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Quantitative proteomics and RNA-sequencing
of mouse liver endothelial cells identify
novel regulators of BMPé6 by iron

Allison L. Fisher,’¢ Chia-Yu Wang, "¢ Yang Xu," Sydney Phillips,” Joao A. Paulo,” Beata Matachowska,®“ Xia Xiao,’
Wojciech Fendler,>> Joseph D. Mancias,® and Jodie L. Babitt"/*

SUMMARY

Hepcidin is the master hormone governing systemic iron homeostasis. Iron regulates hepcidin by acti-
vating bone morphogenetic protein (BMP)6 expression in liver endothelial cells (LECs), but the mecha-
nisms are incompletely understood. To address this, we performed proteomics and RNA-sequencing on
LECs from iron-adequate and iron-loaded mice. Gene set enrichment analysis identified transcription fac-
tors activated by high iron, including Nrf-2, which was previously reported to contribute to BMP6 regula-
tion, and c-Jun. Jun (encoding c-Jun) knockdown blocked Bmpé6 but not Nrf-2 pathway induction by iron in
LEC cultures. Chromatin immunoprecipitation of mouse livers showed iron-dependent c-Jun binding to
predicted sites in Bmpé6 regulatory regions. Finally, c-Jun inhibitor blunted induction of Bmpé and hepci-
din, but not Nrf-2 activity, in iron-loaded mice. However, Bmpé and iron parameters were unchanged in
endothelial Jun knockout mice. Our data suggest that c-Jun participates in iron-mediated BMP6 regulation
independent of Nrf-2, though the mechanisms may be redundant and/or multifactorial.

INTRODUCTION

Iron is essential for cellular and metabolic processes but is toxic in excess. The liver hormone hepcidin regulates systemic iron homeostasis by
binding to its receptor ferroportin to induce its degradation and inhibit iron export." This results in iron retention in iron-absorptive intestinal
cells and iron-recycling macrophages, thereby lowering plasma iron levels. In pregnancy or iron deficiency where more iron is needed for
erythropoiesis, hepcidin is suppressed to increase iron bioavailability.”* On the other hand, iron loading and inflammation induce hepcidin
to prevent iron overload and restrict iron availability to infectious organisms.”"° Pathological dysregulation of hepcidin causes iron disorders,
including hereditary hemochromatosis, B-thalassemia, iron-refractory iron deficiency anemia, and anemia of chronic disease.”’

Iron and most other regulatory signals modulate hepcidin through the bone morphogenetic protein (BMP) 6-SMAD pathway.®’ BMPs are a
subset of the transforming growth factor B (TGF-p) superfamily of signaling molecules that are involved in an array of organismal processes
including embryonic development, cellular survival, and differentiation. In addition to these processes, BMP6 and BMP2 are involved in regulation
of systemic iron homeostasis via SMAD signaling proteins. Mechanistically, high iron induces the production of BMP6 and, to a lesser extent,
BMP2 from endothelial cells in the liver.2~'° BMPé and BMP2 bind to the BMP receptor complex on the hepatocyte membrane to initiate the phos-
phorylation of SMAD1/5/8 transcription factors.®’ Phosphorylated SMAD1/5/8 complexes with SMAD4 and translocates to the nucleus, binding
to the hepcidin promoter to upregulate transcription.”’ Mice deficient in either endothelial Bmpé or Bmp2 develop hepcidin deficiency and iron
overload, demonstrating that endothelial cells are the source of BMP production for hepcidin regulation.”'® Although these genetic mouse
models do not exclude the contribution of endothelial cells in other organs, iron-mediated induction of BMP6 and BMP2 only occurs in the
liver.%”""="3 BMP6 and BMP2 function together in hepcidin regulation, possibly as heterodimers, since ablating endothelial Bmpé does not further
suppress hepcidin in endothelial Bmp2 knockout mice and vice versa.'* Moreover, BMPé is considered to be the rate limiting ligand in activation
of this signaling pathway since BMP6 is expressed to a lesser degree than BMP2 under basal conditions yet is more responsive to iron.’

The underlying cellular mechanisms by which iron induces BMP6 production in liver endothelial cells are incompletely understood. In phys-
iologic conditions, transferrin-bound iron is the predominant iron species in circulation. However, in liver endothelial cells, this form of iron was
shown to only have a minor role in regulating BMP6 expression and iron homeostasis.'*'® When iron levels increase and the transferrin-binding
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Figure 1. RNA-sequencing and proteomics identify Jun as a top ranked transcription factor activated by iron in liver endothelial cells

(A-B) Primary liver endothelial cells were treated with 200 ug/mL ferric ammonium citrate (FAC, n = 5) or PBS (Solv, n = 5) for 6 h and analyzed for (A) Tfrc and (B)
Bmpé expression relative to Rpl19 by gRT-PCR.
(C) Time course of Bmpé expression relative to Rpl19 in primary liver endothelial cells treated with Solv (n = 4) or 200 pg/mL FAC in the absence or presence of
2 pg/mL actinomycin D for 2-12 h (n = 4/group).

(D-G) Three-week-old wildtype 12956/SvEvTac male mice were fed a purified diet with 37 ppm ferric citrate or 10,000 ppm carbonyl iron for 4 weeks (n = 4-6/diet).
Liver endothelial cells were isolated by FACS and analyzed for (D) Bmpé expression relative to Rpl19 by gRT-PCR to confirm Bmpé induction by iron in vivo.
(E-H) Liver endothelial cells from 3 to 4 mice/group were subjected to RNA-sequencing and quantitative proteomics analyses, and datasets were analyzed by

gene set enrichment analysis (GSEA) looking for proteins/transcripts associated with a given transcription factor pathway within the ranked list and calculating an

enrichment score depending on the set being up or downregulated. (E) Plotting normalized enrichment score identified four overlapping motifs enriched in the

high-iron group. (F) Enrichment plots show the enrichment score (ES) values on the Y axis representing the strength of association of pathway components with
the high-iron diet group. The bars below the figure represent the relative position of genes/proteins regulated by Jun/AP-1 in the list of all genes/proteins ranked
from the most positively associated (red) to the ones with a negative association (blue). Expanded enrichment plots are provided in Figure S2. (G-H) Volcano plots
illustrate (G) mRNA and (H) protein abundance differences in liver endothelial cells isolated from mice fed high-iron versus iron-sufficient (control) diets. Volcano
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Figure 1. Continued

plots display the —log10(p value) versus the log2 of the relative mRNA/protein abundance of mean high-iron to control. Red circles represent genes/proteins in
the Jun/AP-1 pathway and blue circles represent genes/proteins that are known to be regulated by iron. The remainder of genes/proteins are represented as gray
circles. Bar and line graphs represent mean + SEM with bar graphs showing individual points that indicate the number of independent experiments or animals.
(A-D) Statistical differences between groups were determined by two-tailed Student's t test for normally distributed values or (C) one-way analysis of variance
with Holm-Sidak method of multiple comparisons (FAC 6h versus Solv). *p = 0.0406 vs Solv control; **p = 0.0048 vs FAC + DMSO at 6 h. See also Figures S1
and S2.

capacity is exceeded, non-transferrin bound iron (NTBI) appears. NTBI is toxic, and its accumulation within cells and tissues ultimately leads to
dysfunction. Like hepatocytes,'” liver endothelial cells take up NTBI at a faster rate than transferrin-bound iron.”> How NTBI is taken up by liver
endothelial cells is unknown, but many uptake pathways have been proposed.'*'® By generating reactive oxygen species in mitochondria, NTBI
activates the antioxidant response transcription factor nuclear factor-erythroid derived 2 like 2 (Nfe2I2, also known as Nrf-2), which induces Bmpé
in liver endothelial cell cultures and mice.'” However, iron overload retains some ability to induce Bmpé and hepcidin in global Nfe2I2 (encoding
Nrf-2) knockout mice,'” suggesting that additional Nrf-2-independent regulatory mechanisms exist.

In this study, we used RNA-sequencing and mass spectrometry-based quantitative proteomics to identify candidate regulators of BMP6 by
iron in liver endothelial cells. We focused on BMPé as the rate limiting ligand. We utilized primary liver endothelial cell cultures, publicly avail-
able endothelial cell sequencing data from ENCODE,””?" and mouse models to validate the candidate regulators in multiple systems.

