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ABSTRACT: Dysregulated function of Th17 cells has implica-
tions in immunodeficiencies and autoimmune disorders. Th17 cell
differentiation is orchestrated by a complex network of tran-
scription factors, including several members of the activator
protein (AP-1) family. Among the latter, FOSL1 and FOSL2
modulate the effector functions of Th17 cells. However, the
molecular mechanisms underlying these effects are unclear, owing
to the poorly characterized protein interaction networks of FOSL
factors. Here, we establish the first interactomes of FOSL1 and
FOSL2 in human Th17 cells, using affinity purification−mass
spectrometry analysis. In addition to the known JUN proteins, we
identified several novel binding partners of FOSL1 and FOSL2.
Gene ontology analysis found a significant fraction of these
interactors to be associated with RNA-binding activity, which suggests new mechanistic links. Intriguingly, 29 proteins were found to
share interactions with FOSL1 and FOSL2, and these included key regulators of Th17 fate. We further validated the binding partners
identified in this study by using parallel reaction monitoring targeted mass spectrometry and other methods. Our study provides key
insights into the interaction-based signaling mechanisms of FOSL proteins that potentially govern Th17 cell differentiation and
associated pathologies.

1. INTRODUCTION

Th17 cells are pro-inflammatory players that protect mucosal
surfaces from extracellular pathogens. They can be derived in
vitro by activating naive CD4+ T cells in the presence of IL-6,
transforming growth factor-β (TGF-β), and interleukin (IL)-
1β (or IL-23). These cells are mainly characterized by the
expression of IL-17A and IL17F; however, they also secrete
other cytokines, such as IL-21, IL-22, and GM-CSF.1−6

Deficiency of Th17 cells causes susceptibility to mucocuta-
neous candidiasis,7 whereas their uncontrolled activity can
result in autoimmune conditions such as rheumatoid arthritis,
multiple sclerosis, and systemic lupus erythematosus.8 To
investigate the incidence of these associated diseases and
design suitable therapeutic measures, it is crucial to first
understand the molecular basis of Th17 cell function.
Th17 cell differentiation is initiated by the coordinated

action of early expressed transcription factors (TFs), such as
BATF, STAT3, and IRF4.9 This process is also modulated by
members of the activator protein (AP-1) family, which
includes the JUN (JUNB10,11), FOS (FOSL1,12 FOSL29),
and ATF (BATF,13 ATF314) proteins. FOSL1 and FOSL2
(collectively termed FOS-like proteins) are two paralogous
TFs that regulate embryonic development, cancer progression,
and immune cell signaling.15−18 Their significance in initiating
murine Th17 responses, however, was only recently
realized.9,12 Though molecular networks are highly conserved

in humans and mice, genetic studies across the two species
have revealed striking discrepancies.5,19−23 In light of this, a
parallel study from our laboratory used cord blood T cells to
verify the human-specific roles of FOSL1 and FOSL2 in Th17-
regulation.24 Functional genomics approaches revealed both of
these factors to negatively influence Th17 responses in
humans.24 Nonetheless, the molecular mechanisms that
mediate these effects are not understood.
AP-1 TFs tend to bind to similar genomic sequences,9,10,25

but perform substantially different functions.18 Such versatility
is attributed to their dynamic interactomes.26−28 FOSL1 and
FOSL2 lack a transactivation domain and thus need to interact
with JUN and other proteins to regulate their target genes.
Furthermore, because these factors occupy DNA as a dimer,
their regulatory abilities are significantly influenced by their
interacting partners.28 Despite extensive research on AP-1
signaling, the interactomes of AP-1 TFs are largely unexplored
in T cells. Mapping the interaction networks of FOSL proteins
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in human Th17 cells can thus advance our understanding of
their signaling mechanisms in this milieu.
Affinity purification−mass spectrometry (AP−MS) has

emerged as a reliable method for identifying protein−protein
interactions (PPIs) at a global level.29−31 MS, in particular,
detects and quantifies proteins in an unbiased manner, without
prior knowledge. In the present study, we co-immunoprecipi-
tated putative interactors of FOSL1 and FOSL2 in human
Th17 cells and identified them by liquid chromatography with
tandem MS (LC-MS/MS). Our analysis is the first to compare
the FOSL1 and FOSL2 interactomes, thereby revealing their
shared and unique binding partners. Parallel reaction
monitoring targeted MS (PRM-MS) and immunoblotting
(IB) were used to reliably validate the top interactors of these
factors. Together with the predicted functionalities of the
FOSL PPI networks, this study delivers a perspective on how
FOSL proteins could regulate human Th17 cell identity. Such
a comprehensive analysis could help gain insights into new
therapeutic strategies for treating autoimmune diseases.

2. RESULTS

2.1. FOS-like Proteins Are Upregulated during
Initiation of Human Th17 Cell Differentiation. To study

the interactomes of FOSL1 and FOSL2 in early Th17 cells, we
first determined their expression in naive CD4+ T cells that
were in vitro activated and differentiated toward Th17 fate for
72 h. This was the earliest time point where we reliably
detected the expression of the Th17 differentiation markers,
CCR6 and IL-17, using flow cytometry and enzyme-linked
immunosorbent assay (ELISA), respectively (Figure S1A,B).
Immunoblot analysis at this stage of differentiation also
revealed a Th17-specific increase in the levels of FOSL1 and
FOSL2, when compared to the activated (Th0) cells (Figures
1A and S1C). In light of the abovementioned results, we
selected the 72 h time point for our proteomic analysis.

2.2. Systematic Analysis Unravels FOSL1 and FOSL2
Interacting Partners in Human Th17 Cells. To identify the
interacting partners of FOSL1 and FOSL2, an AP−MS
approach was used. The workflow for the current study is
illustrated in Figure 1B. Th17 cells from three independent
biological replicates were lysed, and immunoprecipitation (IP)
was performed using FOSL1 or FOSL2 Ab, as well as the
species-specific control IgG Ab. Pull-down of the bait proteins
(FOSL1 or FOSL2) was confirmed with IB (Figure 2A,B), and
the IP fractions were then analyzed for interacting partners
with LC-MS/MS. Using the MaxQuant label-free quantitation
(LFQ) algorithm, the relative protein intensities were

Figure 1. FOSL1 and FOSL2 expression and workflow for their proteomic analysis in human Th17 cells. (A) Immunoblots show expression of
FOSL1 (left) and FOSL2 (right) in naive CD4+ T cells cultured under conditions of activation (Th0) or Th17-polarization for 72 h. Actin was
used as the loading control. Blots for one of the three biological replicates are shown. (B) Workflow for the study. Naive CD4+ T cells were isolated
from human umbilical cord blood and polarized to Th17 phenotype for 72 h. The cultured cells were lysed, and FOSL1 or FOSL2 protein was
immunoprecipitated using their respective antibodies (Ab). The pull-down fractions were then analyzed for the binding partners of the respective
factors using LC-MS/MS-based protein interactome analysis.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c03681
ACS Omega 2021, 6, 24834−24847

24835

https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c03681/suppl_file/ao1c03681_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c03681/suppl_file/ao1c03681_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03681?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03681?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03681?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03681?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c03681?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


compared across the samples. The putative interactions were
further prioritized by intensity, reproducibility, and specificity
to the bait, with the mass spectrometry interaction statistics
(MiST) algorithm.32 Our analysis reliably identified 163 and
67 binding partners of FOSL1 and FOSL2, respectively. These
were obtained after strategically eliminating the nonspecific
interactions, based on (1) comparing the enrichment scores
with the IgG control and (2) using an in-house repository of
possible contaminants derived from other AP−MS experi-
ments in our laboratory.
The top binding partners of FOSL1 and FOSL2 and their

corresponding enrichment scores are depicted in the heatmaps
of Figure 2C,D (For all identified partners, see Figure S2A,B;
Table S1). FOS−JUN dimers are one of the most widely

occurring protein−protein associations across cell types. Amid
members of the JUN family, JUNB was among the top
interactors of both FOSL factors, which agrees with previous
findings.10,12,33 Additionally, several new binding partners were
identified. These included XRN1, AP2A1, PCBP1, ILF3,
TRIM21, HNRNPH1, and HDAC2 for FOSL1 and ADD3,
PPP1CB, MYO1B, HNRNPH1, CD48, and CD5 for FOSL2.
Intriguingly, despite being paralogs with coordinated functions,
FOSL1 and FOSL2 showed no interaction with each other.
Although their association is reported in lower organisms, such
as yeast,34 none of the existing studies in vertebrates support
such findings.

