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Abstract  

Mutations in the solute-linked carrier family 4 member 11 (SLC4A11) gene are 

associated with congenital hereditary endothelial dystrophy (CHED), Fuchs 

endothelial corneal dystrophy and Harboyan syndrome, in all of which visually 

significant cornea edema may require corneal transplantation. However, the 

pathogenesis of SLC4A11-associated corneal endothelial dystrophies remains to be 

elucidated. Recent evidence suggested cellular respiration reprogramming and 

mitochondrial oxidative stress in SLC4A11-deficient corneal endothelium. Given the 

complexity of cellular metabolic regulation and its cell type specific impact on cellular 

physiology, we systemically analyzed the transcriptome of SLC4A11 knock-down 

primary human corneal endothelium (SLC4A11 KD pHCEnC) and corneal 

endothelial cells derived from Slc4a11-/- mice (Slc4a11-/- MCEnC) to provide a 

comprehensive characterization of the transcriptome profile changes resulting from 

loss of SLC4A11. To identify the conserved molecular mechanisms that lead to 

cornea endothelial dysfunction in both the human and murine models, we performed 

comparative transcriptomic analysis. Our analysis identified inhibition of cell 

metabolism and ion transport function as well as mitochondria dysfunction as shared 

between SLC4A11 KD pHCEnC and Slc4a11-/- MCEnC. Functional analysis 

confirmed the absence of SLC4A11-mediated NH4Cl-induced membrane 

depolarization in Slc4a11-/- MCEnC. Transcriptome of SLC4A11 KD pHCEnC and 

Slc4a11-/- MCEnC identified downregulation of Na+-HCO3
- transporter (NBCe1, 

SLC4A4), a key player in corneal endothelial ‘pump’ function, and upregulation of 

Syntaxin 17 (STX17), an initiator of mitophagy. NBCe1 and STX17 were further 

analyzed in Slc4a11-/- MCEnC for functional impact and in SLC4A11 KD pHCEnC 

and corneal endothelium from individuals with CHED for protein expression, all 
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showed consistent changes with transcriptome. CHED corneal endothelium also 

showed decreased immunostaining intensity for mitochondria markers suggesting 

decreased mitochondira density . In SLC4A11 KD pHCEnC and Slc4a11-/- MCEnC, 

steady state ATP depletion and ATP sensing AMPK-p53 pathway activation were 

observed, consistent with the prediction using transcriptome data that transcriptional 

factor p53 were responsible for the transcriptomic changes.  These findings suggest 

that insufficient energy fueling the corneal endothelial ‘pump’, as a result of 

metabolic inhibition and failing mitochondria, is the direct cause of clinical phenotype 

of corneal edema in SLC4A11-associated corneal endothelial dystrophies. 
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INTRODUCTION 1 

Solute-linked carrier family 4 member 11 (SLC4A11) is one of the highly expressed 2 

differentiation markers for corneal endothelium [1-3]. Mutations in SLC4A11 are 3 

associated with congenital hereditary endothelial dystrophy (CHED), Harboyan 4 

syndrome (CHED with perceptive deafness) and Fuchs endothelial corneal 5 

dystrophy (FECD) [4-7]. Additional evidence of a role for SLC4A11 in FECD comes 6 

from reports of the hypermethylation of the SLC4A11 promoter and transcriptional 7 

downregulation of SLC4A11  in FECD corneal endothelium [8,9]. Children with 8 

CHED often present with bilateral corneal edema at or shortly after birth with 9 

significant vision impairment. Corneal transplantation is the only means of restoring 10 

vision and is associated with a guarded prognosis in terms of long term recovery of 11 

vision and graft survival [10]. In addition, these children are at risk of developing 12 

perceptive deafness later in life (Harboyan Syndrome) [11]. FECD affects as much 13 

as 5% of the U.S. population over 40 years of age [12], and visually significant 14 

corneal edema secondary to FECD is the most common indication for keratoplasty in 15 

US and worldwide [13,14]. Together, CHED and FECD constitute common 16 

indications for corneal transplantation in published series from around the world 17 

[15,16]. 18 

SLC4A11 is functionally characterized as an NH3 and alkaline pH stimulated 19 

H+ transporter, while permeability to Na+, OH- and water has also been reported [17-20 

21]. SLC4A11 is essential in facilitating energy producing glutaminolysis, maintaining 21 

antioxidant signaling and preventing apoptosis in corneal endothelial cell [22-25]. 22 

During development and in the event of oxidative DNA damage, SLC4A11 gene 23 

expression is directly upregulated by activated p53 during development and in the 24 

response to DNA damage [26,27]. In SLC4A11-associated corneal endothelial 25 
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dystrophies, the cornea edema that develops as a result of pathologic SLC4A11 26 

mutations is evidence of corneal endothelial dysfunction, either from direct cell 27 

loss/death or from disturbances in the corneal endothelial ‘pump-leak’ system [28-30]. 28 

Corneal endothelial ‘pump-leak’ system achieves corneal transparency by 29 

maintaining the dynamic balance between the passive fluid leak from anterior 30 

chamber into corneal stroma and the active pump moving fluid from corneal stroma 31 

to anterior chamber. The fluid leak in corneal endothelium is particularly significant 32 

because hydrophilic glycosaminoglycans in the stroma are only 13~23% hydrated in 33 

physiological condition, producing a significant swelling pressure [31-33]. In addition, 34 

corneal endothelial tight junctions are focally incomplete, leading to a 35 

nonhomogeneous seal of the lateral intercellular space and offering little resistance 36 

to the paracellular passage of water and solutes [34-36]. The fluid pump activity is 37 

associated with a host of ion channels/exchangers/pumps positioned strategically at 38 

the apical and basolateral membranes of the corneal endothelial cells [29,37] and 39 

driven by an ionic electrical-chemical gradient set up by the highly expressed Na+/K+-40 

ATPase [38]. As such, corneal endothelium has the second highest density of 41 

mitochondria among any cell types in the body (second to photoreceptors) to 42 

generate sufficient ATP to fuel the Na+/K+-ATPase driven endothelial ‘pump’. As 43 

mentioned above, SLC4A11 plays a significant role in facilitating ATP-generating 44 

glutaminolysis in corneal endothelium [24]. Thus, it is not surprising that 45 

glutaminolysis inhibition, mitochondria membrane potential (MMP) depolarization, 46 

enriched mitochondrial reactive oxidative species (ROS) and increased mitochondria 47 

turnover have been observed in the corneal endothelium of the Slc4a11-/- mouse 48 

