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KEY WORDS Abstract  Doxorubicin (DOX)-induced cardiotoxicity (DIC) is a major health threat that limits its clin-
ical application. While mitochondrial dysfunction, oxidative stress and ferroptosis are implicated in DIC
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pathology, the precise mechanism remains elusive. This study evaluated the role of cluster of differenti-
ation 74 (CD74), an immunoregulatory protein, in DIC. Our findings revealed elevated CD74 levels in
blood samples from DOX-exposed patients and DOX-challenged mouse hearts. CD74 deletion mitigated
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DOX-indued cardiac remodeling, contractile anomaly, mitochondrial abnormalities, apoptosis, and fer-
roptosis. Mechanistically, CD74 bound to DNA synthesis molecule ribonucleotide reductase M2
(RRM2), redistributing it from cytoplasm to plasma membrane, impairing DOX-induced repair and exac-
erbating mitochondrial injury, apoptosis, and ferroptosis via activation of RRM2/p53 cascade. Notably, a
CD74 mutant (aa 220—250) failed to aggravate DOX-induced cardiac dysfunction, unlike WT CD74.
Moreover, the protective effects of CD74 inhibition in cardiomyocytes were negated by p53 activation,
highlighting its role in DOX-induced damage. Treatment with CD74 inhibitor Amifostine in a DIC mouse
model significantly alleviated cardiac remodeling and functional impairment by reducing oxidative stress
and ferroptosis. Transwell study using the CD74-null Raw 264.7 macrophages and cardiomyocytes re-
vealed that CD74 knockdown in macrophages overly attenuated DOX-instigated cardiomyocyte dysfunc-
tion. These findings establish CD74 as a potential therapeutic target for DIC, as its regulation of RRM2
cytomembrane diversion and ferroptosis ultimately drives cardiac remodeling and contractile anomalies
in response to DOX challenge.

© 2026 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Doxorubicin (DOX) and its derivative epirubicin are employed in
the therapeutics of breast cancer, endometrial cancer, gastric
cancer, pediatric solid tumors, soft tissue sarcomas, and aggressive
lymphocytic or myelocytic leukemia'. However, clinical applica-
tion of DOX has been greatly hampered by its toxicities including
hematopoietic suppression, nausea, vomiting, extravasation, and
alopecia, with cardiotoxicity being the most severe and life-
threatening side-effect®. Of note, DOX-evoked cardiotoxicity is
often progressive and irreversible, prompting development of
cardiomyopathy in a dose-dependent manner. It was indicated that
cardiotoxicity may occur at low doses likely due to the higher
individual susceptibility®*. To date, a number of scenarios have
been postulated for the pathogenesis of DOX cardiomyopathy
including DNA damage, mitochondrial injury, oxidative stress,
inflammation, transcriptome alterations, and various forms of
cardiomyocyte death®”. Nonetheless, precise mechanisms behind
DOX cardiotoxicity appear to be complex and multifactorial,
making early monitoring and active prevention of DOX car-
diotoxicity rather challenging.

Recent evidence has indicated a vital role for ferroptosis in
DOX-induced heart damage. DOX can provoke ferroptosis
through multiple machineries®. Fang and colleagues reported
that DOX triggers ferroptosis by promoting nuclear factor
erythroid 2-related factor 2 (Nrf2)-mediated upregulation of heme
oxygenase-1 (Hmox1), which catalyzes heme degradation, leading
to accumulation of non-heme iron and cytotoxicity'®. In addition,
Tadokoro and associates showed that DOX evokes ferroptosis in
the mitochondria through down-regulation of glutathione peroxi-
dase 4 (GPX4). Results in cardiomyocytes also demonstrated that
GPX4 overexpression, or iron chelation targeting Fe*" in mito-
chondria may effectively prevent DOX-induced ferroptosis,
revealing a unique role for mitochondria as a primary target for
DOX-instigated ferroptosis''"'2. Meanwhile, mitochondrial dam-
age, such as impaired bioenergetics, collapsed mitochondrial
membrane potential, and increased ROS production, represents a
hallmark for DOX cardiomyopathy®®. In particular, recent evi-
dence denoted a role for mitochondria-dependent ferroptosis in the
etiology of DOX cardiomyopathy, although limited information is
available with regards to the interplay between mitochondrial
regulation and ferroptosis in DOX cardiomyopathy.

Cluster of Differentiation 74 (CD74) is a multifunctional
transmembrane protein, primarily expressed in antigen-presenting
cells (APCs) where it serves as a chaperone and surface recep-
tor'!. It plays a crucial role in the immune system by facilitating
major histocompatibility complex class II (MHC-II) antigen pre-
sentation, ensuring efficient T cell activation'?. Additionally,
CD74 acts as a receptor for pathogens and antigens, enhancing
their uptake by APCs and stabilizing MHC-II-antigen in-
teractions'*. Beyond antigen presentation, CD74 binds macro-
phage migration inhibitory factor (MIF), modulating inflammatory
responses and apoptosis via p53 and NRF2 pathways'>'6. Its
dysregulation is linked to autoimmune diseases, inflammation,
atherosclerosis, Alzheimer’s disease, breast cancer, and diabetes
mellitus'”'®, with upregulated expression in various pathological
conditions. In summary, CD74 plays diverse, context-dependent
roles, influencing immune regulation, inflammation, and cellular
homeostasis. Its dual functions as an MHC-II chaperone and MIF
receptor underscore its importance in both physiological and
pathological processes'®?’. Earlier studies indicated that DOX
provokes cardiac iron deposit, accumulation of lipid peroxides,
and cardiomyocyte ferroptosis, prompting mitochondrial injury
and cardiac dysfunction®’. In particular, DOX downregulates
glutathione peroxidase 4 (GPX4), a critical enzyme detoxifying
peroxidized lipids, resulting in overwhelmed lipid peroxidation
and ferroptosis?>>*. Here in this study, we evaluated the possible
effect of CD74 ablation and inhibition on DOX cardiomyopathy
and cell signaling mechanism involved with a special focus on
ferroptosis.

2. Material and methods
2.1.  Experimental animal and human plasma

The experimental procedures used in this work were approved by
the Institutional Animal Use and Care Committees of Zhongshan
Hospital (No. 2023-03-04, Shanghai, China) and were in accor-
dance with the NIH Guideline. To establish a chronic DIC model,
8-week-old male CD74 knockout (CD74 /") and littermate WT
mice received DOX (5 mg/kg, CAS No: 23214-92-8, MCE) or
saline via intraperitoneal injection once weekly for 4 weeks>*%.
For CD74 inhibition using Amifostine (CAS No.: 20537-88-6,
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MCE), control and DIC mice were treated with Amifostine
(80 mg/kg, dissolved in 10% DMSO and 90% saline, i.p.) once
daily for 1 week®. Cardiac function was evaluated 1 week after
the final DOX injection using echocardiography, followed by
biochemical assays on collected heart tissues.

To measure blood levels of CD74, blood samples were ob-
tained from breast cancer patients with clear indication of cardiac
toxicity [DIC vs. non-DIC, age: 48.6 £ 4.6 year vs. 46.5 = 5.3
year, P > 0.05; left ventricular ejection fraction (LVEF):
513 +£ 49% vs. 647 £ 49%, P < 0.05; NT pro BNP:
189.7 £ 79.6 pg/mL vs. 29.9 £ 3.4 pg/mL, P < 0.01; n = 12]
patients. Serum levels of CD74 and cardiac troponin-T (cTnT)
were determined using commercial ELISA kits from BioVision
(Mountain View, CA, USA) and Beyotime (Nanjing, China),
respectively. The collection of serum from breast cancer patients
receiving DOX therapy was approved by the Ethics Committee of
Xuhui District Central Hospital Affiliated to Fudan University,
and written informed consent was obtained from all participants.
(Shanghai, China, No. 2024027).

2.2.  Echocardiographic assessment

Mice were anesthetized by isoflurane (1.5%—3.0%) prior to car-
diac assessment using a 2-D guided M-mode echocardiography
(Vevo 2100, Visualsonics, Toronto, ON, Canada). Fractional
shortening (FS) was calculated from LV end-diastolic (LVEDD)
and LV end-systolic diameters (LVESD) using the equation of
(LVEDD-LVESD)/LVEDD. Ejection fraction (EF) and heart rate
(HR) were calculated using a Vevo 2100 echocardiography. For
echocardiogram acquisition in temperature-controlled conditions,
isoflurane was reduced to 1.0%—1.5% and was adjusted to
maintain the heart rate within a range of 450—550 beats per min.

