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ABSTRACT 26 

 27 

Atherosclerotic cardiovascular disease resulting from dysregulated lipid 28 

metabolism is the leading cause of morbidity and mortality worldwide. 29 

Apolipoprotein E (ApoE) plays a critical role in cholesterol metabolism. 30 

Knockouts in lipid-metabolizing proteins including ApoE in multiple model 31 

organisms such as mice and rats exhibiting elevated levels of cholesterol have 32 

been widely used for dissecting the pathology of atherosclerosis, but few of 33 

these animal models exhibit advanced atherosclerotic plaques leading to 34 

ischemia-induced clinical symptoms, limiting their use for translational studies. 35 

Here we report hypercholesterolemia and severe atherosclerosis 36 

characterized by stenosis and occlusion of arteries, together with clinical 37 

manifestations of stroke and gangrene, in ApoE knockout dogs generated by 38 

CRISPR/Cas9 and cloned by somatic cell nuclear transfer technologies. 39 

Importantly, the hypercholesterolemia and atherosclerotic complications in F0 40 

mutants are recapitulated in their offspring. As the ApoE-associated 41 

atherosclerosis and clinical manifestations in mutant dogs are more similar to 42 

that in human patients compared with those in other animal models, these 43 

mutant dogs will be invaluable in developing and evaluating new therapies, 44 

including endovascular procedures, against atherosclerosis and related 45 

disorders. 46 

 47 

Key words: ApoE, atherosclerosis, hypercholesterolemia, gangrene, 48 

stroke 49 
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INTRODUCTION 51 

Atherosclerosis, a progressive inflammatory disease characterized by 52 

accumulation of lipids in, and hence thickening of, the arterial walls, is the 53 

leading cause of death worldwide (Libby et al., 2011). Hypercholesterolemia 54 

correlates directly with the extent and progression of atherosclerosis 55 

(Goldstein et al., 2015). Mouse model with apolipoprotein E (ApoE) mutated 56 

has been the most widely used model of atherosclerosis, which develops 57 

severe hypercholesterolemia and fibroatheromatous atherosclerosis on a 58 

regular diet (Plump et al., 1992). However, there are limitations of the mouse 59 

model for atherosclerosis including the rarity of plaque ruptures and 60 

superimposed thrombosis, and the lack of advanced atherosclerosis in the 61 

coronary, carotid and cerebral arteries leading to clinical consequences (Libby 62 

et al., 2011; Bentzon and Falk, 2010). Thus, large animal models showing 63 

similar artery size and cerebrovascular anatomy as the humans are required 64 

for developing therapies of endovascular procedures which have become the 65 

main treatment options for atherosclerotic patients (Herrmann et al., 2019).  66 

 ApoE plays a key role in cholesterol metabolism (Mahley, 1988). A key 67 

physiological role of ApoE is its ability to mediate high-affinity binding of 68 

ApoE-containing lipoproteins to the low-density lipoprotein (LDL) receptor, 69 

resulting in the uptake and degradation of lipoproteins and the use of 70 

lipoprotein cholesterol. Loss of ApoE protein in human plasma results in 71 

familial type III hyperlipoproteinemia, characterized by accumulations of very 72 

low-density lipoprotein (VLDL), intermediate-density lipoprotein (IDL), and 73 

chylomicron remnants and a higher risk of atherosclerotic disease (Ghiselli et 74 

al., 1981; Mahley et al., 1999). Genetic studies have revealed that variants in 75 

ApoE are associated with the susceptibility to coronary heart disease and 76 

stroke (Bennet et al., 2007; Khan et al., 2013). ApoE knockout (KO) mice, rats, 77 

rabbits, and pigs show increased levels of cholesterols together with apparent 78 

atherosclerosis in large arteries such as the aorta (Zhang et al., 1992; Plump 79 
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et al., 1992; Shim et al., 2017; Fang et al., 2018; Niimi et al., 2016; Zhao et al., 80 

2018). However, clinical manifestations associated with advanced 81 

atherosclerosis have been rarely reported in these ApoE mutants. 82 

Domestic dogs (Canis lupus familiaris) are an ideal model for studying 83 

human diseases due to their close similarities to humans in anatomy and 84 

physiology (Tsai et al., 2007; Feng et al., 2018). Moreover, due to the 85 

cohabitation and co-evolution of dogs with humans for more than 30,000 years, 86 

they share similar diets and daily life patterns, leading to similar patterns of 87 

non-communicable diseases to those found in humans (Wang et al., 2013; 88 

Ostrander et al., 2017; 2019). To provide an alternative model for 89 

atherosclerosis, we previously generated an ApoE KO mutant dog by 90 

CRISPR/Cas9, followed by cloning with somatic cell nuclear transfer 91 

technologies (Feng et al., 2018). Here we report that these animals were fully 92 

fertile and did not show any apparent medical concerns before the age of 18 93 

month adults (dogs are sexually mature at 12 months). However, all four F0 94 

ApoE KO dogs, together with their mutant offspring, developed severe and 95 

widespread atherosclerosis leading to complications including gangrene and 96 

ischemic stroke at the age of 1824 month old, faithfully mimicking the 97 

pathology in human patients of advanced atherosclerosis.  98 

 99 

RESULTS 100 

ApoE KO dogs develop stroke or gangrene  101 

In a previous study, we generated an ApoE KO dog we named Apple by 102 

CRISPR/Cas9 editing, from which other three mutant dogs were cloned by 103 

somatic cell nuclear transfer (Feng et al., 2018) (the 4 mutants are thereafter 104 

referred to as mutants 14, respectively). All four dogs exhibited 105 

hypercholesterolemia at one month old (Feng et al., 2018) and appeared 106 

normal and fertile without any discernable anomalies when fed on a regular 107 

diet until 18 months old. Here we report that ApoE KO dogs developed severe 108 
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advanced atherosclerosis accompanied by clinical complications at 109 

1924-month old, an age equivalent to about 40 years of human beings (Wang 110 

et al., 2020). ApoE mutant 1 at 24 months old could not stand and lay on the 111 

right side and appeared to suffer a stroke. Magnetic Resonance Imaging (MRI) 112 

of the brain of the mutant 1 by T2-weighted (T2W) and fluid attenuated 113 

inversion recovery (FLAIR) procedures showed a large ischemic infarct of 7.41 114 

cm3 covering the frontal, parietal, and temporal lobes in the left hemisphere 115 

(Figure 1, A and B), consistent with right-sided paralysis. In addition, there was 116 

a second smaller, acute infarction of 1.14 cm3 detected by diffusion weighted 117 

imaging (DWI) and apparent diffusion coefficient (ADC) imaging in the left 118 

basal ganglia due to a relatively recent event (< 3 days after stroke) (Figure 1, 119 

