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SUMMARY
Cancer heterogeneity and evolution are not fully understood. Here, we show that mitochondrial DNA of the
normal liver shapes tumor progression, histology, and immune environment prior to the acquisition of onco-
genic mutation. Using conplastic mice, we show that mtDNA dictates the expression of the mitochondrial
unfolded protein response (UPRmt) in the normal liver. Activation of oncogenic mutations in UPRmt-positive
liver increases tumor incidence and histological heterogeneity. Further, in a subset of UPRmt-positive mice,
invasive liver cancers develop. RNA sequencing (RNA-seq) analysis of the normal liver reveals that, in this
subset, the PAPP-A/DDR2/SNAIL axis of invasion pre-exists along with elevated collagen. Since PAPP-A
promotes immune evasion, we analyzed the immune signature and found that their livers are immunosup-
pressed. Further, the PAPP-A signature identifies the immune exhausted subset of hepatocellular carcinoma
(HCC) in humans. Our data suggest that mtDNA of normal liver shapes the entire liver cancer portrait upon
acquisition of oncogenic mutations.
INTRODUCTION

Direct comparison of health and aging between mice that carry

the same nuclear genome from the C57BL6 background but

differ in mitochondrial genomes (C57BL6 or NZB background)

revealed that mice carrying the NZB mitochondria DNA (BL/

6NZB) are healthier and live longer (Latorre-Pellicer et al., 2016).

Since the differences in mitochondria DNA between the

C57BL6 and NZB mice fall within the range of divergence be-

tween Eurasian and African human haplotypes (12missensemu-

tations, 4 transfer RNA (tRNA) mutations, 8 ribosomal RNA

(rRNA) mutations, and 10 non-coding-region mutations), this

finding indicated that mitochondrial genetics has a profound

impact on health and longevity.

In that study, the normal livers of BL/6C57 mice were found to

show a decrease in respiration and ATP synthesis starting at

14 weeks of age, while respiration and ATP synthesis remained

constant in BL/6NZB mice (Latorre-Pellicer et al., 2016). Interest-

ingly, the BL/6NZB mice were found to have higher level of mito-

chondrial reactive oxygen species (ROS) at a young age
This is an open access article under the CC BY-N
(12 weeks) and increased mtDNA copy number compared with

the BL/6C57 mice (Latorre-Pellicer et al., 2016). However, this

trend was reversed at 30 weeks of age and the BL/6NZB mice

found to maintain their ROS levels with aging while the BL/6C57

mice show a steady increase in mitochondrial ROS at 30 weeks

(Latorre-Pellicer et al., 2016). This observation suggested that

moderate levels of mitochondrial ROS may activate a signaling

response that protects from subsequent exposure to stress, a

mechanism referred to as mitohormesis. While mitohormesis

has been implicated in promoting longevity in normal tissues

(Yun and Finkel, 2014), a recent study indicated that, in the

context of cancer, however, cells able to activate mitohormesis

through a moderate level of ROS characterize a sub-population

of cancer cells with increased ability to adapt to stress and

elevated metastatic potential (Kenny et al., 2019a, 2019b).

Therefore, the most aggressive cancer cells hijack mitohorme-

sis, a pathway associated with longevity, to promote their own

survival. Mechanistically, the ROS-positive sub-population of

cancer cells was found to activate a specific axis of the mito-

chondrial unfolded protein response (UPRmt), a complex
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mitochondria-nucleus signaling cascade that maintains mito-

chondrial fitness by coordinately up-regulating and orches-

trating mitochondrial proteostasis, biogenesis, anti-oxidant

machinery, and mitophagy and attenuating mitochondrial trans-

lation (Kenny et al., 2019a, 2019b;Munch andHarper, 2016; Nar-

gund et al., 2012, 2015; Quiros et al., 2017; Riar et al., 2017; Zhao

et al., 2002).

By extrapolation, we hypothesized that the moderate level of

ROS observed in the BL/6NZB mice may activate the UPRmt.

Further, we hypothesized that, while this may lead to longevity

in normal tissues, upon acquisition of an oncogenic mutation,

these same mice may develop more aggressive cancers. We

therefore initiated this study to test this hypothesis.

RESULTS

The UPRmt is activated in normal liver of BL/6NZB mice
We collected normal livers from BL/6C57 mice and BL/6NZB mice

of both sexes to investigate the expression of the axes of the

UPRmt. While most studies focus on the CHOP/ATF4/ATF5

axis of the UPRmt (Nargund et al., 2012, 2015; Quiros et al.,

2017; Zhao et al., 2002), at least two additional axes have been

reported, the SIRT3 axis (Kenny et al., 2019a, 2019b; Papa and

Germain, 2014) and the ERa axis (Papa and Germain, 2011;

Riar et al., 2017). Collectively, these axes regulate distinct bio-

logical outcomes, leading to increased mitochondrial fitness

(Figure 1A). We selected 6 markers of each axis to monitor their

activation by western blot analysis at 50 weeks of age in both the

BL/6C57 and BL/6NZB mice. We found that, in the CHOP/ATF4/

ATF5 axis, despite elevation of Hsp60 in female (Figures 1B

and 1D) and CLPP in male (Figures 1C and 1D) BL/6NZB mice,

the expression of the other markers of the axis of the UPRmt is

not significantly different between either genotypes or sexes.

In contrast, the expression of several markers of the SIRT3

axis of the UPRmt is significantly elevated in the BL/6NZB mice

in both males and females (Figures 1E–1G). Analysis of the

ERa axis also revealed activation of several markers (Figures

1H–1J), but the phosphorylation of the ERa was only observed

in females (Figures 1H and 1J). Overall, these results indicate

that BL/6NZB mice show a baseline activation of both the
Figure 1. Mitochondrial DNA alters the activation of the UPRmt axes

(A) Schematic representation of the different axes of the UPRmt.

(B and C) Western blot analysis of the indicated markers associated with the CH

shows the result of four individual BL/6C57 mice or BL/6NZBmice. Quantification of

relative to the average value of the four BL/6C57 mice, which was adjusted to 1. S

mice/group.

(D) Venn diagram that illustrates markers of the CHOP/ATF4/ATF5 axis of the UPR

by the pink circle and males by the blue circle.

(E and F) Western blot analysis of the indicatedmarkers associated with the SIRT3

four individual BL/6C57 mice or BL/6NZB mice. Quantification of each marker rep

average value of the four BL/6C57 mice, which was adjusted to 1. Student’s t tes

(G) Venn diagram that illustrates markers of the SIRT3 axis of the UPRmt that are e

circle and males by the blue circle.

(H and I) Western blot analysis of the indicated markers associated with the ERa

four individual BL/6NZB mice or BL/6C57 mice. Quantification of each marker rep

average value of the four BL/6C57 mice, which was adjusted to 1. Student’s t tes

(J) Venn diagram that illustratesmarkers of the ERa axis of the UPRmt that are eithe

and males by the blue circle.

See also Figure S1.
SIRT3 and ERa axes of the UPRmt, although some differences

are observed between sexes. To determine the timing of activa-

tion of the UPRmt, we repeated the analysis at 12 and 25 weeks

of age (Figure S1). This time course revealed no activation of any

of the UPRmt axes at 12 weeks of age, with the exception of the

transcription factor nuclear respiratory factor 1 (NRF1) (Figures

S1A–S1F), but activation of several markers at 25 weeks,

including ATF5 and LonP of the CHOP axis (Figures S1G–S1L).

