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Simple Summary: Progesterone receptor membrane component 1 (PGRMC1I) and epidermal growth
factor receptor (EGFR) are highly expressed in various cancers. Here, we first analyzed two sets of
clinical data and found that the levels of PGRMC1 and EGFR in hepatocellular carcinomas (HCCs)
were both inversely correlated with the survival of HCC patients. Accordingly, by using a carcinogen-
induced mouse model of HCC, we found that Pgrmcl knockout suppressed HCC development
and extended the lifespan of HCC-bearing mice. In the acute setting of high-dose carcinogen
administration, Pgrmcl knockout was associated with increases in hepatic necrosis and decreases
in the production of the pro-inflammatory cytokine IL-6. Indeed, silencing of Pgrmcl in murine
macrophages suppressed IL-6 production and NF-«kB activity, and this process was significantly
mediated by EGFR. Our study shows that Pgrmcl affects the development of HCCs by regulating the
EGFR-mediated inflammatory responses. Pgrmcl may serve as a biomarker and a therapeutic target
of HCC.

Abstract: Pgrmcl is a non-canonical progesterone receptor related to the lethality of various types
of cancer. PGRMC1 has been reported to exist in co-precipitated protein complexes with epidermal
growth factor receptor (EGFR), which is considered a useful therapeutic target in hepatocellular
carcinoma (HCC). Here, we investigated whether Pgrmcl is involved in HCC progression. In clini-
cal datasets, PGRMC1 transcription level was positively correlated with EGFR levels; importantly,
PGRMC1 level was inversely correlated with the survival duration of HCC patients. In a diethyl-
nitrosamine (DEN)-induced murine model of HCC, the global ablation of Pgrmcl suppressed the
development of HCC and prolonged the survival of HCC-bearing mice. We further found that
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increases in hepatocyte death and suppression of compensatory proliferation in the livers of DEN-
injured PgrmcI-null mice were concomitant with decreases in nuclear factor kB (NF-«B)-dependent
production of interleukin-6 (IL-6). Indeed, silencing of Pgrmcl in murine macrophages led to re-
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ductions in NF-«kB activity and IL-6 production. We found that the anti-proinflammatory effect of
Pgrmcl loss was mediated by reductions in EGFR level and its effect was not observed after exposure
of the EGFR inhibitor erlotinib. This study reveals a novel cooperative role of Pgrmcl in support-
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ing the EGFR-mediated development of hepatocellular carcinoma, implying that pharmacological
suppression of Pgrmcl may be a useful strategy in HCC treatment.

Keywords: Pgrmcl; liver cancer; HCC; EGFR; inflammation

1. Introduction

Liver cancer is one of the leading causes of cancer-related mortality worldwide, and
hepatocellular carcinoma (HCC) accounts for approximately 80% of the primary malignant
tumor of the liver [1]. The development of HCC is related to chronic inflammation of the
liver induced by infection with the hepatitis B and/or C virus, as well as risk factors in-
cluding aflatoxin exposure, heavy alcohol intake, and non-alcoholic fatty liver disease [2,3].
Since most HCC cases are discovered at an advanced stage, the prognosis of HCC remains
poor [4,5]. For HCC patients with progression or in whom local treatment is not feasible,
various types of tyrosine kinase inhibitors (TKIs) have been tested as systemic therapy for
HCC [6]. As of 2021, sorafenib and lenvatinib are the only two FDA-approved TKIs for
use as first-line agents for advanced HCC [7-9]; however, those therapies only prolong the
survival period by a few months [7-9].

Epidermal growth factor receptor (EGFR) has emerged as an important therapeutic
target because its overexpression is frequently observed in clinical samples of HCC [10,11].
Moreover, the inhibitors of EGFR such as gefitinib have been proven effective in both
in vitro and in vivo models of HCC [12,13]. Although no EGFR-targeted HCC treatments
are presently available for clinical use [14-17], EGFR TKIs showed their synergistic benefit
with sorafenib therapy through in vitro and in vivo studies [18,19], and the possible role of
EGFR TKIs for the improvement of the efficacy of sorafenib in HCC is being assessed in
clinical trials [19].

Progesterone receptor membrane component 1 (Pgrmcl) (Nomenclature: mouse gene:
Pgrmcl, human gene: PGRMCI, zebrafish gene pgrmcl, protein: PGRMC1) belongs to
the membrane-associated progesterone receptor (MAPR) gene family and contains the
N-terminal transmembrane domain and C-terminal cytochrome b5-like heme-binding
domain [20]. Since it mediates progesterone’s actions, abnormal phenotypes have been
reported in Pgrmcl female mutants: Pgr cre-mediated Pgrmcl conditional knockout (cKO)
in female reproductive tracts exhibited an impaired uterine environment in mice with
its ovarian function left normal [21], while the subfertility in pgrmcl global KO zebrafish
resulted from an impaired ovarian function [22,23], and their uterine- and ovarian-specific
abnormalities were seen also in Pgrmcl/2 cKO mice [24] and pgrmc1/2 global KO ze-
brafish [22,23], respectively. Moreover, endonuclease mediated global Pgrmcl KO mice
showed a defective development of mammary gland [25]. These phenotypic discrepancies
in Pgrmc1 KO mutants may be due to the differences in model organisms, gene knockout
strategy, and organ-specific roles of PGRMC1; nevertheless, it is obvious that PGRMC1
plays a critical role in female reproduction. Beside its classical function such as steroid
hormone synthesis [26,27] and metabolic function as a non-genomic progesterone recep-
tor [28-31], the relevance between Pgrmcl and cancers has been suggested in diverse organs.
One example is the role of Pgrmcl in breast cancer [32,33], as Pgrmcl has been recently
identified to play important roles in the survival duration and metastasis of breast cancers
in a murine PyMT model [34]. Pgrmcl is also known to be highly expressed in various types
of cancers and associated with the survival rate of patients with head and neck cancer [35],
lung and ovarian cancers [36], and breast cancer [32,33]. Of note, PGRMC1 exists in protein
complexes including EGFR and modulates its expression levels in multiple cancer cell lines
(breast, lung, colon cancers) and affects their proliferation and chemoresistance [20,37].
Likewise, it was demonstrated that Pgrmcl positively regulates tumorigenic features of
breast cancer cells through the EGFR signaling pathway [38]. While the roles of Pgrmcl
and the EGFR-mediated signaling pathway have been extensively studied in a variety of
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cancers, the role of Pgrmcl, its signaling pathway, and interaction with EGFR remain poorly
understood in the context of HCC.

