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Introduction

Conceptualizations of the causes of cancer have evolved over the 
years from focusing on alterations within the cells to inclusion of 
factors in the microenvironment such as those emanating from 
apoptotic cells [1-5]. Paradoxically, chemotherapy, which induces 
apoptosis, can result in more aggressive forms of cancer despite the 
intent to kill cancer cells [4,5]. Some of the factors released from 
or exposed on apoptotic cells that play a role in cancer progression 
have been identified [4,5]. For example, ATP and other metabolites 
can be taken up into cancer cells, providing energy and nutrients 
for growth and survival and suppression of inflammation [6]. 
Prostaglandin E2, derived downstream following the activation 
of calcium-independent phospholipase A2 by caspases, stimulates 
cancer cell proliferation [7,8]. Phosphatidylserine (PS), which is 

exposed on the outer leaflet of apoptotic cells and blebs released 
from the cells, induces endothelial cell sprouting leading to 
aberrant angiogenesis in tumors [9]. 

LRG1 (leucine-rich alpha-2-glycoprotein-1) and two of its binding 
partners, cytochrome c (Cyt c) and transforming growth factor-β1 
(TGF-β1), are, potentially, additional key players in cancer cell 
progression in an apoptotic microenvironment. LRG1 plays a 
key role in aberrant angiogenesis in tumors and has pro-survival, 
proliferative, and metastatic effects on many types of cancer 
cells [10,11]. LRG1 is a ubiquitous biological constituent whose 
normal role may be in maintaining tissue homeostasis under 
stress conditions by limiting tissue damage from infection or 
other injury [12]. In an aberrant extension of this function, LRG1 
also impacts the progression of cancer [10,11].
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Abstract
Leucine-rich alpha-2-glycoprotein-1 (LRG1) is an acute-phase protein that increases in circulation when the immune system responds to tissue damage, 
certain microbial infections, and in many, but not all, cases of cancer. In the last decade, LRG1 has been shown to play roles in the progression of 
cancer, including cell survival, proliferation, and metastasis. In the apoptotic microenvironment of a tumor, cytochrome c (Cyt c), along with other 
damage-associated molecular patterns (DAMPs), is released from dying cells. LRG1, also produced by cancer cells, binds Cyt c with high affinity, delays 
the onset of extracellular Cyt c-induced apoptosis, and blocks its pro-inflammatory effects. Extracellular LRG1 has been shown to signal through the 
epidermal growth factor (EGF) family of receptors to alter the expression of proteins that regulate the release of Cyt c from mitochondria and, thereby, 
inhibit apoptosis. Activation of a set of transcription factors via this pathway also promotes proliferation of cancer cells and their migration. Signaling 
through the transforming growth factor (TGF) receptor on endothelial cells, LRG1 complexed with endoglin and another binding partner, TGF-β1, 
plays a key role in neovascularization of tumors. This results in dysfunctional and leaky blood vessels, which hinder the delivery of chemotherapeutic 
drugs to tumors and support cancer cell extravasation to other tissues. TGF-β1 is released from cells of the immune system in response to apoptotic 
signals, including the exposure of phosphatidylserine (PS) on apoptotic cells and blebs. Potential therapeutic approaches to reduce the effects of LRG1 
in pre-clinical testing include a humanized monoclonal antibody (mAb) and a proteolysis targeting chimera (PROTAC) to degrade cytoplasmic LRG1. 
LRG1 and its binding partners, Cyt c and TGF-β1, provide further insight into the progression of cancer that paradoxically occurs in an apoptotic 
environment during chemotherapy.
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LRG1 and its Binding Partners, Cyt c and TGF-β1