C and D). The large infarct in the brain of mutant 1 was consistent with the 120 

results of postmortem examination (Figure 1, E) when the animal was 121 

sacrificed 20 days after the initial stroke and paralysis. Similar MRI analyses of 122 

the other three 18-month-old mutants (mutants 2, 3 and 4 cloned from mutant 123 

1) did not show evidence of infarction in the brain. Stroke did not occur in all 124 

mutants, probably because collateral circulation exists in the blood vessels of 125 

the basal part of the dog brain (Figure 1, F-H). 126 

However, all three cloned mutants (mutants 2 to 4) developed gangrene at 127 

19 months old in their distal parts of the rear limbs (Figure 1, I and J), likely due 128 

to atherosclerotic stenosis of the femoral arteries (Table 1) which provide blood 129 

to rear limbs. Postmortem analysis of all four F0 mutant dogs also showed 130 

unevenly bulged and yellowish basilar artery (Figure 1, F-H) in the brain and 131 

coronary arteries (Figure 1, K-M) in the heart (all died before 24 months old), 132 

indicative of advanced atherosclerosis pathology.  133 

We further analyzed F0 mutant 1 after stroke by electrocardiography (ECG) 134 

and found signs of myocardial ischemia evidenced by S-T depression and 135 

T-wave deep inversion (Figure S1A). The myocardial creatinine kinase (CK, 136 

391 u/L in mutant while the normal range is 10-200 u/L) and lactate 137 
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dehydrogenase (LDH, 1100 u/L in mutant while the normal range is 40-400 u/L) 138 

level were higher in mutant 1 compared with controls, supporting heart 139 

damage in the mutant.  140 

Different from apparent atherosclerosis observed in proximal aorta in 141 

mutant mice and rabbits (Zhang et al., 1992; Plump et al., 1992; Niimi et al., 142 

2016), we found weak lipid accumulation in the thoracic aorta (Figure S1B) but 143 

severe atherosclerosis in cerebral and coronary arteries of ApoE mutant dogs 144 

by postmortem analysis (Figure 1, F-H and K-M).   145 

 146 

ApoE KO dogs exhibit generalized and severe atherosclerosis detected 147 

by ultrasonography 148 

ApoE KO dogs suffering from stroke or gangrene may have developed 149 

advanced atherosclerosis in corresponding arteries. To test this possibility, we 150 

carried out vascular analysis of the four F0 adult ApoE mutant dogs using 151 

ultrasonography which provide information on the presence, severity, and 152 

location of atherosclerotic pathologies in arteries of human patients (Grant et 153 

al., 2003; Vitale and Olby, 2007; Stein et al., 2008). We observed by regular B 154 

mode ultrasonography increased intima-media thickness, multiple 155 

atherosclerotic plaques, stenosis and/or occlusion in carotid, abdominal aorta, 156 

and femoral arteries of all four ApoE KO dogs at the age of 1824 months, 157 

compared with normal smooth arteries in wild-type (WT) dogs (Figure 2 and 158 

Table 1). In addition, we found by spectral Doppler ultrasonography a greatly 159 

reduced blood flow due to plaques and stenosis in the internal carotid artery of 160 

ApoE mutant 1 compared with WT dogs (21 cm/s peak systolic velocity 161 

(PSV)/-5.6 cm/s end diastolic velocity (EDV) for ApoE mutant 1 in D versus 162 

32.6 cm/s (PSV)/12.0 cm/s (EDV) for WT control in H; Figure 2, B, D, F and H). 163 

These data of ultrasonography analysis demonstrate that ApoE KO dogs 164 

develop severe and widespread atherosclerotic lesions.  165 

 166 
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Severe atherosclerosis in ApoE KO dogs by histological examination 167 

To understand the pathology associated with ApoE mutations in dogs, we 168 

examined the blood vessels for signs of atherosclerosis by histological 169 

analysis. Consistent with the ultrasonography analysis, postmortem analysis 170 

showed compelling evidence of advanced atherosclerosis in the basilar, 171 

coronary, internal carotid, and femoral arteries of ApoE-deficient dogs (Figure 172 

1 and Table 1). We stained arteries with H&E, Masson’s trichrome stain 173 

(labeling muscle fibers in red and collagen fibers in blue), antibodies against 174 

smooth muscle actin (SMA) and macrophage marker CD68 (Figure 3, A-D). 175 

WT control dogs (n = 4) showed no lesions in all arteries examined by 176 

ultrasonography and postmortem analysis. The structure of an artery wall 177 

consists of tunica intima, tunica media, and tunica adventitia separated by 178 

internal and external elastic lamina, respectively (Figure 4). Histological 179 

examination of arteries further showed advanced atherosclerosis in the basilar 180 

artery, coronary artery, internal carotid artery, and femoral artery of ApoE KO 181 

dogs (Figures 3, AE and 4, AI, and Figure S2). The advanced 182 

atherosclerosis led to severe stenosis and occlusion of basilar artery, coronary 183 

artery, as well as femoral artery and internal carotid artery, but other large 184 

arteries such as common carotid, abdominal and thoracic aorta showed 185 

normal vascular lumen (Figure 3, E). Immunostaining with an antibody against 186 

CD68, a pan-macrophage marker, revealed infiltration of macrophages to all 187 

layers of blood vessel and adjacent myocardium (Figure 3). The severity and 188 

distribution of atherosclerotic lesions in the arteries of the ApoE mutants were 189 

consistent with a previous report on high fat diet-induced atherosclerosis and 190 

thrombosis in dogs (Mahley et al., 1976). Importantly, the basilar arteries, 191 

coronary arteries, internal carotids, and femoral arteries, the most affected in 192 

ApoE mutant dogs (Figures 3, 4, Figure S2, and Table 1), are frequently 193 

affected in human atherosclerosis patients (Stary et al., 1995; Bentzon et al., 194 

2014).  195 
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 196 

F2 homozygous ApoE KO dogs recapitulate the hypercholesterolemia 197 

and atherosclerosis of F0 mutants 198 

To determine if atherosclerosis observed in F0 mutants can be transmitted to 199 

the next generation via germ line, we bred the cloned F0 mutants 2 and 3 (to 200 

avoid possible mosaics and off-targeting in the founder mutant 1) for two 201 

generations and obtained homozygous F2 ApoE KO dogs. Re-examination of 202 

the genotypes of F1 and F2 offspring showed that the original ApoE mutations 203 

in F0 founder mutants were -34+17 bp (NC_006583.4 range 204 

110006660..110009463 complement, 205 

g.1484_1517delinsCCTGGACCAGGGAGGCT) as previously reported in one 206 

allele (Feng et al., 2018) and -2236 bp (g.237_2471del) in another, resulting in 207 

early termination of the protein (XP_533644, p.Leu38ProfsTer26) and deletion 208 

of all coding exons, respectively. The heterozygous F1 dogs carrying -34+17 209 

or -2236 bp transmitted the mutant alleles in a Mendelian fashion, producing 210 

the expected number of F2 dogs (WT: heterozygous: homozygous = 6: 12: 8).  211 

Similar to our observation in ApoE F0 mutants, we detected 212 

atherosclerosis by ultrasonography in four viable F2 ApoE homozygous KOs 213 

of 9 to 17 months old (the genotype of one mutant is -2236/-2236 bp, while the 214 

genotype of the remaining three is -34+17/-34+17 bp). Apparent plaque or 215 

stenosis was found in the carotid, abdominal aorta, and femoral arteries of one 216 

