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SUMMARY
Identifying patients at risk for metastatic relapse is a critical medical need.We identified a commonmissense
germline variant in proprotein convertase subtilisin/kexin type 9 (PCSK9) (rs562556, V474I) that is associated
with reduced survival in multiple breast cancer patient cohorts. Genetic modeling of this gain-of-function sin-
gle-nucleotide variant in mice revealed that it causally promotes breast cancer metastasis. Conversely, host
PCSK9 deletion reduced metastatic colonization in multiple breast cancer models. Host PCSK9 promoted
metastatic initiation events in lung and enhanced metastatic proliferative competence by targeting tumoral
low-density lipoprotein receptor related protein 1 (LRP1) receptors, which repressed metastasis-promoting
genes XAF1 and USP18. Antibody-mediated therapeutic inhibition of PCSK9 suppressed breast cancer
metastasis in multiple models. In a large Swedish early-stage breast cancer cohort, rs562556 homozygotes
had a 22% risk of distant metastatic relapse at 15 years, whereas non-homozygotes had a 2% risk. Our find-
ings reveal that a commonly inherited genetic alteration governs breast cancer metastasis and predicts sur-
vival—uncovering a hereditary basis underlying breast cancer metastasis.
INTRODUCTION

Metastasis formation is the most critical determinant of

cancer survival outcome.1 It has long been thought that specific

somatic mutations emerge during tumorigenesis and drive met-

astatic progression. However, unlike tumorigenesis2–4 or drug

resistance,5,6 such postulated emergent somatic ‘‘metastasis

driver mutations’’ have not been identified by extensive tumor

sequencing efforts7–10—with similar patterns of driver mutations

observed in metastases andmatched primary tumors.11,12 While

these findings do not rule out the possibility that rare emergent

somatic ‘‘driver’’ mutations may exist in metastases, they moti-

vate the search for alternative mechanisms.

One alternative mechanism is that germline genetic differ-

ences between individuals underlie distinct metastatic out-

comes. This could explain observations thus far since (1) germ-

line genetic alterations are already present at the primary tumor

site and do not need to ‘‘emerge’’ at the metastatic site—ex-

plaining similar genetic mutational landscapes of metastases

and primary tumors—and (2) germline genetics would produce

similar host-derived proteins at the primary and metastatic sites

that would signal to cancer cells13–15 and give rise to concordant
All rights are reserved, including those
pro-metastatic gene expression programs at both locations.

This could account for the similar gene expression programs

observed in matched primary and metastatic tumors.16–19

Historical observations inmice support the role of germline ge-

netics in affecting metastasis. For example, it has long been

observed that genetic background can influence the efficiency

of metastasis in the polyoma middle T oncogene (PyMT) murine

breast cancer model.20,21 Identifying germline genetic differ-

ences that could influence human metastatic outcomes is a far

greater challenge, as the substantial genetic variation within

the human population limits the statistical power for identifying

genetic associations with cancer outcomes.22,23 One way to in-

crease the statistical power for detecting associations is to focus

on common germline variants. Indeed, recent studies have

found that common germline variants of APOE differentially

impact melanoma progression and metastasis and associate

with human melanoma survival.24,25

We herein hypothesized that common germline variants could

underlie breast cancer metastatic outcomes and devised a

systematic approach to search for such a causal variant. We

identified the common missense variant rs562556 in the propro-

tein convertase subtilisin/kexin type 9 (PCSK9) gene to be
Cell 188, 371–389, January 23, 2025 ª 2024 Elsevier Inc. 371
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Figure 1. PCSK9 germline variant rs562556

associates with breast cancer survival

(A) Geographical distribution of rs562556 allele

frequency.

(B–E) Kaplan-Meier curves of breast cancer pa-

tients in cohorts stratified by rs562556 genotype

(two-sided log-rank test). TCGA-BRCA (n = 546):

patients with high-risk breast cancer as defined by

stage II/III and over 50 (B) Bertucci et al.26 (n = 553):

patients with metastatic breast cancer (C). Hartwig

Medical Foundation (HMF) cohort (n = 285): pa-

tients over 50 with metastatic breast cancer from

the HMF cohort (D). Nik-Zainal et al.29 (n = 123):

patients with high-risk breast cancer as defined by

grade II/III and over 50 (E). Number at risk tables are

shown.

See also Figure S1.
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associated with reduced survival outcomes in multiple breast

cancer patient cohorts. We found that the PCSK9 rs562556

variant drives breast cancer metastasis by targeting tumoral

low-density lipoprotein (LDL) receptor (LDLR) related protein 1

(LRP1) receptors, consequently leading to the induction of genes

that we implicate as metastatic colonization promoters.

RESULTS

Common germline variant rs562556 of the human
PCSK9 gene associates with breast cancer prognosis
Previous genome-wide association study (GWAS) efforts had

identified very few germline variants that associate with breast

cancer prognosis, likely due to limited statistical power for iden-

tifying small effect size variants when surveying the large land-

scape of genome-wide variants.22 We focused on a set of com-

mon missense variants with known disease associations, which

would a priori be more likely to exhibit phenotypic conse-

quences. This set also included missense variants of ligand, re-

ceptor, and transporter genes, as they would be more likely to

mediate communication between microenvironmental cells

and cancer cells. This approach identified 8 single-nucleotide

polymorphisms (SNPs) that are associated with breast cancer

overall survival in both the Cancer Genome Atlas Breast Invasive

Carcinoma (TCGA-BRCA) and Bertucci et al. US cohorts26

(Figures S1A and S1B). PCSK9, a well-known therapeutic target

in cardiovascular disease and hypercholesterolemia,27 was

among the 8 identified genes harboring a candidate SNP. We

focused on this gene given the availability of approved therapeu-

tics that inhibit its protein product.

The rs562556 SNP (1240G>A; allele frequency = 0.83) affects

exon 9 of PCSK9, causing an amino acid substitution (V474I)

thought to be hypermorphic in cholesterol regulation.28 The allele
372 Cell 188, 371–389, January 23, 2025
frequency of this variant varies geograph-

ically, with approximately 70% of individ-

uals of European ancestry being A/A ho-

mozygotes (Figure 1A). When a recessive

genetic model was applied, beyond the

two cohorts from the US (TCGA-BRCA

and Bertucci et al.) (Figures 1B and 1C),
rs562556 was associated with reduced breast cancer patient

survival outcomes in two additional independent cohorts from

the Netherlands12 and the UK,29 respectively (Figures 1D and

1E). In contrast to patients carrying the ancestral G allele, women

homozygous for the gain-of-function A allele exhibited reduced

overall survival. This association remained significant after ad-

justing for common clinical confounders, including pathological

stage, tumor grade, treatment status, and breast cancer subtype

(Figures S1C–S1F).

The Bertucci et al. and TCGA-BRCA cohorts enrolled US pa-

tients of Asian ancestrywho are enriched for the rs562556A/A ge-

notype, which is associated with reduced overall survival (Fig-

ure 1A). This is unlikely to bias the results as Asian women

have higher breast cancer survival rates compared with other

ethnic groups in the US.30 Moreover, the association between

rs562556 and breast cancer prognosis remained significant

when focusing solely on individuals of European ancestry31 or

adjusting for the principal components of genetic variation

(Figures S1G–S1I). Adjusting for the status of the other two com-

mon missense mutations in PCSK9 did not abrogate the signifi-

cance of rs562556 either (Figure S1J). The rs562556 A allele has

also been associated with a modest increase in cardiovascular

disease risk.32,33 However, we observed no correlation between

rs562556 and overall mortality in an age-matched breast can-

cer-free general population in the UK biobank34 (Figure S1K).

Moreover, rs562556 did not associate with overall survival in mel-

anoma or lung cancer (Figures S1L–S1N). These findings reveal

that the association between rs562556 and breast cancer survival

outcomes is not confounded by ancestry or non-cancer mortality.

Host PCSK9 promotes breast cancer metastasis
Because cancer metastasis is the primary determinant of breast

cancer survival,35 we hypothesized that the PCSK9 rs562556
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Figure 2. Host PCSK9 promotes breast cancer metastasis

(A) Bioluminescence imaging of metastatic progression of Pcsk9 knockdown (KD) EO771-LM2-shPcsk9 cells intravenously injected into wild-type or Pcsk9

knockout mice (F test).

(B) Distribution of lung metastasis foci size and number in wild-type and Pcsk9 knockout mice.

(C) Spontaneous lung metastasis quantification in wild-type and Pcsk9 knockout mice with mammary fat pad implantation of EO771-LM2-shPcsk9 cells (two-

sided Wilcoxon rank-sum test).

(D) Lung metastasis number in wild-type and Pcsk9 knockout mice with MMTV-PyMT transgene in C57BL/6J (B6) background (two-sided Wilcoxon rank-sum

test).

(legend continued on next page)
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variant may impact survival by affecting metastasis formation.

PCSK9 is normally mainly expressed in the liver, lung, esoph-

agus, pancreas, and colon (www.proteinatlas.org).36 PCSK9

has been observed to be highly expressed in human gastrointes-

tinal and lung cancers but poorly expressed in breast tumors and

normal mammary tissues (Figure S2A).

Despite its low expression, we first assessed the role of tu-

moral PCSK9 in breast cancer, as a prior study reported that tu-

moral PCSK9 could promote primary tumor growth by suppress-

ing the immune response,37 whereas another study implicated a

role for tumoral PCSK9 in regulation of cholesterol synthesis in

colorectal cancer cells.38 shRNA or CRISPR-Cas9-mediated

depletion of tumoral PCSK9 did not impact breast cancer meta-

static colonization after intravenous injection of PCSK9-depleted

EO771 murine breast cancer cells in an immune-competent

model (Figures S2B–S2D). Moreover, tumoral Pcsk9 deletion

did not impact murine breast tumor growth (Figure S2E). Simi-

larly, PCSK9 deletion in MDA-MB-231 human breast cancer

cells did not affect metastasis (Figures S2B, bottom and S2F).

Consistent with this, PCSK9 expression was not detected in

another highly metastatic triple-negative murine breast cancer

cell line, 4T1 (Figure S2B, right). These findings reveal that tu-

moral PCSK9 does not impact breast cancer progression in mul-

tiple models.

To test the impact of host PCSK9 on metastatic colonization,

we intravenously injected Pcsk9-depleted EO771 cells into wild-

type orPcsk9 knockoutmice, whichwere generated byCRISPR-

Cas9 targeting (Figure S2G). The use of Pcsk9-depleted cells al-

lowed us to study the role of host PCSK9 specifically and avoid

potential immune-mediated rejection of PCSK9-expressing cells

in Pcsk9 knockout mice. We observed markedly reduced breast

cancer lungmetastatic colonization inPcsk9 knockoutmice rela-

tive to wild-type counterparts (Figure 2A), with reduced numbers

of small and large lung metastatic nodules (Figure 2B). Intracar-

diac injections revealed reduced systemic metastasis to multiple

organs in Pcsk9 knockout mice as quantified by biolumines-

cence imaging (Figure S2H). EO771 breast cancer cells im-

planted into the mammary fat pads exhibited reduced sponta-

neous metastasis in Pcsk9 knockout mice (Figure 2C) without

a significant difference in primary tumor growth (Figure S2I).

