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Abstract

Background.—Fibrinogen has an established, essential role in both coagulation and 

inflammatory pathways, and these processes are deeply intertwined in the development of 

thrombotic and atherosclerotic diseases. Previous studies aimed to better understand the 

(patho)physiological actions of fibrinogen by characterizing the genomic contribution to 

circulating fibrinogen levels.
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Objective.—Establish an in vitro approach to define functional roles between genes within these 

loci and fibrinogen synthesis.

Methods.—Candidate genes were selected by proximity to genetic variants associated 

with fibrinogen levels and expression in hepatocytes and HepG2 cells. HepG2 cells were 

transfected with siRNAs targeting candidate genes and cultured in the absence or presence 

of the proinflammatory cytokine interleukin-6. Effects on fibrinogen protein production, gene 

expression, and cell growth were assessed by immunoblotting, RT-qPCR, and cell counts, 

respectively.

Results.—HepG2 cells secreted fibrinogen, and stimulation with interleukin-6 increased 

fibrinogen production 3.4±1.2-fold. In the absence of interleukin-6, siRNA knockdown of FGA, 

IL6R, or EEPD1 decreased fibrinogen production, and knockdown of LEPR, PDIA5, PLEC, 

SHANK3, or CPS1 increased production. In the presence of interleukin-6, knockdown of FGA, 

IL6R, or ATXN2L decreased fibrinogen production. Knockdown of FGA, IL6R, EEPD1, LEPR, 

PDIA5, PLEC, or CPS1 altered transcription of one or more fibrinogen genes. Knocking down 

ATXN2L suppressed inducible but not basal fibrinogen production via a post-transcriptional 

mechanism.

Conclusions.—We established an in vitro platform to define the impact of select gene products 

on fibrinogen production. Genes identified in our screen may reveal cellular mechanisms that drive 

fibrinogen production as well as fibrin(ogen)-mediated (patho)biological mechanisms.
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INTRODUCTION

Fibrinogen is a circulating glycoprotein required for hemostasis. Following vascular 

injury, thrombin proteolytically converts soluble fibrinogen to insoluble fibrin, producing a 

provisional matrix to help staunch bleeding and support wound healing. Reduced fibrinogen 

or inability to produce a stable fibrin network in response to injury leads to bleeding that can 

be life-threatening.1, 2 Conversely, abnormal fibrin formation within vessels (thrombosis) 

occludes blood flow and causes tissue death. Extravascular deposition of fibrinogen or 

fibrin, collectively fibrin(ogen), is a powerful proinflammatory signal.3 Abnormalities 

in fibrin(ogen) quantity and/or quality are associated with many pathologies including 

hemorrhage, arterial and venous thrombosis/thromboembolism, neurocognitive disorders, 

obesity, cancer, and infection.2, 4–7 Increased circulating fibrinogen levels are a biomarker 

for some of these diseases, and studies in mice have shown causal relationships between 

fibrinogen and the underlying pathologies.2 Elucidating mechanisms that regulate fibrinogen 

production may improve understanding of how fibrinogen contributes to disease and lead to 

improved biomarkers and potential therapeutic targets.

Fibrinogen is encoded by 3 genes (FGA, FGB, and FGG) that arose through gene 

duplication and form a cluster on chromosome 4.8 The corresponding polypeptide chains 

Aα, Bβ, and γ are synthesized in hepatocytes, where they undergo assembly including inter- 

and intrachain disulfide bonding and posttranslational modification, and are secreted into 
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circulation as a 340-kDa hexamer (AαBβγ)2. Fibrinogen expression is both constitutive, via 

a promoter region that binds hepatic nuclear factor-1, and inducible, via an interleukin-6 

(IL-6)-responsive element that binds signal transducer and activator of transcription-3 

(STAT3) upstream of the promoter.9 IL-6 engagement of the IL-6 receptor increases 

fibrinogen expression up to 5-fold.10 This increase in circulating fibrinogen may enhance 

thrombosis risk associated with inflammatory disease.