However, since the activation of this axis was not observed at

50 weeks, while the activation of the SIRT3 and ERa axes was

sustained at 50 weeks (Figure 1), activation of mitochondrial pro-

teostasis through the CHOP axis appears to be transient. Collec-

tively, this analysis indicates the selective activation of theUPRmt

between 25 and 50 weeks of age in BL/6NZB mice.

Mitochondrial DNA shapes tumor incidence, burden,
and histological heterogeneity
We next aimed at interrogating the impact of mtDNA haplotypes

on cancer. However, in order to maintain the precise genetic

background of the BL/6C57 and BL/6NZB mice and avoid genetic

crosses to other strains, we chose the hydrodynamic tail vein in-

jection model that promotes cancer formation in the liver without

the requirement for genetic crossing. Therefore, we usedBL/6C57

and BL/6NZB females and males for hydrodynamic tail vein injec-

tions of two transposon-based vectors: one overexpressing the

oncogene Myc and the other inhibiting the expression of the tu-

mor suppressor p53, a protocol that has been successfully

used in the past to induce the formation of liver cancer (Figure 2A;

Ruiz de Galarreta et al., 2019). Further, since the efficacy of hy-

drodynamic injections reduces with age, and we found that the

UPRmt activation is detected at 25 weeks, we chose to perform

the injections at 25 weeks. Following injections, the tumors

were allowed to grow for 5 weeks before harvesting the livers

(Figure 2A). Tumors were compared for tumor rate, burden, and

histology. We found that, in females, the rate of tumor

formation in the BL/6NZB mice was 100% compared with

62.5% in the BL/6C57mice (Figure 2B). Inmales, the rate of tumor

formation in the BL/6NZB mice was also 100% compared with

37.5% in the BL/6C57 mice (Figure 2B), indicating that tumor fre-

quency is higher in both male and female BL/6NZB mice. With
OP/ATF4/ATF5 axis of the UPRmt in females (B) and males (C). Western blot

eachmarker represents the expression of the average of the four BL/6NZBmice

tudent’s t test; two-tailed; *p < 0.05; **p < 0.01; ***p < 0.001; mean ± SD; n = 4

mt that are either unique to one sex or common to both. Females are indicated

axis of the UPRmt in females (E) andmales (F). Western blot shows the result of

resents the expression of the average of the four BL/6NZB mice relative to the

t; two-tailed; *p < 0.05; **p < 0.01; ***p < 0.001; mean ± SD; n = 4 mice/group.

ither unique to one sex or common to both. Females are indicated by the pink

axis of the UPRmt in females (H) and males (I). Western blot shows the result of

resents the expression of the average of the four BL/6NZB mice relative to the

t; two-tailed; *p < 0.05; **p < 0.01; ***p < 0.001; mean ± SD; n = 4 mice/group.

r unique to one sex or common to both. Females are indicated by the pink circle
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Figure 2. Mitochondrial genetics alters tumor heterogeneity and sexual dimorphism in liver cancer
(A) Schematic representation of the experimental design where BL/6NZB or BL/6C57 mice with females (BL/6C57 n = 8; BL/6NZB n = 10) are indicated in the pink

boxes and the males (BL/6C57 n = 8; BL/6NZB n = 8) in the blue boxes. All mice were injected by tail vein hydrodynamic injections at 25 weeks of age with lentivirus

expression Myc and a CRISPR against p53. Five weeks after injections, livers were analyzed.

(B) Table of the tumor rate in BL/6C57 or BL/6NZB females or males.

(legend continued on next page)
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regard to tumor burden, the area occupied by tumor was

measured and found to cover more than 90% of the liver in the

BL/6NZB female mice but only 10% in the BL/6C57 female mice

(Figures 2C and 2D). A similar trend was observed in males be-

tween genotypes (Figures 2C and 2D), indicating that tumors in

theBL/6NZBmice are not onlymore frequent but also significantly

larger. Since difference in tumor rate and size could be due to dif-

ferences in the permeability of the vasculature between the BL/

6C57 and BL/6NZB mice, which would impact the delivery of the

vectors to the liver, we measured the permeability of the liver

vasculature using the Evans Blue Miles assay. No difference in

the permeability of the liver was observed between strains (Fig-

ures S2A and S2B). The number of blood vessels was also found

to be the same between genotypes (Figure S2C), therefore ruling

out that the differences in tumor rate and burden are due to differ-

ences in vasculature in the liver between mice strains. To deter-

mine whether the higher tumor incidence observed in BL/6NZB

mice may be due to differential expression of Myc and p53, we

established cell lines from liver tumors derived frommales and fe-

malesof both genotypes.We foundnodifference in expression of

Myc and p53 between genotypes (Figure S3A). We also deter-

mined whether respiration and ATP synthesis differ between ge-

notypes in the liver cancer cells and found that, as observed in the

normal livers (Latorre-Pellicer et al., 2016), basal respiration and

ATP-linked respiration are both higher in the BL/6NZB mice (Fig-

ures S3B and S3C). This result is consistent with the expression

of NRF1 in these mice compared with BL/6C57 mice (Figures

1H–1J). Further and importantly, increased number and tumor

burden in BL/6NZB male mice compared with the BL/6C57 males

were also observed in a model of carcinogen-induced fibrosar-

coma to such extent that theywere referred to aspopcorn tumors

(J.A.E., unpublished data). This result indicates that the effect is

not restricted to either Myc and p53 or to the liver. We confirmed

that the fibrosarcoma from the BL/6NZB males activates the

UPRmt (Figure S4). Therefore, this analysis also rules out the pos-

sibility that differences observed between groups is due to differ-

ence in the rate of vectors delivery in ourmodel. Since increase in

oxidative stress and biogenesis may increase tumor formation

independently of the UPRmt, we also measured reactive oxygen

species (ROS) andmtDNA copy number.We found that the high-

est levels of ROSandmtDNAcopy numberwere found inBL/6C57

males relative to BL/6NZB males and no differences between

BL/6C57 and BL/6NZB females (Figures S5A and S5B). In addition,

sinceWnt signaling has been associated with mitochondrial ATP

production and function (Costa et al., 2019; Miao et al., 2019;

Wen et al., 2019; Zhang et al., 2018), we also tested whether

change in Wnt signaling is observed between genotypes. We

found no change in Wnt signaling (Figure S5C).
(C) H&E section of representative tumors and the percentage of the liver area cov

represent 100 mm.

(D) Quantification of area of the liver occupied by tumors in BL/6C57 or BL/6NZB f

(E) Graphs of number of tumors showing either heterogeneity (Het) or no heterog

(F) H&E section of tumors in BL/6NZB mice showing intra-tumoral heterogeneity.

(G) Representative transwell invasion assay filter from cancer cell line derived fro

triplicate. Scale bars represent 500 mm.

(H) Representative images of organoids in 3D culture of cell lines derived from e

formation by live imaging of the organoids. Scale bars represent 100 mm. Studen

See also Figures S2–S5.
Next, we evaluated the histology and found a drastic differ-

ence in histological heterogeneity. Tumors in the BL/6C57 female

and male mice were homogeneous and show no heterogeneity

(Figure 2E). In contrast, tumors in both male and female BL/6NZB

mice showed a high degree of histological heterogeneity (Fig-

ure 2E) and displayed a mixture of small cell type, trabecular,

pseudoglandular, macrotrabecular solid, and massive architec-

ture (Figure 2F).