LRG1 was first isolated from human serum in 1977 [13]. It is 
a 50 kD glycoprotein produced largely by the liver, but also by 
neutrophils and other cells [14]. LRG1 is characterized as an 
acute-phase protein produced in response to tissue damage 
and infection by some microbes [15]. Increased serum levels of 
LRG1 occur in many diseases and often is prognostic in cancer, 
indicating a poor outcome [10,11,16]. The amino acid sequence 
of LRG1 was determined in 1985, revealing repetitive leucine-
rich sequences. It is the first identified member of what is now 
known as the very large family of proteins containing leucine-rich 
repeats [17]. LRG1 assumes a horseshoe shape that is typical of 
proteins with this repetitive motif (Figure 1) [18]. Interactions of 
members of this family with other proteins generally occur along 

the concave surface [18,19]. Twenty-five years after the discovery 
of LRG1, clues of its function(s) began to emerge with the 
identification of binding partners. In 2002, TGF-β1 was shown 
to bind a previously unknown protein in mice that is a marker for 
endothelial cells and was later identified as the mouse homolog of 
human LRG1 [20]. In 2006, Cyt c was discovered as a ligand when 
LRG1 was found to be the component in serum that interfered 
with detection of Cyt c in an antibody-based sandwich enzyme-
linked immunosorbent assay [21]. A molecular model of Cyt c 
bound to LRG1 has been proposed (see Supplementary Material 
in ref. 18). In this model, Cyt c, which is positively charged, 
occupies the space beneath the negatively charged concave surface 
shown in Figure 1. 

Figure 1: The molecular model of LRG1 obtained employing the computer program Molegro (University of Illinois, Urbana-Champaign) is very similar to the structure 
that was determined by X-ray crystallography (18).

A model for TGF-β1 bound to LRG1 has not been published. 
Binding of these ligands to LRG1 has been confirmed employing 
surface plasmon resonance and the affinities determined. LRG1 
has an affinity (Kd) for Cyt c of 1.58×10-13 M and a much lower 
affinity for TGF-β1 of 2.32×10-6 M [20,22]. 

Pro-apoptotic Effect of Extracellular Cyt c

In apoptosis, Cyt c translocates from mitochondria into the 
cytoplasm, where it binds Apaf-1, leading to the activation 
of caspase-9, initiating an enzymatic (caspase) cascade that 
culminates in cell death [23,24]. Eventually, Cyt c is released 
from apoptotic cells in vitro and in vivo if apoptotic bodies are not 
effectively engulfed by phagocytic cells [25-27]. The protein has 
been detected in the blood of healthy individuals and is elevated 
in the blood of cancer patients receiving chemotherapy [27]. Cyt 
c is among a cohort of molecules released from dying cells that 

are referred to as DAMPs (damage-associated molecular patterns) 
[28]. As an extracellular protein, Cyt c, in amounts found to be 
released from apoptotic cells in vitro, has been shown to enhance 
apoptosis when added to cultures of neurons or lymphocytes 
[26,29]. The increased apoptosis was blocked by the addition of 
Cyt c-specific antibodies, confirming the role of extracellular Cyt 
c in the induction of apoptosis [26,29]. The pro-apoptotic effect of 
extracellular Cyt c has also been observed with the cancer cell line 
J774, which is derived from a mouse reticulosarcoma, showing 
that the toxic effect of Cyt c is not limited to normal cells [30].

Pro-survival Function of LRG1 Interacting with Cyt

Considering the evidence that extracellular Cyt c is pro-apoptotic 
and that LRG1 binds Cyt c, a function of LRG1 could be to 
protect cells in an apoptotic environment from Cyt c-induced 
toxicity [29]. In 2010 it was reported that the addition of LRG1 
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to LRG1-depleted medium supplemented with Cyt c extended 
survival of both human and mouse lymphocytes by several days. 
LRG1 also extended the life of lymphocytes without adding Cyt 
c to the cultures because cells began to release their own Cyt c as 
nutrients in the medium were depleted [29]. 

Indirect evidence that was obtained supports the idea that the 
complex of LRG1 and Cyt c delivers a survival signal [29]. The 
most convincing evidence for a signalling complex is that LRG1 
at an optimum concentration of 2×10-8 M delays apoptosis 
induced by Cyt c at a concentration of 2×10-6 M. The vast molar 
excess of Cyt c compared to LRG1 indicates that LRG1 does not 
simply sterically block Cyt c.  Also, in response to the addition of 
horse Cyt c to the cultures, human lymphocytes were protected 
slightly more effectively by human LRG1 than by mouse LRG1 
and mouse lymphocytes were protected more effectively by mouse 
LRG1 than human LRG1 suggesting the existence of a species-
specific receptor. Finally, LRG1 must be bound to Cyt c and does 
not deliver a survival signal independently of Cyt c as LRG1 did 
not protect lymphocytes from the toxicity of the tri-methyllysine 
72 variant of Cyt c that LRG1 fails to bind [29].

