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Abstract 31 

Hepatic steatosis is a major etiological factor in hepatocellular carcinoma (HCC). Work reported here 32 

identifies BNIP3 as a suppressor of HCC that mitigates against lipid accumulation.  33 

Loss of BNIP3 decreased tumor latency and increased tumor burden in a mouse model of HCC. This 34 

was associated with increased lipid accumulation and elevated HCC tumor cell growth. Conversely, 35 

exogenous BNIP3 decreased lipid levels and reduced HCC tumor cell growth. Mutant BNIP3W18A that is 36 

unable to promote mitophagy did not decrease HCC cell growth and was defective at reducing lipid levels. 37 

Growth suppression by BNIP3 was not mediated by effects on fatty acid oxidation (FAO) or de novo 38 

lipogenesis (DNL). Rather, BNIP3 suppressed HCC cell growth by promoting lipid droplet turnover at the 39 

lysosome through a process we have termed “mitolipophagy” in which lipid droplets and mitochondria 40 

are turned over together at the lysosome. Low BNIP3 expression in human HCC also correlated with 41 

increased lipid content and worse prognosis than HCC expressing high levels of BNIP3. This work reveals 42 

a role for BNIP3 and lipid droplet turnover at the lysosome in attenuating HCC.  43 

 44 

  45 
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Introduction 46 

The increasing incidence of hepatocellular carcinoma (HCC) in individuals with non-alcoholic fatty 47 

liver disease (NAFLD) and non-alcoholic steatohepatitis (NASH) points to obesity, and to fatty liver in 48 

particular 1-4, as a major etiological factor in HCC in western society 5-10. Indeed, the relative risk of 49 

mortality from liver cancer was shown to be significantly elevated (1.5- to 4-fold) amongst obese patients 50 

compared to non-obese individuals, more than for any other human cancer studied 5,11,12. Given the 51 

continuing increase in morbid obesity in the US population 1,10,11, efforts to understand how fatty liver 52 

promotes HCC are likely to be highly significant in terms of identifying biomarkers predictive of disease 53 

onset or progression, in addition to finding novel targets for therapy.  54 

Pioneering work from the Karin lab has shown obesity driven inflammation to be a major contributing 55 

factor in the progression of NASH to HCC 13-15 but defects in lipid homeostasis that cause cell death and 56 

inflammation in the liver leading to HCC are not fully understood. Altered mitochondrial function has been 57 

reported in human NASH and NAFLD 16,17 and could contribute to altered lipid metabolism in a variety of 58 

ways, such as changes in rates of fatty acid oxidation (FAO), export of citrate to the cytosol for lipid 59 

synthesis, and production of metabolic intermediates and mitochondrial reactive oxygen species (ROS) 60 

that affect lipid species produced 18. Independent of lipid metabolism, dysfunctional mitochondria also 61 

modulate production of pro-inflammatory signals, as well as the type and extent of cell death that 62 

contributes to tumor progression 19. Mitochondrial function is maintained in part through the turnover of 63 

dysfunctional and/or excess mitochondria at the autolysosome by mitophagy 20. BNIP3 is a mitochondrial 64 

cargo receptor that is induced in the liver by nutrient stress 21 and interacts directly with processed LC3 65 

to target mitochondria for degradation at the autolysosome thereby contributing to metabolic zonation in 66 

the liver 22. 67 

Here we examined a novel role for BNIP3 in liver tumorigenesis where we show that targeted 68 

deletion of Bnip3 in a mouse model of HCC caused reduced tumor latency and increased tumor growth 69 

rate that was associated with increased lipid content in tumors at earlier stages of disease. BNIP3 70 

decreased HCC growth rates by increasing rates of lipid droplet (LD) turnover at the lysosome in a 71 

modified form of lipophagy that we have termed “mitolipophagy” in which LDs get turned over in 72 

association with BNIP3-expressing mitochondria. Low BNIP3 expression in human HCC also correlated 73 

high lipid content and worse overall survival.  74 
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Results 75 

Loss of Bnip3 reduces HCC tumor latency and promotes HCC tumor growth. 76 

To examine the role of BNIP3 in hepatocellular carcinoma (HCC), we injected 15 day old Bnip3+/+ 77 

and bnip3-/- mice with the chemical carcinogen diethylnitrosamine (DEN) that is known to induce HCC 78 

with predicted latency in laboratory mice 23,24. We harvested mice at 24, 32 and 40 weeks of age to assess 79 

the effect of Bnip3 loss on both latency and growth of HCC. At 24 weeks of age, macroscopic liver lesions 80 

were apparent on the surface of the bnip3-/- liver (Fig. 1a, top right, arrows) but not on the Bnip3+/+ liver.  81 

By 40 weeks of age, large tumors were obvious on both the Bnip3+/+ and bnip3-/- livers, although the 82 

lesions on the bnip3-/- liver were visibly larger than those in Bnip3+/+ liver (Fig. 1a). Quantification of tumor 83 

number (total per liver on serial sections through each liver) and tumor size (diameter) supported the 84 

visual assessment that tumors form earlier and grow faster in DEN-treated bnip3-/- mice than wild-type 85 

mice. Specifically, by 24 weeks of age, there were significantly more tumors detected in the DEN-treated 86 

bnip3-/- mice than in DEN-treated wild-type control mice (Fig. 1b) although by 32 and 40 weeks of age, 87 

the difference in tumor number was no longer significant (Fig. 1b). By contrast, for those tumors that were 88 

detectable at 24 weeks, there was no significant difference in tumor size between wild-type and bnip3-/- 89 

mice initially but by 32 and 40 weeks, the bnip3-/- tumors were significantly larger than those forming in 90 

wild-type mice (Fig. 1c). In summary, loss of Bnip3 reduces tumor latency and increases tumor growth 91 

rate of DEN-induced HCC in mice.  92 

Interestingly, when we examined BNIP3 expression by immunohistochemistry in tumors forming 93 

in wild-type mice, we noted that BNIP3 expression is elevated in HCC tumors (T) at 24 weeks compared 94 

to adjacent normal (N) liver (Fig. 1d). By contrast, BNIP3 levels were lower in HCC tumors (T) compared 95 

to adjacent normal liver (N) at 32 weeks and 40 weeks (Fig. 1d). The upregulation of BNIP3 in HCC 96 

tumors at 24 weeks compared to adjacent normal liver, is likely mediated by elevated nuclear Hif1a 97 

expression which is also elevated in HCC tumors at 24 weeks (Supp. Fig. 1). qPCR showed that Bnip3 98 

mRNA isolated from primary tumor and adjacent normal tissue was down-regulated in tumors at 32 weeks 99 

and 40 weeks of age (Fig. 1e) suggesting that loss of BNIP3 expression in wild-type HCC at later 100 

timepoints is likely mediated by gene silencing since Bnip3 mRNA levels are decreased (Fig. 1e) despite 101 

persistent expression of nuclear Hif1a (Supp. Fig. 1). Consistent with RNA expression analysis, most 102 

HCC tumors at 32 weeks and all tumors at 40 weeks showed decreased BNIP3 protein levels, compared 103 

to levels in adjacent normal liver (Fig. 1f). These results show that while BNIP3 is expressed at higher 104 

levels in early-stage HCC lesions than in adjacent normal liver, there is selection for loss of endogenous 105 

Bnip3 expression as wild-type tumors progress to later stages of hepatocellular tumorigenesis. 106 

 107 

Loss of Bnip3 is associated with increased lipid accumulation in HCC. 108 
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In addition to loss of BNIP3 expression in wild-type tumors at 32 to 40 weeks of age, there was also a 109 

change in the appearance of HCC tumors forming in wild-type mice. At 24 weeks of age, wild-type HCCs 110 

contain small, tightly packed tumor cells, whereas by 32 and 40 weeks of age, HCC tumors contained 111 

larger tumor cells with more “bubbles” suggesting increased lipid accumulation (Fig. 1d). To assess this, 112 

we stained liver sections from wild-type and bnip3-/- DEN treated mice with Oil red O (ORO) to determine 113 

lipid content in tumors at 24, 32 and 40 weeks (Fig. 2a-c). Consistent with the pattern detected by H&E 114 

staining (Fig. 1d; Fig. 2a, top left), we observed that wild-type tumors at 24 weeks contained less lipid 115 

compared to surrounding normal tissue (Fig. 2a, middle panel). By contrast, HCC tumors forming in bnip3-116 