17 months old F2 ApoE KO (Table 2). The other three F2 ApoE KO dogs 217 

(-34+17/-34+17 bp) at 9, 12, and 17 months old also showed thickened 218 

intima-media in femoral arteries and carotid arteries by ultrasonography, while 219 

all the WT (n = 13) dogs examined showed no sign of atherosclerosis (Table 2). 220 

The earliest stage at which we observed atherosclerosis by ultrasonography 221 

was 9 months of the homozygous -34+17/-34+17 bp mutant (Table 2).   222 

One F2 homozygous ApoE mutant dog (-2236 bp/-2236 bp) developed 223 

gangrene at 18 months old in distal parts of the two rear limbs. Postmortem 224 
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analysis of the mutant (sacrificed due to severe gangrene) showed bulged and 225 

yellowish coronary arteries with apparent atherosclerosis in the coronary artery 226 

and occlusion of femoral artery (Figure S2).  227 

To analyze apolipoprotein changes in the mutants, we performed sodium 228 

dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis of 229 

the plasma fractionations by sequential ultracentrifugation and found that the 230 

apolipoprotein profiles in WT dogs were similar to what is reported for rabbits 231 

(Niimi et al., 2016; Niimi et al., 2021). We further found no ApoE protein but a 232 

marked increase of ApoB-48 in the VLDL and IDL fractions, along with 233 

increased ApoA1 and ApoA4 in the VLDL fraction of the homozygous F2 234 

mutants (Figure 5A). 235 

We examined the plasma from F0, F2 and F3 mutants for alterations in 236 

triglyceride (TG) and cholesterol levels. As with ApoE mutant patients (Ghiselli 237 

et al., 1981) and pigs (Shim et al., 2017 and Fang et al., 2018) on a regular diet, 238 

we observed normal TG levels in all mutants examined (Tables 3, 4), 239 

consistent with a normal TG level in F0 mutants before weaning in our 240 

previous report (Feng et al., 2018). However, a significantly elevated level of 241 

total cholesterol (TC) was observed in all four F0 ApoE mutant dogs (24.94 242 

mmol/L) compared with WT controls (4.03 mmol/L, P < 0.001) at 1824 month 243 

old (Table 4). TC levels were also increased significantly in F2 and F3 ApoE 244 

KO offspring at one month old (Table 3). So was the level of TC in F2 mutants 245 

examined at 717 month old (25.44 mmol/L in mutants versus 4.92 mmol/L in 246 

WT controls, P < 0.001; Table 4). In addition, the increase in low-density 247 

lipoprotein cholesterol (LDL-C) was significant both in F0 ApoE mutant dogs at 248 

1824 months old (19.39 mmol/L in mutants versus 0.4 mmol/L in WT controls, 249 

P < 0.001) and in F2 ApoE mutant dogs at 717 month old compared with WT 250 

controls (17.47 mmol/L in mutants versus 0.55 mmol/L in WT controls, P < 251 

0.001) (Table 4). The high-density lipoprotein cholesterol (HDL-C) levels were 252 

normal in F2 and F3 mutants before weaning) or mildly decreased in adult F0 253 
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mutants (Tables 3, 4). In summary, the hypercholesterolemia in ApoE mutants 254 

was recapitulated in the homozygous F2 and F3 mutant progeny (Tables 3, 4). 255 

The lipid composition of the plasma of all four F0 ApoE mutant dogs was 256 

further analyzed by lipidomic profiling. We found that the levels of major lipid 257 

components such as cholesterols but not medium-chain triacylglycerols and 258 

phosphatidic acids were significantly up-regulatedr (Figure 5B), confirming 259 

hypercholesterolemia and normal TG levels in ApoE KO mutants.  260 

We also examined other atherosclerosis related factors such as blood 261 

pressure and inflammation in mutants. The blood pressure in mutant dogs at 262 

age of 621 months showed no difference from WT controls (systolic pressure 263 

= 122.5±3.7 mmHg in WT controls and 110.5±2.9 mmHg in mutants, diastolic 264 

pressure = 70.2±4.1 mmHg in WT controls and 69.0±12 mmHg in mutants; n = 265 

11 for WT controls, n = 4 for F2 mutants). Plasma level of the C reactive 266 

protein (CRP) serves as an indicator of inflammation. Our analysis of plasma 267 

showed that the CRP was significantly elevated in F2 KO mutants at 1117 268 

month old (less than 5 mg/L in WT controls and 25.58±2.74 mg/L in KO 269 

mutants, n = 3 in each genotype). The increase in the level of CRP, together 270 

with the infiltration of CD68-positive macrophages in arteries of mutants 271 

(Figure 3), supports the notion that atherosclerosis is closely associated with 272 

inflammation.  273 

 274 

Proteomic analysis reveal altered lipid metabolism and inflammation in 275 

ApoE KO dogs.   276 

How does loss of ApoE lead to altered lipid metabolism and 277 

atherosclerosis? To get a global overview of the molecular pathways regulated 278 

by ApoE, we performed high-throughput mass spectrometry to identify protein 279 

expression alterations in the plasma of all four F0 ApoE mutants and the liver 280 

of mutant 1. In the plasma, we detected 331 proteins, 55 (17%) of which 281 

showed differential expressions in mutants (49 upregulated and six 282 
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downregulated; Figure 6A and Supplemental Table 1). More widespread 283 

protein expression changes were observed in the liver of mutant 1, where 57% 284 

(1,688 out of 2,955 proteins) of proteins were differentially expressed (Figure 285 

6B and Supplemental Table 1). As expected, ApoE protein levels were 286 

dramatically reduced in both plasma and the liver of ApoE mutants (Figure 6, 287 

AC). Further SDS-PAGE of plasma fractionations by sequential 288 

ultracentrifugation detected no ApoE protein in the mutants (Figure 5A), 289 

consistent with the molecular nature of the frameshift mutation at the 38th Leu. 290 

Other apolipoprotein family members were up-regulated (ApoA4 and ApoB 291 

etc.) or down-regulated (e.g., ApoA1) in the plasma as a direct or indirect result 292 

of ApoE loss (Figure 6C). Increased ApoB and ApoB/ApoA1 ratio were 293 

proposed to predict cardiovascular events in humans (Sierra-Johnson et al., 294 

2009). 295 

  Functional enrichment analysis of upregulated proteins revealed that six 296 

processes were co-enriched in both plasma and liver, including blood 297 

microparticles, complement and coagulation cascades, extracellular space, 298 

and extracellular exosomes (Figure 6, D and E, and Supplemental Table 2), 299 

while many other biological processes showed distinct enrichment patterns 300 

between the two samples of plasma and liver. For example, proteins related to 301 