Heritability of circulating fibrinogen concentrations is estimated to be 34–46%.11, 12 

Genome-wide association studies (GWAS) have associated the fibrinogen structural gene 

cluster and 41 other independent fibrinogen loci with circulating fibrinogen levels.11, 13–23 

However, GWAS are limited in their ability to identify the causal gene(s) that underly the 

association at each locus. Genes within most of these loci have not been experimentally 

tested to determine if they regulate fibrinogen levels, so causative genes and their functional 

relationship with fibrinogen are not fully characterized.

Here we established an in vitro system to characterize candidate genes that may alter 

constitutive and/or inducible production of fibrinogen. Our screen identified several genes 

for which knockdown significantly changed fibrinogen production.

MATERIALS and METHODS

Identification of candidate genes.

Beginning with 41 loci previously associated with plasma fibrinogen levels11, we identified 

candidate genes within these loci for functional characterization. To accomplish this we used 

the Ensembl Variant Effect Predictor (https://useast.ensembl.org/Tools/VEP)24 to identify 

the gene closest to the index single nucleotide polymorphism (SNP), the most significantly 

associated genetic variant at the locus. Two loci that did not have a gene within 200 

kilobases of the SNP (rs7012814 and rs2420915) were removed from the pipeline. For 

two loci with genes that were similarly close on either side of the SNP (rs2710804 and 

rs59104589), we prioritized both genes. The final 41 candidate genes are indicated in Fig 1.

Cell culture and gene silencing.

Human hepatoblastoma (HepG2) cells25 (UNC Lineberger Cancer Center Tissue Culture 

Facility) were cultured in Minimum Essential Media (MEM, catalog #11095–080, Gibco, 

Waltham, MA) supplemented with 10% FBS (VWR, Radnor, PA), 0.1 mM non-essential 

amino acids, and 1 mM sodium pyruvate (Gibco), and passaged using 0.25% Trypsin-

EDTA (catalog #25200–056, Gibco). Cells (100,000–150,000 per well) from passages 135–

145 were used for transfection experiments. Small interfering RNAs (siRNAs, Silencer 

Select siRNAs, Thermofisher, Waltham, MA; Supplemental Table 1) were complexed with 

Lipofectamine RNAi MAX in OptiMEM Reduced Serum Media (RSM, catalog #31985–

070, Gibco) for 15 minutes before adding to cells in a 24-well plate (32 nM final) using 

reverse transfection for 48 hours. The supernatant was replaced with fresh OptiMEM RSM. 

Fibrinogen-enriched supernatant was collected 24 hours later. For IL-6 treatment, IL-6 

(catalog #10395-HNAE, Sino Biological, Houston, TX) was added to fresh OptiMEM 

RSM (50 ng/mL final) after the 48-hour transfection. For experiments testing STAT3 
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phosphorylation, cells were reverse transfected for 6 hours, and IL-6 was administered after 

4 hours. Viable cells were counted using the Countess II automated cell counter and Trypan 

Blue (Thermofisher) per the manufacturer’s instructions.

Reverse Transcription Quantitative Polymerase Chain Reaction (RT-qPCR).

Total RNA was extracted from HepG2 cells using an RNeasy Mini Kit (Qiagen, German 

Town, MD) and RNA concentrations were measured (Nanodrop 2000, Thermofisher) and 

normalized to ≤ 1 μg. Standard de-salted primers from Integrated DNA Technologies 

(Newark, NJ) were diluted to 10 μM. Primers from Qiagen (Germantown, MD) were 

diluted and used per the manufacturer’s instructions. Primer sequences and sources are 

listed in Supplemental Table 2. PCR master mixes were made by combining primers, cDNA 

template, RNase-free water, and Qiagen Quantifast SYBR Green Master Mix. Amplification 

was performed using a QuantStudio 3 RT-qPCR Thermocycler (Thermofisher) with an 

initial PCR activation step (95°C for 5 minutes) followed by 2-step cycling (denaturation 

at 95°C for 10 seconds and combined annealing/extension at 60°C for 30 seconds) for 40 

cycles. RNA18S and GAPDH were tested as housekeeping genes and IL-6 treatment did not 

alter the raw cycle threshold value of either gene (data not shown); RNA18S was selected as 

the housekeeping gene for subsequent experiments in the screen.

Immunoblotting.