Similarly, Pcsk9 deletion significantly reduced lung metastasis

in the mouse mammary tumor virus-PyMT (MMTV-PyMT)39

genetically engineeredmodel (Figure 2D), without observable ef-

fects on primary tumor growth (Figure S2J). These findings from

multiple models reveal that host PCSK9 promotes breast cancer

metastasis.

The amino acid altered by rs562556, valine 474, is conserved

from hominoids to Old World monkeys but not conserved

in mice.40,41 To directly model the effect of PCSK9 variant

rs562556, we generated human PCSK9 wild-type and

rs562556 mutant (c.1420G>A, p.V474I) knockin (KI) mice in the
(E) Human PCSK9 knockin mice generation strategy. Arrows indicate genotyping

(F) Bioluminescence imaging of metastatic progression of EO771-LM2-shPcsk9

(G) Spontaneous lungmetastasis quantification in hPCSK9+/+ and hPCSK9V474I/V4

sided Wilcoxon rank-sum test). In (A)–(D), (F), and (G), mice numbers per group

metastasis are shown. Arrows indicate metastatic nodules.

See also Figure S2.
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C57BL/6J background, with the human PCSK9 alleles knocked

into the murine Pcsk9 locus (Figures 2E and S2K top). The

expression levels of PCSK9 were similar in human PCSK9

wild-type and V474I mutant mice (Figure S2K bottom). This sin-

gle nucleotide/amino acid change in host PCSK9 caused a sig-

nificant enhancement in lung metastatic colonization by murine

Pcsk9-silenced EO771 breast cancer cells (Figure 2F), consis-

tent with its association with worse prognosis in human

breast cancer patients. EO771 breast cancer cells implanted

into the mammary fat pads also exhibited enhanced sponta-

neous metastasis in hPCSK9V474I/V474I relative to hPCSK9+/+

mice without significant change in primary tumor growth

(Figures 2G and S2L). These findings reveal that inherited

PCSK9 genetic status modulates breast cancer metastasis out-

comes in mice.

Metastasis promotion by PCSK9 is independent of host
cholesterol reduction
Obesity and hypercholesterolemia have been shown to promote

breast cancer progression in experimental models.42–44 Epide-

miological studies have shown both positive and negative corre-

lations between high cholesterol and increased breast cancer

risk and death.45 PCSK9 increases serum cholesterol levels

by promoting the degradation of LDLRs and reducing LDL clear-

ance.27,46 One study proposed that hypercholesterolemia due to

hepatic PCSK9 and the alteration of liver tissue increased mela-

noma liver metastasis.47 To determine if the metastasis-sup-

pressive effect of host PCSK9 deficiency in breast cancer was

due to its associated cholesterol reduction effect (total choles-

terol = 39.7 mg/dL for Pcsk9 knockout versus 80.64 mg/dL for

wild-type mice; Figure S3A), we fed mice a high cholesterol

diet (HCD) starting 10 days before tumor implantation. This die-

tary intervention scheme brought the LDL of Pcsk9 knockout

mice to a similar level as wild-type mice and their total choles-

terol to a comparable level as mice on a regular chow diet (Fig-

ure S3A). Under this condition, Pcsk9 knockout mice continued

to exhibit reduced breast cancer lungmetastasis relative to litter-

mates under HCD or regular chow diet, while HCD modestly

increased lungmetastasis in wild-typemice (Figure S3B). Our re-

sults indicate that the metastasis-suppressive effect of PCSK9

deficiency is not mediated by LDL cholesterol reduction.

We alsomeasured cholesterol levels of human PCSK9 KI mice

on regular chow diet. hPCSK9V474I/V474I mice showed a trend to-

ward slightly higher total cholesterol and LDL levels (total choles-

terol = 151.5 mg/dL versus 148.6 mg/dL; LDL = 36.3 mg/dL

versus 32.4 mg/dL) than hPCSK9+/+ mice (Figures S3C and

S3D). The lack of meaningful differences in circulating choles-

terol and LDL levels, despite substantial differences in metasta-

tic progression outcomes, further argues against cholesterol be-

ing the causal downstream mediator of the effects of the

hPCSK9V474I/V474I variant on metastasis formation.
primers.

cells intravenously injected into hPCSK9+/+ or hPCSK9V474I/V474I mice (F test).
74Imice withmammary fat pad implantation of EO771-LM2-shPcsk9 cells (two-

are indicated. In (A), (C), (D), (F), and (G), representative H&E images of lung

http://www.proteinatlas.org
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Figure 3. PCSK9 enhances breast cancer

metastatic initiation in the lung

(A) Representative immunofluorescence images

of single and multicellular lung metastases

formed by EO771-LM2-shPcsk9 cells intrave-

nously injected into wild-type or Pcsk9 knockout

mice (48 h after injection). DAPI staining in white,

Ki-67 staining in green, and mCherry staining in

purple.

(B) Multicellular lung metastasis quantification

in wild-type or Pcsk9 knockout mice. Mice

numbers per group are indicated.

(C) Percentage of solitary single cells that stained

positively for Ki-67.

(D) Schematic of colony initiation assay in low-

attachment plate.

(E and F) Colony initiation assay in low-attach-

ment 96-well plates of EO771-LM2-shPcsk9

(E) and MDA231-LM3-sgPCSK9-2 (F) cells

treated with 2 mg/mL recombinant PCSK9 or

BSA. Number of wells is indicated. Representa-

tive Incucyte images are shown.

p values were calculated with two-sided Wil-

coxon rank-sum test. The number of fields of

view of each mouse examined in (B) and

(C) were: Pcsk9+/+ (212, 141, 200, and 200),

Pcsk9�/� (391, 285, 304, and 350).

See also Figure S3.
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Adaptive immunity is not required for PCSK9-mediated
metastasis promotion
We next sought to test whether host PCSK9 promotes breast

cancer metastasis formation by regulating adaptive immunity,

as a previous study proposed that tumoral PCSK9 reduced

MHCI levels.37 Pcsk9-deficient mice continued to exhibit

markedly reduced lung metastatic colonization burden rela-

tive to wild-type mice in the context of CD4+ and CD8+

T cell depletion using antibodies (Figures S3E and S3F).

These findings, in addition to data from therapeutic PCSK9

inhibition studies in immune-deficient mice described below,

reveal that enhancement of metastatic progression by

host PCSK9 can occur independent of functional adaptive

immunity.

Macrophage function is not required for PCSK9-
mediated metastasis promotion
We next compared metastasis progression in wild-type

and Pcsk9 knockout mice upon treatment with clodronate lipo-

somes, a well-established method for depleting tissue-resident

macrophages.48 Clodronate treatment successfully depleted

macrophages in the lung (CD45+CD24� F4/80+)49 (Figures S3G

and S3H). Metastatic progression was similarly reduced in

Pcsk9 knockout mice under control or clodronate treatment

compared with wild-type mice receiving the same treatment
(Figure S3I). This suggests that macrophage function is not

required for PCSK9-mediated lung metastasis enhancement.

PCSK9 promotes breast cancer metastatic initiation
events
We next tested the impact of a physiological concentration of re-

combinant PCSK9 (2 mg/mL)50 on various metastatic pheno-

types in vitro. PCSK9 treatment did not affect breast cancer

cell proliferation (Figure S3J), invasion through Matrigel

(Figures S3K and S3L), or resistance to anoikis (Figure S3M).

To study PCSK9’s impact on metastatic colonization, we in-

jected mCherry-labeled EO771 cells intravenously into wild-

type or Pcsk9 knockout mice. We observed no discernible differ-

ence in the total number of solitary cells that had seeded in the

lungs of mice at 48 h after injection (Figure S3N), arguing against

a role for PCSK9 in regulating extravasation. Importantly, breast

cancer cells formed fewer multicellular colonies in Pcsk9

knockout mice than in wild-type counterparts (Figures 3A and

3B). Pcsk9 deletion also reduced the number of solitary cells

that stained for the proliferative marker Ki67 (Figures 3A and

3C), supporting a role for PCSK9 in proliferative competence.

At a later time point of 18 days post injection, this distinction

continued as a fewer number of seeded EO771 cells developed

into multicellular colonies or macro-metastases in Pcsk9

knockout mice (Figures S3O and S3P). We observed no
Cell 188, 371–389, January 23, 2025 375
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difference between wild-type and Pcsk9 knockout animals in

in vivo caspase-3/-7 reporter signal, suggesting that the

differences in metastatic initiation events were not caused by

differences in apoptosis rates (Figure S3Q). These results reveal

that host PCSK9 increases the fraction of breast cancer cells that

progress to multicellular and macroscopic colonies. The

observed increase in proliferative cells at the single-cell and

multicellular stages is consistent with a role for PCSK9 in

promoting metastatic initiation events by driving proliferative

competence, which is a major bottleneck in metastasis

formation.51–53

To initiate metastatic colonies, disseminated cancer cells

must proliferate in the setting of absent or reduced attachment

to underlying extracellular matrix, which provides proliferative

and survival cues. The lack of such signals can lead to protracted

cell-cycle arrest or dormancy.51,54,55 Tomodel this phase ofmet-

astatic colony initiation,51,56 we flow-sorted single Pcsk9-

silenced breast cancer cells into individual wells of low-attach-

ment plates, supplemented with bovine serum albumin (BSA)

or PCSK9 at physiological levels (Figure 3D). Physiological levels

of extrinsic recombinant PCSK9 were sufficient to enhance pro-

liferation of both murine and human breast cancer cells

(Figures 3E and 3F). Taken together, these results reveal that

host PCSK9 promotes metastatic initiation and proliferation

and that extrinsic PCSK9 is sufficient to enhance proliferative ca-

pacity in the setting of substratum detachment.

PCSK9 promotes breast cancer metastasis by targeting
tumoral LRP1
We next pretreated PCSK9-depleted breast cancer cells with re-

combinant wild-type or V474I PCSK9 protein and assessed the

capacity of cells to form metastases (Figure 4A). Pretreatment

of murine EO771 and human MDA-MB-231 breast cancer cells

with recombinant PCSK9 for 24 h in vitro prior to injection was

sufficient to increase these cells’ metastatic capacity in vivo
Figure 4. PCSK9 modulates metastatic colonization through tumoral L

(A) PCSK9 treatment scheme.

(B and C) Bioluminescence imaging of metastatic progression of EO771-LM2-sh

PCSK9 for 24 h before intravenous injection.

(D) Bioluminescence imaging of metastatic progression of EO771-LM2-shPcsk9 c

injection.

(E) Mass spectrometry quantification of plasma membrane proteins of EO771-L

dicates FDR = 0.1.

(F) Flow cytometry quantification of LDLR (left) and LRP1 (right) plasma membran

variants for 24 h (two-tailed Student’s t test). 4 replicates per group.

(G) Bioluminescence imaging of metastatic progression of EO771-LM2-sgPcsk9

(H) Bioluminescence imaging of metastatic progression of EO771-LM2-shPcsk9

injection.

(I and J) Bioluminescence imaging of metastatic progression of EO771-LM2-shPc

(I) or PCSK9+/+ and hPCSK9V474I/V474I mice (J).

(K) Flow cytometry quantification of LRP1 plasma membrane levels on MDA231-L

Time points of 0, 0.5, 1, 2, 4, and 24 h were measured (two-tailed Student’s t tes

(L) Western blot quantification of LRP1 levels on EO771 cells transduced with diff

per group.

(M) Bioluminescence imaging of metastatic progression of EO771-LM2 cells trans

C57BL/6J mice.