LDL particles and membrane attack complexes were enriched in the plasma, 302 

whereas proteins involved in acute-phase response and the positive regulation 303 

of heterotypic cell-cell adhesion were enriched in the liver (Figure 6, D and E).  304 

To further evaluate the role of ApoE in human diseases such as stroke, we 305 

determined whether these differentially expressed proteins overlapped with 306 

stroke related proteins and genome-wide association study (GWAS)-positive 307 

stroke gene products. We interrogated the proteome of plasma and liver with a 308 

list of 446 human stroke related genes compiled from public databases and 309 

literature using an array of key words (see materials and methods) 310 

(Supplemental Table 3) and identified 438 canine homologs. Of which, 41 were 311 
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expressed in the plasma. Eight out of 41 were upregulated while one was 312 

downregulated in the plasma of ApoE mutants. Of the 438 canine homologs, 313 

112 were expressed in the liver. Among the 112 homologs, 26 were 314 

upregulated and 55 were downregulated in the liver of ApoE mutant 1. These 315 

canine homologs were significantly over-represented (>1.7-fold enrichment) in 316 

up- but not down-regulated proteins in the liver of ApoE mutant 1 (Figure 6F 317 

and Supplemental Table 1). Out of 47 GWAS-positive stroke genes reported 318 

so far (Supplemental Table 4), there are 44 canine homologs. There were four 319 

out of 44 homologs identified in the plasma proteome, none of the four was 320 

dysregulated in ApoE mutants. However, seven out of eight canine homologs 321 

of GWAS-positive genes for stroke showed significant protein level changes of 322 

up (FGA, CD163 and CRP) or down (ANK2, CDC5L, WNK1 and SYNE2) in 323 

the liver of ApoE mutant 1 (Figure 6G and Supplemental Tables 4 and 5). FGA 324 

is the alpha subunit of the coagulation factor fibrinogen, which is a component 325 

of blood clot. CD163 is exclusively expressed in monocytes and macrophages. 326 

The significantly increased levels of CD163 and CRP indicate inflammation in 327 

mutants. These results, particularly of liver proteomics analysis, provided 328 

experimental support for a critical role of ApoE and its associated pathways in 329 

stroke etiology. 330 

 331 

DISCUSSION 332 

Though dogs show different lipoprotein profiles such as relative HDL/LDL 333 

levels from humans (Yin et al., 2012), dogs lacking ApoE show an elevated 334 

LDL-C/HDL-C ratios (Tables 3, 4) as in human patients and provide invaluable 335 

addition to the commonly used mouse models for the study of atherosclerosis 336 

and its associated complications with distinct advantages. First, advanced 337 

atherosclerosis characterized by plaque rupture and near occlusion of basilar 338 

and coronary arteries was observed in ApoE mutant dogs, similar to that in 339 

human atherosclerosis patients (Stary et al., 1995; Bentzon et al., 2014), but 340 
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has been rarely documented in other animal models. Prominent 341 

atherosclerosis mostly occurs in the proximal aorta of mice and rabbits (Zhang 342 

et al., 1992; Plump et al., 1992; Niimi et al., 2016), whereas the most important 343 

clinical consequences of atherosclerosis in humans arise from lesions in the 344 

coronary, carotid and cerebral arteries (Libby et al., 2011; Stary et al., 1995; 345 

Bentzon et al., 2014) which were fully recapitulated in the adult ApoE mutant 346 

dogs. The apparent differences in severity and site of atherosclerosis between 347 

ApoE mutant mice and dogs could be due to differences in blood flow 348 

dynamics, vessel anatomy and elaboration, ageing, the duration under 349 

hypercholesterolemia, or a combination of any of the five factors. The 350 

upregulated CD163 and CRP in the mutants from proteomic analysis indicates 351 

inflammation facilitating atherosclerosis, while the upregulated complement 352 

and coagulation cascades in the mutants promote blood clotting increasing the 353 

risk of stroke or gangrene. 354 

We note that individual mutants show variations in phenotypes; the F0 355 

mutant 1 exhibits the strongest phenotype of atherosclerosis while the 356 

homozygous -34+17 bp F2 mutant shows the weakest (Figure 1 and Tables 1, 357 

2). The variation in the severity of atherosclerosis correlates positively with 358 

LDL-C levels (for LDL-C levels in individual F0 mutants, see Feng et al., 2018) 359 

and may be caused by different genotype (-34+17/-2236 bp in F0 and 360 

-2236/-2236 bp or -34+17/-34+17 bp in F2), genetic background (Beagle dogs 361 

are not a pure inbred line), environment (all three cloned F0 mutants were 362 

mothered by different bitches; different batches of feed), or a combination of 363 

any of the three factors. Hypertension is an independent risk factor for stroke. 364 

However, we found a normal blood pressure in F2 mutants, consistent with 365 

normal blood pressures in ApoE KO mice (Trieu and Uckun, 1998; Weiss et al., 366 

2001). We suspect that the stroke in mutant 1 was mainly, if not fully, caused 367 

by severe atherosclerosis resulting from hypercholesterolemia. We predict that 368 

the F2 ApoE mutants will likely to develop gangrene with aging rather than 369 
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stroke because of the severe atherosclerosis in femoral arteries, while stroke 370 

needs confounding secondary factors such as a ruptured plaque and thrombus 371 

nearby blocking blood supply to the brain.  372 

Second, atherosclerosis and its associated stroke in dog models can be 373 

readily examined using hospital-based non-invasive ultrasound analysis and 374 

MRI, respectively, facilitating evaluation of disease progression and prognosis. 375 

Third, endovascular operations are the main treatment options for 376 

atherosclerotic patients (Herrmann et al., 2019). The large size of arteries and 377 

severe atherosclerotic pathologies in ApoE dogs make them an attractive 378 

model for developing novel endovascular treatments. Finally, we used cloned 379 

ApoE mutants which can be obtained in large numbers with high efficiency for 380 

pathological analysis, so that functional analysis can be achieved in identical 381 

genetic background with minimum individual variance. Mutant dogs have been 382 

bred into a large colony in a relatively short period of time due to the rapid 383 

reproduction cycle (12 months to be sexually mature, three pregnancies per 384 

two years and about six progeny per pregnancy). Thus, we envisage that the 385 

ApoE KO dogs we generated can be used to develop effective therapies such 386 

as stents and flow diverters for ischemic attack in the brain and heart, as the 387 

larger size of arteries and the advanced atherosclerosis in dogs are better 388 

suited for surgical intervention than that in the small rodent models. In 389 

summary, although dog models are limited to some extent by a high cost and 390 

ethical controversy, the ApoE KO dogs will be valuable for developing new 391 

drugs and interventional strategies for atherosclerosis and associated 392 

complications.  393 

394 
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MATERIALs and METHODSs 395 