/- livers contained considerably more lipid at 24 weeks than did tumors in wild-type mice (Fig. 2a) which 117 

was apparent by both H&E staining and by ORO staining. However, tumors growing in 40 week old wild-118 

type mouse liver that had lost Bnip3 expression (Fig. 1d-f), exhibited higher lipid content than surrounding 119 

normal liver and as high as that detected in bnip3-/- tumors (Fig. 2b). Quantification of ORO staining 120 

confirmed these observations (Fig. 2c). At 24 weeks, there was increased lipid content in bnip3-/- tumors 121 

compared to wild-type, but these differences in lipid content diminished over time at 32 and 40 weeks, 122 

as wild-type tumors lost Bnip3 expression and simultaneously accumulated more lipid (Fig. 2c). Increased 123 

lipid content in bnip3-/- HCC was associated with increased transcript levels of genes involved in fatty 124 

acid synthesis (Fig. 2d), including fatty acid synthase (Fasn), acetyl CoA carboxylase 1 (Acaca), ATP 125 

citrate lyase (Acly) and Stearoyl CoA desaturase-1 (Scd1). Immunohistochemistry for ACACA and FASN 126 

indicated that HCC tumors at 24 weeks in both Bnip3+/+ and bnip3-/- mice express higher levels of these 127 

enzymes than surrounding normal tissue (Fig. 2e-f). In summary, our findings show that loss of Bnip3 128 

either by genetic deletion in bnip3-/- mice, or via silencing at late stages of tumorigenesis in wild-type mice 129 

is associated with increased lipid accumulation in HCC. 130 

 131 

BNIP3 reverses lipid accumulation in HCC cells and inhibits HCC cell growth. 132 

To gain mechanistic insight to how BNIP3 was modulating lipid content in HCC tumors, we 133 

established primary cell lines from different bnip3-/- tumors and then generated stable lines using lentiviral 134 

vectors expressing either empty vector (EV), HA-tagged wild-type BNIP3 (HA-BNIP3) or HA-tagged 135 

BNIP3 mutated at W18 to inhibit LC3 interaction and block mitophagy (HA-BNIP3W18A) 22. We validated 136 

expression of EV, HA-BNIP3 or HA-BNIP3W18A in bnip3-/- lines (Fig. 3a) and confirmed expression of 137 

alpha-fetoprotein (AFP), an oncofetal protein expressed during liver development and re-expressed in 138 

HCC tumors (Fig. 3a). We confirmed that expression of HA-BNIP3, but not EV or HA-BNIP3W18A, 139 

promoted mitophagy by staining for overlap between processed LC3B (an autophagosome marker) and 140 

TOMM20 (a mitochondrial marker) in the presence of bafilomycin A1 (Fig. 3b). Exogenous HA-BNIP3 141 

expression decreased staining for TOMM20 and induced significant overlap in LC3B-TOMM20 staining, 142 
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whereas EV and HA-BNIP3W18A did not (Fig. 3b). Decreased mitochondrial staining was visible in HA-143 

BNIP3 expressing HCC cells in the presence (Fig. 3b) or absence of bafilomycin A1 (Supp. Fig. 2a), but 144 

the overlap between LC3 and TOMM20 could only be detected in the presence of bafilomycin A1 (Fig. 145 

3b) indicating that there was increased mitophagic flux when HA-BNIP3 was expressed but not with EV 146 

or HA-BNIP3W18A expression. We also noted that HA-BNIP3 induced mitochondrial fragmentation, that 147 

was most striking when cells were bafilomycin A1 treated (Fig. 3b), but not in the absence of bafilomycin 148 

A1 (Supp. Fig. 2a). Together these results indicate that BNIP3 promotes mitochondrial fragmentation and 149 

preferential mitophagy of these fragmented mitochondria at the autolysosome, which is dependent on its 150 

interaction with LC3, since this was not observed in either EV or HA-BNIP3W18A expressing HCC cells. 151 

Mitochondrial mass was also indirectly assessed by qPCR for mitochondrial genome copy 152 

number (amplifying for Nd1 and Cytb) relative to nuclear DNA (amplifying beta-hemoglobin/Hbb) and 153 

shown to be decreased in HCC cells expressing HA-BNIP3 but not EV or HA-BNIP3W18A (Fig. 3c). Also, 154 

consistent with decreased mitochondrial mass, we observed decreased oxygen consumption in HCC 155 

cells expressing HA-BNIP3 but not EV or HA-BNIP3W18A (Fig. 3d). Interestingly, we observed that 156 

exogenous HA-BNIP3 decreased extracellular acidification of growth media following a glycolysis stress 157 

test performed using the Seahorse analyzer (Fig. 3e) and suppressed glucose uptake by HCC cells in 158 

culture (Fig. 3f). Consistent with these findings in vitro and with increased growth rate of HCC lacking 159 

Bnip3, there was increased glucose uptake into HCCs in bnip3-/- liver compared to Bnip3+/+ liver as 160 

measured by FDG-PET analysis of live mice at 32 weeks of age (Supp. Fig. 3). Overall, these results 161 

show that exogenous HA-BNIP3, but not EV or HA-BNIP3W18A, promotes mitophagy and reduces 162 

mitochondrial mass in HCC cells. In addition, BNIP3 reduces reliance on glucose to fuel either OXPHOS 163 

or glycolysis. 164 

Given the steatotic phenotype in vivo in HCC tumors growing in the absence of BNIP3, we 165 

examined lipid content of HCC cells in culture expressing EV, HA-BNIP3 or HA-BNIP3W18A by staining 166 

cells with the lipophilic dye, BODIPY 493/503.  We observed that expressing exogenous HA-BNIP3 167 

decreased the number of BODIPY positive lipid droplets in HCC cells compared to EV control expressing 168 

HCC cells (Fig. 4a – 4c). Intriguingly, even though HA-BNIP3W18A was unable to promote mitophagy, we 169 

observed that this mutant form of BNIP3 retained ability to decrease lipid droplet number compared to 170 

EV (Fig. 4a-b). However, when we challenged these cells with oleic acid to further increase cellular lipid 171 

content, HA-BNIP3 was significantly more effective at decreasing lipid droplet number than either EV or 172 

HA-BNIP3W18A (Fig. 4a, 4c). Nevertheless, HA-BNIP3W18A retained partial ability to decrease lipid droplet 173 

number suggesting that while mitophagy is involved in how BNIP3 limits lipid accumulation, a second 174 

mitophagy-independent role is also at play. We noted that while HA-BNIP3W18A is defective for mitophagy, 175 

it retains the ability to induce mitochondrial fragmentation raising the possibility that mitochondrial 176 
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fragmentation contributes to how BNIP3 prevents lipid accumulation. Analysis of BODIPY staining of 177 

HCC cells by Imagestream flow cytometric analysis confirmed results obtained by immunofluorescence 178 

microscopy in showing decreased lipid droplet numbers when HA-BNIP3 was expressed but not EV, and 179 

less so with HA-BNIP3W18A (Fig. 4d, 4e). Imagestream analysis also showed HCC cells expressing HA-180 

BNIP3 to be smaller in size that HCC cells expressing EV or HA-BNIP3W18A (Fig. 4d, 4f). Previous work 181 

has linked lower mitochondrial mass and function to decreased overall cell size 25,26. 182 

Exogenous expression of HA-BNIP3 in bnip3-/- HCC cells also decreased expression of lipogenic 183 

genes (Fasn, Acaca, Acly) (Fig. 4g). Most interestingly, exogenous HA-BNIP3 markedly slowed down 184 

the growth of bnip3-/- HCC cells whereas EV and HA-BNIP3W18A did not (Fig. 4h). In summary, BNIP3 185 

induced mitochondrial fragmentation and mitophagy, decreased lipid accumulation and decreased 186 

growth of HCC cells in culture. 187 

 188 

BNIP3 promotes fatty acid oxidation but this does not explain how BNIP3 decreases lipid levels 189 

or inhibits tumor cell growth. 190 

Lipid accumulation in cells can arise for various reasons, including decreased fatty acid oxidation 191 