2.3. Gene Ontology Functional Enrichment Analysis
of FOSL1 and FOSL2 Interactors. The spatial organization

Figure 2. Analysis of FOSL1 and FOSL2 PPIs in human Th17 cells. (A,B) Immunoblots confirm immunoprecipitation of FOSL1 (panel A) and
FOSL2 (panel B) protein from 72 h-cultured Th17 cell lysates. Blots show lanes for total lysate (input), IgG control IP, and FOSL1/FOSL2 IP.
(C,D) FOSL1 or FOSL2 pull-down fractions from three biological replicates (R1, R2, and R3) were analyzed for their corresponding binding
partners using LC-MS/MS. Heatmaps depict log2 intensity values for the topmost interacting partners of FOSL1 (panel C) and FOSL2 (panel D)
in Th17 cells. Gray color indicates the missing or undetected proteins.
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of signaling networks relies on the cellular location of the
proteins that constitute the network.35 FOSL proteins can be
cytoplasmic or nuclear and can shuttle between these
compartments, in a context-dependent manner.36,37 Their
localization profile in human T cells, however, is yet to be
studied. We addressed this by performing subcellular
fractionation on Th0 and Th17 lysates (24 and 72 h), which
detected both proteins predominantly within the nuclear
fractions (Figures 3A and S3A). To gain further insights into

the FOSL-mediated signaling networks, the cellular distribu-
tion of their interacting partners was determined using
Ingenuity pathway analysis (IPA) (Figure 3B; Table S3).
More than 50% of the FOSL1 interactors and nearly 33% of
the FOSL2 interactors were associated with the nucleus. Of the
rest, most were cytoplasmic, and only a small fraction (10−
15%) corresponded to other cellular compartments.
To determine the physiological relevance of these

interactors, their molecular functionalities were mapped using
the gene ontology (GO) database (Figure S4A,B; Table S4).
Proteins interacting with FOSL1 were enriched for functions,
such as RNA binding (60%; constituted by single-stranded,
double-stranded, messenger RNA (mRNA), and small
interfering RNA binding), nucleosomal DNA binding
(6.67%), mRNA 5′ untranslated region binding (6.67%),
RNA 7-methylguanosine cap binding (16.67%), clathrin
binding (6.67%), and RNA helicase activity (3.33%) (Figure
S4A). Similarly, FOSL2 interactors were enriched for transla-
tional initiation activity (66.67%), double-stranded RNA
binding (16.67%), and actin filament binding (16.67%)
(Figure S4B). Remarkably, RNA binding and translational

initiation constituted more than 80% of the identified
functionalities for either interactomes.
Previous studies have indicated the role of RNA-binding

proteins (RBPs) in regulating FOS/JUN activity.38−41 RBPs
are also known to modulate T cell development and function
via post-transcriptional regulatory mechanisms.42−45 For
instance, they can impair Th17 differentiation by destabilizing
IL-17 RNA and other transcripts that code for Th17 regulatory
factors.46−51 For degradation of the target mRNA, many RBPs
coordinate with exonucleases such as XRN1.50,52 Interestingly,
our analysis for FOSL1 interactome detected XRN proteins
(XRN1 and XRN2) along with their known partners UPF1
and UPF2,53 which trigger mRNA decay.54,55 These findings
imply that FOSL1 might restrain Th17 signaling by associating
with proteins that destabilize the lineage-specific transcripts.
This warrants further investigation.
Network analysis was further performed for the enriched

GO functionalities using Cytoscape (Figure 4A,B). Within the
FOSL1 interaction network, the subclusters associated with
different RNA-binding functions were highly interconnected.
RBPs are also involved in the regulation of translational
initiation through various mechanisms.56 This association was
evident in the GO networks of both FOSL proteins (Figure
4A,B). Eukaryotic translational initiation factors (eIFs)
stabilize ribosomal pre-initiation complexes and mediate
post-transcriptional gene regulation.56,57 Within the eIF family,
we found eIF4G1, eIF4E, eIF3I, and eIF2AK2 to interact with
FOSL1, as well as FOSL2. Out of these, eIF4E constitutes the
rate-limiting step for translational initiation by binding to the
m7G cap of the transcripts.57 Interestingly, eIF4E is required
for the pathogenesis of EAE in mice.58 It is also found to be
targeted by the miRNA-467b in order to inhibit Th17
differentiation and autoimmune development.59 Thus, the
binding of FOSL proteins to translational initiation factors
points toward a unique strategy for monitoring Th17
responses.

2.4. FOSL1 and FOSL2 Share Interactions with Key
Th17 Lineage-Associated Proteins. Prediction models
have indicated that interaction partners shared by candidate
TFs could facilitate co-operative or competitive tendencies
between the factors.60 Our recent study revealed a functional
coordination between FOSL1 and FOSL2 during human Th17
regulation.24 To investigate whether an interactome-based
mechanism regulates this paradigm, we analyzed these factors
for their common binding partners. Our analysis revealed a
total of 29 proteins to share interactions with FOSL1 and
FOSL2, including JUNB, SIRT-1, HSPH1, DHX9,
HNRNPH1/2, NUFIP2, LARP4, RUNX1, ADAR, and
EIF4E, all of which are associated with T cell effector
functions (Figure 5A,B; Table S2).
To study these common binding partners in the context of

Th17 cell signaling, we focused on the ones that are known to
regulate the lineage. These included JUNB,10−12 RUNX1,61

SIRT-1,62 eIF4E,58,59 and ADAR.63 Murine studies have found
JUNB to promote Th17 fate, while restraining alternative
lineages, by associating with BATF and FOSL2.10 Likewise,
RUNX1 and SIRT-1 are reported to influence Th17 cell
signaling. Interestingly, RUNX1’s effect on the lineage is
largely governed by its binding partners. Its interaction with
FOXP3 inhibits Th17 differentiation, whereas its association
with RORγT activates the lineage.61 SIRT-1 analogously
functions via RORγT, where it binds, deacetylates, and enables
the latter to promote Th17 cell function.62 The above-

Figure 3. Localization of FOSL proteins and cellular distribution of
their binding partners. (A) Following subcellular fractionation of Th0
and Th17 cell lysates (24 and 72 h), IB was performed to detect
FOSL1 and FOSL2 in the fractionated samples. LSD1 and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were used to
mark the nuclear and cytoplasmic fractions, respectively. Representa-
tive blot for three biological replicates is shown. (B) Pie charts
showing classification of FOSL1 (left) and FOSL2 (right) interacting
proteins based on their cellular localization, using IPA.
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mentioned findings indicate that FOSL1 and FOSL2 may
associate with the key regulators of the lineage in order to
modulate effector responses of Th17 cells.
The list of common partners also included numerous

proteins with undetermined roles in Th17 regulation, including
NUFIP2, HNRNPH1, HNRNPH2, DHX9, DHX15, SERBP1,
and others (Figure 5B). However, when evaluated in the
context of other relevant studies, potential roles in controlling

the Th17 lineage can be assigned to these factors. For instance,
NUFIP2 acts as a co-factor for the RNA binding protein
Roquin,64 which is reported to inhibit Th17 differentiation.65

This is possibly mediated via the post-transcriptional
repression of Th17 activators, such as inducible T-cell
COStimulator (ICOS),64,66 by the NUFIP2−Roquin complex.
Our analysis also detected heterogeneous nuclear ribonucleo-
proteins (hnRNPs), namely, hnRNPH1 and hnRNPH2, which