Since we reported that the SIRT3 axis of the UPRmt is associ-

ated with more invasive cancer cells (Kenny et al., 2017, 2019b),

we next tested the invasion capacity. To this end, we performed

in vitro invasion assay using the cell lines derived frommales and

females from both genotypes. We found that, while the invasion

capacity of female BL/6NZB mice is indistinguishable from the fe-

male BL/6C57 mice (Figure 2G), male BL/6NZB mice are much

more invasive than male BL/6C57 mice (Figure 2G). To further

compare the behavior of female and male BL/6NZB mice, cancer

cells derived from each sex were grown as spheroids in 3D cul-

ture. This analysis confirmed that cancer cells derived from

males of this genotype show a more invasive 3D phenotype

characterized by the formation of protrusions, while the organo-

ids derived from female cancer cells did not (Figure 2H). There-

fore, these results indicate that mtDNA haplotypes shape tumor

incidence, burden, and histological heterogeneity in both males

and females; however, in BL/6NZB male mice, increased invasion

is also observed.

Causality between the activation of the UPRmt and
increased tumor incidence and invasion
To establish whether tumor incidence is associated with activa-

tion of the UPRmt, we repeated the analysis of tumor incidence in

BL/6NZB males and females at 12 weeks of age (Figure 3A), since

we found that the UPRmt is not activated at that age (Figures

S1A–S1H). As an internal control, analysis of 30 weeks BL/6NZB

males and females was also performed. We found that the tumor

incidence and size in 12-week-old BL/6NZB males and females

are drastically lower than in 30-week-old BL/6NZB males and fe-

males (Figures 3B and 3C) and are similar to what were observed

in BL/6C57 males and females at 30 weeks of age, which also do

not express the UPRmt (Figure 1). We then established cell lines

from these 12-week-old mice and performed invasion assay. We

found that, unlike liver cancer cells derived from BL/6NZB males

at 30weeks of age, cells derived fromBL/6NZBmales at 12weeks

of age are not invasive (Figure 3D). To determine whether these

differences between 12 and 30 weeks are due to difference in

respiration, we performed Seahorse on both liver cancer cells

derived from 12- to 30-week-old BL/6NZB males and females.

No differences were observed (Figures S5D and S5E), which is
ered by the tumor in both BL/6C57 and BL/6NZB females and males. Scale bars

emales or males.

eneity (no Het) in the indicated sex and mtDNA genotype.

Scale bars represent 100 mm.

m the indicated sex and mtDNA genotype. Each experiment was performed in

ither BL/6C57 or BL/6NZB females or males and quantification of invadopodia

t’s t test; two-tailed; **p < 0.01; mean ± SEM, n = 17.
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in agreement with the reported finding that respiration and ATP

synthesis remained constant in BL/6NZB mice (Latorre-Pellicer

et al., 2016).

Therefore, this observation suggests that the activation of the

UPRmt is required for the increased tumor incidence and invasion

to be observed.

We then turn our attention to the observation that, despite the

fact that both males and females BL/6NZB express SIRT3 (Fig-

ures 1E–1G), only the male-derived cancer cells are invasive

(Figures 2G and 2H). Since one of the differences between the

activation of the UPRmt between male and female BL/6NZB

mice is the selective phosphorylation of the ERa in females (Fig-

ures 1H–1J) and the ERa has been associated with the better

prognosis and less aggressive liver diseases in women (Kalra

et al., 2008; Lee et al., 2019), we inhibited the expression of

the ERa using the ERa degrader fulvestrant and tested the effect

of its inhibition on invasion. We confirmed that fulvestrant pro-

motes the degradation of the ERa (Figure 2E) and found that

the invasion capacity of female-derived cancer cells is increased

(Figure 2F). This result suggests that, while both male and female

BLy6NZB mice express the UPRmt, the activation of the ERa,

which is a transcription factor that impacts a wide number of

different transcriptional programs (Farcas et al., 2021), acts to

inhibit invasion capacity. This result is in agreement with the

observation of a better prognosis and less aggressive liver dis-

eases in women (Kalra et al., 2008; Lee et al., 2019).

To further determine causality between the UPRmt and inva-

sion, we performed two experiments. First, we used G-TTP, a

mitochondrial hsp90 inhibitor, to induce the UPRmt (Munch and

Harper, 2016) in the non-invasive liver cancer cells derived

from 30-week-old BL/6C57 males and females. We found that

treatment with G-TTP induces expression of SIRT3 (Figure 3G)

and promotes their invasion (Figure 3H). However, G-TTP did

not lead to the phosphorylation of the ERa (Figure 3G). Second,

we created cell lines derived from 30-week-old BL/6NZB males,

where SIRT3 was knocked down using small interfering RNA

(siRNA) and invasion assay was performed. The decrease in

SIRT3 level was confirmed by western blot analysis (Figure 3I),

and we found that inhibition of SIRT3 reduces the invasion ca-
Figure 3. Causality between expression of the UPRmt and liver cancer

(A) Schematic representation of the experimental design where BL/6NZBmale and

BL/6NZB male and female mice at 30 weeks (BL/6NZB n = 4) are in the orange bo

25 weeks of age with vectors expressing Myc and a CRISPR against p53. Five w

(B) Quantification of area of the liver occupied by tumors in BL/6NZB females or m

(C) H&E section of representative tumors and the percentage of the liver area cov

bars represent 100 mm.

(D) Representative transwell invasion assay filter from cancer cell line derived from

bars represent 500 mm.

(E) Western blot analysis of liver cancer cells derived from BL/6NZB female mice

(F) Representative filter of in vitro invasion assay of cancer cells derived from BL/6

500 mm. Student’s t test; two-tailed; ****p < 0.0001; mean ± SEM. The experime

(G) Western blot of SIRT3, total ERa, and phospho-ERa in liver cancer cells derive

(H) Representative transwell invasion assay filter from cancer cell line derived fro

performed in triplicate. Scale bars represent 500 mm.

(I) Western blot of SIRT3 level following treatment with SIRT3-siRNA or scramble

(J) Representative filter of in vitro invasion assay of cancer cells derived from B

represent 500 mm. The experiment was done in triplicate, and three regions were

(K) Quantification of invasion capacity in the indicated cells and treatments. Stud

See also Figures S2–S5.
pacity of these cells compared with scramble-siRNA-treated

cells (Figure 3J). Collectively, these experiments indicate the

activation of the SIRT3 axis of the UPRmt is required for invasion

of liver cancer cells. However, phospho-ERa somehow reduces

the ability of SIRT3 to promote invasion such that only when

phospho-ERa is absent and SIRT3 is present, such as in BL/6NZB

females + fulvestrant, BL/6C57 males or females + G-TTP, or

BL/6NZB males, invasion is observed.

These experiments also revealed that, while invasion is

induced by inhibiting the ERa or inducing SIRT3 by G-TTP, the

extent at which these interventions induce invasion remains

lower than in the BL/6NZB males (Figure 3K), suggesting that

other pathways contribute to the invasion capacity of BL/6NZB

male-derived liver cancer cells.

The PAPP-A/DDR2/COL1a/SNAIL pathway of
metastasis is selectively up-regulated in the liver of
mice that develop invasive liver cancer
To identify the additional pathway that contributes to the inva-

sion of BL/6NZB male liver cancer cells, we used an unbiased

approach and performed RNA-seq on normal livers to interro-

gate this dataset for pathways that are unique to BL/6NZB males.

