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Erdrl Drives Macrophage Programming via Dynamic Interplay
with YAP1 and Midl
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ABSTRACT

Erythroid differentiation regulator 1 (Erdrl) is a stress-induced, widely expressed, highly conserved secreted factor found in both humans
and mice. Erdrl is linked with the Hippo-YAP1 signaling. Initially identified as an inducer of hemoglobin synthesis, Erdrl emerged as a
multifunctional protein, especially in immune cells. Although Erdrl has been implicated in regulating T cells and NK cell function, its role
in macrophage remains unclear. This study explored the function and mechanism of Erdrl in macrophage inflammatory response. The
data demonstrated that Erdrl could promote anti-inflammatory cytokine production, a function that also has been reported by previous
research. However, | found Erdrl also could play a proinflammatory role. The function of Erdrl in macrophages depends on its dose and

cell density. | observed that Erdrl expression was inhibited in M1 macrophages but was upregulated in M2 macrophages compared with
unpolarized macrophages. | hypothesized that Erdrl balances the inflammatory response by binding with distinct adaptors dependent on
varying concentrations. Mechanistically, | demonstrated YAP1 and Midl as the two adaptor proteins of Erdrl. The Erdrl-YAP1 interaction
promotes anti-inflammatory cytokine production when Erdrl levels are elevated, whereas the Erdrl—-Midl interaction induces proinflammatory
cytokine production when Erdrl levels are decreased. This study highlights the effects of Erdrl on regulating cytokine production from
polarized macrophages potentially by regulating YAP1 in the nonclassical Hippo pathway. ImmunoHorizons, 2024, 8: 198-213.

INTRODUCTION

Erdrl was initially identified as a stress-induced factor that acts
as a hemoglobin synthesis-inducing factor in leukemia cells and
is highly conserved between humans and mice (1, 2). Subse-
quent research has been demonstrated to highlight its important
role in immune response (3-6). Erdrl has been shown to play a
critical role in T cell proliferation, activation (3, 4), and apopto-
sis (5). Recombinant Erdrl protein treatment strengthens TCR
signal in T cells by enhancing calcium influx (3) and PLC¥1 sig-
naling (4) upon activation by CD3 Ab in vitro. In vivo, it signifi-
cantly promotes thymocyte proliferation (3). However, Erdrl
has also been found to promote Treg cell activation (7), and en-
dogenous overexpression of Erdrl induces T cell apoptosis upon
activation (5). The conflicting functions of Erdrl on T cells are

most likely due to the Erdrl concentration and cell context.
Apart from T cells, Erdrl protein has also been shown to boost
NK cell activation by promoting F-actin accumulation (6). Addi-
tionally, Erdrl has been implicated in the pathogenesis of inflam-
matory disorders such as psoriasis (8) and rosacea (9). Notably,
Erdrl was downregulated in these patients and has a negative
correlation with the proinflammatory cytokine IL-18 (9, 10), a
readout cytokine of the inflammasome (11, 12). Animal experi-
ments have manifested the broadly anti-inflammatory effect of
Erdrl protein in treating inflammatory disorders such as psoria-
sis (10), rosacea (9), colitis (13), and arthritis (7). Erdrl has also
been reported to play a negative role in macrophage migration
(14). However, the precise function and mechanism of Erdrl in
macrophages remain largely unexplored. I noted that Erdrl
was upregulated in anti-inflammatory macrophages and
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downregulated in proinflammatory macrophages compared
with naive macrophages. The preliminary data suggested that
Erdrl exhibits a dose-dependent, bell-shaped effect on the mac-
rophage inflammatory response. I propose that Erdrl performs
this role by interacting with different adaptor proteins, enabled
by alterations in its structure triggered by fluctuating concen-
trations. I aim to investigate the candidate adaptors of Erdrl
and uncover the mechanism of Erdrl in macrophages.

Previous research has demonstrated that secreted Erdrl me-
diates cellular adaptation; it promotes cell survival at low con-
centrations and low cell density but enhances cell death at high
concentrations and high cell density (1), indicating that Erdrl is
involved in maintaining cellular homeostasis. Moreover, Erdrl
has been shown to exhibit conformational changes at the sites of
cell-cell contact (1). Contact inhibition is a mechanism that regu-
lates cell proliferation by modulating the Hippo-YAPI signaling
pathway (15-17). These findings suggest that Erdrl may be asso-
ciated with YAP1. Furthermore, I have discovered a strong cor-
relation between Erdrl and YAP1 in previous studies (5, 18-21).
Firstly, Erdrl has been found to directly regulate YAPI signaling.
For instance, in T cells, the overexpression of Erdrl augments
the expression of YAP1 and its signature gene (Amotll) following
T cell stimulation (5). Secondly, YAP1 knockout has been shown
to affect Erdrl expression. In Treg cells, YAP1 knockout promi-
nently upregulates Erdrl upon stimulation (19), and similarly,
YAP1 knockout leads to a remarkable increase in Erdrl expres-
sion in Miller glia cells during degeneration induction (20).
Meanwhile, the knockout of YAP1 in mouse incisor epithelium
leads to a significant downregulation of Erdrl (18). Given the
robust correlation between Erdrl and YAP], I hypothesized that
YAPI1 is one of the adaptors of Erdrl.

The preliminary data demonstrated that Erdrl has a strong
interaction with YAPI in the cytoplasm in anti-inflammatory but
not in proinflammatory macrophages. I predicted Erdrl drives
an anti-inflammatory state by directly interacting with YAP1 and
can also promote macrophage proinflammatory reprogramming
by disconnecting with YAP1 and binding to Midl, another candi-
date adaptor of Erdrl. Midl is a highly conserved gene expressed
ubiquitously in humans and mice (22). Initially identified for its
essential role in development (22), Mid1 has also been shown to
play a crucial role in macrophage activation (23-25). My hypoth-
esis is based on several lines of evidence. Firstly, Erdrl and Midl
are closely linked in gene mapping, because they are neighboring
genes located in the PAR region of the sex chromosomes X and
Y in mice (26-28). Secondly, previous studies have established a
functional connection between Midl and both Erdrl (19, 29-46)
and YAP1 (19, 47, 48), as well as YAP1 downstream genes such
as CTGF (49), Cry61 (29, 34, 38, 49), and IL-18 (25, 30, 49).
Thirdly, Erdrl and Mid1 are known to play a shared role in reg-
ulating YAP1 signature gene expression (30, 49, 50). Fourthly,
Midl is a zinc finger protein with three zinc finger domains
and multiple zinc-binding sites that are critical for its function.
Erdrl contains the HESTH sequence (118-122), representing a
potent zinc-binding motif known as HEXXH (51). Notably,
Erdrl and Midl are involved in dysregulated intracellular zinc
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signaling (32). They are likely involved in intracellular zinc mobi-
lization through the formation of an Erdrl-Midl zinc channel.
Overall, the hypothesis posits that Erdrl dual-regulates the
macrophage inflammatory response through dynamic interac-
tions with YAP1 and Midl. As an intrinsically disordered pro-
tein (52), Erdrl lacks a fixed structure and has the potential to
play multiple functions by dynamically and cooperatively bind-
ing to partners.

Mechanistically, I demonstrate that Erdrl dynamically mod-
ulates macrophage inflammatory response by interacting with
YAP1 and Midl through distinct domains. Upregulated Erdrl
sequesters YAP1 directly in the cytoplasm and drives macro-
phage proinflammatory response. Conversely, downregulated
Erdrl primes the macrophage anti-inflammatory response by
disconnecting from YAP1 and interacting with Midl. More
importantly, this study highlights the effects of Erdrl on regu-
lating cytokine production from polarized macrophages poten-
tially by regulating YAP1 in the nonclassical Hippo pathway.