RESULTS
RNA-sequencing and proteomics identify Jun as a top ranked transcription factor activated by iron in liver endothelial cells

We previously reported that iron induces Bmpé mRNA expression in a cell autonomous fashion in a primary mouse liver endothelial cell cul-
ture system.'>"” To investigate the mechanisms, we tested whether iron-mediated regulation of Bmpé expression occurs at the transcrip-
tional level. As previously reported,'™'? treatment of primary liver endothelial cells with ferric ammonium citrate (FAC), a common form of
NTBI in iron-overloaded patient plasma,”*® efficiently loaded cells with iron and did not induce apoptosis, as reflected by suppressed
expression of transferrin receptor 1 (Tfrc) mRNA (Figure 1A), presence of ferric iron by Perl’s iron stain, and lack of TUNEL stain (Figure S1).
FAC treatment also significantly induced Bmpé expression (Figure 1B), confirming cell autonomous regulation of Bmpé by iron. Incubation
with the transcriptional inhibitor actinomycin D completely blocked the induction of Bmpé by FAC treatment (Figure 1C), demonstrating that
iron regulates Bmpé via a transcriptional mechanism. We were unable to determine if iron also impacts translational regulation of BMP6 due
to the lack of commercial antibodies that reliably detect the endogenous BMPé protein by Western blotting."”

To investigate upstream regulator(s) that control Bmpé regulation by iron, we performed unbiased RNA-sequencing and mass spectrom-
etry-based quantitative proteomics on liver endothelial cells isolated from mice fed a matched, purified iron-sufficient diet (37 ppm iron) or
high-iron diet (10,000 ppm iron) for 4 weeks. Liver endothelial cells were isolated from whole livers by fluorescence-activated cell sorting
(FACS) to yield a highly enriched endothelial cell population.”'? As expected, liver endothelial cells isolated from mice fed the high-iron
diet exhibited significantly higher Bmpé expression compared to mice fed the iron-sufficient diet (Figure 1D), confirming iron-mediated
Bmpé regulation. Isolated liver endothelial cells underwent RNA-sequencing and proteomics, and results from both datasets were subjected
to gene set enrichment analysis (GSEA) to identify groups of proteins/transcripts associated with a given transcription factor pathway that
were differentially expressed between the two iron diet groups (Figure 1E). Gene sets were overlaid in search of overlapping results from
both datasets to identify higher confidence targets. Enrichment map visualization identified pathways that were upregulated and downregu-
lated by iron in both datasets (Figure S2A). Pathways that were upregulated in the high-iron diet group included iron uptake and transport,
oxidative stress response, and mitochondrial function, among others (Figure S2A). Pathways that were downregulated in the high-iron diet
group (upregulated in control group) included immune response, cell cycle regulation, and mRNA processing and metabolism (Figure S2A).

Importantly, GSEA identified overlapping protein/transcript sets that were enriched by the high-iron diet with sequences recognized by
three transcription factors in both datasets (Figure 1E). The top-ranked transcription factors included c-Jun protooncogene, AP-1 transcrip-
tion factor subunit (c-Jun, encoded by Jun), and nuclear factor, erythroid derived 2 (Nfe2), and Nrf-2 (Figure 1E). These transcription factors are
known to be activated by oxidative stress as part of the antioxidant response.”*** Notably, Nrf-2 was demonstrated to have a functional role
in Bmpé regulation under high iron conditions,'? providing validation of this approach. We focused subsequent efforts on the potential role of
c-Jun as the top-ranked transcription factor pathway identified by this analysis.

Enrichment plots for c-Jun depict a positive correlation between c-Jun target transcripts and the high-iron diet group in the RNA-Seq and
proteomics datasets, demonstrating consistency in the two methods (Figures 1F, S2B, and S2C). Furthermore, volcano plots of both datasets
highlight the differential upregulation of transcripts/proteins in the c-Jun transcription factor pathway by the high-iron diet (Figures 1G and
1H, red dots). Volcano plots also demonstrated upregulation of Bmpé itself and other transcripts/proteins known to be induced by iron,
including ferritin light chain (Ft/1) and Nrf-2 targets Gelc, Hmox1, and NgoT (Figures 1G and 1H, blue dots). Taken together, our data suggest
that in addition to Nrf-2, c-Jun may also contribute to Bmpé transcriptional regulation in response to iron.

Validation of c-Jun as a regulator of iron-mediated Bmp6 expression in liver endothelial cells

To validate c-Jun as a candidate regulator of Bmpé expression by high iron, we utilized the primary liver endothelial cell culture model. Cells
were analyzed for the impact of siRNA knockdown of endogenous Jun compared to cells treated with control siRNA for FAC-mediated
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Figure 2. Validation of c-Jun as a regulator of iron-mediated Bmpé expression in liver endothelial cells

(A-D) Primary liver endothelial cells were treated with 40 nM control siRNA or siRNA targeting Jun for 48 h prior to treatment with 200 pg/mL ferric ammonium
citrate (FAC) or PBS (Solv) for 6 h (n = 3-4/group). Cells were analyzed for (A) ferritin and total c-Jun protein relative to B-actin expression by Western blot and
quantitation, and for (B) Bmpé, (C) Gclc, and (D) Hmox1 relative to Rpl79 mRNA expression by gRT-PCR.

(E) Chromatin immunoprecipitation (ChIP)-sequencing data for the human BMPé locus in umbilical vein endothelial cells. ChIP-seq data was downloaded from
ENCODE. Black boxes depict peaks for Jun with corresponding consensus sequence motif TGACTCA indicated in red.

(F) Four-week-old wildtype C57BL/6J mice were fed a purified iron-deficient (2-6 ppm iron) or iron-sufficient (48 ppm iron) diet for 3 weeks (n = 6/group). Whole
livers were subjected to ChlIP using anti-c-Jun antibody and analyzed by gRT-PCR to measure binding of c-Jun to the promotor, upstream regulatory region, and
intron 1 of the Bmpé gene, expressed relative to the IgG control antibody (dotted line). Primers were designed based on available ENCODE data from panel (E).
Bar graphs represent mean + SEM with individual points indicating the number of independent experiments or animals. Statistical differences between groups
were determined by two-tailed Student's t test for normally distributed values or (B) one-way analysis of variance with Holm-Sidak method of multiple
comparisons. *p = 0.0306 vs IgG control; **p = 0.0021 vs IgG control; ns, not significant. See also Figures S3, S4, and S7.

induction of Bmpé expression. Effective Jun knockdown was confirmed by over 70% reduction in Jun expression (Figure S3) and a reduction in
total c-Jun protein (Figure 2A). Jun knockdown did not impact the ability of FAC to load cells with iron, as reflected by increases in ferritin
protein in both groups (Figure 2A). Total c-Jun protein expression was not induced by FAC (Figure 2A), but we were unable to validate
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commercially available phospho-c-Jun antibodies to test the activation of c-Jun directly in this model. As expected, Bmpé expression was
induced by FAC within 6 h in cells treated with control siRNA (Figure 2B). Importantly, Jun knockdown blocked induction of Bmpé by FAC
(Figure 2B), similar to what occurs with Nfe2I2 (encoding Nrf-2) knockdown (Figure S4). Lack of an induction of Bmpé by FAC in Jun knockdown
cells was not secondary to inhibition of Nrf-2 pathway activity, as Jun knockdown did not inhibit baseline or FAC-mediated induction of Nrf-2-
target genes Gclc and HmoxT (Figures 2C and 2D). Together, these data suggest a direct functional role for c-Jun in regulating Bmpé in
response to high iron in liver endothelial cells.

Using publicly available ENCODE data in human umbilical vein endothelial cells,”’ we identified two c-Jun consensus binding motifs
(TGACTCA) within predicted BMP6 regulatory regions, which are conserved among species (Figure 2E). Furthermore, ChIP-Seq data showed
peaks for c-Jun binding in the location of both predicted binding sites (Figure 2E), suggesting a direct interaction between c-Jun and these
BMPé regulatory regions. To validate these interactions in the liver in vivo and test whether these interactions are iron-responsive, whole livers
from mice fed iron-deficient (2-6 ppm iron) or iron-sufficient (48 ppm iron) diets were subjected to ChIP-gPCR using c-Jun antibody and
primers based on the ENCODE data to detect predicted c-Jun binding motifs in the upstream regulatory region and intron 1 of murine
Bmpé. We also investigated iron-dependent interaction of c-Jun with the Bmpé promoter, although there was no c-Jun consensus binding
motif identified in the promoter. We found a significant increase in c-Jun binding to the Bmpé promotor and the c-Jun binding motif in the
upstream regulatory region of Bmpé in iron-sufficient livers, compared to IgG control, but not in iron-deficient livers (Figure 2F). However, no
increase in c-Jun binding to the c-Jun binding motif in intron 1 of Bmpé was detected. Taken together, these data demonstrate that c-Jun
binds to Bmpé regulatory regions in an iron-dependent fashion.

