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Heme oxygenase-1 mitigates liver injury and
fibrosis via modulation of LNX1/Notch1
pathway in myeloid cells

Giacomo Canesin,1,10,12 Linda Feldbrügge,2,3,12 Guangyan Wei,3,4,12 Lubica Janovicova,1,5 Monika Janikova,1,5

Eva Csizmadia,1 Juliana Ariffin,1 Andreas Hedblom,1 Zachary T. Herbert,6 Simon C. Robson,7 Peter Celec,5

Kenneth D. Swanson,8 Imad Nasser,9 Yury V. Popov,3,11,* and Barbara Wegiel1,10,11,13,*

SUMMARY

Activation of resident macrophages (Mf) and hepatic stellate cells is a key event
in chronic liver injury. Mice with heme oxygenase-1 (HO-1; Hmox1)-deficient Mf

(LysM-Cre:Hmox1flfl) exhibit increased inflammation, periportal ductular reac-
tion, and liver fibrosis following bile duct ligation (BDL)-induced liver injury and
increased pericellular fibrosis in NASH model. RiboTag-based RNA-sequencing
profiling of hepatic HO-1-deficient Mf revealed dysregulation of multiple genes
involved in lipid and amino acid metabolism, regulation of oxidative stress, and
extracellular matrix turnover. Among these genes, ligand of numb-protein X1
(LNX1) expression is strongly suppressed in HO-1-deficient Mf. Importantly,
HO-1 and LNX1 were expressed by hepatic Mf in human biliary and nonbiliary
end-stage cirrhosis. We found that Notch1 expression, a downstream target of
LNX1, was increased in LysM-Cre:Hmox1flfl mice. In HO-1-deficient Mf treated
with heme, transient overexpression of LNX1 drives M2-like Mf polarization.
In summary, we identified LNX1/Notch1 pathway as a downstream target of
HO-1 in liver fibrosis.

INTRODUCTION

Liver fibrosis is a feature of most chronic liver diseases and is currently one of the major causes of mortality

and morbidity in Western countries (Asrani et al., 2019; Williams et al., 2018). This disorder most often re-

sults from chronic liver injury, such as alcoholic liver disease, non-alcoholic steatohepatitis (NASH) (Tsu-

chida and Friedman, 2017), or bile duct obstruction. It is characterized by the progressive deposition of

extracellular matrix (ECM) proteins by activated hepatic stellate cells (HSC), the main fibrogenic effector

cell type in the liver (Tag et al., 2015). Although liver fibrosis is potentially reversible during early stages,

many cases progress to cirrhosis, which is difficult to treat and increases the risk of developing life-threat-

ening sequelae such as hepatocellular carcinoma (HCC) or mixed cholangiocarcinoma (Ellis and Mann,

2012; Llovet and Bruix, 2008). Profibrogenic HSC activation and proliferation of cholangiocytes/adult he-

patic progenitors (collectively termed ‘‘ductular reaction’’) are key cellular processes driving liver fibrosis

progression (Mederacke et al., 2013; Peng et al., 2016).

Heme oxygenase-1 (HO-1, encoded by Hmox1) is the main heme catabolic enzyme, for degrading free

heme to iron, carbonmonoxide (CO), and biliverdin (BV), with the latter being rapidly converted to bilirubin

(BR) by biliverdin reductase (BLVR-A) (Canesin et al., 2020b; Wegiel et al., 2013). Hmox1 expression can be

induced in different tissues at both transcriptional and translational levels by multiple stimuli, including

cellular stress, UV radiation, heavy metals, inflammation, and its own substrate, heme (Keyse and Tyrrell,

1989). The liver plays a crucial role for the body’s iron homeostasis and systemic inflammation, and hepatic

HO-1 is important for the regulation of both systems. The liver and spleen Mf exhibit constitutively high

levels of HO-1 activity and Hmox-1 expression under homeostatic conditions (Hedblom et al., 2019). The

role of HO-1 in liver disease has been related mainly to its immunologically protective roles, as the meta-

bolic signaling related to heme degradation has been strongly linked to improved liver pathology and bet-

ter function (Vijayan et al., 2018).
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In NASH patients, HO-1 expression is significantly increased and correlates with the severity of the disease

(Malaguarnera et al., 2005). Experimental models used to evaluate impacts of HO-1 on liver injury and scar-

ring have given mixed results. Inhibition of HO-1 can enhance lipogenesis and collagen production, thus

increasing liver fibrosis (Raffaele et al., 2019; Wang et al., 2013). Interestingly, although the induction of

HO-1 by cobalt protoporphyrin IX (CoPP) prevented the progression of fibrosis in the Mdr2-null mouse

model (Barikbin et al., 2012), this intervention has been shown to promote fibrosis after bile duct ligation

(BDL) (Froh et al., 2007). In addition, the overexpression of HO-1 significantly inhibited the development of

micronodular cirrhosis in a carbon tetrachloride (CCL4)-induced liver fibrosis model, also reducingMf infil-

tration and HSC activation (Tsui et al., 2006).

We hypothesized that HO-1 activity leads to altered gene expression and phenotype, preferentially in Mf

within the liver that support immune protection against tissue damage and fibrotic responses. We demon-

strated activation/M1-like polarization of Mf with exacerbated liver damage and fibrosis in response to

BDL-mediated injury in mice with myeloid conditional deletion of Hmox1. By using RiboTag-based

sequencing, we identified a regulatory LNX1/Notch1 pathway downstream of HO-1 that drives a protective

form of M2 polarization of Mf and inhibits expansion of reactive cholangiocytes and liver fibrosis.

RESULTS

HO-1+ Mf protect against liver injury, ductal reaction, and fibrosis induced by BDL surgery

To investigate the role of HO-1 expressed in Mf during liver fibrosis progression, we subjected Hmox1flfl

and LysM-Cre:Hmox1flfl mice to BDL surgery (Figure 1). HO-1 levels were primarily increased in Mf but not

in hepatocytes as shown by immunohistochemical staining of livers from the BDL-operated mice

(Figures 1A and 1B). These livers exhibited cholestasis, hepatocyte necrosis, hepatomegaly, and liver

fibrosis (Figures 1C–1H). HO-1 loss in Mf resulted in increased expression of E-cadherin, a marker of reac-

tive bile ducts in liver fibrosis models, in livers from both naive and BDL-treated mice (Figure 1B). The dele-

tion of Hmox1 in Mf also resulted in significant increase in relative liver sizes compared with Hmox1flfl mice

at 11 and 17 days following BDL surgery (Figure 1C). Livers harvested from LysM-Cre:Hmox1flfl mice at this

time point also exhibited larger necrotic and fibrotic areas, as determined biochemically via hydroxyproline

level quantitation (Figure 1D), hematoxylin/eosin (Figures 1E and 1F), as well as quantitative morphometry

of collagen proportional area in Sirius red staining (Figures 1G and 1H). mRNA levels of the fibrosis-related

genes, collagen (COL1), TGFb, and Acta2 in livers were higher in both Hmox1flfl and LysM-Cre:Hmox1flfl

mice after BDL surgery but their levels did not differ between the strains under either conditions

(Figures 2A–2C). Importantly, animals lacking HO-1 in Mf showed an increased number of bile ducts in

their livers at 17 days after BDL surgery, as indicated by higher numbers of E-cadherin- and cytokeratin-

19 (CK-19)-expressing bile ducts (Figures 2D–2G). These data suggest that HO-1 expressed by myeloid

cells suppresses excessive ductular reaction and fibrotic responses to cholestatic liver injury, unlike general

overexpression of HO-1 by CoPP induction, which is deleterious (Froh et al., 2007).