(FAO) 27 and since FAO takes place in the mitochondrial matrix, we postulated that BNIP3 may be 192 

promoting lipid turnover by increasing FAO.  To examine this, we measured oxygen consumption in HCC 193 

cells expressing EV, HA-BNIP3 or HA-BNIP3W18A using palmitate as a substrate for oxidation (Fig. 5a-e). 194 

Given that exogenous HA-BNIP3 decreased mitochondrial mass (Fig. 3b, 3c) and lowered oxidation of 195 

glucose in bnip3-/- cells (Fig. 3d), we were surprised to observe that HA-BNIP3 markedly increased FAO 196 

of palmitate in bnip3-/- HCC cells compared to EV or HA-BNIP3W18A (Fig. 5a). HA-BNIP3 expressing HCC 197 

cells were also more sensitive to etomoxir (ETO) which suppresses carnitine palmitoyl transferase-1 198 

(CPT1) and blocks fatty acid uptake into the mitochondria to suppress FAO (Fig. 5b, Fig. 5d). Indeed, 199 

ETO collapsed oxygen consumption by HA-BNIP3 expressing HCC cells using palmitate as substrate, 200 

down to levels seen in HCC cells expressing EV or HA-BNIP3W18A (Fig. 5b, 5d). By contrast ETO had no 201 

effect on HCC cells expressing EV or HA-BNIP3W18A (Fig. 5c, 5e). These results suggest that HA-BNIP3 202 

is promoting FAO and thus we were interested to determine if this explained how HA-BNIP3 was able to 203 

promote lipid turnover in HCC cells.  204 

Using similar approaches to those described above, we examined whether inhibiting FAO with 205 

ETO inhibited the ability of HA-BNIP3 to decrease numbers of BODIPY-positive lipid droplets in HCC 206 

cells. Surprisingly, even in the presence of ETO that clearly disrupted FAO, HA-BNIP3 retained the ability 207 

to decrease lipid droplet content in HCC cells, even when FAO was inhibited (Fig. 5f, 5g). This ability was 208 

also still evident in HCC cells fed oleic acid in the presence of ETO (Fig. 5f, 5h), suggesting that while 209 

HA-BNIP3 does indeed promote FAO, HA-BNIP3 has a second activity that regulates lipid droplet content 210 
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in HCC cells. Significantly, HA-BNIP3W18A was also able to decrease lipid droplet number in the presence 211 

of Etomoxir (Fig. 5f, Fig. 5g), even though this form of BNIP3 was unable to promote FAO of palmitate 212 

(Fig. 5b, Fig. 5e). Again, this effect of BNIP3W18A was overcome when cells were fed oleic acid to increase 213 

lipid droplet content such that it was clearly less effective than wild-type BNIP3 at promoting lipid droplet 214 

clearance (Fig. 5f, Fig. 5g). 215 

Expression of certain genes involved in FAO were modestly increased in HCC cells expressing 216 

HA-BNIP3 compared to either EV expressing or HA-BNIP3W18A expressing cells (Fig. 5i) but again, since 217 

effects on FAO do not appear to explain the ability of BNIP3 to decrease lipid levels in cells, it is unclear 218 

what the significance of the increased expression of CPT2, ACADM and ACADL are for cell growth. 219 

Indeed, treatment of HA-BNIP3 expressing HCC cells with ETO had no effect on cell growth (Fig. 5j). 220 

These results show that while BNIP3 inhibits FAO in bnip3-/- HCC cells, this does not explain how BNIP3 221 

promotes decreased lipid content or how BNIP3 suppresses HCC cell growth. 222 

 223 

BNIP3 does not decrease lipid levels or HCC cell growth via effects on lipogenesis. 224 

To assess whether BNIP3 was decreasing lipid content in HCC cells by inhibiting de novo 225 

lipogenesis, we examined the effect of treating cells with an active site inhibitor of FASN called TVB-3664 226 

that is active on mouse cells 28. Treatment of cells for 24 hours with TVB-3664 markedly increased 227 

expression of fatty acid synthesis genes (Fasn, Acaca, Acly) irrespective of genotype (Fig. 6a), as 228 

expected due to transcriptional feedback effects when lipid synthesis is repressed 29.  Inhibiting FASN is 229 

expected to increase cellular levels of malonyl CoA that gets depleted as a substrate for FASN to make 230 

palmitate. Interestingly, only cells expressing HA-BNIP3, not EV or HA-BNIP3W18A, showed increased 231 

malonyl CoA when treated with the TVB-3664 FASN inhibitor (Fig. 6b). This suggests that FASN was 232 

more active in HA-BNIP3 expressing HCC cells than cells expressing either EV or HA-BNIP3W18A, 233 

consistent with there being lower lipid levels in cells expressing HA-BNIP3. In addition to acting as a 234 

substrate for FASN, malonyl CoA also inhibits FAO by preventing carnitine uptake by CPT1 30. Similar to 235 

the effects of ETO on FAO, and consistent with increased malonyl CoA produced by FASN inhibition in 236 

HA-BNIP3 expressing cells, we observed that TVB-3664 inhibited FAO of palmitate in HA-BNIP3 237 

expressing HCC cells (Fig. 6d) compared to EV (Fig. 6c) or HA-BNIP3W18A expressing cells (Fig. 6e). 238 

Thus, TVB-3664 inhibits both lipid synthesis and FAO in HA-BNIP3 expressing bnip3-/- HCC cells.  239 

When we examined the effect of TVB-3664 on lipid content of HCC cells, we observed that it 240 

eliminated lipid content almost completely independent of BNIP3 since it decreased lipid content in cells 241 

expressing EV, HA-BNIP3 or HA-BNIP3W18A to undetectable levels (Fig. 6f, Fig. 6h). However, by 242 

increasing the amount of lipid in cells by feeding them with oleic acid, we observed that HA-BNIP3, but 243 

not EV or HA-BNIP3W18A, remained able to decrease lipid content even when FASN (and FAO) was 244 
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inhibited (Fig. 6g, Fig. 6h), arguing that the ability of BNIP3 to decrease lipid content in HCC cells was 245 

independent of effects on DNL and/or FAO.  Furthermore, the repressive effect of FASN inhibition on 246 

growth of HA-BNIP3 expressing cells was synergistic with the effect of exogenous HA-BNIP3 (Fig. 6i) 247 

suggesting that BNIP3 is suppressing tumor cell growth in a manner independent of lipid synthesis. In 248 

addition, TVB-3664 inhibition of FASN was also able to inhibit growth of EV and HA-BNIP3W18A 249 

expressing HCC cells (Fig. 6i), consistent with the growth suppressive effects of TVB-3664 being BNIP3-250 

independent. In summary, while TVB-3664 inhibits HCC cell growth, this is independent of BNIP3 and 251 

BNIP3 (but not EV or BNIP3W18A) suppresses HCC cell growth independently of TVB-3664 and FASN 252 

activity. Thus far, we have excluded the effects of BNIP3 on FAO or DNL as explaining how BNIP3 253 

decreases lipid levels and attenuates HCC tumor cell growth. 254 

 255 

BNIP3 limits lipid content and HCC cell growth by promoting lipid droplet turnover. 256 

Another mechanism by which cells regulate lipid content is via turnover of lipid droplets (LDs) that 257 

involves both lipolysis and lipophagy. LDs are a means of storing triacylglycerides, stearyl esters and 258 

retinyl esters within a phospholipid membrane and LDs play important roles in the regulation of fatty acid 259 

trafficking within the cell 31. LD turnover relies on cytosolic lipases, such as adipose triglyceride lipase 260 

(ATGL) while the engulfment of LDs by autophagosomes in a process known as lipophagy, relies on acid 261 

lipases at the lysosome 32-34. LDs are known to associate with mitochondria 35-37 and given the role of 262 

BNIP3 in mitophagy, we examined a potential role for BNIP3 in promoting LD turnover via a mechanism 263 

that integrates mitophagy with lipophagy. When we inhibited lysosomal lipases with Lalistat2 (LALi) 33, 264 

we observed increased numbers of LDs accumulating in HCC cells when HA-BNIP3 was expressed but 265 

less with EV or HA-BNIP3W18A (Fig. 7a, 7b) suggesting that BNIP3 relied on lysosomal lipases to elicit at 266 

least part of its effect in decreasing LD numbers. ImageStream analysis confirmed that LALi only 267 

increased BODIPY LD number significantly when HA-BNIP3 was expressed and less so when HA-268 