[24,25,39], which recapitulates the CHED corneal phenotype of significant cornea 49 

edema, Descemet membrane thickening and progressive corneal endothelial cell 50 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted December 8, 2019. ; https://doi.org/10.1101/868281doi: bioRxiv preprint 

https://doi.org/10.1101/868281


Zhang et al. Energy Crisis in SLC4A11-deficient Corneal Endothelium  7 

 

loss [40]. Thus, the association between SLC4A11 and corneal endothelial 51 

mitochondrial function suggests SLC4A11 is involved not only in moving ions across 52 

the plasma membrane but also in the supply of energy to the endothelial ‘pump’.    53 

Approximately 94 mutations, including nonsense, missense, frameshift and 54 

intronic mutations, have been identified in SLC4A11 in individuals with CHED 55 

[4,6,11,41-58]. Coding region mutations have been identified in 17 of the 19 exons of 56 

SLC4A11, with no spatial clustering within to any of the xx functional domains of 57 

SLC4A11 protein. While a large number of these mutations result in SLC4A11 58 

protein misfolding and failure to mature to the plasma membrane [5,6,59-61], some 59 

mutations affect SLC4A11 transporter function without impacting membrane 60 

trafficking [19,62,63] or cause aberrant SLC4A11 pre-mRNA splicing and 61 

subsequent reduced SLC4A11 expression [57]. Collectively, these observations 62 

suggest that loss of SLC4A11 function is the primary pathogenetic mechanism in 63 

CHED rather than mutant SLC4A11 protein misfolding/mislocalization in ER and 64 

secondary unfolded protein response. Therefore we investigated the impact of 65 

SLC4A11 reduction on the corneal endothelial transcriptome in human and murine 66 

corneal endothelial cells, with validation in corneal endothelium from individuals with 67 

CHED, and elucidated the upstream molecular mechanism leading to the observed 68 

transcriptomic changes.    69 
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MATERIALS AND METHODS 70 

Isolation and Culturing of Primary Human Corneal Endothelial Cells 71 

Primary cultures of human corneal endothelial cells (pHCEnC) were isolated from 72 

donor corneas as previously described [64]. Cells were plated in laminin coated cell 73 

culture plastic and cultured in a 1:1 mixture of F12-Ham’s and M199 (F99) medium. 74 

Experiments were performed when the cells achieved an intact and confluent 75 

monolayer. 76 

Knock-down of SLC4A11 in pHCEnC 77 

Confluent pHCEnC were transfected with 10nM anti-SLC4A11 siRNA (siRNA-78 

CrCrGrArArArGrUrArCrCrUrGrArArGrUrUrArArArGrArACT) or scrambled siRNA 79 

(OriGene Technologies) using Lipofectamine LTX (Life Technologies). At 72 hrs 80 

post-transfection, the cells were lysed in either Tri Reagent (Sigma-Aldrich) or 81 

radioimmunoprecipitation assay (RIPA) buffer for RNA and protein isolation, 82 

respectively.  83 

Immortalized Mouse Corneal Endothelial Cell (MCEnC) Culture 84 

Immortalized Slc4a11+/+ and Slc4a11-/- MCEnC lines were derived from Slc4a11+/+ 85 

and Slc4a11-/- mice corneal endothelium respectively as previously described [25]. 86 

All MCEnC lines were cultured on flasks coated with a mixture of 40 µg/cm2  87 

chondroitin sulfate (Sigma-Aldrich) and 40 ng/ cm2 laminin (Sigma-Aldrich). Details of 88 

culture medium used can be found in supplemental material.  89 

Total RNA Isolation from pHCEnC and MCEnC 90 

Total RNA from cultured pHCEnC was isolated in TRI Reagent and purified with the 91 

RNeasy Clean-Up Kit (Qiagen). Total RNA from cultured MCEnC was isolated and 92 

purified using the RNeasy Plus Mini Kit (Qiagen). The integrity of the purified RNA 93 
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was analyzed by the Agilent 2100 Electrophoresis Bioanalyzer System (Agilent 94 

Technologies). 95 

RNA Sequencing (RNA-Seq) of total RNA from pHCEnC and MCEnC 96 

Purified total RNA from pHCEnC was prepared for RNA-seq libraries using KAPA 97 

mRNA HyperPrep Kit. Libraries were sequenced on the Illumina Hi-Seq 4000 and 98 

paired-end 150-bp reads were generated. Purified total RNA from MCEnC was 99 

submitted to the UCLA Technology Center for Genomics & Bioinformatics for library 100 

preparation and sequencing. Single-end 50-bp reads were generated using the 101 

Illumina Hi-seq 3000. The generated FASTQ files and quantitative results are 102 

available from the GEO DataSets database (accession number XXXXX and XXXXX; 103 

NCBI). 104 

RNA-sequencing Data Analyses 105 

The FASTQ files containing the raw reads from the pHCEnC and MCEnC were 106 

aligned to the human (GRCh38/hg38) and mouse (GRCm38/mm10) genomes 107 

respectively using Hisat2. The raw counts of aligned reads were converted to counts 108 

per million (CPM) mapped reads with consideration of library size and normalized by 109 

the method of trimmed mean of M values (TMM). Then linear models for microarray 110 

analysis (LIMMA) coupled with variance modeling at the observation-level (VOOM) 111 

were used for differential gene expression analysis in R software. The following 112 

thresholds defined differential expression: CPM > 1, fold change (fc) > 1, and 113 

adjusted p-value < 0.05. Differential gene expression (DGE) lists were obtained from 114 

the following sample sets respectively: pHCEnC sample set: passage 1 of pHCEnC 115 

with siRNA targeting SLC4A11 versus scrambled RNA control (SLC4A11 KD 116 

pHCEnC and scRNA pHCEnC; n=3 each); MCEnC early sample set: early passages 117 

of Slc4a11-/- MCEnC versus wild-type control (p6 Slc4a11-/- and p7 Slc4a11+/+ 118 
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MCEnC; n=4 each); and MCEnC late sample set: late passages of Slc4a11-/- 119 