LRG1 is Immunosuppressive and Blocks the Pro-inflammatory 
Effect of Cyt c

In 2016 LRG1 was shown to play a role in inflammation in a 
mouse model of myocardial infarction induced by occlusion of 
a coronary artery [31]. Mice in which the lrg1 gene had been 
knocked out developed a more severe case of fibrosis resulting 
from chronic inflammation. Transplantation of myeloid cells 
into these mice, including neutrophils which produce LRG1, 
attenuated fibrosis [31].

More recently, a study in obese mice showed that LRG1 inhibited 
macrophage production of pro-inflammatory cytokines induced 
by Cyt c in vitro [32]. LRG1 had been depleted from the culture 
medium and then added back to demonstrate inhibition by 
LRG1. When LRG1 was elevated in mice fed a high-fat diet 
employing a viral vector containing the lrg1 gene, inflammation 
was suppressed. Complexes of LRG1 and Cyt c were observed 
in the blood, with increased levels in mice fed a high-fat diet 
compared to mice fed a low-fat diet [32].

In earlier studies, Cyt c had been shown to induce the production 
of pro-inflammatory cytokines including TNF-a and IL-6 by mouse 
spleen cells and GM-CSF and IL-1b by human astrocytes [33,34]. 
In mice, Cyt c injected into the knee joints induced transient 
arthritis lasting less than 10 days [33]. In the study of astrocytes, 
an antibody against Toll-like receptor 4 blocked the effect of Cyt c 
suggesting that it was the receptor transmitting the signal leading 
to cytokine production [34]. 

Angiogenic Function of LRG1 Interacting with TGF-β1

TGF-β1 is ubiquitous and is also produced during tissue injury 
and repair by cells of the immune system [35]. Apoptotic cells 
in this environment activate macrophages to secrete TGF-β1 
in response to PS exposure on their outer membrane [36]. The 
complex of LRG1, TGF-β1, and endoglin was shown in 2013 to 
play a key role in neovascularization in eye disease by signalling 
through the canonical TβRII pathway, in association with ALK1 
[37]. This complex has since been shown to play a key role in 
tumor angiogenesis (neovascularization). The newly formed 
vessels are often leaky and weakened, which negatively impacts 
drug delivery and facilitates extravasation of cancer cells to other 
tissues [38]. 

LRG1 Promotes Cancer Cell Survival, Proliferation, and 
Migration

In 2015, early evidence that LRG1 promotes cancer cell survival 
was obtained by decreasing the expression of LRG1 in cultured 
glioblastoma cells employing short-hairpin RNA (shRNA) to 
target LRG1 expression [39]. The treated cells were decreased in 
number, and some of them assumed an apoptotic phenotype, i.e., 
binding to annexin V, which indicates PS exposure on the outer 
membrane. By Western blotting, there was a 2 to 3-fold increase 
in the pro-apoptotic protein Bax, which promotes the release 
of Cyt c from mitochondria, a 2- to 3-fold decrease in the anti-
apoptotic protein Bcl-2, which blocks the release of Cyt c, along 
with decreased expression of cyclins D1, B, and E, indicating cell 
cycle arrest. In vivo inhibition of tumor growth in mice by more 
than 2-fold was also demonstrated for glioblastoma cells treated 
with shRNA targeting the expression of LRG1 [39].

These results have been confirmed in several reports employing 
similar approaches, including studies of colorectal cancer, 
pancreatic cancer, and multiple myeloma [40-42]. In three 
independent studies of colorectal and pancreatic cancers, EGF 
family receptors (EGFR or HER1 and HER3) were shown to 
be involved in LRG1 signaling indicating a separate pathway 
from that leading to neovascularization which involves TβRII 
[41,43,44]. 

In addition to demonstrating a role for LRG1 in cancer cell 
survival and proliferation, multiple studies also showed its role in 
cancer cell migration by the effect of LRG1 on expression of cell-
surface adhesion molecules N-cadherin and E-cadherin [45-47]. 
The level of LRG1 was decreased using RNA silencing to show 
that E-cadherin was increased and N-caderin was decreased in 
cells, while overexpression of LRG1 by gene transfection resulted 
in opposite levels of these two transmembrane glycoproteins. An 
increase in N-cadherin and decrease in E-cadherin are consistent 
with the epithelial-to-mesenchymal transition (EMT), which is a 
hallmark of metastasis [48].