In this study, we analyzed two clinical datasets and found that low PGRMCI and EGFR
transcripts were associated with longer overall survival durations in HCC-bearing patients
and that most patients expressing low PGRMC1 had low EGFR expression as well. We also
performed a Pgrmcl KO study using a murine model of HCC using diethylnitrosamine
(DEN) administration and show that the loss of Pgrmcl suppresses the development of
HCC and extends the HCC-related survival period. Through further in vitro studies, we
delineate the role of Pgrmcl in liver macrophages in regulating the pro-inflammatory
responses and subsequent development of HCC and show that this process is mediated
by EGFR.

2. Results
2.1. Low PGRMC1 Transcription Level Is Correlated with Extended Survival and Low EGFR
Transcription in HCC

To investigate the clinical relevance between PGRMC1 and HCC, PGRMC1 transcrip-
tion levels were analyzed in two gene expression omnibus (GEO) datasets (GSE76427
and GSE20140) which were chosen by matching with previous findings on EGFR and
HCC [12,13].

The two datasets showed similar tendencies in which patients with HCCs with a
low expression of PGRMC1 mRNA had a significantly longer survival duration compared
with those with HCCs with a high PGRMCI expression (Figure 1A); similarly, low EGFR
expression in the HCCs was associated with prolonged survival (Figure 1B). Moreover,
the EGFR mRNA expression was significantly lower in the low PGRMCI group compared
with the high PGRMC1 group in both datasets (Figure 1C). These data indicate that higher
PGRMC1 expression is significantly associated with worse overall survival in patients with
HCC and imply the positive correlation of PGRMC1 and EGFR in HCCs.
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Figure 1. Cont.
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Figure 1. Correlation of PGRMC1 and EGFR with survival duration in patients with hepatocel-
lular carcinoma (HCC). (A,B) Kaplan—Meier curves for the relationships of the mRNA levels of
(A) PGRMCI1 and (B) EGFR with the overall survival duration of patients with hepatocellular car-
cinoma in two independent cohorts from the GEO database, GSE76427 (left) and GSE20140 (right).
(C) EGFR mRNA expression levels in HCC patients with high or low levels of PGRMCI in the
GSE76427 (left) and GSE20140 (right) cohorts.

2.2. Loss of Pgrmc1 Suppresses the Progression and Lethality of HCC in a Murine Model

To experimentally determine the effect of Pgrmcl in the survival in a murine model of
HCC, we administered mice with diethylnitrosamine (DEN) at 2 weeks of age to induce
the development of HCC and monitored their survival for 104 weeks. As a result, we
found that PgrmcI-null mice had a significantly longer survival compared with WT mice
(Figure 2A). We also examined the effect of Pgrmcl in the development and growth of
HCCs at 50 weeks of age by administering DEN four times a week in mice since 2 weeks of
age (Figure 2B). While all mice in the two groups developed HCCs (Figure 2C), the plasma
level of alanine aminotransferase (ALT), a liver injury marker, was significantly lower in
Pgrmcl-null mice (Figure 2D). Importantly, Pgrmcl-null mice developed significantly fewer
tumors compared with WT mice (Figure 2E); moreover, the individual size (Figure 2F) and
average size (Figure 2G) of the tumors were significantly smaller in Pgrmcl-null mice, which
was in accordance with their MRI findings (Figure S1). We also assessed the expression
level of glypican-3 (GPC3), a biomarker for diagnosis and prognosis of HCC [39], to address
whether Pgrmcl modulates HCC malignancy in vivo, and found that the GPC3 expression
level in the tumor regions was comparable between WT and Pgrmcl-null livers (Figure S2).
These results show that Pgrmcl deficiency suppresses DEN-induced HCC development
and extends the survival of mice regardless of its malignancy.
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Figure 2. Loss of Pgrmcl extends the survival duration and suppresses the development of mice bearing hepatocellular
carcinoma (HCC). (A) Kaplan-Meier curve of wild-type (WT) and Pgrmcl knockout (KO) mice bearing HCC. For the
induction of HCC, mice were injected with diethylnitrosamine (DEN) (25 mg/kg, i.p.) at 2-week-old of age, and their
survival rate was monitored until 104 weeks. (B) Gross images of the livers of WT and PgrmicI-null mice with DEN-induced
HCC. Mice (2-weeks-old) were injected with DEN (25 mg/kg/week, i.p.) once a week for 4 weeks and sacrificed at 50 weeks
for tumor assessment. Scale bar, 0.5 cm. (C) Tumor incidence at 50-weeks-old WT (n = 11) and Pgrmc1 KO (n = 12) mice with
DEN-induced HCC. (D) Plasma ALT level in 50-weeks-old WT and Pgrmcl KO mice with DEN-induced HCC. * p < 0.05 in
Student’s t-test. (E) Tumor number, (F) individual tumor size, and (G) average tumor size in the livers of 50-week-old WT
and Pgrmc1 KO mice with DEN-induced HCC. * p < 0.05 in Student’s ¢-test.

2.3. Loss of Pgrmc1 Suppresses Compensatory Proliferation in DEN-Induced Liver Injury

Compensatory proliferation, which immediately follows the initial hepatic injury, has
a critical role in tumor formation in DEN-induced hepatocarcinogenesis [40,41]. Hence, we
investigated the extent of liver injury and proliferation at 48 h after the administration of a
high dose of DEN (200 mg/kg i.p.) in 8-weeks-old mice (Figure 3A).

Contrary to the results from the 50-weeks-old HCC-bearing condition, the plasma lev-
els of ALT (Figure 3B) and HMGBI (Figure 3C) were higher in the short-term DEN-injured
Pgrmcl-null mice compared with WT, indicating the exacerbation of hepatic injury in
PgrmcI-null mice. Increased necrosis of PgrmcI-null mice led to the induction of lymphoid
chemotactic factors (Figure S4), while PgrmcI-null HCC did not resemble the trend of acute
DEN-injury (Figure S5A).