MATERIALS AND METHODS

Cell culture

293T and HeLa cells were cultured with DMEM in the presence
of 10% FBS, 100 ITU/ml penicillin, and 100 pg/ml streptomycin.
RAW246.7 were cultured with RPMI 1640 medium in the
presence of 10% FBS, 100 IU/ml penicillin, and 100 pg/ml
streptomycin.

Mouse bone marrow-derived macrophages

C57BL/6 mice were killed, and the femurs were removed. Bone
marrow was harvested by flushing with bone marrow-derived
macrophage (BMDM) medium (RPMI 1640 medium sup-
plemented with 10% FBS, antibiotics, L-glutamine, and 10 p.g/ml
M-CSF). The harvested cells were centrifuged at 300g for
10 min and were treated with ACK lysis buffer (ThermoFisher,
A1049201) for 1 min to remove RBCs. ACK lysis buffer was neu-
tralized by adding 10 volumes of PBS, and the cells were spun
down at 300g for 10 min. The pelleted cells were resuspended in
BMDM medium and were plated at 0.6 x 10° cells/ml for cul-
ture. The medium was replaced on days 4, 5, and 6 of culture
before cell use on day 7. In some experiments, BMDMs were
treated with indicated concentrations of LPS, IL-4, or purified
Erdrl proteins. Some experiments seed different cell densities
as indicated. All animal studies were approved by the University
of Towa Animal Care and Use Committee and meet stipulations
of the Guide for the Care and Use of Laboratory Animals.

Plasmid preparation and transduction

Full-length Erdrl (Erdrl-177) and Erdrl deficiency C-terminal
32 amino acids (Erdrl-145) with C-terminal hemagglutinin (HA)
tags was synthesized (GenScript) and cloned into pcDNA3.1 plas-
mid using In-Fusion cloning (Clontech). YAP1 and Midl with
C-terminal Flag were synthesized (GenScript) and cloned into
pcDNA3.1 plasmid using In-Fusion cloning (Clontech). Plasmids
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were sequenced before use. For transient expression, the plas-
mids were transfected into 293 T cells or HeLa cells using
Lipofectamine 3000 transfection reagent (Life Technologies)
according to the manufacturer’s instructions. Lentiviral vectors
were prepared as follows: For gene knockout, Erdrl, Midl, and
YAPI Crispr/Cas9 knockout transfer plasmid were purchased
from GenScript. For Erdrl overexpression, full-length Erdrl
(Erdr1-177) C-terminal HA tags were cloned into pHAGE vec-
tor. Lentivirus was produced by transferring lentiviral vectors
(transfer plasmid, psPAX2, and pMD2.G) into 293T cells following
transfection protocol. Once produced, lentivirus was used for in-
fection macrophage with different multiplicities of infection.

Cell viability assay

Cell viability was assessed by MTT assay. The MTT assay kit
was purchased from Abcam (ab211091), and the assays were
performed according to the manufacturer’s protocol.

Coimmunoprecipitation assay

Cells were harvested with ice-cold PBS. Cell pellets were then
lysed in immunoprecipitation buffer (IP lysis buffer: 25 mM
Tris-HCI [pH 7.4], 150 mM NaCl, 1 mM EDTA, 1% Nonidet
P-40, and 5% glycerol, 1 mM DTT, and 1 x protease/phosphatase
inhibitors) for 30min on ice and cleared by centrifugation at
13,000¢ for 15 min. The Erdrl-HA + YAPI-Flag or Erdrl-HA +
Midl-Flag was immunoprecipitated by anti-Flag M2 magnetic
beads for 2 h, rotating end over end at 4°C. After the beads
were pelleted and washed three times with IP lysis buffer, the
immunocomplexes containing the Flag-tagged interaction protein
were then prior to elution with 2x SDS sample buffer for 5min
at 95°C, followed by immunoblotting analysis.

Recombinant Erdrl

Generation of recombinant Erdrl was performed by following
protocol. Briefly, Erdrl-177 and Erdrl-145 with C-terminal His
tag was cloned into the pET28a vector. Escherichia coli was
transformed with this plasmid and cultured in medium contain-
ing ampicillin. Isopropyl B-p-thiogalactoside was introduced for
protein induction. Erdrl-177-His and Erdrl-145-His were puri-
fied on a nickel column, and purity was >95% as confirmed by
SDS-PAGE and immunoblotting. Potential endotoxin was
removed using high-capacity endotoxin-removing spin col-
umns (88274, ThermoFisher).

Anti-Erdrl polyclonal Ab

Anti-Erdrl peptide Ab (36-51 amino acids of Erdrl, N-RAPR
PPRHTRHTRHTR-C) was received as a gift from Dr. June
Round at Utah University (5). Erdrl-neutralizing Abs were
received as a gift from Dr. Timothy L. Denning (13).

Immunofluorescence

The cells were seeded into 24-well plates containing 12-mm
coated coverslips (Platinum Line). After the indicated culture
or treatment times, the cells were fixed by incubation with
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PBS containing 4% (w/v) paraformaldehyde (Merck, catalog
no. 104005100) for 15 min at room temperature. After washing
three times with PBS for 5 min, the fixed cells were blocked
and permeabilized by incubation with 500 pl of methanol for
5 min. PBS containing 5% (w/v) horse serum (Sigma, catalog
no. A7906) were used for blocking for 1 h at room tempera-
ture. Primary Abs (Supplemental Table I) were diluted in
5% (w/v) horse serum/PBS and applied to coverslips and incu-
bated at 4°C overnight. After three washes with PBS, the cover-
slips were incubated with secondary Ab diluted in 5% (w/v)
horse serum/PBS at room temperature for 1 h. The cells were
washed three times with PBS. The cells were stained nucleic
and mounted onto glass slides using antifade mounting medium
with DAPI (Vectashield). The slides were viewed using a Zeiss
LSM 710 confocal microscope.

Immunoblotting

Total cell extracts were lysed using radioimmunoprecipitation
assay buffer, which was supplemented with Complete mini pro-
tease inhibitor cocktail and phosphatase inhibitor cocktail from
Roche. The lysates were put on ice for a period of 30 min and
vortexed every 5 min. Following centrifugation at 15,000 rpm for
15 min at 4°C, the supernatants were collected. The proteins
were resolved on a SDS polyacrylamide gel and transferred to
a 0.45-pm polyvinylidene difluoride membrane. For immuno-
blot analysis, the indicated primary Abs were used and listed
in Supplemental Table I and were used at 1,000-fold dilution.
HRP-conjugated secondary Abs were used depending on the
host species of the primary Abs.

Intracellular free zinc detection

Detecting intracellular zinc by using a commercial zinc indicator
(FluoZin-3-acetoxymethyl ester; Invitrogen catalog no. F24195).
In brief, RAW246.7 cells were cultured in 96-well plates with
0.6 x 10° cells/ml and cultured overnight. I washed the cells
with PBS twice and then treated them with 1 pg/ml LPS,
10 pM ZnCl,, the indicated Erdrl protein, and 1 pM FluoZin-
3-acetoxymethyl ester in serum-free medium. The, I measured
the fluorescence (excitation/emission, 494/516) at the indicated
time points with a well plate reader.

Cytokines quantification

IL-1B quantification was performed by harvesting cell superna-
tants at the indicated time points and treatment and assaying
for IL-1B levels using a mouse IL-13 ELISA kit (DY401-050),
according to the manufacturer’s protocol.