Animals.  396 

We previously generated one male ApoE KO dog by CRISPR/Cas9 editing 397 

followed by cloning by somatic cell nuclear transfer technology (Feng et al., 398 

2018). We considered all four mutants, mutant 1 and its cloned progeny 2, 3, 399 

and 4, strong hypomorphs or nulls as they carried no ApoE expression by 400 

proteomic analysis.  401 

Naturally weaned Beagles were housed individually in pens (180 × 90 × 90 402 

cm) and exposed to a 12: 12 light-dark cycle (lights on at 0600 h). They were 403 

fed at 0900 h and 1700 h with a regular commercial dog diet (28% crude 404 

protein, 9.5% fat, 6.2% crude ash, 1.55% calcium, and 1.84% phosphorus; 405 

Bomei, Xingtai, China). All experiments were approved by the Animal Care and 406 

Use Committee of Beijing Sinogene Biotechnology Co., Ltd 407 

(No.XNG-IAC-201801). 408 

 409 

Biochemical analysis of plasma lipoproteins  410 

Lipid and lipoprotein analysis of the plasma was performed on F0 mutant dogs 411 

(n = 4) and WT controls (n = 10) at 18~24 months. Blood samples were taken 412 

from the limb venous plexus into EDTA (ethylene diamine tetraacetic acid) 413 

anticoagulant tubes. The levels of total cholesterol, triglycerides, HDL 414 

cholesterol and LDL cholesterol were determined by routine protocols at Dian 415 

Diagnostics (Nanjing, China). We performed SDS-PAGE of fractionated 416 

plasma after sequential ultracentrifugation following a previously reported 417 

protocol (Niimi et al., 2021). C reactive protein level (CRP), the myocardial 418 

creatinine kinase (CK) and lactate dehydrogenase (LDH) were determined 419 

using Catalyst One (IDEXX, USA). Blood pressure was measured using 420 

CONTEC08A-VET (CONTEC, Japan). 421 

 422 

MRI analysis and ultrasound examination 423 
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All MRI images were acquired on a 3T whole body scanner (Tim Verio, 424 

Siemens Healthcare, Erlangen, Germany) with a 32 channel head coil 425 

following published protocols for the canine brain (Packer et al., 2018). 426 

Imaging modes included T2 weighted (T2W), fluid attenuated inversion 427 

recovery (FLAIR), diffusion weighted imaging (DWI), and apparent diffusion 428 

coefficient (ADC) imaging. MRI images were processed with OsiriX MD 429 

(version 9.0.1) (Federau et al., 2016). Infarct volumes were calculated using 430 

ITK-Snap contouring software (Pittsburgh) with stacks of average diffusion 431 

images reconstructed in three dimensions 432 

The ultrasound scan of large blood arteries of adult dogs was performed 433 

following a previously published protocol (Grant et al., 2003) using Ascendus 434 

(HITACHI-ALOKA) with broadband linear transducers (3.07.0 MHz) or a 435 

convex array probe (4.08.0 MHz). Control and ApoE mutant dogs of 1.52 436 

years old were sedated by propofol at 812 mg/kg. The carotid and peripheral 437 

arteries including bilateral carotid artery, femoral artery and abdominal aorta 438 

were examined by regular procedures. First, the two-dimensional gray-scale 439 

mode (B mode) was used to examine artery lumen and wall structures 440 

including lumen diameter, intima-media thickness, and the distribution and 441 

extent of plaques. Second, the color Doppler flow imaging was applied to 442 

examine the filling of blood. Last, the spectral Doppler mode was used to 443 

measure the blood flow velocity including peak systolic velocity (PSV) and end 444 

diastolic velocity (EDV) in carotid arteries. The severity of atherosclerosis from 445 

weak to strong is thickened (intima-media thickness), plaque, stenosis, and 446 

occlusion. Based on the general practice in patients (Grant et al., 2003; Stein 447 

et al., 2008), we define “thickened” as abnormally increased intima-media 448 

thickness by less than 50%, “plaque” as defined by an increase of greater 449 

thickness by more than 50% than the surrounding intima-media thickness, 450 

“stenosis” as vascular lumen diameter less than 50% compared with normal 451 

diameter, and “occlusion” as almost no blood flow.  452 
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We performed electrocardiography to ApoE mutant 1 after stroke using an 453 

electrocardiograph (ECG-3C, Aricon, China) by default parameters. 454 

 455 

Histological analysis of arteries 456 

For immunostaining, the arteries of ApoE mutant (n = 4 in F0 and 1 in F2) and 457 

WT control dogs (n = 4) were removed and fixed for 48 hours in 4% 458 

paraformaldehyde (PFA) prepared in 1× PBS (Na2HPO4 8 mM, NaCl 136 mM, 459 

KH2PO4 2 mM, KCl 2.6 mM). PFA-fixed artery segments were embedded in 460 

paraffin, and 4-µm sections were stained with hematoxylin and eosin and 461 

Masson’s trichrome. Adjacent sections were stained with antibodies against 462 

smooth muscle α-actin (SMA; ZM-0003, Zhongshanjinqiao) to reveal vascular 463 

smooth muscle cells, and CD68 (ZM-0060, Zhongshanjinqiao) to stain 464 

macrophages. All staining images were acquired with a Nikon Eclipse Ci 465 

microscope. Lesions in the cross-section of arteries were traced manually 466 

using ImageJ. The percentage of increased intimal area (pathologies from 467 

plaques to occlusions) filling up the vascular lumen (area delineated by elastic 468 

fiber) was statistically calculated by ImageJ. 469 

 470 

Proteomic analysis of plasma and liver  471 

Protein preparation for mass spectrometric analysis 472 

The plasma of individual dogs (4 control dogs and 4 F0 mutant dogs) was 473 

treated (1:1) with 4% sodium dodecyl sulfate (SDS) in 0.1 M Tris-HCl, pH 7.6. 474 

Three adjacent pieces of liver tissues from one control and one mutant dog 475 

(mutant dog 1) were individually lysed in a buffer (5 times volume of 150 mg 476 

tissue weight) consisting of 0.05 M Tris-HCl, pH 7.4, 0.15 M NaCl, 1% Triton 477 

X-100, 1% sodium deoxycholate, and 1% SDS at 99 °C for 10 min. The protein 478 

concentrations were determined using a BCA protein assay kit (Thermo 479 

Scientific, Rockford, IL).  480 

Protein Digestion and TMT Labeling 481 
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Protein digestion was performed using the filter-aided proteome 482 

preparation (FASP) method. Briefly, protein was reduced by 100 mM DTT at 483 

37°C for 1 hour, and the reduced proteins were transferred into the Microcon 484 

YM-30 centrifugal filter units (EMD Millipore Corporation, Billerica, MA) to allow 485 

buffer exchange. After exchanged to the UA buffer (8 M urea, 100mM Tris-HCl, 486 

pH 8.5), the protein was alkylated by 55 mM iodoacetamide (IAA, 487 

Sigma-Aldrich, Saint Louis, MO) for 1 hour in the dark. A buffer containing 0.1 488 

