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Abstract:  26 

Previous publications from our and other groups identified E2F1 as a transcription 27 

factor involved in the regulation of inflammatory response to Toll-like receptor (TLR) 28 

ligands including lipopolysaccharide (LPS). In this study, we challenged E2F1-deficient 29 

mice with LPS systemically and demonstrated decreased survival despite attenuated 30 

inflammatory response when compared to controls.  Gene expression profiling of liver 31 

tissue identified a dampened transcriptional response in the coagulation cascade in 32 

B6;129E2F1-/- compared to B6x126 F2 mice. These data were further corroborated by 33 

increased prothrombin time (PT), activated partial thromboplastin time (aPTT), and fibrin 34 

split products in the blood of E2F1-deficient mice, suggesting disseminated intravascular 35 

coagulation (DIC) as a consequence of uncontrolled sepsis providing at least a partial 36 

explanation for their decreased survival despite attenuated inflammatory response. To 37 

identify novel miRNAs involved in the innate immune response to LPS, we also 38 

performed miRNA profiling of liver tissue from B6;129E2F1-/- and B6x126 F2 mice 39 

treated with LPS systemically.  Our analysis identified a set of miRNAs and their mRNA 40 

targets that are significantly differentially regulated in E2F1-deficient but not control 41 

mice including let-7g, miR-101b, miR-181b, and miR-455. These miRNAs represent 42 

novel regulators of the innate immune response. In summary, we used transcriptional and 43 

miRNA profiling to characterize the response of E2F1-deficient mice to systemic LPS. 44 

 45 
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Introduction 48 

Sepsis is the most common cause of death in intensive care units (750,000 cases 49 

in the United States in 1995) with a mortality rate of 28-40% (2).  The well characterized 50 

sepsis cascade is initiated by the release of bacterial toxins, leading to unregulated 51 

inflammatory response, systemic inflammatory response syndrome (SIRS), and often to 52 

multiple organ failure. Many critically ill patients with sepsis develop coagulation 53 

abnormalities. Increasing evidence points to the extensive cross-talk between the 54 

inflammation and coagulation systems, whereby inflammation leads to activation of 55 

coagulation, and coagulation also markedly affects inflammatory activity (11).  These 56 

same studies also suggest that systemic activation of coagulation and inflammation in 57 

critically ill patients often has organ-specific consequences relevant to the development 58 

of multiorgan failure in the setting of severe sepsis.  Increased insight into the molecular 59 

mechanisms that play a role in the close relationship between inflammation and 60 

coagulation may lead to the identification of new targets for therapies that can modify 61 

excessive activation or dysregulation of these systems (11). 62 

Endotoxin or lipopolysacharide (LPS) is a cell surface component of Gram-63 

negative (GN) bacteria that activates biologic mediators of shock even at low 64 

concentrations (17). At low concentrations within a localized tissue space, LPS signaling 65 

is advantageous to the host in orchestrating an appropriate antimicrobial defense and 66 

bacterial clearance mechanisms. At higher concentrations, intravenous LPS induces many 67 

of the clinical features of GN sepsis, including fever, shock, leukopenia followed by 68 

leukocytosis, disseminated intravascular coagulation, and death (28). Analogous to the 69 
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“cytokine storm” in SIRS in humans, high doses of LPS given to mice result in the 70 

production of proinflammatory cytokines and lead to endotoxic shock (5).   71 

Our recent study of gene expression in mice treated with LPS systemically 72 

identified the E2F1 transcription factor as a novel regulator of innate immune response in 73 

lung, liver, and spleen tissue (26). Our follow up studies showed that RNAi-mediated 74 

inhibition or E2F1 gene deficiency lead to reduced inflammatory response to LPS in vitro 75 

and in vivo. Furthermore, a clear role for miRNAs was identified in the regulation of the 76 

innate immune response to LPS (15, 16).  In the current study, we further examined 77 

B6;129E2F1-/- and B6x126 F2 mice in the systemic LPS model and used gene expression 78 

profiling to identify a defect in the coagulation cascade that contributes to decreased 79 

survival of B6;129E2F1-/- mice despite their reduced systemic inflammatory response. We 80 

also studied miRNA expression profiles and identified miRNAs that are differentially 81 

expressed in B6;129E2F1-/- but not B6x129 F2 mice. 82 

 83 

Materials and Methods 84 

Animal Model 85 

All animal work was approved by Institutional Use and Animal and Care 86 

Committee at National Institute of Environmental Health Sciences (NIEHS) and National 87 

Jewish Health.  Every effort was made to ensure that discomfort, distress, or pained 88 

injury to animals was limited to that which is unavoidable in the conduct of scientifically 89 

sound research.  B6;129E2F1-/- and B6x129 F2 control mice were obtained from Jackson 90 

Laboratories. 91 
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We used an established model of endotoxic shock in which mice are injected with 92 

a high dose of LPS with no D-galactosamine sensitization (5).  Lyophilized purified 93 

Escherichia coli 0111:B4 LPS (Sigma Chemical Company, St. Louis, MO) was dissolved 94 

in sterile saline. 6-8 week old male mice were injected intraperitoneally with 30 or 40 95 

mg/kg body weight of LPS or sterile saline control.    96 

One group of mice that received LPS (N=8; 40 mg/kg dose) was observed for five 97 

days and euthanized according to guidelines set by Morton and Griffith (14).  Briefly, 98 

mice were monitored for dehydration and lack of eating (determined by lack of 99 

defecation), and were given water and mash food in Petri dishes, if necessary.  Mice in 100 

this group were also provided with heat (heating pads or heated racks). If an animal 101 

became moribund, as demonstrated by weight loss >15% body weight, hunched posture, 102 

rough haircoat, inability to eat or drink, they were euthanized prior to the planned study 103 

termination. Additionally, the illness severity scoring system (1) was used to monitor 104 

activity level during experiments to predict impending death.  An activity score of 2 or 105 

less was cause for euthanasia.  Mice not demonstrating these signs were euthanized at the 106 

end of the experiment (day 5) by CO2 asphyxiation and cardiac puncture as secondary 107 

euthanasia. The study was repeated and combined data were used to construct Kaplan-108 

