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Abstract

Although alternative splicing (AS) drives transcriptional responses and cellular adaptation to 

environmental stresses, its contributions in organ transplantation have not been appreciated. We 

have shown that carcinoembryonic antigen-related cell adhesion molecule (Ceacam1; CD66a), 

a transmembrane biliary glycoprotein expressed in epithelial, endothelial, and immune cells, 

determines donor liver transplant quality. Here, we studied how AS of Ceacam1 affects ischemia-

reperfusion injury (IRI) in mouse and human livers. We found that the short cytoplasmic 

isoform Ceacam1-S increased during early acute and late resolution phases of warm IRI injury 

in mice. Transfection of Ceacam1-deficient mouse hepatocytes with adenoviral Ceacam1-S 

mitigated hypoxia-induced loss of cellular adhesion by repressing the Ask1/p-p38 cell death 

pathway. Nucleic-acid blocking morpholinos, designed to selectively induce Ceacam1-S, protected 

hepatocyte cultures against temperature-induced stress in vitro. Luciferase and chromatin 
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immunoprecipitation assays identified direct binding of hypoxia-inducible factor-1α (Hif-1α) to 

the mouse polypyrimidine tract binding protein 1 (Ptbp1) promoter region. Dimethyloxalylglycine 

(DMOG) protected mouse livers from warm IR-stress and hepatocellular damage by inhibiting 

prolyl hydroxylase domain-containing protein 1 (Phd1) and promoting AS of Ceacam1-S. Lastly, 

analysis of forty-six human donor liver grafts revealed that CEACAM1-S positively correlated 

with pre-transplant HIF1A expression. This also correlated with better transplant outcomes, 

including reduced TIMP1, total bilirubin, proinflammatory MCP1, CXCL10 cytokines, immune 

activation markers IL17A, and incidence of delayed complications from biliary anastomosis. This 

translational study identified mouse Hif-1α-controlled AS of Ceacam1, through transcriptional 

regulation of Ptbp1 promoter region, as a functional underpinning of hepatoprotection against 

IR-stress and tissue damage in liver transplantation.

One Sentence Summary:

HIF-1α-dependent alternative splicing of CEACAM1 is an essential regulatory mechanism for 

ischemic stress resistance in liver transplantation.

Editor’s summary:

Recent evidence has suggested that the glycoprotein CEACAM1 is protective against ischemia-

reperfusion injury during liver transplantation, but the specific contribution of each of its isoforms 

is not clear. Here Dery et al found that increased expression of the short cytoplasmic form 

of CEACAM1 (CEACAM1-S) limited hepatocyte injury and improved liver function in mouse 

models of acute liver injury. Further, CEACAM1-S was selectively increased through PTBP1- 

and HIF-1α-dependent alternative splicing. In humans, CEACAM1-S mRNA expression in donor 

livers before transplant correlated with improved liver function and transplant outcomes in 

recipients. These results suggest that CEACAM1-S may be a potential marker of liver quality 

and that efforts to increase its expression may have therapeutic benefits for transplantation or acute 

liver injury.

INTRODUCTION

Alternative splicing (AS) plays an important role in the transcriptional regulation of in 

vivo responses to environmental stressors. It increases the number of functional transcripts 

derived from the genome, and its regulation is required to direct cell development/

differentiation (1). Through a series of well-coordinated events, splice site pairing occurs 

between the pre-mRNA and spliceosome, recognizing the variable exon (expressed) and 

intron (intervening) sequence. Modulating the usage of alternative exons depends on RNA-

binding splicing regulators, where the heterogeneous nuclear ribonucleoproteins (hnRNPs) 

are among the prominent members (2). Considering their diversity/complexity, hnRNPs 

function in exon-definition, mRNA stability, and translational regulation (3), establishing 

themselves as essential proteins in cellular nucleic acid metabolism. Microarray data suggest 

that the human liver has the most divergent hnRNP expression program, likely due to the 

high frequency of genes (~35–40%) that express alternative exons (4). Although using 

high-throughput arrays and RNA sequencing has allowed for an unbiased assessment of 
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cellular AS, the biological function of alternatively spliced mRNAs in organ transplantation 

remains unknown.

Orthotopic liver transplantation (OLT) is a life-saving therapy of choice for end-stage liver 

diseases and certain hepatocellular malignancies (5). However, peri-transplant events, such 

as donor brain death, ischemia/reperfusion injury (IRI), and surgical trauma, cause the 

release of graft-derived damage-associated molecular patterns (DAMPs) that activate the 

recipient’s innate immune response and negatively affect outcomes. In this context, there are 

critical gaps in our knowledge of molecular mechanisms regulating innate immune-driven 

sterile hepatic inflammation, and identifying non-invasive biomarkers that can predict OLT 

outcomes.

Our group recently discovered a checkpoint regulator of sterile IRI-inflammation in 

both mouse and human OLT (6). Activation of hepatic carcinoembryonic antigen-related 

cell adhesion molecule 1 (huCEACAM1; muCeacam1; CD66a), a transmembrane biliary 

glycoprotein expressed in epithelial, endothelial, and immune cells, was shown to affect 

donor liver quality, and prevent early OLT injury by suppressing the Ask1/p-p38 cell 

death pathway. It is well established that CEACAM1/Ceacam1 undergoes extensive AS 

to generate two functionally distinct splice isoforms that lead to the exclusion or inclusion 

of a variable exon 7 (7–9). Splicing factors, such as hnRNP L and hnRNP A1, control 

splice-site recognition of exon 7 to form CEACAM1-L in breast cancer models (7, 8). Each 

variant shares identical amino acids in the N-terminal and transmembrane domain, differing 

at their cytoplasmic tail (10). The CEACAM1-S variant (for its short 12 amino acid tail) 

generally associates with epithelial cells and regulates mucosal immunity (11). In contrast, 

the CEACAM1-L (for its long >70+ amino acid tail) isoform inhibits signaling in myeloid 

and lymphocytic cells (12). CEACAM1 mRNA is highly sensitive to environmental stress 

cues and can provoke epigenetic responses and control other AS programs (13). Indeed, 

CEACAM1 might act as a biosensor during hypoxia, because myocardial infarction in 

humans drives the expression of hypoxia-inducible transcription factors (HIFs) and regulates 

vascular endothelial growth factor (VEGF), which then leads to increased CEACAM1 

expression (14). Another study found that hypoxic preconditioning of cardiomyocytes 

increased HIF-1α, VEGF, and CEACAM1 and ameliorated cardiac ischemic injury (15).

This study was designed to gain mechanistic insights into the role of Ceacam1 alternative 

splicing in OLT. Our findings documented how specific induction of the Ceacam1-S 

variant during oxidative stress led to suppression of the Ask1 (Apoptosis signal-regulating 

kinase 1, a member of the MAP3K family) / p-p38 pathway and mitigated hepatocellular 

damage through HIF-1α transcriptional regulation of Ptbp1 (polypyrimidine tract binding 

protein 1) expression. Stabilization of Hif-1α by dimethyloxalylglycine (DMOG) was 

indispensable for Ceacam1-S cytoprotection in vivo in two acute liver injury mouse models, 

lipopolysaccharide (LPS) and D-galactosamine (LPS/D-GalN)-induced hepatocellular 

damage, and warm hepatic IRI (wIRI). We also analyzed forty-six human OLT patients 

to determine the impact of AS of CEACAM1 in the donor liver on phenotype and clinical 

outcomes and its relationship with HIF1A. Here, we provided evidence that liver graft-

induced AS of CEACAM1 mitigated IR-stress and promoted hepatic ischemia tolerance in 

OLT recipients.
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RESULTS

Liver IRI promotes pre-mRNA AS of Ceacam1

First, we used a mouse model of hepatic wIRI to assess short cytoplasmic Ceacam1 

isoform (Ceacam1-S) accumulation in the liver tissue after IR-stress. The peak of Ceacam1-

S protein occurred at 6h after reperfusion, the height of hepatocellular damage in this 

model (Figs. 1, A and B) (16). At this time-point, Ceacam1-S expression was higher in 

the liver than in serum. Because it was unclear whether Ceacam1-S responded to acute 

inflammation during the ischemia insult vs. the resolution phase of IRI, we performed a 

longitudinal assessment over the course of 7 days to capture how Ceacam1 isoform changes 

in both the acute and resolution phases of wIRI (Fig. 1C). The expression of Ceacam1 
mRNA was screened using exon-junction PCR amplification because this method allows 

alternative exons to be detected with high sensitivity. Notably, 6h and 7d time points showed 

peak AS induction of Ceacam1, documented by an increase in Ceacam1-S mRNA (Fig. 

