in macrophages (Fig. 5A). RELT staining 
was also observed in additional areas of lymph nodes such as in germinal 
centers and endothelial cells. The staining was dependent on the pres-
ence of the RELT primary antibody as indicated by the negative control 
(data not shown). RELT staining in high-grade B-cell lymphomas was of 
higher intensity than either normal lymph nodes or low-grade B-cell 
lymphomas and this increase was statistically significant (Table 1). IF 
was utilized to determine whether RELT was expressed in the infiltrating 
B cells of B-cell lymphomas. Co-localization of RELT and CD20 in the 
smaller lymphocytes was observed and was particularly evident in the 
high-grade B-cell lymphoma sections (Fig. 5B). Collectively, this report 
identifies and characterizes interactions between MDFIC and RELT 
family members and provides preliminary evidence that RELT expres-
sion is associated with the cancerous infiltrating B lymphocytes of B-cell 
lymphomas. This report therefore expands our limited knowledge of the 
evolutionarily conserved RELT family members. 
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