Meier survival curves.  Animals that received saline only (N=8) were also observed for 109 

five days and showed no clinical signs.  No blood or tissue was collected from this group 110 

of animals. 111 

A second group of animals (N=8; 30 mg/kg dose) was euthanized 3, 6, 12, or 20 112 

hours post-LPS for blood and organ collection.  Control mice (N=8) were euthanized 6 113 

hours following the saline injection. Blood was collected in citrate tubes for measurement 114 
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of prothrombin time (PT) and activated partial thromboplastin time (aPTT), performed by 115 

advanced Diagnostic Laboratories (ADx) at National Jewish Health, and for the 116 

measurement  of fibrin split products  by ELISA (Uscn Life Sciences, Wuhan China).  117 

Cytokines in the serum (IL-1β, IL-6, and TNF-α) were quantified by ELISA (R&D 118 

Systems, Minneapolis, MN) per manufacturer’s directions. RNA was isolated from flash 119 

frozen liver tissue using the mirVana kit (Ambion, Austin TX).  Lung, liver, and spleen 120 

tissue sections were cut from Optimal Cutting Temperature (OCT) medium blocks and 121 

subsequently stained using hematoxylin and eosin (H&E) stain, used to perform 122 

fluorescent TUNEL assays according to manufacturer’s instructions (DeadEnd 123 

Fluorometric TUNEL System, Promega, Madison WI), or stained with an antibody for 124 

active Casp3.  For this staining, active Casp 3 antibody (Abcam, Cambridge MA) was 125 

added to histological sections at 3.3 µg/ml final concentration and incubated overnight.  126 

Secondary staining was performed with 3, 3'-diaminobenzidine (DAB) using the 127 

ImmPRESS kit (Vector Laboratories, Burlingame CA) and active Casp3 was visualized 128 

using the peroxidase substrate (ImmPact DAB kit). The sections were counterstained 129 

with hematoxylin and fixed in 4% paraformaldehyde. The primary antibody was replaced 130 

by nonimmune serum for negative control slides.  131 

 132 

Gene Expression Profiling 133 

Total RNA for mRNA analysis was labeled with the Cy3 dye using the 134 

QuickAmp labeling kit and hybridized on mouse whole genome 4x44k arrays using 135 

Agilent protocols (Agilent Technologies, Palo Alto CA).  Arrays were scanned on the 136 

Agilent microarray scanner and intensities were extracted from array images using 137 
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Agilent Feature Extraction.  All primary data have been deposited to the Gene Expression 138 

Omnibus (GEO) database (<http://www.ncbi.nlm.nih.gov/geo/>) under accession 139 

GSE33901. Data were normalized and scaled in Agi4x44PreProcess ((18); 140 

<www.bioconductor.org>), and differentially expressed genes identified using 141 

significance analysis of microarrays (SAM) in Multixperiment Viewer ((19); 142 

<www.tm4.org>).  Differentially expressed genes in LPS- compared to saline-treated 143 

mice were identified separately in B6;129E2F1-/- and B6x129 F2 strains using SAM with 144 

all 924 unique permutations and setting the false discovery rate (FDR) at 1%.  Pathway 145 

analysis of genes significant at 1% FDR was performed in Ingenuity Pathway Analysis 146 

(IPA). 147 

 148 

miRNA Profiling 149 

miRNAs were fluorescently labeled using FlashTag Biotin RNA Labeling Kits 150 

(Genisphere, Hatfield PA) and hybridized to GeneChip miRNA 1.0 arrays (Affymetrix, 151 

Santa Clara CA) according to manufacturer’s protocols.  The miRNA array dataset was 152 

normalized by Robust Multi-array Average (RMA) background correction followed by 153 

quantile normalization in Partek software.  All other species on the array were filtered out 154 

and 609 mouse miRNAs were included in analysis. Differentially expressed miRNAs 155 

were identified using significance analysis of microarrays (SAM) in Multixperiment 156 

Viewer ((19); <www.tm4.org>).  All primary data have been deposited to the Gene 157 

Expression Omnibus (GEO) database (<http://www.ncbi.nlm.nih.gov/geo/>) under 158 

accession GSE33900. Differentially expressed miRNA in LPS- compared to saline-159 

treated mice were identified separately in B6;129E2F1-/- and B6x129 F2 strains using SAM 160 
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with all 924 unique permutations and setting the false discovery rate (FDR) at 1%.  161 

mRNA targets of differentially expressed miRNAs were identified using TargetScan5.1 162 

and their differential expression in E2F1-deficient mice (but not in control controls) in 163 

response to LPS was identified by 2-factor ANOVA implementation in Multixperiment 164 

Viewer using 1000 permutations and setting significance threshold to p<0.01.   165 

 166 

Quantitative RT-PCR 167 

Primers were designed using Primer-BLAST. RNA was normalized to a 168 

concentration of 100ng/µL and reverse transcribed to cDNA using the Applied 169 

Biosystems High Capacity cDNA Reverse Transcription Kit.  Each 20-µL PCR contained 170 