Further, to eliminate male-specific effect, we also compared

RNA-seq between BLy6C57 and BLy6NZB males. We found

Ewing sarcoma as the most significantly up-regulated signature

in BL/6NZB males compared with BL/6C57 males (Figure 4A) but

also between BL/6NZB females and BL/6NZB males (Figure 4B).

A recent study identified that protease pappalysin-1 (PAPP-A)

is the most highly expressed gene in a large cohort of Ewing sar-

coma (Heitzeneder et al., 2019). PAPP-A is a secreted protease

implicated in the proteolytic inactivation of insulin-like-growth-

factor-binding proteins 4 and 5 (IGFBP-4 and -5), leading to

the activation of IGF signaling and proliferation (Boldt and Con-

over, 2007; Hjortebjerg, 2018; Jenkins et al., 2020a; Monget

andOxvig, 2016). PAPP-A has been found to act as an oncogene

in several models (Conover and Oxvig, 2018) and its proteolytic

activity to be stimulated by collagen (Takabatake et al., 2016).

More recently, the oncogenic role of PAPP-A expanded from

its role in IGF signaling to its ability to activate the collagen
incidence and invasion capacity

female mice at 12 weeks (BL/6NZB n = 4) are indicated in the blue boxes and the

xes. All mice were injected by tail vein hydrodynamic injections at either 7 or

eeks following injections, livers were analyzed.

ales at 12 or 30 weeks.

ered by the tumor in both BL/6NZB females and males at 12 or 30 weeks. Scale

the indicated sex and age. Each experiment was performed in triplicate. Scale

where ERa was degraded by treatment with 3 mM fulvestrant for 24 h.
NZB female mice, treated with or without 3 mM fulvestrant. Scale bars represent

nt was done in triplicate, and three regions were selected from each filter.

d from BL/6C57 males or females following treatment with 10 mMG-TTP for 6 h.

m the indicated sex with and without G-TTP treatment. Each experiment was

siRNA in liver cancer cells derived from BL/6NZB males.

L/6NZB male mice, treated with scramble siRNA or SIRT3-siRNA. Scale bars

selected from each filter.

ent’s t test; two-tailed; ****p < 0.0001; mean ± SEM.
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Figure 4. The PAPP-A/DDR2 axis of metastasis is specifically activated in males carrying mtDNA from the NZB background

(A) Jensen disease pathway analysis from RNA-seq analysis on liver from males from the BL/6C57 or BL/6NZB genotypes. Red arrow indicates Ewing sarcoma is

the most up-regulated pathway in BL/6NZB males compared with BL/6C57 males.

(legend continued on next page)
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receptor discoidin 2 (DDR2), leading to invasion and metastasis

through a DDR2/ERK/SNAIL signaling cascade (Slocum et al.,

2019). This observation raised the possibility that the increased

invasion capacity of the liver cancer cells derived from BL/6NZB

males may relate to the activation of a DDR2/ERK/SNAIL

pathway of metastasis. To test this possibility, we monitor the

expression of these proteins and found that, while they show

no change in the liver cancers from BL/6C57 males or females

(Figure 4C), they are significantly overexpressed in BL/6NZB

males specifically, but not in BL/6NZB females (Figure 4D). How-

ever, in agreement with the identification of this pathway using

RNA-seq in normal liver samples, no significant difference

was observed between normal livers and liver cancers from

BL/6NZB males (Figures S6A and S6B). Since PAPP-A was re-

ported to be activated by collagen, we then compared the level

of collagen in both BL/6NZB male- and female-derived liver can-

cers. We found that collagen is significantly higher in males than

females (Figure 4E). Since DDR2 is placed upstream of this

signaling cascade, we then tested whether inhibition of DDR2 al-

ters the invasion capacity of liver cancer cells derived from the

BL/6NZB mice. WRG28 is a drug able to block the binding of

DDR2 to collagen (Grither and Longmore, 2018). We tested the

effect of WRG28 on invasion and found that blocking the binding

of DDR2 to collagen inhibits the invasive phenotype of BL/6NZB

male-derived cancer cells (Figure 4F). To confirm that the inva-

sion is due to DDR2, we then used short hairpin RNA (shRNA)

to knock down DDR2 in both BL/6NZB male- and female-derived

liver cancer cells and confirmed the inhibition of DDR2 expres-

sion by western blot (Figure 4G). Using an in vitro invasion assay,

we found that the invasion capacity is drastically reduced upon

inhibition of DDR2 inmales specifically but also had limited effect

in female-derived cancer cells (Figure 4H). This observation was

confirmed by live imaging cell spheroids in 3D culture, where we

found that, in male-derived cancer cells of the BL/6NZB mice, in-

hibition of DDR2 abolished the formation of invasive extensions

(Figure 4I), while it had no effect in females (Figure 4I).

Therefore, these results indicate that the invasion capacity of

the cancer liver cells arises from the pre-existing expression of

the PAPP-A pathway of invasion in the normal liver. Therefore,
(B) Jensen disease pathway analysis from RNA-seq analysis on liver from BL/6

regulated in BL/6NZB males compared with BL/6NZB females.

(C) Western blot analysis of the PAPP-A/DDR2/ERK/SNAIL pathway of invasion i

marker represents the expression of the average of the eight BL/6C57malemice re

to 1. Student’s t test; two-tailed; not significant; mean ± SD.

(D) Western blot analysis of the PAPP-A/DDR2/ERK/SNAIL pathway of invasion in

expression of the average of the eight BL/6NZBmale mice relative to the average va

two-tailed; *p < 0.05; **p < 0.01; ***p < 0.001; mean ± SD.

(E) Representative Masson trichrome staining of collagen (blue) in the liver of BL/6

tailed; **p < 0.01; mean ± SEM. n = 8 for males and n = 10 for females.

(F) Representative filter of in vitro invasion assay of cancer cells derived fromBL/6N

to starting cell invasion assay. Scale bars represent 500 mm. Student’s t test; two-

five regions were selected from each filter.

(G) Western blot analysis of liver cancer cells derived from BL/6NZB male or fema

(H) Representative filter of in vitro invasion assay of cancer cells derived from eithe

or where expression of DDR2 was inhibited by shRNA (DDR2 KD). Scale bars rep

SEM. The experiment was done in triplicates, and five regions were selected fro

(I) Representative images of organoids from male-BL/6NZB-derived cancer cells e

(DDR2 KD). Scale bars represent 100 mm. Student’s t test; two-tailed; *p < 0.05;

See also Figure S6.
rather than being acquired during transformation, the baseline

expression of PAPP-A, DDR2, collagen, and SNAIL is a feature

that oncogenic mutations can take advantage of as they sporad-

ically arise.

The PAPP-A signature is associated with immune
evasion and is strongly enriched in the immune
exhausted sub-class of HCC in humans
PAPP-A was recently identified as a top gene overexpressed in

Ewing sarcoma (EWS) (Heitzeneder et al., 2019). RNA-seq anal-

ysis of PAPP-A knockout clones in EWS cell lines revealed that

pathways, such as interferon response, allograft rejection, and

complement, are up-regulated upon inhibition of PAPP-A, while

regulation of reactive oxygen species, DNA repair, and the endo-

plasmic reticulum (ER) unfolded protein response are down-

regulated (Heitzeneder et al., 2019). Therefore, we compared

the RNA-seq from the normal liver of BLy6NZB and BLy6C57

males for these pathways. Consistent with the role of PAPP-A

in immune evasion reported in the EWS study, we found that,

in the liver of BLy6NZB mice, where PAPP-A is overexpressed,

interferon response, allograft rejection, complement, and other

immune-related pathways also reported in the EWS study are

down-regulated, while the same pathways that were reported

to be up-regulated upon PAPP-A inhibition are down-regulated

in the liver of BLy6NZB mice (Figure 5A).