MCEnC versus wild-type control (p39 Slc4a11-/- and p40 Slc4a11+/+ MCEnC; n=4 120 

each).  121 

Ingenuity Pathway Analysis 122 

Ingenuity Pathway Analysis (IPA®, QIAGEN Bioinformatics) was used to perform 123 

comparative transcriptome analysis among three sample sets (pHCEnC, MCEnC 124 

early and MCEnC late), canonical/biological function pathway enrichment and 125 

upstream regulator prediction analyses on each sample set. In the comparative 126 

transcriptome analysis, canonical and biological function pathways with a predicted 127 

activation z-score in each of the three sample sets were sorted by the sign and value 128 

of the z-score to identify the most enriched pathways.  Enriched canonical and 129 

biological function pathways without an assigned z-score and predicted upstream 130 

regulators were ranked by mean enrichment p-values among sample sets. 131 

Quantitative PCR 132 

Quantitative PCR was performed to validate the differential expression of selected 133 

genes from transcriptome DGE list on separate batches of RNA samples from 134 

SLC4A11 KD pHCEnC and Slc4a11-/- MCEnC. Total RNA of 1 µg from each sample 135 

was reversed transcribed using SuperScript III First-Strand synthesis kit (Sigma). 136 

Quantitative PCR was performed on the LightCycler 480 System (Roche) using the 137 

KAPA SYBR FAST Universal Kit (Kapa Biosystems) with an annealing temperature 138 

of 60 °C. Primers used are listed in Supplemental Table 1. Relative gene expression 139 

was obtained by comparison to the housekeeping gene PPIA/Ppia or ACTB/Actb 140 

and was calculated by the comparative Ct (2-ΔCt) method.  141 

Immunofluorescence 142 
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Five-micrometer sections of paraffin-embedded corneas from healthy donors and 143 

individuals with CHED were de-paraffinized and re-hydrated in a graded ethanol 144 

series (100%, 95% and 70% and 50%) for 5 min and subject to antigen retrieval in 145 

10 mM Na-citrate. After blocking with 2% bovine serum albumin (BSA) in PBS, 146 

sections were incubated overnight at 4 °C with primary antibodies (listed in 147 

Supplemental Table 1) in 2% BSA.  Slides were then incubated with 1:200 Alexa 148 

Fluor® 488 F(ab’)2-Goat anti-Rabbit IgG (Invitrogen) and 1:200 Alexa Fluor® 568 149 

F(ab’)2-Goat Anti-Mouse IgG (Invitrogen) with DAPI in PBS with 2% BSA for one 150 

hour. Sections were mounted with prolong anti-fade mounting reagent (Invitrogen) 151 

and imaged with Olympus FV-1000 inverted confocal fluorescence microscope. 152 

Florescence intensity of the images were quantified using FLUOVIEW 4.2 and 153 

ImageJ software.  154 

Single Cell Patch-clamp Recording 155 

Single cell recordings were made from MCEnC cultured on 25-mm glass coverslips 156 

to ∼10–20% confluence to isolate single adhered cells. Membrane voltages were 157 

measured using whole-cell patch electrodes in current clamp mode (Ihold = 0) as 158 

previously described [65]. Ammonium evoked responses were sampled at 1kHz and 159 

digitally low-pass filtered at 50Hz using a 7-pole Butterworth filter. Data were 160 

reported as mean (95%CI). Details of data acquisition and statistical analysis can be 161 

found in supplemental material.  162 

Intracellular pH Measurement 163 

Intracellular pH (pHi) measurements were performed by monitoring intracellular free 164 

H+ concentration using pH-sensitive fluorescent dye BCECF-AM (2′7′-165 

bis(carboxyethyl)-5(6)-carboxyfluorescein-acetoxymethyl ester, B1170; Thermo 166 
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Fisher Scientific) as described previously [21,22]. Details of experimental settings 167 

can be found in supplemental material.  168 

Western Blotting 169 

Whole-cell lysates from pHCEnC and MCEnC were prepared with RIPA buffer with 170 

proteinase and phosphatase inhibitors. Total protein was quantified by bicinchoninic 171 

acid (BCA) assay, separated and detected on Simple Western system Wes™ 172 

(ProteinSimple). Quantification and data analysis were performed in Compass for 173 

SW software (ProteinSimple). Antibodies used are listed in Supplemental Table 1.  174 

Intracellular ATP Assay 175 

MCEnC and pHCEnC were seeded on 1 × 105 /mL in 12- and 24-well plates, 176 

respectively, and cultured to sub-confluence. ATP was extracted by a boiling water 177 

method [66], and measured using a luciferin-luciferase based ATP assay kit 178 

(Molecular Probes) following the manufacturer’s instructions. 179 

Statistical Analysis 180 

Statistical analysis was performed in GraphPad Prism 7.0 software, unless otherwise 181 

indicated, with appropriate statistical tests based on the data structure. Specific 182 

statistical tests used for each comparison are indicated in figure legends. Data are 183 

presented as mean ± SEM unless otherwise indicated. Statistical significance is 184 

denoted as follows in the figures: p < 0.05, *; p < 0.01, **; p<0.001, ***; p<0.0001, 185 

****.  186 
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RESULTS  187 

SLC4A11 Mutations Do Not Result in Decreased Mutant SLC4A11 Expression 188 

Corneal specimens two individuals with CHED were examined with light microscopy 189 

and immunocytochemistry.  One of the two individuals (SLC4A11Mu/Mu) demonstrated 190 

compound heterozygous mutations in SLC4A11 (NM_001174090.1) 191 

c.[473_480delGCTTCGCCinsC];[2623C>T], p.[(R158PfsX3)];[(Arg875*)] and the 192 

other (SLC4A11Mu/WT) demonstrated a single heterozygous SLC4A11 coding region 193 

mutation [c.2146C>G (p.Pro716Ala)]. Both corneal specimens demonstrated a 194 

significantly thickened Descemet’s membrane and an attenuated corneal endothelial 195 

layer with cytoplasmic inclusions present in some cells (Fig. 1A). 196 

Immunofluorescence staining for SLC4A11 protein in the corneal endothelium was 197 

performed in conjunction with the use of an antibody against an endoplasmic 198 

reticulum marker, protein disulfide isomerase (PDI), to investigate whether SLC4A11 199 

mutations lead to disease via protein misfolding and retention in the endoplasmic 200 

reticulum (ER), as previously reported [5,6,60]. There was no difference in the 201 

corneal endothelial SLC4A11 protein staining intensity between the two specimens 202 

from the individuals with CHED and seven healthy controls.  In addition, the staining 203 

localized to the cellular membrane and did not co-localize with PDI (Fig. 1B). Thus, 204 

in the corneal endothelium of these two individuals with CHED, mutant SLC4A11 205 

expression is not reduced compared to wild type SLC4A11 expression in controls, 206 

and remains localized to the cellular membrane instead of being retained in the ER. 207 