In contrast, the level of apoptosis, as indicated by TUNEL-positive cells, was rather
suppressed in the PgrmcI-null liver as compared to WT (Figure 3D). In addition, Pgrmcl-
null livers displayed a marked reduction in Ki67-positive signals (Figure 3E) and mRNA
expression levels of C-Myc, Cyclin D, and Hgf (Figure 3F), which are proliferation me-
diators of HCC cells [42—44]. These results showed that Pgrmcl ablation suppresses the
compensatory proliferation in DEN-induced hepatic injury.
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Figure 3. Loss of Pgrmcl aggravates liver injury while suppressing compensatory proliferation.
(A) WT and PgrmcI-null mice were injected with high-dose DEN (200 mg/kg, i.p.), and their plasma
and livers were collected after 48 h. (B) Plasma level of alanine aminotransferase (ALT). (C) Expression
of high mobility group box 1 (HMGB1) in the plasma. The expression level was normalized to that of
plasma albumin and expressed relative to the WT group. (D) TUNEL staining in the livers of WT
and Pgrmcl-null mice. TUNEL-positive cells were counted and expressed relative to the WT group.
Scale bar, 100 um. (E) Ki67 immunostaining in the livers of WT and PgrmcI1-null mice. Ki67-positive
cells were counted and expressed relative to the WT group. Scale bar, 100 um. (F) mRNA expression
levels of C-Myc, Cyclin D, and Hgf in the livers of WT and Pgrmc1-null mice. The expression level
was normalized to that of Rplp0 and expressed relative to the WT group. * p < 0.05 in Student’s t-test.
All full blot images were provided in Supplementary File (Figure S3).

2.4. Loss of Pgrmc1 Suppresses EGFR Activation

The GEO analysis in the present study revealed a significant association between
PGRMC1 and EGFR in HCC (Figure 1). To determine whether the decreases in HCC
development in the Pgrmcl-null liver occurred in an EGFR-dependent manner, we analyzed
the expression levels of EGFR and its phosphorylation state. We found that the protein
levels of EGFR and pEGEFR in DEN-injured livers were significantly lower in Pgrmcl-null
mice than those of WT mice, but that pEGFR/EGER ratio in PgrmcI-null mice was similar
to those of WT mice (Figure 4A). According to these results, Egfr mRNA expression was
significantly suppressed in DEN-injured livers of PgrmcI-null mice (Figure 4B), suggesting
possible regulation of Egfr transcription by PGRMC1.
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Figure 4. Loss of Pgrmc1 suppresses EGFR activation. (A) PGRMC1, EGFR, and pEGFR expression levels in DEN-injected
livers of WT and Pgrmcl-null mice. The expression levels were normalized to that of 3-actin and expressed relative to the
WT group. (B) mRNA expression of Egfr in DEN-injected livers of WT and PgrmcI-null mice. The expression levels were
normalized to that of Rplp0 and expressed relative to the WT group. * p < 0.05 in Student’s t-test. (C,D) PGRMC1, EGFR, and
PEGER expression levels in primary hepatocytes (C) and primary non-parenchymal cells (D) from WT and PgrmcI-null mice.
The expression levels were normalized to that of 3-actin and expressed relative to the WT group. * p < 0.05 in Student’s
t-test. All full blot images were provided in Supplementary File (Figure S3).

To further determine whether this phenomenon originated from hepatocytes or hepatic
immune cells, we separated liver tissues into primary hepatocytes and primary non-
parenchymal cells (NPCs). We found that the protein levels of both EGFR and pEGFR were
significantly lower in PgrmcI-null primary hepatocytes compared with those of WT mice
(Figure 4C), and the same trend was noted in PgrmcI-null primary NPCs (Figure 4D). We
also confirmed that pEGFR/EGFR ratio in Pgrmcl-null mice was similar to those of WT
mice (Figure 4C,D).

2.5. Loss of Pgrmc1 Suppresses Pro-Inflammatory Response via EGFR Expression

Following hepatic injury, dying cells release cytokines that activate liver-resident
macrophage (Kupffer cells) [45,46], which also produce cytokines and growth factors
that promote the development of HCCs [40,47,48]. Specifically, IL-6, IL-1c, and TNF are
important mediators for HCC development [40,46,49]. To investigate how Pgrmcl ablation
suppresses compensatory proliferation, we evaluated the pro-inflammatory responses
in DEN-injured livers and macrophage cells (Raw 264.7). First, in DEN-injured Pgrmc1-
null mice, pro-inflammatory responses were markedly suppressed compared with WT, as
evidenced by the lower levels of plasma IL-6 (Figure 5A) and hepatic mRNA expression
levels of IL-1a, IL-18, and Tnf (Figure 5B). Likewise, suppression in mRNA expression of
inflammatory cytokines was also observed in Pgrmcl-null HCC (Figure S5B).
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Figure 5. Loss of Pgrmc1 suppresses IL-6 production in macrophages. (A,B) Plasma level of IL-6 (A)
and hepatic mRNA levels of IL-1«, IL-18, and Tnf (B) in DEN-injected WT and PgrmcI-null mice. The
mRNA expression levels were normalized to that of Rplp0 and expressed relative to the WT group.
* p < 0.05 in Student’s f-test. (C,D) Culture supernatant level of IL-6 (C) and mRNA expression levels
of IL-1a, IL-1B, and Tnf (D) in Raw 264.7 cells transfected with Control (Ctrl) or Pgrmc1-siRNA (KD)
and treated with or without necrotic debris for 3 h. The mRNA expression levels were normalized to
that of Rplp0 and expressed relative to the Ctrl group. * p < 0.05 in one-way ANOVA followed by
Tukey’s post hoc test. (E,F) Control (Ctrl) or Pgrmc1-siRNA (KD)-transfected cells were treated with
erlotinib (50 uM) and necrotic debris for 8 h. Level of IL-6 (E) and mRNA expression levels of IL-1«,
IL-1B, and Tnf (F) in the supernatant of erlotinib-treated Raw 264.7 cells. The mRNA expression
levels were normalized to that of Rplp0 and expressed relative to the Ctrl group. * p < 0.05 in one-way
ANOVA followed by Tukey’s post hoc test.