Lack of HO-1 in myeloid cells alters Mf phenotype in the liver

To understand the mechanisms behind the protective role of Mf-expressed HO-1 in the BDL model, we

employed the RiboTag technology to specifically analyze the gene expression profile of Hmox1-deficient

Mf. This approach allows efficient isolation of ribosome-associated mRNAs from specific cell types based

on Cre-driven expression that drives tissue-specific expression of an HA-tagged ribosome transgene (Sanz

et al., 2009). We bred LysM-Cre:RiboTag mice to Hmox1flfl mice and obtained animals with conditional

deletion of Hmox1 in myeloid cells and concomitant myeloid-specific ribosome epitope-tagging (LysM-

Cre:Hmox1flfl:RiboTagmice) (Figure 3A). LysM-Cre:RiboTag wild-typemice were used as controls. Overall,

response to BDL surgery was phenotypically similar in LysM-Cre:RiboTag wild-typemice and the Hmox1flfl

parental strains (Figure S1). The RiboTag strategy enabled a 20- to 30-fold enrichment in the expression of

the Mfmarkers: CD11b, H2-Ab (MHC-II), and CD206 (a.k.a. MMR, mannose receptor) compared with input

RNA isolated from the total liver lysates (Figure 3B), demonstrating a high efficiency inmyeloid-RNA enrich-

ment. The same Ribotag analysis of RNA isolated from liver Mf after BDL surgery confirmed elevated

Hmox1 expression in control animals after BDL injury and the complete deletion of Hmox1 gene in Mf

in LysM-Cre:Hmox1flfl:RiboTag mice (Figure 3C). A similar pattern of expression was observed for the sec-

ond enzyme in heme degradation pathway, biliverdin reductase-A (BLVR-A), indicating regulation of this

gene by HO-1 in Mf (Figure 3D). Levels of hemopexin (Hx), a heme scavenger, remained unchanged under

all conditions, suggesting that its regulation is independent of heme metabolism in the liver (Figure 3E).

Furthermore, selective deletion of HO-1 in Mf resulted in increased activation and pro-inflammatory
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M1-like polarization of myeloid cells, as indicated by the higher relative levels of H2-Ab and iNOS expres-

sion, and reduction of M2 markers, including CD206 (MRC1, MMR), CD11b, and CD163, in both untreated

and BDL-operated LysM-Cre:RiboTag:Hmox1flfl mice compared with their respective controls (LysM-Cre:

RiboTag) (Figures 3F–3J). These data indicate a possible phenotypic change in Mf that may impact the

progression of liver fibrosis in BDL model in the absence of HO-1.

Figure 1. The role of myeloid-cell-expressed HO-1 in the BDL murine model of liver fibrosis

(A) Immunohistochemical (IHC) staining with antibodies against HO-1 in the liver samples from control and BDL-treated

mice showing staining in sinusoidal macrophages. Scale bar: 100 mm.

(B) Western blot analysis of HO-1 and E-cadherin expression in liver lysates from mice untreated (naive) or subjected to

BDL surgery (17 days post-surgery, BDL).

(C) Percentage of liver weights change per body weights (BW) of Hmox1flfl (WT) or LysM-Cre:Hmox1flfl (KO) mice, which

were untreated or subjected to BDL surgery, 11 or 17 days post-surgery. ANOVA, p < 0.0001, Student’s t test:

***p < 0.001, *p < 0.05. Data are represented as mean G SEM n = 5–18 female and male mice per group.

(D) Hydroxyproline levels in the livers exposed to BDL surgery as described in (A) and harvested 17 days after BDL.

ANOVA, p = 0.0376, Student’s t test: *p < 0.05, **p < 0.01. Data are represented as mean G SEM.

(E–H) Lobular necrosis (H &E, E) and fibrosis (Sirius red, G) in the livers frommice treated as in (A). Representative sections

are shown from BDL-treated mice in (E) and (G) (100x magnification) and quantification of the data is presented in (F) and

(H). Data are represented as mean G SEM. ANOVA, p < 0.0001, Tukey’s multiple comparison test: **p < 0.01,

***p < 0.001. Scale bar: 200 mm.
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Myeloid gene expression measured by RiboTag RNA sequencing

By performing RNA-seq on RNA isolated from liver Mf using the RiboTag strategy we found significant

changes in the expression of 3,300 genes at 17 days post-surgery in livers with significant fibrosis. Further,

in HO-1-deficient mice, 250 genes exhibited altered expression in Mf from unoperated animals and an

additional 55 genes showed altered expression in response to BDL treatment (Figure 4A). By gene

ontology analysis, we demonstrated decreases in organic acid, lipid, and amino-acid-metabolism-related

gene expression and an increase in acute inflammatory response genes in unchallenged Hmox1-deficient

Mf (Figures S2A and S2B). These differences in gene expression signature seen after BDL surgery were

further exacerbated in resident macrophages of mouse livers from Hmox1-deficient mice Mf measured

at 17 days following BDL operation (Figure S2C). Further, BDL-driven response led to increased expression

of genes involved in extracellular matrix organization and cell junctions, which were further upregulated in

the absence of HO-1 in Mf in this model (Figures S2D–S2F), suggesting a role for heme metabolism in

regulation of fibrotic responses.

qPCR analysis of genes identified by RNA-seq revealed that Lipocalin-2 (Lcn2), whose expression is

induced in hepatic inflammation (Asimakopoulou et al., 2016), was significantly elevated in BDL-treated

livers but was unaffected by Hmox1 deletion (Figure 4B). We also identified two other genes as putative

Figure 2. Deletion of HO-1 in macrophages leads to enhanced ductal reaction

(A–C) RT-PCR using the total liver mRNA and primers for COL1 (A), TGFb (B), and ACTA2 (C). Data are represented as

mean G SEM. ANOVA, p < 0.0001, Tukey’s multiple comparison test: *p < 0.05, **p < 0.01, ***p < 0.001.

(D–G) IHC staining with antibodies against E-cadherin (D) or CK-19 (F) in the liver samples from control and BDL-treated

mice. Magnification of 2003 (upper panels) or 400x (lower panels). Quantification of the data is shown in (E) and (G). Data

are represented as mean G SEM. ANOVA, p < 0.0001, Tukey’s multiple comparison test: ***p < 0.001. Scale bar: 50 mm.
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targets of HO-1 inMf: SULT2A8 andGPNMB (Figures 4C and 4D). The basal expression level of SULT2A8, a

sulfotransferase for bile acids regulated by PPARa (Feng et al., 2017), was increased in the absence of HO-1

in Mf, but in response to BDL, its induction was significantly lower compared with that seen in wild type

(WT) animals (Figure 4C). Interestingly, we found that GPNMB, which encodes the glycoprotein Nmb

and whose expression and function were previously shown to be important for Mf function and phagocy-

tosis in the context of ischemic injury (Li et al., 2010), was unaltered in Mf lacking HO-1 under baseline con-

ditions but was significantly upregulated in response to BDL surgery compared with control animals (Fig-

ure 4D). A similar trend toward hyperactivity was observed for CD14 in Hmox1-deficient Mf following BDL

surgery (Figure 4E). Consistent with our previous ex vivo data, the expression of Marco, an innate marker of

Mf activation, was also increased in HO-1-deficient Mf in the livers of both unchallenged and BDL-oper-

ated mice (Figure 4F). Importantly, we identified a new HO-1 target, ligand of numb-protein X-1 (LNX1),

whose mRNA expression was significantly decreased in HO-1-deficient Mf in both the basal state and in

response to BDL surgery (Figure 4G).