(N) Co-immunoprecipitation of LRP1 and exogenously added 2 mg/mL His-tagg

cells (3 replicates per condition). Arrow indicates the expected sized band.

p values in (B)–(D), (G)–(J), and (M) were calculated with F test, and mice numbe

See also Figure S4.
(Figures 4B and 4C). Importantly, the PCSK9 V474I variant

enhanced metastatic capacity to a greater extent than wild-

type PCSK9 protein (Figure 4D). These findings suggest that

extrinsic PCSK9 can act on breast cancer cells to alter cell state

toward one that is more proficient in metastatic initiation.

As PCSK9 is known to promote the degradation of plasma

membrane proteins in normal or pathological contexts,57,58 we

used mass spectrometry-based proteomics to identify plasma

membrane protein targets on EO771 breast cancer cells that

reduced in abundance upon recombinant PCSK9 treatment. Of

the 3,880 proteins detected, 59 were downregulated upon

PCSK9 treatment (false discovery rate [FDR] < 0.1; Table S1).

Importantly, the well-established PCSK9 target LDLR was

among the top downregulated proteins (Figure 4E). LRP1, a

member of the LDLR family59 previously reported to be a target

of PCSK960,61 as well as a regulator of melanoma progression62

was also found to be downregulated. To validate these findings

using an orthogonal approach, we performed flow cytometry to

assess the impact of recombinant PCSK9 or its hypermorphic

and loss-of-function mutants on plasma membrane protein

levels in MDA-MB-231 cells. As expected, while PCSK9 V474I

and a triple mutant with three gain-of-function variants (D374Y

V474I G670E) both degraded LDLR to a greater extent than

wild-type PCSK9,63,64 the loss-of-function mutant F379A65 did

not suppress membrane LDLR levels (Figure 4F left). Interest-

ingly, while PCSK9 V474I acted as a gain-of-function variant in

reducing LRP1 levels, other PCSK9 gain-of-function or loss-of-

function variants had a less pronounced effect on plasma

membrane LRP1 levels (Figure 4F right). As PCSK9 V474I was

hypermorphic in degrading LDLR and LRP1, we studied these

two receptors as potential downstream mediators of PCSK9 in

breast cancer.

We hypothesized that silencing the downstream target of

PCSK9 in breast cancer cells should phenocopy the effects

of PCSK9 treatment, as PCSK9 degrades its targets. Such
RP1

Pcsk9 (B) or MDA231-LM3-sgPCSK9-2 cells (C) treated with 2 mg/mL BSA or

ells treated with 2 mg/mL PCSK9 wild type or V474I for 24 h before intravenous

M2-shPcsk9 cells treated with 2 mg/mL BSA or PCSK9 for 24 h. Dash line in-

e level on MDA231-LM3-sgPCSK9-2 cells treated with 2 mg/mL BSA or PCSK9

-1 shctrl or shLrp1 cells injected intravenously into C57BL/6J mice.

-sgLrp1 cells treated with 2 mg/mL BSA or PCSK9 for 24 h before intravenous

sk9-sgLrp1 cells intravenously injected into wild-type or Pcsk9 knockout mice

M3-sgPCSK9-2 cells following addition of 2 mg/mL wild-type PCSK9 or V474I.

t). 4 replicates per condition.

erent doses of shctrl or shLrp1-2 virus (two-tailed Student’s t test). 3 replicates

ducedwith different doses of shctrl or shLrp1-2 virus intravenously injected into

ed wild-type PCSK9 or PCSK9 V474I protein from MDA231-LM3-sgPCSK9-2

rs per group are indicated.
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silencing of a PCSK9 target should also rescue the metastasis

reduction phenotype observed in Pcsk9 knockout mice. We first

depleted tumoral LDLR in breast cancer cells using shRNA or

CRISPR interference and performed experimental metastasis

assays (Figure S4A). Tumoral LDLR depletion did not rescue

the metastasis repression phenotype observed in Pcsk9

knockout mice (Figures S4B and S4C), suggesting that LDLR

is not the mediator of the metastasis phenotype downstream

of PCSK9.

By contrast, shRNA-mediated depletion of Lrp1 significantly

increased the metastatic capacity of EO771 cells in wild-type

mice (Figures 4G and S4D), phenocopying the effect of PCSK9

pretreatment. LRP1 depletion in breast cancer cells was also

sufficient to enhance colony-forming capacity under low adher-

ence conditions (Figure S4E) but did not alter proliferation

rates under basal tissue culture conditions (Figure S4F).

CRISPR-mediated deletion of Lrp1 in EO771 cells abolished

the metastasis-promoting effect of PCSK9 pretreatment in vivo

(Figures 4H and S4G). CRISPR targeting of LRP1 also abolished

the colony initiation enhancement phenotype of PCSK9 treat-

ment in EO771 and MDA-MB-231 cells in vitro, while guides tar-

geting the intergenic region did not (Figures S4H and S4I). Most

importantly, deletion of tumoral Lrp1 rescued the ability of breast

cancer cells to form metastases in Pcsk9 knockout mice (Fig-

ure 4I). These experiments were repeated using an independent

LRP1 guide and a control guide targeting the intergenic region

(Figures S4J–S4M). Moreover, deletion of tumoral Lrp1 abol-

ished the difference in metastasis between hPCSK9+/+ and

hPCSK9V474I/V474I KI mice (Figure 4J). These data reveal that

the metastasis promotion and colony initiation effects of

PCSK9 are mediated through the LRP1 receptor.

V474Imay increase PCSK9’s binding to and suppression
of tumoral LRP1
We next examined the kinetics of PCSK9’s action by perform-

ing a time course experiment. We observed a �38% reduction

in plasma membrane LRP1 level at 1 h post PCSK9 treatment.

LRP1 levels then gradually rebounded, with PCSK9 V474I ex-

hibiting faster kinetics and being more potent at suppressing

LRP1 at steady state than wild-type PCSK9 (Figure 4K). To

determine if the magnitude of LRP1 reduction observed upon

PCSK9 treatment is sufficient to drive metastasis, we titrated

viral shRNA transduction of EO771 cells and achieved a range

of LRP1 depletions (Figure 4L). We observed that depletion

of LRP1 to a similar extent mediated by PCSK9 (�37%) was

sufficient to significantly enhance metastasis (Figure 4M),

revealing that breast cancer metastasis is highly sensitive to

LRP1 levels.

Alteration in ligand-receptor binding properties can change

the kinetics and strength of downstream signaling.66,67 Recom-

binant His-tagged PCSK9 added to cells was able to pull down

endogenous LDLR and LRP1, while endogenous LRP1 pulled

down exogenous PCSK9 (Figures S4N and S4O). This is consis-

tent with a prior report that described an interaction between

PCSK9 and LRP1 in human Huh7 cells andmouse liver.61 Impor-

tantly, endogenous LRP1 was able to pull down more PCSK9

V474I than wild-type PCSK9 (Figure 4N). This data suggests a

model whereby the V474I variant enhances the interaction be-
378 Cell 188, 371–389, January 23, 2025
tween PCSK9 and LRP1—thus enhancing PCSK9-mediated

suppression of tumoral LRP1.

PCSK9 induces the expression of a set of pro-metastatic
genes
LRP1 is known to regulate gene expression in health and disease

contexts.68–70 We thus searched for transcripts that were differ-

entially expressed upon perturbation of this axis as breast can-

cer cells gained enhanced metastatic activity. We conducted

mRNA-seq analysis of (1) breast cancer cells treated with

PCSK9 versus BSA in vitro, (2) primary breast tumors formed

in wild-type versus Pcsk9 knockout mice, and (3) Lrp1-depleted

versus control breast cancer cells. Interferon (IFN) signaling was

a pathway recurrently found to be differentially regulated

(Figures S5A–S5D). Specifically, IFN pathways were among the

top upregulated pathways induced in breast cancer cells in the

presence of PCSK9.

IFN pathways play critical roles in anti-tumor immunity,71 and

cancer patients display impaired IFN signaling in immune cells.72

However, activation of tumor cell-intrinsic IFN-stimulated genes

has been shown to associate with reduced survival outcomes in

breast cancer patients.73,74 Moreover, such tumor cell-intrinsic

IFN-stimulated genes can promote cancer cell survival75 or

resistance to chemotherapy,73 independent of the adaptive im-

mune response. To further define the expression signature of

the PCSK9-LRP1 axis, we overlapped the differentially ex-

pressed genes in the aforementioned experiments wherein

PCSK9 or LRP1 were modulated and identified 6 genes that

were upregulated in all contexts, 5 of which have human ortho-

logs (Figures 5A, S5E, and S5F). All 5 genes (Xaf1, Oas1a,

Isg15,Usp18, andRtp4) were previously reported to be IFN stim-

ulated.76–80 The expression levels of these human orthologs ex-

hibited high correlation across human breast cancers (Fig-

ure S5G), suggesting coordinate regulation. Importantly, genes

differentially expressed between breast cancers from PCSK9

rs562556 A/A homozygotes versus G/A and G/G homozygote

patients were also enriched in IFN signaling (Figure 5B). Similarly,

tumors from hPCSK9V474I/V474I mice exhibited upregulation of

IFN-associated pathways compared with hPCSK9+/+ mice (Fig-

ure 5C). The expression of this 5-gene signature also significantly

correlated with the patients’ rs562556 genotype, with tumors

from the gain-of-function A/A homozygotes exhibiting higher

expression of this gene set (Figure 5D). The 5-gene signature

also trended higher in hPCSK9V474I/V474I mice (Figure S5H). Pa-

tients whose tumors overexpressed this 5-gene PCSK9-depen-

dent signature experienced reduced distant metastasis-free sur-

vival outcomes in two independent breast cancer cohorts

(KMplot and SCAN-B) (Figures 5E and S5I). These findings un-

cover a set of genes that are coordinately induced by PCSK9,

associate with the PCSK9 rs562556 genotype, and associate

with risk of distant metastasis in human breast cancer.

We next transduced EO771 breast cancer cells with a pool of

60 CRISPR guides targeting the 5 genes aswell as intergenic tar-

geting controls, treated the cells with recombinant PCSK9, and

conducted experimental metastasis colonization assays (Fig-

ure 5F). CRISPR guides targeting Xaf1 andUsp18were depleted

in lungmetastatic samples relative to control guides but were not

depleted during in vitro cellular growth (Figure 5G). The ‘‘drop
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out’’ of guides targeting Xaf1 and Usp18 implicates these genes

as metastasis promoters. We also depleted XAF1 and USP18

individually and combinatorially in MDA-MB-231 cells (Figure 5H

left). Depletion of XAF1 but not USP18 as a single gene was suf-

ficient to suppress breast cancer metastasis, and combinatorial

depletion of both genes further reduced metastatic colonization

in vivo, indicating cooperativity (Figure 5H right). Depletion of

XAF1 or USP18 also significantly suppressed colony initiation

under low adherence conditions in vitro (Figure S5J). These find-

ings support amodel whereby host PCSK9 promotesmetastasis

formation by inhibiting tumoral LRP1—leading to induction of the

expression of Xaf1 and Usp18 (Figure 5I), which promote

metastasis.