Figure 4.Molecular function networks enriched for FOSL1 and FOSL2 interactors. (A,B) FOSL1 (panel A) and FOSL2 (panel B) interactors were
clustered based on their molecular functions and the resulting networks were visualized using ClueGO and CluePedia plugins built in Cytoscape
(Bonferroni step-down corrected p values <0.05).
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are involved in pre-mRNA alternative splicing. Interestingly,
these proteins are closely associated with another member of
the same family, hNRNPF, which reportedly interacts with
FOXP3.67 Although FOXP3 is a master regulator of Treg
differentiation, it also inhibits Th17 signaling by antagonizing
RORγt.68,69 Thus, our MS analysis provides a number of new
interacting partners that hint at novel mechanisms through
which FOSL proteins alter Th17 cell fate.
2.5. Experimental Validation of the Shared and

Unique Binding Partners of FOSL1 and FOSL2. To
confirm their shared interactions with Th17-associated
proteins, FOSL1 or FOSL2 was immunoprecipitated and
immunoblotted to probe for JUNB, RUNX1, JUN, and SIRT-1
(Figures 6A,B and S5A,B). The results revealed a reproducible
interaction of the FOSL factors with all of the assessed
proteins. Although MS analysis of FOSL1 did not detect JUN,
our IB findings indicate the presence of FOSL1−JUN
complexes in Th17 cells.
Even among the unique interactors, we detected several

candidates that have implications in Th17 development and
inflammatory phenotypes. These included the FOSL1 partners
α-1 type I collagen (COL1A1),70 SMARCE1,71 TRIM21,72

and HDAC2,73 as well as the FOSL2 interactors MYO1D,74

CD48,75 and JUND.10 A few of these, along with other FOSL-
binding partners, were validated using targeted MS. With its

increased sensitivity, reproducibility, and ease of implementa-
tion as a technique, PRM analysis was utilized to confirm
selected interactions of FOSL1 (COL1A1, COL1A2,
SMARCE1, VAPA, and EIF4E) and FOSL2 (SERBP1,
DHX15, MYO1D, VAPA, and EIF4E) (Figure 6C,D).
Identification of FOSL1 binding to COL1A1 and COL1A2

was insightful because FOSL factors are known to regulate
collagen production in other cell types.76,77 Additionally,
changes in collagen protein levels are correlated with the
development of rheumatoid arthritis and osteoarthritis.70,78

This suggests a potential involvement of FOSL1 in the
incidence of human autoimmunity.

3. DISCUSSION
AP-1 function is highly complex and is systematically regulated
at multiple levels, such as, the choice of dimerizing partner,
post-transcriptional/translational events, and additional inter-
actions with bZIP or other unrelated proteins. Our recent
functional genomics study found FOSL1 and FOSL2 to
negatively regulate human Th17 differentiation.24 To decipher
the mechanisms that govern such functions of FOSL proteins,
we examined their binding partners using a whole-cell
proteomics approach. Here, we report the first characterization
of FOSL1 and FOSL2 interactomes in human Th17 cells. In
addition to their known binding partners (JUN, JUNB, and
JUND), our analysis identified many novel interactors of FOSL
proteins. A significant fraction of these interactors appeared to
be associated with RNA-binding functions. RBPs regulate gene
expression by post-translationally modifying the stability and
splicing of RNA molecules. Although previous studies have
indicated RBP-mediated regulation of FOS activity,38−41,54 our
findings for the first time holistically suggest a cross-talk
between these protein groups. Further characterization on this
line could broaden the horizons for AP-1 signaling mechanisms
in Th17 cells.
Functionally synergistic TFs are known to bind over

composite regulatory elements and this process involves
physical interactions between different proteins to form
regulatory complexes.79 Such mechanisms could be used to
integrate distinct signaling pathways and create unified cellular
responses. In our analysis, 29 proteins were found to share
interactions with FOSL1 and FOSL2. Because both factors
alter human Th17 differentiation in a similar fashion, their
tendency to bind to common partners suggests functional
cooperativity. Intriguingly, the shared hits included RUNX1,
SIRT-1, and JUNB, all of which positively regulate Th17
differentiation in mice.10,11,61,62,80 If they have similar roles in
the human counterpart, they could antagonize FOSL functions.
Interaction-based mechanisms are commonly used by
inhibitory proteins to dampen the activity of target TFs.81,82

In this respect, our findings suggest that FOSL proteins impair
Th17 signaling by binding and sequestering the factors that
support the lineage. Remarkably, JUNB and RUNX1 interact
with both positive and negative regulators of Th17 fate, owing
to which they can perform context-dependent functions.
Additional mechanisms, such as post-translational modifica-
tions, differential expression profiles, and protein stability
dynamics, may determine the outcome of their regulatory
complexes.
A recent study by He et al. revealed interacting partners of

FOSL1 in triple-negative breast cancer cells, many of which
were reproducibly identified in our analysis (COL1A2, JUN,
JUNB, CLTB, CLTC, FUBP3, KHDRBS1, RBM14, DDX17,

Figure 5. Shared interacting partners of FOSL1 and FOSL2 in human
Th17 cells. (A) Venn diagram shows the number of shared and
unique interactors of FOSL1 and FOSL2 in human Th17 cells, as
identified by LC-MS/MS analysis. (B) PPIs shared between FOSL1
and FOSL2 were mapped against the STRING database and
visualized using Cytoscape (a medium confidence score of 0.4 was
used to create the STRING network).
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HNRNPR, and XRN2).83 In addition, we found FOSL1 to
associate with clathrin-binding adaptor proteins. This may be
attributed to the non-endocytotic roles of clathrin, which
involve its translocation to the nucleus to activate gene
transcription.84 Furthermore, network analysis highlighted a
link between the clathrin-binding cluster and double-stranded
RNA binding. In relation to this, our study provides insights
into the established role of clathrin-mediated endocytosis in
the cellular uptake of pathogen-derived double-stranded
RNAs.85,86 Follow-up experiments are required to determine
the actual involvement of RBPs in this process.
FOSL1 was also observed to uniquely interact with factors

such as histone deacetylase 2 (HDAC2) and poly-C binding
protein 1 (PCBP1), which have reported roles in Th17
regulation. HDAC2 is a global modifier of gene expression that
suppresses IL-17 transcription and thereby reduces colitis
scores.73 In contrast, PCBP1 is a ferritin iron regulator that
promotes Th17 pathogenicity and autoimmunity.43,87 These
findings indicate that FOSL1 may control the lineage by
associating with both the activator and repressor complexes.
Other novel partners of FOSL1 included SWI/SNF family
proteins (SMARCA2, SMARCB1, SMARCC1, SMARCC2,
SMARCD2, and SMARCE1) and RNA helicase DEAD-box

proteins (DDX6, DDX1). Interestingly, several members of
these protein families are upregulated upon Th17 initia-
tion,20,71 which hints at their involvement in development of
the lineage.
The cytoskeleton plays an integral role in transducing

extracellular signals to the nucleus.88 We found FOSL2 to
interact with several proteins involved in actin filament binding
(ADD1, ADD3, MYO1B, MYO1D, CAPZA2, ABLIM1,
DBNL, CORO1C, and FLII). The depolymerization of actin
or microtube networks is known to activate c-JUN function via
the JNK/p38 signaling pathway.89 c-JUN expression is also
induced by actin-binding proteins, such as profilin.90 Because
JUN emerged as a shared interactor of FOSL1 and FOSL2 in
our study, the findings mentioned above propose the
involvement of cytoskeletal dynamics in regulating FOSL-
mediated Th17 networks.

4. CONCLUSIONS AND OUTLOOK
In summary, this study uncovers, for the first time, the global
binding partners of FOSL1 and FOSL2 in human T cells, with
an emphasis on their shared interactors. Our analysis identified
several novel PPIs and molecular functionalities as a part of
FOSL-signaling networks. Moreover, the binding of key Th17

Figure 6. Validation of selected binding partners of FOSL1 and FOSL2 (A,B) FOSL1 (panel A) and FOSL2 (panel B) protein was
immunoprecipitated from 72 h-cultured Th17 cells and western blotting was used to confirm their MS-identified interactions with SIRT-1, JUNB,
RUNX1, and JUN. Blots depict lanes for total lysate (input), control IgG IP, and FOSL1/FOSL2 IP. Figures show representative blots for two or
three biological replicates (see Figure S5 for all the replicates). (C,D) Volcano plots show selected binding partners of FOSL1 (panel C) and
FOSL2 (panel D) that were validated by PRM-MS analysis. Data are representative of three biological replicates. The plots were extracted from
Skyline.
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regulators to both FOSL1 and FOSL2 highlights the possible
mechanisms that mediate the coordinated influence of these
factors on the Th17 lineage. It is established that PPI networks
of TFs are significantly altered in cases of mutations or
disease.91 Because FOS-like proteins have important implica-
tions in the development of autoimmune disorders,92−96 their
interactomes could serve as a crucial resource in the field of
disease biology. Studying the changes in their PPIs under
adverse physiological conditions could help predict diagnostic
markers and therapeutic targets for Th17-associated patholo-
gies.