A small molecule inhibitor of c-jun phosphorylation blunts Bmpé induction by an iron-loaded diet in mice

Next, we investigated the functional contribution of c-Jun to iron-mediated Bmpé regulation in vivo. We tested the impact of the broad-spec-
trum c-Jun N-terminal kinase (JNK) inhibitor SP600125, which blocks c-Jun phosphorylation,?” on liver Bmpé mRNA expression and iron ho-
meostasis parameters in mice maintained on an iron-sufficient diet (48 ppm iron) or switched to an iron-loaded diet (20,000 ppm iron) for
5 days. The iron-loaded diet significantly increased liver iron concentration but caused only a trend toward increased serum iron levels, irre-
spective of SP600125 treatment (Figures 3A and 3B). Despite a similar degree of iron loading, treatment with SP600125 blunted the induction
of liver Bmpé as well as Bmp2 expression by dietary iron (Figures 3C and 3D). Treatment with SP600125 also lowered liver hepcidin (Hamp)
expression in the iron-loaded diet group (Figure 3E). Hamp expression was also reduced by SP600125 treatment in mice maintained on the
iron sufficient diet (Figure 3E). Taken together, these data suggest that c-Jun has a functional role in regulating iron-mediated BMP ligand and
hepcidin induction in vivo.

Interestingly, despite a previous study implicating a functional role of Nrf-2 in Bmpé and Hamp regulation by iron, the reductions in Bmp4,
Bmp2, and Hamp by SP600125 occurred despite increases in Nrf-2 target transcripts Gelc and Ngo T, which were further potentiated by iron
loading (Figures 3F and 3G). There was a similar tendency for Jun knockdown to induce the Nrf-2 target Hmox1 and potentiate its iron-medi-
ated induction in primary liver endothelial cell cultures (Figure 2D), although liver Hmox1 was not significantly impacted by SP600125 or the
iron-loaded diet in mice (Figure 3H). These data support the notion that Nrf-2 is not the sole mediator of Bmpé regulation by iron and that the
Bmpé-, Bmp2-, and Hamp-inhibiting effects of SP600125 were not an indirect effect of inhibiting Nrf-2 activity.

Endothelial Jun knockout mice do not exhibit changes in liver Bmpé expression or other iron homeostasis parameters

A limitation of the c-Jun inhibitor study is that the inhibitor acts globally, limiting the ability to ascertain the role of c-Jun in iron-mediated
Bmpé regulation specifically in endothelial cells. To address this, we generated mice lacking Jun in endothelial cells using the Stabilin2-
Cre driver (Jun™:Stab2-Cre+) and littermate Jun™:Stab2-Cre-controls.’*" We validated the conditional Jun knockout animals by isolating
liver endothelial cells and macrophages (Kupffer cells) by magnetic sorting. We confirmed enrichment of liver endothelial cells by increased
expression of the endothelial marker Cd14¢6, and Kupffer cells by increased Cd45 expression (Figures 4A and 4B). Importantly, we found ~80%
reduction in Jun expression in liver endothelial cells, but comparable levels of Jun expression in Kupffer cells, from Jun™":Stab2-Cre+ mice
compared with Cre- controls (Figures 4C and 4D). This aligns with our prior analysis of Stabilin2-Cre activity.'” These results confirm that Jun
knockdown is primarily restricted to endothelial cells in the liver and the contribution of macrophage Jun deletion, if any, is negligible.

We analyzed Jun™":Stab2-Cre+ and littermate Jun™":Stab2-Cre- male and female mice after feeding either a purified iron-sufficient diet
(48 ppm iron) or high-iron diet (10,000 p.m. iron) for 2 weeks starting at 6 weeks of age. As expected, liver iron, serum iron, transferrin satu-
ration, liver Bmpé and Hamp expression were increased in iron-loaded mice compared to iron-sufficient mice of both genotypes (Figures 4E~
4H and S5). However, we did not find any differences between sex- and diet-matched genotypes in liver or serum iron concentration, serum
transferrin saturation, or whole liver expression of Bmpé, Bmp2, or Hamp (Figures 4E-4H and S5). A lack of impact on Bmpé expression was
also confirmed in isolated liver endothelial cells (Figure S5). We also did not detect any changes in hemoglobin, hematocrit, or red blood cell
indices between sex-and diet-matched genotypes with the exception of slightly increased mean corpuscular hemoglobin in Jun™:Stab2-
Cre+ females on a high-iron diet (Tables ST and S2). Together, these data suggest that the functional role of endothelial c-Jun in iron-medi-
ated Bmpé regulation in vivo is redundant and/or requires coordinated activity in additional cell types beyond endothelial cells.

Since the c-Jun inhibitor study showed that SP600125 blunted Bmpé induction by iron despite potentiating the induction of Nrf-2 pathway
targets (Figures 3C, 3F, and 3G), we considered the possibility that Nrf-2-mediated Bmpé induction may require c-Jun. We therefore tested
whether the Nrf-2 activator CDDO-Im retained its ability to induce Bmpé'? in Jun knockdown primary liver endothelial cell cultures and endo-
thelial Jun knockout mice. As previously reported,’” CDDO-Im treatment increased Bmpé mRNA expression in parallel with Nrf-2 targets Gele
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Figure 3. A small molecule inhibitor of c-Jun phosphorylation blunts Bmpé6 induction by an iron-loaded diet in mice

Four-week-old wildtype C57BL/6NTac female mice were fed purified iron-sufficient diet (48 ppm iron) for 3 days. On day 4, half of the mice were switched to high-
iron diet (20,000 ppm iron) for the remainder of the experiment, while the remaining mice continued the iron-sufficient diet. Starting on day 3, mice in both groups
received daily intraperitoneal injections of broad-spectrum JNK inhibitor SP600125 (2 mg/mouse), which blocks c-Jun phosphorylation, or DMSO for 5 days and
were harvested 6 h after the final injection (n = 9/diet/treatment). Mice were analyzed for (A) liver iron concentration, (B) serum iron concentration, and hepatic
expression of (C) Bmpé, (D) Bmp2, (E) Hamp, (F) Gelc, (G) Ngo1, and (H) Hmox1 relative to Rpl19 by gRT-PCR. Bar graphs represent mean + SEM with individual
points indicating the number of animals. Statistical differences between groups were determined by one-way analysis of variance with Holm-Sidak method of
multiple comparisons.

and Hmox1in cells transfected with control siRNA (Figures S6A-S6C) However, Jun knockdown did not interfere with the induction of Bmpé or
Nrf-2 targets by CDDO-Im (Figures S6A-S6C). Likewise, we found that CDDO-Im treatment similarly induced liver Nrf-2 activity and Bmpé
expression in endothelial Jun knockout mice and Cre- controls (Figures S6D-S6F). Together these findings indicate that Nrf-2-mediated
Bmpé induction does not require c-Jun.

DISCUSSION

Induction of liver endothelial cell Bmpé expression by iron is central to the adequate sensing of iron levels to control systemic iron homeo-
stasis. Global or endothelial knockout or mutations of Bmpé results in iron overload in mice and humans,*> " and treatment with exogenous
BMP6 ameliorates hemochromatosis in mice.’® Although BMPé is critical for the regulation of iron homeostasis and a therapeutic target to
treat iron disorders, how iron regulates Bmpé expression is incompletely understood. The Nrf-2 pathway was previously shown to induce
Bmpé expression as a cellular response to iron-mediated mitochondrial oxidative stress.'” However, the residual induction of Bmpé expres-
sion by iron in global Nfe2I2 knockout mice'” suggests the existence of additional regulatory pathways.