BNIP3W18A or EV was expressed (Supp. Fig. 4a, 4b). Interestingly, LALi appeared to increase LD numbers 269 

but did not increase overall cell size of HCC cells expressing HA-BNIP3, (Supp. Fig. 4a, 4c) indicating 270 

that reduced HCC cell size with HA-BNIP3 was not likely due to effects of BNIP3 on LD numbers. In 271 

summary, these results suggested to us that BNIP3 was decreasing lipid content in HCC cells by 272 

promoting LD turnover at the lysosome.  273 

To examine this more carefully, we co-stained cells for BODIPY and lysotracker to examine 274 

overlap of LDs with the lysosome. Experiments were performed in the presence of oleic acid and LALi to 275 

allow such structures to accumulate. While a few overlapping LD/lysosomes were detected in EV and 276 

HA-BNIP3W18A expressing HCC cells (Fig. 7c), there was a marked increase in overlap (white) between 277 

BODIPY (green) and Lysotracker (magenta) in HCC cells expressing HA-BNIP3 (Fig. 7c). Notably, 278 



Berardi et al  BNIP3 in liver cancer 

 10 

smaller green LDs were seen predominantly inside magenta-colored lysosomes while larger LDs did not 279 

associate with lysosomes (Fig. 7c).  Analysis of LDs, mitochondria and lysosomes in the different HCC 280 

lines by transmission electron microscopy (TEM), revealed plentiful LDs in both EV and HA-BNIP3W18A 281 

expressing cells (Fig. 7d), and fewer LDs in the HA-BNIP3 expressing HCC cells, consistent with BODIPY 282 

imaging of cells showing HA-BNIP3 decreasing LD number. There were also more mitochondria in EV 283 

and HA-BNIP3W18A expressing HCC cells (Fig. 7d), supporting conclusions from Fig. 3 that HA-BNIP3, 284 

but not EV or HA-BNIP3W18A, promotes mitophagy and lowers mitochondrial mass. Lysosomes were also 285 

more evident in HA-BNIP3 expressing cells (Fig. 7d) and contained LD-like structures inside lysosomes 286 

(Fig. 7e, middle) as also seen by fluorescence microscopy (Fig. 7e, left) as well as LDs associated with 287 

mitochondria (Fig. 7e, right). Taken together, these data suggest that BNIP3 is promoting LD turnover at 288 

the lysosome in conjunction with turnover of mitochondria.  289 

Treatment of cells with LALi significantly decreased the growth of HCC cells expressing HA-BNIP3 290 

but had no effect on the growth of cells expressing EV or HA-BNIP3W18A (Fig. 7f), suggesting that BNIP3 291 

suppresses HCC cell growth by promoting lysosomal turnover of LDs in a mitophagy-dependent manner.  292 

LALi treatment also decreased palmitate oxidation suggesting that fatty acids liberated by lysosomal 293 

lipases are fueling FAO in HCC cells (Fig. 7g). However, this effect was independent of BNIP3 consistent 294 

with data described above (Fig. 5) indicating that altered FAO does not explain how BNIP3-dependent 295 

LD turnover suppresses cell growth. At this time, it is not clear to us how LDs promote HCC cell growth 296 

but LDs could act as reservoirs of phospholipids and other lipids used by growing cancer cells for 297 

membrane expansion and other pro-growth functions.  In summary, these data indicate that BNIP3 298 

attenuates HCC cell growth by promoting LD turnover by a process we refer to as “mitolipophagy”.  299 

 300 

Low BNIP3 expression in human HCC correlates with worse overall survival. 301 

We examined publicly available RNA-Seq data comparing transcript expression in human HCC 302 

to healthy human liver tissue 38, that showed expression of genes involved in fatty acid metabolism, 303 

cholesterol metabolism and adipogenesis to be up-regulated in HCC compared to healthy liver (Supp. 304 

Fig. 5a-c), in line with previously published data 39-41. When we examined BNIP3 expression in these 305 

data-sets, we observed that while lipid synthesis genes like FASN and ACLY were increased in HCC 306 

compared to healthy tissue, BNIP3 was significantly decreased (Fig. 8a, 8b). Interestingly, PPARGC1A 307 

that promotes mitochondrial biogenesis was also increased in HCC compared to healthy liver while 308 

ACADM that promotes FAO was decreased (Fig. 8a). Linear regression analysis showed a highly 309 

significant inverse correlation between levels of FASN, ACLY and PPARGC1A and BNIP3 (Supp. Fig. 310 

5d - f) and a direct correlation between ACADM and BNIP3 (Supp. Fig. 5g). These data indicate that in 311 

HCC where lipogenic programs are increased, BNIP3 is significantly decreased.  312 
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We further explored TCGA data looking at how expression levels of BNIP3 affects overall survival 313 

of patients with HCC and showed a correlation between levels of BNIP3, acetyl CoA carboxylase-1 314 

(ACACA) and patient survival. The ACACA gene encodes an enzyme that catalyzes conversion of acetyl 315 

CoA to malonyl CoA to promote lipid synthesis, and is frequently up-regulated in human cancers, 316 

including HCC 42,43. Interestingly, we found that high BNIP3 expression levels in combination with high 317 

ACACA expression portended a highly significant increase in overall survival rates (Fig. 8c) in contrast 318 

to the combination of high ACACA expression with low BNIP3 expression that had the worst prognosis 319 

for overall survival (Fig. 8e). Moreover, when we examined the histology of liver sections from these HCC 320 

patients, we observed that high BNIP3 mitigated against lipid accumulation linked to high ACACA 321 

expression (Fig. 8d) in contrast to low BNIP3 where high levels of lipid were associated with high ACACA 322 

expression (Fig. 8f). These results indicate that high BNIP3 expression is associated with decreased lipid 323 

accumulation, less aggressive HCC and increased patient survival when linked to high ACACA 324 

expression while conversely low BNIP3 predicts increased lipid accumulation and worse patient outcome. 325 

   326 
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Discussion 327 

Our work identifies a novel role for BNIP3 in limiting HCC by promoting lipid droplet turnover at the 328 

lysosome (Fig. 9). This conclusion was reached after first interrogating the role of BNIP3 in rates of fatty 329 

acid oxidation (FAO) and also in de novo lipogenesis (DNL). FAO in particular seemed likely to be 330 

influenced by BNIP3 since it takes place in the mitochondrial matrix.  FAO has generally been reported 331 

to be required for cancer growth, including in MYC-driven triple negative breast cancer 44, KRAS-driven 332 

lung cancer 45 and other cancers 46. FAO protects tumor cells from cell death induced by loss of 333 

attachment (anoikis) 47 and/or under conditions of nutrient deprivation 48. In these conditions, FAO-334 

dependent generation of ATP for energy, NADH to feed the electron transport chain, acetyl CoA to prime 335 

the TCA cycle and NADPH (via TCA-derived citrate) to mitigate against ROS levels, have all been cited 336 

as explaining the pro-tumorigenic function of FAO 49. To our surprise, BNIP3 very potently promoted FAO 337 

in HCC cells using palmitate as a substrate (Fig. 5d) whereas mitophagy-defective BNIP3W18A was unable 338 

to promote FAO (Fig. 5e) indicating that the strong effect of BNIP3 on FAO was mitophagy-dependent. 339 

Mitochondrial fission is known to precede mitophagy 50,51 and indeed, BNIP3 induces both mitochondrial 340 

fragmentation and mitophagy 52. Thus, one possible explanation for how BNIP3 promotes FAO is by 341 

promoting the turnover of smaller more fragmented mitochondria, thereby increasing the cellular 342 

proportion of fused mitochondria. Fused mitochondria are more efficient at FAO 53, possibly due to more 343 

efficient exchange of reducing agents and metabolic intermediates within the mitochondrial matrix 54. 344 

Nevertheless, this effect of BNIP3 in promoting FAO is unlikely to explain HCC growth suppression since 345 

inhibition of FAO with Etomoxir failed to block the growth suppressive properties of BNIP3 (Fig. 5j).  346 