2.3.  Single-cell sequencing and data analysis

GSE 205551 single-cell sequencing data were used to evaluate
DOX’s effect on the tumor immune microenvironment. To model
the tumor microenvironment, syngeneic allografts were generated
by injecting 4T1 cells (a breast cancer cell line) into the mammary
fat pad of immune-competent BALB/c mice. When tumors
reached ~ 100 mm?®, mice received 5 mg DOX over seven days.
Two days after the final dose, tumors were measured and CD45-
sorted immune cells were enriched for single-cell sequencing®’.
By Day 8, tumors in the saline group expanded 400%, whereas
DOX-treated tumor growth was either inhibited (sensitive) or
unchanged (resistant). To analyze batch effects, Harmony (version
1.2.0) was employed. Principal component analysis (PCA) was
used for linear dimension reduction, and Seurat2 standard pipeline
processed single cell data, with cell annotation performed using
R-package SingleR3. FeaturePlot, and ggplot2 library (https://
github.com/tidyverse/ggplot2) were used for visualization. Clus-
ters were identified via FindNeighbors and FindClusters in Seurat,
while UMAP and t-SNE were performed using ‘RunTSNE’.
Cluster annotation relied on canonical cell markers and reference
datasets for tumor cells. Differential analyses of various compo-
nents were conducted using FinkMarkers, with results visualized
via Enhanced Volcano plots (https://github.com/kevinblighe/
EnhancedVolcano). Pathway analysis of Gene Ontology (GO),
Kyoto Encyclopedia of Genes and Genomes (KEGG), and reac-
tome were performed using clusterProfiler, while gene set varia-
tion analysis (GSVA) calculated gene set enrichment scores using

the GSVA R package, generating an enrichment score matrix for
each sample.

2.4.  Transcriptomics and enrichment analysis

GSE 244574 and GSE224157 databases were analyzed to
assemble transcriptomes and identify differentially expressed
genes (DEGs). GSE244574 contains transcriptomic data from
MCF7 breast cancer cells treated with DOX*®, while GSE224157
includes heart samples from DOX-treated and untreated mice
analyzed via RNA-seq”. DESeq2 was used for differential
expression analysis, with DEGs identified based on fold-change
>2 and P < 0.01. Gene Ontology terms and KEGG pathways
were used for functional analysis. Data visualization included
volcano plots generated with ggplot and bubble plots for enrich-
ment results using the ggplot R package.

2.5.  Immunofluorescence and confocal imaging assay

Immunofluorescence staining for CD74/CD68/cTnT/CD3 was
performed according to the manufacturer’s instruction. Mouse
heart slices from saline and DOX groups were fixed and per-
meabilized at room temperature, followed by blocking for 1 h.
Samples were then incubated overnight at 4 °C with anti-CD74
(1:100), anti-cTnT (1:100), mouse anti-CD68 (1:100) and anti-
CD3 (1:100) antibodies. After incubation, samples were incubated
with anti-rabbit Alexa Fluor 488 (1:200) secondary antibodies for
1 h in the dark. Immunofluorescence was examined using a Leica
SP8 laser confocal microscope (630 x oil objective, Weztlar,
Germany) and images were analyzed using ImageJ*°.

2.6.  RAW 264.7 macrophages

RAW 264.7 macrophages were purchased from Pricella (Wuhan,
China). Cells were Transwell (0.4 umol/L) co-cultured at a ratio of
1:20 (RAW 264.7 macrophages to adult mouse cardiomyocytes,
AMCMs)*.

2.7.  Isolation and culture of AMCMs

To isolate AMCMs, mice were anesthetized, and a rapid thora-
cotomy was performed to expose the heart. The descending aorta
was ligated, and 7 mL of EDTA buffer (Gibco) was injected into
the right ventricle (RV) for immediate perfusion before trans-
ferring the heart to a 60-mm dish with fresh EDTA buffer.
Digestion was initiated by sequentially injecting 10 mL of EDTA
buffer, 3 mL of perfusion buffer, and 30—50 mL of collagenase
buffer into the left ventricle (LV), followed by gentle trituration to
achieve cellular dissociation, which was halted by adding 5 mL of
stop buffer. The suspension was filtered through a 100-um strainer
and subjected to four rounds of gravity settling, while calcium
concentration was gradually restored using three intermediate
buffers. A yield of at least 80% rod-shaped AMCMs indicated
successful isolation, after which cells were plated on laminin
(5 pg/mL)-coated dishes at an appropriate density and maintained
in an incubator at 37 °C with 5% CO,>".

To assess the possible effects of DOX, AMCMs were exposed
to DOX (1 pumol/L) for 24 h before cell harvest, while control
groups received saline for same duration™. To discern the impact
of Amifostine on DOX-evoked cardiotoxicity, AMCMs were
challenged by DOX or Amifostine (10 pmol/L) in vitro for 24 h.
To evaluate the involvement of ferroptosis, AMCMs were
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supplemented with the ferroptosis inhibitor Liproxstatin-1 hydroxynonenal (4-HNE, 1:100, Cat No. ab46545, Abcam) anti-
(200 nmol/L, CAS No: 950455-15-9, MCE)**, the p53 inhibitor body, followed by secondary antibody incubation. Cardiomyocyte
Pifithrin-8 (10 pmol/L, CAS No: 511296-88-1, MCE)*’, the p53 cross-sectional areas were measured using a digital microscope
activator Kevetrin (80 mol/L, CAS No: 66592-89-0, MCE)*°, or (400 x) with ImageJ software (version2.3.0, NIH), excluding cells
the RRM2 inhibitor GW8510 (4 umol/L, CAS No: 222036-17-1, with incomplete edges or extreme roundness indices. Percentage

MCE)*” prior to assessment of lipid peroxidation and contractile of fibrosis was quantified using the Adobe Photoshop software
properties. (Adobe Systems Inc, San Jose, CA, USA), with light blue-stained

area normalized to the total area. The quantitation of 4-HNE
2.8.  Histological examination positive areas (brown or brownish staining) in heart slices was

performed using a digital microscope (400 x).
Following anesthesia with ketamine (80 mg/kg; Pfizer, Berlin,

Germany) and xylazine (12 mg/kg; Bayer AG, Leverkusen, Ger- 2.9.  Detection of reactive oxygen species (ROS) and TUNEL
many), mice were sacrificed, and hearts were excised and imme-

diately placed in 10% neutral-buffered formalin at room Myocardial tissue slices were rinsed with pre-warmed 37 °C PBS,
temperature for 24 h. After fixation in 4% paraformaldehyde, and AMCMs were incubated with 10 pmol/L. DCFH-DA (avoid
heart tissues were paraffin-embedded and sectioned cross- exposure to light) fluorescence probe (Beyotime, China, diluted
sectionally (5 pm-thick), deparaffinized and rehydrated. Hema- 1:1000 in serum-free medium) for 20 min at 37 °C. Cells were
toxylin and eosin (H&E) staining was used for general then washed three times with PBS. DCFH-DA was excited at
morphology assessment. Alexa Fluor 488-labeled wheat germ 488 nm and emitted at 525 nm, with detection performed imme-
agglutinin (WGA) lectin staining and H&E staining are shown in diately post-staining. ROS fluorescence intensity was quantified
Fig. 3, and H&E staining is also presented in Fig. 8, were using ImagelJ software. For apoptosis assessment, TUNEL assay
employed to evaluate myocardial atrophy. Masson trichrome was conducted using the One Step TUNEL Apoptosis Assay Kit
staining was employed to detect fibrosis. For oxidative stress (Beyotime S1086, China). Frozen heart slices were incubated with
assessment, myocardial slices were incubated overnight to anti-4- TUNEL solution for 1 h prior to fluorescent imaging using a Leica
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Figure 1  Change of CD74 levels in plasma from breast cancer patients with or without DOX exposure, myocardial tissues from mice subject to
DOX-induced cardiomyopathy (DOX, 5 mg/kg, i.p. once per week for 4 weeks), and adult mouse cardiomyocytes exposed to DOX (1 pmol/L or
24 h). (A) Volcano plot of CD74 expression in mouse hearts with or without DOX exposure using GSE224157 dataset. (B, C) Immunofluo-
rescence staining of CD74 (green) co-localized with cTnT (red) and CD68 (red) in mouse heart tissues with or without DOX exposure. (D, E)
Fluorescence intensity of CD74. (F—K) In the RAW 264.7 macrophage and AMCM cell co-culture system, CD74 was knocked down in RAW
264.7 macrophages to discern its inhibitory effect on cardiomyocyte function with or without DOX exposure. Cell co-culture was performed using
Transwell co-culture between RAW 264.7 macrophages and cardiomyocytes; (F) Resting cardiomyocyte cell length; (G) Cardiomyocyte peak
shortening; (H) Cardiomyocyte maximal velocity of shortening (4-dL/dr); (I) Maximal velocity of relengthening (—dL/dr); (J) Cardiomyocyte
time-to-peak 90% shortening (TPq); (K) Time-to-90% relengthening (TRgg). (L) Representative gel blots of CD74 in DIC from plasma of breast
cancer patients, mouse hearts and adult mouse cardiomyocytes (AMCMs) with or without DOX exposure using specific antibodies (Transferrin or
B-actin for loading control, transferrin for plasma protein). (M—O) Quantitative analysis of CD74 levels. (P) Association of CD74 with c¢TnT in
plasma from DIC patients. Mean & SEM; n = 6 images from 3 mice (panels B—E) per group, n = 25 cells (panels F—K), n = 6 (panel G) or 12
patients (panels J) and n = 6 mice (panels H and I) per group, *P < 0.05 between indicated groups.
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Figure2  Echocardiographic, cardiomyocyte contractile and intracellular Ca>" properties in 8-week-old WT and CD74 = mice with or without