Proteins were separated by reducing SDS-PAGE on Biorad Mini-PROTEAN TGX Stain-

Free 10% gels (catalog #4568036, Biorad, Hercules, CA) and transferred to a polyvinylidene 

difluoride membranes. Membranes were blocked for 1 hour using LICOR Intercept 

Blocking Buffer (catalog #927–60001, Lincoln, NE). Membranes were then probed with 

rabbit polyclonal primary antibodies: anti-human fibrinogen (1:10,000, catalog #F0111, 

Dako, Santa Clara, CA), anti-human STAT3 (1:1000, catalog #12640, Cell Signaling 

Technology, Danvers, MA), anti-human phosphorylated STAT3 Tyr705 (1:1000, catalog 

#9145, Cell Signaling Technology), or anti-human ataxin-2-like protein (anti-ATXN2L, 

1:500, catalog #ab99304, Abcam, Cambridge, MA) as indicated overnight. The membranes 

were then rinsed 3 times with 20 mM Tris, 150 nM NaCl containing 0.1% Tween (TBS-T) 

and incubated with goat anti-rabbit secondary antibody (1:10,000, catalog #925–32211, 

LICOR IRDye 800 CW) for 1 hour. The membranes were rinsed in TBS-T, imaged on a 

Biorad Chemi-Doc MP Imager, and analyzed to quantify fibrinogen chains. Total protein 

was measured using Biorad Stain Free Technology as a loading control.26 Unstimulated and 

stimulated (100 ng/mL IFN-alpha) Hela cell control lysates (catalog #9133, Cell Signaling 

Technology) were loaded at 10 μL per lane. Phosphorylated STAT3 blots were stripped 

using NewBlot IR Stripping Buffer (catalog #928–40028, LICOR).

Statistical methods.

Descriptive statistics were summarized using means and standard error of the means. The 

effects of siRNA treatments on proteins, transcripts, and cells counts were normalized to 

control siRNA (siNC) treatment within the same experiment. Statistical significance and 

correlations were tested using Graphpad Prism (version 9.4.0). Treatment groups were 

compared using a one-way ANOVA with Dunnett’s post-hoc test on normalized log10-
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transformed (protein) or normalized (mRNA) values to control the family-wise type-I error 

rate under the significance level of 0.05.

RESULTS

Selection of candidate genes for the functional screen.

Forty-one candidate genes from loci associated with plasma fibrinogen levels11 were 

prioritized for screening, as described in the Methods. We first characterized expression of 

these 41 candidate genes in normal hepatocytes using publicly-available RNAseq data in the 

Human Protein Atlas (Fig 1A). Four genes reported as not expressed in normal hepatocytes 

(IL1F10, PKD1L3, NLRP3, LHFLP4, <0.1 transcript per million) were excluded from the 

screen. We then selected HepG2 cells as a model of hepatocyte gene expression because 

previous studies have shown HepG2 cells are an easily-transfected hepatocyte-derived cell 

line that exhibits both constitutive and inducible fibrinogen expression.27–30 We used the 

Human Protein Atlas to characterize expression of the 37 hepatocyte-expressed genes in 

HepG2 cells and excluded 4 genes reported as not expressed in HepG2 cells (PPP2R3A, 

GIMAP4, MS4A6A, GYS2, <0.1 transcript per million, Fig 1B). Expression of the 

remaining 33 gene candidates correlated significantly in hepatocytes and HepG2 cells with 

few exceptions (Fig 1C). After excluding the gene encoding the fibrinogen Bβ chain FGB, 

32 candidate genes were selected for screening. Correlation of HepG2 gene expression data 

from the Human Protein Atlas and our HepG2 cells confirmed that expression of these 

candidate genes was consistent with that expected (Fig 1D).

HepG2 cells are a model of constitutive and inducible fibrinogen expression.

To develop the experimental system, we first characterized fibrinogen production in HepG2 

cells. As expected, HepG2 cells secreted fibrinogen into their media, modeling constitutive 

fibrinogen production (Fig 2A–B). Treatment with IL-6 produced a dose-dependent increase 

in fibrinogen production, modeling inducible expression (Supplemental Fig 1 and Fig 2C); 

50 ng/mL IL-6 increased individual fibrinogen chains (Supplemental Fig 1 and Fig 2C) and 

transcripts (Fig 2D) 3–7-fold, and this concentration was used for subsequent experiments.