M triethylammonium bicarbonate (TEAB, Sigma-Aldrich, Saint Louis, MO) was 489 

used to replace the denaturing buffer of the sample. Proteins were then 490 

digested with sequencing grade trypsin (Promega, Madison, WI) at 37°C 491 

overnight, and the resultant tryptic peptides were labeled with 492 

acetonitrile-dissolved TMT reagents (Thermo Scientific, Rockford, IL) by 493 

incubation at room temperature in dark for 2 hours. The labeling reaction was 494 

stopped by 5% hydroxylamine, and an equal amount of labeled samples were 495 

mixed together before off-line prefractionation with reversed phase (RP)-high 496 

performance liquid chromatography (HPLC). 497 

RP-HPLC 498 

Pre-fractionation of protein samples was performed using an offline basic 499 

RP-HPLC approach. The peptides were fractionated on a phenomenex 500 

gemini-NX 5μ C18 column (250 x 3.0 mm, 110 Å) (Torrance, CA, USA) using a 501 

Waters e2695 separations HPLC system. A 97 min basic RP-LC gradient with 502 

a flow rate of 0.4 mL/min as previously described was used for the entire LC 503 

separation (Udeshi et al., 2013). The separated samples were collected and 504 

combined into 10 fractions. All samples were dried with a Speed-Vac 505 

concentrator and stored at -20°C before use. 506 

LC-MS/MS/MS analysis 507 

The LC-MS/MS/MS analysis was performed using an Orbitrap Fusion™ 508 

Lumos™ Tribrid™ mass spectrometer (ThermoFisher Scientific) coupled 509 

online to an Easy-nLC 1200 in the data-dependent mode. The dried peptides 510 
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were resuspended in 0.1% formic acid (FA), and about 1 μg of each sample 511 

was injected into a capillary analytic column (length: 25 cm, inner diameter: 512 

150 μm) packed with C18 particles (diameter: 1.9 μm). The LC was run with 513 

mobile phases containing buffer A (0.1 % FA) and buffer B (80 % ACN, 0.1 % 514 

FA). A 120-min non-linear gradient with a flow rate of 600 nL/min was used for 515 

peptide separation. The positive ion mode was used for MS measurements, 516 

and the spectra were acquired across the mass range of 3751500 m/z. For 517 

each cycle of 3 s duration, one full MS scan was acquired in the Orbitrap at a 518 

resolution of 120,000 with automatic gain control (AGC) target of 5 × 105. After 519 

a full scan, multiple peptide ions were selected for MS/MS scan, which was 520 

followed (for plasma samples) or not followed (for liver samples) by 521 

MS/MS/MS scan. For MS/MS scan, the peptide ions were fragmented by 522 

collision-induced dissociation (CID) and analyzed in the linear ion trap with an 523 

AGC target of 1 × 104. For MS/MS/MS scan, up to the 10 most intense ions 524 

from each MS/MS scan were selected for fragmentation in the HCD cell using 525 

an AGC of 1 × 105. The resultant fragment ions were detected in the Orbitrap 526 

at a resolution of 50,000 at m/z 200 (for plasma samples labeled with 10-plex 527 

TMT reagent) or 15,000 at m/z 200 (for liver samples labeled with 6-plex TMT 528 

reagent). 529 

Differential expression and functional enrichment analysis 530 

Raw protein levels were log10 transformed and scaled between 0 and 1. 531 

Protein expression was compared between wild type and ApoE deficient 532 

mutants by t-test and those with a Benjamini-Hochberg corrected P < 0.05 533 

were defined as differentially expressed proteins. Functional enrichment 534 

analysis was performed using the DAVID Functional Annotation tool with 535 

default parameters. Significantly enriched terms (Gene Ontology terms and 536 

KEGG pathways) were defined as those with a Benjamini corrected P value < 537 

0.05.  538 

 539 
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Mass spectrometry analysis of plasma lipids 540 

Samples from plasma of individual F0 ApoE KO dogs and WT controls (n = 4 541 

for each group) were analyzed in a single mass spectrometric run as 542 

previously described (Lam et al., 2018). Lipids were analyzed using an Exion 543 

UPLC system coupled with a triple quodrupole/ion trap mass spectrometer 544 

(QTRAP 6500 Plus, Sciex). Separation of individual lipid classes were 545 

conducted by normal phase HPLC using a Phenomenex Luna silica column (3 546 

mm, 150×2.0 mm). Student’s t test was used to compare the changes in lipid 547 

levels between the two groups. 548 

 549 

Analysis of stroke related and GWAS-positive gene homologs in ApoE 550 

mutant dogs 551 

From interrogation of public databases of OMIM (online mendelian 552 

inheritance in man), HPO (human phenotype ontology), HGMD (human gene 553 

mutation database), and PubMed with an array of key words, we compiled a 554 

list of 446 stroke related genes (Supplemental Table 3). The key words we 555 

used were hereditary diseases (including monogenic, mendelian, single-gene, 556 

disorder, disease), genetic mutations (including pathogenic mutation, base pair 557 

mismatch, DNA repeat expansion, trinucleotide repeat expansion, frameshift 558 

mutation, gain of function mutation, gene amplification, gene duplication, 559 

genomic instability, microsatellite instability, germ-line mutation, indel mutation, 560 

loss of function mutation, missense mutation, point mutation, deletion, 561 

inversion, and lethal mutation), and cerebrovascular disorders (including 562 

stroke, cerebrovascular disease, ischemic stroke, brain infarction, transient 563 

ischemic attack, intracerebral hemorrhage, subarachnoid hemorrhage, 564 

aneurysm, moyamoya disease, moyamoya syndrome, artery dissection, 565 

arterial-venous malformation, and systematic embolic). We identified 438 566 

canine homologs of the 446 human stroke related genes. Of the canine 567 

homologs, 41 are expressed in the plasma and 112 were expressed in the 568 
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liver.  569 

Out of 47 GWAS-positive stroke genes reported so far (Supplemental 570 

Table 4), there are 44 canine homologs. There were four out of 44 homologs 571 

identified in the plasma proteome, but none of the four was misregulated in 572 

AopE mutants. However, seven out of eight GWAS-positive stroke gene 573 

homologs identified in the liver were misregulated in the ApoE mutant 1.  574 

 575 

Statistics 576 

Statistical analyses were performed with GraphPad Prism 6.0 577 

(www.graphpad.com). All data are presented as the mean ± SEM. P values 578 

were calculated using a 2-tailed student’s t test when two groups were 579 

compared, while one-way ANOVA was used when multiple groups were 580 

compared. *P < 0.05; **P < 0.01; ***P < 0.001.  581 
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HDL-C: high-density lipoprotein cholesterol 756 