LRP1 ICD suppresses pro-metastatic gene expression
Lastly, we studied the mechanism by which LRP1 inhibits the

expression of the 5-gene signature. LRP1 was previously found

to suppress inflammatory pathways through inhibition of JNK

and nuclear factor (NF)-kB pathways in microglia,81 activation

of Akt/mTOR signaling in macrophages,82 or via the transloca-

tion of the LRP1 intracellular domain (ICD) into the nucleus of fi-

broblasts.68 To determine if LRP1 regulates these pathways in

breast cancer cells, we depleted LRP1 and assessed changes

in these previously characterized signaling pathways. Depletion

of LRP1 in EO771 breast cancer cells did not alter the phosphor-

ylation levels of NF-kB or mitogen-activated protein kinase

(MAPK) pathways (p38-MAPK, ERK, and JNK) (Figures S6A–

S6C) or phosphorylation levels of Akt, mTOR, or downstream

targets (Figures S6D and S6E). We did detect the nuclear local-

ization of endogenous LRP1-ICD in EO771 breast cancer cells,

which was lost upon shRNA-mediated LRP1 depletion (Fig-

ure S6F). We next attempted stable overexpression of HA-

tagged LRP1-ICD that was designed to be resistant to the

LRP1 targeting shRNA (Figure 6A). This weak re-expression

of LRP1-ICD partially reduced the expression of the 5-gene

signature in vitro and partially suppressed metastasis in vivo

(Figures 6B and 6C).

It was reported that LRP1-ICD produced by LRP1 cleavage

is unstable and subject to proteasomal degradation.68,83 To

overcome this, we implemented a doxycycline-inducible overex-

pression system to express LRP1-ICD. Interestingly, while the
Figure 5. PCSK9 induces a pro-metastatic gene expression program
(A) Heatmap showing the expression (Z score) of the 5-gene signature (Xaf1, Oas1

treated with 2 mg/mL BSA or PCSK9 for 24 h (left), EO771-LM2-sgPcsk9 with shc

into the mammary fat pads of wild-type or Pcsk9 knockout mice (right). Red/blue

(B and C) NES of the top differentially expressed pathways revealed by gene set en

A/A homozygotes to G/A or G/G patients (B) and EO771-LM2-shPcsk9 primary tu

(n = 6) mice (C).

(D) Gene set enrichment analysis of the 5-gene signature in TCGA-BRCA breast c

calculated with permutation test.

(E) Kaplan-Meier curve of distant metastasis-free survival of breast cancer patien

signature (top quantile versus bottom quantile). Hazard ratio (HR) and p value we

(F) Scheme of the in vivo CRISPR competition assay.

(G) Heatmap of the CRISPR guide abundance in different conditions. Color key i

initial conditions. FDR was calculated with permutation test and Benjamini-Hoch

(H) qPCR quantification of XAF1 andUSP18 expression (left) (n = 4 per group; two-

(right) of MDA231-LM3-sgPCSK9-2 shctrl, shXAF1, shUSP18, and shXAF+USP1

(I) Experimentally derived model depicting that PCSK9 targets LRP1 and de-rep

See also Figure S5.
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expression of LRP1-ICD increased as the concentration of doxy-

cycline increased, LRP1-ICD expression was lost upon treat-

ment with longer or higher concentrations of doxycycline (Fig-

ure 6D), indicating a likely negative feedback regulatory

pathway. We then treated cells with PCSK9 and induced

LRP1-ICD expression for 24 h to assess if the LRP1-ICD could

rescue the gene expression change upon PCSK9 treatment.

LRP1-ICD overexpression suppressed the upregulation of the

5-gene signature induced by PCSK9 treatment (Figure 6E).

Depletion of XAF1 and USP18 also abolished the pro-metastatic

effect of PCSK9 treatment (Figure 6F). Conversely, overexpres-

sion of Xaf1 and Usp18 enhanced the ability of breast

cancer cells to form metastases in Pcsk9 knockout mice

(Figures S6G–S6I). Collectively, these data suggest that the

LRP1-ICD suppresses the pro-metastatic gene expression pro-

gram driven by PCSK9 via repression of XAF1 and USP18.

Therapeutic inhibition of PCSK9 suppresses breast
cancer metastasis
The discovery of rare loss-of-function human germline genetic

variants in PCSK9 that associate with reduced cholesterol84

led to the development and approval of two neutralizing anti-

bodies for the treatment of hypercholesterolemia.85 Administra-

tion of the PCSK9 blocking antibody evolocumab, which also

recognizes murine PCSK9,86 prior to intravenous injection of

EO771 or 4T1 breast cancer cells significantly reduced lungmet-

astatic colonization in syngeneic C57BL/6 and BALB/c mice,

respectively (Figures 7A–7C), and metastatic colonization by hu-

manMDA-MB-231 breast cancer cells in immune-deficient mice

(Figure 7D). In pretreatment experiments, PCSK9 V474I also

enhanced the metastatic capacity of EMT6, an ER+ line that col-

onizes the lung,87 and SKBR3, a HER2+ cell line that metasta-

sizes to the bone,88 to a greater extent than wild-type PCSK9

(Figures S7A and S7B). Anti-PCSK9 treatment also reduced

the metastatic progression of these two cell lines, representing

additional breast cancer subtypes (Figures S7C and S7D).

The cholesterol-lowering effect of evolocumab is unlikely to

underlie the metastasis inhibition effects observed as similar

levels of cholesterol reduction achieved by statin administration

did not reduce breast cancer lung metastasis formation

(Figures S7E and S7F). Evolocumab treatment markedly
a, Isg15, Usp18, and Rtp4) as measured by RNA-seq in EO771-LM2-shPcsk9

trl or shLrp1 (center), or EO771-LM2-shPcsk9 primary tumors when implanted

indicates high/low expression, respectively.

richment analysis (GSEA) in TCGA-BRCA primary tumors comparing rs562556

mors from the mammary fat pads of hPCSK9V474I/V474I (n = 7) and hPCSK9+/+

ancer primary tumor RNA-seq. NES, normalized enrichment score. p value was

ts documented by KM plotter stratified by the mean expression of the 5-gene

re calculated with two-sided Cox proportional hazard model.

ndicates the median log2 fold change of guide abundance compared with the

berg procedure.

tailed Student’s t test) and bioluminescence imaging of metastatic progression

8 cells injected intravenously into NSG mice (F test). 5 mice per group.

resses pro-metastatic gene expression, drawn with BioRender.com.
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Figure 6. LRP1-ICD suppresses the pro-metastatic gene expression program

(A) Cytosolic and nuclear extracts prepared from EO771-LM2-sgPcsk9-1 shctrl or shLrp1-2 with empty vector or Lrp1-ICD-HA overexpression. Western blotting

with antibodies against lamin A/C (nuclear marker), beta-IV-TUBULIN (cytosolic marker), and HA-tag. Arrows indicate the expected band.

(B) qPCR quantification of the 5-gene signature expression in EO771-LM2-sgPcsk9-1 shctrl or shLrp1-2 with pCVL-empty vector or pCVL-Lrp1-ICD-HA

overexpression (two-tailed Student’s t test). n = 6 per group.

(C) Bioluminescence imaging of metastatic progression of EO771-LM2-sgPcsk9-1 shctrl or shLrp1-2 with pCVL-empty vector or pCVL-Lrp1-ICD-HA over-

expression injected intravenously into C57BL/6J mice (F test). 10 mice per group.

(D) Inducible Lrp1-ICD-HA EO771 cells treated with increasing concentrations of doxycycline for 24 or 48 h. Induced ICD-HA expression was quantified by

western blot.

(E) qPCR quantification of the 5-gene signature expression in EO771-LM2 cells expressing TLCV2-empty vector or TLCV2-Lrp1-ICD-HA and treated with 500 ng/

mL doxycycline and 2 mg/mL BSA or PCSK9 for 24 h (two-tailed Student’s t test). n = 4 per group.

(F) Bioluminescence imaging of metastatic progression of MDA231-LM3-sgPCSK9-2 shctrl or shXAF + shUSP18 cells treated with 2 mg/mL BSA or PCSK9 for

24 h before intravenous injection (F test). 5 mice per group.

See also Figure S6.
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reduced lung metastatic colonization by a triple-negative pa-

tient-derived organoid (PDO)89 (Figures 7E and 7F). Evolocumab

treatment also significantly inhibited spontaneous metastasis

formation by 4T1 breast cancer cells from the orthotopic site

(Figure 7G), with minimal effect on tumor growth (Figure S7G).

Evolocumab treatment also substantially reduced lung metas-

tasis formation in the MMTV-PyMT genetically initiated breast

cancer model21 with little impact on primary tumor size

(Figures 7H and S7H).

Because PCSK9 inhibition suppressed metastatic initiation

events and reduced the number of macrometastases, we spec-

ulated that PCSK9 inhibition may exhibit activity in animals with

established metastases. We next began treating cohorts of mice

injected with EO771 or MDA-MB-231 cells with evolocumab or

control IgG antibody after incipient metastasis signals were de-

tected by bioluminescence imaging and observed a modest

but significant suppressive effect on metastatic colonization in

bothmurine and human breast cancermodels upon evolocumab
treatment (Figures 7I and S7I). These findings reveal that in a va-

riety of murine, human, transplantable, and genetically initiated

models of breast cancer, antibody-mediated PCSK9 inhibition

suppressed metastasis formation. While we observed a sup-

pressive effect on the progression of established metastases,

the effect of evolocumab on metastasis prevention was more

pronounced. These results provide proof-of-concept efficacy

for antibody-based inhibition of PCSK9 for the prevention and

perhaps treatment of metastatic breast cancer.

PCSK9 rs562556 as a putative prognostic biomarker in
early-stage breast cancer
Identifying which patients are at risk for metastatic relapse could

enable their treatment with adjuvant or targeted therapies to

improve survival outcomes.We thus performed a blinded analysis

by genotyping patients in a large Swedish early-stage breast can-

cer cohort, BC-blood.90PCSK9 rs562556A/A genotypepredicted

a higher risk of developing distant metastasis, with �22% of the
Cell 188, 371–389, January 23, 2025 381
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Figure 7. Inhibition of PCSK9 suppresses breast cancer metastatic colonization

(A) Treatment scheme of evolocumab in experimental metastasis assays.

(B–E) Bioluminescence imaging of metastatic progression of breast cancer EO771-LM2-shPcsk9 (B), 4T1 (C), MDA231-LM3-sgPCSK9-2 cells (D) or patient-

derived HCI012 organoid (PDO) (E) intravenously injected into mice treated with evolocumab or isotype antibody control.

(F) Quantification of lung metastasis nodules formed by HCI012 PDO (two-sided Wilcoxon rank-sum test).

(G) Treatment scheme and spontaneous metastasis quantification in BALB/c mice upon mammary fat pad implantation of 4T1 cells treated with evolocumab or

isotype control (two-sided Wilcoxon rank-sum test).

(H) Treatment scheme and spontaneous metastasis numbers in FVB/NJ mice harboring MMTV-PyMT transgene (two-sided Wilcoxon rank-sum test).

(I) Treatment scheme and bioluminescence imaging of metastatic progression of MDA231-LM3-sgPCSK9-2 cells intravenously injected into NSG mice treated

with evolocumab or isotype control started as indicated.

(J) Kaplan-Meier curve of distant metastasis-free survival of early-stage breast cancer patients (defined as stage I, lymph node negative and grades 2 or 3, over 50

when diagnosed) from the BC-blood cohort. p value was calculated with two-sided log-rank test.

In (B)–(H), representative H&E images of lungmetastasis are shown. Arrows on H&E images indicate metastatic nodules. p values in (B)–(E) and (I) were calculated

with F test, and mice numbers per group are indicated.