DOX (5 mg/kg, i.p. once per week for 4 weeks) exposure. (A) Timeline of DOX treatments. (B) Representative echocardiographic images. (C)
Left ventricular end-diastolic diameter (LV EDD). (D) Left ventricular end-systolic diameter (LV ESD). (E) Septal wall thickness. (F) Posterior
wall thickness in diastole (PWT, d). (G) Ejection fraction. (H) Fractional shortening. (I) Body weight. (J) Normalized LV mass (to body weight).
(K) Heart rate. (L) Resting cardiomyocyte cell length. (M) Cardiomyocyte peak shortening. (N) Cardiomyocyte maximal velocity of shortening
(+dL/dr). (O) Maximal velocity of relengthening (—dL/df); (P) Cardiomyocyte time-to-peak 90% shortening (TPgp). (Q) Time-to-90%
relengthening (TRgp). (R) Baseline Fura-2 fluorescence intensity (FFI). (S) Electrically stimulated rise in FFI (AFFI) and (T) Intracellular
Ca*" decay rate. Mean == SEM; n = 13 mice per group (panels B—J), n = 48 (panels L—Q) or 32 (panels R—T) per group from 3 to 5 mice,

*P < 0.05 between indicated groups.

SP8 confocal fluorescence microscope (Weztlar, Germany). For
animal study, 2—3 images per heart were captured using a digital
microscope (400 x), with 5 mice per group analyzed.

2.10.  Cell culture, transfection and in vitro treatment

Hearts from sterilized 8-week-old mice were enzymatically
dispersed using collagenase type II (Cat No. 9001-12-1, Wor-
thington), and cell lysates were purified through a Percoll
gradient. RAW 264.7 macrophages, AMCMs and H9C2 car-
diomyocytes were maintained in a Dulbecco’s modified Eagle’s
medium (DMEM, Gibco), supplemented with 10% fetal bovine
serum albumin (FBS, Gibco) under 5% CO, at 37 °C. The cell
culture medium was refreshed every 24—48 h, and cells were
passaged when they reached at least 70% confluence.

Plasmid or siRNA transfection was performed using Lip-
ofectamine 3000 (Cat No. L3000008, Thermo Fisher) prior to
biochemical evaluation 2—3 days later. The lentiviral vector
encoding CD74 (hU6-MCS-CBh-gcGFP-IRES-puromycin) was
obtained from GeneChem (Shanghai, China). In addition, a stable
cell line mediated by this lentivirus was established. To prepare
RAW 264.7 macrophage suspension, cell density was adjusted to
5 x 10* cells/mL using a complete medium. Cells were seeded

into a culture plate and were incubated at 37 °C for 16—24 h until
cells reached 20%—30% confluence. To perform viral infection,
the required viral volume was calculated based on the MOI and
virus titer using Eq. (1):
Viral volume = (MOI x Cell number)/Viral titer (D)
The calculated viral volume was added to cells prior to 16-h
incubation at 37 °C. Medium was replaced with fresh a complete
medium and cells were cultured for 48—72 h post-infection. Then,
puromycin (optimal concentration) was applied for 48 h to select
infected cells. Complete death of uninfected controls was
excluded. Puromycin concentration was then reduced to mainte-
nance dose (1/2—1/4 selection concentration) for continued
expansion. Cells were harvested for Western blot to validate
infection efficiency.

2.11.  Transmission electron microscopy (TEM)

TEM was used to evaluate mitochondrial ultrastructure. Heart tis-
sues were fixed with glutaraldehyde, trimmed into small blocks, and
cut into sections collected on 200-mesh copper grids for staining.
Sections were visualized using an 80-kV transmission electron



CD74, ferroptosis in doxorubicin cardiotoxicity

2987

WT-DOX CD74"

H&E WGA

Masson

-n

TUNEL

ROS (DCF)

WT-DOX CD74"

-

t/ROS (DCF)

1S

CD74"-DOX

e T
; <
R w\,o* o o
Merge Merge Merge oy
i “" * * WT  WT-DOX CD74*CD74*-DOX
bu
“‘v° c°1 &5 VAV [ —————
AMCMs *
GAPDH | s s s s s @ @ @ (37 kD
M 80 *KKK *AKK = =
% 2+
r_.|‘ = 1.2 —
x
4 g8
4 1 +
T 40pm 3°° 1
7 = ] sk g
$
8
x
8
@

0.4+ o .
: Lem | | b= ﬂ
’ . 3 =S o s 3 sk
* & ) a - 00
« ‘ﬂxﬁo o* ‘°° W« 00'\‘9
o

(o}

Cardiomyocyte
cross-sectional area (pm?)
i
i
I
Interstitial fibrosis (%)

AT L
"

D E

WT WT-DOX CD74* CD74*-DOX WT WT-DOX CD74*CD74*-DOX

oo [FR@ Tl we [pomm oo

BActin] T W= e e e 43 KD ﬁAai” e
*%kk *%

i * KKk *kokok 2 :
E : £ g
g 08 8
3 - Sis T
206 B 2 . + T
= . =0 . 1
° (]
84 & H [
o o 0.5 T
2 02 L 5 &
< o

0. , 0. T T T T

* »‘." o* o ot qb ot
" ot s o Ll
< < 8
““ o* « o
k% Myocardial sections
o 25 Hokokk *AK

TUENL positive nuclei (%) @

&
Q15 ..
» s kit 1y
& ) 10 3 e
T 5
- ]
P (— = W |
T T T T T T
0
o ob o o 001» 01, & o+
« o gt o °
| &
Oy Limy L WT_WT-DOX_CD74* CD74*-DOX
Boi2 26 kD
Caspase 3 | mmm s w o s s s (35 kD
Cleaved: 19 kD b 2 e
- = - = 3
caspase 3] = = w—. w— e o |47 ye é
2.4+ * ok g “ls
¥ —————y = P
© ] i
§ = 3 1 Eiry
331 3
Sa =
-, 5 T T T
CD74"-DOX $3 -
g2
3]

j+
V=
="
P

a.

8
;

et

ROS DCF
S

Figure 3  Wheat germ agglutinin (WGA), Hematoxylin and eosin (H&E), Masson trichrome, TUNEL, DCF staining, and protein markers for
cardiac injury and apoptosis in 8-week-old WT and CD74 ™'~ mice with or without DOX (5 mg/kg, i.p. once per week for 4 weeks) administration.
(A) Representative WGA (upper row), H&E staining (middle row) and Masson staining (bottom row) from respective myocardial sections. (B)
Quantitative analysis of cardiomyocyte cross-sectional area in WGA staining. (C) Quantitative analysis of interstitial fibrosis in MASSON
staining. (D, E) Quantitative analysis of ANP and BNP level; Insets: Representative gel blots of ANP and BNP using specific antibodies ((-
actin for loading control). (F) TUNEL (upper row) and DCF (lower row) staining of myocardial sections. (G) Quantitative analysis of TUNEL-
positive cardiomyocytes. (H) Quantitative analysis of DCF staining; (I—K) Representative gel blots and quantitative analysis of Cleaved-caspase
3, Bcl2 and Bax. (L) Representative DCF of AMCMs from WT and CD74~'~ mice with or without DOX exposure. (M) Pooled fluorescence

intensity of DCF in AMCMs. Mean £+ SEM; n = 11 images from 3

mice (panels A—C) per group, n = 6 mice (panels D, E, I—K) per group,

= 10—15 images from 3 to 5 mice (panels F—H, L, M), *P < 0.05 between indicated groups.

microscope (JEM-1230; JOEL Ltd., Tokyo, Japan). At least 2 fields
per slice at 8000 x magnification were observed, and 3 independent
experiments were conducted for each group. The examiner was
blinded during sample collection and data analysis. Mitochondrial
size and axis lengths were measured using ImagelJ software™®