SLC4A11/Slc4a11 Reduction Induces Corneal Endothelial Transcriptome Changes 208 

Next, we performed transcriptome analysis in pHCEnC and MCEnC with reduced 209 

SLC4A11/Slc4a11, mimicking the loss of SLC4A11 function in CHED corneal 210 

endothelium. Principle component analysis (PCA) was performed to ensure tight 211 
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clustering within biological triplicates, and to ensure that the number of dimensions 212 

considered are sufficient in explaining the variances between samples of different 213 

genotypes (Supplemental Figure 1). Based on the shared corneal endothelial 214 

phenotypes between human CHED and the Slc4a11-/- mouse, we compared the 215 

transcriptomes from SLC4A11 KD pHCEnC and early and late passage MCEnC 216 

derived from Slc4a11-/- mice (denoted as pHCEnC, MCEnC early and MCEnC late 217 

sample set, respectively) [25]. A comparison of the genes identified from each 218 

sample set that were differentially expressed in comparison to appropriate controls 219 

revealed 3171 genes that were consensually differentially expressed across three 220 

sample sets (Fig.1C), of which 1041 genes were differentially expressed in the same 221 

direction (Fig.1D). Over a third of the 30 most highly differentially expressed genes 222 

(Fig.1E) have been previously demonstrated to play important functional roles in the 223 

cornea and/or have been associated with corneal diseases, including SEMA3E [1], 224 

MST1R [67], RNF43 [68], SLC2A3 [69], WNK4 [70], SLC4A4 [71], CYGB [72], 225 

SLC9A7 [1,73], ZNF469 [74-77], BNC1 [78] and TTC22 [79].  226 

Loss of SLC4A11 Leads to Generalized Inhibition of Cellular Metabolism 227 

Comparison of enriched canonical pathway from Slc4a11 KD pHCEnC, Slc4a11-/- 228 

MCEnC early and Slc4a11-/- MCEnC late sample sets identified a shared generalized 229 

inhibition (defined by negative activation z-score) of multiple metabolic pathways that 230 

were interconnected via intermediate metabolites (Fig.2A, B). A generalized 231 

decrease in the expression of enzyme-encoding genes in these pathways was 232 

observed (Fig.2C-I), a finding that was confirmed for selected genes from each 233 

pathway using qPCR (Fig.2J). 234 

Altered Expression of Channels and Transporters Impairs Transport Function of 235 

Corneal Endothelium 236 
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IPA biological function enrichment analysis identified “transport of molecule” as 237 

the top inhibited function (negative z-score) shared between the transcriptomes of 238 

the pHCEnC, MCEnC early and late samples sets (Fig. 3A). Since SLC4A11 is an 239 

electrogenic NH3:H
+ co-transporter [17], we performed single cell recording of 240 

membrane potential of Slc4a11+/+ and Slc4a11-/- MCEnC in response to 241 

extracellularly perfused 10 mM NH4Cl . While exposure to NH4Cl induced a +12.7 242 

mV (95% CI +5 mV, +20 mV) depolarization in Slc4a11+/+ MCEnC, likely due to the 243 

NH3:H
+ permeability provided by Slc4a11, exposure to NH4Cl induced a -9.50 mV 244 

(95% CI -19.3 mV, -0.5 mV) hyperpolarization in Slc4a11-/- MCEnC (Fig. 3B, C).  245 

To further understand the nature of this depolarization to hyperpolarization shift 246 

resulting from loss of Slc4a11, we examined the list of 1041 genes differentially 247 

expressed in the same direction in pHCEnC, MCEnC early and MCEnC late sample 248 

sets to identify channels and transporters with a log2FC > 1 (Fig. 3D). Twelve genes 249 

encoding ion channels were identified (Fig. 3D) including:  Cl- channels (CLCN3, 250 

CLCN2, ANO5) and Ca2+ channels (TRPC1, TRPV4, CACNB1, CACNB4, TRPV2), 251 

which were both up- and down-regulated; and K+ channels (KCNAB2, KCNMA1), 252 

which were exclusively down-regulated. Twenty six genes encoding transporters 253 

were identified (Fig. 3D), 12 of which were upregulated and 14 of which were down 254 

regulated. including: Na+-HCO3
-  co-transporter (SLC4A4), Ca2+-ATPase (ATP2B1), 255 

glucose transporter (SLC2A1, SLC2A13, SLC2A3, SLC2A12, SLC15A2), glutamine 256 

transporter(SLC38A1), Cl–/HCO3
- exchanger (SLC4A3), ATP-binding cassette (ABC) 257 

transporters (ABCA8, ABCC4), K+-Cl- cotransporter (SLC12A7), Na+/H+ exchanger 258 

regulator (SLC9A3R2), Na+-HPO3
- co-transporter (SLC20A1), lactate transporter 259 

(SLC16A4), Na+-carnitine co-transporter (SLC22A4, SLC22A18), SO4
2- transporter 260 

(SLC26A2). In particular, electrogenic Na+-HCO3
- co-transporter (NBCe1, SLC4A4), 261 
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which plays an essential role in the corneal endothelial ‘pump’ function [29], was 262 

down-regulated 4 fold in SLC4A11 KD pHCEnC and > 100 fold in Slc4a11-/- MCEnC 263 

(early and late passage) in transcriptomes of three sample sets (Fig.3D). The 264 

downregulation of SLC4A4/Slc4a4 was verified by qPCR in SLC4A11 KD pHCEnC 265 

and Slc4a11-/- MCEnC (Fig. 3E) and by Western blot in SLC4A11 KD pHCEnC (Fig. 266 

3F). Immunofluorescence staining for NBCe1 (SLC4A4) in the corneal endothelium 267 

of two individuals with CHED showed decreased expression of NBCe1 compared to 268 

control cornea endothelium (Fig. 3G, H).  269 

Next, direct functional measurement of Na+ dependent HCO3
- transport in 270 

Slc4a11-/- MCEnC showed reduced Na+-HCO3
- co-transporter activity when 271 

compared to Slc4a11+/+ MCEnC (Fig. 3I). In Fig.3I, intracellar pH (pHi) was 272 

maintained at a low value when Slc4a11-/- and Slc4a11+/+ MCEnC were perfused 273 

with Na+-free bicarbonate containing ([HCO3
-] 28.3 mM) solution. When switched to 274 

a Na+ containing bicarbonate solution, pHi increased as the Na+-HCO3
− cotransporter 275 