To test whether LNX1 may be a target of HO-1 at the protein level, we performed IHC staining of liver sec-

tions and probed Western blots of whole liver lysates with antibodies against LNX1 (Figures 4H–4K). Inter-

estingly, we detected low levels of LNX1 expression in infiltrating cells and hepatocytes in naive mice but

significantly higher LNX1 protein levels in both cell types in the livers from Mf lacking HO-1 in response to

BDL (Figures 4H–4J). A similar pattern of expression was seen on the Western blots (Figure 4K). Because

Figure 3. Deletion of HO-1 in myeloid cells impacts M4 phenotype as assessed by RiboTag approach

(A and B) Liver lysates from LysM-Cre:RiboTagmice were subjected to immunoprecipitation (IP) with anti-HA antibody. A scheme of the technology is shown

in (A). Myeloid markers were assessed by RT-PCR and are shown in (B). Data are represented as mean G SEM.

(C–J) LysM-Cre:RiboTag or LysMCre:Hmox1flfl: RiboTag mice were subjected to BDL surgery as described in Figure 1. RT-PCR was performed on the RNA

from the IP with anti-HA antibody. Data are represented as mean G SEM. ANOVA, p < 0.0001, Tukey’s multiple comparison test: ***p < 0.001, **p < 0.01.

n = 5–18 female and male mice per group.
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Figure 4. LNX1 is the HO-1 target gene in myeloid cells

(A) Gene clustering based on the RNA-seq on the RNA obtained from the IP with anti-HA antibody from the liver lysates of LysM-Cre:RiboTag (WT) and

LysMCre:Hmox1flfl:RiboTag (HO-1KO�M) subjected to BDL surgery as in Figure 1. n = 2 mice per group.

(B–G) Confirmatory RT-PCR using the RNA isolated as in (A), assessing the top target genes as identified by RNA-seq (17 days after BDL). Data are

represented as mean G SEM. ANOVA, p < 0.0001, Dunn’s multiple comparison test: ***p < 0.001, **p < 0.01, *p < 0.05. n = 5–18 female and male mice per

group.
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LNX1 mRNA has been recognized as a possible posttranscriptional target of Aco1/Irp1 (Sanchez et al.,

2011), we have assessed the levels of Aco1/Irp1 in the BLD-treated livers (Figures 4L–4N). There was a sig-

nificant increase in the Aco1/Irp1 protein levels in the infiltrating cells of KO mice, with the most pro-

nounced expression in the livers from mice with Mf lacking HO-1 in response to BDL (Figures 4L–4M).

Because Aco1/Irp1 is a critical regulator of iron homeostasis in cells and complete deficiency of HO-1 re-

sults in accumulation of iron in the tissues, we assessed the iron levels in the livers by Prussian blue staining

(Figure S3). We found a significant increase of iron accumulation in BDL-treated livers compared with naive

mice; however, we did not see any statistical difference in the levels of iron between the genotypes under

either condition (Figure S3). Based on the RNA-seq data, we did not see any difference in the ferroptosis

genes (Acsl4, Tfr, Ptgs2, Chac1). Moreover, there was no difference in the Nrf2 expression, a master gene

controlling oxidative stress and HO-1 expression, between the genotypes (Figure S4). Interestingly, Nrf2

was strongly expressed in Kupffer cells and infiltrating cells in naive mice but not in the BDL-treated livers

(Figure S4).

Elevated expression of LNX1 in human biliary and non-biliary end-stage cirrhosis

To study the role of LNX1 downstream of HO-1 in Mf, we first assessed its hepatic expression along the

staining with HO-1 by IHC in human liver fibrosis (Figures 5A–5D). Inflammatory cells expressed both

HO-1 and LNX1 in human liver biopsies from NAFLD/NASH patients (n = 5) with advanced fibrosis (Fig-

ure 5A). LNX1 expression was also observed in the bile ducts and hepatocytes of NAFLD livers (Figure 5A).

In the pilot analysis of stage-wise progression of NASH fibrosis (fibrosis stages: FS0 to FS3-4), we demon-

strated redistribution of the HO-1 staining from pan-lobular localization in Kupffer cells to scar-associated

cells infiltrating the interstitial fibrotic lesion. Further, more intense HO-1 staining was associated with pres-

ence of active NASH (defined as disease activity score NAS 4–8, as compared with lower NAS indicative of

simple steatosis [0–3]) (Figure 5A). LNX1 staining primarily concentered within the reactive ducts and

fibrotic lesions with overall higher staining in patients with more advanced fibrosis (Figure 5B). Further,

we performed a survey of HO-1/LNX1 expression in human explant livers with end-stage liver disease

due to various etiologies such as primary biliary cholangitis (PBC, n = 3), alcoholic liver disease (Alc, n =

5), or cryptogenic cirrhosis (Crypto, n = 5) (Figures 5B–5D). We have readily detected HO-1+ inflammatory

cells in cirrhotic livers due to PBC and alcoholic disease, whereas lower numbers of HO-1+ cells (not inflam-

matory) were observed in cryptogenic liver fibrosis (Figures 5B and 5C). LNX1 immunopositivity marked

infiltrating cells, hepatocytes, and bile ducts in all samples, with the highest abundance observed in cryp-

togenic liver fibrosis samples (Figures 5B and 5D). The expression of LNX1 in hepatocytes appeared faint

compared with inflammatory cells or cholangiocytes (Figures 5C and 5D).

Because HO-1 expression was strongly positive in patients with NASH (Figure 5A), we fed mice deficient

with myeloid-cell-specific deletion of Hmox1 the methionine- and choline-deficient (MCD) diet for 3 weeks

(murine NASHmodel) and evaluated them for fatty liver and fibrosis scores (Figures 5E–5G). Liver harvested

from LysM-Cre:Hmox1flfl mice fed with MCD diet showed more fat accumulation and significantly more

pericellular fibrosis compared with control mice on the same diet (Figures 5E–5G).

Analysis of LNX1 expression and its targets in HO-1-deficient Mf

In order to test whether heme-induced HO-1 plays a role in LNX1 expression, we assessed the levels of

LNX1 protein in HO-1-deficient bone-marrow-derived Mf (BMDM) following heme treatment. We

confirmed the complete deletion of the HO-1 on the protein level in HO-1-deficient bone-marrow-derived

Mf (Figure 6A) as well as lack of toxicity of heme treatment in BMDM (Figure S5A). We found that basal

LNX1 protein levels were not different in BMDM from both genotypes (Figure 6B), despite slightly

increased mRNA levels of LNX1 in KO cells (Figure S5B). Although we found a significant induction of

LNX1 at the protein level in response to heme (24 h) in BMDM from control mice (Figures 6B and 6C),

heme treatment did not result in increased levels of LNX1 mRNA (Figure S5B). Interestingly, LNX1 levels

were unchanged in response to heme in HO-1-deficient BMDM (Figures 6B and 6C). In addition, the levels

Figure 4. Continued

(H–J) Immunohistochemical staining of LNX1 in the liver samples from control and BDL-treated mice. Quantification of the data is shown in (I) and (J). Data

are represented as mean G SD. ANOVA, p < 0.01, Student’s t test: **p < 0.01, *p < 0.05. Scale bar: 100 mm.