15 ng cDNA, 0.5µM final concentration of forward and reverse primers and 1x final 171 

concentration of the Power SYBR Green master mix.  Real-time PCR was performed on 172 

an Applied Biosystems Viia 7 instrument using the following profile: 50°C for 2min, 173 

95°C for 10min, and 40 cycles of 95°C for 15sec, and 60°C for 1 min.  Dissociation 174 

curves were collected at the end of each run.  miRNA abundance was measured using 175 

Taqman assays (Applied Biosystems).  Briefly, reverse transcription was performed with 176 

the MultiScribe enzyme and miRNA-specific RT primer, followed by real-time PCR with 177 

miRNA Taqman probes. Both mRNA and miRNA data were analyzed using the ΔΔCT 178 

relative quantification method (16).  ΔCT values were calculated relative to β-actin for 179 

mRNA and U6 got miRNA, and ΔΔCT values were calculated by comparison among 180 

different groups of samples.   181 

 182 
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Statistical Analysis 183 

All data, with the exception of gene expression and miRNA arrays, were analyzed using 184 

GraphPad Prism statistical software (GraphPad software, San Diego CA) and expressed 185 

as mean ± SEM.  Comparisons between groups were made with the two-tailed Mann-186 

Whitney U test. Comparison of survival curves was performed using the Mantel-Cox log-187 

rank test. 188 

 189 

Results 190 

E2F1-deficient Mice are More Sensitive to Systemic LPS Despite Attenuated 191 

Inflammatory Response 192 

In this study, we first challenged B6;129E2F1-/- and B6x129 F2 mice with LPS and 193 

observed mice for survival over 5 days.  Survival curves presented in Figure 1 show that 194 

E2F1-deficient mice are more sensitive to the systemic LPS challenge compared to 195 

control mice despite the presence of reduced serum concentrations of pro-inflammatory 196 

cytokines TNF-α, IL-6, and IL-1β in our previous (26) as well as in the current study at 197 

an early timepoint (3 hours post-LPS) (data not shown). This observation suggests that 198 

factors other than the systemic inflammatory response syndrome contribute to decreased 199 

survival of E2F1-deficient mice. 200 

In an attempt to identify the cause of increased sensitivity to LPS of B6;129E2F1-/- 201 

mice, we treated B6;129E2F1-/- and B6x129 F2 with LPS systemically, and collected 202 

organs at 3, 6, 12, and 20 hours post-LPS for histological analysis and apoptosis assays.  203 

E2F1-deficient and wild type mice have high but comparable levels of diffuse acute 204 
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inflammation in the lung both at early and late time points.  In addition, no differences 205 

were observed in the lung histologically but both strains were found to have widened 206 

alveolar septa at 20 hours post-treatment (Figure 2A).  Similarly, E2F1-deficient and wild 207 

type mice both have widespread inflammation in the liver at 6 hours post-LPS with only 208 

spotty inflammation and necrosis at 20 hours (Figure 2A).  Finally, both groups of mice 209 

have expanded and dilated liver sinusoids 20 hours post-LPS (Figure 2A).  Therefore, no 210 

significant histological differences were observed in lung, liver, and spleen tissue of 211 

E2F1-deficient and wild type mice.   212 

Given the prominent role of E2F1 in control of apoptosis (4), we also assessed 213 

apoptosis in lung, liver, and spleen tissue of E2f1-deficient and control mice 20 hours 214 

post-LPS using fluorescent TUNEL assays. Overall very few apoptotic cells were 215 

identified in lung and liver tissue while spleen has substantially more apoptotic cells. 216 

More apoptosis is present in the lung and liver tissue of some but not all B6;129E2F1-/- 217 

animals compared to B6x129 F2 controls, with no significant differences between the 218 

groups (Figure 2B).  No differences in apoptosis in the spleen were observed between the 219 

two groups of animals (Figure 2B).  To confirm TUNNEL data, we also stained liver and 220 

spleen tissue with an antibody for active Casp3 and detected minimal apoptosis in liver 221 

tissue and substantial number of apoptotic cells in spleen tissue with minimal differences 222 

in apoptosis between the two strains in both organs (Figure 2C). We therefore conclude 223 

that differences in apoptosis most likely do not account for the increased sensitivity of 224 

B6;129E2F1-/- mice to LPS. 225 

 226 
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Gene Expression Profiling Identifies a Defect in the Coagulation Cascade in E2F1 227 

Deficient Mice 228 

To identify pathways that may be responsible for the increased sensitivity of 229 

E2F1-deficient mice to systemic LPS in an unbiased manner, we profiled liver tissue 230 

from B6;129E2F1-/- and B6x129 F2 mice treated with saline or LPS on gene expression 231 

microarrays. Differentially expressed genes in response to LPS compared to saline 232 

control treatment were identified separately for the two strains of mice using significance 233 

analysis of microarrays (SAM) at the 1% false discovery rate (FDR) level of significance.  234 

Venn diagrams in Figure 3A and gene lists in Supplemental Table S1 summarizes 235 

differential expression in the two strains at 6 and 20 hours post-LPS treatment.  236 

Pronounced transcriptional response with many differentially expressed genes is present 237 

in control mice at 6 hrs post-LPS while the E2F1 deficient mice exhibit minimal 238 

transcriptional response at this time point.  This is consistent with the reduced 239 

inflammatory response in E2F1-deficient mice (26) and the evidence that E2F1 is a 240 

crucial transcriptional activator recruited by NF-κB in response to TLR4 stimulation by 241 