Next, we tested the hypothesis that PgrmcI-null macrophages play a pivotal role in
the suppression of inflammatory cytokine production and compensatory proliferation
after hepatic injury. Considering that necrotic debris released by DEN-injured hepatocytes
triggers cytokine production and compensatory proliferation [40,47], we introduced mouse
macrophage cells to necrotic debris prepared by freezing and thawing human HCC cells
(Hep3B cells). When macrophages treated with Control siRNA were challenged with
necrotic debris, the level of IL-6 produced in the cell culture medium was significantly
increased (Figure 5C), which was reversed in cells treated with PgrmcI siRNA (knockdown;
KD) (Figure 5C). Likewise, the debris-treated Control siRNA group showed increased
mRNA expression levels of IL-1a, IL-18, and Tnf (Figure 5D), which were reversed in the
debris-treated Pgrmcl siRNA group (Figure 5D). We also observed that treating Hep3B
cells (hepatocellular carcinoma cell line) with supernatant of Pgrmcl KD Raw264.7 cells
led to down-regulation of cancer cell proliferation (Figure S6A). Likewise, the mRNA
level of HGF was also suppressed in cells incubated with the supernatant of Pgrmcl KD
Raw?264.7 cells (Figure S6B).
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To investigate whether Pgrmcl regulates pro-inflammatory response via EGFR, we
performed co-immunostaining of PGRMC1 and EGFR in HCC samples, and found co-
localization of PGRMC1 and EGFR in non-parenchymal cells, rather than HCC cells
(Figure S7). Furthermore, we also observed partial co-localization of PGRMC1 and EGFR
in Raw 264.7 cell (Figure S8). To evaluate influence of EGFR on PGRMC1, we treated Raw
264.7 cells with erlotinib, a potent EGFR inhibitor, and observed significant suppression
of pro-inflammatory responses (Figure 5E,F). After erlotinib treatment, the level of IL-6 in
the cell culture medium was not suppressed by Pgrmcl knockdown (Figure 5E). Likewise,
the mRNA expression levels of pro-inflammatory cytokines were not suppressed in the
erlotinib-treated Pgrmcl siRNA group (Figure 5F). Taken together, cytokine levels elevated
by necrotic cell debris were dependent upon an erlotinib-sensitive and PGRMC1-dependent
tyrosine kinase activity, probably EGFR, and were inhibited by erlotinib.

Considering the reduced percentage of cytokine expression by erlotinib, Pgrmc1-KD
cells should have a low sensitivity for erlotinib. In Raw 264.7 cells, the protein levels of both
EGFR and pEGFR were suppressed in the Pgrmcl siRNA group compared with the Control
siRNA group, while pEGFR/EGEFR ratio in Pgrmc1-KD cells was similar to those of control
cells (Figure 6A). Furthermore, mRNA expression of Egfr was suppressed in the Pgrmcl
siRNA group compared with the Control siRNA group (Figure 6B). Notably, while the
protein level of EGFR was decreased in the Pgrmcl siRNA group, EGFR phosphorylation
was similar between the Control and Pgrmcl-knockdown groups treated with erlotinib
(Figure 6C). Therefore, the ratio of pPEGFR/EGFR was increased in the Pgrmcl siRNA
group when compared to control (Figure 6C). The mRNA expression of Egfr was also
increased by Pgrmcl knockdown (Figure 6D). These data collectively show that Pgrmc1
positively regulates the expression of EGFR, and that the ablation of Pgrmcl leads to
altered pro-inflammatory responses that may prompt the microenvironment of HCC
toward tumor suppression.

After exposure to pro-inflammatory stimuli, activated macrophages produce a panel
of inflammatory cytokines and growth factors in an IKK/NF-kB pathway-dependent
manner, thereby maintaining liver inflammatory responses and promoting HCC develop-
ment [45,50]. Accordingly, we investigated the IKK/NF-kB signaling pathway in debris-
treated macrophages and found that knockdown of Pgrmc1 led to decreases in the protein
level of pIkBa and the ratio of pIkBx per IkBx (Figure 6A). Likewise, the protein level
of pNF-kB (p65) was suppressed in the debris-treated Pgrmcl siRNA group (Figure 6A).
In erlotinib-treated Raw 264.7 cells, the phosphorylation state of IkBo was significantly
lower in the Pgrmc1-knockdown group than that of the Control siRNA group (Figure 6C),
whereas that of NF-«kB was not lower in the Pgrmc1-knockdown group (Figure 6C). Consid-
ering the results of these experiments, it can be postulated that PGRMC1 regulates NF-kB
mainly via EGFR. These results collectively suggest that the loss of Pgrmcl reduces the
pro-inflammatory responses of macrophages in the acute phase of liver injury and thereby
contributes to decreased proliferation of hepatocytes in DEN-induced carcinogenesis.
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Figure 6. EGFR inhibition by erlotinib nullifies the anti-proinflammatory role of Pgrmc1 depletion. (A) Western blot analysis
of PGRMC1, EGFR, pEGFR, IkBx, pIkBa, NF-«kB (p65), and pNF-«B (p65) and (B) mRNA expression levels of Egfr in Raw
264.7 cells transfected with Control (Ctrl) or Pgrmc1-siRNA (KD) and treated necrotic debris for 3 h. The protein expression
levels were normalized to that of 3-actin and expressed relative to the Ctrl group. The mRNA expression levels were
normalized to that of Rplp0 and expressed relative to the Ctrl group. * p < 0.05 in Student’s f-test. (C,D) Control (Ctrl) or
Pgrmc1-siRNA (KD)-transfected cells were treated with erlotinib (50 uM) and necrotic debris for 8 h. (C) Western blot
analysis of PGRMC1, EGFR, pEGFR, IkB«, pIkBo, NF-«B (p65), and pNF-«B (p65) and (D) mRNA expression levels of Egfr
in erlotinib-treated Raw 264.7 cells. The protein expression levels were normalized to that of 3-actin and expressed relative
to the Ctrl group. The mRNA expression levels were normalized to that of Rplp0 and expressed relative to the Ctrl group.

* p <0.05 in Student’s t-test. All full blot images were provided in Supplementary File (Figure S3).