ICA: internal carotid artery 757 

IDL: intermediate-density lipoprotein 758 

KO: knockout 759 

LDL: low-density lipoprotein 760 

LDL-C: low-density lipoprotein cholesterol 761 

MRI: Magnetic Resonance Imaging 762 

PSV: peak systolic velocity 763 

SDS-PAGE: sodium dodecyl sulfate-polyacrylamide gel electrophoresis 764 

SMA: smooth muscle actin 765 

T2W: T2-weighted 766 

TC: total cholesterol 767 

VLDL: very low-density lipoprotein  768 

WT: wild type 769 
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Figure Legends 771 

 772 

Figure 1. Brain MRI and sclerotic arteries of the brain and heart in ApoE 773 

KO dogs 774 

A, T2 weighted (T2W); B, fluid attenuated inversion recovery (FLAIR); C, 775 

diffusion weighted imaging (DWI), and D, apparent diffusion coefficient (ADC) 776 

brain images for ApoE mutant 1. Arrows in A and B point at a large infarct of 777 

7.41 cm3 in left frontal, parietal, and temporal lobe, while arrows in C and D 778 

indicate a later, small ischemic infarct of 1.14 cm3 in the left basal ganglia. 779 
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Asterisks indicate ventricles of different sizes. E, There was subarachnoid 780 

hemorrhage with an unknown reason on the surface of right brain (E) 781 

compared with the normal control. An infarct in the left brain of mutant 1 is 782 

delineated by dashed lines (E). F, G and H, The intracranial basilar arteries 783 

(BA) of ApoE mutant 1 (G) and 2 (H) appear bulged and yellowish compared 784 

with the WT control (F). Scale bar, 1 cm. I and J, ApoE KO mutant 2 developed 785 

gangrene in the left hind paw (J) compared with the normal control (I). K, L and 786 

M, Compared with WT (K), the coronary arteries in ApoE mutant 1 (L) and 2 (M) 787 

are unevenly bulged and yellowish, indicative of atherosclerosis. Scale bar, 1 788 

cm. Red lines indicate positions for pathological analysis. 789 
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 790 

Figure 2. Ultrasonography examination of plaques and occlusion in the 791 

internal carotids of ApoE KO dogs 792 

A and C, The right (A) and left (C) common carotid artery (CCA) and internal 793 

carotid artery (ICA) of the ApoE mutant 1, examined by the B mode 794 

ultrasonography. The plaques are 6.5 x 1.2 mm in the right and 4.1 x 1.2 mm in 795 

the left ICA. The inset in A shows a plaque (denoted by a red asterisk) from 796 

another perspective. A white arrow in C points at an occlusion in the left ICA. B 797 

and D, Blood flow velocity was at 24 cm/s peak systolic velocity (PSV)/6 cm/s 798 

Acc
ep

te
d

 https://engine.scichina.com/doi/10.1007/s11427-021-2006-y



32 

 

end diastolic velocity (EDV) in the less affected right ICA (B) but a more 799 

reduced blood flow was observed in the more severely affected left ICA (D) 800 

with a flow velocity at 21 cm/s (PSV)/-5.6 cm/s (EDV) at the proximal ICA for 801 

the mutant 1 detected by spectral Doppler mode ultrasonography. E and G, 802 

The right (E) and left (G) CCA, external carotid artery (ECA), and ICA of the 803 

normal control dog examined by B mode ultrasonography. The diameter of the 804 

proximal ICA was 1.8 mm for the right ICA (E) and 2.1 mm for the left ICA (G) 805 

(indicated by two small crosses). F and H, The blood vessel had a flow velocity 806 

at 40.5 cm/s (PSV)/12.4 cm/s (EDV) for the right ICA (F) and 32.6 cm/s 807 

(PSV)/12.0 cm/s (EDV) for the left ICA (H) examined by spectral Doppler mode 808 

ultrasonography.  809 
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 810 

Figure 3. Severe atherosclerosis revealed by histological staining of 811 

basilar and coronary arteries in ApoE null mutants.  812 

AD, Histological staining of the basilar artery and the paraconal 813 

interventricular branch of the left coronary artery of 2-year-old normal control 814 

(A, C) and ApoE mutant 1 (B, D). Cross sections of basilar artery and coronary 815 

artery stained with H&E, anti-SMA, and Masson of WT control and ApoE 816 
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mutant 1. Anti-SMA stains smooth muscles. Masson staining marks muscle 817 

fibers (red) and collagen fibers (blue) in the artery. CD68 labels macrophages 818 

(brown, positive cells pointed by arrowheads). Substantial thickening of the 819 

tunica intima layer filled with foam cells is apparent in the basilar artery (B). 820 

Severe or complete occlusion of vessels by plaques are apparent in the 821 

mutant arteries (B and D compared with A and C, respectively). Scale bar, 200 822 

µm in columns 1, 2, 3 and 100 µm in column 4. E, Quantitative analysis of 823 

atherosclerosis in different arteries by the percentage of increased intimal area 824 

filling up the vascular lumen. n = 4 in mutants. The values in WT controls (n = 4) 825 

are all 0. 826 
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 827 

Figure 4. Immunostaining reveals severe atherosclerosis in the internal 828 

carotid artery of the ApoE KO dogs.  829 

AC, H&E staining of the proximal internal carotid of a 2-year-old WT control 830 

(A) and ApoE mutant 1 (B) and mutant 2 (C). DI, Cross sections of internal 831 

carotid stained with anti-SMA (D to F), Masson (G to I) of WT control (D and G) 832 

and ApoE mutant 1 (E and H) and 2 (F and I). Tunica intima (a thin layer of 833 

teeth-like structures denoted by an arrow), tunica media, and tunica adventitia 834 
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of the vessels are indicated in D. An occlusive luminal thrombus (TH, in B and 835 

H) consisting of red blood cells and cholesterol crystals (indicated by an 836 

asterisk in B) was observed in the internal carotid of ApoE mutant 1 (B, E and 837 

H). An arrow in F indicates detached tunica intima close to rupture. Fibrous 838 

tissue (F) and fully developed necrotic cores (NC) are denoted in the internal 839 

carotid of mutant 2 (F). 840 

 841 

Figure 5, Analysis of lipoproteins and lipid composition in the plasma of 842 

ApoE mutant dogs. 843 
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A, SDS-PAGE analysis of lipoproteins in the plasma fractionations by 844 

sequential ultracentrifugation from WT control and ApoE mutant dogs. 845 

Different fractionations of plasma of WT and F2 homozygous ApoE mutant 846 

dogs (40 μL for each fractions) were resolved by 4-20% SDS-PAGE, followed 847 

by Coomassie brilliant blue staining. ApoE KO dogs showed absence of ApoE 848 

and a marked increase of ApoB-48, ApoA4 and ApoA1 in the VLDL fraction 849 

compared with WT controls. B, Heat map showing the levels of different lipid 850 

components in the plasma of WT and ApoE KO dogs. n = 4 in each group. *P < 851 

0.05, ** P < 0.01 by student’s t test. 852 
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 853 