(NBCe1) started to move the weak base HCO3
− inward using Na+ inward 276 

transmembrane electrochemical gradient. We determined the initial slope of this 277 

pHi rise (pHi recovery) to serve as an indirect measure of Na+-HCO3
− cotransport 278 

activity, and observed reduced Na+ dependent pHi recovery in Slc4a11−/− MCEC 279 

than Slc4A11+/+ MCEnC (Fig. 3I, J).  280 

Mitochondria Dysfunction Leads to Reduced ATP Production  281 

Dilated mitochondria is a characteristic electron microscopy finding in CHED corneal 282 

endothelium, suggestive of mitochondrial involvement in the pathogenesis [80]. We 283 

identified “Mitochondria Dysfunction” is shared between pHCEnC and MCEnC early 284 

and late sample sets as the top enriched IPA canonical pathway (ranked by p-value, 285 

Fig. 4A). Correspondingly, in the list of 1041 genes differentially expressed in the 286 
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same direction in pHCEnC, MCEnC early and MCEnC late sample sets, genes 287 

encoding proteins involved in the mitochondria electron transport chain, mediating 288 

mitochondrial ATP flux, import machinery and translation machinery showed a 289 

generalized decreased expression (Fig. 4B, C). The transcriptomes also suggested 290 

‘autophagy’ was activated (Fig.3A) in SLC4A11 KD pHCEnC and Slc4a11-/- MCEnC. 291 

Together with the indication of “mitochondria dysfunction”, we specifically examined 292 

the differential expression of the STX17/Stx17 gene, which encodes SNARE protein 293 

Syntaxin 17 (STX17) and is an mitophagy initiator facilitating the removal of 294 

dysfunctional mitochondria [81]. STX17/Stx17 was upregulated in the SLC4A11 KD 295 

pHCEnC and Slc4a11-/- MCEnC transcriptomes (Fig. 4D), a finding that was 296 

validated by qPCR in SLC4A11 KD pHCEnC and Slc4a11-/- MCEnC (Fig. 4E), by 297 

Western blot in SLC4A11 KD pHCEnC (Fig. 4F) as well as by immunofluorescence, 298 

which demonstrated increased STX17 expression in CHED corneal endothelium 299 

compared with control (Fig. 4G). As STX17 can only mediate mitophagy where 300 

mitochondria are present, we co-stained for mitochondrial marker COX4 in CHED 301 

corneal endothelium and control (Fig. 4G), which demonstrated significantly 302 

decreased COX4 indicating reduced mitochondria density in CHED corneal 303 

endothelium (Fig.4G). Quantification of the relative STX17 abundance in reference to 304 

mitochondria density (STX17/COX4 ratio) showed increased STX17 level in CHED 305 

corneal endothelium (Fig. 4H). Quantification of COX4 staining intensity showed 306 

significantly reduced COX4 signal in CHED corneal endothelium than in healthy 307 

controls (Fig4 I). Staining CHED endothelium with another mitochondria marker, 308 

cytochrome C, also showed consistently decreased staining intensity (Fig. 4J, K). 309 

Given the evidence indicating mitochondrial dysfunction and reduced 310 

mitochondria density in the setting of reduced SLC4A11 expression, we 311 
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hypothesized that this would result in insufficient ATP energy supply to maintain the 312 

Na+-K+-ATPase driven corneal endothelial ‘pump’, and the cornea edema that 313 

characterizes CHED. Thus, we performed a direct measurement of the steady state 314 

ATP levels in SLC4A11 KD pHCEnC and Slc4a11-/- MCEnC, which revealed 315 

reduced ATP concentrations compared to control scRNA pHCEnC and Slc4a11+/+ 316 

MCEnC, respectively (Fig. 4L, M).  317 

Transcriptomic Changes Associated with Loss of SLC4A11 Are Mediated by 318 

Activation of AMPK-p53 Pathway  319 

To identify the upstream signaling pathway leading to the observed transcriptomic 320 

changes in SLC4A11 KD pHCEnC and Slc4a11-/- MCEnC, we performed upstream 321 

regulator prediction in IPA, which identified P53 (encoded by TP53 gene) as the top 322 

candidate transcription factor (Fig. 5A). Western blot analysis in SLC4A11 KD 323 

pHCEnC demonstrated increased Ser15 phosphorylation of p53 and an increased 324 

phosphorylated p53 / total p53 ratio compared to scRNA pHCEnC control (Fig. 5B), 325 

indicative of activation of p53 transcriptional activity. Similarly, in Slc4a11-/- MCEnC, 326 

we observed increased Ser18 phosphorylation of p53 (corresponding to Ser15 327 

of human p53) in Slc4a11-/- MCEnC late passage, although this was not observed in 328 

early passage (Fig.5C). However, there was increased total p53 level in both 329 

Slc4a11-/- MCEnC early and late passages (Fig.5C, D), indicative of transcriptional 330 

activation of p53.  331 

 To identify the kinase responsible for the Ser15 (Ser18 in mouse) 332 

phosphorylation and transcriptional activation of p53, we investigated the role of the 333 

cellular ATP sensor AMP-activated protein kinase (AMPK), given the observed ATP 334 

depletion in SLC4A11 KD pHEnC and Slc4a11-/- MCEnC as well as the reported 335 

capacity of AMPK to mediate Ser15 (Ser18 in mouse) phosphorylation and 336 
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transcriptional activation of p53 [82-84]. In the setting of a decreased ATP-to-ADP 337 

(or ATP-to-AMP) ratio, AMPK catalytic α subunit will be phosphorylated at Thr172 338 

whereas phosphorylation of regulatory β1 subunit at Ser182 is not dependent upon 339 

cellular ATP level [85]. In SLC4A11 KD pHCEnC and Slc4a11-/- MCEnC, we 340 

observed an increased ratio of Thr172 phosphorylated AMPKα / total AMPKα, and 341 

no change in the ratio of Ser182 phosphorylated AMPKβ1 / total AMPKβ1 (Fig. 5C).   342 
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DISCUSSION 343 

In this manuscript, we utilized human and mouse corneal endothelial cell lines with 344 

reduced expression of SLC4A11/Slc4a11 to investigate the cause of corneal 345 

endothelial dysfunction that characterizes each of the SLC4A11-associated corneal 346 

endothelial dystrophies (CHED, FECD and Harboyan syndrome. While several 347 

previous reports have elucidated possible roles for mitochondrial uncoupling, ER 348 

unfolded protein response, oxidative stress and apoptosis in SLC4A11-deficient cell 349 

lines [11,22,23,39,60,86], only one report examined CHED patient corneal 350 

endothelium and demonstrated increased oxidative stress [22]. We identified ATP 351 

depletion in corneal endothelial lacking SLC4A11/Slc4a11, in both transient (72 352 

hours) SLC4A11 knock-down pHCEnC and permanent Slc4a11 knockout MCEnC 353 

through prolonged passage (early vs late passage). The reduced corneal endothelial  354 