1D). When the hepatocellular damage (sAST) was assessed at 6h (Fig. 1E), it closely 

matched Ceacam1-S production (Sham vs. 6h, P<0.0001). These data suggest that Ceacam1 

undergoes fine-tuning in response to IR-stress that might be functionally relevant.

Splicing variant Ceacam1-S but not Ceacam1-L limits hypoxic hepatocyte cold stress 
through repression of Ask1/p-p38 pathway

Our data so far hinted that the AS of Ceacam1 might be important for limiting damage in 

IR-stressed livers. To document the role of each splicing isoform during hypoxic stress, we 

employed recombinant adenoviral (Ad) particles expressing Ceacam1-S or Ceacam1-L to 

transfect Ceacam1-deficient hepatocytes. First, after establishing the range of multiplicity 

of infection (MOI) of viral particles/cell (Fig. 2A), we observed viral-derived Ceacam1 

proteins to be much higher than endogenous ones (Fig. 2, A and B). Grp78 (a master 

regulator of endoplasmic reticulum homeostasis) and not empty vector controls were 

used to show specificity (Fig. 2, A and B) while bright-field illumination microscopy 

analyzed Ceacam1’s cellular adhesion properties in response to hypoxic stress. As expected, 

Ceacam1-deficient hepatocytes cultured under normoxic conditions showed loss of adhesion 

interface and structure compared to WT counterparts (Fig. 2C, top row, left vs. right), which 

was further exacerbated under hypoxic conditions. However, when cells were transfected 

with Ad: Ceacam1-S vs. Ad: Ceacam1-L, we observed only the short cytoplasmic Ceacam1 

isoform rescued cell viability and promoted epithelial polarity maintenance, like WT 

cells (Fig. 2C, bottom row, left vs. right). Because previous studies showed that cold 

stress-conditioned Ceacam1-deficient hepatocytes experienced enhanced cell death in an 

Ask1-dependent manner (6), we now asked whether this mechanism was splice-isoform 

dependent. Ceacam1-deficient hepatocytes were first infected with diluted titers of viral 

particles to control for Ad-mediated cytotoxicity and then exposed to hypoxia and 

subsequent low temperature stress. Quantitation of immunoblots from these cells showed 

that as Ceacam1-S expression decreased (Fig. 2D, lanes 4 through 9 and Fig. 2E), Ask1 and 

p-p38 expression correspondingly decreased (Fig. 2E, P=0.0177, right panel), as compared 

to vector controls (Fig. 2D, lanes 1–3) and Ceacam1-L expression (Fig. 2D, lanes 10 

through 15). This data implies that the AS of Ceacam1 may be important in the mechanism 

of hepatic IRI. To test this hypothesis, WT mice were given isoform-specific Ceacam1 
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adenoviral particles (1 × 1011 viral particles/mouse i.v.) 24h before wIRI challenge. Serum 

ALT profiles showed that global overexpression of either Ad: Ceacam1 isoform did not 

ameliorate IRI (Fig. S1A, P=0.0300 Ad: Ceacam1-S vs. WT Cntl). Taken together with our 

liver/hepatocyte data so far, our data suggest induction of Ceacam1 alternative splicing in a 

tissue-specific manner may be a better approach to improve cell migration, proliferation, and 

survival following oxygen-stress.

Ceacam1-S splicing variant protects against temperature-induced hepatic stress in vitro

Organ preservation studies show that warm perfusion of previously cold-stored donor livers 

(with host blood) results in damage to hepatocytes and sinusoidal endothelial cells and 

Kupffer cell activation (17). Therefore, we next aimed to elucidate whether AS of Ceacam1 
promoted cytoprotection in temperature stress-inflicted hepatocyte damage. We designed 

splice-site blocking morpholino oligomers (MOs) to block the use of the exon 7 splice 

donor site, thereby shifting AS toward Ceacam1-S in WT hepatocytes (Fig. 3A). We used 

MOs directed to human E7 (E7: MO) that were previously described to produce the short 

isoform in HeLa cancer cells, presumably by disrupting RNA-protein interactions (8), or an 

exon-junction morpholino (EJ: MO) because thermodynamic profiling suggested a duplex of 

high stability.

Hepatocytes were then preconditioned with each MO and tested for Ceacam1 mRNA AS 

under cold vs. warm stress conditions (Figs. 3B–3C). RT-PCR analysis revealed that while 

MOs induced AS equally well under cold stress (Fig. 3D, E7:MO (P<0.0001) and EJ:MO 

(P<0.0001) vs. NS:MO), EJ:MO targeting the 3’ splice site (ss) of exon 7 and 5’ ss of intron 

7 performed better under warm stress than cold stress (Fig. 3D, 89.89% vs. 77.57%). AS 

alteration correlated with downregulation of Ceacam1-S protein in the cold storage (Figs. 

3E–3F, 33.4% vs. 8.47%, P=0.0225, NS:MO vs. E7:MO), whereas warm storage led to 

the contrary (Figs. 3G–3H, P=0.0341). Hepatocyte “health” was monitored, as reported 

(18), using histone H3 expression, a well-known DAMP. Notably, loss of Ceacam1-S 

was correlated with enhanced histone H3 membrane leakage under cold stress (Figs. 3E–

3F, P=0.0507, NS vs. EJ-MO), a measure of DAMPs activity. By contrast, we observed 

diminished Histone H3 release in hepatocytes under warm stress conditions (Figs. 3G–3H, 

P=0.1993 NS vs. EJ-MO Ceacam1). These in vitro findings led to the hypothesis that 

modulating hepatic Ceacam1 by systemic delivery of MOs (E7 or EJ) could potentially 

attenuate liver IRI in vivo (Fig. S1B). However, while sALT and sAST concentrations 

showed decreased enzyme levels with EJ:MO and more so with E7:MO, the difference was 

not statistically significant, as compared to WT controls, indicating that specifically biasing 

AS toward Ceacam1-S expression across parenchymal and nonparenchymal cells failed to 

alleviate hepatic IR-stress.

Hepatic Ceacam1-L exacerbates liver IRI and reduces OLT survival

Next, we tested the hypothesis that AS of Ceacam1 plays an important role in hepatic IR 

damage in OLT recipients. Genetically-modified mouse donor livers, all from a C57BL/6 

background, were subjected to extended cold storage (18h) and transplanted to syngeneic 

WT recipients (Fig. 4). Donors were divided into five groups, depending on whether in their 

livers Ceacam1 was present (WT), absent globally (GCC1-KO) or conditionally deficient 
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of CEACAM1-L (L-KO). The other two groups consisted of transgenic rat Ceacam1-L 

overexpressed in the C57BL/6 (CC1-Tg) or GCC1-KO (L-Resc) background (Fig. 4A). 