Increased rates of de novo lipogenesis (DNL) have also been linked to increased tumorigenesis, 347 

including HCC and other cancers 43,55, and indeed SNPs associated with the FASN, ACACA and ACLY 348 

genes predict disease outcome including recurrence of human HCC 56. Increased lipid synthesis may 349 

promote tumor cell growth by fueling triglyceride formation for cell membranes and signaling, amongst 350 

other functions 27. Interestingly, breast cancer cells are particularly dependent on fatty acid synthesis 351 

after metastasizing to the brain which has limited fatty acid availability compared to either the primary 352 

site or other metastatic sites 57.  These studies have driven efforts to target FASN and ACACA enzymes 353 

for therapeutic benefit 43,55,58-60. However, our work shows that the ability of BNIP3 to promote lipid 354 

clearance from HCC tumor cells, was not dependent on rates of lipogenesis since BNIP3 could decrease 355 

lipid levels robustly even in the presence of an effective FASN inhibitor (Fig. 6h).  356 

Having excluded effects of BNIP3 on FAO and DNL as explaining how BNIP3 decreased both lipid 357 

droplet (LD) number and HCC cell growth, we considered the possibility that BNIP3 was promoting 358 

lipolysis of neutral lipids contained in LDs. Inhibiting lysosomal acid lipases with Lalistat2 (LALi) 359 

significantly attenuated the inhibitory effect of BNIP3 on LD number (Fig. 7a) suggesting that BNIP3 is 360 
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somehow promoting lipophagy in which lipid droplets are turned over at the lysosome 32. This became 361 

more interesting when, unlike FAO and DNL inhibitors, we also observed a marked decrease in the ability 362 

of BNIP3 to limit HCC tumor cell growth following treatment with LALi (Fig. 7f). Using LALi to inhibit 363 

turnover of LDs that had been taken up by lysosomes, we observed that BNIP3 promoted increased LD 364 

uptake by lysosomes compared to either EV or BNIP3W18A, but also that it was the smallest LDs that were 365 

taken up by the lysosome (Fig. 7c). Larger LDs appeared to be resistant to turnover at the lysosome. As 366 

discussed above, mitophagy is preceded by mitochondrial fragmentation and there is preferential 367 

turnover of smaller mitochondria causing larger more fused mitochondria to predominate 50,51. 368 

Mitochondria and LDs associate with each other through various mechanisms 35,36, and LD size is partly 369 

determined by surface area of contact with peri-droplet mitochondria 61. LD size increases in proportion 370 

to the size of the mitochondria with which it associated 61. Conversely, smaller lipid droplets associate 371 

with smaller mitochondria that in turn are more susceptible to turnover at the autolysosome.  372 

Thus, to reconcile our collective findings, we suggest that BNIP3 promotes LD turnover through 373 

“mitoplipophagy” in which small LDs get turned over with associated smaller, fragmented mitochondria 374 

(Fig. 9). Selective forms of autophagy imply that only the selected cargo gets turned over and certainly 375 

upregulation of specific cargo receptors like BNIP3 promote increased mitophagy preferentially over other 376 

selective forms of autophagy. However, analysis of electron micrographs clearly indicates that while 377 

mitochondria make up the bulk of the cargo during mitophagy, other organelles, such as associated ER 378 

and ribosomes also get turned over by association with targeted mitochondria 62. Indeed, our TEM 379 

revealed interactions between fragmented mitochondria and lipid droplets inside membrane bound 380 

vesicles (Fig. 7e), consistent with our suggestion that BNIP3 limits lipid accumulation by promoting LD 381 

turnover with associated mitochondria. This BNIP3-dependent tumor suppressive mechanism may be 382 

unique to liver where accumulating lipid promotes both NAFLD and NASH, and progression to HCC, and 383 

ongoing studies are examining the extent to which BNIP3 modulates lipid content in other tissues and 384 

tumor types, and whether this contributes to the growth suppressive effect of BNIP3.   385 

 386 

 387 

388 
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Methods 389 

 390 

Mice 391 

All mice (wild-type and bnip3-/- mice) were maintained on a pure C57Bl/6J genetic background. Mice were 392 

maintained in an environmentally controlled specific pathogen free barrier facility and provided ad libitum 393 

with water and chow. Tumors were induced in mice by intra-peritoneal injection of 15 day old male mice 394 

with 25 mg/kg diethylnitrosamine (DEN).  395 

 396 

Cells 397 

Primary hepatocellular carcinoma cell lines were established from bnip3-/- mice using a standard two-398 

step liver perfusion technique, as described previously by our lab 22. Macroscopic tumors evident in the 399 

excised and collagenase perfused liver were dissected away from surrounding non-tumor liver 400 

parenchyma in a culture dish containing isolation media (DMEM/4.5 g/l glucose, 1 mM lactate, 2 mM L-401 

glutamine, 15 mM Hepes, 100 nM dexamethasone, 10 % defined fetal bovine serum (Hyclone), 100 U/ml 402 

penicillin/0.1 mg/ml streptomycin). Tumors were disaggregated by pipetting, filtered through a 75 µm filter 403 

and washed three times in isolation media. The HCC cell pellet was resuspended in defined HCC growth 404 

media (DMEM/F12, 10% defined fetal bovine serum (Hyclone), 100 nM dexamethasone, 20 µg/l 405 

epidermal growth factor, 1x Insulin-Transferrin-Selenium (ITS, Gibco, Cat# 41400045), 100 U/ml 406 

penicillin/0.1 mg/ml streptomycin). HCC cell lines were expanded and infected overnight in the presence 407 

of 8 µg/ml polybrene with lentivirus (pLVX) expressing either empty vector sequences (EV), HA-BNIP3 408 

or HA-BNIP3W18A, and selection for expressing lines was performed in 200 µg/ml hygromycin. Cell lines 409 

were validated for exogenous BNIP3 expression by western blot with a-HA, a-AFP and by 410 

immunofluorescence for HA (see below). Experiments were conducted in HCC defined media (no 411 

hygromycin) in the presence or absence of 100 µM BSA-conjugated oleic acid (Sigma cat# O3008). Drug 412 

treatments included 10 µM Etomoxir (Sigma cat# 509455) for 24 hours, 12 nM TVB-3664 (3V-413 

Biosciences) for 24 hours, 20 µM Atglistatin (ATGLi) (Cayman Chemical, cat# 15284) for 24 hours, or 50 414 

µM Lalistat2 (LALi) (Cayman Chemical, cat# 25347) for 24 hours. 415 

 416 

Analysis of Oxygen Consumption Rates 417 

HCC cells were seeded in Seahorse XF96 microplates at a density of 0.75 x 104 cells/well. The next day, 418 

the cellular mitochondrial stress test was performed according to the manufacturer’s protocol (1 μm 419 

oligomycin;  0.75 μm FCCP; 5 μM Antimycin A), using the Seahorse XF96 analyzer in the Biophysics 420 

Core at the University of Chicago. Briefly, 2X DMEM base media was used to make 1X DMEM 421 
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supplemented with 4.5 g/L glucose, 2mM glutamine, and 1mM sodium pyruvate, with a pH adjusted to 422 

7.35. Cells were rinsed with PBS prior to addition of 175uL of 1X DMEM and the plate was incubated in 423 

the absence of CO2 for approximately 1 hour. Alternatively, cells were incubated in substrate-limited 424 

growth media for 24h and then palmitate was added as the main carbon source according to the 425 

manufacturer’s protocol in the palmitate oxidation stress kit from Agilent Plc, cat# 103693-100). Data 426 

were normalized by cell number using Hoechst 33342 nuclear counterstain and fluorescence 427 

quantification using a microplate reader. Normalized OCR data was then analyzed using Agilent 428 

Seahorse Wave software. 429 

 430 

Measurement of Cell Growth Rate. 431 

HCC that stably express HA-BNIP3 or HA-BNIP3W18A or Empty Vector as control were seeded into 432 

twelve wells each per condition (8*104 cells per well) on 96 well plates. Cells were treated or not with 433 

different drugs (TVB-3664, Etomoxir or LALi) and confluence was measured along the time with the 434 