ATP levels provide a proposed pathogenesis for the corneal endothelial dysfunction, 355 

which clinically manifested as corneal edema. The fact that ATP depletion and ATP-356 

sensor AMPKα activation were detected within 72 hours of SLC4A11 knock-down in 357 

pHCEnC suggests this energy shortage from the loss of SLC4A11 function is likely 358 

the initial step in the pathogenesis of SLC4A11-associated corneal endothelial 359 

dystrophies that leads to the downstream cascade of oxidative stress and apoptotic 360 

cell loss.  361 

When examining the expression and localization of SLC4A11 protein in CHED 362 

corneal endothelium, we provide the initial evidence that mutant SLC4A11 protein is 363 

not retained in the ER of the corneal endothelium. While the prevailing hypothesis is 364 

that majority of SLC4A11 mutations result in protein misfolding and retention in the 365 

endoplasmic reticulum [5,6,60,61], supporting evidence is from overexpression of 366 

SLC4A11 mutants in a HEK293 cell line model. Mutant SLC4A11 localization was 367 
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neither investigated in corneal endothelial cells overexpressing SLC4A11 mutants 368 

nor in corneal endothelium from individuals with CHED. In addition, our 369 

immunostaining of CHED corneal endothelium did not show reduced expression 370 

level of the SLC4A11 mutant protein, consistent with the previous report that CHED 371 

corneal endothelium does not demonstrate reduced SLC4A11 expression at the 372 

mRNA level [22]. Instead, our data supports the alternative hypothesis that 373 

identified SLC4A11 mutations affect the protein transport function of the SLC4A11 374 

protein in the corneal endothelium [19,62,63].  375 

We used a comparative transcriptomics approach based on the observation of 376 

phenotypic similarities between CHED and the Slc4a11-/- mouse corneal phenotype 377 

[40,87]. This approach is based on the high degree of gene orthology between 378 

mouse and human and the organ-dominated hierarchical clustering observed across 379 

mammals on real genes expression data [88]. Comparative transcriptomic analysis 380 

of human and mouse sample sets together is advantageous over independent 381 

transcriptomic analysis of each sample set as it enables us to identify transcriptome 382 

determinants attributable to the loss of SLC4A11/Slc4a11 from that resulting from 383 

other biological factors or technical effects such as primary cell passage numbers, 384 

cell line immortalization, siRNA treatment, differences in culture medium and etc [89]. 385 

With this approach, we identified generalized inhibition of multiple metabolic 386 

pathways, as well as mitochondria dysfunction in both SLC4A11 KD pHCEnC and 387 

Slc4a11-/- MCEnC, mediated via the activation of the AMPK-p53 pathway. The data 388 

presented here support the use of the Slc4a11-/- mice as a model for the SLC4A11 389 

associated corneal endothelial dystrophies and indicate a favorable translational 390 

potential for therapeutic approaches shown to be efficacious in the Slc4a11-/- mice.  391 
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When investigating the impact of reduced SLC4A11 on molecule transport 392 

function in corneal endothelial cells, we demonstrated opposite NH4Cl induced 393 

membrane potential change in Slc4a11-/- versus Slc4a11+/+ MCEnC. Membrane 394 

depolarization in reaction to extracellular NH4Cl exposure were commonly observed 395 

in membranes with permeability to NH4
+/NH3 (membranes expressing ammonia or 396 

ammonium transporters/channels such as AQP8, AQP4, AMT1 and Rh-associated 397 

glycoproteins) [90,91]. In Slc4a11+/+ MCEnC, extracellular NH4Cl perfusion induced 398 

similar membrane depolarization. However, in Slc4a11-/- MCEnC, hyperpolarization 399 

was observed. Transcriptome data showed differential expression of 38 ion channels 400 

and transporters, suggesting SLC4A11 not only facilitates NH4
+/NH3 transmembrane 401 

movement but may also functions in maintaining the homeostasis of the endothelial 402 

transmembrane ion gradient by regulating the expression and function of other 403 

channels/transporters. This hypothesis is supported by the observation of reduced 404 

expression and activity of the Na+-HCO3
- co-transporter (NBCe1, SLC4A4) in 405 

Slc4a11-/- MCEnC. Future investigation analyzing the activity of other differentially 406 

expressed ion channels and transporters is needed to facilitate our detailed 407 

understanding of the impact of SLC4A11 reduction on corneal endothelial “pump 408 

function”.    409 

Our attempt to identify upstream determinants of the observed transcriptomic 410 

changes revealed activation of AMPK-p53 pathway in SLC4A11 KD pHCEnC and 411 

Slc4a11-/- MCEnC. Our data suggests that AMPK activation is likely to be the initial 412 

cellular event in response to SLC4A11 deficiency induced ATP depletion. While 413 

there was consistent AMPK activation (increased Thr172 phosphorylation) in both 414 

acute SLC4A11 deficiency in pHCEnC and chronic SLC4A11 deficiency in MCEnC, 415 

and increased p53 phosphorylation at Ser15 (or Ser18 in mouse) was only observed 416 
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in SLC4A11 KD pHCEnC and Slc4a11-/- MCEnC late passage, but not in Slc4a11-/- 417 

MCEnC early passage. However, total p53 level was elevated in both early and late 418 

passages of MCEnC with permeant knockout of Slc4a11. Although p53 is generally 419 

stablely expressed at the protein level,  recent evidence suggests activation of 420 

AMPKα can induce the transcriptional activation of p53 [83]. In the context of our 421 

data, it suggests that short-term AMPKα activation in SLC4A11 deficiency induced 422 

post-translational activation of p53, whereas prolonged AMPKα activation in 423 

SLC4A11 deficiency induced transcriptional activation of p53.  424 
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FIGURE LEGEND 664 

Figure 1. SLC4A11 deficiency leads to transcriptome alteration in corneal 665 

endothelium. (A) Histopathologic examination of control and CHED corneas 666 

demonstrating Descemet membrane thickening and endothelial cell attenuation in 667 

corneas from individuals with CHED (H&E stain, scale bar, 25 μm). (B) Left: 668 

representative images of immunofluorescence staining for SLC4A11 (green signal) 669 

and ER marker PDI (red signal) in corneal endothelium of two individuals with CHED 670 

and healthy control. Nucleus were stained with DAPI (blue signal) (Scale bar, 100 671 