5. EXPERIMENTAL PROCEDURES
5.1. Human CD4+ T Cell Isolation. Mononuclear cells

were isolated from human umbilical cord blood of healthy
neonates (Turku University Central Hospital, Turku, Finland)
by Ficoll-Paque density gradient centrifugation (Ficoll-Paque
PLUS; GE Healthcare). Naive CD4+ T cells were further
purified using CD4+ Dynal positive selection beads (Dynal
CD4 positive isolation kit; Invitrogen), following the
manufacturer’s protocol.
5.2. In Vitro Culturing of Th17 Cells. CD4+ T cells were

activated with plate-bound α-CD3 (3.75 μg/mL; Immuno-
tech) and soluble α-CD28 (1 μg/mL; Immunotech) in X-
VIVO 20 serum-free medium (Lonza). X-VIVO 20 medium
was supplemented with L-glutamine (2 mM, Sigma-Aldrich)
and antibiotics (50 U/mL penicillin and 50 μg/mL
streptomycin; Sigma-Aldrich). Th17 cell differentiation was
induced using a cytokine cocktail of IL-6 (20 ng/mL; Roche),
IL-1β (10 ng/mL), and TGF-β (10 ng/mL) in the presence of
the neutralizing Ab anti-IFN-γ (1 μg/mL) and anti-IL-4 (1 μg/
mL) to block Th1 and Th2 polarization, respectively. For the
control cells (Th0), CD4+ T cells were TCR-stimulated with
α-CD3 and α-CD28 in the presence of neutralizing Ab. All
cytokines and neutralizing Ab were purchased from R&D
Systems, unless otherwise stated. All cultures were maintained
at 37 °C in a humidified atmosphere of 5% (v/v) CO2/air.
5.3. IL-17 Secretion. Secreted IL-17A levels were

estimated in supernatants of 72 h-cultured Th17 cells using a
human IL-17A DuoSet ELISA kit (R&D Biosystems DY317-
05, DY008). The amount of IL-17A was normalized with the
number of living cells based on forward and side scattering in
flow cytometry analysis (LSRII flow cytometer; BD Bio-
sciences).
5.4. Flow Cytometry. Th17 cells were harvested for 72 h,

washed with flow cytometry staining buffer (0.5% fetal bovine
serum; 0.1% Na-azide; and phosphate-buffered saline), and
further incubated with PE-labeled anti-CCR6 antibody (BD
cat no. 559562) for 20 min at 4 °C. Suitable isotype controls
were used. Samples were analyzed using a LSRII flow
cytometer (BD Biosciences). Live cells were gated based on
forward and side scattering. The acquired data were analyzed
with FlowJo (FlowJo, LLC).
5.5. Western Blotting. Cell culture pellets were lysed

using radioimmunoprecipitation assay buffer (Pierce, cat no.
89901) that was supplemented with protease and phosphatase
inhibitors (Roche) and sonicated using a Bioruptor UCD-200
(Diagenode). Sonicated lysates were centrifuged at 14,000 rpm
for 30 min at 4 °C, and supernatants were collected. Samples
were estimated for protein concentration (DC protein assay;
Bio-Rad) and boiled in 6× Laemmli buffer (330 mM Tris-HCl,
pH 6.8; 330 mM sodium dodecyl sulfate; 6% β-ME; 170 μM
bromophenol blue; and 30% glycerol). Samples were then

loaded on gradient Mini-PROTEAN TGX precast protein gels
(Bio-Rad) and transferred to polyvinylidene fluoride mem-
branes (Trans-Blot Turbo transfer packs, Bio-Rad).
For protein expression analysis of FOSL1 and FOSL2, the

following Ab were used: anti-FOSL1 (Cell Signaling Tech., cat
no. 5281), anti-FOSL2 (Cell Signaling Tech., cat no. 19967),
and anti-β-actin (Sigma-Aldrich, cat no. A5441). HRP-
conjugated anti-mouse IgG (Santa Cruz Biotechnology, cat
no. sc-2005) and anti-rabbit IgG (BD PharMingen, cat no.
554021) were used as secondary Ab.

5.6. Cellular Fractionation. Cell pellets of Th0 and Th17
cultures (24 and 72 h) were lysed and fractionated into
cytoplasmic and nuclear components using a NE-PER nuclear
and cytoplasmic extraction reagent kit (Thermo Fisher
Scientific, cat no. 78833) by following the manufacturer’s
instructions. Extracts were then analyzed by western blotting.
FOSL localization was determined using anti-FOSL1 (Cell
Signaling Tech., cat no. 5281) and anti-FOSL2 (Cell Signaling
Tech., cat no. 19967) Ab. Anti-GAPDH (HyTest, cat no. 5G4)
and anti-LSD1 (Diagenode, cat no. C15410067) Ab were used
to mark the cytoplasmic and nuclear fractions, respectively.

5.7. Immunoprecipitation. IP for FOSL1 and FOSL2 was
performed using a Pierce MS-compatible magnetic IP kit
(Thermo Fisher, cat no. 90409). Cell pellets from 72 h-
cultured Th17 cells were lysed in appropriate volumes of lysis
buffer (provided in the kit), which was supplemented with
protease and phosphatase inhibitors (Roche). Lysates were
estimated for protein concentration (DC protein assay; Bio-
Rad). IP was performed using the following Ab: anti-FOSL1
(Santa Cruz Biotechnology, cat no. sc-28310), anti-FOSL2
(Cell Signaling Technology, cat no. 19967), mouse IgG
(negative control for FOSL1: Cell Signaling, cat no. 5415), and
rabbit IgG (negative control for FOSL2; Cell Signaling
Technology, cat no. 2729). Equal amounts of Ab (μg) were
used for each control IgG and FOSL IP reaction. All Ab were
pre-incubated with 60 μL of protein A/G beads for 4−5 h to
form antibody−bead complexes. Protein lysates (1 mg/IP
reaction) were first pre-cleared with control IgG−bead
complexes for 3 h. The pre-cleared lysates were then incubated
overnight with FOSL1/FOSL2 antibody−bead complexes
(test IP) or the corresponding control IgG−bead complexes
(negative IP control). The pull-down fractions were washed
(following the manufacturer’s protocol) and eluted with an
elution buffer. Test and control IP samples were eluted in
equal volumes of buffer. The eluted protein was vacuum-dried
for MS analysis or run for western blotting.
The Ab used for IP−IB are as follows: anti-FOSL1 (Santa

Cruz Biotechnology, cat no. sc-28310), anti-FOSL2 (Cell
Signaling Technology, cat no. 19967), anti-RUNX1 A-2 (Santa
Cruz Biotechnology, cat no. sc-365644); anti-JUNB C-11
(Santa Cruz Biotechnology, cat no. sc-8051); anti-SIRT1 (Cell
Signaling Technology, cat no. 2496); and anti-JUN (BD
Biosciences, cat no. 610326). Conformation-specific rabbit
HRP (Cell Signaling Technology, cat no. 5127) and mouse
HRP (Cell Signaling Technology, cat no. 58802) were used as
secondary Ab.