IncuCyte Live-Cell Analysis System (Sartorius) over a 7 day period. 435 

 436 

RNA extraction 437 

Cells in a 6-well plate were washed twice with 2mL of DPBS followed by addition of 1mL Trizol. Wells 438 

were incubated for 5 minutes at RT and collected in eppendorf tubes.  At this step, samples could be 439 

frozen at -80 °C or immediately extracted for RNA. For extraction, 200uL of chloroform was added to 440 

each sample, followed by vigorous shaking for 15 seconds and incubation for 3 minutes at RT. Tubes 441 

were centrifuged at 12,000xg, 15 min, at 4 °C. The aqueous upper phase (~400 μL) was transferred into 442 

a fresh tube, followed by addition of 1 volume of 70% EtOH (~400uL) and vigorous shaking. Samples 443 

were incubated for 5 minutes and then applied to RNeasy columns.  The remainder of the extraction was 444 

performed according to the RNeasy Mini kit protocol (Qiagen) and included on-column DNaseI digestion. 445 

RNA was eluted in 50 μL of RNase-free water, concentrations were measured using the NanoDrop 446 

Spectrophotometer, and samples were stored at -80 °C.  447 

 448 

Quantitative PCR 449 

To make cDNA, 1-2 μg of RNA was reverse transcribed using the High Capacity RNA-to-cDNA kit 450 

(Applied Biosystems). The concentration of cDNA was measured by NanoDrop and samples were stored 451 

at -20 °C. For gene expression analysis, we performed quantitative real-time PCR on 250 ng of cDNA 452 
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per sample using Taqman gene-specific fluorogenic probes (Applied Biosystems/Thermo Fisher). 453 

Primers used for qPCR included in this manuscript are as follows: 454 

Genomic copy number (Mt:Nuc gDNA): 455 

Cyba: Mm00241140_cn 456 
Ndufa1: Mm00526370_cn 457 
Hbb-bh1: Mm00216612_cn 458 

 459 
Gene expression: 460 
Bnip3: Mm01275601_g1 461 
Fasn: Mm01253292_m1 462 
Acaca:Mm01304277_m1 463 
Acly: Mm00652520_m1 464 
Scd1: Mm00772290_m1 465 
Cpt1a: Mm00550438_m1 466 
Cpt2: Mm00487205_m1 467 
Acadm: Mm01323360_g1 468 
Acadl: Mm00599660_m1 469 
Rps12: Mm03030276_g1 470 

 471 

Immunohistochemistry & Oil Red O staining 472 

Immunohistochemistry on mouse liver sections was carried out as described previously 22 using heat 473 

denaturation in citrate buffer pH 6.0 to expose epitope. Stained slides were digitized using an Allied Vision 474 

Technologies Stingray F146C color slide scanner and quantified using the Spectrum Plus Image analysis 475 

software (Aperio). Antibodies were used in IHC as follows: Ki67 (Labvision, cat# RM9106), a-BNIP3 476 

(Sigma Prestige, HPA003015) 1:100; a-FASN (Cell Signaling Technology, cat# 3180) 1: 100; a-ACACA 477 

(Cell Signaling Technology, cat# 3676) 1: 200. Oil Red O staining was performed on frozen liver sections 478 

that were warmed to room temperature, fixed for 10 minutes in cold 10% neutral buffered formalin and 479 

allowed to air dry. Slides were incubated in propylene glycol for 3 minutes and then in Oil Red 480 

O/propylene glycol solution for 10 minutes, followed by 3 minutes in 85% propylene glycol and washing 481 

three times in water. Oil Red O reagents were obtained from Newcomer Supply (Cat.# 9119A). Oil Red 482 

O stained sections were then counterstained in hematoxylin and mounted using Vectashield (Vector 483 

Laboratories). Oil red O droplets were quantified in the red channel following deconvolution and 484 

thresholding, using Image J (NIH). 485 

 486 

Protein extraction 487 

For harvesting of cells, plates were washed in ice-cold DPBS followed by scraping in 1mL of DPBS 488 

containing protease inhibitors (0.5 mM PMSF, 1 μg/mL aprotinin, 1  μg/mL  leupeptin,  1  mM  Na3VO4). 489 

Cells were pelleted at 3000xg for 3 minutes at 4°C and resuspended in RIPA lysis buffer (10 mM Tris-490 

HCl pH  8.0,  150  mM  NaCl,  1%  sodium  deoxycholate,  0.1%  SDS,  1%  Trition  X-100)  containing  491 
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protease  and  phosphatase  inhibitors (Roche PhosSTOP inhibitor cocktail tablet). Samples were 492 

incubated on ice for 15 minutes with vortexing every 5 minutes, and centrifuged at full speed for 15 493 

minutes at 4 °C. The supernatant was transferred to pre-chilled Eppendorf tubes and protein 494 

concentration was measured on a NanoDrop spectrophotometer and stored frozen at -80 °C. 495 

 496 

Western blot 497 

Protein samples were denatured by boiling for 5 min with SDS reducing sample buffer (400 mM Tris pH 498 

6.8, 10% SDS, 500 mM β-mercaptoethanol) and sample loading dye (60% glycerol and bromophenol 499 

blue). The amount of protein loaded per sample varied depending on the proteins being probed, but 500 

typically 75 μg was loaded onto SDS-PAGE gels, followed by transfer to nitrocellulose (0.2 μm pore, GE 501 

Healthcare) or PVDF (0.45 μm pore, GE Healthcare) membranes. Membranes were blocked in 5% nonfat 502 

milk in TBS/0.05% Tween (TBST) for 30 minutes at room temperature with shaking and incubated with 503 

primary antibodies overnight at 4 °C on a rocker, in 5% BSA/TBST for antibodies from Cell Signaling 504 

Technology and in 5% nonfat milk/TBST for all others. The next day, membranes were washed 3 times 505 

with TBST and incubated with HRP-conjugated secondary antibody (Dako) in 5% nonfat milk/TBS-T for 506 

2 hours at room temperature on a shaker. Membranes were washed 3 times in TBS-T and proteins were 507 

visualized by chemiluminescence and exposure on X-ray film. Antibodies for western blots were used as 508 

follows: a-HA (Cell Signaling 3724) 1:2,000, a-BNIP3 (Cell Signaling #3769) 1:500, a-Alpha fetoprotein 509 

(Santa Cruz sc-15375) 1:500. 510 

 511 

Immunofluorescence & confocal microscopy 512 

For immunofluorescence staining, cells were seeded onto 8 well chambered coverslips (Ibidi #80826) 513 

and grown in HCC growth media. Cells were treated with Bafilomycin A1 (Enzo Cat#: BML-CM110) at 514 

100nM for the last 4hr of the experiment. At experimental endpoint, media was aspirated and wells 515 

washed in DPBS followed by fixation in 4% paraformaldehyde (PFA) (Alfa Aesar cat#: J61899AP) for 15 516 

minutes at RT, followed by permeabilization in ice-cold 100% methanol for 10 minutes at -20°C. Wells 517 

were washed with 0.5% TBST and blocked in 10% goat serum in 0.5% TBST for 30 minutes. Wells were 518 

incubated with primary antibodies in 10% goat serum in 0.5% TBST overnight at 4°C. Anti-TOMM20 519 

(Abcam, ab56783, 1:150), anti-LC3B (Cell Signaling, 3868S, 1:200). The next day, wells were washed 520 

in 0.5% TBST for 3x5 minutes, followed by incubation in appropriate fluorescent secondary antibodies in 521 

10% goat serum/TBST for 1 hour at RT, protected from light. Wells were washed in 0.5% TBST for 3x5 522 

minutes and mounted with Ibidi mounting medium with DAPI (Ibidi cat#: 50011). For BODIPY staining, 523 

wells were treated with the relevant drug, if lysosomal visualization was required, cells were treated with 524 

LysoTracker Deep Red (Invitrogen cat#: L12492) at 50nM, 4hr before experimental endpoint. Media was 525 
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aspirated and wells washed in DPBS followed by fixation in 4% (PFA) for 10 minutes at RT. Incubated 526 

cells in 0.5ug/ml BODIPY 493/503 (Invitrogen cat#: D3922) diluted in DPBS for 25 mins. Washed 3x with 527 

DPBS and mounted with Ibidi mounting medium with DAPI. All imaging was performed using the Leica 528 