2.12.  Detection of mitochondrial membrane potential

Mitochondrial membrane potential was measured using the JC-1
kit (Beyotime Institute of Biotechnology, Shanghai, China). In
healthy mitochondria, JC-1 forms aggregate, emitting red
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Figure 4  Mitochondrial ultrastructure and function, and Western blot analysis of autophagy in myocardium from 8-week-old WT and CD74 '~

mice with or without DOX (5 mg/kg, i.p. once weekly for 4 weeks) insult. (A) Transmission electron microscopy (TEM) images showing
mitochondria ultrastructure. (B) Individual mitochondrial area (um?). (C) Mitochondrial circularity (width-to-length ratio). (D) Representative JC-
1 micrographs for aggregates (top row), monomer (middle row) and merged (bottom row) fluorescence. (E) Pooled JC-1 analysis. (F—I) OCR
curves and quantification of basal respiration, maximal respiration, and ATP production in AMCMs from WT and CD74 '~ mice with or without
DOX challenge. (J—L) Mitochondrial respiration (complex I/III, complex II/III, and complex IV) in AMCMs from WT and CD74 '~ mice with or
without DOX challenge. (M) Representative gel blots of UCP2, LC3B and p62 using specific antibodies («-Tubulin or GAPDH as loading
control). (N—P) Quantitative analysis of UCP2, LC3B and p62 levels. Mean = SEM; n = 10 visual fields (panels B and C) or n 15 images
(panels D, E) from 5 to 6 mice, and n = 8 (panels F—I) per group or n = 6 (panels J—L) per group from 3 mice, and n = 6 mice per group (panels
M—P), *P < 0.05 between indicated groups.

fluorescence, whereas in depolarized mitochondria, JC-1 remains
in monomeric form, emitting green fluorescence. AMCMs were
incubated with a JC-1 solution for 20 min at 37 °C according to
the manufacturer’s instructions. The red-to-green fluorescence
ratio was quantified using ImageJ software®”.

2.13.  Measurements of cell bioenergetics
Oxygen consumption rate (OCR) and ATP production were
measured using a Seahorse XF96 analyzer (Agilent, Santa Clara,

CA, USA). AMCMs were seeded into XFe96 plates at an
appropriate density. OCR was measured using the Seahorse XF

Cell Mitochondrial Stress Test (103015-100; Agilent). After
baseline OCR recording, oligomycin, trifluoromethoxy carbonyl
cyanide phenylhydrazone (FCCP), and rotenone/antimycin A were
sequentially added to evaluate ATP-coupled respiration and
maximal respiration™.

2.14.  Mitochondrial electron transport chain enzymatic activity
Cytochrome ¢ oxidase (CCO) activity was assessed by measuring
the absorbance change at 550 nm (AAssy), reflecting cytochrome ¢
oxidation. The reaction was terminated by adding 0.17 mmol/L
potassium cyanide when AAssg reached approximately 0.6 U. For
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succinate: cytochrome ¢ reductase activity, 12.5 mmol/L succinate
was added and AAssy was recorded again. The reaction was halted
using 17 mmol/L malonate. Finally, 2.8 nmol/L NADH was added
to evaluate NADH: cytochrome ¢ reductase activity by monitoring
AAsso. Cytochrome ¢ oxidation or reduction rates (nmol/min)
were calculated using a molar extinction coefficient of 19,600,

2.15.  Cell shortening/relengthening

Mechanical properties of adult mouse cardiomyocytes were
assessed using an IonOptix soft-edge system (IonOptix, Milton,
MA, USA). Cardiomyocytes were field stimulated at 0.5 Hz. Cell
shortening and relengthening were assessed including cell length,
peak shortening (PS, %), time-to-90% shortening (TPy), time-to-
90% relengthening (TRop) and maximal velocity of shortening/
relengthening (+dL/dr)*>.

2.16.  Measurement of intracellular calcium

To measure intracellular calcium, cardiomyocytes were loaded
with Fura-2/AM (0.5 pwmol/L) for 15 min, and fluorescence in-
tensity was recorded using a dual-excitation photomultiplier system
(Ionoptix). Fluorescence emissions were detected between 480 and
520 nm, and changes in Fura-2 fluorescence intensity were inferred
from the ratio at 360/380 nm. Single-exponential fluorescence
decay was calculated as an indicator of intracellular Ca>" clear-
ance. Cells were field stimulated at 0.5 Hz. Fura-2-loaded car-
diomyocytes were imaged using a confocal microscopy*'.

2.17.  Iron measurement

AMCMs staining was performed to evaluate iron accumulation
using the fluorescent probe FerroOrange (1 pmol/L, 20 min, Cat
No. F374, Dojindo) for live-cell imaging of intracellular Fe>*.
Immunofluorescence was analyzed using a Leica SP8 laser
confocal microscope (Germany) with a x 630 objective,
employing excitation at 543 nm and emission at 580 nm’.

2.18.  Structure-based protein interaction interface analysis
between CD74 and RRM?2

The protein structures of CD74 and RRM2 were predicted using a
template-based homology structure modeling tool SWISS-
MODEL (www.swissmodel.expasy.org), Prediction results were
visualized by the PyMol tool. CD74 using SWISS-MODEL temple
structure P04233.1.A, chain A (covering residues 1—296, sequence
identity 100.00%); RRM2 using SWISS-MODEL temple structure
AOA7J8E4DA4.1.A, chain A (covering residues 1—389, sequence
identity 100.00%); Then, the protein—protein interaction was
docked and modeled using the PRISM 2.0 server (http://cosbi.ku.
edu.tr/prism) to predict their potential interaction interface.

2.19.  Immunofluorescence and confocal imaging assay

Immunofiuorescence for CD74 and RRM2 was performed per the
manufacturer’s instruction. Briefly, AMCMs and H9C2 cells were
fixed and permeabilized at room temperature. Following a 1-h
blocking, samples were incubated with the rabbit anti-CD74
(1:100) and the mouse anti-RRM2 (1:50) antibodies overnight at
4 °C. H9C2 cells were incubated with the anti-rabbit Alexa Fluor
488 (1:100) and anti-mouse Alexa Fluor 546 (1:800) secondary
antibodies for 1 h in the dark. Immunofluorescence was assessed

on a laser confocal microscope equipped with a x 630 oil
objective (Leica sp8, Weztlar, Germany)**.

2.20.  Co-immunoprecipitation

The co-immunoprecipitation (Co-IP) assay was performed using a
TheromFisher Pierce®Co-IP kit follow manufacturer’s in-
structions. One hundred pg of purified anti-CD74, anti-RRM2, or
anti-flag antibodies were coupled with resin. One mg protein
samples were exposed to the antibody-coupled resin for 2 h.
Protein—antibody complexes were eluted in 50 pL elution buffer
after mixing and washing. The eluted protein samples were sub-
jected to immunoblotting with corresponding antibodies™.

2.21.  Assessment of lipid peroxidation

Lipid peroxidation was assessed by BODIPY™ 581/591 C11 (Cat
No. D3861, Thermo Fisher). Following drug treatment, AMCM
cells were exposed to 5 umol/L BODIPY for 30 min. Then,
AMCM cells were visualized through a Leica sp8 confocal mi-
croscope (Wetzlar, Germany) at excitation wavelength of 581 nm
and emission wavelength of 591 nm™*.

2.22.  Molecular docking of CD74

The structure of CD74 protein (Uniprot: P04233) was obtained
from the PDB database. The water molecules and heteroatoms
were removed. The sdf file of Amifostine molecule (CAS Reg-
istry Number: 20537-88-6) required for docking was obtained
from the Pubchem database and converted into mol2 structure.
After hydrogenation and charge pretreatment of small molecules
and proteins, AutoDockTool-1.5.6 was applied for molecular
docking. Semi-flexible docking and Lamarck Genetic Algorithm
were used, and the number of dockings was set to 50. Gridbox
coordinates and size were set based on the information of protein
active pockets, generated from POCASAL.1 website (http://
altair.sci.hokudai.ac.jp/g6/service/pocasa/). Other parameters
were set to the default values. Finally, results of molecular
docking were visualized through PyMOL V4.6.0**. The top five
molecular docking results are presented in Supporting Infor-
mation Table S1.