Quantitative PCR and primers

Total RNA was extracted from macrophages at the indicated
time points and treatment using TRIzol reagent (Invitrogen).
Then 2 pg of RNA were used for cDNA synthesis, and 2 pl
of cDNA were added to 23 pl of PCR mixture containing
2x SYBR Green Master Mix (ABI) and 0.2 pM of forward
and reverse primers. Amplification was performed in an ABI
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Prism 7500 thermocycler. The genes and forward and reverse
primers are shown in Supplemental Table II. Cycle threshold
(Ct) values were normalized to those of the housekeeping gene
B-actin by the following equation: ACt = Ct (gene of interest) —
Ct (B-actin). All results are shown as a ratio to -actin calculated
as 2 — (ACt).

Statistics

The p values of dynamic intracellular free zinc mobilization
were determined by two-way ANOVA as specified in the fig-
ure legends. A Student t test was used to analyze differences
in mean values between groups. All results are expressed as
means * SD. The p values less than 0.05 were considered sta-
tistically significant: *p < 0.05, **p <0.01, ***p < 0.001, and
**x%p < 0.0001.

RESULTS

Erdrl is distinctly regulated in macrophage
proinflammatory and anti-inflammatory response
Macrophages can be polarized into proinflammatory M1 macro-
phages and anti-inflammatory M2 macrophages by different in-
ducers (53, 54). I first investigated whether Erdrl regulation
occurs during the macrophage polarization process. To induce
polarization, I treated MO macrophages (bone marrow-derived
macrophages [BMDM:s]) with 1 pg/ml of LPS for 24 h to obtain
M1 macrophages or with 20 ng/ml of IL-4 for 24 h to derive
M2 macrophages. I confirmed M1 marker genes (IL-18, IL-6,
and TNF) and M2 marker gene (IL-10 and TGFR) expression
by quantitative PCR (qQPCR) (data not shown). I noted a sig-
nificant reduction in Erdrl expression in M1 macrophages
(Fig. 1A, 1B; Supplemental Fig. 1A), whereas it was markedly
increased in M2 macrophages (Fig. 1A, 1B), compared with
MO macrophages. Further, I investigated the secretion and
accumulation of Erdrl in the supernatant of M1 and M2
macrophages. Immunoblot analysis showed a substantial in-
crease of Erdrl presence in the supernatant of M2 macro-
phages when compared with MO macrophages (Fig. 1B).
Interestingly, a significant elevation in Erdrl levels was also
observed in the supernatant of M1 macrophages (Fig. 1A,
1B; Supplemental Fig. 1A), despite the decrease in endoge-
nous Erdrl expression. Given that Erdrl is known to be rap-
idly released from cells under stress through blebs or vesicles
@, 2), the increased secretion of Erdrl in the medium of M1
macrophages might represent a mechanism to swiftly reduce in-
tracellular Erdrl levels rather than being an indicator of induced
expression. I further examined the subcellular localization of
Erdrl in the polarized macrophage, employing immunofluores-
cence techniques. My findings reveal Erdrl has an increased
nuclear localization ratio in M1 macrophage but an increased
cytoplasm localization ratio in M2 macrophage compared with
the MO macrophage (Fig. 1C). ImageJ analysis confirmed
these findings (Fig. 1D). These observations suggest that
Erdrl displays distinct expression and localization patterns in
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M1 and M2 macrophages, indicating that Erdrl may have dual
roles in the inflammatory responses of macrophages.

Erdrl exhibits a dose-dependent bell-shaped effect on
LPS-induced IL-1B production in macrophages

IL-1B is one of the most important proinflammatory cytokines
induced in M1 macrophages (53, 54). IL-1B is processed during
the inflammasome activation process, similarly to IL-18 (11, 12).
Erdrl has been shown to have a negative correlation with IL-18
(55). I further aimed to elucidate the function of Erdrl in regu-
lating IL-1B production in M1 macrophages. Because I observed
that Erdrl exhibits both endogenous regulation and induced
secretion during macrophage activation, I conducted experi-
ments to investigate how intrinsic and extrinsic Erdrl affect
the production of IL-1B in response to LPS stimulation.

First, I assessed the endogenous Erdrl function in LPS-
induced IL-1B production. MO macrophages were genetically
modified to either knock out or overexpress Erdrl through trans-
duction with Erdrl CRISPR/Cas9 knockout or Erdrl overexpres-
sion lentiviruses, respectively, and I confirmed Erdrl expression
by qPCR (Fig. 2A, 2D). I observed that Erdrl knockdown signifi-
cantly suppressed LPS-induced IL-1B production (Fig. 2B, 2C).
Interestingly, I observed that moderate overexpression of Erdrl
(Erdrl OEl, ~4.3-fold higher) dramatically enhanced LPS-
induced IL-1B production, whereas a high-level overexpression
of Erdrl (Erdrl OE2, ~28.6-fold higher) inhibited LPS-induced
IL-1B8 production (Fig. 2E, 2F). I discovered a bell-shaped cor-
relation between the endogenous Erdrl and IL-18 production
(Fig. 2G), suggesting that Erdrl plays a dual role in regulating
IL-1B production.

Subsequently, I investigated the impact of secreted Erdrl in
the medium on LPS-induced IL-1f3 production. To achieve this,
I employed a range of concentrations of an Erdrl neutralization
Ab to block the secreted Erdrl in the medium. Interestingly, I
observed a bell-shaped relationship between the Erdrl Ab con-
centration and IL-18 production (Fig. 2H). These results sug-
gest that an optimal concentration of Erdrl in the medium
exerts a positive effect in promoting IL-18 production. How-
ever, an excessive accumulation of Erdrl in the medium appears
to trigger a negative feedback mechanism, ultimately inhibiting
IL-1B production.

Because purified Erdrl protein has been shown to have an
anti-inflammatory function (8, 9, 56). I next tested the effect
of Erdrl protein on IL-1B production in macrophages. Purified
full-length Erdrl was prepared and added to the medium in a
series of concentrations as indicated. The data demonstrated
that Erdrl protein exhibits a dose-dependent bell-shaped effect
on regulating LPS-induced IL-1B production (Fig. 2I). These
findings provide striking evidence that a low dose of Erdrl in
the medium could enhance IL-18 production, whereas a high
dose of Erdrl inhibits IL-1B production. These results suggest
that Erdrl’s role in IL-18 production is closely correlated with
its dosage.



202 Erdrl DUAL-REGULATES MACROPHAGE INFLAMMATORY RESPONSE

A B

2017

kDa MO M1 M2

—y
[6)]
1

50—
37— = @ @ < (-actin

Erdr1 fold change
5
1

o
(4]
1

o
I

MO M1 M2

o

w
]

N
1

Y
1

Erdr1 Nuc/Cyt Ratio

o
1

MO M1 M2

FIGURE 1. Erdrl is distinctly regulated in M1/M2 macrophages.