(L–N) Immunohistochemical staining of Aco1/Irp1 in the liver samples from control and BDL-treated mice. Quantification of the data is shown in (I) and (J).

Data are represented as mean G SD. ANOVA, p < 0.01, Student’s t test: *p < 0.05. Scale bar: 100 mm.
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of Aco1/IRP1 were also increased by heme treatment in BMDM isolated from wild-type mice but remain

unchanged in KO cells in response to heme (Figure 6B).

To further assesswhether LNX1 is critical to the role ofHO-1 in regulatingMfbiasing toward theM2phenotype,

we genetically manipulated its expression in Mfwith HO-1 knockdown followed by the heme treatment. Over-

expression of LNX1 by transfection in RAW264.7Mf (Figures 6D–6G) led to changes in specific HO-1-regulated

Figure 5. Detection of HO-1+ and LNX1+ cells in the human samples with increasing fibrosis stage and assessment

of the role of HO-1 in myeloid cells in fibrosis progression in murine NASH model

(A–D) IHC staining with antibodies against LNX1 or HO-1 in (A) human liver biopsies from n = 5 patients with various

stages of NAFLD/NASH with the clinical characteristic as described in STAR Methods. (B–D) Human liver explants

obtained from patients undergoing orthotopic liver transplantation due to end-stage liver disease of various etiologies

(n = 3 PBC, n = 5 Alc, n = 5 Crypt) (Peng et al., 2016). Representative staining in myeloid cells/macrophages is shown in

(A) and (B). Scale bar: 100 mm (A) and 50 mm (B). Quantification of the HO-1+ and LNX1+ cells are shown in (C) and (D). Data

are represented as mean G SEM. ANOVA, not significant.

(E–G) Hmox1flfl (Hmox1flfl) or LysM-Cre:Hmox1flfl (Cre:Hmox1flfl) mice were fed with methionine- and choline-deficient

(MCD) diet for 3 weeks. Livers were evaluated for fibrosis and fatty scores based on the Sirius red staining and H&E. Data

are represented as mean G SEM. Student’s t test: *p < 0.05. n = 10 mice/group. Scale bar: 100 mm.
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genes in both unstimulated and heme-stimulated RAW264.7 Mf with HO-1 knockdown (Figures 6D–6G and

S5C). As expected, the level of HO-1 expression was increased upon heme challenge and attenuated in the

RAW264.7 Mf with stable knockdown of HO-1 (Figure S5D). Heme treatment of RAW264.7 cells with stable

knockdown of HO-1 and overexpressing LNX1 led to a significant increase in expression of several Mfmarkers,

including CD163, Marco, and CD206 (MRC1) (Figures 6E–6G), consistent with M2-like polarization.

Notch1 signaling as a target of HO-1 in Mf

Because LNX1 regulates Notch1 (Baisiwala et al., 2020) and our previous studies indicated the crosstalk be-

tween HO-1 and the Notch1 pathway (Nemeth et al., 2016), we therefore assessed the role of LNX1 in

Notch1 signaling in our model (Figure 7). At both 11 and 17 days after BDL surgery Mf exhibited increased

Notch1 expression and a significant increase in the number of Notch-1-positive Mf in the livers of LysM-

Cre:Hmox1flfl mice (Figures 7A and 7B). We also detected an increase in the basal levels of Notch1 and

Hes1 mRNA in LysM-Cre:Hmox1flfl mice and BDL induced their expression in both Hmox1flfl and LysM-

Cre:Hmox1flfl mice (Figures 7C and 7D). We also examined the levels of the Hes-1-regulated gene,

GATA-1, a known inhibitor of IL-6-induced Mf differentiation (Tanaka et al., 2000) and whose level was

elevated in BDL-treated mice (Figure 7E). To assess the role of HO-1-modulated LNX1 in regulating genes

downstream of Notch1 activation, we analyzed the expression ofNotch1, Hes1, andGATA-1 in LNX1-over-

expressing RAW264.7 Mf (Figures S5F–S5H).Notch1mRNA remained unaffected by LNX1 overexpression

(Figure S5G). Knockdown of HO-1 in RAW264.7 Mf resulted in slight increase inGATA-1 expression but no

changes in Hes1 expression (Figures S5F–S5H). However, overexpression of LNX1 in RAW264.7 Mf with

knockdown of HO-1 and stimulation with heme resulted in suppression of Hes1 expression (Figure S5F).

These data suggest the role of HO-1-mediated LNX1 regulation of Notch1 signaling.

DISCUSSION

In this study, we uncovered the role of HO-1 in determining hepatic macrophage fate by controlling Notch1

signaling through LNX1 expression in Mf. By employing a model of periportal/periductular liver fibrosis,

we found increased Mf activation and enhanced liver fibrosis in mice with Mf-specific HO-1 deficiency.

Further, myeloid-specific RNA sequencing using RiboTag labeling led to identification of previously un-

known targets of HO-1 in Mf, including LNX1, SULT2A8, GPNMB, and Dab1. Significantly, deletion of

Figure 6. The role of LNX1 in M4

(A–C) Bone-marrow-derived M4 (BMDM) were isolated from Hmox1flfl or LysM-Cre:Hmox1flfl and treated with heme

(1–50 mM) for 24 h. Protein analyses were performed with antibodies against HO-1, LNX1, and Aco1/IRP1. Quantification

of LNX1 expression is shown in (C). Data are represented as meanG SEM. ANOVA, p = 0.144, Student’s t test: **p < 0.01.

(D–G) LNX1 was overexpressed in RAW264.7 M4 by transient transfection. Western blot with antibody against LNX1 is

shown in (D). RT-PCR analyses with indicated primers in the RAW264.7 M4 with transient overexpression of LNX1 and

treated with heme (50 mM) for 6 h are shown in (E–G). Data are represented as mean G SEM. ANOVA, p < 0.01, Tukey’s

multiple comparison test: *p < 0.05, **p < 0.01.
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HO-1 promoted M1-like polarization of Mf, which was reversed by overexpression of LNX1, providing a

first documentation of its role as the mediator acting downstream of HO-1 in the control of Mf phenotype

(Figure 7H). We also provided evidence for the HO-1-dependent mechanism of determining Mf fate that

at least in part involves the effect of LNX1 on Notch1 signaling pathway.

Despite growing interest in heme metabolism and HO-1 in liver physiology and pathology, there is a

limited understanding of the mechanisms of HO-1 in the context of development and progression of liver

fibrosis. Almost 20% of NAFLD patients present with inflammation and fibrosis (NASH, non-alcoholic stea-

tohepatitis), which can lead to cirrhosis and hepatocarcinoma (Wei et al., 2020a). Inflammatory signals, such

as danger-associated molecular patterns (i.e., mito-DAMPs or heme) released from injured hepatocytes

Figure 7. A crosstalk of HO-1 and Notch1 signaling in M4

(A and B) Immunostaining with antibody against Notch1 total was performed in the livers isolated from Hmox1flfl or LysM-

Cre:Hmox1flfl (Cre:Hmox1flfl) mice after BDL surgery. Scale bar: 100 mm (insets: 400x magnification). The quantification of a

number of Notch1+ cells is shown in (B). Data are represented as mean G SEM. ANOVA, p < 0.001, Tukey’s multiple

comparison test: *p < 0.05, ***p < 0.001.