LPS (12).  On the other hand, a significant number of genes are differentially expressed 242 

in E2F1-deficient mice 20 hours post-LPS treatment and the majority of them overlap 243 

with the genes that are differentially expressed in control mice (Figure 3A). 244 

We next utilized Ingenuity Pathway Analysis to identify over-represented 245 

signaling pathways in gene lists shown in Figure 3A.  Differentially expressed genes in 246 

control mice treated with LPS for 6 hours are enriched for many of the pathways known 247 

to be involved in the host response to LPS, namely, Production of NO and Radical 248 

Oxygen Species (ROS), Jak/STAT Signaling, HMGB1 Signaling, NF-κB Signaling, IL-249 
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10 Signaling, and Role of Pathogen Recognition Receptors (PRRs) in Recognition of 250 

Bacteria and Viruses (Figure 3B).  No pathways are significantly enriched in the E2F1-251 

deficient mouse line; this is not surprising given the extremely low number of 252 

differentially expressed genes included in this analysis (15 genes).  At 20 hours post-LPS 253 

treatment both control and E2F1-deficient mouse line datasets are enriched to a similar 254 

extent in pathways relevant to innate immune response at this later timepoint, namely, 255 

LPS/IL-1 Mediated Inhibition of Retinoid X receptor (RXR) Function, Acute Phase 256 

Response Signaling, NRF2-mediated Oxidative Stress Response, and IL-8 Signaling.  257 

Other pathways relevant to LPS signaling are reduced in E2F1-deficient compared to 258 

control mice; these include LXR/RXR Activation, HIF-1α Signaling, NF-κB Signaling, 259 

and Mammalian target of rapamycin (mTOR) Signaling.  Two pathways that are slightly 260 

enhanced in E2F1-deficient compared to control mice are Mitochondrial Dysfunction and 261 

Coagulation System.   262 

Based on the enhancement in the number of differentially expressed genes in the 263 

coagulation cascade in E2F1-deficinet mice 20 hrs post-LPS and our observation of an 264 

increase in internal bleeding in B6;129E2F1-/- mice at this timepoint, we hypothesized that 265 

their increased sensitivity to systemic LPS administration may be due to a defect in blood 266 

coagulation.  To test this hypothesis, we performed in silico analysis using Genomatix 267 

MatInspector software and identified a number of E2F1 binding sites in promoters of 268 

genes involved in the coagulation cascade (Table 1), providing support for our hypothesis 269 

that a defect in the coagulation cascade could be at least one of the reasons for increased 270 

sensitivity of E2F-deficient mice to systemic LPS. We next examined in more detail 271 

differential expression in the coagulation cascade 20 hrs post-LPS and observed a 272 
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significant dampening of the transcriptional response in the coagulation pathway in 273 

E2F1-deficient as compared to control mice in response to LPS (Figure 4A); this is the 274 

case for both genes that do and do not contain E2F1 binding sites within their promoters. 275 

Next, we examined expression of selected coagulation cascade genes by quantitative RT-276 

PCR to confirm our microarray findings (Figure 4B).  20 hours following LPS, we 277 

observed decreased expression in three selected genes that contain E2F1 binding sites in 278 

their promoters (Klkb1, Plaur, and SerpinA5) and two selected genes with no E2F1 279 

binding sites in their promoters (Serpind1 and Thbd). Finally, we collected blood in 280 

sodium citrate tubes 20 hours post-LPS and measured prothrombin time (PT), activated 281 

partial thromboplastin time (aPTT), and fibrin split products.  All three measurements of 282 

blood coagulation were significantly elevated in E2F1-deficient mice as compared to 283 

controls (Figure 5). There were no differences between the two strains of mice in PT, 284 

aPTT, and fibrin split products in saline treated animals (data not shown). These findings 285 

suggest that E2F1-deficient mice likely develop disseminated intravascular coagulation 286 

(DIC) as a consequence of uncontrolled sepsis providing at least a partial explanation for 287 

their decreased survival despite attenuated inflammatory response.  288 

 289 

miRNA Profiling Identifies Novel miRNAs Involved in Innate Immunity 290 

To identify miRNAs that may potentially contribute to the involvement of the 291 

E2F1 transcription factor to host response to systemic LPS, we examined genome-wide 292 

miRNA profiles in liver tissue from B6;129E2F1-/- and B6x129 F2 mice treated with 293 

saline or LPS on microarrays.  Differentially expressed miRNAs in response to LPS 294 
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compared to saline control treatment were identified separately for the two strains of 295 

mice using significance analysis of microarrays (SAM) at the 1% false discovery rate 296 

(FDR) level of significance.  Venn diagrams in Figure 6A and Table 2 summarize 297 

differential miRNA expression in the two strains at 6 and 20 hours post-LPS treatment.  298 

In contrast to mRNA expression, a similar number of miRNAs are differentially 299 

regulated in response to LPS at 6 and 20 hours. The overlap in miRNA profiles in 300 

response to LPS in E2F1-deficient and control mice is minimal, suggesting that a 301 

different set of miRNAs is involved in regulation of systemic LPS response in the 302 

absence of the E2F1 transcription factor. Finally, while the majority of miRNAs are 303 

downregulated at 6 hours post-LPS in both strains of mice, at 20 hours post-LPS the 304 

majority of miRNAs are downregulated in E2F-1 deficient mice but upregulated in 305 

control mice.  306 

To focus on miRNAs that are specifically involved in regulation of gene 307 

expression in E2F1-deficient mice, we identified mRNA targets of miRNAs that are 308 

significantly differentially expressed in E2F1-deficient mice by TargetScan.  We then 309 