The hepatocellular function, assessed by sALT at 6h post-transplant, indicated that liver 

grafts expressing Ceacam1-L (CC1-Tg or L-Resc) did not do better than WT or GCC1-KO 

counterparts (Fig. 4B). When assessed at 14 days post-OLT, only conditional hepatic loss 

of Ceacam1-L (L-KO) led to improved overall survival (Fig. 4C), indicating the induction 

of alternatively spliced Ceacam1 is a necessary step in reducing IR-triggered hepatocellular 

damage in OLT recipients.

Control of AS of Ceacam1 by Ptbp1 is dependent on oxygen availability

To focus on a molecular signaling pathway that underlies the control of hepatic AS during 

hypoxia, we next examined a known CEACAM1 splicing regulator hnRNP A1 (8) and 

Ptbp1, using RNA interference. Ptbp1 was tested because its expression increases in rat 

pulmonary hypertension after hypoxia in a time-dependent manner (19). First, we confirmed 

that hypoxia induced a rapid and sustained accumulation of hnRNP A1 and Ptbp1 over 

time in primary mouse hepatocytes in vitro (Fig. S2A). Next, we showed that siRNAs 

efficiently silenced hnRNP A1 and Ptbp1 (Fig. S2B, P=0.0357 sihnRNP A1 vs. siControl). 

Then, Ceacam1-S protein expression was analyzed in the presence or absence of H/R (Fig. 

S2C). We found that the loss of these splicing factors increased expression of hepatic 

Ceacam1-L during hypoxia-reoxygenation stress, suggesting these RNA splicing factors 

may be involved in AS of Ceacam1-S in response to hypoxia (lanes 5, 7 vs. 3; measured as 

% E7 inclusion or Ceacam1-L, P=0.0022 sihnRNP A1 (siA1) ±H/R and P<0.0001 siPtbp1 

(siP1) ±H/R).

Hif-1α promotes Ceacam1-S in vitro

Having established the role of AS of Ceacam1 in H/R injury, we next sought to identify 

the factors that co-regulate transcription and hepatic Ceacam1 splicing. HIF-1α has been 

suggested to modulate hypoxia-induced AS in tumor pathogenesis and progression (20). 

Since we observed a 6.7-fold (0.20/0.03) mean induction of Hif-1α in our liver wIRI 

model compared to Sham controls (Figs. 1B–1C, P=0.0324), we examined the role of 

Hif-1α in modulating AS of Ceacam1 during hypoxia (Fig. 5A). We observed that 

hepatocytes exposed to less than 0.1% oxygen had substantial Hif-1α expression after 

hypoxia that decreased over time upon reoxygenation (Fig. 5B–5C). Hepatocyte cytotoxicity 

was monitored by assessing histone H3 and culture media AST concentrations (Figs. 5C–

5D). Our data suggest that release of DAMPs may represent a hypoxic measure of acute 

early stress (Fig. 5B, lanes 3–4 and Fig. 5C, P=0.0197 0 h vs. Mock) whereas culture media 

AST concentrations may indicate how hepatocytes manage and recover from stress over 

the reoxygenation period (Fig. 5D). When the consequence on Ceacam1-S expression was 

monitored resulting solely from hypoxia, the effect was evident (Fig. 5B, lanes 2–4 vs. 1) 

but whether its kinetics followed Hif-1α’s destabilization program during the progression 

towards normoxia was less clear (lanes 5 and 10 vs. 6–9).

To gain further insight into Hif-1α regulation of AS of Ceacam1, we employed a small 

molecule inhibitor (Echinomycin; Ecn) and stabilizer (cobalt chloride; CoCl2) of Hif-1α 
(Figs. 5E–5G). Ecn potently inhibited Hif1A gene expression at each concentration tested 
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(Fig. 5E, P<0.0001, 0 nM vs. 10 nM), and this correlated with transcriptional silencing of 

both Ceacam1 isoforms (Fig. 5F, lanes 4–7 vs. 2–3; P=0.0007, 10 nM vs. Mock). With 

CoCl2 stabilization of Hif-1α, we observed preferential induction of hepatic Ceacam1-S 

expression (Fig. 5G, lanes 3–4 vs. 2). Interestingly, Hif-1α stabilization also led to hepatic 

production of Ceacam1-L, albeit less efficiently than the Ceacam1-S isoform (magnified 

panel, Fig. 5G, lanes 5–7 vs. 2). To observe how Ceacam1-S and Hif-1α stabilization 

integrates intracellular responses from hypoxia, stressed hepatocytes were assessed by 

immunofluorescence staining (Fig. 5H). Our data shows punctate Hif-1α foci (green) in 

the nucleus correlates with the expression of Ceacam1 localization to the plasma membrane. 

Polarization of Hif-1α and Ceacam1 enhanced the cellular adhesion of stressed hepatocytes 

(red), though whether Hif-1α had a direct effect remained undetermined. This led to the 

hypothesis that Hif-1α may have the potential to influence pre-and post-transcriptional 

control of hepatic Ceacam1 under oxygen-rich and starved conditions.

Hif-1α associates with Ptbp1 under low oxygen conditions

We hypothesized that Hif-1α could control AS of Ceacam1 by directly promoting the 

expression of RNA splicing factors hnRNP A1 and Ptbp1 through binding to HREs 

(hypoxia-responsive elements). To test this hypothesis, plasmid constructs containing 

approximately 1.2 Kb of WT Ptbp1 or hnRNP A1 promoter sequence were cloned upstream 

of a luciferase reporter (Fig. 6A). Mutations of Ptbp1 (−900–537, −572–312 relative the 

TSS) and (−1805–1305) promoters to disrupt Hif-1α binding were also chosen based on 

computational in silico analyses (21). Transfected mouse hepatocytes co-cultured with WT 

Ptbp1 and stressed with H/R showed the highest luminescence (P=0.0041) compared to the 

empty vector. Importantly, promoter mutations of Ptbp1, under similar H/R conditions, led 

to a significant luminescence decline (−900–537 vs. WT, P=0.0082 and −572–312 vs. WT, 

P<0.0001). By contrast, cells transfected with the WT hnRNP A1 promoter did not appear 

to be responsive. Next, chromatin immunoprecipitation (ChIP) studies were performed to 

determine if the apparent regulation of Ptbp1 by Hif-1α was the result of direct promoter 

interactions. SiRNA knockdown of Hif-1α in primary hepatocytes led to decreased Hif-1α 
expression (Figs. 6B–C, lanes 4–9, P=0.0004, siHif-1α vs. siCntl, +H) while loss of Hif-1α 
led to reduced Ceacam1-S (lanes 8–9 vs. 3, P=0.0345) and Ptbp1 (Fig. S3A–B, P=0.0002) 

expression. The specificity and sensitivity of the ChIP experiment were validated using 

anti-RNA polymerase II Abs and primers directed to positive control GAPDH (Fig. 6D). 

We also performed RT-PCR screening of the same Ptbp1 promoter regions identified from 

our luciferase assay (Figs. 6E). We identified that Hif-1α binds to two HREs located in the 

promoter region of Ptbp1 (Fig. 6F), one that is weakly induced by hypoxia (−900 to −537, 

P=0.0002, ± SEM 40.82 ± 3.292, ±H), and one that appears strongly hypoxia-dependent 

(−572 to −312, P=0.0002, ± SEM 280.0 ± 21.56, ±H). A summary of these induced 

interactions is shown in Fig. 6G.