(C–E) LysM-Cre:RiboTag (Hmox1flfl) or LysMCre:Hmox1flfl: RiboTag (Cre:Hmox1flfl)mice were subjected to BDL surgery as

in Figure 2. RT-PCR was performed using RNA isolated from the immunoprecipitates with the anti-HA antibody. Data are

represented as mean G SEM. ANOVA, p < 0.0001, Tukey’s multiple comparison test: ***p < 0.001, **p < 0.01. n = 5–18

female and male mice per group.

(F) Scheme representing the interaction of LNX1 in HO-1 and regulation of M4 phenotype during liver injury.
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directly activate hepatic stellate cells to drive fibrosis, particularly in biliary disease (An et al., 2020; Wegiel

et al., 2015). Heme is particularly toxic when released from hemoproteins either due to erythrocyte or other

cell damage, leading to inflammation and oxidative stress (Lundvig et al., 2012). We hypothesized that

heme metabolizing enzyme, HO-1, is a critical protective molecule against chronic inflammation, hepatic

stellate cells activation, and liver scaring by turning on a specific gene expression profile in Mf due to

removal of heme (Li et al., 2003). Notch1 signaling has not only been characterized as a driver of HSC acti-

vation, bile duct reaction, and fibrosis (Adams and Jafar-Nejad, 2019; Geisler and Strazzabosco, 2015) but

also as a downstream target of heme metabolism (Nemeth et al., 2016). Here we show augmented Notch1

expression and activity in the livers of LysM-Cre:Hmox1flflmice. HO-1 was shown to suppress Wnt signaling

in NASH-related liver fibrosis (Boulter et al., 2012), which may oppose Notch1 activation (Boulter et al.,

2012). Notch1 signaling is one of the regulators of Mf maturation and polarization toward M1-like pheno-

type (Monsalve et al., 2006; Weijzen et al., 2002) and a driver of liver fibrosis. The potential crosstalk be-

tween Notch1 and Wnt upon deletion of HO-1 will be addressed in future studies.

Hememetabolism is essential to maintain liver physiology, and HO-1 has been established as a critical enzyme

and immunomodulator in liver function andpathology (Hedblomet al., 2019; Vijayan et al., 2018). Several studies

have shown that blocking HO-1 can enhance lipogenesis and collagen production and increase liver fibrosis

(Raffaele et al., 2019; Wang et al., 2013), whereas HO-1 induction can prevent the progression of liver fibrosis

(Barikbin et al., 2012). Augmented HO-1 expression is beneficial for reducing inflammation and fibrosis in liver

injury models through its enhanced antioxidant activity. Interestingly, some HO-1 inducers (i.e., curcumin,

pomegranate seed oil, or resveratrol) are currently being studied as possible treatment for liver diseases char-

acterized by lipid accumulation and fibrosis in NAFLD patients (Stec and Hinds, 2020).

Our data show that liver fibrosis in the BDLmodel is characterized by phenotypic changes inmyeloid cells in

the absence of HO-1. Mf lacking HO-1 show high expression of MHCII and iNOS and low levels of CD206

and CD163, which corresponds to M1-like phenotype skewing. A recent study showed that induction of

HO-1 expression promotes a switch fromM1- to M2-like Mf phenotype, resulting in the protection against

liver ischemia-reperfusion injury (Naito et al., 2014; Zhang et al., 2018). Despite these findings about the

role of HO-1 in acute liver injury, studies on the role of HO-1 in Mf phenotype in liver fibrosis are missing.

It has been shown that induction of HO-1 expression significantly suppressed hepatic stellate cells activa-

tion and liver fibrosis in theMdr2 knockout model and was associated with lower immune cell infiltration to

the liver (Barikbin et al., 2012). A study by Salley et al. showed that upregulation of HO-1 expression by he-

min administration suppressed several pro-inflammatory cytokines and chemokines while potentiating the

protein expression of anti-inflammatory M2-phenotypemarkers, which resulted in an attenuated liver injury

and fibrosis (Salley et al., 2013). Our results corroborate these findings and indicate that a phenotypic

change in Mf may impact the progression of liver fibrosis in the absence of HO-1. It is possible that

HO-1 contributes to the phenotype of other myeloid cells such as neutrophils that are implicated in liver

injury and fibrosis and cannot be excluded, as LysM promoter drives Cre in myeloid cells.

In this study, we defined gene expression profiles specifically in theMf using the RiboTag-RNA-seq technology.

We identified a broad spectrum of gene changes in Mf lacking HO-1 in response to BDL-induced liver fibrosis

and several targets of HO-1 in Mf. Here we report identification of three HO-1 targets in Mf: LNX1, SUL2A8,

and GPNMB. LNX1 is a ubiquitin-protein ligase, which has been recently identified as a regulator of Numb

and Notch1 pathway (Baisiwala et al., 2020) but has not been studied in liver disease models. We found that

LNX1 mRNA levels were significantly suppressed in Mf in the liver in response to BDL as well as in Mf with

HO-1 deletion, both basally and after BDL surgery. LNX1 regulation remains poorly understood, with a recent

report suggesting a connection to the iron homeostasis. The genome-wide search for IRP1/Aco1-associated

mRNAs revealed LNX1 mRNA binding to IRP1 and IRP2 (Sanchez et al., 2011). Because HO-1 metabolism is a

source and regulator of intracellular iron, by modulating ferritin levels, the indirect regulation of LNX1 levels by

IRP-1-mediated mechanism is plausible. Our data suggest a similar change in expression of LNX1 and IRP-1/

Aco1 in the liver samples. However, the detailed mechanisms of LNX1 regulation by the HO-1 and heme meta-

bolic pathways in various cell types need to be addressed in future studies. Further, there are several possible

explanations of the difference in LNX1 levels between the liver macrophages versus BMDM in vitro. The

in vitro conditions are different than in vivo where local heme levels and interaction with other cells may alter

LNX1 levels in Mf Further, the difference in the interaction with other cell types, differential cytokine milieu as

well as chronic versus acute events can explain the difference seen at the mRNA level. Further, acute (in vitro)

versus chronic condition (in vivo) vary in the impact on negative and positive feedback loops in the cells. Further,

a phenotype of BMDM is different than that of Kupffer cells.
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Nrf2 is a well-known master regulator of HO-1, and the feedback activation of Nrf2 in the absence of HO-1

may provide regulatory mechanism on LNX1 expression; however, we found no correlation with the expres-

sion pattern of Nrf2 and phenotype of HO-1-deficient mice in liver fibrosis models. We have further

analyzed the expression of ferroptosis-associated genes in our datasets from the RNA-seq in Mf (based

on the necroptosis markers as in Chen et al. [2021]). There was a mild elevation of PTGS2 gene in KO at

the baseline and in BDL as compared with controls, however no difference in CHAC1 orNFE2L2 (encoding

Nrf2) or TFR, ASCL4 mRNA expression levels (data not shown).