used the interaction term in the 2-factor ANOVA model, with the genotype and treatment 310 

as the factors, to identify mRNA targets that are differentially expressed in E2F1-311 

deficient but not in control mice in response to LPS 6 and 20 hours post-treatment.  It is 312 

important to note that this analysis identified several significantly differentially expressed 313 

mRNAs in response to LPS in E2F1-deficient mice compared to control mice. This is in 314 

contrast to the genomewide analysis of expression data (Figure 3) that revealed no 315 

expression changes in E2F1-deficient mice 6 hours post-LPS and is due to the focus on 316 

only a small number of genes in this as opposed to the genomewide analysis. 317 
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We ranked the genes by LPS/saline fold change to focus on the top differentially 318 

expressed genes and miRNAs that regulate them (Table 3).  This analysis identified a few 319 

miRNAs that are associated with anti-correlated expression of a number of top genes 320 

differentially expressed in response to LPS in E2F1-deficient mice, namely, let-7g and 321 

miR-101b at 6 hours post-LPS (Table 4A) and miR-181b and miR-455 at 20 hours post-322 

LPS (Table 4B).  Expression profiles of these miRNAs are shown in Figure 6B (6 hr 323 

LPS) and Figure 6C (20 hr LPS).  Finally, we validated the expression patterns of two 324 

selected miRNA-mRNA pairs by quantitative RT-PCR (Table 3).   325 

 326 

Discussion 327 

In this study, we used transcriptional and miRNA profiling to characterize the 328 

response of E2F1-deficient mice to systemic LPS.  Our results indicate that E2F1 329 

deficiency leads to lack of early transcriptional response (6 hours post-LPS) and reduced 330 

inflammatory response, at the transcriptional level, at a later timepoint (20 hours post-331 

LPS).  We also show that E2F1-deficient mice have increased sensitivity to systemic 332 

LPS, despite a reduced inflammatory response, and that this increased sensitivity is 333 

partially explained by a defect in the coagulation cascade.  Finally, we identified several 334 

miRNAs that are differentially regulated in E2F1-deficient mice that have not been 335 

previously implicated in innate immunity. 336 

In our earlier publication, we demonstrated that RNAi-mediated inhibition and 337 

E2F1 gene deficiency both resulted in reduced inflammatory response of macrophages to 338 

LPS and other TLR ligands.  These data are further supported by the recent study from 339 

another laboratory that identified E2F1 as a transcriptional activator recruited by NF-κB 340 
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upon TLR4 activation in an LPS-stimulated human monocytic cell line (12). We also 341 

demonstrated that serum concentrations of several proinflamamtory cytokines were 342 

significantly reduced in B6;129E2F1-/-  compared to B6x126 F2 control mice in response to 343 

systemic LPS administration (26). These earlier results are now further supported by gene 344 

expression profiles of liver tissue from E2F1-deficient mice that show almost complete 345 

lack of transcriptional response 6 hours post-LPS and considerably reduced inflammatory 346 

response, including NF-κB and PI3K/mTOR signaling pathways, 20 hours post-LPS.  347 

NF-κB is the main pathway that is activated in response to LPS stimulation (9, 21). The 348 

mammalian target of rapamycin (mTOR) pathway plays a central role in cell growth and 349 

cellular responses to metabolic stress, and has been shown to be activated following LPS 350 

stimulation in macrophages (25); this effect is mediated through PI 3-kinase activity and 351 

p70 S6 kinase activity.  352 

In contrast to the reduced inflammatory response, B6;129E2F1-/- mice have 353 

decreased survival compared to B6x129 F2 control mice.  Our data suggest that this 354 

enhanced sensitivity to systemic LPS cannot be explained by differences in liver, lung, 355 

and spleen tissue pathology. This is especially surprising given significant differences in  356 

survival of E2F1-deficient and wild-type mice. Because both strains have widespread 357 

histological changes in response to the dose of LPS used in our study, it is likely that 358 

some subtle differences are not detectable by H&E staining while these differences are 359 

apparent at the transcriptional level of specific genes/pathways. Although E2F1 has been 360 

shown to promote vascular smooth muscle cell apoptosis and is reported to inhibit 361 

apoptosis induced by TNFα  in endothelial cells (6), and apoptosis has an established role 362 

in LPS-induced lethality (3), no consistent differences in apoptosis in liver, lung, and 363 
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spleen tissue of B6;129E2F1-/- and B6x129 F2 mice in response to LPS were observed in 364 

our study.  Gene expression profiles, however, revealed a decrease in expression of a 365 

number of genes involved in the coagulation cascade in E2F1-deficient mice compared to 366 

control controls. B6;129E2F1-/- mice have longer prothrombin time, activated partial 367 

thrombin time as well as elevated amounts of the fibrin split product. These data suggest 368 

that the increased sensitivity of E2F1-deficient mice to systemic LPS may be at least 369 

partially due to a defect in the coagulation cascade, resulting in disseminated 370 

intravascular coagulation (DIC).  DIC is known to contribute to the multiple organ 371 

dysfunction syndrome in patients with uncontrolled sepsis (8).   372 

Our study identified a set of miRNAs that are significantly differentially regulated 373 

in E2F1-deficient but not control mice. A number of miRNAs, such as miR-155 miR-374 

146a and miR-9, are induced by TLR activation in innate immune cells and these 375 

miRNAs target the 3' untranslated regions of mRNAs encoding components of the TLR 376 

signaling system (16, 22).  Two recent studies have begun to identify specific miRNAs as 377 

peripheral blood biomarkers of sepsis (23, 24).  We now identify several miRNAs that 378 

have not previously been associated with the innate immune response and whose role in 379 

the regulation of the innate immune system may be tied to the E2F1 transcription factor.        380 