DMOG Stabilizes Hepatic Hif-1α and Promotes Alternative Splicing to Alleviate Liver Injury

We next examined in vivo stabilization of Hif-1α by the prolyl hydroxylases (Phd) inhibitor, 

DMOG, as a way to alleviate liver injury. In the first of two animal models tested, 

DMOG was given before the co-administration of lipopolysaccharide and D-galactosamine 

(LPS/D-GalN) for 6h (Fig. S4A). This acute liver injury model provokes inflammatory 
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responses resembling hepatic fibrosis and causes genotoxic stress (22). Our data showed 

that hepatic mRNA expression of the anti-inflammatory cytokine Il10 was highest after 1h 

pre-exposure to DMOG (Fig. S4B, P=0.0014, 1h vs. Sham), so we used this time point 

for further studies. Gross anatomical examination (Fig. S4C) showed that uncontrolled 

hemorrhaging, focal necrosis, and large areas of inflammatory cell infiltration evident by eye 

in control liver tissue were largely absent in DMOG-treated mice. Histological assessment 

of DMOG-treated hepatic tissue (Fig. S4D) exhibited decreased sinusoidal congestion, 

edema vacuolization, hepatocellular necrosis, and lower Suzuki’s score of histological liver 

injury (Fig. S4E, P=0.0025, control vs. DMOG) compared to controls. The frequency of 

TUNEL-positive necrotic/apoptotic cells after DMOG treatment was significantly lower 

(Fig. S4F, P=0.0002 control vs. DMOG) as well as sALT concentrations (Fig. S4G) and 

proinflammatory mRNA coding for Mcp1 and Tnf (Fig. S4H), all providing evidence that 

DMOG limited LPS/D-GalN-induced acute liver injury. Mice deficient of Ceacam1 (GCC1-

KO) were then treated with vehicle or DMOG and compared to WT controls. Screening 

sALT concentrations showed that when Ceacam1 was absent, the protective effect of DMOG 

seen in WT was greatly diminished (Fig. S1C, P=0.0228).

We next asked whether exogenous DMOG administration was sufficient to induce AS 

changes in Ceacam1 in vivo. Here, we used our wIRI model of sterile liver inflammation 

(Fig. 7A). Gross anatomical examination of control livers showed areas of red patches 

indicative of macrovesicular degeneration around hepatic cells (Fig. 7B). Elevated sAST 

and sALT, also reflected hepatocellular damage in the control mice as compared to 

the DMOG treatment group (Fig. 7C). In addition, liver tissue from DMOG mice 

showed histological evidence of reduced sinusoidal congestion, hepatocellular necrosis, 

and centrilobular ballooning as indicated by lower Suzuki’s grading (Fig. 7D–E, P=0.0082 

vs. Cntl). DMOG treated mice also had reduced frequency of TUNEL-positive cells 

(Fig. 7F, P<0.0001 vs. Cntl), elevated Hif1A and lower proinflammatory Mcp1 mRNA 

compared to control injured mice (Fig. 7G). Since the initial stages of liver IRI involve 

the recruitment of circulating leukocytes, we next examined whether DMOG affected 

infiltrating Ly6G-positive neutrophils (Fig. 7H). Indeed, we observed little to no evidence 

that neutrophils were recruited to DMOG-preconditioned IR-stressed livers (Fig. 7I, 

P=0.0022, DMOG vs. Control). We confirmed by Western blots that PhD1 and Hif-1α 
showed reciprocal expression patterns with DMOG treatment (Fig. 7J). Control samples 

showed downregulation of Ceacam1-S at 6h post-reperfusion (Fig. 7K), whereas DMOG 

stabilization of Hif-1α led to an increase in Ceacam1-S protein. Analysis of Ceacam1 
mRNA isoforms also revealed a significant increase in exon 7 exclusion and Ceacam1-S 
mRNA in both control and DMOG-treated livers (Fig. 7M, P=0.0121, DMOG vs. Sham). 

Taken together, these data suggest that AS of Ceacam1 occurs during acute hepatocellular 

injury and that DMOG can limit liver injury from IR-stress.

CEACAM1 expression before liver implantation associates with HIF1A in human OLT 
recipients

We next examined the hepatic CEACAM1-S expression in clinical OLT patients. Forty-six 

cold-stored human liver biopsies (Bx) were collected before graft implantation and analyzed 

(Fig. 8A). We found the correlation between total pre-transplant CEACAM1-S and HIF1A 
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mRNA was statistically significant (Fig. 8B, P=0.0034). We also divided pre-transplant 

human liver Bx samples into low vs. high CEACAM1-S expression groups, according to 

the median split method (cutoff=0.82) (Fig. 8C). Once again, we found HIF1A mRNA 

was significantly higher in livers with higher CEACAM1-S expression before transplant 

(Fig. 8D, P=0.0080, high vs. low). There was no correlation between CEACAM1-S/ HIF1A 
grouping and donor data (Table S1A), including age, gender, race, BMI, pre-transplant 

sAST, sALT, bilirubin, patient INR, or warm ischemia time. We also found no correlation 

between CEACAM1-S/HIF1A and the recipient or surgical parameters, including age, 

gender, race, BMI, disease etiology, ABO compatibility, MELD score (a measure of 

patient’s liver disease severity), pre-transplant blood tests, pre-operative hospital stay, or 

cold ischemia time (Table S1B). We did, however, find lower post-transplant expression 

of TIMP1, a metalloproteinase inhibitor of integrin signaling in liver samples with high 

CEACAM1-S expression (Fig. 8E, P=0.0012, high vs. low). We also identified other 

important relationships with CEACAM1-S expression including post-OLT total bilirubin 

(Fig. 8F), delayed complications from biliary anastomosis, a surgical procedure for the 

management of biliary obstruction or post-OLT leakage (Fig. 8G, P=0.0223 delayed vs. 

non-delayed), and decreased mRNA expression of MCP1, CXCL10 and IL17A post-OLT 

(Fig. 8H). We also examined pre-OLT expression of CEACAM1-S mRNA isoform in thirty-

eight cold-stored livers and found its expression positively correlated with patient MELD 

scores (Fig. 8I), which may highlight CEACAM1’s role as a stress response regulator in 

the high acuity livers. Bx samples were also subjected to classification of high vs. low 

expression groups, based on a median split method (cutoff=0.81, Fig. S5A). We found that 

pre-OLT CEACAM1-S also trended lower for incidence of surgical complications exceeding 

Grade III (Fig. S5B), sALT and sAST (Fig. S5C), post-OLT CD80, CTLA4, CD68, and 

TIMP1 mRNA expression (Fig. S5D) as well as bilirubin (Fig. S5E), although the data failed 

to reach any statistical differences. Finally, Pearson r correlations analyzing pre-transplant 

CEACAM1-S vs. post-OLT IL17A, TIM3, and CXCL10 mRNA showed negative trends 

(Fig. S5F).

DISCUSSION

This study originated as a follow-up to our recent report identifying Ceacam1 as a biomarker 

for donor graft quality in mouse and human OLT (6). Remaining unanswered was the 

genetic regulatory mechanisms by which hepatic Ceacam1 controls IR-stress and sterile 

inflammation (23). We have now identified a Ceacam1 alternative splicing response to 

liver tissue stress or injury that appears to be Hif-1α dependent. Our data also suggest 

Ceacam1 signaling depends on the mechanisms that alter Ceacam1 splicing regulation and 

not necessarily its overexpression.

To date, the effects of hypoxia on Ceacam1 splicing isoforms remain conflicted. For 

instance, human dermal lymphatic endothelial cells exposed to hypoxic preconditioning 

downregulate CEACAM1 (24), whereas its expression in cardiac ischemic injury, increases 

along with other hypoxic angiogenic factors, such as HO-1 and HIF-1α (15). Here, 

we focused on Ceacam1 splicing during the hepatic IRI cycle that occurs during liver 

transplantation (Fig 1). Our data revealed the AS of Ceacam1 both in the early acute (6h) 

and late resolution (7d) phase of the hepatic IRI. Notably, we documented the mRNA 
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profiles in the stressed liver tissue and hepatocytes that parallel sAST concentrations in 

vivo and culture supernatants in vitro. These findings provide evidence that AS is regulated 

through endogenous cues and environmental post-reperfusion signals.