To determine whether LNX1 is a regulator of HO-1-deficient Mf phenotype, we overexpressed LNX1 in

RAW264.7 Mf with knockdown of HO-1 and observed a significant elevation of the M2-like polarization

markers (CD163, Marco, and CD206) upon treatment with heme. Our data suggest that downregulation

of LNX1 in HO-1-deficient Mf may promote Notch1 signaling and M1 Mf polarization, facilitating liver

injury and fibrosis. However, overexpression of LNX1 does not increasemRNA levels of Notch1, suggesting

a LNX1-Numb-regulated posttranslational control of Notch1 activity.

SULT2A8, a sulfotransferase for bile acids, is regulated by PPARa. PPARa is a key target for BLVR-A (Hinds

et al., 2016). The expression levels of BLVR-A and SULT2A8were suppressed in the absence of HO-1 inmice

after BDL, suggesting that HO-1 might regulate SULT2A8 expression via PPARa.

Further, we showed increased GPNMB levels in Mf in the HO-1 conditional KO mice in the liver only in

fibrotic livers but not in the controls. GPNMB was shown to be upregulated in Mf and endothelial cells

in response to ischemic injury and is important in phagocytosis involved in wound healing (Li et al.,

2010). Indeed, HO-1 in Mf was previously linked to improved phagocytosis of bacteria (Wegiel et al.,

2014). GPNMB levels were elevated in the CCL4-treated mice within the Mf population in the liver (Kuma-

gai et al., 2015). In that model, deletion of GPNMB led to an increase in metalloproteinases 19 (MMP19) and

fibrinolysis (Kumagai et al., 2015), suggesting that high expression of GPNMB might be important in regu-

lation of fibrosis driven by HO-1 deficiency in Mf. Interestingly, this was accompanied by increased Marco

expression, a scavenger receptor class-A protein and innate marker of Mf activation and phagocytosis, in

HO-1-deficient Mf in the livers of control and in BDL-subjected mice. Elevation of Marco and GPNMB in

HO-1-deficient Mf or in the presence of heme might be a compensation mechanism for attenuated

expression of CD163, the scavenger receptor cysteine-rich (SRCR) family class B (Fabriek et al., 2005).

Dysregulated immune responsiveness is central to liver disease and accelerates the development and pro-

gression of liver fibrosis (Oates et al., 2019). Our data suggest a critical role of HO-1 in the modulation of

liver-associatedMf that entails regulating genes involved in oxidative stress metabolism, extracellular ma-

trix organization, and acute inflammatory response. Therefore, HO-1 represents a potential drug target for

the prevention or treatment of liver fibrosis. We speculate that the relatively high levels of HO-1 in inflam-

matory cells or its induction by heme released from dying cells might suppress progression of liver fibrosis.

Further, high expression of LNX1 in human liver explants with low levels of HO-1 in patients with crypto-

genic cirrhosis may indicate M2-like macrophage switch supporting an established tumor-like immune

niche in liver fibrosis patients. High numbers of HO-1+ cells in the NASH patients with low fibrosis stage

may indicate a mechanism for halting the progression of disease, which when established is characterized

by redistribution of HO-1+ cells into the fibrotic regions. Interestingly, inflammation in PBC livers is also

associated with high number of HO-1+ and LNX1+ cells, which both are associated with skewingMf toward

M2 phenotype. The association between HO-1 and LNX1 levels should be further validated in the larger

cohort of patients as may be valid marker of immune cell niche in NASH and liver fibrosis.

In summary,wehave identifiedLNX1/Notch1pathwaydownstreamofHO-1-mediated immune regulation inMf

using the murine BDL-model of liver fibrosis. HO-1 mediates pro-resolution M2-polarization of Mf, protecting

liver from excessive ductular reaction and fibrosis, with LNX1 as a key downstream target for HO-1 mediating

these effects.

Limitations of the study

Heme metabolism catalyzed by HO-1 generates three active products, including carbon monoxide, bili-

rubin, and iron. We have not assessed whether any of these products could mitigate liver fibrosis in

myeloid-specific Hmox1 knockout mice. We employed two models of liver fibrosis: surgical and diet-

induced liver fibrosis in mice. We cannot exclude the possibility that HO-1 may involve other signaling

ll
OPEN ACCESS

12 iScience 25, 104983, September 16, 2022

iScience
Article



pathways at the different stages of liver fibrosis or in other models. Further, we analyzed the late gene

expression changes in end-stage liver fibrosis rather than early drivers of liver fibrosis. Our approaches

were limited to a single time point of measuring the gene expression levels. Therefore, information about

dynamic changes in these genes in macrophages is limited. Further, HO-1 may play a role in multiple cell

types beyondmyeloid compartment. Finally, a larger number of human specimens will allow for correlation

of the levels of HO-1 and LNX1 in various stages of liver fibrosis and NASH.
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Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the Lead Contact, Dr. Barbara Wegiel (Department of Surgery, Beth Israel Deaconess Medical Center, Har-

vard Medical School, bwegiel@bidmc.harvard.edu).

Materials availability

This study did not generate any unique reagents.

Data and code availability

d RNA-seq data have been deposited at GEO (GSE206069) and are publicly available as of the date of pub-

lication. Accession numbers are listed in the Key resources table.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cells and reagents

Themurinemacrophage cell line RAW 264.7 was grown in RPMI supplemented with 10% fetal bovine serum

and 1% antibiotics (Gibco). Stable HO-1 knocked-down cells (mirHO-1) and control cells (mirC) were em-

ployed (Wegiel et al., 2014).

Primary bone marrow derived macrophages (BMDMs) were isolated from female and male mice (7-10 weeks

of age) and differentiated for 5-6 days (Wegiel et al., 2009). Briefly, BM cells were isolated from the mouse

femurs and were differentiated for five days in M-CSF medium (RPMI containing: 20 ng/mL mouse recombi-

nant M-CSF (ProSpec), 15% fetal bovine serum (Thermo Scientific), 1% antibiotics and antifungal solution

(Gibco). Fresh M-CSF medium was added to cells at day 3 of culture. Where indicated, BMDM were treated

with heme (1-50 mM) for 24 h.

Heme (Sigma-Aldrich) was prepared by dissolving powder in 0.1 N NaOH and then titrated with 0.1 N HCl

to biological pH 7.4, followed by adjustment to the final concentration (10 mM) with saline (Canesin et al.,

2020a). Heme stock was then aliquoted and frozen at �80�C until use; each aliquot was thawed only once.

Experiments utilizing heme were carried out in the dark.

Animal models

All experimental procedures were performed in accordance with relevant guidelines and regulations. All

experiments were approved by the Institutional Animal Committee (IACUC) at BIDMC. Animals with con-

ditional macrophage deletion of HO-1 (LysM-Cre:Hmox1fl/fl) and control mice (Hmox1fl/fl) are bred in our

colony (Hedblom et al., 2019). Mice with conditional deletion of HO-1 in myeloid cells and concomitant
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myeloid-specific ribosome epitope-tagging (LysM-Cre:Hmox1flfl:RiboTagmice) were obtained by crossing

LysM-Cre:RiboTag mice (Jackson Laboratories) (Sanz et al., 2009) to Hmox1flfl mice. LysM-Cre:RiboTag

were used as controls. Female and male mice (7-10 weeks old) were used for in vivo and in vitro experi-

ments, and no difference in the responses were noted.