50— - ‘ <—Erdr1 in Supernatant

50— 4 Sl < Erdr1 in Cell lysates

»
q . ImmunoHorizons

C

Erdr1/DAP|

The MO macrophage used in this study was BMDM. The cell was seeded with a density of 0.6 x 10° cells/ml in 24-well plates. MO macrophage was
induced into M1 macrophage by treating with 1 pg/ml LPS for 24 h or into M2 macrophage by treating with 20 ng/ml IL-4 for 24 h. The same ex-
periments were also conducted and got repeatable results in RAW246.7 cell. (A) gPCR analysis of Erdrl mRNA expression in MO, M1, and M2 mac-
rophages, gPCR normalized to B-actin expression (n = 4). (B) Immunoblot analysis of Erdrl level in cell lysates and supernatant of MO, M1, and M2
macrophages with B-actin as the internal control. (C) Immunofluorescence staining of Erdrl in MO, M1, and M2 macrophage and counterstained
by DAPI. The white arrows in the M1 macrophage display Erdrl are mainly localized in nucleus. The white arrows in the M2 macrophage display
Erdrl are mainly localized in the cytoplasm. Scale bar, 20 wm. (D) Erdrl nuclear to cytoplasm (Neu/Cyt) intensity ratio was quantified by ImageJ
based on immunostaining. n = 5 with more than 10 macrophages were analyzed per sample. The data represent mean = SD. *p < 0.05, **p <
0.01, ****p < 0.001. The data are representative of at least three independent experiments.

In summary, my data reveal that Erdrl can inhibit proin-
flammatory cytokines production, which has been reported.
However, to my knowledge, I demonstrate for the first time
that Erdrl also has the potential to promote proinflammatory
cytokine production. These findings suggest that Erdrl’s influ-
ence on IL-1f3 production follows a dose-dependent bell-shaped
model (Fig. 2J).

Erdr1 effect in IL-1B production also correlates with cell
density in macrophages

My observations above were made using samples with cell den-
sity of 0.6 x 10° cells/ml. Given that previous research has indi-
cated that the effect of Erdrl on cell viability can be influenced
by cell density (1) and that cell density-dependent inhibition
has also been observed to play a role in controlling the inflam-
mation process (22, 23), I investigated whether Erdrl’s func-
tion is affected by cell density and whether Erdrl influences
cell viability in macrophages.

I observed that cell density influences both the basal and
LPS-induced proinflammatory responses, as well as cell viability
(Supplemental Fig. 2A, 2B). Additionally, cell density affects
the expression pattern and subcellular localization of Erdrl

(Supplemental Figs. 2C, 3A-B). Erdrl typically exhibits high
expression levels and tends to localize in the cytoplasm at
high cell density, whereas at low cell density, it is characterized
by low expression levels and nuclear localization (Supplemental
Figs. 2C, 3A, 3B). Moreover, endogenous Erdrl demonstrates a
positive correlation with IL-18 at low cell density, while it
manifests a negative correlation with IL-1f at high cell densi-
ties upon LPS stimulation.

I further discovered that the Erdrl protein modulates
IL-1B expression (Supplemental Fig. 2D, 2G) and cell viability
(Supplemental Fig. 2E, 2H) in a manner that is distinctly
influenced by cell density. Overall, Erdrl emerges as an am-
plifier of the proinflammatory response under conditions of
low cell density yet transitions into an inhibitor of the proin-
flammatory response when cell density is high.

I also discovered that Erdrl protein can regulate the intrinsic
Erdrl expression (Supplemental Fig. 2F, 2I), which was found to
correlate with cell viability (Supplemental Fig. 2E, 2H). Both
downregulation and upregulation of Erdrl are associated with
decreased cell viability, suggesting that endogenous Erdrl plays a
crucial role in maintaining cellular homeostasis. It is becoming
clear that controlled fluctuations in endogenous Erdrl levels are
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FIGURE 2. Erdrl has a dose-dependent bell-shaped effect in LPS-induced IL-18 production in macrophages.

(A—C) Knockout of Erdrl in BMDM by lentivirus transduction for 40 h and then treated without or with 1 wg/ml LPS for 24 h for the following analysis.
Erdrl KO1 and Erdrl KO2 represent two knockout vectors. The vehicle is transfected with the control lentivirus vector (n = 4). (A) gPCR detecting
Erdrl expression after lentivirus transduction for 40 h. (B) gPCR detecting IL-1B expression. (C) Detecting IL-18 production at supernatant by ELISA.
(D—F) Overexpression of Erdrl in BMDM by lentivirus transduction for 40 h and then treated without or with 1 wg/ml LPS for 24 h for the following
analysis. Erdrl OE1 and Erdrl OE2 represent two transfection titers of lentivirus. The vehicle is transfected with the control lentivirus vector (n = 4).
(D) gPCR detecting Erdrl expression after lentivirus transduction for 40 h. (E) gPCR detecting IL-1B expression. (F) Detecting IL-18 production
at supernatant by ELISA. (G) The correlation of endogenous Erdrl level (QPCR) and IL-1B level (ELISA) summary from (C) and (F). (H) Detecting
IL-1B level at supernatant by ELISA in 1 wg/ml LPS-induced BMDM with the indicated concentration of Erdrl Abs treatment (n = 4). (I) Detect-
ing IL-1B level at supernatant by ELISA in 1 pg/ml LPS-induced BMDM with the indicated concentration of purified full-length Erdrl protein
treatment (n = 4). (J) Threshold model of Erdrl in IL-1B production: a bell-shaped function in IL-1B production. Points 1 and 2 show that a
low level of Erdrl has a positive correlation with IL-1B. Point 3 shows that the optimal Erdrl concentration promotes the peak expression of
IL-1B. Points 4 and 5 show that a high level of Erdrl has a negative correlation with IL-1B level. These show that Erdrl has both positive and
negative roles in IL-18 production by dose change. (A-1) Cell density is 0.6 x 10%/ml and seeded in 24-well plates. All gPCR results were normal-
ized to B-actin expression. The data represent mean = SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. The data are representative of
three independent experiments.

YAP1 are distinctly regulated in M1/M2 macrophages. Utilizing
immunofluorescence, I investigated the subcellular localization
of YAP1 and Midl in M1/M2 macrophages. YAP1 has increased
nuclear localization in M1 macrophages but increased cytoplas-
mic localization in M2 macrophages (Fig. 3C). Conversely, I
observed remarkably increased cytoplasm localization of Midl
in M1 macrophages but increased nuclear localization in M2
macrophages compared with MO macrophages (Fig. 3D). I fur-
ther validated these observations using ImageJ (Fig. 3E, 3F).

pivotal in facilitating cellular survival, whereas deviations from
these levels may promote cell death (see below). In summary,
these data demonstrate that the effect of Erdrl on the macro-
phage inflammatory response is closely correlated with cell
density.

Erdr1 promotes IL-1B production through activating YAPI
and Mid1 signaling pathway

I further explored the mechanism of the dual role of Erdrl
in regulating IL-1B production. I hypothesized that YAP1 and
Mid1 are involved in this process as previously stated.

To validate this hypothesis, I examined whether and
how YAP1 and Midl are regulated in M1/M2 macrophages.
I observed remarkable upregulation of Midl and YAP1 in
M1 macrophages compared with MO macrophages (Fig. 3A, 3B;
Supplemental Fig. 1A). In contrast, I observed a significant
decrease in the expression of Midl and YAP1 (Fig. 3A, 3B)
in M2 macrophages. These findings indicate that Midl and

https://doi.org/10.4049/immunohorizons.2400004

These findings reveal that Midl and YAP1 exhibit dynamic
regulation and distinct subcellular localization patterns during
macrophage polarization.

I further investigated whether YAP1 and Midl are involved
in Erdrl-mediated, LPS-induced IL-18 production. The data
demonstrate that the knockout of Midl, YAP1, or both leads to
a significant blockade of IL-18 production in macrophages in-
duced by LPS (Fig. 3G), indicating that Midl and YAP1 are
both essential for IL-18 production in M1 macrophages. Moder-
ate overexpression of Erdrl (Erdrl OEl) has been shown to
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FIGURE 3. Erdrl modulates IL-1B production through the regulation of YAP1 and Mid1 signaling pathways.