Each cytoplasmic domain of CEACAM1 is known to differ in length, ranging from 74-

residue for CEACAM1-L to 12-residues for CEACAM1-S, and this feature determines their 

inhibitory or non-inhibitory signal transduction pathways (10). Although the cytoplasmic tail 

is minimal, the short cytoplasmic domain of CEACAM1-S can bind to actin, tropomyosin, 

annexin II and calmodulin (25, 26). Previous studies show that phosphorylation of key Thr 

and Ser residues in the short cytoplasmic domain (27, 28) promote the differentiation of 

vimentin-positive and β2-integrin-positive myofibroblasts (29), which is a critical step for 

the production of extracellular matrix (ECM) proteins in wound healing (30).

Modifications in ECM composition is also associated with reperfusion injury or acute and 

chronic rejection in human organ transplantation (31, 32). For example, the expression 

of fibronectin (FN) and laminin (LN) proteins increased rapidly in cardiac allo- and iso-

transplant rat studies, reflecting a response to tissue ischemia during the initial stages 

of cardiac engraftment (33). FN expression arises due to AS of a single gene transcript 

composed of three segments, EIIIA, EIIIB, and V in rats (34), and associates with 

leukocytes. This was demonstrated when adoptively transferred sensitized lymphocytes 

localized in FN-rich areas of cardiac transplants and draining lymph nodes of test recipients 

(35). It will be important for future studies to determine whether Ceacam1 signaling, in 

its capacity to influence the ECM, has a similar regulatory function in integrin-mediated 

leukocyte adhesion in OLT.

The two major types of liver injury in the peri-transplant period involve warm and 

cold ischemia. Warm ischemia leads to delayed graft function, liver, or even multi-organ 

failure, with cellular changes including profound microcirculatory dysfunction, impaired 

vasodilatory capability, and endothelial activation, increased hepatic vascular resistance, 

liver inflammation, leukocyte infiltration, oxidative stress, and cell death (36). By contrast, 

cold IRI occurs during ex vivo preservation and is initiated by local inflammatory innate 

immune activation (37). Both types of IRI trigger liver Kupffer cells and neutrophils 

activation, cytokine and chemokine production, ROS generation, adhesion molecules 

induction and immune cell infiltration.

Our recent data showed that liver-resident total Ceacam1-S mitigated cold-induced early 

hepatocellular damage by suppressing the Ask1/p-p38 pathway (6), but which isoform was 

involved in this protective mechanism remained unclear. Ask1 acts as a redox-sensitive 

upstream activator of c-Jun N-terminal kinase (JNK) and p38 mitogen-activated protein 

kinases in response to stressors including oxidative stress, endoplasmic reticulum stress 

and calcium influx (38). Our previous data from an in vitro mimic model of warm/cold 

stressed primary hepatocytes revealed hepatocellular damage (18) comparable to ex vivo 

liver perfusion during OLT surgery. We now showed that forced conditional expression 

of Ad: Ceacam1-S but not Ad: Ceacam1-L attenuated stress responses in hypoxic and 

cold-stressed hepatocytes in vitro (Fig. 2), suggesting a protective role for Ceacam1-S. 

It will be interesting for future studies to investigate this molecular mechanism in more 
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detail, especially considering the short isoform’s role in promoting apoptosis during lumen 

formation in the mammary ducts (39).

We were not able to observe a protective effect in our wIRI studies in vivo through 

adenoviral or morpholino mediated overexpression of Ceacam1-S. However, these proof-

of-concept studies have highlighted the fact that forced expression of any one isoform 

across cell types may be detrimental and that, organ-specific delivery of morpholinos are 

needed to achieve therapeutic benefit. Studies using antisense oligonucleotides (ASOs) 

have shown efficacy in animal models in vivo (40) and two ASOs, fomivirsen (Vitravene) 

and mipomersen (Kynamro), developed by Isis Pharmaceuticals, are among the first to be 

approved by the US FDA for human clinical trials (41). Whether ASOs can manipulate 

CEACAM1 expression in human liver grafts to improve long-term clinical outcomes 

or be used to “rejuvenate” suboptimal donor livers during machine preservation before 

implantation awaits further study.

How AS of Ceacam1 influences the myriad of molecular functions deleterious for transplant 

outcomes remains unclear. Notably, our in vitro inflammation model showed strong 

induction of AS after oxygen-starvation, suggesting a role for HIF activity. Previous studies 

have shown that the α and β subunit interaction is more important for HIF activity than 

hypoxia stabilization per se to initiate AS regulation (42). Both α and β subunits form 

a heterodimer in the nucleus to induce transcriptional changes involved in the hypoxic 

response, affecting metabolism, angiogenesis, anti-apoptosis, and cell motility. Hypoxia 

inhibits oxygen-dependent oxygenases, such as HIF-dependent prolyl-hydroxylases (PHDs) 

(43). PHD inhibition leads to the accumulation, stabilization, and activation of HIF to 

initiate the transcriptional activation of HIF targets. Hypoxia also drives the expression of 

hypoxia-induced RNA binding protein ELAVL1 (embryonic lethal abnormal vision family 

of RNA-binding proteins, HuR), which modulates the expression of translation-initiating 

4E nuclear import factor 1 (Eif4enif1) (42, 44), and HO-1, which mitigates hepatic IRI in 

OLT recipients (18). In ischemic heart disease, AS of calcium/calmodulin-dependent protein 

kinase II gamma, (CAMK2G), a crucial signaling molecule for adaptation of cardiac stress, 

is directly dependent on HIF-1α (45), suggesting Hif-1α may play a role in AS during 

hypoxic stress.

Our study showed that stabilization of Hif-1α with CoCl2 strongly induced AS to express 

preferential Ceacam1-S and implicate Ptbp1 as an important splicing factor for modulating 

Ceacam1-S expression under hypoxic conditions. As oxygen tension increases, an adaptive 

response reorganizes the chromatin structures surrounding Ptbp1 so that Hif-1α accessibility 

to HRE sites increases. Other HIF isoforms (HIF-2α and HIF-3α) also regulate hypoxia-

inducible gene transcription (46) and may be essential in Ceacam1-S expression. Regulation 

of retinal neovascularization in patients with ischemic disease has been shown to depend on 

HIF-1α and HIF-2α (47). Therefore, future studies should also investigate the role of other 

HIF isoforms in the AS of downstream HIF targets in OLT.

We also examined the potential of pharmacologic interventions directly enhancing hepatic 

AS of Ceacam1 through DMOG, an inhibitor of PhD1, to increase HIF expression. Recent 

studies support these findings by showing that HIF-1α is a direct transcriptional suppressor 
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of interferon regulatory factors, specifically the transcriptional activators of type I IFN 

(48). Hypoxia-induced HIF-1α functions as a direct transcriptional repressor of IRF5 and 

IRF3. Interestingly, we previously showed that IRF3 and IRF7, both positive regulators 

of type I IFN gene induction downstream of pattern recognition, biases AS towards exon 

7 inclusion to produce CEACAM1-L in human HeLa cancer cells (13). Although our 

DMOG data shows amelioration of liver IRI and induction of Hif-1α and Ceacam1-S 

expression, one limitation of our study is the inability to extend our findings regarding 

AS of other downstream HIF-targets, which was beyond the scope of this study. However, 

as approximately 95% of multi-exon human genes are alternatively spliced (49) and more 

than 70 direct HIF target genes are known to function in physiology and disease processes, 

including redox homeostasis/apoptosis (50), future studies may reveal additional important 

splicing events in OLT.