We then developed a workflow in which we treated HepG2 cells with siRNAs targeting 

the selected candidate genes for 48 hours, replaced media with fresh reduced-serum media 

in the absence or presence of IL-6, and collected enriched media and cells for analysis by 

western blot, cell count, and gene expression after 24 hours (Fig 3A). In the absence of 

IL-6, siRNAs targeting FGA, FGB, or FGG reduced expression of the target gene >90% 

(Fig 3B) and reduced fibrinogen protein in the enriched media 25–90% (Fig 3C) without 

altering cell count (Fig 3D). Similarly, in the presence of IL-6, siRNAs targeting FGA, FGB, 

or FGG reduced expression of the target gene >90% (Fig 3E) and reduced fibrinogen protein 

in the enriched media 40–90% (Fig 3F) without altering cell count (Fig 3G). In each case, 

knockdown of an individual gene reduced detection of all three chains in the enriched media, 

consistent with findings that significant knockdowns of any of the fibrinogen structural 

genes can limit fibrinogen synthesis.31–33 In all blots, immunodetection of the Aα chain 

exceeded that of the Bβ or γ chains. However, detection of the Aα chain correlated with 

both the Bβ and γ chains in both the absence and presence of IL-6 (P<0.0001, Supplemental 
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Figure 2A–B, respectively). Thus, we used FGA knockdown as a control and the Aα chain 

as a proxy for total fibrinogen protein in subsequent experiments.

Several gene candidates alter constitutive fibrinogen production.

To determine effects of the 32 candidate genes on fibrinogen production, we used siRNA 

to knock down each gene individually. RT-qPCR confirmed that most siRNAs decreased 

candidate gene expression >60% (Fig 4A); siRNAs that failed to knock down the candidate 

gene (CAPN3, HNF4A, TOMM7, HGFAC, Supplemental Figure 3) were removed from the 

screen, leaving 28 screened genes. Fibrinogen detected in the media significantly decreased 

with knockdown of IL6R or EEPD1 and increased following knockdown of LEPR, PDIA5, 

PLEC, SHANK3, or CPS1 (Fig 4B). For genes that significantly altered fibrinogen protein 

levels, we counted cells to assess effects on cell growth. Cell counts were significantly 

increased after knockdown of SHANK3 (Fig 4C), suggesting the increase in fibrinogen 

following siSHANK treatment was due to an increased number of cells rather than a specific 

effect on fibrinogen synthesis. For the 6 genes that significantly altered fibrinogen protein 

levels but did not change cell counts (IL6R, EEPD1, LEPR, PDIA5, PLEC, and CPS1), we 

used RT-qPCR to quantify fibrinogen gene transcripts. Knockdown of each of these genes 

significantly altered the expression of one or more of the fibrinogen structural genes in 

directions consistent with the amount of protein detected (Fig 4D–F).

Several gene candidates alter inducible fibrinogen production.

To characterize effects of the 28 candidate genes on inducible fibrinogen expression, we 

used siRNA to knock down each gene in cells stimulated with IL-6 (Fig 5A). Compared 

to changes seen in the absence of IL-6, fewer siRNAs significantly altered fibrinogen 

production in the presence of IL-6; however, trends in effects were similar in both the 

absence and presence of IL-6 (r=0.655, P<0.001, Supplemental Figure 4). Exceptions 

included knockdowns of ATXNL2, which significantly decreased fibrinogen more in the 

presence of IL-6 than in the absence of IL-6, and DIP2B and PLEC, which slightly increased 

fibrinogen more in the presence of IL-6 than in the absence of IL-6 (Supplemental Fig 4). 

Knockdown of IL6R and ATXN2L significantly decreased fibrinogen production (Fig 5B) 

without altering cell counts (Fig 5C). Knockdown of IL6R significantly reduced FGA, FGB, 

and FGG expression. Interestingly, although knockdown of ATXN2L decreased inducible 

fibrinogen protein production by 80%, this treatment did not decrease FGA, FGB, or FGG 
gene expression (Fig 5D–F).

Knockdown of LEPR does not alter fibrinogen transcription via STAT3 phosphorylation.