In addition to these pathways, analysis of individual genes that

were altered by inhibition of PAPP-A identified LMP2 and LMP7,

two genes implicated in the immunoproteasome, to be

increased upon inhibition of PAPP-A (Heitzeneder et al., 2019).

The immunoproteasome plays a central role in antigen presenta-

tion by generating peptides of the correct lengths and se-

quences to fit in the major histocompatibility complex (MHC)

class I complex pocket (Ferrington and Gregerson, 2012; Kasa-

hara and Flajnik, 2019). We first analyzed the activity of the im-

munoproteasome and found that it is decreased in the liver of

BLy6NZB males (Figure 5B). Consistent with the down-regula-

tion of the immunoproteasome activity, we found that the levels

of LMP2 and LMP7 are down-regulated in the livers of BLy6NZB

males compared with the BLy6C57 males (Figures 5C and 5D).
NZB males and females. Red arrow indicates that Ewing sarcoma is also up-

n the BL/6C57 males and females in liver tumor samples. Quantification of each

lative to the average value of the eight BL/6C57 female mice, whichwas adjusted

the BL/6NZB males and females. Quantification of each marker represents the

lue of the eight BL/6NZB female mice, which was adjusted to 1. Student’s t test;

NZB female and male mice. Scale bars represent 100 mm. Student’s t test; two-

ZBmale and femalemice, treatedwith DMSO (CTL) or 1 mMWRG28 for 6 h prior

tailed; ****p < 0.0001; mean ± SEM. The experiment was done in triplicates, and

le mice where DDR2 was knocked down by shRNA.

rmale or female liver cancer from the BL/6NZB genotype expressingDDR2 (CTL)

resent 500 mm. Student’s t test; two-tailed; **p < 0.01; ****p < 0.0001; mean ±

m each filter.

xpressing DDR2 (CTL) or where expression of DDR2 was inhibited by shRNA

mean ± SEM; n = 9.
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Figure 5. PAPP-A gene signature is enriched in BL/6NZB males and some females

(A) Gene Ontology and pathway analysis from RNA-seq analysis on liver from BL/6C57 or BL/6NZB male mice.

(B) Immunoproteasome activity was measured in liver derived from BL/6NZB (n = 4) and BL/6C57 (n = 4) male mice. Student’s t test; two-tailed; *p < 0.05; mean ±

SEM.

(C) Western blot analysis of LMP2 and LMP7 in liver lysates from males from the BL/6C57 or BL/6NZB genotypes.

(D) Quantification of each marker represents the expression of the average of the four BL/6NZB male mice relative to the average value of the four BL/6C57 male

mice, which was adjusted to 1. Student’s t test; two-tailed; **p < 0.01, ****p < 0.0001; mean ± SD.

(E) Heatmap of PAPP-A gene set enrichment scores in liver derived from four BL/6NZB and four BL/6C57 male mice. High or low enrichment scores were rep-

resented in red and blue, respectively. For comparison of the distribution of the enrichment scores between the two groups, statistical significancewasmeasured

using Mann-Whitney U test.

(F) Heatmap of PAPP-A gene set enrichment scores in liver derived from four BL/6NZB and four BL/6C57 female mice. High or low enrichment scores were

represented in red and blue, respectively. For comparison of the distribution of the enrichment scores between the two groups, statistical significance was

measured using Mann-Whitney U test.

(G) Heatmap of PAPP-A gene set enrichment scores in liver derived from four BL/6NZB male and four BL/6NZB female mice. High or low enrichment scores were

represented in red and blue, respectively. For comparison of the distribution of the enrichment scores between the two groups, statistical significance was

measured using Mann-Whitney U test.

(H) Western blot analysis of LMP2 and LMP7 in liver lysates from BL/6C57 or BL/6NZB female mice. Quantification of each marker represents the expression of the

average of the four BL/6NZB female mice relative to the average value of the four BL/6C57 female mice, which was adjusted to 1. Student’s t test; two-tailed; not

significant; mean ± SD.

(I) Representative filter of in vitro invasion assay of cancer cells derived from BL/6NZBmale and female mice, treated with PAPP-A conditionedmedia for 24 h prior

to starting cell invasion assay. Scale bars represent 500 mm. Student’s t test; two-tailed; *p < 0.01; mean ± SEM. The experiment was done in triplicates, and five

regions were selected from each filter.

See also Figure S6.
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To further validate the implication of the PAPP-A pathway of

invasion, we created a PAPP-A signature using 4 genes,

PAPP-A, DDR2, collagen 1, and SNAIL, and found that this

signature is overexpressed in the BLy6NZB males compared

with BLy6C57 males (Figure 5E). We then performed the same

analysis to compare BLy6NZB and BLy6C57 females and, while
10 Cell Reports 38, 110254, January 18, 2022
no statistically significant difference was observed between

these two groups, it revealed that one BLy6NZB female shows

a strong induction of the PAPP-A signature (Figure 5F). To further

monitor the level of expression of the PAPP-A signature in

BLy6NZB females relative to BLy6NZB males, we then per-

formed the same analysis between BLy6NZB males and females



Figure 6. Analysis of PAPP-A signature in human HCC TCGA dataset

Heatmap representation of the enrichment scores for immune- and stroma-related signatures in HCC patients with high PAPPA signature (mustard color bar)

compared with the remaining patients (low PAPPA) included in the TCGA cohort (n tot = 361). PAPPA signatures are significantly enriched in patients of the

previously reported HCC immune class (purple color bar), particularly those belonging to the exhausted immune subtype (green color bar). In the heatmap, high

and low gene set enrichment scores are represented in red and blue, respectively; the same representation is used for high and low gene expression. For

comparison of the distribution of the enrichment scores between the two groups, statistical significance was measured using Mann-Whitney U test.
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and confirmed that one female in this group expresses the

PAPP-A signature within the range of expression in males (Fig-

ure 5G). This variability between females is in agreement with

the finding that analysis of pathways identified in the EWS study

between females of both genotypes revealed a trend in term of

immune pathways and immunoproteasome activity (Figures

S6C and S6D).

We therefore analyzed the immunoproteasome and levels of

LMP2 and LMP7 in females of both genotypes. Again, we found

the same trend toward down-regulation of the immunoprotea-

some (Figure 5H).

This result suggests that someBLy6NZB femalesmay also ex-

press the PAPP-A signature in their normal liver and that, if such

females acquire an oncogenicmutation, theywould also develop

invasive liver cancer. To test whether PAPP-A may be sufficient

to promote invasion in liver cancer cell lines derived from a

BLy6NZB female, we treated these cells with either control cell

culture media or media containing PAPP-A and found that, after

48 h, invasion was significantly up-regulated in female-derived

cells, while PAPP-A had no additional effect in male-derived

cells, since they already express elevated levels of PAPP-A

(Figure 5I).