(A) gPCR analysis of Midl expression in MO, M1, and M2 macrophages (n = 4). (B) Immunoblot analysis of YAP1 and Mid1 levels in the cell lysates of MO,
M1, and M2 macrophages. (C and D) Immunofluorescence staining of YAP1 (C) and Midl (D) in MO, M1, and M2 macrophages and counterstained by
DAPI. Scale bar, 20 pm. (E and F) Nuclear to cytoplasm (Neu/Cyt) intensity ratios YAP1 (E) and Mid1 (F) were quantified by ImageJ. n = 5 with more than
10 macrophages were analyzed per sample. (G) Detecting IL-18 production by ELISA in the indicated BMDM group before and after 1 ug/ml LPS stimula-
tion for 24 h (n = 4). Mid1 KO, YAP1 KO, and double KO represent knockout Midl, YAP1, and both Mid1/YAP1 in BMDM by transfection CRISPR/cas9 len-
tivirus; Erdrl OE1 represent moderate overexpression of Erdrl (~4 folds) in BMDM by transfection lentivirus; the vehicle is transfected with the control
lentivirus vector (n = 4). (H-J) BMDMs were knockout Erdrl (Erdrl KO1) or moderate overexpressed Erdrl (Erdrl OE1) and then treated without or with
1 pg/ml LPS for 24 h for following analysis. (H) gPCR analysis of Midl expression (n = 4). (I) Immunoblot analysis of YAP1 and Mid1l expression. (J) gPCR
analysis of CTGF (left) and Cyr61 (right) (n = 4). All qPCR results were normalized to B-actin expression. (A—J) Cell density is 0.6 x 108/ml and seeded in
24-well plates. The data represent mean = SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. The data are representative of two or three inde-

pendent experiments.

promote LPS-induced IL-18 production in macrophages
(Fig. 2F); however, this promotive role is effectively blocked in
Midl knockout, YAP1 knockout, or Midl/YAP1 double knock-
out macrophages (Fig. 3G). These findings suggest that Erdrl
promotes IL-1B production through YAP1 and Midl signaling
pathways.

I next tested whether Erdrl is the upstream regulator of the
YAP1 and Midl signaling pathways. My data show that Erdrl
overexpression (Erdrl OEl) in macrophages, which enhances
LPS-induced IL-1B8 production (Fig. 2F), also promotes LPS-
induced Midl and YAPI1 expression (Fig. 3H, 3I). Conversely,
in Erdrl-deficient macrophages, which block IL-18 production,
Midl and YAPI1 expression is dramatically suppressed (Fig. 3H, 31).
These results indicate that Erdrl’s regulation of IL-1B production
is achieved by directly regulating YAP1 and Midl expression.
Furthermore, I demonstrate that other YAP1 and Midl down-
stream genes, such as CTGF and Cyr6l (49, 57, 58), are also
regulated by Erdrl (Fig. 3J), with Erdrl overexpression (Erdrl

OE]) promoting CTGF and Cyr61 expression, but they are inhib-
ited in Erdrl deficiency macrophage (Fig. 3J). This provides
additional evidence that Erdrl acts as an upstream regulator of
YAP1 and Midl. Taken together, these findings provide com-
pelling evidence that Erdrl plays a crucial role in promoting
IL-1B production by activating YAP1 and Mid1 signaling path-
ways in macrophages.

Erdrl modulates macrophage inflammatory response via
dynamic interactions with YAPI and Mid1

I hypothesized Erdrl plays a dual role in macrophage inflam-
matory response by distinct interactions with YAP1 and Midl.
To investigate this, I employed coimmunoprecipitation to detect
the potential interaction of Erdrl with YAP1 and Midl by using
293T cells. Specifically, I hypothesized that the C-terminal do-
main of Erdrl is the region responsible for interacting with
YAPL. This hypothesis is grounded in previous research, which
has shown that the Erdrl C-terminal 81 amino acids are involved

https://doi.org/10.4049/immunohorizons.2400004
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in contact inhibition (2). I predicted, through analysis conducted
with UniProt, that the C-terminal 32 amino acids of Erdrl are
essential for its binding to YAP1. My data manifest this by the
observation that full-length Erdrl (Erdr1-177) has direct in-
teraction with YAP1, whereas the Erdrl variant lacking the
C-terminal 32 amino acids (ErdrlA32 or Erdrl-145) fails to ex-
hibit this interaction (Fig. 4A). The direct interaction of YAP1
with Erdrl-177 but not Erdrl-145 was found in cytoplasm
when coexpressed in HeLa cells (Fig. 4C). Furthermore, my
data show that Midl has direct interaction with Erdrl-177 and
an even stronger interaction with Erdrl-145 (Fig. 4B). At the
same time, both Erdrl-177 and Erdrl-145 were found to interact
with Midl at the nuclear envelope when overexpressed in HeLa
cells. However, only Erdrl-145, but not Erdrl-177, demonstrates
the ability to activate Midl and induce its translocation to the

Erdrl DUAL-REGULATES MACROPHAGE INFLAMMATORY RESPONSE 205

cytoplasm (Fig. 4D). These data suggest Erdrl has the poten-
tial for distinct interactions with YAP1 and Mid1.

I predict that these distinct interactions occur because
Erdrl undergoes conformational changes at varying concentra-
tions. By utilizing AlphaFold for protein structure prediction,
I have discovered that Erdrl-177 and Erdrl-145 exhibit dis-
tinct conformations (Fig. 5B, 5C). Erdrl contains the HESTH
sequence (118-122) (Fig. 5A-C), which belongs to the zinc-
binding motif HEXXH, a common feature among many zinc
metalloproteinases (51) and some members of the ZIP family
of zinc transporters (59). In Erdrl-177, the zinc-binding site
is concealed within the loop structure (Fig. 5B), whereas in
Erdrl-145, it is exposed (Fig. 5C). Using an intracellular zinc
indicator, I observed an increase in intracellular free zinc in-
duced by LPS (Fig. 5D), which is crucial for the production
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FIGURE 4. Erdrl modulates macrophage inflammatory response via dynamic interactions with YAP1 and Mid1.

(A and B) Coimmunoprecipitation and immunoblot analysis. Flag tag proteins YAP-Flag (A) and Mid1-Flag (B) and HA tag proteins (Erdrl-177-HA and
Erdrl-145-HA) were coexpressed in 293 T cells for 24 h, and cell lysates were subjected to immunoprecipitation (IP) using Flag beads. Both inputs
and coimmunoprecipitation fractions (Output) were subjected to immunoblotting with anti-Flag or anti-HA Abs as indicated. Erdrl1-177, full-length
Erdrl; Erdrl-145, deficiency in C-terminal 32—amino acid domain. Flag tag and HA tag were added at the C terminus of the gene. (C) Co-
overexpression of YAP1-Flag with Erdrl-177-HA or Erdrl-145-HA in Hela cell and fluorescence staining using anti-HA and anti-Flag Abs. White arrows
point to the direct interaction of Erdrl-177-HA with YAP1-Flag in the cytoplasm. (D) Co-overexpression of Mid1-Flag with Erdrl-177-HA or Erdrl-145-
HA in Hela cell and fluorescence staining using anti-HA and anti-Flag Abs. Red arrows point to the direct interaction of Mid1-Flag and Erdr1-177-HA/
Erdrl-145-HA at the nuclear membrane. White arrows indicated Erdrl-145 promoted Midl localized at cytoplasm. (E) Immunofluorescence staining
of endogenous Erdrl and YAP1 in MO, M1, and M2 macrophages. (F) Immunofluorescence staining of overexpressed Erdrl-177-HA or Erdrl-145-HA
by anti-HA Ab and endogenous YAP1 in BMDM. White arrows indicated the direct interaction of Erdrl-177 with YAPL in the cytoplasm. Scale bar was
marked in (D), it in represents 20 pm. (G) Detecting IL-18 production at supernatant with the indicated concentration of Erdrl-145 treatment in
BMDM without or with 1 wg/ml LPS stimulation for 24 h (n = 4). The data represent mean = SD. *p < 0.05, ***p < 0.001, ****p < 0.001. The data are
representative of two independent experiments.
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FIGURE 5. Erdrl is a potent zinc channel by displaying different conformation.
(A) Full-length Erdrl (Erdrl-177) and C-terminal 32—amino acid deficiency Erdrl (Erdrl-145) amino acid sequence. There is a potent zinc-binding