5.8. Sample Preparation for Mass Spectrometry
Analysis. The IP eluates for control IgG, FOSL1, and
FOSL2 were denatured with urea buffer (8 M urea, 50 mM
Tris-HCl, and pH 8.0), followed by reduction using
dithiothreitol (10 mM) at 37 °C for 1 h. The reduced cysteine
residues were subsequently alkylated using iodoacetamide (14
mM, in darkness) at room temperature for 30 min. The
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samples were diluted to reduce the urea concentration (<1 M),
followed by digestion with sequencing grade modified trypsin
at 37 °C overnight (16−18 h). The digested peptides were
acidified and then desalted using C18 Stage Tips, prepared in-
house using Empore C18 disks (3M, cat no. 2215). The
desalted samples were dried in a SpeedVac (Savant SPD1010,
Thermo Scientific) and then stored at −80 °C until further
analysis.
For validation measurements, synthetic isotopic analogues

(lysine 13C6
15N2 and arginine 13C6

15N4) were obtained for
unique peptides from selected protein targets identified in the
AP−MS discovery data (Thermo Fisher Scientific). The same
sample preparation procedure was used for the validation
experiments, with the exception that the samples were spiked
with isotope-labeled peptides and MSRT retention time
peptide standards (Sigma-Aldrich), prior to MS analysis.
5.9. LC-MS/MS Analysis. 5.9.1. Data-Dependent Anal-

ysis. The dried peptides were reconstituted in formic acid/
acetonitrile (both 2% in water), and a NanoDrop-1000 UV
spectrophotometer (Thermo Scientific) was used to measure
the peptide amounts. Equivalent aliquots of the digested
peptides were analyzed by LC-MS/MS using an EASY-nLC
1200 coupled to a Q Exactive HF mass spectrometer (Thermo
Fisher Scientific). The peptides were loaded onto a 20 × 0.1
mm i.d. pre-column and separated with a 75 μm × 150 mm
analytical column. The pre and analytical columns were packed
with 5 and 3 μm Reprosil C18 respectively (Dr. Maisch
GmbH). A separation gradient of 5−36% B in 50 min was used
at a flow rate of 300 nL/min (solvent A: 0.1% formic acid in
Milli-Q H2O and solvent B: 80% acetonitrile and 0.1% formic
acid in Milli-Q H2O). The tandem MS spectra were acquired
in a positive ion mode with a data-dependent Top 15
acquisition method at 300−1750 m/z using HCD fragmenta-
tion. The singly and unassigned charged species were excluded
from the fragmentation. MS1 and MS/MS spectra were
acquired in the Orbitrap, at a resolution set to 120,000 and
15,000 (at m/z 200), respectively. The AGC target values for
MS1 and MS/MS were set to 3,000,000 and 50,000 ions, with
maximal injection times of 100 and 150 ms, respectively, and
the lowest mass was fixed at m/z 120. Dynamic exclusion was
set to 20 s. Triplicate analyses were performed for all samples
in randomized batches.
5.9.2. Parallel Reaction Monitoring. Synthetic peptide

analogues for validation targets (Table S5) were analyzed
together with MSRT retention time peptide standards (Sigma-
Aldrich) by LC-MS/MS using an Orbitrap Fusion Lumos mass
spectrometer, coupled to an EASY-nLC (Thermo Fisher
Scientific) with the same column configuration as above. On
the basis of these data, a PRM method was developed for the
analyses of these targets and their endogenous counterparts in
AP validation samples. For the targeted analysis, the peptides
were separated with a 30 min gradient of 8−39% solvent B.
Data were acquired in a PRM mode with an isolation window
setting of 1.6 m/z at a resolution of 15,000 for the Orbitrap,
using a target AGC value of 50,000 and a maximum injection
time of 22 ms.
5.10. Data Analysis. 5.10.1. AP−MS Data. The MS raw

files were searched against a UniProt FASTA sequence
database of the human proteome (downloaded, May 2019,
20415 entries) using Andromeda search engine, incorporated
within MaxQuant software (Version 1.6.0.16).97,98 Trypsin
digestion, with a maximum of two missed cleavages,
carbamidomethylation of cysteine as a fixed modification,

and variable modification of methionine oxidation and N-
terminal acetylation were specified in the searches. A false
discovery rate of 1% was applied at the peptide and protein
levels. MaxQuant’s LFQ algorithm99 was used to calculate the
relative protein intensity profiles across the samples. The
“match between run” option was enabled to perform matching
across the MS measurements.
The proteinGroup.txt file from the MaxQuant output was

further processed using Perseus (Version 1.6.2.3).100 The
output was filtered to remove contaminants, reverse hits, and
proteins only identified by the site. Protein LFQ values were
log2 transformed, and the medians of the technical replicates
were calculated. The data were filtered to retain proteins with
three valid values in at least one group (IgG, FOSL1, and
FOSL2 pull-down). The resulting data matrix was then
analyzed using the MiST algorithm. The algorithm calculates
a MiST score for each of the potential interactors on the basis
of their intensity, consistency, and specificity to the bait.32

MiST score criteria of ≥0.75 for FOSL1 and FOSL2-prey
interaction and ≤0.75 for interaction with IgG were applied.
Furthermore, to eliminate proteins frequently detected as
contaminants in IP experiments, a comparison was made with
a list of proteins that were detected with IgG mock baits in
other T-helper cell studies of our laboratory (these were based
on 126 other IP experiments). We retained those proteins that
were detected with a frequency of less than 40% in the
described in-house database for possible contaminants. Finally,
we listed the top binding partners of FOSL1 and FOSL2 based
on their abundance values in the respective FOSL IP, as
compared to the corresponding IgG control.
Heatmaps for the subsequent list of FOSL1 and FOSL2

interactors, identified across three biological replicates (Pull-
down vs IgG), were plotted using Perseus software. The gray
color in the heatmaps represents the undetected proteins in the
respective IP experiments. The interactors were additionally
mapped against the STRING database, and the assigned PPI
networks were further visualized using Cytoscape.101

5.10.2. Validation Data. Data from analysis of the synthetic
peptides were analyzed using Proteome Discoverer (Version
2.2, Thermo Fisher Scientific), and a FASTA file containing
the sequences of the peptide targets. The MSF file from
Proteome Discoverer was then used to construct a spectral
library in Skyline (v4.2) software102 and define their retention
time indices. Skyline was then used to create scheduled
isolation lists for PRM analysis,102 process the PRM-MS raw
files, and review the transitions and integration of the peptide
peaks. The transition signals of endogenous peptides were
normalized to their heavy counterparts, and the statistical
analysis was performed using in-built MSstats plugin103 on the
basis of sum of transition areas.

5.10.3. Data Availability. The mass spectrometry
proteomics data have been deposited to the ProteomeXchange
Consortium via the PRIDE104 partner repository with the data
set identifier PXD025729. The details of PRM-MS measure-
ments can be found in the Skyline Panorama105 link https://
panoramaweb.org/FOSL1_2_Th17.url and are deposited to
the ProteomeXchange Consortium via the PRIDE partner
repository with the data set identifier PXD025840.

5.11. Cellular Component Analysis Using IPA. To map
the cellular locations of the identified interactors, the list of
binding partners was annotated using the IPA (www.qiagen.
com/ingenuity; Qiagen; March 2019) tool.
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5.12. GO Functional Enrichment Analysis and Net-
works. GO molecular function pie charts and networks were
created using ClueGO and CluePedia plugins from Cytoscape
based on the p value ≤0.05 and corrected using a Bonferroni
step-down method.
5.13. Graphical Representation, Venn Diagrams, and

Statistical Analysis. All graphs were plotted using GraphPad
Prism software (V8.3.0). Two-tailed Student’s t test was used
to calculate the statistical significance. Venn diagrams were
generated using BioVenn.106