Finally, we interrogated a The Cancer Genome Atlas (TCGA)

cohort of 361 hepatocellular carcinomas to determine whether

the PAPP-A signature is observed in humans. This analysis re-

vealed a strong association between the PAPP-A signature

and the exhausted immune sub-class of HCC (Figure 6). Since

this sub-class is characterized by elevated collagen content

and fibrosis, this observation is consistent with the elevation in

collagen observed upon PAPP-A expression (Figure 4E; Takaba-
take et al., 2016). No difference was observed between gender in

humans, further supporting the notion that, whilemore frequently

observed in males in our model, the PAPP-A signature is also

observed in some females.

DISCUSSION

The BLy6NZB mice have been shown to have enhanced health

and longevity comparedwith the BLy6C57mice (Latorre-Pellicer

et al., 2016). This phenotype was associated with large differ-

ences in gene-expression profiles. Here, we show that mtDNA

dictates whether the UPRmt is activated or not in the normal

livers. While we use 6 markers as a tool to monitor the activation

of each axis, clearly the UPRmt engages several transcription

factors, and since each transcription factor has a wide number

of targets, the complexity of the UPRmt cannot be underesti-

mated. Globally, the impact of the activation of the UPRmt is

increased mitochondrial fitness, which contributes to health

and resilience of normal tissues to environmental stress. In the

current study, we tested the hypothesis that the samemitochon-

drial fitness may contribute to the formation of more aggressive

tumors in the context of a cell that acquires an oncogenic muta-

tion. Our data show that the UPRmt is activated in the normal liver

of the BLy6NZB mice compared with BLy6C57 mice. Further, in

agreement with our hypothesis, we found that, upon acquisition

of oncogenic events, the incidence, burden, and histological het-

erogeneity are increased in the livers of UPRmt-activating

BLy6NZB mice. Of note, the frequency of spontaneous liver can-

cer formation at the time of natural death between 24 and

33 months of age in the BLy6C57 mice was approximately
Cell Reports 38, 110254, January 18, 2022 11
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50%, while none were detected in the BLy6NZB mice (Latorre-

Pellicer et al., 2016). Our data show that the frequency of Myc-

gain- and p53-loss-induced liver cancer in BLy6C57 mice is

also approximately 50% (males and females combined) at 3 to

4months of age, while it is 100% in the BLy6NZBmice (Figure 2).

The observation of a higher rate of liver cancer in young

BLy6NZBmicewas alsomade usingmutagen-induced liver can-

cer (J.A.E., unpublished data), ruling out any difference in trans-

fection rate. Since age is an important risk factor of developing

cancer (Navarrete-Reyes et al., 2016; Serrano, 2016; Soyannwo

et al., 1978), these observations indicate that activation of the

UPRmt protects against spontaneous liver cancer associated

with the normal aging process. However, upon acquisition of

an oncogenic mutation in young mice, where spontaneous tu-

mors are not observed, expression of the UPRmt facilitates liver

cancer formation. These effects were observed in both males

and females. However, a difference in invasion of liver cancer

cells was observed between sexes.

We presented data indicating that this difference may be the

result of the ability of the ERa to somehow inhibit the invasive ca-

pacity of the SIRT3 axis in females. This result is in agreement

with the well-described observation that the ERa is associated

with the better prognosis in women compared with men affected

by liver diseases (Koo and Leong, 2010; Lee et al., 2019; Zhao

and Li, 2015).

Since inhibition of SIRT3 significantly reduced invasion of

BL/6NZB male-derived liver cancer cells, these cells remained

more invasive relative to either BL/6NZB females or BL/6C57males

and female-derived liver cancer cells, indicating that other path-

ways in addition to SIRT3 must contribute to their invasion ca-

pacity. The analysis of pathways that distinguish the normal

livers from either male BLy6C57 or female BLy6NZB from male

BLy6NZB led to the identification of PAPP-A-driven pathway of

invasion and immune evasion. Whether a direct link exists be-

tween the expression of the PAPP-A signature and the UPRmt

is unclear. However, whether or not a direct link exists, the co-

expression of these pathways in the normal liver of BLy6NZB

mice suggests that they may synergize, since the UPRmt pro-

vides an advantage through increased mitochondrial fitness,

while the PAPP-A pathway provides proliferative advantage as

well as increased deposition of collagen, invasion, and immune

evasion. The potential impact of mtDNA on the content of mac-

rophages in the spleen and metastasis in the mammary gland

was described (Brinker et al., 2017, 2020; Beadnell et al.,

2020), but no mechanism was provided; therefore, our results

support and expand these observations.

We present data indicating that blocking DDR2 inhibits inva-

sion. Since DDR2 acts downstream of PAPP-A and PAPP-A

induces immune evasion, our finding also offers a potential

explanation for the observation that inhibition of DDR2 using da-

satinib was found to enhance the efficacy of immunotherapy (Tu

et al., 2019). Our observation is also consistent with the reports

that both PAPP-A (Engelmann et al., 2015) and DDR2 (Xie

et al., 2015) were identified as markers of worst prognosis in liver

cancer.

In conclusion, our data indicate that combining the expression

of the UPRmt and the PAPP-A/DDR2/SNAIL pathway in the

normal liver creates a favorable soil for oncogenic transforma-
12 Cell Reports 38, 110254, January 18, 2022
tion. Our findings indicate a link between mitochondrial haplo-

type, activation of the UPRmt, and invasion (Figures 1 and 2).

Further, our findings of gender disparity in BLy6NZB mice

demonstrate that not only mitochondrial genetics but also sex

impact liver cancer outcome. This observation is significant

since gender disparity is observed in liver cancer in humans

and remains poorly understood. Importantly, our results reveal

that mitochondrial genetics is a predisposition factor for the

development of aggressive tumors or not, prior to acquisition

of any oncogenic mutations.

Limitations of the study
The limitations of our study are that we currently do not know

whether a direct link between the activation of the UPRmt and

the PAPP-A signature exists. Further, considering the

complexity of the transcriptional program activated by the ERa

and the wide number of proteins affected by the deacetylase ac-

tivity of SIRT3, how the ERa axis influences the SIRT3 axis of the

UPRmt also remains unknown. Lastly, whether the impact mito-

chondrial haplotype in the BLy6NZB mice versus BLy6C57

mice affects the incidence of cancer in other tissues also remains

unknown but will be an important avenue of research in the

future.
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EprediaTM Richard-Allan
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Thermo Fisher Scientific Cat No.:22-110-648

Hema 3 Manual Staining Stat Pack Fisher Scientific Cat No.:23-123-869
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KwickQuant Western Blot Detection Kit Kindle Biosciences Cat No.:R1004

Deposited data

Mice Liver Gene expression Omnibus GEO No: GSE190767

Human HCC TCGA dataset Broad GDAC Firehose https://
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N/A

Experimental models: Cell lines

BL/6C57 male liver tumor cell lines This paper N/A

BL/6C57 female liver tumor cell lines This paper N/A
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BL/6NZB female liver tumor cell lines This paper N/A

Experimental models: Organisms/strains

Mouse: BL/6C57 Gift, Dr. Dr. José Antonio

Enrı́quez, Centro Nacional de
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Carlos III, Spain
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Carlos III, Spain
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DDR2 ShRNA Lentiviral particles Santacruz Biotechnology Cat No.:sc-39923-V

SIRT3 siRNA Santacruz Biotechnology Cat No.:sc-61556

Software and algorithms

GraphPad Prism 8 https://www.graphpad.com/ N/A

CorelDRAW 2019 https://www.coreldraw.com/ N/A

Adobe Photoshop v22.5.1 https://www.adobe.com/ N/A

GenePattern genomic analysis tool kit http://www.broadinstitute.

org/genepattern

N/A

Other

PureCol collagen coated 10 ml dishes Advanced Biomatrix Cat No.:5028

Falcon Cell strainer Thermo Fisher Scientific Cat No.:352235

Cell culture insert, transparent PET

Membrane, 8 mm pore size

Corning Inc. Cat No.:53097

Nitrocellulose Blotting membrane Amersham Protran Cat No.:10600001

96 Well plate with #1.5 glass-like

polymer coverslip bottom, tissue

culture treated for better cell

attachment than cover glass

Cellvis Cat No.:P96-1.5P
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources should be directed to and will be fulfilled by the Lead Contact, Doris Germain (doris.

germain@mssm.edu).