To identify potential mechanisms mediating constitutive fibrinogen production, we selected 

LEPR further study. LEPR encodes the leptin receptor, which regulates adipose tissue 

mass. Since the leptin receptor signals through STAT334 and since fibrinogen transcription 

is induced via STAT3 phosphorylation, we hypothesized that leptin receptor knockdown 

upregulated fibrinogen expression by increasing STAT3 phosphorylation. To test this 

hypothesis, we measured total and phosphorylated (Tyr705) STAT3 protein after treatment 

with siLEPR, in the absence and presence of IL-6. As expected, there was no difference 

in total STAT3 protein with any siRNA treatment in the absence or presence of IL-6 (Fig 

6A). Moreover, in the absence of IL-6, cells treated with control siRNA (siNC) or siIL6R 
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did not show STAT3 phosphorylation. In the presence of IL-6, siNC-treated cells showed 

phosphorylated STAT3 protein, whereas siIL6R-treated cells had substantially reduced 

STAT3 phosphorylation. Notably, although siLEPR increased fibrinogen transcription in the 

absence of IL-6 (Fig 4), siLEPR-treated cells did not show STAT3 phosphorylation in the 

absence of IL-6 (Fig 6A–B). These data suggested leptin receptor-mediated expression of 

fibrinogen was independent of the canonical STAT3-induced acute phase response.

Loss of ATXN2L increases fibrinogen protein in HepG2 cell lysates.

Finally, we examined ATXN2L, for which the knockdown suppressed inducible but 

not basal fibrinogen production. ATXN2L encodes ATXN2L, which is implicated in 

polyribosome assembly and stress granule formation.35–37 We first confirmed that ATXN2L 

was significantly reduced after siATXN2L treatment (Fig 7A). Since ATXN2L knockdown 

decreased fibrinogen detected in the supernatant of IL-6-treated cells 90% (Fig 5B) without 

reducing fibrinogen transcripts (Fig 5D–F), we then lysed siATXN2L-treated cells and 

probed the lysates for fibrinogen via immunoblot to determine whether fibrinogen was 

translated but not released from the cells. Control experiments showed that knockdown of 

FGA reduced Aα chain >90%, and knockdown of FGB or FGG reduced all fibrinogen 

chains by 40–90% in the cell lysates. Interestingly, knockdown of ATXN2L increased all 

fibrinogen chains in the cell lysates 1.15–2-fold (Fig 7B), suggesting that fibrinogen chains 

are translated, and the loss of fibrinogen production seen following ATXN2L knockdown 

stems from a failure of cells to assemble and/or export hexameric fibrinogen.

DISCUSSION

Defining the mechanisms regulating fibrinogen levels in plasma is critical, because 

fibrinogen is both a biomarker of, and causative agent in, hemorrhagic, thrombotic, and 

inflammatory diseases.1–7 Although canonical pathways (e.g., hepatic nuclear factor-1 and 

STAT3) controlling fibrinogen expression have been characterized, our understanding of the 

genetic regulation of fibrinogen remains incomplete. Here, we established a straight-forward 

in vitro platform in which the impact of select gene products on fibrinogen expression can 

be defined. Using this system, we leveraged discoveries from population-based association 

studies to identify novel genetic regulators. Genes identified in our screen participate in 

functional pathways that may reveal not only cellular mechanisms that drive fibrinogen 

production, but also downstream (patho)biological mechanisms mediated by fibrin(ogen).

A major strength of our experimental system is that it can be used to interrogate genes 

that regulate fibrinogen production in basal and/or inflammatory settings. Our observation 

that IL-6 receptor (IL6R) knockdown decreased fibrinogen expression in IL-6-treated 

cells is consistent with clinical observations that the IL-6 receptor-blocking antibody 

tocilizumab reduces fibrinogen38, and provides important validation of the system and 

operant mechanisms. Finding that IL6R knockdown also reduced fibrinogen production even 

in the absence of added IL-6 reveals exquisite sensitivity of this pathway to even trace levels 

of IL-6 carried within the serum. Thus, since IL-6 can be detected at low levels even in 

healthy people39, IL-6/IL-6 receptor engagement may contribute to circulating fibrinogen 