Currently, phase 2/3 clinical trials are testing the efficacy of HIF stabilizers in renal anemia 

(51). Previous studies have shown that DMOG plays a role in decreasing NADH, and 

coupled to glycolysis inhibitors, can deplete cellular ATP while increasing oxygen (52). As 

ATP is among the molecules released by cell damage, the use of DMOG during organ 

preservation to prevent positive feedback signaling by immune cells may be valuable. 

DAMPs released from damaged hepatocytes during IRI are detected by immune cells, and 

recruitment of other immune cells follows, which in turn facilitates neutrophil migration 

to a site of tissue injury. Whether University of Wisconsin (UW) solution, a gold standard 

for organ storage in transplantation, supplemented with DMOG during cold storage could 

reduce cellular ATP and prevent immune cascades that activate Kupffer cells and neutrophils 

await further studies. Although we recognize that DMOG may exert beneficial functions in 

a non-HIF-1α dependent manner (53), our findings reveal that DMOG regulates AS and 

inflammation and may serve as a starting point for the therapeutic development of hepatic 

IRI treatments in OLT recipients.

Our clinical data revealed the benefits of HIF1A and CEACAM1-S mRNA expression in 

OLT patients. High pre-OLT HIF1A and CEACAM1-S were correlated with lower TIMP1 
(Fig. 8E) in the post-reperfusion liver Bx samples. This metalloproteinase inhibitor has 

been shown to be under the regulation of CEACAM1 in a type 2 diabetes (54) and 

HIF-1α in a cancer model (55). A relationship between post-OLT total bilirubin and high 

pre-OLT CEACAM1/ HIF1A was also observed (Fig. 8F). The role of serum CEACAM1 

in patients with hepatocellular carcinoma and total bilirubin has been described (56), along 

with how bilirubin induces HIF1A transcription (57). Whether DCD (donation after cardiac 

death) and/or pre-OLT donor tissue utilize these signaling pathways to resist cold storage 

awaits further studies. However, it is interesting to note that the bilirubin/ CEACAM1/ 

HIF1A relationship extends from pre-OLT to post-OLT outcomes and could represent a 

much-needed diagnostic bioassay for clinical outcomes. Fig. 8G also shows how pre-OLT 

CEACAM1/ HIF1A correlated with incidence of biliary-enteric anastomosis, a surgical 

procedure for the management of biliary obstruction or leakage after OLT. Post-OLT biliary 

complications include strictures (anastomotic and non-anastomotic), leaks, stones, sphincter 

of Oddi dysfunction, and recurrence of primary biliary disease, such as primary sclerosing 

cholangitis and primary biliary cirrhosis (58). Strikingly, our data showed no patients with 
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biliary anastomosis in the high CEACAM1/ HIF1A group, being another indicator for future 

OLT success.

Our study had some limitations. First, we focused largely on primary cultured hepatocytes 

without consideration of how resident cells, like Kupffer cells, or non-parenchymal liver 

cells (sinusoidal endothelial cells and stellate cells) may contribute. It will be interesting 

to test how ischemic stress affects Ceacam1-S in these cell types, which may provide 

additional insight to improve antisense MO or DMOG-based therapies. Second, as our 

liver transplant clinical data analyses focused on mRNA expression, future studies should 

evaluate the correlation between mRNA and protein levels. Third, as biological samples 

were collected in bulk for RNA and protein analyses, next-generation technologies such as 

single-cell RNA-seq should be conducted to fully appreciate the role that AS plays in IRI 

and provide the resolution for detailed characterization of treatment-induced differentiation 

pathways in vitro and in vivo. Fourth, we only tested the role of hypoxia-dependent 

stabilization of HIF-1 dimers, making the assumption that Hif-1α is the primary driver 

of various biological processes and functions, including cell survival, proliferation, and 

metabolism. Although our DMOG and CoCl2 studies showed rapid stabilization of Hif-1α, 

focusing on one HIF alpha subunit only may have limited the overall efficacy of our 

experimental therapy. We cannot exclude the contribution of other HIF family members such 

as HIF-2α that may participate in AS, so further study will be needed to identify more 

specific HIFα subunit therapies. Fifth, we compared the role of AS in mouse Ceacam1 to 

the relationship between human HIF-1α and CEACAM1. Future studies using transgenic 

mouse models of human CEACAM1 should ultimately strengthen comparisons to human 

liver transplant clinical cohorts. Finally, prospective clinical trials should be conducted to 

analyze therapeutic effects and better understand how the engagement of AS gene regulatory 

networks and their translation to relevant proteins can be exploited for targeting hepatic 

sterile inflammation in OLT recipients.

Of note, our recent molecular and functional studies have shown that despite neutrophils 

being considered a principal villain in peri transplant tissue injury, their Ceacam1-L 

isoform may repress neutrophil extracellular trap (NET) formation in IR-stress resistance 

in human and mouse OLT recipients (59). Indeed, by determining the susceptibility to NET 

formation via autophagy signaling, neutrophil Ceacam1-L isoform may serve as a biomarker 

of NETosis and a checkpoint regulator of sterile inflammation. Hence, our present and 

former studies highlight cell-specific “beneficial” functions of hepatocyte Ceacam1-S and 

neutrophil Ceacam1-L isoforms, and their crosstalk in the stressed liver tissue certainly 

warrants future in-depth assessment.

In conclusion, this translational study not only addresses how hepatic CEACAM1 acts as a 

checkpoint regulator of IR-stress and sterile inflammation in the liver, but also adds to the 

limited knowledge of how post-transcriptional regulatory machinery may affect OLT in mice 

and humans. Hif-1α contributed to Ceacam1 AS through regulation of Ptbp1. Increased 

Ceacam1-S expression improved ischemia tolerance, suggesting that this mechanism may 

represent a potential therapeutic target for hepatoprotection against IR-stress in OLT.
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MATERIALS AND METHODS

Study design

This study was designed to determine the functional role of AS of Ceacam1 and its crosstalk 

with Hif-1α signaling in hepatic IR-stress and injury in mice (in vivo models of liver 

wIRI/OLT and in vitro models of primary hepatocyte cultures exposed to oxygen-stress 

conditions) and humans (forty-six adult primary OLT recipients). All mouse experiments 

were approved by the UCLA Animal Research Committee (ARC #1999–094). For mouse 

studies, daily monitoring was performed and if they became symptomatic (including an 

enlarged head, ataxia, or weight loss of up to 25%), individuals were euthanized. Mice 

were excluded when hydrocephalus was observed. All human studies were approved by 

the UCLA Institutional Research Board (IRB protocol 13–000143) and written informed 

consent was received from participants before inclusion in the study. The sample size 

for each experimental group (n) is indicated in the figure legends and varied between 

at least three and nine mice/hepatocyte samples per experimental group. For mouse and 

human models, mice were randomized to each group, and IF/IHC analyses were performed 

blinded. All in vivo experiments were replicated three or more times by two experimentalists 

working independently.

Clinical liver transplant study

The recipient and donor variables of the clinical cohort are shown (Tables S1A/B). Study 

data were collected and managed using REDCap electronic data capture tools hosted at 

UCLA. All donor organs were perfused and stored in cold UW solution (ViaSpan; Bristol-

Meyers Squibb, Garden City, NY). Cold ischemia time was defined as the time from 

perfusion of the donor organ with UW solution to the removal of the liver from cold 

storage. Protocol Tru-Cut needle biopsies (Bx) were obtained intra-operatively from the 

left lobe at about 2h after portal reperfusion (prior to surgical closing of the abdomen) 

and snap-frozen. A Clavien Dindo Classification system was used to rank the severity of a 

surgical complication in liver biopsies. It is based on the type of therapy needed to correct 

the complication. The scale consists of several grades and in this study, Grade III was used 

to indicate that surgical intervention was necessary. The primer sequences are listed in Table 

S6 found in (6). The expression of the target gene was normalized to the housekeeping gene, 

β-ACT or GAPDH (60).