See also Figure S7.
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A/A patients developingmetastatic relapse compared with that of

�2% in the G/A or G/G group at 15 years post diagnosis (p =

0.0029, hazard ratio [HR] = 7.66, 95% confidence interval [CI]

1.78–32.90, Figure 7J). An increased risk of metastasis or recur-

rence was associatedwith PCSK9 rs562556 A/A patients inmulti-

variable analysis with clinical features (Figures S7J and S7K). The

association between the PCSK9 rs562556 allele and reduced

metastasis-free survival held for both in ER+ patients (p = 0.024)

and ER- patients (p = 0.051) and trended in TNBC and HER2

groups, which had lower patient numbers (Figures S7L and

S7M).We performed an analysis that controlled for the competing

risk of death from cardiovascular mortality. A competing risk

regression analysis confirmed the results of the Cox regression

models (p = 0.01, SHR = 2.32, 95% CI 1.15–4.68). These findings

reveal that rs562556 can stratify early-stage breast cancer pa-

tients into thosewith higher versus lower risk for distantmetastatic

recurrence, motivating future prospective trials.

DISCUSSION

Despite extensive genomic sequencing of metastases, emergent

somatic metastasis driver mutations have not been identified,7

suggesting that alternative or additional mechanisms may be at

play. We reasoned that because germline-encoded host proteins

can act on cancer cells in end-organs, germline genetic variation

in such proteinsmight underlie variation inmetastatic colonization

and survival outcomes. Our unbiased genetic analysis identified

an association between PCSK9 germline variant rs562556 and

reduced survival of breast cancer patients frommultiple countries.

This variant is prevalent, with 70%of breast cancer patients of Eu-

ropean ancestry being A/A homozygotes.

We observed a causal role for PCSK9 and its rs562556 variant

in transplantable and genetically initiated breast cancer models

as well as in cellular and biochemical assays. Genetic deletion

of PCSK9 in the host but not in cancer cells suppressed breast

cancer metastatic colonization. The dependence of metastasis

on host-derived rather than tumoral PCSK9 likely stems from

its low expression in human breast tumors, which would cause

a higher degree of organ-derived relative to tumoral PCSK9 im-

pacting rare, disseminated cancer cells in a distant organ.

Extrinsic PCSK9 enhanced proliferative competence of cells

during reduced substratum attachment and enhanced metasta-

tic initiation events.

Through biochemical and genetic approaches, we implicated

tumoral LRP1 as the downstream mediator of PCSK9’s effects

on metastatic progression. LRP1 was previously characterized

as a melanoma invasiveness suppressor,62 but the downstream

molecular mechanisms of metastatic colonization suppression

by LRP1 remained to be defined. We observed that PCSK9

reduced the abundance of LRP1 on the plasma membranes of

breast cancer cells, and deletion of tumoral LRP1 enhanced

metastatic colonization. We also found that the V474I mutation

may increase PCSK9’s binding to tumoral LRP1, which may un-

derlie enhanced LRP1 repression. The PCSK9/LRP1 axis was

found to regulate genes associated with IFN signaling.

Importantly, the PCSK9/LRP1 5-gene signature we identified

predicted increased risk of metastasis in two large breast cancer

cohorts. The expression of this gene signature also correlated
with PCSK9 rs562556 variant status in patients, with the gain-

of-function V474I allele conferring higher pro-metastatic gene

expression. The finding that a single-nucleotide germline alter-

ation can substantially alter the somatic tumoral gene expression

program and shape the metastasis trajectory of the tumor sug-

gests that germline genetics constitutes a major constraint for

tumor evolution. This also reveals a hereditary basis underlying

cancer metastasis, which means the progression outcome of

future breast cancer is in part pre-destined at birth, decades

before the onset of the actual malignancy.

Our study raises evolutionary questions. The total cholesterol

and LDL levels of the hPCSK9 KI mice were higher than that of

C57BL/6J wild-typemice (Figures S3A, S3C, and S3D), suggest-

ing that perhaps human PCSK9 may have evolved to maintain

higher plasma LDL levels than the distant ancestral allele.

The gain-of-function A allele of rs562556 is nearly fixed in multi-

ple populations and is under positive selection in African Ameri-

cans.40,91 This may seem paradoxical as rs562556 promotes

worse outcomes in cardiovascular disease and breast cancer.

However, late-onset diseases, including cancer progression

and cardiovascular disease, exert weak effects on reproductive

fitness.92,93 Future studies are needed to explore the evolu-

tionary pressures that may have selected PCSK9/rs562556

throughout human history.

Pioneering studies in mice and humans mechanistically linked

PCSK9 deficiency to reduced cholesterol levels via its degrada-

tion of LDLRs,57,65,94 leading to the approval of highly effective

PCSK9 inhibition therapy for hypercholesterolemia. By adminis-

tering the FDA-approved PCSK9 neutralizing antibody to mice,

we observed significant metastatic colonization suppressive ef-

fects across a variety of models bearing murine and human

breast cancer cells. Targeted therapies have been most suc-

cessful when paired with predictive biomarkers that are enriched

in patients in whom the targeted pathway is active. The associ-

ation of rs562556 with significantly reduced survival and distant

metastasis-free interval in early-stage breast cancer patients

from a large Swedish cancer cohort provides an ideal genetic

biomarker for selecting early-stage breast cancer patients for a

future metastasis prevention trial with anti-PCSK9. Future work

is needed to assess the prognostic ability of rs562556 in patients

treated with recently approved therapies that may interact with

the PCSK9-LRP1 axis. The impact of PCSK9 inhibition on future

metastasis could also be tested even earlier on patients with in-

herited breast cancer susceptibility disorders. The great safety

profile of anti-PCSK9 antibody therapy, its reduced cost stem-

ming from patent expiration, coupled with the availability of a

companion genetic biomarker for patient selection, motivate

consideration of such trials.

In sum, our findings reveal a key role for hereditary genetics in

driving breast cancer metastasis, providing new insights into the

interplay between germline genetics and somatic tumor gene

expression and progression programs with potential implica-

tions for the management of this prevalent disease.

Limitations of the study
Although we identified tumoral LRP1 as a downstream mediator

of PCSK9’s effect on breast cancer metastasis through a series

of genetic and biochemical experiments, this cannot rule out the
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possibility that other PCSK9 targets on other cell type(s) also

play roles. Proteins in the LDLR family are structurally similar,

and many were reported as PCSK9 targets.58 Future studies

are needed to explore the role of other PCSK9’s targets in breast

cancer metastasis.

The identification of additional germline variants that associate

with survival outcome could further refine our ability to guide

therapeutic decision-making. This is especially important in

ethnic populations in whom a given germline genetic variant is

‘‘fixed’’ and thus uninformative. The rs562556 A allele, for

example, is nearly fixed in Asia and South America—revealing

another limitation of our study in its application to these popula-

tions (Figure 1A). Future work is needed to collect well-annotated

cancer specimens along with germline sequence information to

enable identification of prognostic and causal variants in these

ethnic groups, which may also offer insights into cancer survival

disparities in different ethnic groups. Such studies will be greatly

enabled by the open sharing of patient cancer outcomes and

germline DNA sequence data frommultiple international cohorts.
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Pcsk9 knockout mouse This paper N/A
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hPCSK9 V474I KI mouse Biocytogen /This paper N/A

Oligonucleotides
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ON-TARGETplus Human XAF1 siRNA Horizon Discovery Cat#L-004357-00-0005
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STAR v2.7.10b Dobin et al.101 https://github.com/alexdobin/STAR
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MultiQC v1.11 Ewels et al.103 https://multiqc.info/
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Home/
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fgsea v1.12.0 Sergushichev106 https://bioconductor.org/packages/

release/bioc/html/fgsea.html

msigdbr v7.5.1 N/A https://github.com/igordot/msigdbr
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pheatmap v1.0.12 N/A https://cran.r-project.org/web/packages/

pheatmap/index.html

RGGV v2016-09-07 Joseph H Marcus and John Novembre108 https://github.com/NovembreLab/RGGV

R 3.6.3 The R Foundation https://www.r-project.org

Rstudio 2022.12.0 Build 353 Posit Software https://posit.co/

Spectronaut v17 Biognosys https://biognosys.com/software/

spectronaut/

DIA-Umpire Tsou et al.109 https://github.com/Nesvilab/DIA-Umpire

ImageJ v1.54h NIH http://imageJ.org/

FCS Express 7 De Novo Software https://denovosoftware.com/

Other

Regular chow diet Research Diets Cat#D12492

High cholesterol diet Envigo Cat#TD08464
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animal studies
All animal experiments were conducted in accordance with the Institutional Animal Care and Use Committee at The Rockefeller Uni-

versity. All mice were housed in a specific pathogen free facility. The following mouse strains were obtained from Jackson Labora-

tories: BALB/cJ (stock no. 000651), C57BL/6J (stock no. 000664), MMTV-PyMT on a FVB background (FVB/N-Tg(MMTV-PyVT)

634Mul/J, stock no. 002374), MMTV-PyMT on a C57BL/6 background (B6.FVB-Tg(MMTV-PyVT)634Mul/LellJ, stock no. 022974),

NSG (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ mouse, stock no. 005557). Pcsk9 knockout mice were generated at the Transgenic and

Reproductive Technology Center at Rockefeller University. Human PCSK9 and PCSK9 (V474I) targeted-replacement (knock-in)

mice were generated by Beijing Biocytogen Co., Ltd. Pcsk9 knockout mice were crossed to wild-type C57BL/6J mice to generate

Pcsk9+/- mice, which were subsequently intercrossed to generate Pcsk9-/- and Pcsk9+/+ littermates. Pcsk9 knockout mice were also

crossed with C57BL/6 background MMTV-PyMT mice to generate MMTV-PyMT; Pcsk9+/- progeny. These were then bred to

generate bothMMTV-PyMT;Pcsk9+/+ andMMTV-PyMT; Pcsk9-/-mice. Femalemice were used in experiments as this study focused

on female human breast cancer. For transplantable models, female mice aged 7-9 weeks were used. For MMTV-PyMT model on a

FVB background, experiments started on 5-week-old female mice. For MMTV-PyMTmodel on a C57BL/6 background, experiments

started on 10-week-old female mice.

Tissue culture
4T1, EO771, HEK293T, EMT6, SKBR3 and MDA-MB-231 cells were obtained from American Tissue Type collection (ATCC). EO771

and EMT6 cells were maintained in RPMI (Life Technologies, 11875-093) with 10% FBS (Sigma-Aldrich, F4135), and 10 mM HEPES

(ThermoFisher Scientific, 15-630-080). HEK293T, 4T1 and MDA-MB-231 cells were maintained in DMEM (Gibco, 11995065) with

10% FBS. SKBR3 cells were maintained in McCoy’s 5A Medium (ATCC, 30–2007) with 10% FBS. The highly metastatic EO771-

LM2 and MDA-MB-231-LM3 subclones were in vivo selected as previously described.62 Contamination with mycoplasma was ruled

out on a quarterly basis using a PCR-based protocol.