2.23. Binding surface plasmon resonance (SPR) assay

For a deeper investigation on the interaction between CD74 and
DOX, SPR-based binding analysis was performed®. All real-time
biomolecular interactions were analyzed using a BIAcore T200
system (GE Healthcare) in HBS-EP buffer (10 mmol/L. HEPES-
NaOH, pH 7.4, 500 mmol/L NaCl, 3 mmol/L. EDTA, 0.1% Sur-
factant P20) at 25 °C. To determine the binding affinity of
doxorubicin hydrochloride to CD74, CD74 protein was immobi-
lized onto the flow channels of a CMS5 sensor chip (GE Health-
care) via amine coupling, while a control flow channel was left
blank. A dilution series of doxorubicin hydrochloride (10, 5, 2.5,
1.25, 0.625, 0.3125 pg/mL) was prepared in HBS-EP buffer and
injected over the CD74 chip at a flow rate of 10 pL/min for 60 s.
Following each injection, HBS-EP buffer was flowed over the chip
at the same rate to monitor dissociation. The sensor chip was
regenerated by injecting 50 mmol/L NaOH and 1 mol/L NaCl at
10 pL/min for 30 s. Data were processed using BIA-Evaluation
software; equilibrium dissociation constants (Kp) were calcu-
lated from fitted saturation binding curves.
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Figure 5 CD74/RRM2 interaction, its impact on CD74/RRM2 distribution and ferroptosis in 8-week-old WT and CD74 '~ mice with or
without DOX (5 mg/kg, i.p. once per week for 4 weeks) exposure. (A) The protein—protein interaction network was conducted using the STRING
database. (B) Representative gel blots depicting RRM2 and p53 levels (GAPDH or NKATPase as loading control, NKATPase for cell membrane
protein). (C, D) Quantitative analysis of RRM2 in cytoplasm and cell membrane. (E) Quantitative analysis of p53 level. (F) KEGG enrichment
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2.24.  Quantitative detection of lipid peroxides

Following homogenization and lysis of tissues or cells, the su-
pernatant was collected for quantification of malondialdehyde
(MDA) quantification, a key lipid peroxidation marker. Standards
and working solutions were prepared according to the manufac-
turer’s instructions. The standard and test samples (1 pL) were
transferred to centrifuge tubes, followed by the addition of 0.2 mL
of MDA working solution. The mixtures were vortexed and then
incubated at 100 °C for 15 min. After cooling to room tempera-
ture, samples were centrifuged at 1000x g for 10 min, and 200 pL
of the supernatant was transferred onto a 96-well plate. A blank
control was included, and the absorbance was measured at
532 nm. MDA content was calculated*®.

2.25.  Enzyme-linked immunosorbent assay (ELISA)

According to the manufacturer’s protocol, levels of inflammatory
factors in mouse serum were detected using the mouse
interleukin-6  (IL-6) enzyme-linked immunosorbent assay
(ELISA) kit (ab222503, Abcam) the tumor necrosis factor-«
(TNF-«) (ab208348, Abcam), and interleukin 16 (IL-18) (Cat#:
1210122, Dakewe) ELISA Kit*’.

2.26.  Western blot analysis

Heart tissues were sonicated in a lysis buffer containing 20 mmol/
L Tris (pH 7.4), 150 mmol/L NaCl, 1 mmol/L EDTA, 1 mmol/L
EGTA, 1% Triton, 0.1% sodium dodecylsulfate, and a protease
inhibitor cocktail. Protein samples were incubated with anti-
CD74, anti-caspase3, anti-Bax, anti-Bcl2, anti-UCP2, anti-LC3B,
anti-p62, anti-RRM2, anti-p53, anti-GPX4, anti-SLC7A11, anti-
NCOA4, anti-ANP, anti-BNP (1:1000 dilution), Horseradish
peroxidase-coupled secondary antibodies were employed. All
antibodies were obtained from Cell Signaling Technology (Dan-
vers, MA, USA), or Abcam (Shanghai, China). After immuno-
blotting, films were scanned and detected using a Bio-Rad
calibrated densitometer (GS-900, Shanghai, China) and band in-
tensity was normalized to loading controls transferrin, a-tubulin,
B-actin, Vinculin, GAPDH or NKATPase. All antibodies
employed for Western blot or immunofluorescence are included in
Supporting Information Table S2. To avoid overlapping of protein
bands during electrophoresis and subsequent immunoblotting, an
internal reference protein with distinct and appropriate molecular
weight, as well as stable expression, was selected based on the
sample type and the molecular weight of the target protein.

2.27.  Statistical analysis

Data are presented as mean =+ standard error of the mean (SEM).
Independent samples r-test or Wilcoxon rank sum test for
continuous variables were employed when appropriate to examine
differences between DIC and non-DIC human subjects. Statistical

significance was estimated using one-way analysis of variance
(ANOVA) followed by Tukey’s multiple comparison test, repeated
measures ANOVA in R and Bonferroni adjusted test. The CD74
and cTnT contents were analyzed for correlation using Pearson’s
coefficient. *P < 0.05 were indicated for significance. All statis-
tics analyses were performed using GraphPad Prism 9.0 software
(GraphPad, San Diego, CA, USA).

3. Results

3.1.  Single cell RNA sequencing analysis of tumor bearing mice
administered DOX and plasma CD74 levels in patients of DIC

Single cell RNA sequencing (scRNA-Seq) was performed in
tumor derived cells from each DOX responsive domain (Saline,
DOX-resistant and DOX-sensitive). The corresponding cell
annotation results are shown in Supporting Information Fig. STA.
The percentage of T cells was decreased in drug-resistant tumors
(2.96%) and sensitive tumors (1.84%) compared to saline-treated
controls (16.39%) (Fig. S1B). Further analysis indicates that the
CD4% T cells were significantly decreased with regards to the
composition of T cell subsets. The proportion of CD4 " T cells was
7.1% and 15.5% in resistant tumors and sensitive tumors,
respectively, while proportion of CD8" T cells was 84.8% and
67.6% in resistant tumors and sensitive tumors, respectively
(Fig. S1C). This phenomenon is contrary to the situation of DOX-
induced cardiac injury. In DIC, other than oxidative stress, DNA
damage and mitochondrial injury, immune inflammatory response
represents another essential pathological machinery*®. From the
results obtained on the STRING website, the receptors of CD4™* T
cells include CD74, H2-Ebl, H2-Eb2 and others (Fig. S1D).
Functional enrichment analysis of gene ontology (GO) showed
that DEGs were overtly enriched within “T cell differentiation”
(Fig. S1E). In addition, CD74 acts upstream of or within several
processes, including antigen processing and presentation of
exogenous peptide antigen via MHC class II, regulation of T cell
differentiation and thymic T cell selection®. Next, we examined
the differences in CD74 gene expression levels across five cell
types within three sample groups (Fig. S1F). Surprisingly, we
found no significant differences in CD74 gene expression among
the three groups. Notably, the differential expression level of
CD74 gene in macrophages and T cells caught our attention.
Consequently, we conducted experiments to further examine the
expression of CD74 in immune cells.

As reported in previous research, CD74 expression was found
to be elevated in T cells of patients with severe COVID-19°. In
our transcriptomic analysis of myocardial tissues from DIC mice
(GSE224157), we similarly observed a significant increase in
CD74 expression in the DIC group (Fig. 1A). To further investi-
gate, we performed CD74 and ¢TnT, CD68 immunofluorescence
staining on myocardial tissues from DIC mice. The results showed
a marked increase in CD74 expressions in myocardial tissues,
while no significant changes were observed in macrophages or T

from transcriptomics data of DIC mice (GSE224157). (G) Application of gene set variation analysis (GSVA) for calculation of the activity level of
ferroptosis pathway from transcriptomics data of DIC mice (GSE224157). (H) Intracellular Fe>" detected using the FerroOrange probe in
AMCMs from WT and CD74 "~ mice with or without DOX exposure. (I) Fluorescence intensity of intracellular Fe>". (J) Representative gel blots
of GPX4, SCL7A11 and NCOA4 (8-Actin or Vinculin as loading control). (K—M) Quantitative analysis of GPX4, SCL7A11 and NCOA4 levels.
Mean + SEM; n = 6 mice (panels B—E, J—=M) or n = 10 fields from 3 mice (panels H, I) per group, *P < 0.05 between indicated groups.
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Figure 7  Protection of DOX-induced ferroptosis and cardiotoxicity with pharmacological inhibition of CD74. (A) Surface plasmon resonance
(SPR) assay the binding of CD74 and DOX. (B) Molecular docking simulation of the binding between Amifostine and CD74. (C—I) AMCMs
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-GW8510 -Kevetrin -Amifostine -LIP-1

@
=
]
@
<]
- -

Merge

cells. This suggests that CD74 is primarily localized in car- quantified expression of inflammation-related cytokines, including
diomyocytes and plays a role in DIC, without co-localization in IL-6, IL-18, and TNF-«a. As expected, DOX exposure overtly
macrophages and T cells (Fig. 1B—E, Fig. S1G and S1H). These increased levels of inflammatory markers in the culture medium.

findings further confirm that CD74 does not exert its function in Notably, CD74 knockdown (not scramble RNA) in macrophages
DIC by activating T cells or macrophages, but rather through markedly attenuated levels of 1L-6, IL-16, and TNF-« in culture
cardiomyocytes. medium (Fig. S1I—S1L). Furthermore, the Transwell co-culture of

Subsequently, a co-culture study was performed between Raw cardiomyocytes with CD74-deficient macrophages significantly
264.7 macrophages and cardiomyocytes, in which CD74 was improved contractile function of AMCMs in the face of DOX
knocked down specifically in Raw 264.7 macrophages. A Trans- challenge (Fig. 1F—K). Finally, blood samples from DIC patients
well co-culture system was employed to investigate whether the were analyzed, revealing elevated plasma CD74 levels, consistent
role of CD74 in DOX-induced myocardial injury was dependent with increased CD74 expression in mouse heart tissue and
upon macrophages. In a DOX-induced primary cardiomyocyte AMCMs cell under DIC conditions (Fig. 1L—0). Notably, plasma
injury model, we first assessed knockdown efficiency of CD74 and CD74 levels showed a positive correlation with ¢TnT in DIC