3. Discussion

Pgrmcl is actively investigated for its possible rols in various cancers, but its relevance
in HCC is poorly understood. In the present study, we first analyzed two clinical GEO
datasets and found that a low expression of PGRMCI mRNA was associated with a longer
survival duration in patients with HCC. We further demonstrated that the knockdown of
Pgrmcl significantly reduced the production of IL-6 in macrophages via the suppression
of EGFR in vitro, and that genetic ablation of Pgrmcl led to significant decreases in the
pro-inflammatory responses after DEN-induced acute hepatic injury in a short-term in vivo
study. Importantly, in the long-term in vivo study (>100 weeks), the ablation of Pgrmc1
led to a notable extension of the survival duration in HCC-bearing mice by suppressing
the tumor development. Our findings collectively demonstrate that Pgrmcl plays a tumor-
promoting function in non-parenchymal cells through the modulation of EGFR expression
and may serve as a potential target for treating HCC.
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Firstly, we analyzed the TCGA data using an analysis program [51]. Although high
PGRMCT1 expression in HCC was correlated with better survival in the TCGA data, the data
did not reflect the inflammatory environment of HCC. For example, high EGFR expression
was not correlated with better survival (p = 0.15), while EGFR is related to inflammatory
events and targets anti-HCC drugs. Since HCC is a representative example of inflammation-
related cancer, its growth was mainly regulated by resident immune cells in the liver than
the hepatocytes themselves. When IL-6 was used as an indicator for the inflammatory
environment of HCC, IL-6 expression in the TCGA data did not reflect the inflammatory
environment of HCC. Based on these pieces of evidence, we focused on the two clinical
data GSE76427 and GSE20140 which reflect inflammation-mediated HCC condition.

DEN, a potent chemical carcinogen, disrupts the cellular DNA of the liver and induces
necrosis and apoptosis of hepatocytes [47,52,53]; following the detriment of hepatocytes
in the injured liver, the debris of the necrotic cells activates immune cells to produce pro-
inflammatory cytokines [54,55] that triggers the compensatory proliferation of hepatocytes,
thereby leading to non-resolving inflammation and HCC development [56]. In the present
study, although the DEN-induced apoptotic level was decreased in Pgrmcl-null livers,
the hepatic injury was notably induced by DEN administration as represented by the
significantly increased plasma levels of ALT in the Pgrmc1-null mice. Moreover, Pgrmcl-
null livers seemed to be prone to necrosis as evidenced by the increased plasma level of
HMGBI, a marker protein released by necrotic cells and not by apoptotic cells [57].

Considering that dead cell debris or necrotic debris is able to activate the pro- in-
flammatory response by DEN, we speculated that the production of pro-inflammatory
cytokines would be enhanced in the PgrmcI-null liver. However, we did not observe a
significant degree of compensatory proliferation or proliferative capacity of hepatocytes
in Pgrmcl-null livers in terms of Ki67 immunostaining and the transcript levels of HCC
proliferation markers (i.e., c-Myc, Cyclin D, and Hgf). Considering that a panel of cytokines,
chemokines, and growth factors contributes to the crosstalk between tumor and immune
cells in the surrounding microenvironment [58], it could be hypothesized that this contra-
dictory phenomenon may arise from the communication between hepatocytes and resident
immune cells, which is mediated through inflammatory cytokines or growth factors. Ac-
cordingly, the production of inflammatory cytokines (i.e., plasma level of IL-6, hepatic
mRNA levels of IL-1a, IL-18, and TNF) was decreased in Pgrmc1-null mice. Therefore, in
the context of inflammatory signaling between hepatocytes and immune cells, it can be
intermediately concluded that the decreases in compensatory proliferation may result from
the reduced amount of cytokine production in the PgrmcI-null liver.

After persistent infection or liver injury, macrophages are one of the major cell types
involved in the crosstalk with HCC, especially in the context of a tumor promoter [59].
Specifically, the activation of liver-resident macrophages (Kupffer cells) leads to the re-
cruitment of immune cells including monocytes, which subsequently result in chronic
inflammation that shifts the surrounding environment toward a tumor-favoring one [60-63].
In this study, the necrotic debris of HCC cells (Hep3B cells) induced significant immune
responses in macrophages (Raw 264.7 cells) by increasing the amount of pro-inflammatory
cytokines. Most importantly, Pgrmcl knockdown led to decreases in the plasma level and
expression of pro-inflammatory cytokines including IL-6, which is consistent with the
decreased level of plasma IL-6 in PgrmcI-null mice. Since macrophage-derived IL-6 plays a
pivotal role in the progression of HCCs by regulating proliferation, invasion, and metasta-
sis [40,64], our data suggest that the decreased amount of IL-6 production in Pgrmcl-null
macrophages would have led to delayed HCC progression. Additionally, Pgrmcl knock-
down in Raw 264.7 cells also suppressed the phosphorylation of IkBoe and NF-kB because
various phosphorylation signals were shown to be regulated by PGRMC1 [29]. NF-«xB
signaling is a major contributor that links inflammation to HCC [65]; moreover, considering
its potential relevance with Pgrmcl in lung adenocarcinoma [66] and breast cancer [38],
further targeted studies are needed in order to determine how Pgrmcl modulates the
NF-«B complex in other pathological settings.
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In the present study, the genetic ablation or knockdown of Pgrmcl suppressed the
expression of Egfr at both the protein and transcript levels. In previous reports, it was sug-
gested that PGRMC1 interacts with EGFR via heme-mediated dimerization that requires
heme chelation by Y113 [20,37] or alternatively possibly related to PGRMC1 phospho-
rylation on Y113 [67]. In our results, when the most PGRMC1 was intensely localized
in the HCC cells than in the non-parenchymal cells, its presence was not detected in
PgrmcI-null livers. Interestingly, EGFR protein was not detected in the HCC cells but in
the non-parenchymal cells. EGFR abundance in non-parenchymal cells was decreased
in that of PgrmcI-null liver, which suggests a possible relationship between PGRMC1
and EGFR in immune-regulation. To further define the interaction between PGRMC1
and EGFR, we monitored the localization in Raw 264.7 cells expressing PGRMC1 protein
and observed the partial co-localization of PGRMC1 and EGFR. These results suggest
that limited amount of PGRMC1 in hepatic macrophage could control the EGFR expres-
sion involving tumor growth. Further research will be necessary to determine whether
PGRMC1:EGFR-containing protein complexes may contribute to these processes.