Statistical analysis

Raw data for experiments in which n < 20 are presented in Data File S1. GraphPad 

Prism 8.0.1 was used for statistical analyses where SEM represents the mean value SD 

quotient relative to the square root of N. For mouse experiments, comparisons between 

two groups or multiple groups were assessed using a two-tailed Student’s t-test, one or 

two-way analysis of variance ANOVA. A Kruskal-Wallis test or Mann-Whitney U test 

was used as a nonparametric (distribution free) test. Post-hoc analyses were performed 

using Dunn’s multiple comparison test or Tukey’s HSD (honest significant difference test), 

where test assumptions for normality were satisfied by a Shapiro-Wilk or Kolmogorov-

Smirnov test. Survival curves were compared using log-rank tests. For human data, 

continuous values were analyzed by two-tailed Student’s t test, and Fisher’s exact test was 
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used to determine nonrandom associations between two categorical variables. Spearman’s 

correlation coefficient (r) was used to evaluate the strength of the linear relationship between 

variables. The cumulative graft survival rate was analyzed by Kaplan-Meier method. A 

p-value of <0.05 was considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Acute liver injury promotes Ceacam1 alternative splicing (AS).
(A) Western blots of Ceacam1 and Hif-1α from livers and serum isolated from C57BL/6 

mice subjected to wIRI at time-points 0 h (Sham) vs. 6h post-reperfusion. (B) Quantitation 

of hepatic Ceacam1 and Hif-1α expression from panel A, relative to β-Act (n=3–4/

group). Hif-1α Sham vs. 6h by unpaired Student’s t-test (P=0.0324). (C) Total mRNAs 

were subjected to exon junction primers designed to measure each splice variant. M is 

marker with sizes (bp) shown on the left and L and S denote Ceacam1-L or Ceacam1-S, 

respectively. Biological replicates/group are represented by black line above each blot. (D) 
Quantitation of % Ceacam1-S relative to total Ceacam1 mRNA from panel D was analyzed 

by Kruskal-Wallis test (P<0.034; n=3–4/group). (E) Serum AST (sAST) was analyzed by 

one-way ANOVA (P<0.0001). IU/L is International Units Per Liter. Tukey’s HSD test for 

Sham vs. 6h and Sham vs. 12h were both P<0.0001. For panels B-D, Sham, Actb, and β-Act 

served as internal controls. Data shown are mean±SEM, using at least n=3–9/group.
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Fig. 2. Ad: Ceacam1-S rescues hypoxia-triggered cellular stress in murine hepatocytes through 
Ask1/p-p38 signaling.
(A) Ceacam1-deficient (KO) mouse hepatocytes were transfected with Ad-viral particles at 

the indicated MOI (multiplicity of infection). WT lysates (+) show endogenous amounts. 

(B). Quantitation of Ad: Ceacam1 isoforms and Grp78 protein expression from 50 vs. 25 

MOI lysates were analyzed by two-way ANOVA for both groups (P<0.0001, Ceacam1; 

P=0.0005, Grp78), followed by Tukey’s HSD. Expression was relative to internal standard 

Vnc (n=3–4/group). (C) Bright-field microscopy of Ad-expressing hepatocytes treated with 

hypoxia (+H) for the indicated time. Black arrows indicate areas of cellular adhesion, 

whereas black arrowheads show lack thereof. Representative specimens (n=3/group; all 

images were 125–150 x original magnification except for 0 x for WT -H, scale bar shows 

100 μm). Representative specimens (n=3/group; original magnification ×160, scale bar 

shows 100 μm). (D) Viruses were given undiluted (lanes 1, 4, 10) or diluted 1/2 (lanes 2, 5, 

11), 1/5 (lanes 3, 6, 12), 1/10 (lanes 7, 13), 1/20 (lanes 8, 14), and 1/40 (lanes 9, 15) MOI 

concentration as denoted by the descending black triangle. Western blots were evaluated for 

protein expression of Ceacam1, Ask1, p-p38 and β-Act (n=3–6/group). (E) Quantification of 

data from panel D. A Kruskal-Wallis test was used for parallel p-p38 samples (P=0.0235) 

relative to β-Act (n=3–6/group). The collective set of MOIs were grouped for Ceacam1 

and p-p38 analyses. Post-hoc analyses were performed using an uncorrected Dunn’s test 

(P=0.0177). Data shown are mean±SEM and represent at least three biological replicates. *, 

** represent P values <0.05 and <0.01.
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Fig. 3. Induction of AS of Ceacam1 by splice-blocking morpholino oligomers (MOs) protects 
murine hepatocytes against temperature-induced stress in vitro.
(A) Experimental scheme targeting variable exon 7 using morpholinos (MO) under hypoxia-

reoxygenation (H/R) stimulation (see Supplemental Materials for more details). (B-C) Exon-

junction RT-PCR of Ceacam1 isoforms in cold storage stress (4°C) vs. warm storage stress 

(37°C) conditions, (n=3/group). L and S notations mark isoform positions, and Actb is the 

loading control. (D) Quantification of Ceacam1-S expression based on panels B-C data. 

Expression normalized to total Ceacam1 mRNA. One-way ANOVA analyses for cold and 

warm storage stress MO groups (P=0.0001 and P=0.0008) was followed by Tukey’s HSD 

test for EJ:MO or E7:MO vs. NS:MO cold storage stress samples (P<0.0001 each) and for 

EJ:MO vs. NS:MO warm storage stress samples (P<0.0007). (E, G) Western blot detection 

for Ceacam1, β-actin and histone H3 under cold stress (panel E) vs. warm stress (panel 

G). Coomassie staining was also performed to normalize histone H3 expression. (F, H) 
Quantification of protein data from panels E and G. Expression normalized to β-actin and 

Coomassie stain. A Kruskal-Wallis test was used for cold and warm storage stress Ceacam1 

MO groups (P=0.0107 and P=0.0250) were followed by Tukey’s HSD test for E7:MO vs. 

NS:MO cold storage stress samples (P<0.0225) and E7:MO vs. NS:MO warm storage stress 

samples (P<0.0341), (n=3/group). Histone H3 served as an indicator of hepatocellular stress. 

Data shown are mean±SEM and represent at least three biological replicates. *, ***, **** 
represent P values <0.05, <0.001, and <0.0001, respectively, for differences between groups.
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Fig. 4. Hepatic Ceacam1-L exacerbates liver IRI and reduces OLT survival.
(A) Genetically modified mouse (C57BL/6) donor livers, subjected to extended cold storage 

(18h), were transplanted to syngeneic WT recipients. Donors were characterized by: Global 

Ceacam1 deficiency (GCC1-KO, n=10); liver-specific rat Ceacam1-L overexpression in the 

C57BL/6 background (CC1-Tg; n=9), or the Global Ceacam1-KO background (L-Resc, 

n=9); and liver-specific Ceacam1-L deficiency (L-KO, n=9). (B) Serum was collected 

6h post-reperfusion for ALT analyses (IU/L, n=3–8/group). Ordinary one-way ANOVA 

analyses of donor liver groups (P=0.0001) were followed by Tukey’s HSD test for WT 

Control (Cntl) vs. L-KO (P=0.0250) and GCC1-KO vs. L-KO (P<0.0001). (C) Animals 

were monitored for 14 days, and cumulative survival rates were estimated using the Kaplan-