levels even in the absence of overt inflammation.
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Our screen also identified genes for which the encoded protein participates in metabolic 

pathways. These include LEPR and CPS1, for which knockdown increased constitutive 

fibrinogen production. These findings are particularly interesting given the suggested role of 

fibrin(ogen) in metabolic syndrome and fatty liver disease.2, 5 The leptin receptor (encoded 

by LEPR) is a primary driver of genetic obesity.40 LEPR knockout mice (db/db) are 

obese and have markedly elevated fibrinogen.40, 41 Although hyperfibrinogenemia in these 

mice has been attributed to obesity-induced inflammation, our data suggest this change 

could stem from the genetic alteration, itself. Interestingly, since neither we nor others 

have detected leptin or the gene encoding leptin (LEP) in HepG2 cells (data not shown 

and42), and increased fibrinogen following LEPR knockdown is not associated with STAT3 

phosphorylation, these data suggest an independent mechanism drives leptin receptor-

dependent induction of fibrinogen. CPS1 (carbamoyl-phosphate synthase 1, encoded by 

CPS1) is constitutively secreted by liver into bile.43–45 During acute liver injury, CPS1 

is released by hepatocytes directly into the blood, facilitating macrophage recruitment to 

the liver and protecting against acute liver injury.46 Interestingly, fibrinogen drives repair 

after acute liver injury from acetaminophen overdose by facilitating leukocyte recruitment.47 

Thus, changes in CPS1 may alter fibrinogen synthesis to tune this process. The connection 

between each of these gene products and fibrinogen expression represents key examples that 

may link fibrinogen to the pathogenesis of liver disease.

Two genes identified in our screen encode proteins with cytoskeletal functions, including 

PLEC and SEPT7 for which knockdown increased fibrinogen production significantly or 

non-significantly, respectively, in the absence and/or presence of IL-6. Plectin (encoded by 

PLEC) connects filament proteins within the cytoskeleton.48 Septin 7 (encoded by SEPT7) 

is a cytoskeletal filament GTPase required for normal organization of the actin cytoskeleton. 

Knockdown of a third gene, SHANK3, which encodes a scaffold protein that connects 

membrane proteins with the actin cytoskeleton, also increased fibrinogen but did so in 

concert with increased cell count. Although cytoskeletal changes have not previously been 

linked to fibrinogen production, this association may be relevant in specific settings. For 

example, liver injury or surgical liver resection each induce hepatic fibrinogen expression, 

wherein changes in cytoskeletal proteins may provide a signal to upregulate fibrinogen 

that is required for liver repair.3, 49 SEPT7 was identified from the same SNP as EEPD1 
(rs2710804), so we did not expect both of these knockdowns to alter fibrinogen production, 

or to do this in opposite directions. Localization of the index SNP that identified this locus 

in a non-coding region between SEPT7 and EEPD1 may imply a biological function for this 

untranslated sequence.

The protein disulfide isomerase family A member 5 (PDIA5) encoded by PDIA5 is 

a member of a family of 21 different thiol isomerases that catalyze protein folding 

and thiol-disulfide exchanges. Several protein disulfide isomerase (PDI) family members 

have established roles in blood coagulation and platelet function, with both intracellular 

and extracellular substrates.50 Although PDIA5 has not been specifically implicated in 

fibrinogen synthesis, PDI, the head of the PDI superfamily, can bind to and oxidize 

both fibrinogen and fibrin.51 Thus, PDIA5 may also modify fibrin(ogen). However, 

since knockdown of PDIA5 increased fibrinogen transcripts, it seems more likely that 

PDIA5 modifies an intracellular protein within the fibrinogen synthetic pathway that 
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negatively regulates fibrinogen transcription. Indeed, PDI can also regulate the activity 

of several transcription factors, including nuclear factor-kappa B and hypoxia-inducible 

factor-1α.52 Thus, the relationship between PDIA5 and fibrinogen transcription may involve 

compensatory changes in other transcription factors that mediate fibrinogen production.