The 2015 study of glioblastoma cells did not determine whether 
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the survival effect was due to extracellular LRG1 or intracellular 
LRG1 [39]. In an in vitro study of colorectal cancer cells in 
which LRG1 was also decreased using shRNA, recombinant 
LRG1 added to the cultures prolonged cell survival and reversed 
apoptosis [40]. In more recent experiments by others, colorectal 
cancer cells were introduced into lrg1 gene knockout mice and 
cancer cell proliferation was compared to normal mice [43]. 
Tumor growth was suppressed in mice lacking LRG1. In addition, 
an anti-LRG1 mAb lessened tumor burden when cancer cells 
were transplanted into normal mice [43]. These studies clearly 
demonstrated that extracellular LRG1 promoted cell survival. 
LRG1 is often overexpressed in cancer cells and secreted as an 
autocrine to exert extracellular effects, in addition to the amounts 
released into blood from normal cells such as hepatocytes and 

neutrophils [14,40,43].

Schematic Summary

Figure 2 represents a schematic summary of the key discussion 
points. On the left in the figure is depicted a vascularized tumor 
infiltrated with cells of the immune system. For simplicity, 
only lymphocytes and macrophages are shown. As a result of 
chemotherapy, cells begin to undergo apoptosis, as depicted in 
the middle section. These include not only cancer cells but also 
cells of the immune system.

In the middle of the figure at the bottom, Cyt c and other 
DAMPs are released into the microenvironment. The amounts 
that accumulate depend on the efficiency of phagocytosis. The 
released Cyt c can induce apoptosis from the outside in cells not 
affected by the chemotherapy and aggravate inflammation by 
inducing macrophages to release pro-inflammatory cytokines. Cyt 
c, by itself, should be helpful in eliminating cancer cells. However, 
LRG1 blocks these functions of Cyt c.

In the middle of the figure at the top, cells of the immune system 
and endothelial cells lining the blood vessels are shown to produce 
IL-6 which induces the production of LRG1 by endothelial cells. 
Neutrophils and cancer cells overexpressing LRG1 also secrete 
the glycoprotein. Receptors on macrophages bind PS and then 
secrete TGF-β1 in response. The complex of TGF-β1/LRG1 
and endoglin on endothelial cells activates the canonical TGF-β 

signalling pathway in aberrant neovascularization resulting in 
leaky and weakened blood vessels. This prevents effective delivery 
of chemotherapeutic drugs and enhances the ability of the tumor 
cells to extravasate. Interaction of LRG1 with EGFR family 
members on the cancer cell surface promotes cancer progression 
by transmitting anti-apoptotic, proliferative, and pro-metastatic 
signals affecting gene transcription. The “?” in conjunction with 
LRG1 represents a potential ligand, possibly Cyt c.

Potential Therapies

A mouse mAb that blocks neovascularization of tumors induced 
by LRG1and normalizes the vasculature has been effective in 
improving the delivery of chemotherapeutic drugs to mouse tumors 
[38]. The mAb alone blocked the anti-apoptotic, proliferative, and 
metastatic functions of LRG1, reducing tumor volume in mice by 

Figure 1: Schematic cartoon showing highlights of the effects of LRG1 and its ligands, Cyt c and TGF-β1, in an apoptotic microenvironment. See the text for details.
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39% and, in combination with cisplatin, reducing tumor volume 
by 25% more than cisplatin alone. The anti-LRG1 mAb also 
enhanced the immune checkpoint blockade effect of mAb anti-
PD-1, reducing tumor volume by 88%, a statistically significant 
improvement over anti-PD-1 treatment alone [38]. Pre-clinical 
testing of a humanized version of the antibody is underway in the 
United Kingdom [49,50]. More than 40 mAbs are currently in 
clinical use for cancer therapy [51].