5.14. Graphical Illustration for Workflow of the
Study. The pictorial representation for the workflow in Figure
1B was created using BioRender.com..
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Soueidan, H.; Wessels, L.; Stockinger, B.; Lähdesmäki, H.; Lahesmaa,
R. Comparative analysis of human and mouse transcriptomes of Th17
cell priming. Oncotarget 2016, 7, 13416−13428.
(24) Shetty, A.; Tripathi, S. K.; Junttila, S.; Buchacher, T.; Biradar,
R.; Bhosale, S. D.; Envall, T.; Laiho, A.; Moulder, R.; Rasool, O.;
Galande, S.; Elo, L. L.; Lahesmaa, R. The AP-1 factors FOSL1 and
FOSL2 co-regulate human Th17 responses. bioRxiv 2021,
DOI: 10.1101/2021.04.26.441472.
(25) Martínez-Zamudio, R. I.; Roux, P.-F.; de Freitas, J. A. N. L. F.;
Robinson, L.; Doré, G.; Sun, B.; Belenki, D.; Milanovic, M.; Herbig,
U.; Schmitt, C. A. AP-1 imprints a reversible transcriptional
programme of senescent cells. Nat. Cell Biol. 2020, 22, 842−855.
(26) van Dam, H.; Castellazzi, M. Distinct roles of Jun: Fos and Jun:
ATF dimers in oncogenesis. Oncogene 2001, 20, 2453−2464.
(27) Chinenov, Y.; Kerppola, T. K. Close encounters of many kinds:
Fos-Jun interactions that mediate transcription regulatory specificity.
Oncogene 2001, 20, 2438−2452.
(28) Fonseca, G. J.; Tao, J.; Westin, E. M.; Duttke, S. H.; Spann, N.
J.; Strid, T.; Shen, Z.; Stender, J. D.; Sakai, M.; Link, V. M.; Benner,
C.; Glass, C. K. Diverse motif ensembles specify non-redundant DNA
binding activities of AP-1 family members in macrophages. Nat.
Commun. 2019, 10, 414.
(29) Khan, M. M.; Välikangas, T.; Khan, M. H.; Moulder, R.; Ullah,
U.; Bhosale, S. D.; Komsi, E.; Butt, U.; Qiao, X.; Westermarck, J.; Elo,
L. L.; Lahesmaa, R. Protein interactome of the cancerous inhibitor of
protein phosphatase 2A (CIP2A) in Th17 cells. Curr. Res. Immunol.
2020, 1, 10−22.
(30) Meyer, K.; Selbach, M. Quantitative affinity purification mass
spectrometry: a versatile technology to study protein−protein
interactions. Front. Genet. 2015, 6, 237.
(31) Pardo, M.; Choudhary, J. S. Assignment of protein interactions
from affinity purification/mass spectrometry data. J. Proteome Res.
2012, 11, 1462−1474.
(32) Jäger, S.; Cimermancic, P.; Gulbahce, N.; Johnson, J. R.;
McGovern, K. E.; Clarke, S. C.; Shales, M.; Mercenne, G.; Pache, L.;
Li, K. Global landscape of HIV−human protein complexes. Nature
2012, 481, 365−370.
(33) Bouallaga, I.; Massicard, S.; Yaniv, M.; Thierry, F. An
enhanceosome containing the Jun B/Fra-2 heterodimer and the
HMG-I (Y) architectural protein controls HPV18 transcription.
EMBO Rep. 2000, 1, 422−427.
(34) Kumánovics, A.; Chen, O. S.; Li, L.; Bagley, D.; Adkins, E. M.;
Lin, H.; Dingra, N. N.; Outten, C. E.; Keller, G.; Winge, D.; Ward, D.
M.; Kaplan, J. Identification of FRA1 and FRA2 as genes involved in

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c03681
ACS Omega 2021, 6, 24834−24847

24844

https://doi.org/10.1084/jem.20070663
https://doi.org/10.1007/s12026-007-8014-9
https://doi.org/10.1007/s12026-007-8014-9
https://doi.org/10.1146/annurev.immunol.021908.132710
https://doi.org/10.1146/annurev.immunol.021908.132710
https://doi.org/10.1016/j.immuni.2008.03.001
https://doi.org/10.1016/j.immuni.2008.03.001
https://doi.org/10.1186/ar2392
https://doi.org/10.1111/imr.12027
https://doi.org/10.1111/imr.12027
https://doi.org/10.1016/j.jaci.2012.03.034
https://doi.org/10.1111/j.1600-065x.2008.00628.x
https://doi.org/10.1111/j.1600-065x.2008.00628.x
https://doi.org/10.1016/j.cell.2012.09.016
https://doi.org/10.1016/j.cell.2012.09.016
https://doi.org/10.1038/s41467-017-00380-3
https://doi.org/10.1038/s41467-017-00380-3
https://doi.org/10.1038/s41467-017-00380-3
https://doi.org/10.1038/s41598-017-17597-3
https://doi.org/10.1038/s41598-017-17597-3
https://doi.org/10.3389/fimmu.2017.01793
https://doi.org/10.3389/fimmu.2017.01793
https://doi.org/10.3389/fimmu.2017.01793
https://doi.org/10.3389/fimmu.2017.01793
https://doi.org/10.1038/nature08114
https://doi.org/10.1038/nature08114
https://doi.org/10.3389/fimmu.2018.02522
https://doi.org/10.3389/fimmu.2018.02522
https://doi.org/10.3389/fimmu.2018.02522
https://doi.org/10.3390/cancers11071037
https://doi.org/10.3390/cancers11071037
https://doi.org/10.1038/nrc1209
https://doi.org/10.1038/nrc1209
https://doi.org/10.1242/jcs.01589
https://doi.org/10.1242/jcs.01589
https://doi.org/10.1038/sj.onc.1204389
https://doi.org/10.1038/sj.onc.1204389
https://doi.org/10.4049/jimmunol.172.5.2731
https://doi.org/10.4049/jimmunol.172.5.2731
https://doi.org/10.1016/j.isci.2018.12.020
https://doi.org/10.1016/j.isci.2018.12.020
https://doi.org/10.1016/j.isci.2018.12.020
https://doi.org/10.1073/pnas.1401598111
https://doi.org/10.1073/pnas.1401598111
https://doi.org/10.1073/pnas.1222738110
https://doi.org/10.1073/pnas.1222738110
https://doi.org/10.18632/oncotarget.7963
https://doi.org/10.18632/oncotarget.7963
https://doi.org/10.1101/2021.04.26.441472
https://doi.org/10.1101/2021.04.26.441472
https://doi.org/10.1101/2021.04.26.441472?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41556-020-0529-5
https://doi.org/10.1038/s41556-020-0529-5
https://doi.org/10.1038/sj.onc.1204239
https://doi.org/10.1038/sj.onc.1204239
https://doi.org/10.1038/sj.onc.1204385
https://doi.org/10.1038/sj.onc.1204385
https://doi.org/10.1038/s41467-018-08236-0
https://doi.org/10.1038/s41467-018-08236-0
https://doi.org/10.1016/j.crimmu.2020.02.001
https://doi.org/10.1016/j.crimmu.2020.02.001
https://doi.org/10.3389/fgene.2015.00237
https://doi.org/10.3389/fgene.2015.00237
https://doi.org/10.3389/fgene.2015.00237
https://doi.org/10.1021/pr2011632?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/pr2011632?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nature10719
https://doi.org/10.1093/embo-reports/kvd091
https://doi.org/10.1093/embo-reports/kvd091
https://doi.org/10.1093/embo-reports/kvd091
https://doi.org/10.1074/jbc.m801160200
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c03681?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