Figure 6 Interaction of CD74 with RRM2 through 180—215 amino acid domain for recruitment of RRM2 onto cytomembrane. (A, B)
Structure-based interface analysis between CD74 and RRM2. CD74—RRM2 complex structure with interaction hot-spot residues labeled using
PRISM. (C) Graph illustrating construction of CD74 (total length) and mutants (Delta 180—215 aa, Delta 220—250 aa, Delta 180—250 aa). (D) IP
analysis of CD74 tagged with Flag (CD74-Flag) and RRM2 tagged with His (RRM2-His) from AMCMs from WT and CD74 '~ mice with or
without DOX exposure (5 mg/kg, i.p. once per week for 4 weeks). (E) Representative fluorescent images for co-localization of CD74 (green) with
RRM2 (red) using HIC2 cells. (F, G) IP analysis of CD74 tagged with Flag (CD74-Flag) and RRM2 tagged with His (RRM2-His); HIC2 cells
were divided into 4 groups (CD74-Flag, Delta 180—215 aa, Delta 220—250 aa, Delta 180—250 aa) prior to transfection of RRM2 using plasmid
DNA, Confocal image exhibiting HOC2 cells transfected with indicated plasmids, stained with Dil (blue), anti-CD74 (green), and anti-RRM2 (red)
antibodies. (H—K) Fluorescence intensity curve of CD74 and RRM2 in co-localization images.
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Figure 8 Protection of DOX-induced ferroptosis and cardiotoxicity with pharmacological inhibition of CD74. (A) Timeline of DOX and

Amifostine treatments; DOX was administered to C57BL/6J mice for a period of 4 weeks. Beginning in the fifth week, Amifostine (80 mg/kg,
once daily) was administered for an additional week. (B) Representative M-mode echocardiographic images. (C—F) Pooled analysis of left
ventricular ejection fraction, fractional shortening, normalized LV mass, and heart weight normalized to tibial length (HW/TL). (G, H) Serum IL-
6 and TNF-« levels. (I) Representative H&E staining micrographs from respective groups. (J) Quantitative analysis of cardiomyocyte area. (K)
Representative Masson trichrome staining images. (L) Quantitative analysis of interstitial fibrosis. (M, N) 4-HNE staining images and 4-HNE
positive area. (O) Malondialdehyde (MDA) levels in heart tissues. (P—R) Representative gel blots and quantitative analysis of ANP, BNP
using specific antibodies (8-Actin as loading control); and (S) Schematic diagram illustrating summarized experimental findings and cell signaling
pathways involved in CD74 ablation-evoked benefit against DIC. Mean + SEM; n = 6 mice (panels B—H, P—R) or n = 10 per group from 3

mice (panels I—N) or n = 12 from 3 mice (panel O) per group, *P < 0.05 between indicated groups.

patients (Fig. 1P), further supporting its potential role in DIC
pathophysiology.

3.2.  Effect of CD74 on DOX-induced changes in myocardial
function, morphology, mechanical properties, and intracellular
ca*t responses

Our findings demonstrate that DOX induced significant alterations
in cardiac remodeling, marked by alterations in left ventricular
end-systolic diameter (LVESD), septal wall thickness, diastolic
posterior wall thickness (PWT, d), and normalized left ventricular
mass, all of which were mitigated by CD74 ablation. Additionally,
CD74 knockout partially restored ejection fraction and fractional
shortening, while CD74 deletion alone had no intrinsic effects.
Cardiomyocyte mechanical assessment revealed that DOX expo-
sure significantly suppressed peak shortening, maximal velocity of
shortening/relengthening (+dL/df) and prolonged relengthening
duration (TRop) without affecting resting cell length and time-to-
90% shortening (TPy), the effect of which was reversed by CD74
knockout without any effect from CD74 deletion itself. To eluci-
date the mechanisms underlying CD74 ablation-elicited

protection, intracellular Ca*" handling was assessed using Fura-2
imaging. DOX suppressed electrically stimulated rise in intracel-
lular Ca*™ (AFFI) and prolonged intracellular Ca®* decay without
affecting resting intracellular Ca®" levels, the effect of which was
nullified by CD74 ablation without any effect from CD74
knockout itself (Fig. 2).

3.3.  Effect of CD74 on DOX-induced changes in myocardial
fibrosis, oxidative stress and apoptosis

Our results revealed that CD74 knockout rescued DOX-induced
interstitial fibrosis, oxidative stress and apoptosis. WGA and
Masson staining displayed DOX-induced cardiomyocyte atrophy
and myocardial interstitial fibrosis, which were partially attenu-
ated by CD74 knockout (Fig. 3A—C). Along the same line, DIC
upregulated genes including ANP, and BNP as well as apoptosis
markers including cleaved-caspase 3, Bax and Bcl2, the effects
were reversed by CD74 knockout (Fig. 3D—E, I-J, K). Consis-
tently, CD74 deficiency nullified DOX-induced TUNEL apoptosis
and oxidative stress (DCF staining of heart tissue and AMCMs)
without any effect from CD74 ablation itself (Fig. 3F—H, L—M).
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In DIC mice, the efficiency of CD74 knockout was verified
(Supporting Information Fig. S2A).

3.4.  Effect of CD74 ablation on DIC ultrastructural,
mitochondrial changes and changes in apoptosis and autophagy

Myocardial ultrastructure and mitochondrial membrane potential
were evaluated using TEM and JC-1 staining respectively. DOX
exposure elicited overt cytoarchitectural aberrations, including
mitochondrial swelling (increased mitochondrial circular index
and individual mitochondrial area), cristae fracture, sarcomere
distortion, and disruption of myocardial filaments. However, the
effects of which were alleviated by CD74 knockout. CD74
knockout alone did not exert any notable change on mitochondrial
ultrastructure (Fig. 4A—C). This is supported by changes in MMP
where DIC collapsed MMP (aggregate-to-monomer ratio), the
effect of which was obliterated by CD74 knockout without notable
effect from CD74 ablation itself (Fig. 4D and E). Mitochondrial
stress tests revealed that DOX-challenged cardiomyocytes
exhibited significantly reduced basal respiration, maximal respi-
ration, and ATP-coupled respiration, along with impaired respi-
ration through complexes I/IlI, II/III and IV. These effects were
rescued by CD74 knockout (Fig. 4F—L), suggesting a role for
CD74 in mitochondrial regulation. Measurement of mitochondrial
protein UCP-2 offered further support on CD74 ablation-induced
protection against DOX-induced mitochondrial injury. Our data
also revealed the upregulated autophagy adaptor p62 along with
suppressed LC3BII in DIC hearts, the effect of which was atten-
uated by CD74 knockout with little response from CD74 ablation
itself (Fig. 4M—P). These results suggest that CD74 confers car-
dioprotection against DIC by mitigating DOX-induced mito-
chondrial and autophagic dysfunction. Specifically, DOX impairs
autophagy, and CD74 knockout alleviates this blockade, further
highlighting CD74’s role in maintaining mitochondrial homeo-
stasis and cardiomyocyte survival.

3.5.  Change in CD74 and iron levels in DIC, influence of CD74
ablation on RRM2/p53 in ferroptosis

With a perceived role in several biological processes, including
macrophage migration inhibitory factor (MIF) signaling regula-
tion, ribonucleotide reductase (RR) plays a crucial role in DNA
synthesis to limit its repair’’. CD74 and CXCR2 are the currently
known receptors for MIF, although the specific mechanism un-
derlying receptor regulation remains elusive®”. Earlier evidence
has revealed a vital role for RRM2 in promoting cell proliferation,
migration, and invasion, alongside with inhibition of cell
apoptosis>>. Moreover, RRM2 appears to regulate DOX-induced
cardiotoxicity through an AKT/mTOR-dependent manner™. In
this context, protein markers of CD74, RRM2, p53 and ferroptosis
were evaluated to discern possible cell signaling mechanisms in
DIC and CD74 knockout-induced changes in cardiac remodeling
and function. Findings from the protein—protein interaction
network using STRING software indicated that CD74, RRM2,
p53, Bax, UCP2 and GPX4 were cross-connected (Fig. 5A).
Under DIC conditions, myocardial RRM2 levels in the cytoplasm
were overtly reduced, an effect reversed by CD74 knockout.
Conversely, RRM2 expression on the cell membrane was signifi-
cantly increased following DOX exposure, which was reconciled
by CD74 knockout. Given that p53 (TP53 gene) is a key regulator
in breast cancer and DOX-related toxicity®>>®, we evaluated levels
of p53 and found that DOX exposure overtly upregulated p53, an