Three-dimensional culture
Patient-derived organoid HCI-01289 was a gift fromAlana L.Welm fromUniversity of Utah. Organoids were embedded in 2,000-4,000

organoids/ml of growth factor reduced Matrigel (Corning, 354320). The complete medium for organoid cultures included Advanced

DMEM/F12 (Gibco, 12-634-010), 10 mM HEPES (ThermoFisher Scientific, 15-630-080), 5% FBS (ThermoFisher Scientific,

A3840101), 1%Glutamax (ThermoFisher Scientific, 35050061), 1mg/ml Hydrocortisone (Sigma-Aldrich, H0888), 50mg/ml Gentamicin

(ThermoFisher Scientific, 15750060), 10ng/ml hEGF (Sigma-Aldrich, E9644) and 10nM Y-27632 (Selleck Chemicals, S1049).

METHOD DETAILS

Selection of candidate SNPs
The NIH database dbSNP110 was used to select common missense SNP candidates with known disease associations with the

following filter: a global minor allele frequency > 0.1, classified as a missense variant and possessing a clinical significance
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annotation. A list of genes encoding ligands, receptors and transporters was compiled from the ligand-receptor list curated by Ram-

ilowski et al.111 and the transporter database available at https://tcdb.org/. This gene list was then cross-referenced with dbSNP to

select common missense mutations. This approach yielded 3361 candidate SNPs.

Analysis of the TCGA cohort
Aligned whole-exome sequencing BAM files from normal tissue samples (blood, solid tissue or buccal cells) of the TCGA-BRCA,

TCGA-SKCM, TCGA-LUAD and TCGA-LUSC cohorts were obtained from the GDC data portal (https://portal.gdc.cancer.gov/).

Germline variants were called with samtools/bcftools v1.9. Log2(x+1) transformed RSEM normalized RNASeq count table, curated

survival time and other clinical information including cancer stage and age at diagnosis were downloaded from UCSC Xena (https://

xena.ucsc.edu/112). PAM50 subtype information was curated by Natanely et al.113 In order to harmonize the analysis across breast

cancer datasets with different patient age distributions, females over 50-year-old at diagnosis with stage II or III breast cancer were

included in analysis, which also enriched patients with high risk of metastasis. For SKCM, LUAD and LUSC, patients with stage II or III

cancer were included in analysis. Survival times were censored at 10 years to ensure a sufficient patient count in each group. To

assess the effect of germline variants on overall survival, survival analyses were performed, employing the log-rank test for statistical

significance using the survival v3.4-0 and survminer v0.4.9 packages in R. Hazard ratios (HRs) were calculated according to a Cox

proportional hazard regression model using the survival package. Each candidate variant was tested under three genetic models:

additive (coded 0, 1, or 2 for the number of alternative alleles), dominant (alternative allele carriers coded as 1, wild-type homozygotes

as 0) and recessive (alternative allele homozygotes coded as 1, wild-type carriers as 0). Models with fewer than 50 genotyped pa-

tients in one group were excluded from the analysis. Common confounding clinical variables were tested for significance in a multi-

variable Cox proportional hazard model with R package forestmodel v0.6.2.

Pair-wise Pearson’s correlations were calculated between the genes in the 5-gene signature (XAF1, RTP4, USP18, OAS1, and

ISG15) and the correlations were visualized using R package pheatmap v1.0.12.

Analysis of the Bertucci et al. cohort
Aligned whole-exome sequencing BAM files from normal tissue samples and clinical information were downloaded from the original

Bertucci et al. study26 and https://www.ebi.ac.uk/ega/ (EGAS00001003290). Germline variants were called with samtools/bcftools

v1.9. As all patients in this study had metastatic breast cancer, survival time was censored at 2 years to ensure a sufficient patient

count in each group. Subsequent analysis of the association between clinical variables and germline variants was performed as

described in the TCGA-BRCA study above.

Analysis of the Nik-Zainal et al. cohort
Aligned whole-exome sequencing BAM files from normal tissue samples and clinical information were downloaded from the original

Nik-Zainal et al. study29 and https://www.ebi.ac.uk/ega/ (EGAS00001001178). Germline variants were called with SAMtools/bcftools

v1.9. Imputation was done as described114 to increase the genotyping rate of PCSK9 variant rs562556. Briefly, genotyping data were

filtered using plinkv1.9 to exclude variants with a minor allele frequency less than 1%, a genotyping rate less than 75% and a depar-

ture from the Hardy–Weinberg equilibrium at P<1e-6. Strands were aligned using GenotypeHarmonizer v1.4.23 and the 1000 Ge-

nomes Project reference genome downloaded from (https://ftp.1000genomes.ebi.ac.uk/vol1/ftp/release/20130502/). Pre-phasing

was performed using ShapeIt v2. Variants in the genomic region chr1:55495944-55540946 were imputed with Impute2 with param-

eters used in a previous study24: -NE 20000 -iter 100 -call_thresh 0.8.

For consistency with the analysis of TCGA-BRCA, European females over 50-year-old at diagnosis with grade II or III breast cancer

were included in analysis. Survival time was censored at 10 years to maintain sufficient patient counts in each group. Subsequent

analysis of the association between clinical variables and rs562556 was performed as described in TCGA-BRCA study above.

Analysis of the Hartwig Medical Foundation (HMF) cohort
Germline information VCF files and clinical data were downloaded from Hartwig data bucket on Google Cloud with gsutil v5.24. For

consistency, females over 50-year-old at biopsy were included in the analysis. As there were no overall survival time annotations

available in the clinical information, we defined survival time based on time between biopsy date and date of death (when applicable).

569 female patients had available biopsy date and germline information. 415 of them were older than 50 when biopsied. 285 of 415

(69%) who were included in the analysis had date of death information and their overall survival time wasmeasured from biopsy date

to date of death. As all patients in this study hadmetastatic breast cancer, survival time was censored at 2 years to ensure a sufficient

patient count in each group. This was the same endpoint used in the Bertucci et al. metastatic breast cancer cohort. Subsequent

analysis of the association between clinical variables and rs562556 was performed as described in the TCGA-BRCA study above.

Analysis of the UK Biobank
To assess the effect of rs562556 on survival of non-breast cancer populations, we downloaded germline information VCF files and

clinical data, including cancer diagnosis, year of birth and date of death onOctober 3, 2020. Females over 50 years old without breast

cancer were included in the analysis (data field 40006 not equal to ‘C500’,‘C501’, ‘C502’, ‘C503’, ‘C504’, ‘C505’, ‘C506’, ‘C508’ and

‘C509’). Survival time wasmeasured as the number of years from the participant’s birth year to the year of death, loss of follow-up, or
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to the year 2020 for participants who were still alive. Analysis of the association between rs562556 and death was performed with R

package forestmodel v0.6.2.

Analysis of population structure
To assess if population structure impacted the clinical association, we sought to select SNP markers with high genotyping quality in

the TCGA-BRCA, Bertucci et al., Nik-Zainal et al., HMF cohorts as well as the 1000 genome reference. We first pruned variants in the

1000 genome reference to generate a list of common variants in approximate linkage disequilibrium using plink v1.9 with the following

setting: –maf 0.10 –indep 50 5 1.5. We then selected biallelic SNPmarkers with >90%genotyping rate in the four clinical cohorts. 285

common variants and 5375 people were included in the principal component analysis with plink. The genomic coordinates of TCGA-

BRCA data were converted from hg38 to hg19 with LiftoverVcf of Picard v2.22.3 by the Broad Institute. Individuals from the clinical

cohorts were plotted along with 1000 genome participants with known ancestral information and European ancestry was defined as

PC1 < 0.00779496 and PC2 < 0.0104922. The first five principal components were also included in a multivariable Cox proportional

hazard model with R package forestmodel v0.6.2 to account for population structure in each clinical cohort. The geographical dis-

tribution of rs562556 allele frequency (Figure 1A) was plotted with RGGV.108

Analysis of the BC-Blood cohort
We investigated whether a PCSK9SNP (rs562556) was associated with prognosis in the BCblood cohort from LundUniversity, which

comprised patients treated for primary breast cancer at Skåne University Hospital, Lund, Sweden.90 Patient enrollment spanned from

diagnosis to pre-surgery, with eligibility limited to those with a first diagnosis of primary breast cancer and no other primary cancer

diagnoses in the preceding 10 years. At enrollment, participants completed a questionnaire regarding lifestyle and reproductive fac-

tors, underwent anthropometric measurements by research nurses, and provided EDTA plasma for genotyping. Clinical data were

obtained frommedical records, pathology reports, and registries. Genotype information was available for patients enrolled from 2002

to 2016. The cohort was refined by excluding individuals with carcinoma in situ, those who received preoperative treatment, and

those with distant metastasis within 0.3 years of enrollment, resulting in 1701 eligible patients. A further exclusion of patients < 50

years old or with Grade I tumors yielded a cohort of 1032 patients. The univariable and multivariable survival analysis included the

patients that were LN negative (668 of 1032). An additional 152 patients with large tumors (pT2/3/4) were also excluded in the ana-

lyses. The cutoff for the last follow-up was June 30, 2019. The Lund University Ethics Committee approved this study and all patients

signed written informed consent.

SNP genotyping was performed by the Centre for Translational Genomics at Lund University using Infinium OncoArray-500K

BeadChip by Illumina.115 Details on the genotyping calling have been previously described.115 Standard quality control was per-

formed on all scans. All samples with low call rates (< 1 3 1e-5) were excluded, as were SNPs with minor allele frequency < 1%

or call rate < 99%. For rs562556, genotype intensity cluster plots were examined manually to judge reliability and manual clustering

was performed.116

Per Swedish clinical routine, the ER and PR positivity cut-offs were >10% stained nuclei. For patients with missing HER2 status,

HER2 status was obtained from dual gene protein staining of HER2 on tissue microarrays, which showed 97.7% agreement with

available pathological assessment.117

The endpoints used for survival analyses were breast cancer-free interval (BCFI) and distant metastasis-free interval (DMFI). DMFI

was defined as time from enrollment until distant metastasis. BCFI was defined as time between enrollment and the first breast can-

cer event, or last follow-up, i.e., the period during which the patient has not experienced any recurrence of the disease. The endpoint,

breast cancer event, includes any of the following: locoregional recurrence, distant metastasis, or contralateral breast cancer. Pa-

tients without any breast cancer event were censored at time of emigration, death, or the last follow-up date of June 30, 2019.

Cox proportional hazards regression was used to estimate crude and adjusted Hazard ratios (HRs) with 95% CI. The multivariable

models were adjusted for age (continuous), tumor characteristics (Grade (III), estrogen receptor positivity (ER), and adjuvant treat-

ments; tamoxifen, aromatase inhibitors, radiotherapy chemotherapy, and trastuzumab. To account for death from other causes

as a competing risk, competing risk regression (Fine-Gray) model was used to assess the cumulative incidence of the DMFI. Sub-

distribution hazard ratios (SHRs) with 95% CI were calculated.

Analysis of the SCAN-B cohort
SCAN-B data were downloaded from the supplementary information and Data from Staaf et al.118 Expression levels were expressed

in fragments per kilobase of exon per million mapped reads (FPKM) in an expression matrix. To all FPKM data an offset of +0.1 was

added, and then the data was log2 transformed. Patients with gene expression profiles (GEXs) only from noninvasive cancer or lymph

nodes, bilateral cancer, or who had no available follow-up for distant metastasis were excluded. In cases wheremultiple GEXs from a

single tumor passed quality control, the GEX profile with the highest RNA concentration measured by NanoDrop spectrophotometry

was chosen, leaving one GEX per patient for analysis. This procedure left a total of 5326 patients. The Lund University Ethics Com-

mittee approved this study and all patients signed written informed consent.