motif, HESTH (positions 118-122). The C-terminal domain indicates

the YAP1 binding domain. (B and C) AlphaFold structure prediction of

Erdrl-177 (https://alphafold.ebi.ac.uk/entry/O88727) (B) and Erdrl-145 (https://alphafold.ebi.ac.uk/entry/Q6PEDS5) (C). The potent zinc-binding
motif HEXXH (positions 118-122) displayed hidden in Erdrl-177 but was exposed in Erdrl-145. (D) Detecting the intracellular zinc mobilization
with zinc indicator. RAW-246.7 cells cultured in 96-well plates with 0.6 x 10° cells/ml were treated with 1 rg/ml LPS, 10 uM ZnCl,, the indicated
Erdrl protein, and 1 uM FluoZin—3-acetoxymethyl ester in serum-free medium. The displayed values represent fluorescence (excitation/emission,
494/516) normalized to the initial time point (time 0). The p values were determined by two-way ANOVA. *p < 0.05, **p < 0.01, ****p < 0.001.
One representative experiment of mean = SD of n = 4 experiments is shown. (E) Working model of Erdrl acts as a zinc channel. Zinc channel off

achieved by Erdrl-YAP1 interplay. The zinc channel was achieved by Erdrl—-Midl interplay.

of proinflammatory cytokines (60). Zinc influx can be enhanced
by Erdrl-145 or low concentrations of Erdrl-177 (1 ng/ml) but
can be suppressed by high concentrations of Erdr1-177 (1 g/ml)
in macrophages (Fig. 5D). These findings suggest that Erdrl’s
potential to interact with YAP1 and Midl is facilitated by con-
formational changes (Fig. 5E).

The endogenous Erdrl and YAPI interaction was robustly de-
tected in the cytoplasm of M2 macrophages but not observed in
M1 macrophages (Fig. 4E). According to my hypothesis, Erdrl
drives macrophage anti-inflammatory reprogramming through
interplay with YAP1 and proinflammatory reprogramming
through interaction with Midl. Erdrl-177, which interacts
with YAPI at high concentrations, can be considered to exhibit
an anti-inflammatory conformation. Conversely, Erdrl-145,
which interacts with Midl, can be considered to display a
proinflammatory conformation. I further explored the impact
of Erdrl-177 and Erdrl-145 on the subcellular localization of
endogenous YAP1 in macrophages. BMDMs were overex-
pressed with Erdrl-177 or Erdrl-145 via lentivirus transduc-
tion. I observed that overexpression of Erdrl-177 leads to the

sequestration of YAP1 in the cytoplasm (Fig. 4F) and induces a
significant upregulation of IL-10 and TGF-B mRNA expres-
sion (Supplemental Fig. 4A), suggesting that overexpression
of Erdrl-177 mediates macrophage anti-inflammatory reprog-
ramming. However, overexpression of Erdrl-145 results in
nuclear localization of YAP1 (Fig. 4F) and a significant upre-
gulation of IL-6 and TNF expression (Supplemental Fig. 4B),
indicating that Erdr1-145 overexpression drives macrophage
proinflammatory reprogramming. I also employed purified
Erdrl-177 and Erdrl-145 proteins to assess their roles in mediat-
ing the macrophage inflammatory response. My findings reveal
that a high concentration of Erdrl-177 (1 pg/ml) spontaneously
induces the expression of M2 marker genes, such as IL-10 and
TGF-B (Supplemental Fig. 4C). Conversely, a high concentration
of Erdrl-145 (1 pg/ml) induced the expression of IL-6 and TNF,
markers for M1 macrophages (Supplemental Fig. 4D). Notably,
Erdrl-145 exhibits a dose-dependent effect on priming IL-18
production and can enhance LPS-induced IL-1B8 production
(Fig. 4G). Overall, these observations robustly reinforce my
hypothesis that Erdrl possesses the potential to function

https://doi.org/10.4049/immunohorizons.2400004
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FIGURE 6. Erdrl mediates macrophage metabolic reprogramming and determines cell death phenotypes.

(A and B) BMDMs were treated as follows for 24 h: lanes 1, vehicle; lanes 2, Erdrl-177 (1 ng/ml); lanes 3, Erdrl-145 (1 wg/ml); lanes 4, vehicle + LPS
(1 pg/ml); lanes 5, Erdrl-177 (1 wg/ml) + LPS (1 pwg/ml); and lanes 6, Erdrl—145 (1 wg/ml) + LPS (1 wg/ml). Cell lysates and supernatant were collected
for the following analyses. (A) Immunoblot analysis of key proteins involved in metabolism as indicated. (B) Immunoblot analysis of key proteins

involved in apoptosis and pyroptosis as indicated. (C and D) BMDMs were genetic knockout of Erdrl (Erdrl KO) or overexpressed Erdrl (Erdrl OE)

by lentivirus transduction. The vehicle represents transduction with vehicle control lentivirus. Cell lysates were collected for immunoblot analysis
with indicated Abs without and with 1 pg/ml LPS treatment for 24 h. p-S6K, phospho-S6K; t-S6K, total S6K; p-AMPK, phospho-AMPK; t-AMPK,
total AMPK; p-Caspasel, pro-caspasel; c-Caspasel, cleaved caspasel; p-Caspase3, pro-caspase3; c-caspase3, cleaved caspase3; c-caspases8,
cleaved caspase8. (A-D) Cell density is 0.6 x 10%/ml and seeded in 24-well plates. The data represent mean * SD. *p < 0.05, **p < 0.01,

***p < 0.001, ****p < 0.0001. The data are representative of three independent experiments.

both as an inhibitor and as an activator in the inflammatory
response, facilitated by its dynamic interactions with YAP1
and Midl.

Erdrl drives macrophage metabolic reprogramming and
determines cell fate

Reprogrammed macrophages not only exhibit distinct functions
but also undergo metabolic reprogramming (61) and ultimately
display varied patterns of cell death (62-64). I further explored
the role of Erdrl in the metabolic reprogramming and cell fate
determination of macrophages.