TCS SP8 laser scanning confocal microscope in the Integrated Microscopy Core Facility at the University 529 

of Chicago. All images were collected using a 63X oil-immersion objective. 10-15 images representative 530 

images were obtained for each well.  531 

 532 

ImageJ quantification of Lipid Droplets 533 

Quantification of BODIPY positive lipid droplets was performed in FIJI. An ImageJ macro was written to 534 

threshold the images using the “MaxEntropy” algorithm for auto-thresholding and to count the lipid 535 

droplets in each image. A separate macro was written to quantify the number of nuclei in each image in 536 

order to calculate the average number of LDs per cell.  537 

 538 

Measurement of Malonyl CoA  539 

Cells were collected from confluent 15cm plates, scraped in 1ml DPBS and immediately frozen at -20°C. 540 

Malonyl CoA levels were measured using a Mouse malonyl coenzyme A ELISA Kit (MyBiosource cat# 541 

MBS705127) according to manufacturer’s instructions. Values were normalized by total protein levels 542 

measured using a Brafdord assay protein quantification kit (Bio-Rad cat# 5000201).  543 

 544 

Electron Microscopy 545 

Cells were fixed in situ in 2% glutaraldehyde/4% paraformaldehyde for 1 hour at room temperature then 546 

gently scraped and pelleted at 900 g. The cell pellet was processed for sectioning and electron 547 

microscopy by the Electron Microscopy Core facility at the University of Chicago.  548 

 549 

Bioinformatic analysis. 550 

Expression data from dataset GSE84073 was downloaded from the GEO database and BioJupies web 551 

application 63 was used to perform bioinformatic analysis of BNIP3 expression and Lipid-Mitochondrial 552 

genes between healthy liver samples (GSM2653819 and GSM2653820) vs HCC samples(GSM2653823 553 

and GSM2653824). Linear regression correlation analysis between BNIP3 and FASN, ACLY, 554 

PPARGC1A or ACADM was performed using BioVinci (Bioturing, San Diego, CA, USA). 555 

Liver hepatocellular carcinoma (LIHC) patient’s survival analysis was performed using cBioPortal 64,65 556 

and data from the TCGA PanCancer Atlas (n = 372 patients). LIHC patients were classified into different 557 

groups according to the BNIP3 and ACACA median expression value. By Kaplan–Meier method we 558 
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obtained the overall survival and comparison between curves were made by using Log-Rank test. Data 559 

obtained from cBioPortal database does not require ethical approval. 560 

 561 

Statistics 562 

All statistical analyses were carried out using GraphPad Prism of raw data. The data were analyzed using 563 

one-way or two-way ANOVA with Tukey’s post-test with a 95% confidence interval for data sets involving 564 

single parameters or single groups of data. Other datasets involving comparisons amongst multiple 565 

groups used Wilcoxon rank sum analyses with a 95 % confidence interval.   Data are shown as the mean 566 

± s.e.m. Values of p≤ 0.05 are considered significant.  * p≤ 0.05; ** p≤0.01; *** p≤0.001; **** p≤0.0001. 567 

 568 

Study approval 569 

All work was approved by the University of Chicago Institutional Animal Care and Use Committee under 570 

protocols 71155 and 72056.  571 
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Figure Legends 588 

 589 
Fig. 1. Loss of BNIP3 promotes HCC initiation and tumor growth. a Representative images of HCC tumors forming in the liver 590 
of Bnip3+/+ and bnip3-/- mice at 24 weeks and 40 weeks following I.P. injection with 25 mg/kg DEN. b Graph of tumor number 591 
forming in the liver of Bnip3+/+ (red) and bnip3-/- (blue) mice at 24 weeks and 40 weeks following I.P. injection with 25 mg/kg DEN 592 
(NS = not significant, ** = p < 0.01). c Graph of tumor size in the liver of Bnip3+/+ (red) and bnip3-/- (blue) mice at 24 weeks and 593 
40 weeks following I.P. injection with 25 mg/kg DEN (NS = not significant, ** = p < 0.01). d Liver sections from Bnip3+/+ and 594 
bnip3-/- mice at 24 weeks, 32 weeks and 40 weeks following I.P. injection with 25 mg/kg DEN, stained with hematoxylin & eosin 595 
(top row), Ki67 (middle row) and BNIP3 (bottom row). e qPCR for Bnip3 mRNA isolated from HCC lesions and adjacent normal 596 
liver in Bnip3+/+ mice at 32 weeks and 40 weeks weeks following I.P. injection with 25 mg/kg DEN. f Western blot for BNIP3 in 597 
protein lysates isolated from HCC tumor lesions (T) and adjacent normal (N) liver in Bnip3+/+ mice at 32 weeks and 40 weeks 598 
weeks following I.P. injection with 25 mg/kg DEN. 599 
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 600 
 601 
Fig. 2.  Lipid increases in HCC when BNIP3 is lost or silenced. a, b Liver sections from Bnip3+/+ and bnip3-/- mice at 602 
24 weeks (A) and 40 weeks (B) following I.P. injection with 25 mg/kg DEN, stained with hematoxylin & eosin (top row) 603 
or Oil Red O (middle row – 100x magnification, bottom row – 400x magnification). c Graph of Oil Red O-positive lipid 604 
droplet number in the liver of Bnip3+/+ (red) and bnip3-/- (blue) mice at 24 weeks, 32 weeks and 40 weeks following 605 
I.P. injection with 25 mg/kg DEN (NS = not significant, * = p < 0.05, *** = p < 0.001). d qPCR for lipogenic genes 606 
Fasn, Acyl, Acaca in tumors from Bnip3+/+ (red) and bnip3-/- (blue) mice at 32 weeks following I.P. injection with 25 607 
mg/kg DEN (*** = p < 0.001). e Immunohistochemical staining for ACACA in liver sections from Bnip3+/+ (red) and 608 
bnip3-/- (blue) mice at 24 weeks following I.P. injection with 25 mg/kg DEN. f Immunohistochemical staining for FASN 609 
in liver sections from Bnip3+/+ (red) and bnip3-/- (blue) mice at 24 weeks following I.P. injection with 25 mg/kg DEN.  610 

 611 
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 612 
Fig. 3. BNIP3 dependent mitophagy suppresses glucose oxidation, lipid droplet numbers and HCC cell growth. a Western blot 613 
for a-HA and aFP in protein lysates extracted from bnip3-/- HCC cells reconstituted with EV, HA-BNIP3WT or HA-BNIP3W18A. b 614 
Immunofluorescent staining for TOMM20 and LC3 in bnip3-/- HCC cells reconstituted with EV, HA-BNIP3WT or HA-BNIP3W18A in 615 
the presence of 100 nM bafilomycin A1 for 4 hours. c qPCR for mt:nuc DNA ratio in bnip3-/- HCC cells reconstituted with EV, HA-616 
BNIP3WT or HA-BNIP3W18A (NS = not significant, *** = p < 0.001, **** = p < 0.0001). d OCR (glucose) in bnip3-/- HCC cells 617 
reconstituted with EV, HA-BNIP3WT or HA-BNIP3W18A. e ECAR by bnip3-/- HCC cells reconstituted with EV, HA-BNIP3WT or HA-618 
BNIP3W18A in a glycolysis stress test performed on the Seahorse XF96 extracellular flux analyzer. f Glucose uptake by bnip3-/- 619 
HCC cells reconstituted with EV, HA-BNIP3WT or HA-BNIP3W18A. 620 
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 621 

 622 
Fig. 4. BNIP3 dependent mitophagy suppresses glucose oxidation, lipid droplet numbers and HCC cell growth. a Lipid droplet 623 
number (BODIPY 493/503) in bnip3-/- HCC cells reconstituted with EV, HA-BNIP3WT or HA-BNIP3W18A +/- oleic acid. b Graph of 624 
BODIPY 493/503 staining in bnip3-/- HCC cells reconstituted with EV, HA-BNIP3WT or HA-BNIP3W18A (***, p < 0.001; ****, p < 625 
0.0001). c Graph of BODIPY 493/503 staining in bnip3-/- HCC cells reconstituted with EV, HA-BNIP3WT or HA-BNIP3W18A + oleic 626 
acid (***, p < 0.001; ****, p < 0.0001). d Imagestream analysis of bnip3-/- HCC cells reconstituted with EV, HA-BNIP3WT or HA-627 
BNIP3W18A following BODIPY 493/503 staining. e Quantification of BODIPY 493/503 Imagestream analysis of bnip3-/- HCC cells 628 
reconstituted with EV, HA-BNIP3WT or HA-BNIP3W18A (***, p < 0.001, ****, p < 0.0001). f Quantification of cell size generated by 629 
Imagestream analysis of bnip3-/- HCC cells reconstituted with EV, HA-BNIP3WT or HA-BNIP3W18A (***, p < 0.001, ****, p < 0.0001). 630 
g qPCR for lipid synthesis genes (FASN, ACACA, ACLY) in bnip3-/- HCC cells reconstituted with EV, HA-BNIP3WT or HA-631 
BNIP3W18A (NS = not significant, *** = p < 0.001, **** = p < 0.0001). h Rate of cell growth determined by IncuCyte of bnip3-/- HCC 632 
cells reconstituted with EV, HA-BNIP3WT or HA-BNIP3W18A. 633 
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 634 