NASH model

All experiments were approved by the Institutional Animal Committee (IACUC) at BIDMC. Female and

male mice (7-9 weeks old) were fed irradiated Methionine/Choline deficient (MCD, Envigo, TD.90262)

diet for 3 weeks. Liver tissues were collected and processed for H&E and Sirius Red staining. Fibrosis score

(0-3) was based on the level of pericellular fibrosis regions: 0- negative, 1-low, 2-medium, 3- high levels.

Fatty liver scores (0-3) were based on two sections from the liver: 0- negative, 1- low levels of fat accumu-

lation in one section, 2- strongly positive one section of the liver, 3- both sections strongly positive.

Human tissues and staining

All studies were approved by Committee on Clinical Investigation (IRB) at BIDMC and Heidelberg Univer-

sity (Popov et al., 2008). BIDMC studies were approved as an NIH exemption # 4. Liver biopsies from n = 5

patients with various stages of NAFLD/NASHwere pulled from the archival pathology specimens at BIDMC

with the following clinical records:

#1: Fibrosis stage: 0, NAS: 7 (Male, 50 years old) and a mild inflammation

#2: Fibrosis stage: 1, NAS: 8 (Female, 51 years old) and a moderate inflammation

#3: Fibrosis stage: 1-2, NAS: 4 (Male, 53 years old) and a mild inflammation

#4: Fibrosis stage: 3, NAS: 3 (Female, 61 years old) and a moderate inflammation

#5: Fibrosis stage: 3-4, NAS: 0 (Male, 52 years old) and a mild inflammation

Thirteen human liver explants were obtained from patients undergoing orthotopic liver transplantation

due to end-stage liver disease of various etiologies (n = 3 PBC, n = 5 Alc, n = 5 Crypt) (Peng et al.,

2016). The formalin-fixed, paraffin-embedded tissue blocks were sectioned and stained for HO-1 and

LNX1 (Bisht et al., 2019).

METHOD DETAILS

Cell transfection, plasmids

The mammalian expression vector of N-terminal HA-tagged mouse LNX1p80 was a kind gift from Dr. Mikio

Furuse (NIPS, Okazaki, Japan) (Takahashi et al., 2009). The pCMV vector was used as a control. One or two

mg plasmid was transfected into RAW264.7 cells using Lipofectamine 2000. Twenty four to 48 h h later,

transfected cells were treated with heme for 6 h.

BDL surgery

All experiments were approved by the Institutional Animal Committee (IACUC) at BIDMC.Male and female

mice (7-9 weeks old) were anesthetized with ketamine/xylazine and the abdomen was shaved and washed

with alcohol solution, then iodine solution. A midline laparotomy incision, measuring approximately 1–

1.5 cm, was performed, the abdominal cavity was opened and 2 sterile retractors were placed for surgical

exposure. The bile duct was identified using the surgical microscope, and gently separated from surround-

ing connective tissue, using blunt forceps. Two ligatures were placed (6-0 silk ligature) proximal to the

pancreatic duct with 1–2 mm distance from each other, and secured with two surgical knots. The retractors

were removed and 300 mL warm saline solution was administered intraperitoneally before the abdomen

was closed in two layers by standard suture. Animals recovered in their cages on the heating pads in the

procedure room with water gel and food. Buprenorphine (5 mg/kg) was administered 20 min prior to

skin closure, and daily for 48 h post-surgery.

RNA isolation from HA-tagged liver Mf

RNA was isolated from HA-tagged liver Mf by tissue homogenization and immunoprecipitation (IP) (Sanz

et al., 2009). Liver tissues were disrupted in homogenization buffer (50 mM Tris, pH 7.5, 100 mM KCl, 12 mM

MgCl2, 1% Nonidet P-40, 1 mM DTT, 200 U/mL Promega RNasin, 1 mg/mL heparin, 100 mg/mL
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cycloheximide, Sigma protease inhibitor mixture) and homogenized samples were then centrifuged at

10,000g for 10 min at 4�C. From the resulting supernatant, 80 to 100 mL of sample was used as an input (total

liver lysate), while the remaining volume of supernatant (approximately 600 mL) was transferred to a new

tube and used for immunoprecipitation. For inputs, 350 mL RLT buffer with b-mercaptoethanol was added

and RNA was extracted using RNeasy Plus Mini Kits (Qiagen, Valencia, CA), according to manufacturer’s

instructions. For IP, 5 mL mouse monoclonal anti-HA antibody (HA.11, BioLegend) was added to each

tube and samples were incubated on a rotator at 4�C for 4 h. Samples were then added to a new tube con-

taining 180 mL of previously equilibrated protein A/C magnetic beads (Santa Cruz Biotechnology) and

rotated overnight at 4�C. The following day, samples were washed three times for 5 min in High Salt Buffer

(50 mM Tris, pH 7.5, 300 mM KCl, 12 mM MgCl2, 1% Nonidet P-40, 1 mM DTT, 100 mg/mL cycloheximide)

and 350 mL RLT buffer with b-mercaptoethanol was added to disrupt the antibody-bead-protein bond.

Samples were vortexed for 30 s and centrifuged at 10,000 x g for 10min at 4�C. Supernatants were collected

and used for further RNA extraction using RNeasy Plus Mini Kits (Qiagen, Valencia, CA), according to man-

ufacturer’s instructions.

Hepatic hydroxyproline determination

Collagen content was determined as relative hydroxyproline (mg/g liver) in 100- to 200-mg liver samples

after hydrolysis in 6 N HCl for 16 h at 110�C, as described (Wei et al., 2020b). Total hydroxyproline (mg/

whole liver) was calculated based on the individual liver weight and the corresponding relative hydroxypro-

line content.

Immunohistochemistry (IHC) staining

Tissue samples were formalin fixed followed by paraffin embedding and immunostaining of 5 mm sections

was performed (Bisht et al., 2019). Briefly, sections were processed for antigen retrieval with high-pressure

cooking in citrate buffer for 1 h. Sections were then blocked for 30 min in 7% horse serum (Vector Labora-

tories, Burlingame, CA). Primary antibody was then applied to the sections overnight at 4�C. The following

day, sections were incubated with biotin-labeled secondary antibody (Vector Laboratories) for 1 h at room

temperature, followed by VECTASTAIN Elite ABC kit and detection with ImmPACT DAB (Vector Labora-

tories). The following primary antibodies were used: to E-cadherin (Cell Signaling, MA), CK-19 (BD Biosci-

ences), HO-1 (Enzo Laboratories), and Notch1 (Proteintech). Hematoxylin and eosin staining was per-

formed as reported before (Nemeth et al., 2016). All images were captured using a Nikon Eclipse E600

microscope (Nikon Instruments, Melville, NY). Connective tissue was stained with Sirius red (Tag et al.,

2015) using paraffin-embedded livers. Briefly, 1% direct red in saturated picric acid solution was applied

on the de-paraffinized 5 mm sections followed by the de-staining in 1% acetic acid. The slides were

mounted in the mounting medium. Images were quantified by counting the number of cells with positive

staining in each field of view (three to four sections per animal).

Prussian blue staining

Prussian Blue reaction (Polysciences, Inc., Warrington PA, cat# 24,199) was performed following manufac-

turer’s protocol. Briefly, equal amounts of solution A (4% Potassium Ferrocyanide) and solution B (4% Hy-

drocloric acid) were applied on formalin-fixed paraffin-embedded tissues for 10min twice. The tissues were

then rinsed in water and stain in solution C (Nuclear Fast Red) for 5 min.