EGFR, a receptor tyrosine kinase belonging to the ErbB family, is abundantly expressed
in the liver and carries a critical function in liver regeneration [68]. EGFR is overexpressed
in most clinical HCC cases [11], and its signaling is activated in HCC cells and promotes
their growth [69]. As such, the inhibition of EGFR via TKIs such as erlotinib suppresses
hepatic fibrosis, cirrhosis, and the development of HCCs [70]. These lines of evidence imply
the oncogenic capacity of EGFR in HCC. Interestingly, the differential role of EGFR in
different liver cell types has recently been demonstrated in HCC development: Lanaya et al.
found that the genetic ablation of Egfr in all liver cells or Kupffer cells resulted in impaired
hepatocarcinogenesis via decreases in IL-6 production, while hepatocyte-specific knockout
of Egfr unexpectedly showed the opposite results [71]; these results imply that (1) the role
of EGFR in HCC development is different depending on the liver cell types and (2) over-
all phenotypes resulting from the deletion of Egfr both in hepatocytes and macrophages
resembles that of macrophage-specific E¢fr ablation. In the present study, we observed
that the knockdown of Pgrmcl led to decreased inflammatory responses in macrophages
accompanied by downregulation of EGFR, indicating the tumor-promoting role of Pgrmcl
in macrophages. Conversely, a previous in vitro study showed that the knockdown of
PGRMC1 in HCC cells promoted their proliferation while its overexpression caused the
opposite effects [72], implying the tumor-suppressing role of Pgrmcl in hepatocytes. De-
spite the conflicting roles of Pgrmcl in hepatocytes and macrophages, Pgrmcl-null mice
with Pgrmcl deficiency in both hepatocytes and macrophages showed suppressed HCC
formation, which is in accordance with the phenotypes seen in the aforementioned study
by Lanaya et al. on EGFR [71]. PGRMC1 may influence HCC development by modulating
EGEFR expression apart from EGFR phosphorylation inhibition by erlotinib. Our analysis
of two sets of clinical data also showed a similar tendency between PGRMC1 and EGFR.
Patients with low transcript levels of PGRMC1 and EGFR in their HCCs had longer survival
duration. Furthermore, patients with low PGRMCI mRNA expression had low levels of
EGFR mRNA expression as well. Indeed, we were able to experimentally determine the
significant correlation between PGRMC1 and EGFR in an in vitro study using the EGFR
inhibitor erlotinib though additional effects of erlotinib on other tyrosine kinase activities
cannot be excluded by our data; in cells treated with erlotinib, the anti-proinflammatory
effect by Pgrmcl knockdown was not observed, suggesting that EGFR inactivation by the
loss of Pgrmcl is essential for suppression of pro-inflammatory response in this context.

4. Materials and Methods
4.1. GEO Dataset Analysis

The transcription levels of PGRMC1 and EGFR in clinical samples of HCCs were
analyzed using the public GEO dataset (GSE76427, GSE20140). The patients in each dataset
were divided into quartiles according to the transcription levels of PGRMC1 and EGFR; of
them, patients in the Q1 and Q3 in each dataset were selected for analysis. For PGRMC1
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analysis, the numbers of patients used in the analyses were as follows: 34 out of 34 (low
PGRMC1) and 21 out of 21 (high PGRMC1) in the GSE76427 dataset, and 19 out of 21 (low
PGRMC1) and 14 out of 16 (high PGRMC1) in the GSE20140 dataset. For EGFR analysis,
the numbers of patients used in the analyses were as follows: 37 out of 38 (low EGFR) and
15 out of 16 (high EGFR) in the GSE76427 dataset, and 22 out of 24 (low EGFR) and 14 out
of 15 (high EGFR) in the GSE20140 dataset. For the comparison between PGRMC1 and
EGEFR expression levels, patients were divided according to the PGRMC1 expression levels.

4.2. Animals

All animal experiments were performed in accordance with the Korean Ministry of
Food and Drug Safety (MFDS) guidelines, and the protocols were reviewed and approved
by the Institutional Animal Care and Use Committee of the Asan Institute for Life Sciences
(permit number: 2017-13-139). Only male mice were included in the experiments. WT and
Pgrmcl-null mice were used according to a previously reported protocol [73]. To induce
HCC, 2-week-old mice were administered with DEN (25 mg/kg, intraperitoneal; IP). To
induce acute liver injury, 8-week-old mice were administered with a high dose of DEN
(200 mg/kg, IP) and sacrificed after 48 h using CO, asphyxiation.

4.3. In Vivo Magnetic Resonance Imaging

To monitor the incidence and size of HCC, MR images were acquired using a 9.4 Tesla
160 mm system (Agilent Inc., Palo Alto, CA, USA). Animals were anesthetized through
a mask via spontaneous inhalation of 2.0-2.5% isoflurane in a 1:2 mixture of O;:N,O.
Respiration was monitored and the mice were maintained in normothermic conditions
at 37.5 £ 0.5 °C using a heating bath circulator (CW-05G Heated Circulating Water Bath,
St. Louis, MO, USA). The MRI protocol included T1-weighted (T1w) — TR/TE =1100/8.93 ms;
average = 3; field of view (FOV) = 25 x 35 mm (axial); matrix = 128 x 128; and slice
thickness = 1.5 mm; and T2-weighted (T2w) — TR/TE = 4000/10.0 ms; average = 3,
FOV =25 x 35 mm (axial) or 35 x 35 mm (coronal), matrix = 128 x 128 or 256 x 256, and
slice thickness = 1.5 mm. The chemical shift selective saturation (CHESS) pulse sequence
was used at —1338 Hz to suppress the fat signal. Respiratory/heart gating was used for
MRI scanning, and the total MR scan time was within 20 min. Abnormal structures/high
signals on MR images were regarded as tumors.

4.4. RNA Isolation, Reverse Transcription, and qRT-PCR

RNA was extracted from livers, HCC, and Raw 264.7 cells. After homogenization
with the Trizol reagent, homogenates were mixed with chloroform. The mixture was
centrifuged, and the supernatant was incubated with isopropanol. RNA pellets were
dissolved in DEPC-treated water. cDNA was synthesized with 1 pg of total RNA by using
a reverse transcriptase kit (5G-cDNAS100, Smartgene, Daejeon, Korea) according to the
manufacturer’s protocol. Quantitative PCR (real-time PCR) was carried out using specific
primers (Table 1), Excel Taq Q-PCR Master Mix (SG-SYBR-500, Smartgene, Daejeon, Korea),
and Stratagene Mx3000P (Agilent Technologies, CA, USA) equipped with a 96-well optical
reaction plate. All experiments were repeated in triplicates, and the mRNA values were
calculated based on the cycle threshold and monitored for a melting curve.
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Table 1. Primers used for real-time PCR.