μm); Right: scatterplot of mean fluorescence intensity (MFI) ratio of SLC4A11 over 672 

PDI in corneal endothelium of two individuals with CHED and of 7 healthy controls. 673 

(two-tailed unpaired t-test with Welch’s correction, p = 0.5127). (C) Venn diagram of 674 

the endothelial transcriptome in SLC4A11 KD pHCEnC, Slc4a11-/- MCEnC early and 675 

late passages indicating the number of differentially expressed genes (DEG) in each 676 

of the sample sets. (D) Venn diagram of the endothelial transcriptome in SLC4A11 677 

KD pHCEnC, Slc4a11-/- MCEnC early and late passages indicating the number of 678 

genes differentially expressed in the same direction in each of the sample sets. (E) 679 

Heatmap of top 30 most highly differentially expressed genes shared between 680 

SLC4A11 KD pHCEnC, Slc4a11-/- MCEnC early and late passages. Genes are 681 

clustered based on cellular localization of the gene product.  682 
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Figure 2. Inhibition of multiple metabolic pathways in SLC4A11-deficient 684 

corneal endothelial cells. (A) Heatmap showing consensually enriched IPA 685 

canonical pathways from comparison of transcriptomes of SLC4A11 KD pHCEnC, 686 

Slc4a11-/- MCEnC early and late passages (sorted by mean “activation z-score”) (B) 687 

Schematic illustration of the crosstalk between identified inhibited metabolic 688 

pathways. Differentially expressed genes encoding key enzymes are color coded 689 

using the same color as used in C-I. Transcript levels of differentially expressed 690 

enzyme-coding genes involved in: (C) citric acid (TCA) cycle (IDH3G, isocitrate 691 

dehydrogenase 3 (NAD+) gamma; SUCLA2, succinate-CoA ligase ADP-forming beta 692 

subunit; SDHD, succinate dehydrogenase complex subunit D; and FH, fumarate 693 

hydratas); (D) glycolysis (GLUT1/3, glucose transporter type 1 and 3; GPI, glucose-694 

6-phosphate isomerase; PFKL, phosphofructokinase, liver type; PFKP, 695 

phosphofructokinase, platelet; ALDOA, aldolase, fructose-bisphosphate A; TPI1, 696 

triosephosphate isomerase 1; PGK1, phosphoglycerate kinase 1; ENO1, enolase 1; 697 

and LDHD, lactate dehydrogenase); (E) acetyl-CoA biosynthesis/pyruvate 698 

dehydrogenase (PDH) complex (PDK3, pyruvate dehydrogenase kinase 3; PDHB, 699 

pyruvate dehydrogenase E1 beta subunit; and DLAT, dihydrolipoamide S-700 

acetyltransferase); (F) glutaminolysis (SNAT1, system N amino acid transporter 1; 701 

and GOT2, glutamic-oxaloacetic transaminase 2); (G) pentose phosphate shunt 702 

(G6PD, glucose-6-phosphate dehydrogenase; and PGD, phosphogluconate 703 

dehydrogenase); (H) GDP-Mannose synthesis (MPI, mannose phosphate isomerase; 704 

GMPPB, GDP-mannose pyrophosphorylase B in UDP-acetyl-galactosamine 705 

synthesis; GNPDA1, glucosamine-6-phosphate deaminase 1; and PGM2L1, 706 

phosphoglucomutase 2 like 1); (I) pyrimidine ribonucleotides (UTP/CTP) and 707 

pyrimidine deoxyribonucleotides (dTTP/dCTP) de novo synthesis (CAD, carbamoyl-708 
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phosphate synthetase 2, aspartate transcarbamylase, and dihydroorotase; CMPK1, 709 

cytidine/uridine monophosphate kinase 1; RRM1, ribonucleotide reductase catalytic 710 

subunit M1; RRM2, ribonucleotide reductase regulatory subunit M2; NME1, 711 

NME/NM23 nucleoside diphosphate kinase 1 and NME2, NME/NM23 nucleoside 712 

diphosphate kinase 2). (J) Selected differentially expressed genes from each 713 

pathway listed above were validated by qPCR in separate RNA isolations from 714 

SLC4A11 KD pHCEnC and Slc4a11-/- MCEnC early and late passages. Genes from 715 

different pathways are clustered and separated by dashed lines. 716 
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Figure 3. SLC4A11 deficiency impacts corneal endothelial ion and solute 718 

transport function. (A) Heatmap showing consensually enriched IPA biological 719 

function pathways from comparison of transcriptomes of SLC4A11 KD pHCEnC, 720 

Slc4a11-/- MCEnC early and late passages (sorted by mean “activation z-score”). (B) 721 

Representative trace of current-clamped single cell recording during 10 mM NH4Cl 722 

superfusion of Slc4a11+/+ and Slc4a11-/- MCEnC. (C) Boxplot of membrane potential 723 

changes (d Vm) in Slc4a11+/+ (n = 6) and Slc4a11-/- (n =7) MCEnC in response to 724 

NH4Cl superfusion. Each individual data point is plotted as a dot. [Monte Carlo 725 

resampling two-tailed paired-sampled t-test, difference between genotype ΔVm = -726 

22.2 (-34.8, -10) mV, p = 0.0069]. (D) Heatmap showing common differentially 727 

expressed genes encoding ion channel and transporter proteins in SLC4A11 KD 728 

pHCEnC and early and late Slc4a11-/- MCEnC. (E) The differential expression of 729 

Na+-HCO3
- transporter (NBCe1, encoded by SLC4A4) mRNA was validated by 730 

qPCR in separate RNA isolations from SLC4A11 KD pHCEnC and Slc4a11-/- 731 

MCEnC. (F) Western Blot for NBCe1 in SLC4A11 KD pHCEnC and scRNA pHCEnC 732 

control showing decreased NBCe1 protein level in SLC4A11 KD pHCEnC. (G) 733 

Representative images of immunofluorescence staining for NBCe1 (green signal) 734 

and tight junction ZO-1 (red signal) in corneal endothelium of two individuals with 735 

CHED and healthy control. Nuclei were stained with DAPI (blue signal) (scale bar, 10 736 

μm). (H) Scatterplot of mean fluorescence intensity (MFI) ratio of NBCe1 over ZO-1 737 

in corneal endothelium of two individuals with CHED and of seven healthy controls. 738 