A proteolysis targeting chimera (PROTAC) has been developed 
to deliver cytoplasmic LRG1 to proteasomes for degradation [52]. 
By reducing intracellular LRG1, less is secreted to signal through 
cell-surface receptors and intracellular functions that inhibit 
apoptosis and promote proliferation, and metastasis is blocked. 
The PROTAC contains a short LRG1-binding peptide linked to 
a molecule that binds a ligand of the E3 ubiquitin ligase. This 
molecular glue allows ubiquitination of LRG1, directing its 
degradation in proteasomes. The LRG1-specific PROTAC has 
been modified into a nanoparticle that allows it to escape the 
acidic environment of the endosome and enter the cytoplasm. In 
mice, this nano-PROTAC was preferentially located in tumors, 
although also in the liver to a lesser extent, and reduced tumor 
size 3 to 4-fold. No side effects have been observed in mice [52]. 
At least 30 PROTACs targeting different molecules are in various 
stages of clinical trials, although none have yet been approved for 
cancer therapy [53].

Enhancing phagocytic activity could minimize the effect of 
apoptotic cells in cancer progression. Research in this area is 
focused on understanding the surface molecules that prompt 
phagocytic cells to engulf apoptotic cells and to exploit that 
knowledge to more efficiently clear apoptotic debris [54]. In 
a recent report, LRG1 was shown to decrease phagocytosis of 
neutrophils by microglial cells [55]. This may infer that another 
role for LRG1 in promoting cancer progression in an apoptotic 
microenvironment is to inhibit phagocytosis of apoptotic cells. 
This invites further investigation.

Caveat Regarding the Association of LRG1 with Cancer

While LRG1 is generally elevated in the blood of cancer patients, 
predicting a poor outcome, for prostate cancer patients, elevated 
levels of LRG1 predict reduced risk of recurrence and castration-
resistant cancer [56]. There are cancer cell lines expressing lower 
levels of LRG1. In these cells, LRG1 has been shown to be pro-
apoptotic [57,58]. The distinction from other cancer cells appears 
to be LRG1 signalling through a different receptor (TβRI and 
not TβRII, nor EGFR/HER3). This indicates different internal 
chemical connections leading to expression of a distinct set of 
genes.

Conclusions

Understanding the factors associated with apoptotic cells that drive 
the progression of cancer may lead to alternative or supplementary 

approaches to cancer therapy. LRG1 and its ligands should be 
added to the list as key players. LRG1 is often present at higher 
levels in the blood of cancer patients and is a prognostic indicator 
of a poor outcome. One of the LRG1 binding partners, Cyt c, 
is released from apoptotic cancer and other cells in response to 
chemotherapy and can induce apoptosis in neighbouring cells. 
LRG1 blocks this effect of Cyt c, perhaps by delivering a pro-survival 
signal to the cells. LRG1 is also immunosuppressive by inhibiting 
the pro-inflammatory effect of Cyt c. It has been proposed that 
the normal function of LRG1 may be to act as a sensor detecting 
Cyt c released from dying cells and then, in complex with Cyt c, 
to deliver a signal protecting cells in the local environment from 
the pro-apoptotic effect of Cyt c and, perhaps, other DAMPS. 
Unfortunately, this putative homeostasis function of LRG1 is 
also available for survival of cancer cells. Another binding partner 
of LRG1, TGF-β1, is secreted by immune cells infiltrating the 
apoptotic environment. Together, LRG1 and TGF-β1 play a key 
role in the aberrant neovascularization of tumors resulting in 
weakened and leaky blood vessels that facilitate extravasation of 
cancer cells and hinder the effective delivery of chemotherapeutic 
drugs. Anti-LRG1 mAbs have been employed successfully in mice 
to inhibit the proliferation and metastasis of cancer cells as well 
as to normalize tumor vasculature. A humanized version of one 
of the mAbs is in pre-clinical testing in the United Kingdom, 
giving hope for a novel target in anti-cancer therapy. In addition, 
a PROTAC degrading cytoplasmic LRG1 has been developed 
that reduces the amount of LRG1 secreted to act as an autocrine, 
blocks its anti-apoptotic function, and successfully diminishes 
the size of tumors in mice. This potential therapy is still in the 
experimental stage.
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or human epidermal growth factor receptor 1; HER3: Human 
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PROTAC: Proteolysis targeting chimera; PS: Phosphatidylserine; 
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