Gene Name Upper Primer (5'-3) Lower Primer (5'-3) Species
IL-1a AGT ATC AGC AAC GTC AAG CAA TCC AGA TCA TGG GTT ATG GAC TG Mouse
IL-1B GAA ATG CCACCTTTT GAC AGT G CTG GAT GCT CTC ATC AGG ACA Mouse
TNF CCT GTA GCC CAC GTC GTA G GGG AGT AGA CAA GGT ACA ACCC Mouse
Ccl19 GGG GTG CTA ATG ATG CGG AA CCT TAG TGT GGT GAA CAC AACA Mouse
Ccl21 GTG ATG GAG GGG GTC AGG A GGG ATG GGA CAG CCT AAACT Mouse
Icam1 GTG ATG CTC AGGTAT CCATCC A CAC AGT TCT CAA AGC ACA GCG Mouse
F4/80 TTG TAC GTG CAA CTC AGG ACT GAT CCC AGA GTG TTG ATG CAA Mouse
Egfr GCA TCA TGG GAG AGA ACA ACA TCA GGA ACC ATT ACT CCA TAG GT Mouse
Rplp0 GCA GCA GAT CCG CAT GTCGCT CCG  GAGCTG GCA CAGTGACCTCACACGG Mouse
C-Myc GCT CTC CAT CCT ATG TTG CGG TCC AAG TAA CTC GGT CAT CAT CT Mouse
Cyclin D GCG TAC CCT GAC ACC AAT CTC CTC CTC TTC GCA CTT CTG CTC Mouse
Hgf TTC ATG TCG CCA TCC CCT ATG CCCCTGTTC CTG ATA CACCT Mouse
C-Myc CCT ACC CTC TCA ACG ACA GC CTC TGA CCT TTT GCC AGG AG Human
Cyclin D GCT GCG AAG TGG AAA CCATC CCT CCTTCT GCA CAC ATTTGA A Human
Hgf CTG GTT CCC CIT CAA TAG CA AACTCC AGG GCT GAC ATT TG Human
Rplp0 TCG ACA ATG GCA GCA TCT AC GCC TTG ACCTTT TCA GCA AG Human

4.5. Western Blot

Protein was extracted from livers, Raw 264.7 cells, primary hepatocytes, and primary
NPCs by homogenization with T-PER buffer. After electrophoresis, gels were blotted to a
PVDF membrane, and the membrane was blocked and incubated with primary antibodies.
After overnight incubation, the membranes were washed and incubated with secondary
antibodies (Goat anti-Rabbit IgG HRP; Catalog # 31460, Goat anti-Mouse IgG HRP; Catalog
# 31430, Thermo Fisher Scientific, MA, USA). The bands were observed with ECL solution
(XLS025-0000, Cyanagen, BO, Italy) after washing three times.

The following primary antibodies were used: 3-actin (sc-130656, Santa Cruz Biotech-
nology), phosphor-IkBe (pIkBe), NF-kB p65, phosphor-NF-kB p65 (pNF-«B p65) (9936,
CST, MA, USA), EGFR (A2909, ABclonal, MA, USA), phosphor-EGER (9789, CST, MA,
USA), HMGBI1 (CSB-PA01604A0RDb, Cusabio, TX, USA), PGRMC1 (rabbit monoclonal,
13856, CST, MA, USA), and IkBx (mouse monoclonal, 9936, CST, MA, USA).

4.6. Cell Culture and Gene Knockdown

All cell culture reagents were purchased from Welgene (Gyungsan, Korea). Hep3B hu-
man liver cancer cells and Raw 264.7 mouse macrophage cells were maintained at 37 °Cin a
5% CO, atmosphere in DMEM (LM001-05, Welgene, Gyungsan, Korea) supplemented with
5% (vol/vol) fetal bovine serum, penicillin (100 U/mol), and streptomycin (100 pug/mL).
For knockdown of PGRMC1, siRNA transfection was performed using the Lipofectamine
2000 reagent (11668-027, Thermo Fisher Scientific, MA, USA) according to the manufac-
turer’s protocol. Negative control siRNA and PGRMCI siRNA #1 and #2 were purchased
from Bioneer (Daejeon, Korea). The sense sequences of PGRMC1 siRNA #1 and #2 were
5'-CAGUACAGUCGCUAGUCAA-3’ and 5-CAGUUCACUUUCAAGUAUCA-U-3'. Er-
lotinib hydrochloride (SML2156, Sigma-aldrich, MO, USA) was used for EGFR inhibition.
To induce inflammatory response, necrotic cell debris was collected from frozen-melted
Hep3B cells and treated to Raw 264.7 cells.

4.7. Primary Cell Culture

Mouse livers were perfused with Ca?* and Mg?* free-Hanks’ Balanced Salt Solution
(HBSS) containing EDTA (1 mM) via portal vein catheterization, removed from the mice,
gently teased with forceps, and digested with a collagenase solution containing liberase
(0540119001, Sigma-aldrich, MO, USA). The liver-containing solution was filtered through
a sterile 40 um nylon cell strainer (93040, SPL Life Sciences, Pocheon, Korea) to remove
undigested tissues and connective tissues. The cells were centrifuged briefly at 1000 rpm
(brake off), and the pellet was suspended in a cell culture medium. The suspended cells
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were again centrifuged briefly at 1000 rpm, suspended in DMEM supplemented with 5%
FBS, and then seeded onto culture plates. Adherent hepatocytes were used for experiments
after overnight incubation. For the collection of NPCs, supernatant collected from the first
centrifugation was seeded onto culture plates. Non-adherent cells were collected after 2 h
and seeded onto another culture plate. The adherent NPCs after overnight incubation were
used for experiments.

4.8. Alanine Aminotransferase (ALT) Measurement

Plasma was diluted at a 1:5 ratio, and the plasma ALT level was measured with FUJI
DRI-CHEM SLIDE (ALT-3250) by DRI-CHEM4000 (Fuji Film, Tokyo, Japan). Values were
calculated considering the dilution factor.