Meier method. Survival curves were compared using log-rank tests where the calculated 

observed number of deaths in each group was compared to the number expected if there 

were no differences between the groups. The dotted line indicates WT controls (n=9), while 

the solid indicates Ceacam1 experimental groups.
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Fig. 5. Hif-1α influences pre-and post-transcriptional Ceacam1 expression in murine hepatocytes 
in vitro.
(A) Experimental scheme using inhibitor Echinomycin (Ecn) or stabilizer (CoCl2) of Hif-1α 
in oxygen-stress conditions. (B) Time course of Hif-1α, Ceacam1-S, and histone H3 

expression with hypoxia followed by indicated periods of normoxia. (C) Quantitation of 

histone H3 and Hif-1α from parallel panel B samples, measured by one-way ANOVA 

Kruskal Wallis test [Hif-1α (P<0.0139), histone H3 (P<0.0197) mock vs. 0 h]. (D) 
Quantitation of AST levels from culture media collected from panel B samples. (E) qRT-

PCR detection of mRNA coding for Hif-1α relative Actb expression. (F) Exon junction 

RT-PCR and quantification for Ceacam1 isoforms and Actb analyzed by one-way ANOVA 

(P=0.00023, P=0.0007, mock vs. 50 and 10 nM) (G) Western blot of cultured normoxic 

hepatocytes treated with CoCl2 for either 4h or 18h (upper) panel. Magnified lanes highlight 

the production of Ceacam1-L. Positive Ceacam1-L control obtained from mouse intestinal 

tissue. Quantitation of Ceacam1-S and Hif-1α, relative to β-Act are in lower panel. (H) 
Immunofluorescence detection of Hif-1α and Ceacam1 from mouse hepatocytes in vitro 

exposed to hypoxia for 90min (H+). White arrows indicate cellular Ceacam1 location. 

Original magnification is x20, scaled upwards 120x for visualization. Scale bar shows 100 

μm. Panels C-G were analyzed by one-way ANOVA. Post-hoc analyses for panel C used 

Dunn’s test, whereas panels D-G used Tukey’s HSD analyses (at least n=3/group). Data 
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shown are mean±SEM. *, **, ***, **** represent P values <0.05, <0.01, <0.001, and 

<0.0001, respectively.
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Fig. 6. Hif-1α promotes Ptbp1 expression during hypoxia.
(A) Luciferase assays determined the relationship between Hif-1α, Ptbp1, and hnRNP 

A1. WT C57BL/6hepatocytes were transfected with constructs containing either WT or 

deletion mutations as shown, relative to the transcription start site (TSS), following H/R 

(n=6–12 biological replicates). Data analyzed by one-way ANOVA followed by Tukey’s 

HSD test. (B) Western blotting data for Ceacam1-S, Hif-1α and Vnc after RNA interference 

of Hif-1α and hypoxia/reoxygenation. Antibodies were directed to Hif-1α, Ceacam1 and 

Vnc. (C) Densitometer quantitation from panel B (n=3) analyzed by one-way ANOVA 

followed by Tukey’s HSD test. Vnc was used for normalization. (D) Anti-RNA polymerase 

II Ab and primers were used with GAPDH as a positive control for ChIP RT-PCR, 

establishing sensitivity and specificity conditions. Four ng ChIP DNA was used for 

downstream Ptbp1 studies. (E) ChIP of mouse Ptbp1 using antibody directed to Hif-1α. 

The region of the promoter targeted is notated above the panel. The apparent slower 

migration of DNA Ptbp1 for region −572 to −312 relative the input is attributed to mass 

of product loaded, as compared to normoxia samples. (F) Quantitation of parallel ChIP 

Ptbp1 panel E samples. Unpaired Student’s t-test of representative samples was performed 

for −900->−537 ±H (P=0.0002) and −900->−537 ±H (P=0.0002). (G) Summary of Hif-1α 
dependent interactions. Stable interactions were present before and after hypoxia, whereas 

hypoxia induced interactions occurred only after limited oxygen availability. Data shown are 

mean±SEM and represent at least three biological replicates. *, **, ***, **** represent P 
values <0.05, <0.01, <0.001, and <0.0001, respectively.
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Fig. 7. DMOG alleviates liver injury in mice and promotes Ceacam1 alternative splicing.
(A) Experimental scheme for wIRI and treatment. (B) Gross anatomical examination 

of Control (Cntl; no DMOG, +wIRI) vs. DMOG (+ treatment +wIRI). Black arrows 

indicate areas of liver damage or lack thereof. (C) sAST (P=0.057, unpaired Student’s 

t-test) and sALT concentrations in control and DMOG treated mice (n=5–6/group). (D) 
Representative images of H&E and TUNEL staining (brown) in liver tissue. Black arrows 

indicate dead cells. Original magnification, x20, scale 1/70). Scale bar shows 100μm. (E) 
Suzuki’s histological grading of liver IRI in Sham, control and DMOG treated mice (n=4–

6/group). (F) Quantification of TUNEL-positive cells from panel D (n=6/HPF). (G) qRT-

PCR analysis of Hif1A and Mcp1 mRNA expression after normalization to Actb. (n=3–8 

per group). (H) Representative immunohistochemical staining of Ly6G (green) and nuclei 

(DAPI, blue) in liver tissue from control (Cntl) and DMOG treated mice. Arrows indicate 

extranuclear staining of Ly6G+ cells (original magnification, x20; scale bar shows 100 μm). 

(I) Quantification of infiltrating Ly6G-positive neutrophils/6HPF. (J) Western blots and 

(K) relative intensity ratios of PhD1, Hif-1α, and Ceacam1 expression in Sham, control 

and DMOG treated livers, (n=3–5/group). (L) RT-PCR to measure Ceacam1 splice variant 

mRNA expression in Sham, control and DMOG treated livers. (M) Relative intensity ratios 

to measure % Ceacam1-S in panel L. Panels C and I were analyzed by Mann-Whitney 

tests whereas panels E-F were analyzed by one-way ANOVA and Tukey’s HSD test. Panel 

G and K were analyzed by two-way ANOVA and Tukey’s HSD test. Panel M by Kruskal-

Wallis test followed by post-hoc Dunn’s test. β-Act served as loading control. Data shown 

are mean±SEM. *, **, ***, **** represent P values <0.05, <0.01, <0.001, and <0.0001, 

respectively.
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Fig. 8. Hepatic CEACAM1-S mRNA expression associates with HIF1A mRNA in human OLT 
recipients before liver implantation.
(A) Forty-six human donor liver biopsies (Bx) were collected before (pre-OLT) and 

after transplantation (post-OLT). (B) Pre-transplant HIF1A vs. CEACAM1-S mRNA 

expression by Spearman r analyses. (C) Pre-transplant human liver Bx samples were 

divided into low (n=23; red) and high (n=23; blue) CEACAM1-S expression groups, 

after normalization to CEACAM1 total mRNA (S/S+L), P<0.0001. (D) High CEACAM1-
S expression pre-transplant compared to pre-OLT HIF1A expression, P=0.0080. (E-H) 
Pre-transplant CEACAM1-S/HIF1A ratios were compared to post-OLT TIMP1, P=0.0012 

(Mann-Whitney U test). (F) Total bilirubin on postoperative day 1 (POD)-POD7, relative 

CEACAM1:HIF1A by two-way ANOVA (P<0.0001, high vs. low CEACAM1/HIF-1α). 

(G) Incidence of delayed biliary anastomosis (Fisher’s exact test, P<0.0223), relative 

CEACAM1-S/HIF1A. (H) Correlation of CEACAM1-S/HIF1A ratios to MCP1, CXCL10, 
IL17A mRNA expression in post-transplant Bx (Spearman r). (I) Spearman r analyses for 

pre-transplant CEACAM1-S expression and MELD score.
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