The expression of the 5 gene signature was calculated as the mean expression of the five included genes (XAF1, RTP4, USP18,

OAS1, and ISG15). Pair-wise Pearson’s correlations were calculated between the genes in the 5-gene signature and the correlations

were visualized using pheatmap. The Kaplan-Meier estimator and Log-rank test were used for univariable survival analyses of the
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5-gene signature in relation to distant metastasis-free interval (DMFI). Crude Hazard ratios (HRs) with 95% confidence intervals (CI)

were obtained from Cox proportional hazards models. The R packages survival and survminer were used.

KM plotter
The association between the expression of the 5-gene signature and the distant metastasis-free survival (DMFS) was also assessed

with the KM plotter (https://kmplot.com/analysis/),119 a database with microarray-based gene expression of human breast cancer.

The expression of the 5-gene signature was calculated as the mean expression of the probes of the five genes (XAF1, RTP4,USP18,

OAS1, and ISG15). The DMFS of the upper and lower expression quantile (Q1 vs Q4) were compared using Cox proportional hazards

model with the default setting.

Expression of PCSK9 in human tissues
The expression dot plot of human PCSK9 in multiple normal and cancerous tissues was generated with GEPIA2120 (http://gepia2.

cancer-pku.cn/). TCGA tumor, matched normal tissue and GTEx data were used. ‘‘LIMMA’’ differential method was chosen to

compare tumor and normal tissue expression.

Generation of Pcsk9 knockout mice
Two gRNA targets were designed to target exon 1 (CTACTGTGCCCCACCGGCGC TGG) and intron 11 (CCACGAGTGTCCAT

TCTGGT GGG) of the Pcsk9 gene to generate a large deletion. The selected gRNAs were evaluated for their off-target potential

with the web-based tool CRISPOR (http://crispor.tefor.net). Their on-target efficiency was assessed by electroporating gRNA/

Cas9 reagents (2 mM) into 0.5-day fertilized zygotes and then analyzing the percentage of mouse embryos with indels on target.

24 hours after electroporation each 2-cell embryo was transferred to 6ul of QuickExtract buffer (Lucigen, QE09050), heated to

68�C for 6 minutes, and then 98�C for 2 minutes. The lysate of each embryo was used to amplify the genomic target by PCR, followed

by sequencing to score indels.

Synthetic crRNA and tracrRNA from IDT (Integrated DNATechnology) were used to assemble the gRNA. crRNA and tracrRNAwere

annealed by heating to 98�C for 2 minutes and cooling at room temperature for 5 minutes. Cas9 protein (0.2 mM) was added to the

solution containing both gRNAs (0.1 mM), incubated at 37�C for 15minutes to form the riboprotein complex, purified byMillipore Ultra-

free column (Millipore, UFC30VV25), and placed on ice until microinjection.

Microinjection using zygotes prepared by in vitro fertilization (IVF) followed awell-established protocol (https://www.cosmobiousa.

com/content/document/cosmo-bio-ltd/kyd-manual_en-chap1-in-vitro-fertilization.pdf43). C57BL/6J male mice and super-ovulated

female C57BL/6J mice were purchased from Jackson Laboratories and used to extract spermatozoa and oocytes for IVF.

Mouse genomic DNA was extracted from tail biopsies using the QIAamp Fast DNA Tissue kit (Qiagen, 51404). PCR primers

Pcsk9E1-F1 (5’-GTAACAGGTCCCGTTTGCAG) and Pcsk9I-11-R2 (5’-CCCAGCCATCCATCCTACTT) were designed to flank each

gRNA target. The genomic DNA with a targeted deletion was expected to amplify a DNA fragment of around 800 bp. The PCR re-

action was performed with 200 ng of genomic DNA, primers (0.25 mM), and 0.2 mM of dNTPs using PrimeSTAR HS DNA polymerase

(TekaRa Bio, R010B). The PCR amplicons from positive mice were then sequenced to confirm the deletion junctions.

Generation of human PCSK9 KI mice
C57BL/6J mice were purchased from Beijing Vital River Laboratory Animal, Co., Ltd. All mice were housed in a specific-pathogen-

free facility. For generating hPCSK9 KI (V474I) and hPCSK9 KI(WT)mice, sgRNAs were designed to target the region exon1 with the

CRISPR design tool (http://www.sanger.ac.uk/htgt/wge/). Guide RNAs were screened for on-target activity using UCATM (Universal

CRISPR Activity Assay), a sgRNA activity detection system developed by Biocytogen. The Cas9mRNA and sgRNAwere transcribed

by T7 RNA polymerase in vitro. For Cas9mRNA and sgRNA production, the T7 promoter sequence was added to the Cas9 or sgRNA

template by PCR amplification. The T7-Cas/sgRNA PCR products were gel purified and served as the template for in vitro transcrip-

tion using the MEGAshortscript T7 kit (Life Technologies). The Cas9 mRNA and sgRNA were purified using the MEGAclear kit and

eluted with RNase-free water. To minimize random integrations, a circular donor vector was used. For the hPCSK9 KI (V474I), the

gene targeting vector contained human PCSK9 CDS (c.1420G>A p.V474I)-WPRE-bGHpA-STOP and 2 homology arms of left

(1300 bp) and right (1100 bp). For the hPCSK9 KI (WT), the gene targeting vector contained human PCSK9 CDS-WPRE-bGHpA-

STOP and 2 homology arms of left (1300 bp) and right (1100 bp). The human PCSK9 CDS was inserted after the ATG start codon

of the murine Pcsk9 gene. C57BL/6J females were used as embryo donors and pseudopregnant foster mothers. Superovulated

C57BL/6J mice (4–5 weeks old) were mated to C57BL/6J stud males, and fertilized embryos were collected from the ampullae.

Cas9 mRNA, sgRNA and donor vectors were mixed at different concentrations and co-injected into the cytoplasm of fertilized

eggs at the one-cell stage. After injection, surviving zygotes were transferred into the oviducts of C57BL/6J pseudopregnant females.

Genotyping of the tail biopsies from progenies was done to screen for mice with the human PCSK9 knockin. Southern blotting was

done to confirm the knockin. Genomic DNA extracted from tail biopsies was digested with NsiI or BglII (NEB), separated on a 1%

agarose gel, and transferred to a positively charged nylon membrane (Hybond N+; Amersham International plc). The membrane

was hybridized using DIG Easy Hyb Granules (Roche Applied Science Inc.) at 42�C overnight containing a PCR-generated probe,

labeled by the PCR DIG probe synthesis kit (Roche Applied Science Inc.). Hybridization signals were detected using the DIG Lumi-

nescent Detection Kit (Roche Applied Science Inc.). For probe labeling, 3’-external and internal DIG-labeled probeswere prepared by
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PCR using Taq DNA polymerase and incorporated DIG-11-dUTP according to the manufacturer’s instruction. The following primers

were used to amplify the 3’-external (350 bp) probes: 5’- GTAAAGCTTAGGTCTGATCTGACTC-3’ (forward primer) and 5’-

GAGACAGAGGCGCGCCTGGTAG-3’ (reverse primer). For the internal (500 bp) probe, the following primers were used: 5’-GTGGA

TACGCTGCTTTAATGCC-3’ (forward primer) and 5’- AAGGGAGATCCGACTCGTCTG-3’ (reverse primer).

Genotyping of transgenic mouse lines
Genotyping of various mouse colonies was performed after extracting DNA from an ear skin biopsy. The PCR primers of mice gener-

ated in this study are:

Pcsk9 knockout mice:

Pcsk9IE1-SA-F1: 5’-GTAACAGGTCCCGTTTGCAG-3’

Pcsk9I11-SA-R2: 5’-CCCAGCCATCCATCCTACTT-3’

Pcsk9IE1-SA-R1: 5’-TGCCACTAGAGTTCTCAGCC-3’

Pcsk9IE1-SA-F1+Pcsk9I11-SA-R2 848bp (KO band); Pcsk9IE1-SA-F1+R1 909bp (WT band)

PCSK9 Hu KI(V474I) and PCSK9 Hu KI(WT) knock-in mice:

hPCSK9 KI WT-F: 5’-CGGGGCCCGTTAATGTTTAATCAGA-3’

hPCSK9 KI WT-R: 5’-AGAGACCACCAGACGGCTAGATGAG -3’

hPCSK9 KI Mut-R: 5’-CTCGGAACGCAAGGCTAGCACCAGC-3’

hPCSK9 KIWT-F+ hPCSK9 KIWT-R 590bp (murine Pcsk9 band); hPCSK9 KIWT-F+ hPCSK9 KI Mut-R 429 (human PCSK9 band).

hPCSK9 KI GT-F: 5’-CAAAGATGTCATCAATGAGGCCTGG-3’

hPCSK9 KI GT-R: 5’-GTAGACACCCTCACCCCCAAAAG-3’

hPCSK9 KI GT-F + hPCSK9 KI GT-R 304bp. Sanger sequencing was done at GENEWIZ, Inc. to distinguish PCSK9 and

PCSK9:V474I allele. Sanger sequencing traces were visualized with SnapGene Viewer 5.2.5.1.

In vivo selection of PDO
For in vivo selection of metastatic subclones, we intravenously injected 400,000 HCI-012 cells resuspended in PBS into 8-week-old

NSG female mice. Organoids were resuspended in Cell Recovery Solution (Corning, 354253), digested with TrypLE Express

(ThermoFisher Scientific, 12605010) for 5 minutes at room temperature, filtered through 70um Cell Strainer (ThermoFisher Scientific,

08-771-2) to generate single cell suspension for injection. Lungmetastases formed by HCI-012 were dissected out, digested at 37�C
on a benchtop shaker at 180 rpm for 40 minutes and embedded into Matrigel to generate metastatic subclones. The medium for

metastasis digestion included RPMI-1640, 4 mg/ml collagenase (Sigma-Aldrich, C2139), 1% Pen-Strep (Sigma-Aldrich, P4333),

5% FBS and 10 mM HEPES. Contamination with mycoplasma was ruled out on a quarterly basis using PCR-based protocol.