 635 
Fig. 5. BNIP3 promotes fatty acid oxidation but this does not explain effects on cell growth. a OCR (palmitate) in bnip3-/- HCC 636 
cells reconstituted with EV, HA-BNIP3WT or HA-BNIP3W18A. b OCR (palmitate) in bnip3-/- HCC cells reconstituted with EV, HA-637 
BNIP3WT or HA-BNIP3W18A + Etomoxir; c OCR (palmitate) in bnip3-/- HCC cells reconstituted with EV +/- Etomoxir; d OCR 638 
(palmitate) in bnip3-/- HCC cells reconstituted with BNIP3WT +/- Etomoxir; e OCR (palmitate) in bnip3-/- HCC cells reconstituted 639 
with BNIP3W18A +/- Etomoxir; f Fluorescent microscopy imaging of BODIPY 493/503 staining in bnip3-/- HCC cells reconstituted 640 
with EV, HA-BNIP3WT or HA-BNIP3W18A +/- Etomoxir +/- oleic acid. g Graph of BODIPY 493/503 staining in bnip3-/- HCC cells 641 
reconstituted with EV, HA-BNIP3WT or HA-BNIP3W18A +/- Etomoxir (NS = not significant, *** = p < 0.001, **** = p < 0.0001).  h 642 
Graph of BODIPY 493/503 staining in bnip3-/- HCC cells reconstituted with EV, HA-BNIP3WT or HA-BNIP3W18A +/- Etomoxir + 643 
oleic acid (NS = not significant, *** = p < 0.001, **** = p < 0.0001). i qPCR for FAO genes CPT1a, CPT2, ACADM, ACADL in 644 
bnip3-/- HCC cells reconstituted with EV, HA-BNIP3WT or HA-BNIP3W18A (NS = not significant, ** = p < 0.01). j Rate of cell growth 645 
determined by IncuCyte of bnip3-/- HCC cells reconstituted with EV, HA-BNIP3WT or HA-BNIP3W18A +/- Etomoxir 646 
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 647 
Fig. 6. Inhibiting FASN blocks HCC cell growth but in a BNIP3-independent manner. a qPCR for lipogenesis genes FASN, 648 
ACLY, ACACA in bnip3-/- HCC cells reconstituted with EV, HA-BNIP3WT or HA-BNIP3W18A +/- TVB-3664. b Graph of Malonyl 649 
CoA levels in bnip3-/- HCC cells reconstituted with EV, HA-BNIP3WT or HA-BNIP3W18A +/- TVB-3664 (NS = not significant, *** = 650 
p < 0.001); c Effect of TVB-3664 on OCR (palmitate) in bnip3-/- HCC cells reconstituted with EV. d Effect of TVB-3664 on OCR 651 
(palmitate) in bnip3-/- HCC cells reconstituted with HA-BNIP3WT; e Effect of TVB-3664 on OCR (palmitate) in bnip3-/- HCC cells 652 
reconstituted with HA-BNIP3W18A; f Graph of BODIPY 493/503 staining in bnip3-/- HCC cells reconstituted with EV, HA-BNIP3WT 653 
or HA-BNIP3W18A +/- TVB (NS = not significant, ** = p < 0.01, **** = p < 0.0001); g Graph of BODIPY 493/503 staining in bnip3-654 
/- HCC cells reconstituted with EV, HA-BNIP3WT or HA-BNIP3W18A +/- Etomoxir + Oleic acid (NS = not significant, * = p < 0.05, 655 
*** = p < 0.001, **** = p < 0.0001); h Fluorescent microscopy imaging of BODIPY 493/503 staining in bnip3-/- HCC cells 656 
reconstituted with EV, HA-BNIP3WT or HA-BNIP3W18A +/- TVB-3664 +/- oleic acid; i Rate of cell growth determined by IncuCyte 657 
of bnip3-/- HCC cells reconstituted with EV, HA-BNIP3WT or HA-BNIP3W18A +/- TVB-3664. 658 
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 659 

 660 
Fig. 7. BNIP3 promotes lipophagy and inhibiting lysosomal lipase limits HCC cell growth. a Fluorescent microscopy imaging of 661 
BODIPY 493/503 staining in bnip3-/- HCC cells reconstituted with EV, HA-BNIP3WT or HA-BNIP3W18A +/- LALi + oleic acid; b 662 
Graph of BODIPY 493/503 staining in bnip3-/- HCC cells reconstituted with EV, HA-BNIP3WT or HA-BNIP3W18A +/- LALi + Oleic 663 
acid (NS = not significant, * = p < 0.05, ** = p < 0.01, **** = p < 0.0001); c Fluorescent microscopy imaging of BODIPY 493/503 664 
and Lysotracker stained bnip3-/- HCC cells reconstituted with EV, HA-BNIP3WT or HA-BNIP3W18A + LALi + oleic acid; d TEM on 665 
bnip3-/- HCC cells reconstituted with EV, HA-BNIP3WT or HA-BNIP3W18A + LALi + oleic acid (red: lipid droplets;  blue: 666 
mitochondria; yellow: lysosomes); e Comparison of fluorescent staining of BODIPY (green) and Lysotracker (magenta) with TEM 667 
in bnip3-/- HCC cells reconstituted with HA-BNIP3WT showing overlap between mitochondria and lipid droplets. f OCR (palmitate) 668 
in bnip3-/- HCC cells reconstituted with EV, HA-BNIP3WT or HA-BNIP3W18A +/- LALi; g Rate of cell growth determined by IncuCyte 669 
of bnip3-/- HCC cells reconstituted with EV, HA-BNIP3WT or HA-BNIP3W18A +/- LALi. 670 

 671 
 672 

 673 
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 674 
Fig. 8. Low BNIP3 expression in human HCC correlates with high expression of lipogenic genes and poor survival. a Comparison 675 
of relative expression of BNIP3, FASN, ACLY, PPARGC1A, ACADM in RNA-Seq analysis of healthy liver and HCC. b 676 
Comparison of the relative effect on levels of BNIP3, FASN and ACLY in healthy liver and HCC. c Overall HCC survival data 677 
obtained from the TCGA database for tumor showing BNIP3HIGH expression with either ACACALOW or ACACAHIGH expression. d 678 
Hematoxylin & eosin stained sections of human BNIP3HIGH -expressing HCC with either ACACALOW or ACACAHIGH expressing 679 
HCC. e Overall HCC survival data obtained from the TCGA database for tumor showing BNIP3LOW expression with either 680 
ACACALOW or ACACAHIGH expression. f Hematoxylin & eosin stained sections of human BNIP3LOW-expressing HCC with either 681 
ACACALOW or ACACAHIGH expressing HCC. 682 
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 684 
 685 
 686 
Fig. 9. Diagram summarizing effects of BNIP3 on lipid metabolism in HCC cells. 687 
BNIP3 promotes mitochondrial turnover at the autolysosome (mitophagy) and here we propose that BNIP3-dependent 688 
mitophagy also promotes lysosomal turnover of mitochondrial-associated lipid droplets in a process termed “mitolipophagy”, a 689 
hybrid form of mitophagy and lipophagy (selective turnover of lipid droplets at the autolysosome). Fatty acids liberated from lipid 690 
droplets do fuel fatty acid oxidation in HCC cells but this does not explain the growth suppressive effects of BNIP3 in HCC. 691 
Rather we propose that lipid droplets promote tumor growth in other ways, such as serving as a reservoir for lipids to promote 692 
plasma membrane growth and organelle biogenesis. 693 
 694 

  695 
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