Macrophage M1 polarization is characterized by the activa-
tion of mTORCI1-S6K signaling (61), indicative of an anabolic
state. Conversely, M2 polarization of macrophages is marked
by the activation of AMPK signaling (61), reflecting a catabolic
state. My findings reveal that the Erdrl-177 protein inhibits
p-S6K activation while promoting p-AMPK activation in both
basal and LPS-stimulated macrophages (Fig. 6A). In stark con-
trast, the Erdrl-145 protein significantly promotes p-S6K acti-
vation but inhibits p-AMPK activation in basal and LPS-
stimulated macrophages, compared with the vehicle control
(Fig. 6A). These results suggest that Erdrl can potentially
redirect macrophage reprogramming toward either a proa-
nabolic or a procatabolic state through conformational
changes. Additionally, macrophages deficient in Erdrl show
reduced basal and LPS-induced activation of both p-S6K and
p-AMPK, whereas macrophages overexpressing Erdrl exhibit
enhanced activation of these pathways (Fig. 6C). This implies
that Erdrl plays a crucial role in both the anabolic and cata-
bolic processes.

https://doi.org/10.4049/immunohorizons.2400004

Furthermore, activated macrophages exhibit distinct cell
death phenotypes. M2 macrophages undergo apoptotic death,
eliciting an anti-inflammatory response. In contrast, M1 mac-
rophages undergo pyroptosis, a proinflammatory form of cell
death (62-64). My findings indicate that supplementation
with either Erdrl-177 or Erdrl-145 protein promotes cell
death in unstimulated macrophages (Supplemental Fig. 4E).
However, Erdrl-177 protects LPS-induced macrophages from
death, whereas Erdrl-145 exacerbates LPS-induced cell death
(Supplemental Fig. 4E). My data further demonstrate that
Erdrl-177 promotes apoptosis by enhancing the activation
of caspase-3 and caspase-8, whereas it inhibits pyroptosis
by reducing caspase-1 activation in macrophages (Fig. 6B).
This suggests that Erdrl-177 acts as a proapoptotic factor.
Conversely, Erdrl-145 inhibits apoptosis and promotes pyrop-
tosis in both unstimulated and LPS-stimulated macrophages
(Fig. 6B), supporting its potential role as a propyroptotic fac-
tor. I also observed that Erdrl overexpression enhances the
activation of both caspase-3/caspase-8 and caspase-1 in macro-
phages compared with the control (Fig. 6D), implying that
Erdrl is crucial for the programmed cell death process. Mac-
rophages deficient in Erdrl lacked caspase-dependent pro-
grammed cell death (Fig. 6D) but still showed reduced cell
viability (Supplemental Fig. 4F), indicating that an optimal
level of Erdrl is essential for cell survival; otherwise, Erdrl
mediates cell death.

In summary, my findings indicate that Erdrl mediates mac-
rophage metabolic reprogramming and determines cell fate.
Dysregulated Erdrl levels lead to macrophage programmed cell
death through either a proapoptotic or propyroptotic pathway
(Fig. 7A, 7B).
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DISCUSSION

This study aimed to elucidate the role of Erdrl in the bidirec-
tional regulation of the macrophage inflammatory response.
I have uncovered that Erdrl functions through a dynamic inter-
action with YAP1 and Midl. This interplay not only modulates
macrophage inflammatory response but also drives metabolic
reprogramming, thereby underscoring Erdrl’s pivotal role in
macrophage programming.

Erdrl has been found to exhibit a negative correlation
with IL-18 (55), and purified Erdrl protein has played an anti-
inflammatory role by inhibiting the production of various cyto-
kines, such as TNF, IL-6, and IL-1B (8, 56). My data further un-
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I have also uncovered that Erdrl can assume a proinflammatory
role, which is closely associated with the dosage of Erdrl and
cell densities. Both extrinsic and intrinsic Erdrl contribute to
IL-1B production in a dose-dependent, bell-shaped model. This
threshold model has been similarly observed in Erdrl-mediated
metastasis in murine embryonic fibroblasts (29, 65), indicating
that Erdrl functions are highly dynamic. I found that Erdrl is
significantly upregulated in M2 macrophages and may serve as
an M2 marker gene, aligning with previous research (66). It is
worth noting that Erdrl was found to be dramatically sup-
pressed in M1 macrophages. Downregulation of Erdrl has also
been observed in other immune and nonimmune cells upon ac-
tivation. For instance, Erdrl showed downregulation in CD4*

derscore the anti-inflammatory role of Erdrl. Interestingly, T cells upon TCR stimulation (5) and was also downregulated
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FIGURE 7. Working model of Erdrl in macrophages reprogramming and cell fate determination.

(A) Erdrl drives macrophage reprogramming. Erdrl has concentration and conformation change during macrophage polarization and plays multifunction
in M1 and M2 macrophage. The MO macrophage represents the steady state of macrophage with basal levels of Erdrl, Midl, and YAP1 expression, ac-
companied by a basal metabolism level. Erdrl acts as a cell survival factor at this state. MO macrophages are induced to M2 macrophages with 20 ng/ml
IL-4 treatment for 24 h. In M2 macrophages, Erdrl is endogenously upregulated, with increased cytoplasm localization and increased secretion to the
extracellular matrix. The upregulated Erdrl interacts with YAP1 through its C-terminal domain (Erdrl-CBD), which consists of 32 amino acids. This inter-
action sequesters YAPL in the cytoplasm and reduces YAP1 expression (Hippo ON), consequently leading to Midl inactivation. Erdrl acts as an anti-
inflammatory, procatabolic, and proapoptotic factor in M2 state. M1 macrophages are induced from MO macrophages by 1 wg/ml LPS treatment for
24 h. In M1 macrophages, Erdrl is endogenously downregulated and increased nuclear localization but increased release to extracellular matrix. The
downregulated Erdrl undergoes conformation shift and exhibits a high affinity with Midl through its Erdrl-145 domain (Erdrl-145, or ErdrlA32) at the
nuclear envelope and forces YAP1 ON. Erdrl acts as a proinflammatory, proanabolic and propyroptotic factor in M1 state. Additionally, negative feedback
regulation can be initiated in M1 macrophage by upregulated endogenous YAP1 and increased accumulation of secreted Erdrl. This figure illustrates the
main expression level (red arrows indicate upregulated, and black arrows indicate downregulated), subcellular localization, and dynamic interaction of
Erdrl with Midland YAP1 in MO, M1, and M2 macrophages. (B) Working model of Erdrl in cell fate determination. The interplay of Erdrl with Midl and
YAP1 shapes macrophage heterogeneity and determines the cell survival or death and the death patterns. CTD, C-terminal domain.
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in tissues from patients with inflammatory disorders (9, 10, 56),
in tumor cells (55), and in bleomycin-induced fibroblasts (50).
This suggests that decreased Erdrl levels act to activate specific
cellular functions. My data indicate that reduced Erdrl under-
goes a conformational change and promotes a proinflammatory
response through interaction with Midl, whereas elevated
Erdrl enhances the anti-inflammatory response through inter-
action with YAPL.

YAP1 has been shown to mediate macrophage polarization
and enhance proinflammatory cytokine production in macro-
phages (67-69). Midl is also involved in macrophage activation
(23-25). In line with previous studies (49, 67, 69), I observed a
significant upregulation of YAP1 and Midl expression in proin-
flammatory macrophages. Importantly, both YAP1 and Midl are
crucial for the Erdrl-mediated LPS-induced production of IL-13.
I have discovered that Erdrl acts as an upstream regulator of
YAP1 and Midl, influencing their expression, subcellular locali-
zation, and downstream gene expression, including that of IL-1B.
Furthermore, YAP1 and Midl have been implicated as promoters
of fibrosis (49, 57). A decrease in Erdrl expression has been
linked to the pathogenesis of bleomycin-induced fibrosis in fibro-
blasts (50). CTGF, a central mediator of fibrosis (70) and a hall-
mark gene of YAP1 and Midl signaling (49, 58), is significantly
influenced by Erdrl (Fig. 3J). This suggests that Erdrl’s regula-
tion of YAP1 and Midl extends to the modulation of fibrosis
pathogenesis.