Materials availability
Cell lines generated in this study are available upon request.

Data and code availability

d Single-cell RNA-seq data have been deposited at GEO and are publicly available as of the date of publication. Accession num-

ber is listed in the key resources table.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

d This paper does not report original code.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

All animal experiments were performed under an IUCAC approved protocol. BL/6C57 and BL/6NZBmicewere originally generated and

kindly provided by Dr. José Antonio Enrı́quez in the C57BL/6JOlaHsd background 1. Male and female BL/6NZB and BL/6C57 mice

25 weeks of age were used for tail vein injection experiments. All mice were housed in vivariums at Mount Sinai or CNIC with ad li-

bitium access to food and water.

METHOD DETAILS

Hydrodynamic tail vein injection
Liver tumors resembling human HCCwere generated in BL/6C57 mice (8 male and 8 female) and BL/6NZBmice (8 male and 10 female)

according to an earlier published protocol (Molina-Sanchez and Lujambio, 2019) by performing hydrodynamic tail vein injections of a

transposon vector expressing MYC (pT3-EF1a-MYC), a vector expressing SB13 transposase (CMV-SB13), which is required to inte-

grate the transposon-based vector into the hepatocyte genomic DNA, and a CRISPR-Cas9 vector expressing a single-guide RNA

(sgRNA) targeting p53 (px330-sg-p53) in 7 weeks and 25 weeks old mice. All three vectors were kindly provided by Dr Amaia Lujam-

bio. A sterile 0.9%NaCl solution/plasmidmix was prepared containing DNA. Eachmouse was injected with 20mg of pT3-EF1a-MYC-

IRES-luciferase (MYC-luc), 20 mg of px330-sg-p53 (sg-p53), and 5 mg of SB13 transposase-encoding plasmid dissolved in 0.9%NaCl

solution. The injection volume is 10% of the weight of each mouse. After 5 weeks, the mice were sacrificed, and their livers were

harvested. The liver samples were used for western blotting, histology and to develop tumor cell lines.

Histology and masson trichrome staining
Tissuewas fixed in 10% formalin for 24 h and then processed and paraffin embedded for sectioning by the Biorepository Core Facility

at Mount Sinai. Hematoxylin and eosin (H&E) or unstained paraffin embedded slides were obtained from the core facility. The slides

were stained with Mason Trichrome stain using Thermo Scientific Richard-Allan Scientific Masson Trichrome stain Kit. Images were

captured using a Zeiss AX10microscope. Quantification was performed using extent (% area) and intensity (0, 1+, 2+, 3+) of collagen

stain by two independent observers and was done blindly.

Cell lines from murine liver tumors
A small portion of the tumorous liver from sacrificed mice is placed in PBS or DMEM media on ice. The livers are then finely minced

and digested for 30 min at 37�C with agitation in a 2.5 ml serum-free DMEM/F12 media containing 1mg/ml collagenase type IV and

2U/ml dispase II. After digestion, 5ml of PBS was added and centrifuged at 1500 rpm for 5 min. The supernatants were discarded,

and tissue pellet s washed once more in 10ml PBS and centrifuged for 5 min at 1500 rpm. The supernatants were discarded, and

2.5 ml of 0.25% Trypsin was added to the pellets and incubated for 5 min at 37�C in water bath. Then 10 ml complete DMEM/

F12 medium containing 10% FBS and 1 %P/S was added to quench the effect of trypsin and centrifuged for 5 min at 1500 rpm.

The supernatants were discarded and the pellets dissolved in 10 ml of complete DMEM/F-12 medium and plated including the large

chunks on a PureCol collagen coated 10 ml dishes. Once the plates are confluent, they were passaged and plated on normal plates.

To get rid of fibroblasts the cells were treated with FibrOut System 2, Mouse.

Mitochondrial respiration
A Seahorse XF24 extracellular flux analyzer (Seahorse Biosciences, North Billerica, MA) was used to determine mitochondrial res-

piratory function. In each case, 30,000 cells were plated onto Seahorse plates in DMEM/F12 containing 10% FBS and 1% P/S over-

night. One hour beforemeasurement, DMEMwas replacedwith Agilent Seahorse XFDMEMmedium containing 1mMpyruvate, 2mM

glutamine and 10mMglucose, pH 7.4. The assaywas performed using Seahorse XFCell Mito Stress Test Kit. The final concentrations

of inhibitors used were 1 mM oligomycin, 1 mM FCCP (used as an uncoupler), and 0.5 mM complex III inhibitor antimycin A. Each plate

(along with the cartridge) was loaded into the XF analyzer, and the OCR was measured under basal conditions and after sequential

addition of oligomycin, FCCP, and rotenone.

Estimation of reactive oxygen species
Cells were detached with trypsin, collected in DMEM/F12 media, and centrifuged to pellet cells. Cells were then washed in PBS and

resuspended in Hank’s Balanced Salt Solution (HBSS) containing 0.5% BSA. 5 mM stock of MitoSOX Red was freshly made and

appropriate volume was added to cells in 0.5% BSA HBSS to yield final staining concentration of 5 mM. Staining was performed

for 30 minutes at 37�C in the dark. Cells were then pelleted by centrifugation, washed in 0.5% BSA HBSS 2 times, and resuspended

in 0.5% BSA HBSS. Cells were then passed through a single cell strainer before flow cytometry or FACS. Samples were excited at

480nm and captured at wavelengths 585/15nm.

mtDNA copy number
mtDNA copy number was quantified by real-time PCR and PowerUp SBYR Green Master Mix . Total DNA was extracted from cells

using standard protocols. Total DNA was used as a template and it was amplified with specific oligodeoxynucleotides for mt-Co2
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(Forward 5’ CTACAAGACGCCACAT 3’, Reverse 5’ GAGAGGGGAGAGCAAT’) and Sdha (Forward 5’ TACTACAGCCCCAAGTCT 3’

and Reverse 5’ TGGACCCATCTTCTATGC 3’) as reported previously1. mtDNA copy number was calculated by using Sdha as a refer-

ence for nuclear DNA content.

Transwell invasion assays
Cells were trypsinized and collected in DMEM/F12 serum-free media and pelleted at 500 rpm for 5 minutes. Cells were resuspended

in DMEM/F12 serum-free media and counted. 30,000 cells were seeded in DMEM/F12 serum-free media on 8 mm pore size cell

culture inserts in 24-well plates (Corning). Prior to seeding the cells, the cell culture inserts were coated with growth factor reduced

matrigel (GIBCO) diluted 1:100 in PBSwhichwas then incubated at room temperature for 2 hours and then thematrigel was removed.