We focused mainly on let-7g and miR-101b 6 hours post-LPS and miR-181b and 381 

miR-455 20 hrs post-LPS due the enrichment of differentially expressed mRNA targets 382 

of these miRNAs in E2F-1 deficient mice but not control mice.  The potential role for 383 

these miRNAs in innate immune signaling is supported by several recent publications. 384 

let-7g was downregulated in circulating leukocytes in an in vivo model of acute 385 

inflammation triggered by LPS infusion in human volunteers (20).  miR-101a regulates 386 
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activation of MAP kinases (MAPK)  in macrophages by targeting MAPK phosphatase-1 387 

(27). miR-181 is highly expressed in immune cells (22) and miR-181a was recently 388 

shown to play a key role in the pathogenesis of pediatric systemic lupus erythematosus 389 

(SLE) (10). Finally, miR-455 is upregulated by both Candida albicans and LPS in 390 

macrophages and NF-κB is necessary for transcription of its pri-miRNA (13), a result 391 

that is in agreement with our findings of downregulation of this miRNA in the absence of 392 

NF-κB signaling in E2F1-deficient mice. 393 

There are several limitations to our study.  Firstly, the endotoxemia model does 394 

not capture all clinical characteristics of sepsis. Other complementary animal models 395 

such as cecal puncture and ligation (CPL) should be used in the future to fully elucidate 396 

the role of E2F1 in microbial sepsis. Secondly, although statistically significant, 397 

differences in coagulation measurements are small and cannot alone explain the large 398 

difference in survival between E2F1-deficient and control mice, suggesting that other 399 

pathways likely contribute to increased sensitivity of E2F1-deficient mice to systemic 400 

LPS administration. Mitochondrial dysfunction is the second pathway that is enhanced in 401 

E2F1-deficient compared to control mice in our study and has a prominent role in sepsis 402 

(7), thus representing the next logical pathway for further investigation in E2F1-deficient 403 

mice. Finally, our work does not prove the causal relationship between decreased 404 

coagulation gene expression and prolonged PT, aPTT, and increased fibrin split product, 405 

nor the changed coagulation parameters and increased mortality. Further studies are 406 

needed to prove causality. 407 

In summary, we characterized the response of E2F1-deficient mice to systemic 408 

LPS in liver tissue.  We confirmed an attenuated inflammatory response and identified a 409 
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defect in the coagulation cascade that increases sensitivity of these mice to systemic LPS.  410 

We also identified miRNAs whose role in the regulation of innate immune response may 411 

be tied to the E2F1 transcription factor.  E2F1 and these miRNAs represent novel targets 412 

for therapy in sepsis patients. 413 
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Figure Captions 502 

 503 

Figure 1.  B6;129E2F1-/-  mice (dashed line) are more sensitive than B6x129 F2 controls 504 

(solid line) to systemic LPS challenge (n=27 in each group).  Curve comparison was 505 

performed using the Mantel-Cox log-rank test implemented in GraphPad Prism; 506 

p<0.0001). 507 

 508 

Figure 2. Assessment of histological abnormalities and apoptosis in liver, lung and 509 

spleen tissue of E2F1-deficient mice 20 hours post-systemic LPS. (A) Representative 510 

H&E sections of liver, lung, and spleen tissue at 10X magnification (B) Number of 511 

apoptotic cells per field in liver, lung, and spleen tissue, represented as the mean with 512 

standard error of the mean (SEM) of 6 animals.  Data were collected using the fluorescent 513 

TUNEL assay with nuclear DAPI stain and apoptotic cells marked by fluorescein-12-514 

dUTP-labeled fragmented DNA. (C) Representative active Casp3 stains of liver and 515 

spleen tissue.  516 

 517 

Figure 3.  Transcriptional profiles of liver tissue of mice treated with LPS or saline 518 

systemically for 6 or 20 hours.  (A) Venn diagrams depicting differentially expressed 519 

genes in B6;129E2F1-/-  and B6x129 F2 mice in response to LPS, as determined by SAM 520 

(1% false discovery rate (FDR); 924 unique permutations). Very few genes are 521 

differentially expressed in B6;129E2F1-/- mice 6 hrs post-LPS  while many more are 522 

differentially expressed 20 hrs post-LPS.  (B) Top 15 significantly enriched canonical 523 

pathways in gene lists from the Venn diagrams in (A).  Navy bars represent B6x129 F2 524 
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mice and lighter blue bars represent B6;129E2F1-/-  mice.  Coagulation system is one of the 525 

few pathways that is enhanced in E2F-deficient mice compared to controls. 526 

 527 

Figure 4. Differences in expression of selected genes in the coagulation cascade in E2F1-528 

deficient and control mice by microarray and QPCR.  (A) Fold changes in response to 20 529 

hour LPS treatment compared to controls of coagulation genes identified as significant by 530 

microarray analysis (1% FDR).  (B) QPCR validation of gene expression changes in 531 

response to LPS 20 hours post-LPS.  Plotted are mean LPS/saline fold changes with 532 

standard deviations of 4 mice per group.  In both panels, * denote genes with E2F1 533 

binding sites within their promoters. 534 

 535 

Figure 5. E2F1 deficiency affects blood coagulation in response to systemic LPS. 536 