Using unbiased RNA-sequencing and quantitative proteomics methodology coupled with GSEA, we identified c-Jun as a candidate tran-
scription factor whose activity is induced by high-iron in liver endothelial cells concordantly with Bmpé expression. The Nrf-2 pathway was also
one of the top hits, providing validation of this approach. In support of this finding, a review of the supplementary information published in a
recent independent study of Bmpé regulation by iron using single-cell RNA-sequencing of mouse livers also demonstrated significant in-
creases in c-Jun transcription factor pathway activity specifically in the liver sinusoidal endothelial cell populations in response to two different
high iron conditions.'® The prior study'® differed from ours in the use of single-cell RNA-sequencing of whole liver rather than bulk
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Figure 4. Endothelial Jun knockout mice do not exhibit changes in liver Bmpé expression or other iron homeostasis parameters

Endothelial cells (EC) and Kupffer cells (KC) were isolated from Jun™:Stab2-Cre+ and Cre- mouse livers by magnetic separation (n = 3-4/group) and analyzed for
enrichment by expression of cell-specific markers (A and B) Cd146 (EC) and Cd45 (KC), and expression of (C and D) Jun relative to Rp/19by gRT-PCR in EC and KC,
respectively. In panels (A and B), cells from Cre+ and Cre- mice were combined for purity analysis for a total of n = 6-8/group.

(E-H) Six-week-old male (n = 5-7/group) and female (n = 4/group) Jun™.Stab2-Cre+ and littermate Cre- mice were fed purified iron-sufficient diet (48 ppm iron)
or high-iron diet (10,000 ppm iron) for 2 weeks and analyzed at 8 weeks for (E) liver iron concentration, (F) serum transferrin saturation (TSAT), and (G) hepatic
expression of Bmpé and (H) Hamp relative to Rpl19 by qRT-PCR. Bar graphs represent mean £ SEM with individual points indicating the number of animals.
Statistical differences between groups were determined by two-tailed Student’s t test for normally distributed values. ns, not significant. See also Figure S5
and Tables ST and S2.

RNA-sequencing and proteomics of isolated liver endothelial cells. The prior study'® also used different models of iron loading with short-
term single injection of iron-rich holo-transferrin or 18 h feeding of a high-iron diet after pre-treatment with an iron-deficient diet, compared to
the long-term 4 weeks feeding of a high-iron diet in our study. Notably, we and others have found that liver Bmpé expression is induced by
high iron as early as 6 h (depending on the strength of the iron stimulus), peaks at 2 weeks, and persists for as long as 4 weeks,®'*'¢%3 sug-
gesting that any pathways involved in iron-mediated Bmpé regulation would be expected to be impacted at all of these timepoints. The
concordant results between these studies across different unbiased approaches, different models of iron loading, and different labs supports
the robustness and reproducibility of the finding that iron induces c-Jun activity in liver endothelial cells in parallel with Bmpé under both
short-term and long-term iron stimuli.

Members of the Jun family (c-Jun, JunB, and JunD), along with Fos, Atf, or Maf family proteins, form the AP-1 transcription factor complex.
The AP-1 transcription factor complex is involved in a variety of cellular processes including proliferation, stress, apoptosis, and transforma-
tion.***” In addition to cellular oxidative stress, AP-1 is also suggested to function in regulation of the hemochromatosis gene HFE,"® and, via
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c-Jun, transcription of the plasma iron oxidase ceruloplasmin.*’ Interestingly, one study previously reported transcriptional activation of BMPé
by JunB in endothelial-derived cell cultures.”” In this study, BMPé induction was caused by treatment with the iron chelator 2,2'-dipyridyl; how-
ever, BMPSinduction did not occur with other iron-chelators and was iron-independent.*” It is important to note that in vivo, Bmpé expression
is decreased rather than induced by iron deficiency.®'>*"** Thus, the biological significance of these findings in regard to iron-mediated
BMP6 regulation is unclear.

In this study, we used a primary liver endothelial cell culture system to test whether c-Jun has a functional role in iron-mediated Bmpé regu-
lation. We confirmed our previous findings that NTBI can induce Bmpé in a cell-autonomous fashion in liver endothelial cells'>'”
that regulation of Bmpé expression by NTBI occurs at the transcriptional level. Moreover, we showed that c-Jun regulates Bmpé expression by
NTBI because Bmpé induction was inhibited in Jun knockdown cells. Notably, although the ability of iron to induce Bmpé in isolated liver
endothelial cell cultures is highly reproducible in our hands,'®'? another group was not able to demonstrate iron-mediated Bmpé induction
in a different primary liver sinusoidal endothelial cell culture model.** This same group was not able to replicate the ability of Nrf-2 activation
to induce Bmpéin their cell culture model.** The different findings may be related to variations in the liver endothelial cell isolation, cell culture
procedure, and the use of a different Nrf-2 activator. In contrast to the other group, we did not attempt to isolate sinusoidal liver endothelial

and showed

cells specifically, rather than a more general liver endothelial cell population, because the specific role for liver sinusoidal endothelial cells in
BMP6 production for hepcidin regulation has not been definitively established in vivo. One limitation of all primary liver endothelial cell culture
models is that these cells lose their functional characteristics very quickly in cell culture. However, we believe that our liver endothelial cell
culture is a valid model because the cells retain their endothelial protein markers and the ability to upregulate Bmpé in response to iron
and the Nrf-2 activator CDDO-Im, similar to what occurs in vivo. Nevertheless, these limitations emphasize the importance of further vali-
dating liver endothelial cell culture findings using other methods.

To explore whether c-Jun has a direct functional role in Bmpé transcription, we utilized publicly available ENCODE data in human umbilical
vein endothelial cells (HUVECs) to identify consensus sequence binding sites for c-Jun in predicted regulatory regions of the human BMPé
gene that are conserved across species. Moreover, ENCODE ChIP sequencing data showed peaks for c-Jun binding at these predicted sites,
consistent with an interaction between c-Jun and BMP, at least in this cell culture model. Similar data were previously shown in support of
Nrf-2 interacting with murine Bmpé in a myoblast cell line.'” However, the direct interaction of Nrf-2 with Bmpé in liver endothelial cells was
not experimentally validated in the prior study,'? nor its dependence on iron. Here, we confirmed c-Jun binding to murine Bmpé regulatory
regions by ChIP-gPCR in whole livers in an iron-dependent fashion. Interestingly, although one of the confirmed binding sites contained a
c-Jun consensus binding motif consistent with direct DNA binding, c-Jun also bound to the Bmpé promoter where a consensus binding motif
was not identified. It is possible that c-Jun interaction with the Bmpé promoter occurs through an atypical c-Jun binding motif or is indirect via
an interaction with another transcription factor. Future studies are needed to clarify where and how c-Jun binds to the Bmpé promoter region.
It is expected that endothelial cells are the most likely cell type in which this binding occurs due to their preferential production of BMP6
compared with other liver cell populations®” as well as results from the integrative omics analysis and ENCODE ChIP sequencing data. How-
ever, which liver cell populations exhibit binding activity was not definitively determined, as we were unable to utilize sorted endothelial cells
due to a lack of sufficient starting material or downstream interference from antibody-based isolation methods.

In our model, we were unable to confirm c-Jun binding to the Bmpé intron 1 region, which contains a consensus ¢c-Jun binding sequence
and where c-Jun binding was detected in ENCODE ChIP sequencing data. This could be due to the use of different model systems—HUVECs
for the ENCODE ChlP sequencing data versus whole mouse livers in our experiment. It is also possible that technical limitations precluded our
ability to detect this interaction. Our ChIP-gPCR experiments were technically challenging because we used whole liver tissue rather than a
cell culture system and because reliable reagents to detect mouse c-Jun are limited. We found differences in binding with the negative IgG
antibody and background amplification among different dietary iron conditions, including a very high IgG background in mice fed the high-
iron diet. It is for these reasons that we designed our study to compare abundance relative to the IgG negative control within each dietary
group rather than between dietary groups, and we included only iron-deficient diet and iron-sufficient diet groups to explore iron-depen-
dence of the binding. Despite these technical challenges, our findings, together with the publicly available ENCODE ChIP sequencing
data, support the conclusion that c-Jun binds to Bmpé regulatory regions, and this binding appears to be iron-dependent.

Importantly, we found that blocking c-Jun phosphorylation using a broad-spectrum JNK inhibitor disrupted the iron homeostatic response
to dietary iron loading in vivo by inhibiting the induction of Bmpé, Bmp2, and hepcidin. Mechanistically, based on the RNA-seq and prote-
omics data, liver endothelial cell culture studies, ENCODE ChlP sequencing data, and ChIP-gPCR experiments, we hypothesize that inhibiting
c-Jun had a direct effect to inhibit Bmpé transcriptional regulation by iron in liver endothelial cells, resulting in the hepcidin decrease. How-
ever, the lack of specificity of the inhibitor for c-Jun alone, and its global activity when administered parenterally do not definitively demon-
strate an exclusive and independent role for c-Jun in regulating Bmpé in endothelial cells in mice. Whether BmpZ2 induction by iron may also
be controlled directly by c-Jun remains to be determined. Iron failed to induce Bmp2 mRNA in the liver endothelial cell culture system'> pre-
cluding in vitro validation using this model. Although JNK inhibition reduced hepcidin expression, this had no effect on systemiciron levels. It
is possible that this is related to the short time course of the experiment, or modest degree of Bmpé and hepcidin suppression that may not be
enough to induce iron loading at the time point examined. It is also possible that counter regulation of iron levels by hepcidin already
occurred, and iron levels would have been different at an earlier time point after JNK inhibitor treatment. Lastly, it is also possible that the
JNK inhibitor has additional impacts on other aspects of iron regulation that counteract the effects of BMP6 and hepcidin.