(two-tailed unpaired t-test with Welch’s correction, p = 0.0031). (I) Representative 739 

trace of intracellular pH (pHi) response in Slc4a11-/- and Slc4a11+/+ MCEnC to 740 

addition of extracellular Na+ in HCO3
- containing solution. (J) Bar graph of the rate of 741 
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intracellular [H+] change (d[H+]/ds) in Slc4a11+/+ (n = 6) and Slc4a11-/- (n =8) MCEnC 742 

(two tailed unpaired t-test, p < 0.0001). 743 
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Figure 4. Mitochondria dysfunction in SLC4A11 deficient corneal endothelium. 745 

(A) Heatmap of commonly enriched IPA canonical and biological function pathways 746 

in transcriptomes of SLC4A11 KD pHCEnC, early and late Slc4a11-/- MCEnC without 747 

assigned activation z-scores (sorted by mean “adjusted p-value”). (B) Transcript 748 

levels of differentially expressed enzyme coding genes involved in mitochondria 749 

electron transport chain (Complex I: NDUFA1, NDUFA9, NDUFA10, 750 

NADH:Ubiquinone Oxidoreductase subunit A1, 9 and 10; NDUFAB1, 751 

NADH:Ubiquinone Oxidoreductase Subunit AB1; Complex II: SDHD, Succinate 752 

Dehydrogenase Complex Subunit D; Complex III: UQCRB, Ubiquinol-Cytochrome C 753 

Reductase Binding Protein; UQCRC2, Ubiquinol-Cytochrome C Reductase Core 754 

Protein 2; CYC1, Cytochrome C1; Complex IV: COX5A, COX5B and COX7B, 755 

Cytochrome C Oxidase Subunit 5A, 5B and 7B; Complex V: ATP5F1, ATP Synthase 756 

Peripheral Stalk-Membrane Subunit B; ATP5G1, ATP Synthase Membrane Subunit 757 

C Locus 1). (C) Transcript levels of differentially expressed protein coding genes that 758 

serve as mitochondrial functional markers (ATP flux: VDAC2/3, Voltage-dependent 759 

Anion-selective Channel; import machinery: TIMM7A, TIMM8A, TIMM50, 760 

Translocase of Inner Mitochondrial Membrane 7A, 8A, 50; translation machinery: 761 

GFM2, G Elongation Factor Mitochondrial 2; MRPL10, MRPL18, MRPL20, MRPL33, 762 

MRPL48, MRPL52, MRPL58, MRPL16, MRPS2, MRPS18A, Mitochondrial 763 

Ribosomal Protein L10, L18, L20, L33, L48, L52, L58, L16, S2, S18A;). (D) 764 

Transcript levels of differentially expressed STX17 in SLC4A11 KD pHCEnC and 765 

Slc4a11-/- MCEnC transcriptomes. (E) Differential expression of STX17 mRNA in 766 

SLC4A11 KD pHCEnC and Slc4a11-/- MCEnC validated by qPCR in separate RNA 767 

isolations. (F) Western Blot for STX17 and NBCe1in scRNA pHCEnC control and 768 

SLC4A11 KD pHCEnC showing decreased protein level in SLC4A11 KD pHCEnC. 769 
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(G) Representative images of immunofluorescence staining for STX17 (green signal) 770 

and mitochondria marker COX4 (red signal) in corneal endothelium of two individuals 771 

with CHED and healthy control. Nuclei were stained with DAPI (blue signal)(scale 772 

bar, 10 μm). (H) Scatterplot of mean fluorescence intensity (MFI) ratio of STX17 over 773 

COX4 in corneal endothelium of two individuals with CHED and of seven healthy 774 

controls (two-tailed unpaired t-test with Welch’s correction, p = 0.0483). (I) 775 

Scatterplot of MFI of COX4 in corneal endothelium of two individuals with CHED and 776 

of seven healthy controls (two-tailed unpaired t-test with Welch’s correction, p = 777 

0.0018). (J) Representative images of immunofluorescence staining for cytochrome 778 

C (green signal) in corneal endothelium of two individuals with CHED and of seven 779 

healthy controls. Nucleus were stained with DAPI (blue signal) (scale bar, 5 μm). (K) 780 

Scatterplot of MFI of cytochrome C in corneal endothelium of two individuals with 781 

CHED and of seven healthy controls (two-tailed unpaired t-test with Welch’s 782 

correction, p = 0.0304). (L) Bar graph summary of intracellar ATP levels measured in 783 

SLC4A11 KD pHCEnC and scRNA pHCEnC controls (n = 6 each, one-tailed 784 

unpaired t-test, p = 0.0281). (M) Bar graph summary of intracellar ATP levels 785 

measured in early passage (n=6 each, two-tailed unpaired t-test, p = 0.034) and late 786 

passage (n=6 each, p = 0.039) Slc4a11+/+ and Slc4a11-/- MCEnC.  787 
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Figure 5. Activation of AMPK-p53 pathway in SLC4A11 deficient corneal 789 

endothelium. (A) Heatmap of shared predicted upstream regulators of 790 

transcriptomes of SLC4A11 KD pHCEnC, early and late Slc4a11-/- MCEnC (sorted 791 

by mean “adjusted p-value”). (B) Western blot analysis of SLC4A11 KD pHCEnC 792 

and scRNA controls for SLC4A11, Ser15 phosphorylated p53 (phos-p53 (S15)), total 793 

p53, Thr172 phosphorylated AMPKα (phos-AMPKα (T172)), total AMPKα, Ser182 794 

phosphorylated AMPKβ (phos-AMPKβ1 (S182)) and total AMPKβ1 and β2. (C) 795 

Western blot analysis of early and late Slc4a11+/+ and Slc4a11-/- MCEnC for Ser18 796 

phosphorylated p53 (phos-p53 (S18)), total p53, Thr172 phosphorylated AMPKα 797 

(phos-AMPKα (T172)), total AMPKα, Ser182 phosphorylated AMPKβ (phos-798 

AMPKβ1 (S182)) and total AMPKβ1 and β2. (D) Bar graph summary of Western blot 799 

densitometry results for normalized total p53 level in SLC4A11 KD pHCEnC versus 800 

scRNA pHCEnC (CTRL) (two-tailed unpaired-sample t-test, p > 0.99), in early 801 

passage Slc4a11-/- versus Slc4a11+/+ MCEnC (p = 0.00027) and late passage 802 

Slc4a11-/- versus Slc4a11+/+ MCEnC (p = 0.00027). 803 
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