Figure 6. Proteomic analyses reveal altered lipoprotein and 854 

stroke-related protein levels in the ApoE KO dogs.  855 

A and B, Proteomic analyses detected proteins in the plasma (A) and liver (B) 856 

of ApoE KO dogs and WT controls. Proteins with significant expression level 857 

changes are shown in red. The arrows highlight the reduced expression of 858 

ApoE protein in mutants. C, A list of altered lipoprotein levels including ApoE in 859 

plasma (n = 4 for both mutants and controls). D and E, Bubble plots showing 860 

fold enrichment and -log10 q-values (Benjamini-Hochberg corrected P value) 861 
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of all enriched functional terms for upregulated proteins in plasma (D) and liver 862 

(E) of ApoE KOs. Red bubble indicates KEGG pathway, and blue indicates 863 

Gene Ontology analysis. Bubble size corresponds to the number of genes 864 

changed for the functional term. F, Fold enrichment in canine homologs of 865 

human stroke related genes. The bar graph shows the ratio of observed to 866 

expected numbers of stroke related genes in up- (red) and down-regulated 867 

(blue) proteins in plasma and liver of ApoE KOs. G, A comparison of protein 868 

levels of canine homologs of human GWAS-positive stroke genes in the liver 869 

from the WT and ApoE mutant 1. 870 

 871 

SUPPORTING INFORMATION  872 

The supporting information is available online at https://10.1007/s11427-021-2006-y. The 873 

supporting materials are published as submitted, without typesetting or editing. The 874 

responsibility for scientific accuracy and content remains entirely with the authors.  875 

 876 

  877 
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Table 1 878 

Atherosclerotic lesions in F0 ApoE dogs at 1824 month old detected by 879 

ultrasonography 880 

Artery  
Mutant 1 

24 months 

Mutant 2 

18 months 

Mutant 3 

18 months 

Mutant 4 

18 months 

Carotid 

artery 

Left internal occlusion stenosis plaque plaque 

Left external thickened stenosis thickened plaque 

Left common thickened plaque plaque NA 

Right internal stenosis stenosis thickened NA 

Right external thickened stenosis thickened plaque 

Right common thickened plaque thickened NA 

Abdominal 

aorta 

  Top plaque thickened thickened thickened 

  Middle thickened plaque thickened thickened 

  Lower thickened plaque thickened thickened 

Femoral 

artery 

Left common thickened thickened thickened thickened 

Left superficial plaque thickened thickened NA 

Left deep thickened thickened thickened NA 

Right common thickened thickened thickened thickened 

Right 

superficial 
plaque thickened thickened NA 

Right deep thickened thickened thickened NA 

Thickened denotes thickened walls of blood vessels. The severity of atherosclerosis from 881 

weak to strong is thickened, plaque, stenosis, and occlusion as described in Materials and 882 

Methods section. NA, not available.  883 

  884 
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Table 2 885 

Atherosclerotic lesions in F2 homozygous ApoE dogs at 917 month old 886 

detected by ultrasonography 887 

Artery  

-2236/ 

-2236 bp 

17 months 

-34+17/ 

-34+17 bp 

17 months 

-34+17/ 

-34+17 bp 

 12 months 

-34+17/ 

-34+17 bp 

9 months 

Carotid 

artery 

Left internal stenosis normal normal normal 

Left external plaque normal normal normal 

Left common thickened normal normal normal 

Right internal plaque normal normal plaque 

Right external stenosis normal normal thickened 

Right common thickened normal normal plaque 

Abdominal 

aorta 

  Top thickened normal normal normal 

  Middle thickened normal normal normal 

  Lower thickened normal normal normal 

Femoral 

artery 

Left common stenosis normal thickened normal 

Left superficial plaque normal thickened normal 

Left deep plaque normal thickened normal 

Right common stenosis thickened normal normal 

Right 

superficial 
plaque thickened 

normal normal 

Right deep plaque thickened normal normal 

Thickened denotes thickened walls of blood vessels. The severity of atherosclerosis from 888 

weak to strong is thickened, plaque, stenosis, and occlusion as described in Materials and 889 

Methods.  890 

  891 
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 892 

Table 3 893 

Increased cholesterol level in the plasma of ApoE KO dogs before weaning 894 

 895 

F2, F3 mutant dogs and wild type controls were analyzed at 12 months old. 896 

Blood was drawn from the limb venous plexus into EDTA tubes after 14 hours 897 

starvation. TC, total cholesterol; TG, triglycerides; LDL-C, low density 898 

lipoprotein cholesterol; HDL-C, high density lipoprotein cholesterol. Data are 899 

presented Mean ± SEM. -/-, homozygous; +/-, heterozygous; +/+, WT. *P < 900 

0.05, **P < 0.01, ***P < 0.001, as determined by One way ANOVA and 901 

Dunnett’s multiple comparisons tests for mutants vs. WT control. 902 

 903 

Table 4 904 

Increased level of total cholesterol in the plasma of adult ApoE KO dogs 905 

Plasma lipids 

F0 F2 

-/- (n = 4) +/+ (n = 10) -/- (n = 4) +/+ (n = 10) 

TC (mmol/L) 24.94±2.2*** 4.03±0.2 25.44±4.92*** 4.92±0.30 

TG (mmol/L) 0.417±0.03 0.40±0.02 1.35±0.84 0.51±0.05 

LDL-C (mmol/L) 19.39±2.1*** 0.4±0.08 17.47±4.11*** 0.55±0.12 

HDL-C (mmol/L) 2.46±0.28** 3.81±0.15 3.22±0.39 4.06±0.26 

Plasma lipids 
WT control F2 F3 

+/+ (n = 27) -/- (n = 4) -/- (n = 9) 

TC (mmol/L) 4.57±0.24 24.83±2.11*** 20.23±2.09*** 

TG (mmol/L) 0.90±0.06 0.87±0.25 1.20±0.20 

LDL-C 

(mmol/L) 
0.54±0.06 15.80±1.59*** 12.7±1.52*** 

HDL-C 

(mmol/L) 
3.33±0.20 4.66±0.28 3.73±0.15 
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F0 mutant dogs and controls were analyzed at 1824 months old. F2 mutant 906 

dogs and controls were analyzed at 717 months old. Blood was drawn from 907 

the limb venous plexus into EDTA tubes after 14 hours starvation. TC, total 908 

cholesterol; TG, triglycerides; LDL-C, low density lipoprotein cholesterol; 909 

HDL-C, high density lipoprotein cholesterol; Data are presented Mean ± SEM. 910 

-/-, homozygous; +/+, WT. **P < 0.01, ***P < 0.001, as determined by a 911 

two-tailed Student’s t test for both F0 mutants and F2 mutants.  912 
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