ATXN2L, encoded by ATXN2L, was unique in our findings as the only gene that 

significantly altered fibrinogen production without changing fibrinogen transcript levels, and 

did so only in the presence of IL-6. This change in fibrinogen production was accompanied 

by a subtle but significant increase in intracellular fibrinogen, suggesting the fibrinogen 

chains can undergo translation, but are not properly assembled and/or exported. Both ataxin 

2 and ATXN2L are cytoplasmic proteins with intracellular functions including polyribosome 

assembly and stress granule and processing body formation.35–37 Interestingly, loss-of-

function mutations in ataxin 2 are associated with susceptibility to type I diabetes, obesity, 

and hypertension in humans, and obesity, dyslipidemia, and insulin resistance in mice.53–56 

Whether ATXN2L also mediates these pathologies is an area of future study.

The design of our siRNA-based screen had limitations. First, selection of the candidate 

genes was based primarily on proximity to the index variant and did not capture genes more 

than 200 kilobases upstream or downstream from the variant. For some genetic loci, no 

genes were tested. Second, although cells were transfected with siRNAs for 48 hours, this 

time period may not have been sufficient to allow certain intracellular proteins with long 

half-lives to degrade. Unfortunately, information on the half-lives of most of the proteins 

encoded by our gene candidates are unknown, so we were not able to account for this in 

our model. Thus, the lack of an effect of certain gene knockdowns on fibrinogen production 

should be interpreted cautiously. Third, given the number of genes tested, we did not test 

multiple siRNA for each gene candidate or complement our experiments with strategies 

to over-express candidate genes. These experiments should be performed in future studies 

to characterize the dynamic relationships between these genes and fibrinogen production. 

Fourth, receptivity of HepG2 cells to siRNA transfection made them ideal for an siRNA-

based screen; however, replication in primary hepatocytes and in vivo will be important 

in future studies to characterize the operant mechanisms.27 Finally, our experiments were 

not designed to identify genes that modify circulating fibrinogen levels through other 

mechanisms (e.g., altered clearance or paracrine interactions wherein a distally-expressed 

intermediate protein alters synthetic mechanisms in hepatocytes). Alternate strategies will 

be required to interrogate non-synthetic effects of genes within candidate loci on circulating 

fibrinogen levels.

In addition to the new biology illuminated by our study, our findings have potential 

implications for disease treatment. The established role of fibrin(ogen) as a driver of 

many pathologies has given rise to the premise that lowering fibrinogen levels may 

result in reduced disease risk. Consequently, strategies to therapeutically lower fibrinogen 

levels have been tested in several settings. siRNAs directed against the fibrinogen 

structural genes reduce constitutive fibrinogen expression by 60–95% and protect against 

thrombosis.32, 33 In settings in which fibrinogen levels are abnormal from aberrant 

expression of proteins that regulate fibrinogen synthesis, targeting the causative gene 

directly could normalize fibrinogen expression. For example, since ATXN2L knockdown 
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specifically decreases inducible fibrinogen production, ATXN2L may be a potential target to 

alleviate hyperfibrinogenemia and reduce thrombosis in inflammatory settings.

In summary, we established a cell culture system using hepatocyte-derived cells in which 

genetic regulators of fibrinogen gene induction and protein synthesis can be identified 

under basal and inflammatory (IL-6-stimulated) conditions. Using this system, we screened 

28 genes and identified 7 novel potential genetic regulators of fibrinogen synthesis. Our 

results provide new insights into the heritability of fibrinogen levels and suggest potential 

genetic targets for therapeutic modulation of fibrinogen levels. Future studies investigating 

mechanisms mediating the interaction of these genes with fibrinogen may reveal new 

(patho)physiologic pathways that influence circulating fibrinogen concentration. Moreover, 

the successful implementation of our in vitro siRNA screening system presents a method of 

functional validation for additional fibrinogen-associated loci.
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ESSENTIALS

• Genome-wide association studies associate loci with circulating fibrinogen 

but causative genes are undefined

• Candidate genes were screened using siRNA knockdown in HepG2 cells in 

the absence/presence of IL-6

• Knockdown of IL6R, EEPD1, LEPR, PDIA5, PLEC, and CPS1 altered 

fibrinogen transcription

• Knockdown of ATXN2L decreased fibrinogen production without changing 

fibrinogen gene transcripts
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Figure 1. Candidate gene selection.
Candidate genes identified by proximity to index single nucleotide polymorphisms were 

filtered according to their expression in (A) normal hepatocytes and (B) HepG2 cells 

reported in the Human Protein Atlas. Transcripts per million were normalized within 

each cell type (nTPM). (C) Spearman correlation between hepatocyte and HepG2 RNA 

expression. (D) Spearman correlation between HepG2 RNA expression and CT values 

from in-house HepG2 cells; note that the y-axis is reversed to accommodate the inverse 

relationship between gene expression and CT value.
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Figure 2. HepG2 cells are an experimental model of fibrinogen expression.
(A) Media was collected from HepG2 cells cultured in the absence or presence of IL-6 for 