Immunoblotting

Cell lysates were prepared in ice-cold RIPA buffer (50 mM Tris-HCl [pH7.4], 50 mM sodium fluoride, 150 mM

NaCl, 1% Nonidet P-40, 0.5 M EDTA [pH 8]) supplemented with the protease inhibitor mixture Complete

Mini (Roche, Indianapolis, IN). Samples were centrifuged at 14,000 g at 4�C for 20 min, and supernatants

were collected. Protein concentrations of supernatants were measured using a BCA Protein Assay Kit

(Thermo Fisher Scientific, Tewksbury, MA). Forty micrograms of each protein sample were then electro-

phoresed on NuPAGE 4–12% Bis-Tris gel (Life Technologies) in NuPAGE MES SDS Running Buffer (Life

Technologies) for 90 min at 100 V. The membranes were blocked with 5% nonfat dry milk in 1x TBS (Boston

Bio Products, Ashland, MA) for 1 h and then probed with the appropriate primary antibody (diluted at

1:1000 in 1x TBS with 5% nonfat milk) overnight at 4�C. Membranes were then washed in 1x TBS buffer

and incubated with an HRP-conjugated secondary antibody diluted 1:5000 in 1x TBS with 5% nonfat milk

for 1 h at room temperature. Membranes were visualized using Super Signal West Pico Chemiluminescent

Substrate (Thermo Fisher Scientific) or FemtoMaximum Sensitivity Substrate (Thermo Fisher Scientific). We
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used the following primary antibodies to: HO-1 (Enzo Laboratories), IRP1/Aco1 (Aconitase 1) (MyBio-

source), Nrf2 (Cell Signaling Technology), LNX1 (Sigma Aldrich), and b-Actin (Sigma Aldrich).

RNA extraction and RT-PCR

Total RNA was isolated from cultured cells using RNeasy Plus Mini Kits (QIAGEN, Valencia, CA), and qPCR

(Sybr Green Master Mix, Thermo Fisher Scientific) was performed following the cDNA synthesis (HiFiScript

Kit) (Bisht et al., 2019). Primers were purchased from Thermo Fisher Scientific. The following oligonucleo-

tides were used for: b-actin - Forward 50-CCACGGATTCCATACCCAAGA-30 and Reverse 50-TAGACTTC

GAGCAGGAGATGG-30; Collagen-I - Forward 50-TACAGCACGCTTGTGGATG-30 and Reverse 50-TTGG

GATGGAGGGAGTTTA-30; TGF-b - Forward 50-TGAACCAAGGAGACGGAATACAGG-30 and Reverse 50-G
CCATGAGGAGCAGGAAGGG-30; Acta-2 - Forward 50-ACTGGGACGACATGGAAAAG-30 and Reverse 50-
GTTCAGTGGTGCCTCTGTCA-30; Hmox1 - Forward 50-CAGGATTTGTCAGAGGCCCTGAAGG-30 and Rev

erse 50-TGTGGTACAGGGAGGCCATCACC-30; BLVR-A - Forward 50-ATTTCTGCCACCATGGAAAA-30 and
Reverse 50-CTCCAAGGACCCAGATTTGA-30; Hemopexin - Forward 50-CCTGACAAAGGGAGGCAATA-30

and Reverse 50-TCTTGGCTGCATTCAGTTTG-30; iNOS - Forward 50-CAGCTGGGCTGTACAAACCTT-30 an
d Reverse 50-CATTGGAAGTGAAGCGGTTCG-30; CD206 Forward 50-TCTTTGCCTTTCCCAGTCTCC-30

and Reverse 50-TGACACCCAGCGGAATTTC-30; CD163 Forward 50-GAAGCCTTGACAGGACAGCC-30

and Reverse 50-CATAATGAGACCCTATTGCGAAC-30; LNX1 - Forward 50-ATGGTGAGCCAGTAGCCAA

C-30 and Reverse 50-CTTGGGAAGACTTCGGGGAC-30; LCN2 - Forward 50-CCAGTTCGCCATGGTAT

TTT-30 and Reverse 50-GGTGGGGACAGAGAAGATGA-30; SULT2A8 - Forward 50-AGGAACCCACTGGTT

GAATG-30 and Reverse 50-GAAGGAGAGAGGCCATGAGA-30; GPNMB - Forward 50-GTGTCCTGATCTC

CATCGGC-30 and Reverse 50-GCGTGACTGAGGAGAACACT-30; MARCO - Forward 50-GATGTGCTGTGG

CAATGGAT-30 and Reverse 50-CTGGAGAGCCTCGTTCACCT-30; CD14 - Forward 50-CTGATCTCAGCC

CTCTGTCC-30 and Reverse 50-GCTTCAGCCCAGTGAAAGAC-30; NOTCH1 - Forward 50-TCAGGGTG

TCTTCCAGATCC-30 and Reverse 50-CAGCATCCACATTGTTCACC-30; Hes1 - Forward 50-CTACCCCAGC

CAGTGTCAAC-30 and Reverse 50-ATGCCGGGAGCTATCTTTCT-30; GATA1 - Forward 50-GATGGAATC

CAGACGAGGAA-30 and Reverse 50-GCCCTGACAGTACCACAGGT-30.

The following program was applied: 95�C for 10 min, 94�C for 30 s, 60�C for 55 s, 72�C for 1 min, 95�C for

1 min, 55�C for 30 s, and 95�C for 30 s (steps #2 to #4 repeated for 40 cycles). Standard software of Strata-

gene MxPro 3005P version 4.10 (Agilent Technologies, Santa Clara, CA) was used to calculate relative

changes in mRNA levels that were normalized to the b-actin levels.

RNA library preparation and sequencing

RNA libraries were prepared from 100 ng of RNA using Roche Kapa Biosystems RiboErase and RNA Hyper-

Prep sample preparation kits. RNA samples were fragmented at 94�C for 8 min with 14 cycles of PCR post-

adapter ligation, according to manufacturer’s recommendation. The finished dsDNA libraries were quan-

tified by Qubit fluorometer and Agilent TapeStation 2200. Libraries were pooled in equimolar ratios and

evaluated for cluster efficiency and pool balance with shallow sequencing on an Illumina MiSeq. Final

sequencing was performed on an Illumina NovaSeq with paired-end 50 bp reads at the Dana-Farber Can-

cer Institute Molecular Biology Core Facilities.

QUANTIFICATION AND STATISTICAL ANALYSIS

RNA-seq analysis

Sequenced reads were aligned to the UCSCm10 reference genome assembly and gene counts were quan-

tified using STAR (v2.7.3a) (Dobin et al., 2013). Differential gene expression testing was performed by DE-

Seq2 (v1.22.1) (Love et al., 2014). RNA-seq analysis was performed using the VIPER snakemake pipeline

(Cornwell et al., 2018).

STATISTICAL ANALYSIS

All data are reported as meanG SEM or meanG SD In vitro experiments were performed at least 3 times in

triplicate. All statistical analyses were performed using Graph Pad Prism software (GraphPad Prism version

5c, La Jolla, California, USA) and statistical significance was determined using Student’s t test or one-way or

two-way ANOVA with post hoc Tukey’s/Dunn’s test or Mann–Whitney U test.
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