To address the question of c-Jun function to regulate Bmpé specifically in endothelial cells in vivo, we generated mice that lack endothelial
Jun using the Stabilin2-Cre driver, which has restricted activity to primarily sinusoidal endothelial cells in the liver, spleen, and bone marrow,
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with minor activity in some hematopoietic cell populations (<10%) and resident liver macrophages (<25%)."%">*' We did not find any notable
differences in Bmpé expression, hepcidin expression, or other iron homeostasis parameters when analyzing endothelial Jun knockout animals
under baseline or high-iron conditions. This finding does not rule out a functional role for c-Jun in mediating iron-dependent Bmpé regulation
in liver endothelial cells, which is supported by many other lines of evidence in this study. It is possible that there is compensatory or antag-
onistic regulation from other members of the Jun family (JunB or JunD), that could obscure any differences in single endothelial Jun knockout
mice. For example, knock-in of JunB was shown to rescue both liver and cardiac defects seen in global Jun knockout animals, which are other-
wise lethal.”> Additionally, conditional epidermal deletion of both Jun and JunB caused a psoriasis-like skin phenotype, whereas deletion of
either Jun or JunB alone did not.*® Similar to what occurs in epidermal cells, the expression of genes like Bmpé in endothelial cells could be
regulated equally by c-Jun and JunB, or JunD. Recently, transactivation of BMPé6 in an iron-independent setting was demonstrated to involve
JunB, further supporting this possibility.”? Although this potential redundancy did not preclude our detecting a functional role for c-Jun in
isolated liver endothelial cell culture experiments, it is possible that compensation may not occur in cell culture studies due to the short-
term and/or incomplete nature of the knockdown in this model system. Considering that all Jun family members can participate in the oxida-
tive stress response,”® and JunB can regulate Bmpé expression in other settings,*? future studies of double or triple endothelial Jun, JunB, and
JunD knockout animals may more clearly establish an in vivo functional role for the Jun transcription factor pathway in endothelial cell Bmpé
regulation by iron and distinguish the regulatory contribution of each Jun family member.

A second potential explanation for the lack of phenotype in the endothelial Jun knockout mice is that c-Jun may have a functional role in
additional cell types, such as neighboring hepatocytes. Of note, hepatocytes rapidly take up and accumulate NTBI, and specifically utilize
the c-Jun pathway to protect against other types of cellular stress.”’ Detailed co-culture studies of liver endothelial cells and hepatocytes or other
liver cell populations would provide insight into other potential functions of c-Jun, which are not apparent in isolated liver endothelial cell culture
studies. Notably, the prior study demonstrating a functional impact of the Nrf-2 pathway in Bmpé regulation was performed in global knockout
animals.’? Thus the effects in that model could also be partially due to signals from other cell types, in addition to endothelial cells. It is possible
we would detect alteration of iron-mediated Bmpé regulation in global Jun deficient animals, similar to what occurs in JNK inhibitor treated mice
or global Nfe2I2knockout mice. However, these studies are precluded by the embryonic lethality of germline Jun deletion.*® Future studies using
an inducible global Jun knockout mouse model may be useful in further understanding the role of c-Jun in Bmpé regulation by iron in vivo.

To understand whether and how the c-Jun pathway may crosstalk with the Nrf-2 pathway in Bmpé regulation, we investigated the impact of
c-Jun inhibition on Nrf-2 activation in our different model systems. The fact that Bmpé expression was decreased by Jun knockdown or JNK
inhibition despite an induction of other Nrf-2 pathway targets confirms that Nrf-2 is not the sole mediator of Bmpé regulation by iron and that
c-Jun is not regulating Bmpé indirectly by impacting the Nrf-2 pathway. Moreover, the ability of CDDO-Im to induce Nrf-2 activity and Bmpé
irrespective of endothelial Jun knockdown or knockout, demonstrates that Nrf-2 does not require endothelial c-Jun to regulate Bmpé. Over-
all, these data are consistent with nonoverlapping effects of c-Jun and Nrf-2 in Bmpé regulation, but a full understanding of potential crosstalk
between these pathways will require further study.

In summary, we have generated the first comprehensive analysis of transcriptomic and proteomic responses to iron loading in liver endothelial
cells, which have uncovered a novel functional role for the c-Jun transcription factor pathway in regulating Bmpé transcription in high iron con-
ditions, independent of Nrf-2 pathway activation. However, the role of c-Jun may be genetically redundant with other members of the Jun family
and/or may require coordinated activity in multiple cell types. These findings provide important new insights into how endothelial cells sense iron
levels to regulate systemic iron homeostasis, which may ultimately pave the way for new treatments for iron overload disorders.

Limitations of the study

The collective results from our study suggest a functional role for the c-Jun transcription factor pathway in Bmpé transcriptional regulation in
response to iron. However, our study has several limitations. First, we used different timings of feeding high-iron diets for different experiments.
Although Bmpé expression is increased by the high-iron diet in all dietary models, the different timings make direct comparisons between the
experimental results difficult. Second, although our primary liver endothelial cell cultures do retain several of their important in vivo character-
istics, including iron-mediated Bmpé responsiveness, it is uncertain how faithfully this cell culture model recapitulates all of the functions of these
cells in vivo. Third, we had technical limitations in our ChIP-qPCR experiments, including differences in background IgG binding in different di-
etary iron groups, which precluded our ability to assess binding in the high-iron diet group or compare binding across iron diets. Moreover, we
were not able to confirm c-Jun binding to the intron 1 region of Bmpé where there is a known consensus site and c-Jun interaction was previously
demonstrated by ChIP-seq in HUVECs. Finally, we could not definitively determine a functional role for endothelial c-Jun in Bmpé regulation to
control iron homeostasis in vivo due to potential global or off target effects of the JNK inhibitor, and lack of phenotype in endothelial Jun
knockout mice, which may be due to redundancy with other Jun family members or may require coordinated activity in multiple cell types.
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Antibodies

Goat polyclonal anti-ferritin light chain

Rabbit monoclonal anti-cJun

Mouse monoclonal anti-B-actin

Donkey polyclonal anti-goat-HRP

Donkey polyclonal anti-rabbit-HRP

Goat polyclonal anti-mouse-HRP

Rabbit polyclonal anti-cJun

Normal rabbit polyclonal IgG

Rabbit monoclonal anti-H3K4me3

Rat monoclonal FITC anti-mouse Ly-6C

Rat monoclonal PE anti-mouse CD146

Mouse monoclonal PerCP/Cyanine5.5 anti-mouse CDé4
Rat monoclonal PE/Cyanine? anti-mouse F4/80
Mouse monoclonal Pacific Blue anti-mouse CD45.2
Rat monoclonal Brilliant Violet 605 anti-mouse CD31
Armenian hamster monoclonal APC anti-mouse CD3e
Rat monoclonal APC anti-mouse CD19

Rat monoclonal APC anti-mouse CD90.2

Rat monoclonal APC anti-mouse CD326

Rat monoclonal APC anti-mouse Ly-6G

Mouse monoclonal APC anti-mouse NK-1.1

Rat monoclonal Alexa Fluor 700 anti-mouse MCH class |l
Rat monoclonal APC/Cyanine7 anti-mouse CD11b
Mouse CD-146 microbeads