Metabolic programming is a crucial hallmark of macro-
phage polarization. Both YAP1 and Midl have been shown to
promote a proanabolic response (18, 71-74). Notably, Erdrl’s
involvement in YAP1 and Midl-mediated metabolism has been
documented (18, 32). YAP1 is essential for mTOR signaling; its
deficiency in dental epithelial stem cells leads to reduced Erdrl
expression, subsequently inhibiting mTOR signaling (18). Fur-
thermore, increased levels of Erdrl and Midl have been asso-
ciated with a distinct metabolic profile in B-cells with the
SLC30A8 (zinc transporter) R138X mutation (32). Midl has
been identified as a key regulator of mTORC1-p-S6K signaling
(71-73). These findings suggest that Erdrl may augment mTOR
signaling through interactions with YAP1 and Midl. This aligns
with my observations that Erdrl can activate YAP1 and Midl
signaling, thereby promoting a proanabolic state through p-S6K
activation. However, my data also reveal that Erdrl possesses a
procatabolic potential by activating p-AMPK at high concentra-
tions, a phenomenon previously observed in T cells at elevated
Erdrl levels (75). To my knowledge, my experiments involving
Erdrl knockout and overexpression (Fig. 6C) demonstrate for
the first time that Erdrl is vital for both anabolic and catabolic
processes. Interestingly, the two distinct conformations of Erdrl
can mediate metabolic reprogramming toward either a pro-
catabolic or proanabolic state, yet they antagonize each other
(Fig. 6A). This suggests that Erdrl, by binding to YAP1 and
Midl with varying affinities, directs metabolic programming
toward different states. Given that p-AMPK activation is as-
sociated with M2 macrophage polarization (76) and that
mTOR-p-S6K activation is linked to IL-1B production in M1
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macrophages (77), my findings further underscore the role
of Erdrl in modulating the macrophage inflammatory response
through metabolic reprogramming.

YAP1 has been identified as a critical regulator of cell death
phenotypes (78, 79). When activated, YAP1 inhibits apoptosis
(78, 79) but promotes inflammatory activation and pyroptosis in
macrophages (68). In contrast, the ablation of YAPI leads to
enhanced caspase-3/8/9-dependent cell death (80). Consistent
with previous findings that Erdrl acts as a proapoptotic factor
by inducing caspase-3 activation (5, 81), my data corroborate
this and reveal that Erdrl, by inhibiting YAPI, triggers the acti-
vation of caspase-3 and caspase-8, thereby promoting apoptosis
(Fig. 6B, 6D). Erdrl is also linked to caspase-1 and has been im-
plicated in the progression of degenerative diseases (82). My
findings elucidate the propyroptotic role of Erdrl (Fig. 6B, 6D)
by activating YAPL. I also observed that Erdrl mediates cell sur-
vival within a narrow range; beyond this, it precipitates rapid
cell death (65). This observation aligns with Erdrl’s critical in-
volvement in cellular metabolic processes. My data demonstrate
that Erdrl is pivotal for programmed cell death and cell fate de-
termination through the following: 1) The Erdrl-YAP1 inter-
action, which induces a proapoptotic response; and 2) the
Erdrl-Midl interaction, which initiates propyroptotic activa-
tion. Additionally, negative feedback mechanisms exist that
involve increased YAPI1 activity or elevated extracellular accu-
mulation of Erdrl, enhancing the Erdrl-YAPI interaction and
subsequently promoting apoptotic cell death, which serves to
mitigate inflammation.

YAPI serves as a downstream effector of the Hippo path-
way, a highly conserved signaling pathway that governs organ
size by regulating cell proliferation, apoptosis, and stem cell
self-renewal (83). The function of YAPI is intricately linked to
its expression levels and subcellular localization. YAP1 is inacti-
vated (and the Hippo pathway activated) when sequestered in
the cytoplasm, leading to the inhibition of YAPI signaling (83).
Extensive research over the years has shown that Hippo path-
way activation can be achieved through a sequential cascade
of kinase activations, including LATS1/2 kinases (83). How-
ever, a distinct mechanism of YAP1 regulation, independent of
LATS1/2 kinases, has been observed in Tregs cells, which
exhibit altered levels of Erdrl and Mid1(19). Mechanical cues,
including cell density, have consistently been shown to regu-
late Hippo-YAP signaling by mediating actin rearrangement
(17, 68, 84-86). Erdrl is implicated in actin modulation (6) and
exhibits cell density-dependent functions. It is highly plausible
that Erdrl acts as a sensor, working in concert with Midl to
convert mechanical cues into intracellular signals, thereby
facilitating actin remodeling and playing a key role in regu-
lating the Hippo-YAP1 signaling pathway. My research sug-
gests that factors affecting the intrinsic fluctuations of
Erdrl can modulate the Hippo-YAP1 signaling pathway.
Most importantly, Erdrl regulates YAP1 on/off through a
nonclassical pathway.

However, the research progress of Erdrl was hindered by
several obstacles. Firstly, Erdrl global knockout resulted in 100%
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embryonic lethality (5, 87), which limited research in mice. This
also indicates that Erdrl plays a crucial role in cell physiological
processes. Secondly, although Erdrl has been mapped to sex
chromosomes in mice, it has a high GC content (65) and con-
tains many repeats (26), making identifying the entire genome
sequence of Erdrl impossible until recently (27). Thirdly, despite
human Erdrl mRNA and protein sequences being identified as
100% identical to those of mouse Erdrl (2, 65), a rarity in cross-
species comparisons, there remains a notable absence of accessi-
ble human Erdrl mRNA and protein data in the NCBI database.
This gap is due to incomplete sequencing of the Erdrl locus in
humans (88). Consequently, this limitation obstructs the recogni-
tion of Erdrl as a critical target for further research in human
studies. There is an urgent need to map the localization of Erdrl
in the human genome and complete the gene sequencing. At the
same time, it is believed that Erdrl should also exist and be
highly conserved in other species. Efforts to further explore
Erdrl across different species will contribute to a better under-
standing of the evolutionary process of life.

In this study, at the cellular level, I have demonstrated
that Erdrl plays a crucial role in driving macrophage func-
tional and metabolic programming, ultimately determining
cell fate through a dynamic interplay with YAP1 and Midl
(Fig. 7A, 7B). The function of Erdrl is dependent on the pat-
tern, strength, and duration of extracellular stimuli. My working
model suggests that Erdrl is involved in both the positive and
negative selection within the macrophage repertoire (Fig. 7B).
Understanding the molecular mechanism of macrophage po-
larization driven by Erdrl stands to profoundly enhance our
ability to therapeutically modulate inflammation more pre-
cisely and efficiently. Moreover, it is crucial to highlight my
significant observation that Erdrl regulates YAP1 signaling
through the nonclassical Hippo pathway. These findings imply
the critical role of Erdrl in maintaining cellular and tissue
homeostasis, extending beyond its impact on macrophages
alone. Erdrl (5), YAP1 (89), and Midl (73) have also been
demonstrated to be distinctly induced during T cell polariza-
tion. The negative correlation between Erdrl and YAP1/Midl in
activated T cells suggests that the working model of Erdrl with
YAP1 and Midl may also be involved in the T cell activation and
selection process.

Practically, Erdrl acts as the metabolic reprogramming fac-
tor and cell fate determiner, and the dysregulated Erdrl might
be the root cause of metabolic shifts and cell fate alters in
macrophages. By modulating Erdrl, we can easily regulate the
immune response of macrophages. This presents a potentially
straightforward approach to addressing autoimmune disorders
and immune dysregulation in infectious diseases, such as
COVID-19 (90, 91).
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