effect reverted by CD74 knockout (Fig. SB—E). Volcano plot
analysis further demonstrated that GPX4 and SLC7A11 were
downregulated, while TP53 and NCOA4 were significantly upre-
gulated in the context of ferroptosis. KEGG enrichment analysis
identified differentially expressed proteins related to ferroptosis
and apoptosis in DOX-treated cancer cells (GSE244574). Simi-
larly, GSVAG6 analysis of scRNA-Seq (GSE 205551) indicated
active ferroptosis and its negative regulation in DOX-sensitive
cells (Supporting Information Fig. S3A—S3C). Transcriptomic
data from the DOX-induced mouse DIC model also revealed
enrichment of ferroptosis pathways in KEGG and GSVA (Fig. 5F
and G), reinforcing the role of ferroptosis in tumorigenesis and
myocardial injury. Fluorescence intensity analysis confirmed a
significant increase in intracellular Fe*" levels in the DOX group,
which was attenuated by CD74 knockout (Fig. SH and I). We next
examined the possible involvement of CD74 in the regulation of
ferroptosis and found that DOX exposure overtly downregulated
GPX4 and SLC7AL11, two vital biomarkers for ferroptosis, while
upregulating NCOA4-mediated ferritinophagy. These effects were
mitigated by CD74 knockout, whereas CD74 knockout alone had
little impact (Fig. 5J—M).

3.6. Interaction and distribution between CD74 and RRM?2

The known cellular functions for CD74 include facilitating MHC
class II protein expression (as the intracellular invariant chain) and
mediating MIF signaling activity. To identify potential CD74-
interacting proteins, we utilized the template-based homology
structure modeling tool SWISS-MODEL. CD74 consists of three
distinct domains including topologically intracellular (aa 1—29),
transmembrane (aa 33—55), and an extracellular domain (aa
56—279). Further immunoprecipitation analysis revealed a strong
interaction between CD74 and RRM2 in cardiomyocytes
(Fig. 6A). Prism software predicted CD74 binding sites for
RRM2, indicating that the interaction was localized within an
unidentified domain, with the CD74 extracellular segment (aa
220—250) showing the highest binding probability (Fig. 6B). To
validate this, CD74 mutants targeting these regions were con-
structed (Fig. 6C). The results shown in Fig. 6D and E confirmed a
significant interaction between CD74 and RRM2. Further immu-
noprecipitation analysis revealed that the CD74 extracellular
domain (aa 220—250) mediated the CD74/RRM2 interaction,
whereas the CD74 segment (aa 180—215) did not participate in
the bind with RRM2 (Fig. 6F). Given these findings, CD74 may
interact with RRM2 in the cytomembrane or cytoplasm, poten-
tially influencing its transport and distribution. To examine
whether CD74 affects RRM2 localization in H9C2 cells, we
assessed co-localization levels of CD74 and RRM2 in both the
cytomembrane and cytoplasm (Fig. 6 G—K). The data indicate
that CD74 promotes RRM2 translocation to the cytomembrane,
suggesting a regulatory role of CD74 in RRM2 distribution within
the cell.

3.7.  Effect of CD74/RRM?2 interaction ferroptosis and DOX-
induced cardiomyocyte contractile dysfunction

Recombinant CD74 proteins were immobilized onto the chips,
and the binding interaction between CD74 and DOX (0, 0.3125,
0.625, 1.25, 2.5, 5, and 10 pg/mL) was assessed using surface
plasmon resonance (SPR). As shown in Fig. 7A, CD74 bound to
DOX with a dissociation constant (Kp) of 34 umol/L. To further
investigate the binding properties, molecular docking analysis was
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performed using AutoDock. The binding capacity and interaction
mode of the top-ranked molecule Amifostine, with CD74 were
evaluated based on the binding energy scores (Table S1). As
illustrated in Fig. 7B, Amifostine formed traditional hydrogen
bonds with HIP208, ARG213, and CYS216, with a docking and
binding energy of —3.83 kcal/mol, indicating a strong interaction
between Amifostine and CD74.

To elucidate the role of the CD74/RRM2/p53 cascade in DOX-
induced myocardial responses and CD74 ablation, cardiomyocyte
contractile function and ferroptosis were evaluated in adult murine
cardiomyocytes (AMCMs) treated with DOX for 24 h in the absence
or presence of the chemoprotective agent Amifostine (10 pmol/L)>®,
the p53 inhibitor Pifithrin 8 (10 pmol/L)*, the p53 activator
Kevetrin (80 umol/L), the ferroptosis inhibitor LIP-1 (200 nmol/L)
and RRM2 inhibitor GW8510 (4 umol/L) for an additional 24 h.
Analysis of cardiomyocyte contractile property showed that DOX
exposure suppressed peak shortening, maximal velocity of short-
ening/relengthening (+dL/df), while prolonging time-to-90%
relengthening (TRgp), without affecting resting cell length and
time-t0-90% shortening (TPyq). Amifostine attenuated DOX-
induced cardiomyocyte mechanical abnormalities, the effect of
which was abolished by p53 activator Kevetrin. Additionally, RRM2
inhibition ameliorated DOX-induced contractile dysfunction.
Notably, Amifostine had no effect on cardiomyocyte mechanical
indices in the absence of DOX exposure (Fig. 7C—H). Furthermore,
Anmifostine alleviated DOX-induced ferroptosis, as evidenced by a
reduction in BODIPY fluorescence, indicating decreased lipid per-
oxidation (Fig. 71 and J). However, the anti-ferroptotic effect of
Amifostine was negated by the p53 activator Kevetrin. Similarly,
RRM2 inhibition mitigated lipid peroxide accumulation (Fig. 7] and
J). These findings suggest that the anti-ferroptotic properties
induced by CD74/RRM2 deficiency are p53-dependent.

3.8.  Pharmacological inhibition of CD74 by Amifostine
prevents DIC and cardiomyocyte ferroptosis

Amifostine (WR-2721) is a cytoprotective agent initially developed
as a radioprotectant, shielding normal tissues from radiation and
cytotoxic agents while having a lesser effect on tumors, expanding
the therapeutic window. Preclinical and clinical studies show it
reduces chemotherapy-induced hematological toxicity, neurotox-
icity, nephrotoxicity, and ototoxicity when administered before
treatment®”>®, To assess the pathophysiological impact of Ami-
fostine in DIC, we evaluated its pharmacological inhibition in a
murine model. C57BL/6] mice received DOX for 4 weeks, fol-
lowed by Amifostine (80 mg/kg, once daily) in the fifth week
(Fig. 8A). Amifostine significantly alleviated DOX-evoked unfa-
vorable changes in LV mass (normalized), ejection fraction, frac-
tional shortening, and heart weight (HW)-to-tibial length ratio
(Fig. 8B—F). It also attenuated DOX-induced elevation of serum
inflammatory markers IL-6 and TNF-«, cardiomyocyte atrophy
and interstitial fibrosis (Fig. 8G—L), while reducing lipid peroxi-
dation (4-HNE and MDA), and cardiac injury biomarkers ANP and
BNP (Fig. 8M—R). These findings highlight a protective role for
Amifostine as a CD74 inhibitor in DOX-induced cardiotoxicity.

4. Discussion

The salient findings from our study revealed a favorable response
for CD74 ablation against DOX-induced cardiotoxicity. DOX
challenges overtly upregulated CD74 levels, in line with elevated

soluble plasma CD74 levels in breast cancer patients exposed to
DOX. Our results revealed that DOX evoked cardiac remodeling
and contractile dysfunction, the effects of which were mitigated
by CD74 deletion. Furthermore, CD74 knockout reconciled DOX-
induced mitochondrial anomalies, apoptosis and ferroptosis.
Mechanistically, CD74 directly bound and interacted with RRM2,
leading to relocation of RRM2 from cytoplasm to the cytomem-
brane. As a result, repair of DOX-induced cardiotoxicity was
dampened, leading to mitochondrial injury and apoptosis, along
activation of the RRM2/p53 cascade, mitochondrial anomalies and
ferroptosis. This is supported by the fact that a CD74 mutant
deficient in its extracellular domain (aa 220—250) failed to elicit
aggravating effects elicited by WT CD74 on DOX-induced car-
diac responses. Our observation of a high affinity interaction be-
tween the cytoprotective agent Amifostine and CD74 also led to
the promises of Amifostine as a therapeutic tool for CD74 inhi-
bition and DIC. Moreover, Amifostine-conferred beneficial effect
against DIC was abrogated by p53 activation. These CD74-
mediated effects under DOX challenge, via RRM2 redistribution,
and ferroptosis regulation, drive cardiac remodeling and contrac-
tile dysfunction. Collectively, our work, for the first time, iden-
tifies CD74 as a key player in the pathogenesis of DIC through
mechanisms involving RRM?2 redistribution, mitochondrial injury
and ferroptosis.