Mouse F4/80 microbeads

Novus Biologicals

Cell Signaling Technology
Millipore Sigma

Jackson Immunoresearch
GE Healthcare Life Sciences
Jackson Immunoresearch
Abcam

Cell Signaling Technology
Millipore Sigma
Biolegend

Biolegend

Biolegend

Biolegend

Biolegend

Biolegend

Biolegend

Biolegend

Biolegend

Biolegend

Biolegend

Biolegend

eBioscience

Biolegend

Miltenyi Biotec

Miltenyi Biotec

Cat#Nbp1-06986; RRID: AB_2294316
Cat#9165; RRID: AB_2130165
Cat#MAB1501; RRID: AB_2223041
Cat#705-036-147; RRID: AB_2340392
Cat#NA9340; RRID: AB_772191
Cat#115-035-003; RRID: AB_10015289
Cat#ab31419; RRID: AB_731605
Cat#2729; RRID: AB_1031062
Cat#04-745; RRID: AB_1163444
Cat#128006; RRID: AB_1186135
Cat#134704; RRID: AB_2143527
Cat#139307; RRID: AB_2561962
Cat#123114; RRID: AB_893478
Cat#109820; RRID: AB_492872
Cat#102427; RRID: AB_2563982
Cat#100312; RRID: AB_312677
Cat#115512; RRID: AB_313647
Cat#140312; RRID: AB_10640728
Cat#118214; RRID: AB_1134102
Cat#127613; RRID: AB_1877163
Cat#108709; RRID: AB_313396
Cat#56-5321-80; RRID: AB_494009
Cat#101226; RRID: AB_830642
Cat#130-092-007

Cat#130-110-443

Chemicals, peptides, and recombinant proteins

c-Jun N-terminal kinase (JNK) inhibitor SP600125
Nrf-2 activator CDDO-Im

Ferric ammonium citrate

Liver dissociation kit, mouse

Lipofectamine RNAIMAX

PowerUp SYBR Green Master Mix

Standard rodent chow (380 ppm iron)

AIN-93G iron-sufficient diet (37 ppm ferric iron citrate)
AIN-93G high-iron diet (10,000 ppm carbonyl iron)
Iron-deficient diet (2-6 ppm background iron)
Iron-sufficient diet (48 ppm ferric iron citrate)
High-iron diet (10,000 ppm carbonyl iron)
High-iron diet (20,000 ppm carbonyl iron)

Tocris Bioscience
R&D Systems
Sigma-Aldrich
Miltenyi Biotec
Invitrogen
Applied Biosystems
LabDiet
Research Diets
Research Diets
Envigo-Teklad
Envigo-Teklad
Envigo-Teklad
Envigo-Teklad

Cat#1496; CAS: 129-56-6
Cat#4737; CAS: 443104-02-7
Cat#F5879; CAS: 1185-57-5
Cat#130-105-807
Cat#13778075

Cat#A25778

Prolab RMH3000
Cat#D08090806
Cat#D08090805
Cat#TD.80396
Cat#TD.803%4
Cat#TD.08043
Cat#TD.08496
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Critical commercial assays

Perl’s iron stain kit American MasterTech Cat#KTIRO

TUNEL assay kit Cell Signaling Technology Cat#25879
Iron/TIBC kit Pointe Scientific Cat#1750460
PicoPure RNA isolation kit Applied Biosystems Cat#KIT0204
SuperScript VILO cDNA synthesis kit Invitrogen Cat#11754050
High-Capacity RNA-to-cDNA kit Applied Biosystems Cat#4387406
RNAeasy Mini kit Qiagen Cat#74104
RNAeasy Micro kit Qiagen Cat#74004
Pure-Link RNA Mini kit Invitrogen Cat#12183025
High pH Reversed-Phase Peptide Fractionation Kit Pierce Cat#84868
DC-protein assay kit Bio-RAD Cat#5000112
Deposited data

RNA-sequencing data This paper GEO: GSE223871
Quantitative proteomics data This paper PRIDE: PXD039830
ChlP-sequencing data ENCODE ENCODE: ENCSROO0ALG, ENCSR578QS0O,

Human reference genome NCBI build 38, GRCh38

Genome Reference Consortium

ENCSROOOALB, ENCSRO00EFA, ENCSROOOEOQ

http://www.ncbi.nlm.nih.gov/projects/genome/

assembly/grc/human/

Experimental models: Cell lines

Primary liver endothelial cells from CD-1 mice

Cell Biologics

Cat#CD-1017

Experimental models: Organisms/strains

129S6/SvEvTac mice
C57BL/6N mice

Jun-floxed mice (C57BL/6)

Taconic Farms
Taconic Farms

Richard Libby

Cat#129SVE

Cat#B6

Behrens et al.*°

Stabilin2-Cre mice (C57BL/6) Cyrill Géraud Géraud et al.*’!

Conditional endothelial-specific Jun”";Stabilin2-Cre This paper N/A

mice (C57BL/6)

Oligonucleotides

Silencer™ Select Negative Control No. 2 siRNA Invitrogen Cat#4390846

siGENOME non-targeting siRNA control pool #1 Dharmacon Cat#D-001206-13-05
Mouse Jun siRNA Invitrogen Cat#s68564

siGENOME Mouse Jun siRNA - SMARTpool Dharmacon Cat#M-043776-01-0005
For gRT-PCR gene-specific primers, see Table S4 This paper N/A

For ChIP-gRT-PCR primers, see Table S4 This paper N/A

Software and algorithms

Prism 9.0 GraphPad https://www.graphpad.com/
UCSC genome browser UCSC Genomics Institute http://genome.ucsc.edu
Agilent 2100 Expert Agilent https://www.agilent.com/
GeneSys G:Box Mini 6 (v1.6.1.0) Syngene https://www.syngene.com/

QuantStudio3 (v.1.5.1)
GSEA Desktop (v2.2)
MSigDB geneset (c3.tft.v5.2)
ImageJ

CorelDRAW

Applied Biosystems
GSEA

MSigDB

NIH

Corel

https://www.thermofisher.com/
https://www.gsea-msigdb.org/gsea/index.jsp
https://www.gsea-msigdb.org/gsea/index.jsp
https://imagej.net/

https://www.coreldraw.com/
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RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Jodie L Babitt MD
(Babitt.jodie@mgh.harvard.edu).

Materials availability

This study did not generate new unique reagents.

Data and code availability

e The RNA-Sequencing data that support the findings of this study have been deposited in the NCBI Gene Expression Omnibus’® and
are accessible through the GEO Series accession number GEO: GSE223871. The mass spectrometry proteomics data that support the
findings of this study have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository® with the dataset
identifier PRIDE: PXD039830. The deposited data are publicly available as of the date of publication. This paper also analyzes existing,
publicly available data from ENCODE. Accession numbers are listed in the key resources table.

e This paper does not report original code.

e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
Animals

Animal experiments were approved by the Institutional Animal Care and Use Committee at Massachusetts General Hospital (MGH) and were
carried out in accordance with the Guide for Care and Use of Laboratory Animals (National Institutes of Health, Bethesda, MD). Mice were
housed in a temperature and humidity-controlled barrier facility on a 12-hour light-dark schedule and fed ad libitum with standard rodent
chow (Prolab RMH 3000; LabDiet, 380 ppm iron) until otherwise specified.

For RNA-Sequencing and proteomic studies, three-week-old wild-type 12956/SvEvTac male mice were fed a purified AIN-93G iron-suf-
ficient rodent diet formulated to contain 37 ppm iron as ferric citrate (Research Diets DO8090806) or a matched, purified, high-iron diet con-
taining 10,000 ppm carbonyl iron (Research Diets DO8090805) for 4 weeks.

For experiments using c-Jun N-terminal kinase (JNK) inhibitor SP600125, four-week-old wild-type C57BL/6N (Taconic Farms) female mice
were fed a purified iron-sufficient diet (48 ppm iron, Envigo-Teklad TD.80394) for 3 days. On day 4, half of the mice were switched to a
matched, purified, high-iron diet (20,000 ppm iron, Envigo-Teklad TD.08496), while the remaining mice continued the iron-sufficient diet.
Starting on day 3, mice in both groups received daily intraperitoneal injections of broad-spectrum JNK inhibitor SP600125 (2 mg/mouse, Toc-
ris 1496/50), which blocks c-Jun phosphorylation, or DMSO for 5 days and were harvested 6 hours after the final injection.

To generate mice with deletion of Jun in endothelial cells, C57BL/6 mice harboring LoxP-flanked alleles of Jun®® (provided by Richard
Libby, Rochester, NY, USA) were bred to C57BL/6 mice expressing Cre recombinase under the control of an endothelial cell-specific
Stabilin-2 (Stab?2) promoterm (provided by Cyrill Géraud, Mannheim, Germany) to produce Jun™-Stab2-Cre+ and Jun™":Stab2-Cre- litter-
mate controls. Six-week-old male and female mice were fed a purified iron-sufficient diet (48 ppm iron, Envigo-Teklad TD.80394) or a
matched, purified, high-iron diet (10,000 ppm iron, Envigo-Teklad TD.08043) for 2 weeks. For Nrf-2 activator studies, Jun™";Stab2-Cre+
and littermate Cre- mice were treated with 30 mmol/kg Nrf-2 activator CDDO-Im or solvent control by oral gavage for 6 hours.