B6;129E2F1-/- mice have elevated (A) PT and (B) aPTT as well as (C) the amount of fibrin 537 

split product in the blood 18 hours following systemic LPS challenge (n=8 in each 538 

group).  p values were calculated using the Mann Whitney test. No differences in PT,  539 

aPTT, and fibrin split product were observed in the two strains of mice in response to 540 

saline treatment (data not shown). 541 

 542 

Figure 6.  miRNA profiles of liver tissue of mice treated with LPS or saline systemically 543 

for 6 or 20 hours.  (A) Venn diagrams depicting differentially expressed miRNAs in 544 

B6;129E2F1-/-  and B6x129 F2 mice in response to LPS, as determined by SAM 545 

(1% false discovery rate (FDR); 924 unique permutations).   Similar numbers of miRNAs 546 

are differentially expressed in B6;129E2F1-/- and B6x129 F2 control mice both 6  and 20 547 
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hrs post-LPS  with minimal overlap of miRNA expression profiles in the two strains of 548 

mice.  (B) Dot plots illustrating expression levels of let-7g and miR-101b, two of the 549 

miRNAs differentially expressed in B6;129E2F1-/- but not B6x129 F2 mice 6 hours post-550 

LPS.  (C) Dot plots illustrating expression levels of miR-181b and miR-455, two of the 551 

miRNAs differentially expressed in B6;129E2F1-/- but not B6x129 F2 mice 20 hours post-552 

LPS.  Color scheme for panels B and C: red = B6x129 F2 20 hr LPS, blue = B6x129 F2 6 553 

hr LPS, green = B6x129 F2 saline, purple = B6;129E2F1-/- 20 hr LPS, orange = B6;129E2F1-554 

/- 6 hr LPS, cyan = B6;129E2F1-/- saline. 555 

  556 
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Table 1. Genomatix predicitions of E2F1 binding sites in promoters of coagulation 557 

cascade genes. 558 

Promoter Id Gene Species Matrix Start End Strand Core 
sim. 

Matrix 
sim. 

GXP_68604 A2m mouse V$E2F1_DP2.01 282 298 + 1 0.826 
GXP_270678 F7 mouse V$E2F1_DP1.01 417 433 - 0.782 0.82 
GXP_2539130 F7 mouse V$E2F1_DP2.01 311 327 + 0.783 0.781 
GXP_258342 F8 mouse V$E2F1_DP1.01 172 188 + 0.756 0.812 
GXP_2541479 F8 mouse V$E2F1_DP1.01 348 364 - 1 0.85 
GXP_2541480 F8 mouse V$E2F1_DP1.01 647 663 - 1 0.85 
GXP_2541477 F8 mouse V$E2F1_DP1.01 258 274 - 0.782 0.812 
GXP_157880 Klkb1 mouse V$E2F1_DP2.01 502 518 - 1 0.819 
GXP_1248821 Plaur mouse V$E2F1_DP1.01 362 378 + 1 0.998 
GXP_2525232 Serpina5 mouse V$E2F1_DP1.01 550 566 - 1 0.83 

 559 

  560 



26 
 

Table 2. Differentially expressed miRNAs (1% FDR) in response to LPS in B6129 F2 561 

mice 6 hrs post-LPS (A), B6;129(E2F1-/-) mice 6 hrs post-LPS (B), B6129 F2 mice 20 562 

hrs post-LPS (C) and  B6;129(E2F1-/-) mice 6 hrs post-LPS (D). 563 

(A) ID Score (d) LPS/saline 
fold 

q-value 
(%) 

mmu-miR-503_st 4.13 5.31 0.00 
mmu-miR-689_st 4.31 4.02 0.00 
mmu-miR-705_st 5.28 3.22 0.00 
mmu-miR-467e-star_st -4.03 0.35 0.00 
mmu-miR-335-5p_st -3.86 0.12 0.00 
mmu-miR-487b_st -3.67 0.27 0.00 
mmu-miR-182_st -3.58 0.61 0.00 
mmu-miR-181a-1-
star_st 

-3.14 0.36 0.00 

     
(B) ID Score (d) LPS/saline 

fold 
q-value 

(%) 
mmu-miR-762_st 5.29 12.27 0.00 
mmu-miR-532-5p_st -4.74 0.31 0.00 
mmu-let-7g_st -4.65 0.27 0.00 
mmu-miR-494_st -4.47 0.20 0.00 
mmu-miR-30c_st -4.23 0.60 0.00 
mmu-miR-28-star_st -3.95 0.47 0.00 
mmu-miR-101b_st -3.80 0.34 0.00 

     
(C) ID Score (d) LPS/saline 

Fold 
q-value 

(%) 
mmu-miR-762_st 3.01 6.20 0.00 
mmu-miR-714_st 3.24 2.11 0.00 
mmu-miR-705_st 3.38 2.64 0.00 
mmu-miR-1224_st 3.73 3.13 0.00 
mmu-miR-689_st 3.97 4.46 0.00 
mmu-miR-1196_st 4.04 2.46 0.00 
mmu-miR-30c_st -4.97 0.56 0.00 

     
(D) ID Score (d) LPS/saline 

Fold 
q-value 

(%) 
mmu-miR-143_st -3.94 0.46 0.00 
mmu-miR-145_st -3.56 0.36 0.00 
mmu-miR-181b_st -3.23 0.45 0.00 
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mmu-miR-152_st -2.96 0.50 0.00 
mmu-miR-148a_st -2.94 0.40 0.00 
mmu-miR-455_st -2.93 0.73 0.00 
mmu-miR-99b_st -2.73 0.63 0.00 
mmu-miR-805_st -2.69 0.42 0.00 
mmu-miR-99a_st -2.65 0.56 0.00 
mmu-miR-361_st -2.64 0.58 0.00 
mmu-miR-30c_st -2.58 0.70 0.00 