regulating the yeast iron regulon in response to decreased
mitochondrial iron-sulfur cluster synthesis. J. Biol. Chem. 2008, 283,
10276−10286.
(35) Jordan, J. D.; Landau, E. M.; Iyengar, R. Signaling networks: the
origins of cellular multitasking. Cell 2000, 103, 193−200.
(36) Song, Y.; Song, S.; Zhang, D.; Zhang, Y.; Chen, L.; Qian, L.;
Shi, M.; Zhao, H.; Jiang, Z.; Guo, N. An association of a simultaneous
nuclear and cytoplasmic localization of Fra-1 with breast malignancy.
BMC Cancer 2006, 6, 298.
(37) Cobellis, G.; Meccariello, R.; Minucci, S.; Palmiero, C.;
Pierantoni, R.; Fasano, S. Cytoplasmic versus nuclear localization of
Fos-related proteins in the frog, Rana esculenta, testis: in vivo and
direct in vitro effect of a gonadotropin-releasing hormone agonist.
Biol. Reprod. 2003, 68, 954−960.
(38) Fu, J.; Cheng, L.; Wang, Y.; Yuan, P.; Xu, X.; Ding, L.; Zhang,
H.; Jiang, K.; Song, H.; Chen, Z.; Ye, Q. The RNA-binding protein
RBPMS1 represses AP-1 signaling and regulates breast cancer cell
proliferation and migration. Biochim. Biophys. Acta, Mol. Cell Res.
2015, 1853, 1−13.
(39) Huber, R.; Stuhlmüller, B.; Kunisch, E.; Kinne, R. W.
Discrepancy between Jun/Fos proto-oncogene mRNA and protein
expression in the rheumatoid arthritis synovial membrane. J 2020, 3,
181−194.
(40) Peng, S. S.-Y.; Chen, C. Y. A.; Xu, N.; Shyu, A. B. RNA
stabilization by the AU-rich element binding protein, HuR, an ELAV
protein. EMBO J. 1998, 17, 3461−3470.
(41) Chagnovich, D.; Cohn, S. L. Activity of a 40 kDa RNA-binding
protein correlates with MYCN and c-fos mRNA stability in human
neuroblastoma. Eur. J. Cancer 1997, 33, 2064−2067.
(42) Mino, T.; Takeuchi, O. Post-transcriptional regulation of
immune responses by RNA binding proteins. Proc. Jpn. Acad., Ser. B
2018, 94, 248−258.
(43) Ansa-Addo, E. A.; Huang, H.-C.; Riesenberg, B.; Iamsawat, S.;
Borucki, D.; Nelson, M. H.; Nam, J. H.; Chung, D.; Paulos, C. M.;
Liu, B.; Yu, X.-Z.; Philpott, C.; Howe, P. H.; Li, Z. RNA binding
protein PCBP1 is an intracellular immune checkpoint for shaping T
cell responses in cancer immunity. Sci. Adv. 2020, 6, No. eaaz3865.
(44) Chen, J.; Martindale, J. L.; Abdelmohsen, K.; Kumar, G.;
Fortina, P. M.; Gorospe, M.; Rostami, A.; Yu, S. RNA-binding protein
HuR promotes Th17 cell differentiation and can be targeted to reduce
autoimmune neuroinflammation. J. Immunol. 2020, 204, 2076−2087.
(45) Vogel, K. U.; Bell, L. S.; Galloway, A.; Ahlfors, H.; Turner, M.
The RNA-binding proteins Zfp36l1 and Zfp36l2 enforce the thymic
β-selection checkpoint by limiting DNA damage response signaling
and cell cycle progression. J. Immunol. 2016, 197, 2673−2685.
(46) Lee, H. H.; Yoon, N. A.; Vo, M.-T.; Kim, C. W.; Woo, J. M.;
Cha, H. J.; Cho, Y. W.; Lee, B. J.; Cho, W. J.; Park, J. W.
Tristetraprolin down-regulates IL-17 through mRNA destabilization.
FEBS Lett. 2012, 586, 41−46.
(47) Peng, H.; Ning, H.; Wang, Q.; Lai, J.; Wei, L.; Stumpo, D. J.;
Blackshear, P. J.; Fu, M.; Hou, R.; Hoft, D. F.; Liu, J. Tristetraprolin
Regulates TH17 Cell Function and Ameliorates DSS-Induced Colitis
in Mice. Front. Immunol. 2020, 11, 1952.
(48) Yoshinaga, M.; Takeuchi, O. RNA binding proteins in the
control of autoimmune diseases. Immunol. Med. 2019, 42, 53−64.
(49) Jeltsch, K. M.; Hu, D.; Brenner, S.; Zöller, J.; Heinz, G. A.;
Nagel, D.; Vogel, K. U.; Rehage, N.; Warth, S. C.; Edelmann, S. L.;
Gloury, R.; Martin, N.; Lohs, C.; Lech, M.; Stehklein, J. E.; Geerlof,
A.; Kremmer, E.; Weber, A.; Anders, H.-J.; Schmitz, I.; Schmidt-
Supprian, M.; Fu, M.; Holtmann, H.; Krappmann, D.; Ruland, J.;
Kallies, A.; Heikenwalder, M.; Heissmeyer, V. Cleavage of roquin and
regnase-1 by the paracaspase MALT1 releases their cooperatively
repressed targets to promote TH 17 differentiation. Nat. Immunol.
2014, 15, 1079−1089.
(50) Zhang, Y.; Wei, Z.; Dong, H.; Zhou, J.; Yuan, J.; Ni, B.; Wu, Y.;
Han, C.; Tian, Y. Regulation of mRNA stability by RBPs and
noncoding RNAs contributing to the pathogenicity of Th17 cells.
RNA Biol. 2021, 18, 647−656.

(51) Takeuchi, O. Endonuclease Regnase-1/Monocyte chemotactic
protein-1-induced protein-1 (MCPIP1) in controlling immune
responses and beyond. Wiley Interdiscip. Rev.: RNA 2018, 9,
No. e1449.
(52) Lykke-Andersen, J.; Wagner, E. Recruitment and activation of
mRNA decay enzymes by two ARE-mediated decay activation
domains in the proteins TTP and BRF-1. Genes Dev. 2005, 19,
351−361.
(53) Lejeune, F.; Li, X.; Maquat, L. E. Nonsense-mediated mRNA
decay in mammalian cells involves decapping, deadenylating, and
exonucleolytic activities. Mol. Cell 2003, 12, 675−687.
(54) Díaz-Muñoz, M. D.; Turner, M. Uncovering the role of RNA-
binding proteins in gene expression in the immune system. Front.
Immunol. 2018, 9, 1094.
(55) Hatano, M.; Umemura, M.; Kimura, N.; Yamazaki, T.; Takeda,
H.; Nakano, H.; Takahashi, S.; Takahashi, Y. The 5′-untranslated
region regulates ATF 5 m RNA stability via nonsense-mediated m
RNA decay in response to environmental stress. FEBS J. 2013, 280,
4693−4707.
(56) Babitzke, P.; Baker, C. S.; Romeo, T. Regulation of translation
initiation by RNA binding proteins. Annu. Rev. Microbiol. 2009, 63,
27−44.
(57) Hinnebusch, A. G. The scanning mechanism of eukaryotic
translation initiation. Annu. Rev. Biochem. 2014, 83, 779−812.
(58) Patel, P. S.; Walters, B.; Orlen, M.; Volkova, A.; Ruggles, K.;
Park, C.; Schneider, R. Eukaryotic Translation Initiation Factor 4E
(eIF4E) is Required for Development of T Follicular Helper Cells and
Pathogenesis of Autoimmune Encephalitis. J. Immunol. 2020, 204,
160.1.
(59) Wu, T.; Lei, Y.; Jin, S.; Zhao, Q.; Cheng, W.; Xi, Y.; Wang, L.;
Wang, Z.; Niu, X.; Chen, G. miRNA-467b inhibits Th17 differ-
entiation by targeting eIF4E in experimental autoimmune encepha-
lomyelitis. Mol. Immunol. 2021, 133, 23−33.
(60) Perna, S.; Pinoli, P.; Ceri, S.; Wong, L. NAUTICA: classifying
transcription factor interactions by positional and protein-protein
interaction information. Biol. Direct 2020, 15, 13.
(61) Zhang, F.; Meng, G.; Strober, W. Interactions among the
transcription factors Runx1, RORγt and Foxp3 regulate the
differentiation of interleukin 17−producing T cells. Nat. Immunol.
2008, 9, 1297−1306.
(62) Lim, H. W.; Kang, S. G.; Ryu, J. K.; Schilling, B.; Fei, M.; Lee, I.
S.; Kehasse, A.; Shirakawa, K.; Yokoyama, M.; Schnölzer, M.; Kasler,
H. G.; Kwon, H.-S.; Gibson, B. W.; Sato, H.; Akassoglou, K.; Xiao, C.;
Littman, D. R.; Ott, M.; Verdin, E. SIRT1 deacetylates RORγt and
enhances Th17 cell generation. J. Exp. Med. 2015, 212, 607−617.
(63) Ma, S.; Cho, B. S.; Li, Y.; Abbasi, N.; Yee, B. A.; Sun, G.; Luo,
C.; Chang, J. T.; Zhou, B.; Fu, X.-d.; Yeo, G. W.; Huang, W. J. M.
RNA adenosine deaminase ADAR2 modulates T helper 17 cell
effector function. bioRxiv 2020, DOI: 10.1101/2020.09.22.308221.
(64) Rehage, N.; Davydova, E.; Conrad, C.; Behrens, G.; Maiser, A.;
Stehklein, J. E.; Brenner, S.; Klein, J.; Jeridi, A.; Hoffmann, A.; Lee, E.;
Dianzani, U.; Willemsen, R.; Feederle, R.; Reiche, K.; Hackermüller,
J.; Leonhardt, H.; Sharma, S.; Niessing, D.; Heissmeyer, V. Binding of
NUFIP2 to Roquin promotes recognition and regulation of ICOS
mRNA. Nat. Commun. 2018, 9, 299.
(65) Essig, K.; Hu, D.; Guimaraes, J. C.; Alterauge, D.; Edelmann, S.;
Raj, T.; Kranich, J.; Behrens, G.; Heiseke, A.; Floess, S.; Klein, J.;
Maiser, A.; Marschall, S.; Hrabe ̆ de Angelis, M.; Leonhardt, H.;
Calkhoven, C. F.; Noessner, E.; Brocker, T.; Huehn, J.; Krug, A. B.;
Zavolan, M.; Baumjohann, D.; Heissmeyer, V. Roquin suppresses the
PI3K-mTOR signaling pathway to inhibit T helper cell differentiation
and conversion of Treg to Tfr cells. Immunity 2017, 47, 1067−
1082.e12.
(66) Paulos, C. M.; Carpenito, C.; Plesa, G.; Suhoski, M. M.; Varela-
Rohena, A.; Golovina, T. N.; Carroll, R. G.; Riley, J. L.; June, C. H.
The inducible costimulator (ICOS) is critical for the development of
human TH17 cells. Sci. Transl. Med. 2010, 2, 55ra78.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c03681
ACS Omega 2021, 6, 24834−24847