For both manufacturers, matched, purified diets are identical with the exception of the amount and source of iron. According to the man-
ufacturers, carbonyl iron is used for high-iron diets to avoid toxic effects of the iron salts at high concentrations and because it provides more
elemental iron per gram. Ferric citrate is used in control diets because it is less complicated to incorporate and cheaper per unit iron. Iron-
deficient diets are formulated without adding iron.

Cell culture

CD1 mouse primary liver sinusoidal endothelial cells (Cell Biologics CD-1017) were maintained in complete mouse endothelial cell medium
with growth factor supplement following manufacturer’s instructions (Cell Biologics M1168PF). The cells were used at passage 3 to 10 and
maintained at 37°C in a 5% CO, 95% air atmosphere. Although the cells are marketed as liver sinusoidal endothelial cells, since they were
isolated using pan-endothelial marker CD31, we cannot irrefutably confirm the cells are solely sinusoidal in nature. Thus, we refer to this
cell culture model as liver endothelial cells. Information about the sex of the animals from which the cells are isolated is not provided by
the company.

To induce cellular iron loading, cells were incubated with 0-200 pug/ml ferric ammonium citrate for 2-12 hours. For transcriptional inhibi-
tion, cells were treated with 2 pg/ml actinomycin D or DMSO in the presence of 0-200 pg/ml ferric ammonium citrate for 2-12 hours.

For gene knockdown experiments, cells were transfected with 40 nM non-targeting control siRNA (Invitrogen 4390846 or Dharmacon
D-001206-13-05) or siRNA targeting Jun (Invitrogen s68564 or Dharmacon M-043776-01-0005) using Lipofectamine RNAIMAX (Invitrogen)
per the manufacturer’s instructions for 48 hours prior to iron treatment as described above or treatment with 100 nM Nrf-2 activator
CDDO-Im for 6 hours. Gene knockdown was confirmed by gRT-PCR and immunoblotting.
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METHOD DETAILS
Fluorescence-activated cell sorting (FACS)

Liver endothelial cells were sorted from 7-week-old mice by FACS as previously described”'? using the monoclonal antibodies listed in
Table S3, and the gating strategy provided in Lim et al.'? Cells were first gated using FSC/SSC characteristics, and doublets were sequentially
excluded by comparing FSC and SSC height and area signals. Endothelial cells were identified as CD45-, CD317, lineage-, MHCII-, CDé4-,
CD146+. Lineage was defined as: CD3e, CD19, CD90.2, CD326, LyéG, NK1.1. Cells were sorted on a FACSAvria Il (BD Biosciences) by the Har-
vard Stem Cell Institute-Center for Regenerative Medicine Flow Cytometry Core Facility at MGH.

Magnetic-activated cell sorting (MACS)

Whole liver was incubated in liver dissociation enzymes following the manufacturer’s instructions (Miltenyi 130-105-807). Single-cell suspen-
sions were prepared using fine scissors and filtration through 100- and 30-um cell strainers. Endothelial cells and Kupffer cells were isolated by
magnetic separation using Cd146 microbeads (Miltenyi 130-092-007) and F4/80 microbeads (Miltenyi 130-110-443), respectively, following the
manufacturer’s instructions.

RNA-sequencing

RNA-sequencing was performed at the MGH NextGen Sequencing Core. Total RNA from FACS-sorted endothelial cells was isolated using
PicoPure RNA Isolation Kit (Applied Biosystems) and RNA quality and concentration were assessed by using Agilent 2100 Bioanalyzer. Sev-
enty ng total RNA was used for library construction using a Clontech SMARTer Ultra Low Input Kit. RNA sequencing was performed using
lllumina HiSeq2000 Sequencing in High-Output mode, which offers 150-200 million reads per lane.

Quantitative proteomics

Quantitative mass spectrometry-based proteomics were performed as previously described.”' Cells were homogenized by 20 passes through
a21-gauge (1.25in. long) needle in lysis buffer (8 M Urea, 200 mM HEPES pH 8.5, 1x Roche protease inhibitors, 1x Roche PhosphoStop phos-
phatase inhibitors) at a protein concentration of ~5mg/mL. The homogenate was sedimented by centrifugation at 20,000 x g for 5 min at 4°C.
Proteins were subjected to disulfide bond reduction with 5 mM dithiothreitol (37°C, 25 min) and alkylation with 10 mM iodoacetamide (room
temperature, 30 min in the dark). Excess iodoacetamide was quenched with 15 mM dithiothreitol (room temperature, 15 min in the dark).

Chloroform-methanol precipitation of proteins from cells was performed prior to protease digestion. In brief, four parts neat methanol
was added to each sample and vortexed, one part chloroform was added to the sample and vortexed, and three parts water was added
to the sample and vortexed. The sample was centrifuged at 10,000 rpm for 2 min at room temperature and washed twice with 100% methanol.
Samples were resuspended in 200 mM HEPES pH 8.5 for digestion. Protein concentrations were determined by bicinchoninic acid assay.

For each of the samples, protein was digested at 37°C for 3 h with LysC protease at a 1:100 protease-to-protein ratio. Trypsin was then
added at a 1:100 protease-to-protein ratio and incubated overnight at 37°C. TMT reagents were dissolved in anhydrous acetonitrile and
added to the peptides in 200 mM HEPES, pH 8.5 and 30% v/v of acetonitrile at a 1:2 ratio. Following incubation at room temperature for
1 h, the reaction was quenched with hydroxylamine to a final concentration of 0.3% v/v. The TMT-labeled samples were combined at a 1:1
across all samples.

We fractionated the pooled TMT-labeled peptide sample using a High pH Reversed-Phase Peptide Fractionation Kit (Pierce 84868) per the
manufacturer’s instructions except the acetonitrile percentage used in the elution buffers and the concatenation strategy. Twelve fractions
were collected using 7.5%, 10%, 12.5%, 15%, 17.5%, 20%, 22.5%, 25%, 27.5%, 30%, 35%, and 60% acetonitrile in 0.1% triethylamine (TEA).
The samples were concatenated into six by combining as follows: 7.5% and 22.5%, 10% and 25%, 12.5% and 27.5%, 15% and 30%, 17.5%
and 35%, 20% and 60%. Combined fractions were vacuum centrifuged to near dryness. Each fraction was desalted via StageTip, dried via
vacuum centrifugation, and reconstituted in 5% acetonitrile, 5% formic acid for LC-MS/MS data acquisition.

Mass spectrometry data were collected using an Orbitrap Fusion and Fusion Lumos mass spectrometer (ThermoFisher) each coupled to a
Proxeon EASY-nLC 1000 liquid chromatography pump (ThermoFisher). Peptides were separated on a 100 um inner diameter microcapillary
column packed with ~35 cm of Accucore150 resin (2.6 pm, 150 A, ThermoFisher). We loaded ~1 ug of peptide onto the column for each sam-
ple injection.

Each analysis used the multi-notch MS3-based TMT method.*” Each fraction was analyzed on both instruments resulting in a total of 12
RAW files. Using the Orbitrap Fusion, peptides were separated using a 150 min gradient of 3-24% acetonitrile in 0.125% formic acid at a
flow rate of ~500 nL/min. The scan sequence began with an MS1 spectrum (Orbitrap analysis; resolution 120,000; mass range 350-
1400 m/z; automatic gain control (AGC) target 5.0E5; maximum injection time 100 ms). Precursors for MS2/MS3 analysis were selected using
a Top10 method and then selected for MS2/MS3 analysis.>> MS2 analysis consisted of collision-induced dissociation (quadrupole ion trap
analysis with turbo scan rate; AGC 2E4; normalized collision energy (NCE) 35; maximum injection time 150 ms). MS3 precursors were frag-
mented by high energy collision-induced dissociation (HCD) and analyzed using the Orbitrap (NCE 65; AGC 2E5; maximum injection time
150 ms, resolution was 50,000). Using the Orbitrap Fusion Lumos, peptides were separated using a 180 min gradient of 3-24% acetonitrile
in 0.125% formic acid at a flow rate of ~500 nL/min. The scan sequence began with an MS1 spectrum (Orbitrap analysis; resolution
120,000; mass range 350-1400 m/z; AGC target 5.0E5; maximum injection time 120 ms). Precursors for MS2/MS3 analysis were selected using
a Top10 method and then selected for MS2/MS3 analysis.>> MS2 analysis consisted of collision-induced dissociation (quadrupole ion trap
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analysis with turbo scan rate; AGC 2E4; NCE 35; maximum injection time 150ms). MS3 precursors were fragmented by HCD and analyzed
using the Orbitrap (NCE 65; AGC 2.5E5; maximum injection time 150 ms, resolution was 50,000).