Deranged cardiac geometry and contractile function are well
documented in DIC. In our current study, we observed cardiac
atrophy, interstitial fibrosis, compromised ejection fraction, frac-
tional shortening, PS and + dL/d¢, along with increased LVESD
and relengthening duration (TRgg) in DIC, consistent with our
earlier reports®®. These alterations in cardiac morphology, me-
chanical properties were accompanied by intracellular Ca®"
derangement and oxidative stress, and ferroptosis, suggesting that
an essential role for stress signaling in DIC pathology. Especially,
DIC was associated with compromised intracellular Ca®" release
and delayed intracellular Ca>" clearance, indicating a unique role
of intracellular Ca>" dysregulation in the pathogenesis of DIC.
Genetic ablation of CD74 conferred protection against DOX-
induced cardiac remodeling, contractile dysfunction and intra-
cellular derangement. Along the same line, CD74 knockout
mitigated DOX-evoked oxidative stress, apoptosis, ferroptosis,
and mitochondrial anomalies, including loss of membrane po-
tential and ultrastructural damage. The cardioprotective effects
extended to pharmacological inhibition of CD74 using Amifos-
tine, a cytoprotective agent with high CD74 affinity. This aligns
with prior reports of Amifostine’s ability to restore mitochondrial
function and dampen ROS production in ischemic injury®.
Importantly, Amifostine’s benefits were contingent on CD74-p53
inhibition, as p53 activation nullified its protective effects. These
findings position CD74 as a central mediator of DIC pathogenesis
and validate its therapeutic targeting.

While our findings support the beneficial effects of Amifostine
in DIC through CD74 inhibition, there remains a lack of clinical
evidence regarding the utility of antioxidant supplements in DOX-
induced heart anomalies. This discrepancy may be due to the less
concentrated localization of antioxidants within or near mito-
chondria and the complex interplay between oxidative stress with
other cellular stressors. Our results highlight significant mito-
chondrial injury in DIC-challenged mouse hearts, as evidenced by
disruptions in mitochondrial membrane potential, mitochondrial
proteins, and mitochondrial ultrastructure. Previous studies have
shown that p53 knockout preserves Cu/Zn superoxide dismutase
levels in DOX-treated hearts, implicating p53 in antioxidant
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regulation under stressful conditions®!. Tn DIC, mitochondrial
damage leads to the release of damage-associated molecular pat-
terns (DAMPs), including mtDNA, ATP, and cytochrome ¢, into
the cytoplasm and extracellular space. These DAMPs activate
pattern recognition receptors (PRRs) on immune cells, triggering
an inflammatory response that exacerbates mitochondrial injury®?.
Collectively, the observed mitochondrial damage and apoptosis in
DOX-induced cardiotoxicity further underscore the detrimental
role of the CD74/RRM2/p53 cascade in DIC.

Ferroptosis has been shown to contribute to the pathogenesis for
heart diseases including DIC'?. Earlier studies demonstrated that
inhibition of ferroptosis, rather than other forms of cell death, overtly
improved DOX-induced mouse mortality®***. Besides, DOX was
shown to decrease cardiac GPX4 expression, resulting in defects in
the resistance to lipid peroxidation and onset of ferroptosis®. In this
context, GPX4 overexpression significantly attenuated DIC via in-
hibition of ferroptosis. Moreover, several medications capable of
inhibiting ferroptosis exhibited therapeutic promises in preclinical
models of DIC, including dexrazoxane and Fer-1 10 Therefore, the
inhibition of ferroptosis might be a therapeutic strategy against DIC.
Here, our findings suggested that genetic ablation and pharmaco-
logical inhibition of CD74 overtly suppressed cardiomyocyte fer-
roptosis in response to DOX treatment.

Although multiple pathologic mechanisms are involved in DIC,
limited options are readily available to halt this process. In our
hands, we noted a prominent role for RRM2 in DIC. We observed a
role for the direct binding of CD74—RRM2 and the downstream
activation of p53 in DOX-evoked ferroptosis. Elevated levels of
RRM2 are reported in multiple human cancers®>®’. As such, RRM2
is deemed a diagnostic marker and an established anti-cancer ther-
apeutic target®®. Previous studies have shown that overexpression
of RRM2 alleviates DOX-induced cardiac injury by activating AKT/
mTOR signaling, which may new therapeutic options for DIC>*.
Our study found that CD74 binds to RRM2 and is transported to the
cell membrane to form a complex, mediating apoptosis and fer-
roptosis. The obligatory role for RRM2 in CD74-associated patho-
logical changes under DOX exposure received validation from the
observation that inhibition of RRM2 using GW8510 lessened DOX-
instigated cardiac contractile dysfunction. Moreover, p53-induced
upregulation in death receptors may also contribute to enhanced
cardiomyocyte apoptosis in DIC. Recent evidence also suggests that
p53 knockdown in cardiomyocytes can prevent DOX-induced car-
diotoxic-related ferroptosis’’. Future studies are warranted to better
discern the role of RRM2 in tumorigenesis and DOX-related heart
damage, in particular the involvement of ferroptosis.

Amifostine, sodium diethyldithiocarbamate, is an inactive
phosphorylated aminothiol pro-drug and executes its biological
action through dephosphorylation to WR-1065, an active and free
radical-scavenging sulfhydryl metabolite’'. Amifostine inhibits
bleomycin-induced pulmonary fibrosis by restoring mitochondrial
function and cellular metabolism’?. Amifostine attenuates car-
diomyocyte apoptosis and reduces ROS accumulation in I/R
challenge, likely through inhibition of cleaved caspase 3 and Bax
while enhancing levels of SOD1, SOD2 and Bcl2, to reduce MDA
levels®®. Numerous clinical studies have investigated the use of
Amifostine as an adjuvant therapy for gynecological, colorectal,
and head tumors. Combined with our findings, this information
suggests that Amifostine may emerge as a new therapeutic option
for cardiac protection against DOX-induced heart damage.

Our Transwell co-culture study using CD74-deficient RAW
264.7 macrophages and AMCMs demonstrated that CD74
knockdown specifically in macrophages markedly alleviated

DOX-induced cardiomyocyte dysfunction and inflammatory
markers in medium, highlighting a critical role of macrophages
(and release proinflammatory cytokines IL-6, IL-18, and TNF-«)
in CD74 ablation-elicited cardioprotection against DIC. CD74 is
known to exhibit diverse functions depending on the context of
disease, cell type, and its downstream signaling'®2°. In the setting
of DIC, mounting evidence indicates that proinflammatory cyto-
kines significantly contributes to myocardial injury in addition to
oxidative stress and mitochondrial damage'>. Our findings further
support this, showing that CD74 deficiency in macrophages sup-
presses secretion of inflammatory cytokines, in turn alleviating
cardiomyocyte contractile dysfunction. These results suggest that
the DIC pathogenesis is, at least in part, dependent on
macrophage-mediated inflammatory responses, and that targeting
CD74 in macrophages may represent a promising strategy for
cardioprotection.

Experimental limitation: several limitations exist in this study.
First, although DIC primarily affects women and is closely asso-
ciated with a higher incidence of breast cancer, we only used male
mice for our animal study, which is inconsistent with the human
disease profile. Future studies should investigate potential sex
differences in the CD74-mediated response in DOX-induced car-
diomyopathy to better align with the human condition. Next, acute
in vitro DOX exposure cannot fully replicate chronic DOX-induced
cardiac changes, although our past studies show that this model
effectively captures many in vivo alterations**”>". Additionally, it
enables direct assessment of DOX, Amifostine, and anti-ferroptotic
drugs on cardiomyocytes, independent of other cell types. Despite
the apparent limitations, the in vitro system remains a valuable tool
for studying cell signaling mechanisms.

5. Conclusions

In summary, our findings suggest that CD74 ablation or inhibition
using Amifostine alleviates DOX-induced cardiac remodeling and
contractile anomalies by mitigating oxidative stress and ferroptosis.
Our results further indicated a seemingly vital role for macro-
phages and secretion of inflammatory cytokines in CD74 deletion-
elicited cardioprotection in the face of DOX cardiotoxicity. These
results support the notion that ferroptosis acts as a final instigator
for this pathological process, likely downstream of oxidative stress,
in DOX-evoked cardiac morphological and functional anomalies.
These findings should provide new insights into the role of fer-
roptosis in DOX-induced mitochondrial injury and cardiomyopa-
thy (Fig. 8S). While previous evidence has highlighted a prominent
role for oxidative stress in DIC">8, the poor translation of anti-
oxidant therapy in the management of DOX-induced organ com-
plications may be due to the complex interplay of oxidative stress
with other cell death processes. Future work is necessary to further
elucidate the intricate relationship between oxidative stress and
ferroptosis in DOX-induced cardiac anomalies.
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