4.9. Immunostaining

For immunohistochemistry, 4 pm-thick tissue sections were deparaffinized, serially
rehydrated with ethanol, subjected to antigen retrieval using a citrate buffer (10 mM citric
acid, 0.05% Tween 20, pH 6.0), and then immunostained with the antibody against Ki67
(15580, Abcam, Cambridge, UK) using the VECTASTAIN ABC kit (PK6101, Vector Labs,
CA, USA) according to the manufacturer’s instructions. To measure the degree of apoptosis,
TUNEL staining was performed using the DeadEnd colorimetric TUNEL system (G7130,
Promega, WI, USA) following the manufacturer’s instructions. Ki67- or TUNEL-positive
areas per liver were quantified using the Image] software (NIH, Bethesda, MD, USA).

For co-staining of PGRMC1 and EGFR in tumor sections, antigen-retrieved paraffin
sections were incubated with mouse immunoglobulin blocking reagent (PK2200, Vector
Labs, CA, USA) and blocked with 5% goat serum prior to overnight incubation with anti-
PGRMC1 (rabbit monoclonal, 13856, CST, MA, USA) and anti-EGFR (mouse monoclonal,
sc-373746, Santa Cruz Biotechnology, TX, USA) primary antibodies. The sections were
then incubated for 1 h with Alexa Fluor 488-conjugated goat anti-rabbit IgG (A11008,
Thermo Fisher Scientific, MA, USA) and subsequently for another 1 h with Alexa Fluor
594-conjugated goat anti-mouse IgG (A11005, Thermo Fisher Scientific, MA, USA). After
mounting with DAPI (D1306, Thermo Fisher Scientific, MA, USA), the sections were
examined under Zeiss LSM 880 laser scanning confocal microscope system (Carl Zeiss,
Oberkochen, Germany).

For co-staining of PGRMC1 and EGFR in Raw 264.7 cell, cells grown in chamber slide
(80826, Ibidi, Gréfelfing, Germany) were fixed in cold methanol for 30 min and washed with
PBS. Cells were blocked with 3% BSA prior to overnight incubation with anti-PGRMC1
(rabbit polyclonal, A5619, ABclonal, MA, USA) and anti-EGFR (mouse monoclonal, sc-
373746, Santa Cruz Biotechnology, TX, USA) primary antibodies. Cells were then incubated
for 2 h with anti-rabbit (A21207, Thermo Fisher Scientific, MA, USA) and anti-mouse
(A21202, Thermo Fisher Scientific, MA, USA) antibodies. Cells were washed with PBS,
treated with DAPI, and washed again for subsequent observation. Region of interest was
observed in dark area with microscope.

4.10. Enzyme-Linked Immunosorbent Assay (ELISA)
Mouse plasma and cell culture medium were collected for the measurement of IL-6

using ELISA. Samples were processed with a mouse IL-6 ELISA kit (EKC40085, Biomatik)
according to the manufacturer’s protocol.

4.11. Statistical Analysis

Data are reported as mean =+ standard deviation. Differences between the means
were assessed using Student’s t-test and one-way ANOVA followed by a Tukey’s multiple
comparison test. All statistical analyses were performed using the GraphPad Software
(GraphPad Inc., San Diego, CA, USA).
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5. Conclusions

In the current study, we made substantial progress towards delineating the Pgrmc1
mediated pro-inflammatory mechanism in HCC. In clinical data analysis, the expression
level of PGRMCI mRNA was inversely correlated to survival duration in patients with
HCC, suggesting that Pgrmcl mRNA levels may be used as a prognostic marker for the
progression of HCC. Furthermore, our data suggest that specific inhibitors of Pgrmc1 have
a potential in conferring synergistic effects with the existing anti-HCC drugs. Lastly, our
results from HCC-bearing PgrmcI-null mice may be useful in the therapeutic approach
for examining the survival duration and the suppression of HCC development in patients.
Further research should address which specific interaction or mechanism underlies on
PGRMC1:EGFR-containing protein complexes and contributes to HCC.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/ cancers13102438 /s1, Figure S1. Magnetic resonance images (T1w [axial], T2w [axial and
coronal]) of HCCs in HCC-bearing WT (1 = 11) and Pgrmcl-null (n = 12) mice. Arrows denote the
tumors, Figure S2. Western blot analysis of Glypican-3 (GPC3) in non-tumor lesions and tumors
of WT and Pgrmcl-null mice. -actin was used as an internal control. NT, non-tumor; T, tumor
region, Figure S3. Full blot images, Figure S4. mRNA expression levels of F4/80 (A), Ccl19, Ccl21,
and Icam1 (B), in the livers of DEN-injected WT and Pgrmcl-null mice. The expression levels were
normalized to that of Rplp0 and expressed relative to the WT group. * p < 0.05 in Student’s t-test,
Figure S5. mRNA expression levels of F4/80, Ccl19, Ccl21, Icam1 (A), IL-1«, IL-13, and Tnf (B) in the
HCC of DEN-injected WT and Pgrmc1-null mice. The expression levels were normalized to that of
Rplp0 and expressed relative to the WT group. * p < 0.05 in Student’s t-test, Figure S6. Cancer cell
proliferation measured after treatment of Raw264.7 cell culture supernatant. (A) Cell number counted
by trypan blue staining in 0 and 24 h treatment of Raw264.7 cell culture supernatant to Hep3B
cells. FBS was excluded in Hep3B cell culture medium. Cell culture supernatant was collected from
Control (Ctrl) or Pgrmc1-siRNA (KD)-transfected Raw 264.7 cells treated with necrotic debris for 3 h.
(B) mRNA expression levels of C-Myc, Cyclin D, and HGF in Hep3B cells cultured with Raw 264.7 cell
culture supernatant. Cell culture supernatant was collected from Control (Ctrl) or Pgrmcl-siRNA
(KD)-transfected Raw 264.7 cells treated with necrotic debris for 3 h. Cell culture supernatant was
incubated for 3 h in Hep3B cells. * p < 0.05 in Student’s t-test, Figure S7. Co-immunostaining of
PGRMC1 and EGEFR in the HCC of WT mice and Pgrmcl-null mice. PGRMC1 (green) and EGFR
(red) were stained with the corresponding antibodies. DAPI (blue) was used for nuclear staining,
Figure S8. Co-immunostaining of PGRMC1 and EGFR in Raw 264.7 cell. PGRMC1 (red) and EGFR
(green) were stained with the corresponding antibodies. DAPI (blue) was used for nuclear staining.
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