Complete DMEM/F12 media with 10% FBS was used in the lower chamber and the plates were incubated for 24h or 48 h in a tissue

culture incubator. At the end of incubation, invaded cells were fixed, stained using the Hema 3 Manual Staining Stat Pack according

to manufacturer’s guidelines, and placed on glass slides with mounting media. Images were captured using a Zeiss AX10 micro-

scope. The cells were treated with 1mM WRG28 or with 3mM Fulvestrant for 6 h prior to starting invasion assay. To activate SIRT3

in BL6C57 liver cancer cells, they were treated with 10 mM gamitrinib-triphenylphosphonium (G-TPP) for 6h prior to starting invasion

assay. To test the effect of PAPP-A on invasion of female derived liver cancer cells, cells were treatedwith PAPP-A conditionedmedia

(10 ng/ml) for 24 h prior to starting invasion assay. PAPP-A conditionedmedia was obtained following our published protocol (Slocum

et al., 2019).

SIRT3 siRNA transfection
Cells were seeded in antibiotic free medium in 6-well plate for 24h prior to transfection. Transfections were performed on cells using

SIRT3 siRNA (m), siRNA transfection medium and siRNA transfection reagent following manufacturer recommendations. Percent of

cells alive and total cell number were determined using the Countess automated cell counter and trypan blue to determine viability.

Western blot analysis was performed to knocking down of SIRT3. These cells were used for cell invasion assay.

Generation of DDR2 ShRNA cell lines
DDR2 ShRNA Lentiviral particles specific for mouse were purchased from Santacruz Biotechnology (sc-39923-V). As per manufac-

turer’s guidelines, BL/6NZB male and female tumor cell lines were plated on 12 well plate in 1ml complete DMEM/F12 medium con-

taining 10% FBS and 1%P/S, 24 h prior to viral infection. The cells were plated in such a way that they become 50% confluent on the

day of viral infection. On the day of viral infection, the media in the wells were replaced with Polybrene (5mg/ml) containing media. 10-

20 ml of lentiviral particles were added to the wells and incubated overnight. Next day the media in the wells is replaced by complete

media without polybrene. Once the cells are confluent, the stable clones containing the shRNA is selected via puromycin dihydro-

chloride selection. Prior to lentiviral infection, a puromycin dihydrochloride kill curve was done on the cell lines. Puromycin dihydro-

chloride at a concentration of 4 mg/ml was able to kill all non-transfected cells within 4-5 days. A Western blot analysis on the cell

pellets was done to confirm the knockdown of DDR2.

Western blotting
Male and female BL/6C57 and BL/6NZB mice were sacrificed by cervical dislocation and liver tissue was extracted. Tissues were ho-

mogenized in lysis buffer (10mM Tris-HCL pH7.4, 1 mM EDTA, 0.32 M sucrose, 2% SDS) freshly supplemented with protease and

phosphatase inhibitors and 50 mMDTT, using a MagNA Lyser instrument (Roche). Pulverized flash frozen tissues or cells were lysed

in cold NP-40 lysis buffer with protease inhibitors (50 mM Tris, pH 7.5, 250 mM NaCl, 5 mM EDTA, 0.5% Nonidet P-40, 50 mM NaF,

0.2 mM Na3 VO4, 1 g/ml leupeptin, 1 g/ml pepstatin, 100 g/ml phenylmethylsulfonyl fluoride), sonicated for 5 s at 20% amplitude,

centrifuged at 14,000 rpm for 20minutes at 4�C and then the supernatant was separated. Protein concentrations were assayed using

the Bradford method. Equal amounts of proteins were loaded and separated by SDS-PAGE electrophoresis and then transferred to

nitrocellulose membrane. After 30 min blocking, the membranes were probed with the following primary antibodies overnight at 4�C.
Blots were then washed with TBST (Tris Buffered Saline with 0.1% Tween 20, pH 7.4) and probed with horseradish peroxidase con-

jugated anti-mouse or anti-rabbit secondary antibodies for 2 h. This was followed by 3-4 washes with TBST and the protein bands

were detected using enhanced chemiluminescence (KwikQuant Western Blot detection Kit).

3D organoid culture and imaging
Single cells were embedded in droplet of growth factor reduced matrigel adhered to the bottom of a 96 well plate (Cellvis P96-1.5P)

and cultured in murine tumor organoid media (basal media, 1:50 B27, 1 mM N-acetylcysteine, 10% Rspo1-conditioned media,

10 mM nicotinamide, 10 nM recombinant human [Leu15]-gastrin I, 50 ng/mL recombinant mouse EGF, 100 ng/mL recombinant hu-

man FGF10, and 50 ng/mL recombinant human HGF) (Broutier et al., 2016). with media changed every 48 hours. Cultures were al-

lowed to establish overnight (day 0) before live imaging. Live imaging was captured with a Zeiss AxioObserver equipped with a fully

enclosed incubation system to provide constant temperature at 37Cwith 5%CO2. The image capture interval was either 15 or 20mi-

nutes for durations of�24hrs. Movies were analyzed frame by frame to identify the formation of invasive protrusions from the center

of each spheroid. The number of frames with invasive protusions present was used to determine the percent of total observed time

with invadopodia.
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Immunoproteasome activity
Immunoproteasome activity was determined as previously described (Jenkins et al., 2020b; Riar et al., 2017). Briefly, 10mg of protein

lysate were incubated with an immune proteasome substrate specific for the b1i/LMP2 activity of the 20S Immunoproteasome (Ac-

Pro-Ala-Leu-AMC (Ac-PAL-AMC), Boston BioChem S-310) for three hours, after which time fluorescence was measured by spec-

trophotometry. Three technical replicates were performed for each biological replicate.

Bioinformatic analyses
RNA-sequencing analysis of the PAPP-A and immune signature in murine liver. For mouse to human gene name conversion, Biomart

(https://m.ensembl.org/info/data/biomart/index.html) was used. Signature prediction was performed using single sample Gene Set

Enrichment Analysis (ssGSEA, Gene Pattern 2.0) 16642009. The resulting enrichment scores were represented as a heatmap where

high and low gene set enrichment scores were represented in red and blue, respectively. The PAPPA signature included the following

genes: PAPP-A, DDR2, SNAI1, and COL1A1. For comparison of the distribution of the enrichment scores between two independent

groups statistical significance was measured using Mann-Whitney U test.

For analysis of PAPP-A signature in human HCC TCGA dataset, human TCGA tumor data (expression counts) were obtained from

Broad GDAC Firehose (https://gdac.broadinstitute.org/). The median of the normalized expressions of PAPP-A, DDR2, SNAI1 and

COL1A1 was used to calculate an expression score for each patient (n = 361 patients with HCC, TCGA dataset). The top 20% of

patients with the highest expression scores were designated as PAPPA high and compared to the rest of cohort. Single-sample

gene set enrichment analysis from GenePattern was performed on gene expression counts. Signature prediction of the previously

described Immune class of HCC and immune-related subtypes 44 was performed using the NTP method implemented by the Gen-

ePattern genomic analysis tool kit (http://www.broadinstitute.org/genepattern) based on prediction confidence of False Discovery

Rate (FDR) < .05.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical significancewas defined as a p value below 0.05. ns = not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Data

displayed as mean ± standard deviation (SD) or mean ± standard error of the mean (SEM). Statistical analyses were performed using

GraphPad Prism Software 8. Statistical significance was determined using Student’s t-test with Welch’s correction.
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