Mass spectra were processed using a Sequest-based in-house software pipeline.” Spectra were converted to mzXML using a modified
version of ReAdW.exe. Database searching included all entries from the Mus musculus UniProt database. The database was concatenated
with one composed of all protein sequences in the reversed order. Searches were performed using a 50-ppm precursor ion tolerance and a
1 Da product ion tolerance. These wide mass tolerance windows were chosen to maximize sensitivity in conjunction with Comet searches and
linear discriminant analysis (LDA).>**> TMT tags on lysine residues and peptide N-termini (+229.163Da) and carbamidomethylation of cysteine
residues (+57.021 Da) were set as static modifications, while oxidation of methionine residues (+15.995 Da) was set as variable. Peptide-spec-
trum matches (PSMs) were adjusted to a 1% false discovery rate (FDR).”>’ PSM filtering was performed using LDA®® and assembled further to
a protein-level FDR of 1% across the entire dataset.”” Proteins were quantified by summing reporter ion counts across all PSMs.”® Reporter ion
intensities were adjusted to correct for the isotopic impurities of the different TMT reagents according to manufacturer specifications. The
signal-to-noise measurements of peptides assigned to each protein were summed and normalized such that the sum of the signal for all pro-
teins in each channel was equivalent to account for equal protein loading. Finally, each abundance measurement was scaled, such that the
summed signal-to-noise for that protein across all channels equaled 100, generating a relative abundance measurement.

Gene set enrichment analysis

Gene set enrichment analysis (GSEA Desktop v2.2) was performed on RNA-sequencing and proteomic datasets, excluding one-peptide de-
tections and peptides without direct protein references. Gene sets (from MSigDB geneset c3.tft.v5.2) from RNA-sequencing and proteomic
analyses were overlaid to identify repeating patterns and reverse effects in the proteomic group against transcription factor binding motif
gene sets. We used a predefined, arbitrary threshold of 1.5 for Normalized Enrichment Score for both proteomics and RNA-seq analysis
to shortlist transcription factors for further analysis. For overlap analysis, p < 0.05 was used to determine significant hits.

Gene expression by quantitative reverse-transcriptase polymerase chain reaction (qQRT-PCR)

Total RNA was isolated from FACS-sorted endothelial cells using PicoPure RNA Isolation Kit (Applied Biosystems). RNA quality and concen-
tration were assessed by using Agilent 2100 Bioanalyzer. First-strand cDNA was synthesized from 2.5 ng RNA using the SuperScript VILO
cDNA Synthesis Kit (Invitrogen).

Total RNA was isolated from primary endothelial cell cultures, MACS-sorted cells, and frozen mouse tissues using RNeasy Mini or Micro Kit
(Qiagen), or Pure-Link RNA Mini Kit (Invitrogen). First-strand cDNA was synthesized from 0.4 ng (MACS-sorted cells), 1 ng (mouse tissue) or
2 ug (endothelial cell cultures) of RNA by using the High-Capacity RNA-to-cDNA Kit (Applied Biosystems).

PCR reactions were performed using the PowerUp SYBR Green Master Mix (Applied Biosystems) on the QuantStudio3 Real-Time PCR sys-
tem (Applied Biosystems) and analyzed using QuantStudio3 Design and Analysis Software (v.1.5.1). Gene-specific primers are listed in
Table S4.

Western blotting

Cells were homogenized in RIPA lysis buffer with protease and phosphatase inhibitors and protein concentration was measured by DC-pro-
tein assay (Bio-Rad). Proteins were separated by SDS-PAGE on NuPAGE 4-12% Bis-Tris protein gels (Invitrogen) and transferred to nitrocel-
lulose membranes, which were blocked in 5% w/v dried nonfat milk or bovine serum albumin in TBS with 0.05% Tween 20 and incubated with
the primary antibodies listed in Table S3 in blocking buffer overnight at 4°C. Protein blots were visualized by chemiluminescence using the
GeneSys G:Box Mini 6 imaging system (Syngene v1.6.1.0). See Figure S7 for uncropped Western blot images.

Chromatin immunoprecipitation (ChIP) qRT-PCR

Frozen liver pieces from mice fed iron-deficient (2-6 ppm iron, Envigo-Teklad TD.80396) or iron-sufficient (48 ppm iron, Envigo-Teklad) diets
were fixed in 1% formaldehyde to crosslink DNA-protein complexes. Fixed liver pieces were incubated in cell lysis buffer with added protease
inhibitors (Roche) and manually disrupted by Dounce homogenization. Nuclei were collected by centrifugation at 2,000 x g for 5 min, incu-
bated in nuclear lysis buffer, and sonicated using Qsonica 800R to shear chromatin. Supernatant was subjected to immunoprecipitation over-
night at 4°C with continuous rotation using 1-4 pg of antibody listed in Table S3. Normal I9G was used as a negative control to control for
nonspecific binding, and histone antibody H3K4me3 as a positive control. Following overnight incubation, samples were incubated with pre-
cleared protein A/G beads (Millipore 16-663) for 2 hours. Chromatin was eluted by heating to 65°C for 15 min and crosslinks reversed by
heating to 65°C for 12-16 hours. Chromatin was treated with RNAse A for 1 hour at 37°C followed by incubation with proteinase K for 2 hours
at45°C and purified using QlAquick PCR purification kit (Qiagen). Eluted DNA was subjected to qRT-PCR using the primers listed in Table S4.
Data were normalized by fold enrichment relative to the IgG control.

ChIP-sequencing analysis

ChlIP-sequencing data from human umbilical vein endothelial cells for the BMPé locus were available from ENCODE.”' Datasets were down-
loaded from the ENCODE |oor‘[a|7O using the following accession numbers: ENCSRO00ALG, ENCSR578QSO, ENCSROO0ALB, ENCSRO00EFA,
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and ENCSRO00EOQ. Sequences were aligned to the GRCh38 genome (Genome Reference Consortium) and visualized using the UCSC

genome browser (http://genome.ucsc.edu).” ™’

Nonheme iron measurements

Serum nonheme iron and unsaturated iron binding capacity were measured by colorimetric assay (Pointe Scientific) to calculate transferrin
saturation per the manufacturer’s instructions. For tissue nonheme iron concentrations (in pg/g wet tissue weight), tissue pieces were di-
gested in acid solution (10% w/v trichloroacetic acid, 25.8% v/v hydrochloric acid) at 65°C for 20 hours, and supernatant was analyzed by color-
imetric assay using chromogen reagent (1% w/v bathophenanthroline sulfonate 1% v/v thioglycolic acid, in 5 volumes saturated sodium ac-
etate and 5 volumes water) and an iron standard (1000-ppm iron).%?

Complete blood counts

Complete blood counts were measured on whole blood collected in Ko-EDTA coated microtainer tubes (Beckton Dickinson) at the MGH Cen-
ter for Comparative Medicine Clinical Pathology Laboratory.

Perl’s iron stain and TUNEL stain

Perl’s iron stain was performed on paraformaldehyde-fixed liver endothelial cell cultures using Iron Stain Kit (American MasterTech KTIRO)
and enhanced using 3,3'-Diaminobenzidin (Vector Labs SG). TUNEL stain was performed on paraformaldehyde-fixed liver endothelial cell
cultures using fluorescence TUNEL assay kit following the manufacturer’s instructions (Cell Signaling 25879). Images were acquired using
a Keyence BZ-X710 microscope.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed using Prism 9 (GraphPad). Data are presented as individual values with bars representing the mean + SEM
unless otherwise specified. Shapiro-Wilk test was used to test normality. For comparisons between two groups, two-tailed Student's t test was
used for normally distributed values or Mann-Whitney U test for non-normally distributed values. For comparisons among more than two
groups, statistical differences were determined by one-way ANOVA with Holm-Sidak multiple comparisons test for normally distributed
values or Kruskall-Wallis test with Dunn’s method of multiple comparisons for non-normally distributed values. A p value of less than 0.05
was considered significant.
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