24 hours. Proteins were separated by reducing SDS-PAGE, transferred to polyvinylidene 

difluoride membrane, and probed with polyclonal rabbit anti-human fibrinogen and IR-

DYE 800CW goat anti-rabbit antibodies. (B) Fibrinogen in the media was quantified by 

densitometry; symbols indicate mean ± standard error of the mean. (C-D) Effect of IL-6 (50 

ng/mL) on fibrinogen (C) protein and (D) mRNA (N=4–6, bars indicate mean + standard 

error of the mean).
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Figure 3. Fibrinogen synthesis is decreased by siRNAs targeting the fibrinogen structural genes.
(A) HepG2 cells were treated with siRNAs for 48 hours and then incubated in reduced 

serum media (RSM) in the (B-D) absence or (E-G) presence of IL-6 for 24 hours. Effects 

on fibrinogen (B, E) gene expression, (C, F) protein production, and (D, G) cell viability 

were assessed by immunoblotting, RT-qPCR, and cell counts, respectively. All data were 

normalized to treatment with control siRNA (siNC), N=3–12 for each siRNA, bars indicate 

mean + standard error of the mean, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001
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Figure 4. Knockdown of IL6R, EEPD1, LEPR, PDIA5, PLEC, or CPS1 alters constitutive 
fibrinogen synthesis without changing cell counts.
HepG2 cells were transfected with siRNAs against candidate genes in the absence of IL-6, 

and supernatant and cells were analyzed as in Fig 3. (A) Target gene knockdown. (B) Aα 
chain in the media. (C) Cell count following treatment with siRNAs that altered fibrinogen 

synthesis in panel B. (D) FGA, (E) FGB, and (F) FGG expression for treatments that did 

not alter cell count in panel C. All data were normalized to treatment with control siRNA 

(siNC), N=4–12 for each siRNA, bars indicate mean + standard error of the mean, *P < 

0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001

Dobson et al. Page 18

J Thromb Haemost. Author manuscript; available in PMC 2024 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Knockdown of IL6R or ATXN2L alters inducible fibrinogen synthesis.
HepG2 cells were transfected with siRNAs against candidate genes in the presence of IL-6, 

and supernatant and cells were analyzed as in Fig 3. (A) Target gene knockdown. (B) Aα 
chain in the media. (C) Cell count following treatment with siRNAs that altered fibrinogen 

synthesis in panel B. (D) FGA, (E) FGB, and (F) FGG expression. All data were normalized 

to treatment with control siRNA (siNC), N=4–12 for each siRNA, bars indicate mean + 

standard error of the mean, **P < 0.01, ***P < 0.001, ****P < 0.0001
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Figure 6. Knockdown of LEPR does not alter fibrinogen transcription via STAT3 
phosphorylation.
HepG2 cells were transfected with siRNAs against LEPR and IL6R in the absence and 

presence of IL-6. STAT3 protein (phosphorylated and total) was assessed by immunoblot 

and quantified by densitometry. N=4, bars indicate mean+standard error of the mean; *P < 

0.05, ****P < 0.0001
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Figure 7. Loss of ATXN2L increases fibrinogen protein in HepG2 cell lysates.
HepG2 cells were transfected with siRNAs against FGA, FGB, FGG, or ATXN2L in the 

presence of IL-6. (A) ATXN2L protein was visualized by immunoblot and quantified by 

densitometry (upper band). (B) Fibrinogen was visualized in cell lysates by immunoblot 

and quantified by densitometry. All data were normalized to treatment with control siRNA 

(siNC), N=3–4 for each condition, bars indicate mean+standard error of the mean; *P < 

0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001
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