 564 

  565 



28 
 

Table 3.  Differential expression of selected mRNA targets (p<0.01 by 2-factor ANOVA, 566 

>2 fold change), determined by TargetScan predictions, of miRNAs that are differentially 567 

expressed (1%FDR by SAM) in E2F1-deficient but not control mice (A) 6 hours and (B) 568 

20 hours post-LPS.  Shown are mean LPS/saline ratios with significant changes 569 

highlighted in bold. 570 

(A)      miRNA Expression mRNA Expression 

miRNA 
B6129 
6hr 

B6129 
20hr 

E2F1 
6hr 

E2F1 
20hr 

Gene 
Symbol 

B6129 
6hr 

B6129 
20hr 

E2F1 
6hr 

E2F1 
20hr 

101b 0.8 1 0.34 0.7 Tanc1 1.62 2.29 6.77 2.99 
101b 0.8 1 0.34 0.7 Tera 1.63 0.94 4.58 0.77 
let-7g 0.9 0.7 0.27 0.5 Epha4 1.56 1.28 4.21 1.07 
494 0.9 0.7 0.2 0.8 Ebf3 0.57 1.45 4.05 1.90 
101b 0.8 1 0.34 0.7 Lrch1 1.29 0.58 3.78 0.40 
let-7g 0.9 0.7 0.27 0.5 Pcdh19 0.69 1.58 3.45 1.24 
28-star 0.8 0.7 0.47 0.8 Psmf1 1.46 1.19 3.23 1.46 
101b 0.8 1 0.34 0.7 Baz2b 1.42 1.27 3.20 1.29 
101b 0.8 1 0.34 0.7 Tlk2 0.78 0.75 3.18 1.64 
let-7g 0.9 0.7 0.27 0.5 Zbtb5 1.19 0.98 2.80 1.18 
101b 0.8 1 0.34 0.7 Kcnd2 0.98 1.08 2.68 1.40 
101b 0.8 1 0.34 0.7 Zcchc2 1.29 0.88 2.52 0.72 
101b 0.8 1 0.34 0.7 Otud4 1.21 1.10 2.44 1.45 
28-star 0.8 0.7 0.47 0.8 Whsc1l1 1.16 0.34 2.34 0.41 
let-7g 0.9 0.7 0.27 0.5 Col27a1 0.69 0.21 2.25 0.40 
101b 0.8 1 0.34 0.7 Kitl 1.07 0.57 2.21 0.83 

let-7g 0.9 0.7 0.27 0.5 
D130059
P03Rik 0.62 0.61 2.14 1.47 

101b 0.8 1 0.34 0.7 Phf20l1 0.72 1.16 1.99 2.54 

(B)       miRNA Expression mRNA Expression 

miRNA 
B6129 
6hr 

B6129 
20hr 

E2F1 
6hr 

E2F1 
20hr 

Gene 
Symbol 

B6129 
6hr 

B6129 
20hr 

E2F1 
6hr 

E2F1 
20hr 

181b 0.8 1 0.5 0.45 Hyou1 0.91 0.79 3.09 5.45 
455 1.1 1.1 0.9 0.73 Esco1 0.99 0.78 1.83 2.69 
181b 0.8 1 0.5 0.45 Hsp90b1 0.99 1.25 0.85 2.67 
181b 0.8 1 0.5 0.45 Bclaf1 0.73 0.73 1.15 2.57 
181b 0.8 1 0.5 0.45 Phf20l1 0.72 1.16 1.99 2.54 
143 1 0.8 0.6 0.46 Pdgfra 1.63 1.19 0.96 2.38 
181b 0.8 1 0.5 0.45 Pdgfra 1.63 1.19 0.96 2.38 
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455 1.1 1.1 0.9 0.73 Cltc 0.72 0.85 1.41 2.13 
145 1.1 0.8 0.6 0.36 Cpeb1 0.93 0.88 0.53 2.10 
181b 0.8 1 0.5 0.45 Wnk1 0.33 0.43 1.17 1.97 

 571 

  572 
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Table 4. Quantitative RT-PCR validation of selected miRNA-mRNA pairs. miRNA 573 

relative expression levels were assessed using Taqman assays and mRNA levels were 574 

measured using SYBRGreen.  Reported are means with standard deviations of 4-6 575 

animals.  Green and red coloring indicate validated mRNA-miRNA anti-correlated 576 

expression relationship. 577 

miRNA/mRNA let-7g 
(array) 

let-7g 
(qPCR) 

Kitl (array) Kitl (qPCR) 

B6129 6hr/ saline -1.13 -1.42±0.61 1.07 -1.08±0.10 
B6129 20hr/ saline -3.71 -2.40±1.11 -1.75 -5.05±2.00 
E2F1 6hr/ saline -1.42 -1.59±0.28 2.21 1.53±0.33 
E2F1 20hr/ saline -2.04 -1.59±0.33 -1.20 -4.33±3.39 
miRNA/mRNA miR-181b 

(array) 
miR-181b 

(qPCR) 
Pdgfra 
(array) 

Pdgfra 
(qPCR) 

B6129 6hr/ saline -1.25 -1.47±0.83 1.63 -2.02±0.50 
B6129 20hr/ saline 1.00 -2.38±1.14 1.19 -2.02±0.78 
E2F1 6hr/saline -2.00 -2.27±0.48 0.96 1.72±0.46 
E2F1 20hr/saline -2.22 -3.45±0.88 2.38 1.87±0.40 
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