24845

https://doi.org/10.1074/jbc.m801160200
https://doi.org/10.1074/jbc.m801160200
https://doi.org/10.1016/s0092-8674(00)00112-4
https://doi.org/10.1016/s0092-8674(00)00112-4
https://doi.org/10.1186/1471-2407-6-298
https://doi.org/10.1186/1471-2407-6-298
https://doi.org/10.1095/biolreprod.102.008938
https://doi.org/10.1095/biolreprod.102.008938
https://doi.org/10.1095/biolreprod.102.008938
https://doi.org/10.1016/j.bbamcr.2014.09.022
https://doi.org/10.1016/j.bbamcr.2014.09.022
https://doi.org/10.1016/j.bbamcr.2014.09.022
https://doi.org/10.3390/j3020015
https://doi.org/10.3390/j3020015
https://doi.org/10.1093/emboj/17.12.3461
https://doi.org/10.1093/emboj/17.12.3461
https://doi.org/10.1093/emboj/17.12.3461
https://doi.org/10.1016/s0959-8049(97)00208-6
https://doi.org/10.1016/s0959-8049(97)00208-6
https://doi.org/10.1016/s0959-8049(97)00208-6
https://doi.org/10.2183/pjab.94.017
https://doi.org/10.2183/pjab.94.017
https://doi.org/10.1126/sciadv.aaz3865
https://doi.org/10.1126/sciadv.aaz3865
https://doi.org/10.1126/sciadv.aaz3865
https://doi.org/10.4049/jimmunol.1900769
https://doi.org/10.4049/jimmunol.1900769
https://doi.org/10.4049/jimmunol.1900769
https://doi.org/10.4049/jimmunol.1600854
https://doi.org/10.4049/jimmunol.1600854
https://doi.org/10.4049/jimmunol.1600854
https://doi.org/10.1016/j.febslet.2011.11.021
https://doi.org/10.3389/fimmu.2020.01952
https://doi.org/10.3389/fimmu.2020.01952
https://doi.org/10.3389/fimmu.2020.01952
https://doi.org/10.1080/25785826.2019.1655192
https://doi.org/10.1080/25785826.2019.1655192
https://doi.org/10.1038/ni.3008
https://doi.org/10.1038/ni.3008
https://doi.org/10.1038/ni.3008
https://doi.org/10.1080/15476286.2020.1862567
https://doi.org/10.1080/15476286.2020.1862567
https://doi.org/10.1002/wrna.1449
https://doi.org/10.1002/wrna.1449
https://doi.org/10.1002/wrna.1449
https://doi.org/10.1101/gad.1282305
https://doi.org/10.1101/gad.1282305
https://doi.org/10.1101/gad.1282305
https://doi.org/10.1016/s1097-2765(03)00349-6
https://doi.org/10.1016/s1097-2765(03)00349-6
https://doi.org/10.1016/s1097-2765(03)00349-6
https://doi.org/10.3389/fimmu.2018.01094
https://doi.org/10.3389/fimmu.2018.01094
https://doi.org/10.1111/febs.12440
https://doi.org/10.1111/febs.12440
https://doi.org/10.1111/febs.12440
https://doi.org/10.1146/annurev.micro.091208.073514
https://doi.org/10.1146/annurev.micro.091208.073514
https://doi.org/10.1146/annurev-biochem-060713-035802
https://doi.org/10.1146/annurev-biochem-060713-035802
https://doi.org/10.1016/j.molimm.2021.02.008
https://doi.org/10.1016/j.molimm.2021.02.008
https://doi.org/10.1016/j.molimm.2021.02.008
https://doi.org/10.1186/s13062-020-00268-1
https://doi.org/10.1186/s13062-020-00268-1
https://doi.org/10.1186/s13062-020-00268-1
https://doi.org/10.1038/ni.1663
https://doi.org/10.1038/ni.1663
https://doi.org/10.1038/ni.1663
https://doi.org/10.1084/jem.20132378
https://doi.org/10.1084/jem.20132378
https://doi.org/10.1101/2020.09.22.308221
https://doi.org/10.1101/2020.09.22.308221
https://doi.org/10.1101/2020.09.22.308221?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-017-02582-1
https://doi.org/10.1038/s41467-017-02582-1
https://doi.org/10.1038/s41467-017-02582-1
https://doi.org/10.1016/j.immuni.2017.11.008
https://doi.org/10.1016/j.immuni.2017.11.008
https://doi.org/10.1016/j.immuni.2017.11.008
https://doi.org/10.1126/scitranslmed.3000448
https://doi.org/10.1126/scitranslmed.3000448
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c03681?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(67) Du, J.; Wang, Q.; Ziegler, S. F.; Zhou, B. FOXP3 interacts with
hnRNPF to modulate pre-mRNA alternative splicing. J. Biol. Chem.
2018, 293, 10235−10244.
(68) Ichiyama, K.; Yoshida, H.; Wakabayashi, Y.; Chinen, T.; Saeki,
K.; Nakaya, M.; Takaesu, G.; Hori, S.; Yoshimura, A.; Kobayashi, T.
Foxp3 inhibits RORγt-mediated IL-17A mRNA transcription through
direct interaction with RORγt. J. Biol. Chem. 2008, 283, 17003−
17008.
(69) Zhou, L.; Lopes, J. E.; Chong, M. M. W.; Ivanov, I. I.; Min, R.;
Victora, G. D.; Shen, Y.; Du, J.; Rubtsov, Y. P.; Rudensky, A. Y.;
Ziegler, S. F.; Littman, D. R. TGF-β-induced Foxp3 inhibits TH 17
cell differentiation by antagonizing RORγt function. Nature 2008,
453, 236−240.
(70) He, P.; Zhang, Z.; Liao, W.; Xu, D.; Fu, M.; Kang, Y. Screening
of gene signatures for rheumatoid arthritis and osteoarthritis based on
bioinformatics analysis. Mol. Med. Rep. 2016, 14, 1587−1593.
(71) Mohammad, I.; Nousiainen, K.; Bhosale, S. D.; Starskaia, I.;
Moulder, R.; Rokka, A.; Cheng, F.; Mohanasundaram, P.; Eriksson, J.
E.; Goodlett, D. R.; Lähdesmäki, H.; Chen, Z. Quantitative proteomic
characterization and comparison of T helper 17 and induced
regulatory T cells. PLoS Biol. 2018, 16, No. e2004194.
(72) Brauner, S.; Jiang, X.; Thorlacius, G. E.; Lundberg, A. M.;
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