Vector Construction
To knockdown murine Pcsk9, Ldlr, Lrp1 and human XAF1, USP18 shRNA vectors (pLKO.1-puro, Addgene #8453; pLKO.1-blast,

Addgene #26655; pLKO.1-hygro, Addgene #24150) were used. The following shRNA sequences were cloned into pLKO.1 vectors:

shctrl:

F 5’-CGGCAACAAGATGAAGAGCACCAACTCGAGTTGGTGCTCTTCATCTTGTTGTTTTTG-3’

R 5’-AATTCAAAAACAACAAGATGAAGAGCACCAACTCGAGTTGGTGCTCTTCATCTTGTTG-3’

shPcsk9:

F 5’-CCGGCCATGTCCACTGCCACCAGAACTCGAGTTCTGGTGGCAGTGGACATGGTTTTTG-3’

R 5’-AATTCAAAAACCATGTCCACTGCCACCAGAACTCGAGTTCTGGTGGCAGTGGACATGG-3’

shLrp1-1:

F 5’-CCGGAGGCGCCTGTGTGGTCAATAACTCGAGTTATTGACCACACAGGCGCCTTTTTTG-3’

R 5’-AATTCAAAAAAGGCGCCTGTGTGGTCAATAACTCGAGTTATTGACCACACAGGCGCCT-3’

shLrp1-2:

F 5’-CCGGCGGAGTCACTTACATCAATAACTCGAGTTATTGATGTAAGTGACTCCGTTTTTG-3’

R 5’- AATTCAAAAACGGAGTCACTTACATCAATAACTCGAGTTATTGATGTAAGTGACTCCG-3’

shLdlr:

F 5’-CCGGCACCTGTCAGTCCAATCAATTCTCGAGAATTGATTGGACTGACAGGTGTTTTTG-3’

R 5’-AATTCAAAAACACCTGTCAGTCCAATCAATTCTCGAGAATTGATTGGACTGACAGGTG-3’

shXAF1:

F 5’- CCGGACTCACGTATCATCTCAATAGCTCGAGCTATTGAGATGATACGTGAGTTTTTTG-3’

R 5’-AATTCAAAAAACTCACGTATCATCTCAATAGCTCGAGCTATTGAGATGATACGTGAGT-3’

shUSP18:

F 5’-CCGGCTTGATTCAGGTGTTCGTAATCTCGAGATTACGAACACCTGAATCAAGTTTTTG-3’

R 5’-AATTCAAAAACTTGATTCAGGTGTTCGTAATCTCGAGATTACGAACACCTGAATCAAG-3’

To knockout murine Pcsk9, Lrp1, human PCSK9 and LRP1, lentiCRISPR v2 (Addgene #52961) and lenti-sgRNA blast (Addgene

#104993) were used. The following sgRNA sequences were cloned into the lentiCRISPR v2 vector:
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sgctrl (mouse):

F 5’-CACCGGTTCCAGGGAACAGCACTGA-3’

R 5’-AAACTCAGTGCTGTTCCCTGGAACC-3’

sgPcsk9-1:

F 5’-CACCGACTGCTCTGCGTGGCTGCGG-3’

R 5’-AAACCCGCAGCCACGCAGAGCAGTC-3’

sgPcsk9-2:

F 5’-CACCGCCAGTGCGTTGGCCACCAGG-3’

R 5’-AAACCCTGGTGGCCAACGCACTGGC-3’

sgLrp1-1:

F 5’-CACCGCGTGGACCAGACTCGCCCAG-3’

R 5’-AAACCTGGGCGAGTCTGGTCCACGC-3’

sgLrp1-2:

F 5’-CACCGGGGAAACTCCTGGACAACGG-3’

R 5’-AAACCCGTTGTCCAGGAGTTTCCCC-3’

sgctrl1 (human):

F 5’-CACCGACCGGCTCTCACAACAGCAG-3’

R 5’-AAACCTGCTGTTGTGAGAGCCGGTC-3’

sgPCSK9-1:

F 5’-CACCGGCAGCGGTGGAAGGTGGCTG-3’

R 5’-AAACCAGCCACCTTCCACCGCTGCC-3’

sgPCSK9-2:

F 5’-CACCGGTTGCCTGGCACCTACGTGG-3’

R 5’-AAACCCACGTAGGTGCCAGGCAACC-3’

The following sgRNA sequences were cloned into lenti-sgRNA blast vector:

sgctrl2 (human):

F 5’-CACCGGTCCCGGCCGCGCTAATGTG-3’

R 5’-AAACCACATTAGCGCGGCCGGGACC-3’

sgLRP1-1:

F 5’-CACCGGCCCGATCCACAGACAGACG-3’

R 5’-AAACCGTCTGTCTGTGGATCGGGCC-3’

sgLRP1-2:

F 5’-CACCGCCATCACACCTACGAGCACG-3’

R 5’-AAACCGTGCTCGTAGGTGTGATGGC-3’

To knockdown murine Ldlr, we used CRISPRi system. pHR-SFFV-dCas9-BFP-KRAB (Addgene #46911) and lenti-sgRNA puro

(Addgene #104990) were used. The following sgRNA sequences were cloned into the lenti-sgRNA puro vector:

sgctrl (CRISPRi):

F 5’-CACCGTTTTACCTTGTTCACATGGA-3’

R 5’-AAACTCCATGTGAACAAGGTAAAAC-3’

sgLdlr:

F 5’-CACCGCACTCAAACAGCAACGCGGG-3’

R 5’-AAACCCCGCGTTGCTGTTTGAGTGC-3’

For LRP1-ICD stable overexpression study, murine LRP1-ICD (NM_008512, a.a. 4446–4545)121 was cloned into a custom pCVL-

IRES-hygro vector, carrying an SFFV promoter, HA-tag and hygromycin selection marker. pCVL-IRES-hygro empty vector was used

as control. The pCVL-IRES-hygro was generated as following: starting from Addgene plasmid #31476, an IRES-hygro sequence was

introduced flanked by NsiI restriction sites. After confirming the IRES-hygro insertion in the correct orientation, the region down-

stream of the SFFV promoter and upstream of the IRES was cut out using XhoI and SbfI and replaced by a short filler sequence.

For Xaf1 and Usp18 overexpression, the CDS of murine Xaf1 (CCDS24984.2) followed by an HA-tag and the CDS of Usp18

(CCDS20489.1) followed by a V5 tag separated by P2A sequence were cloned into the pCVL-IRES-hygro vector similarly as

described above. To minimize the immunogenicity in in vivo experiments, we also cloned the same sequence without tags into

pCVL-IRES-hygro.

For LRP1-ICD inducible overexpression study, murine LRP1-ICD followed by an HA-tag was cloned into TLCV2 (Addgene #87360)

in place of the Cas9 sequence using AgeI andNheI. The region downstreamof the U6 promoter was cut out using KpnI and EcoRI and

replaced by a short filler sequence.

Lentiviral production, transduction and cell line construction
The second-generation lentivirus system was used to produce virus from HEK293T cells grown in 6-well plates. HEK293 cells were

cultured in DMEM with 10% FBS and plated at 70% confluency the night before transfection. Cells were transfected with 260 ng of
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pMD2.G (Addgene #12259), 500 ng of psPAX2 (Addgene #12260), and 680 ng of target vector, using 10 ml of Lipofectamine 2000

(ThermoFisher Scientific, 11668019) diluted in Opti-MEM (ThermoFisher Scientific, 51985034). After an overnight incubation, the

medium was replaced with fresh medium. Virus-containing medium was collected 48- and 72-hours post-transfection. The viral su-

pernatant was filtered through a 0.45 mm filter (Pall, 4614), mixed 1:1 with fresh medium and 8 mg/ ml polybrene (Sigma-Aldrich, TR-

1003-G) to transduce pre-plated target cells at 50% confluency. To increase PDO transduction efficiency, spin transduction was

used. 50-100,000 resuspended HCI-012 cells were plated in low-attachment 6-well plates (Corning, 07-200-601) with viral superna-

tant and complete media (1:1 mixture) and 8 mg/ml polybrene. The plates were centrifuged at 800g for 1 hour at room temperature.

Cells were recovered for 6 hours at 37
�
C before being embedded into Matrigel. For vectors containing antibiotic selection marker,

selection was conducted 48 hours post-transduction. For vectors containing a fluorescent marker, cells were sorted on a BD

FACSAria II cell sorter 72 hours post-transduction. For EO771 cells, 2mg/ml puromycin (ThermoFisher Scientific, A1113803) was

used for 3 days; 10 mg/ml blasticidin (ThermoFisher Scientific, A1113903) for 7 days; 100 mg/ml hygromycin (ThermoFisher Scientific,

10687010) for 7 days. For MDA-MB-231 cells, 2mg/ml puromycin were used for 3 days; 8mg/ml blasticidin for 7 days; 600 mg/ml hy-

gromycin for 7 days. Gene knockdown or knockout was validated usingWestern Blotting 3 days after selection. For the LRP1-induc-

ible overexpression, EO771 cells transduced with the TLCV2 vector were treated with varying concentrations and duration of doxy-

cycline (Sigma-Aldrich, D9891) as indicated in Figure 6D.

siRNA transfection
Transient knockdown of XAF1 and USP18 was performed using a mixture of four siRNAs (ON-TARGETplus SMARTpool siRNA) pur-

chased from Horizon Discovery. The catalog numbers were: siXAF1 (L-004357-00-0005), siUSP18 (L-004236-00-0005) and control

siRNA sictrl (D-001810-01-05). 2nmol siRNA and LipofectamineTM RNAiMAX transfection reagent (ThermoFisher Scientific,

13778150) were diluted in Opti-MEM and added to MDA231-LM3-sgPCSK9-2 cells at �60% confluency in a 10cm plate. After an

overnight incubation, the culture medium was replaced with fresh medium. Successful knockdown was validated with qPCR 72

hours after transfection.

Protein isolation
Cell lines werewashedwith and scraped into ice-cold PBS (without any Ca2+ orMg2+), centrifuged for 5minutes at 300 g (4�C). The cell

pellet was resuspended in an appropriate volume of RIPA-based lysis buffer (G Biosciences, 786-490) with cOmplete� Protease

Inhibitor Cocktail (Roche, 11697498001), vortexed and left on ice for 15 minutes before a 17,900g centrifugation for 10 minutes. Su-

pernatants were collected as protein solution. For mouse tissues,�10mg of tissue was homogenized in�500 ml ice-cold lysis buffer

using Bead Ruptor (OMNI International, SKU 19-040E). Samples were centrifuged at 17,900 g (4�C) for 10 minutes and the superna-

tants were transferred to new, prechilled Eppendorf tubes. A BCA assay kit (Thermo Scientific, PI23225) was used to quantify the

amount of protein in each sample. Samples were stored at -80�C.

Nuclear and cytoplasmic fractionation
Cell lines were washed with and scraped into ice-cold PBS (without any Ca2+ or Mg2+, ThermoFisher Scientific, 14190144), centri-

fuged for 5 minutes at 300g (4�C). The cell pellet was resuspended in an appropriate volume of ice-cold CER I buffer and cytoplasmic

and nuclear proteins were extracted with NE-PER Nuclear and Cytoplasmic Extraction Kit (ThermoFisher Scientific, 78835) accord-

ing to manufacturer’s instruction. A BCA assay kit was used to quantify the amount of protein in each sample. Samples were stored

at -80�C.

Western blotting
Protein lysates were thawed on ice for 30minutes before use. Sampleswere dilutedwith 4x protein loading buffer (Li-Cor, 928-40004)

and 10x sample reducing agent (ThermoFisher Scientific, NP0009). Equal amounts of protein were loaded in 4-12%Bis-tris Mini Pro-

tein Gels (Fisher Scientific, NP0336PK2). SDS-Page was performed in MOPS-SDS running buffer (20x, ThermoFisher Scientific,

NP000102) at 180 V for �1 hour or until the dye front had run off the gel. The gels were transferred at 100 V for 1.5 hours at 4�C in

transfer buffer (ThermoFisher Scientific, NP0006) onto PVDF membranes (ThermoFisher Scientific, 88520). Membranes were

blocked in 5% BSA (Millipore, A2153) in TBS-T (TBS (Cell Signaling Technology, 12498S) + 0.2% Tween (Millipore, P2287) for 1

hour at room temperature. Primary antibodies were diluted in 5% BSA / TBS-T and incubated overnight at 4�C. Membranes were

washed thrice with 0.2%TBS-T and incubated for 1 hour at room temperature with corresponding HRP-linked secondary antibodies,

added at a dilution of 1:4000. Membranes were then washed thrice with 0.2% TBS-T and activated by an ECL blotting solution

(ThermoFisher Scientific, 32106). X-Ray films (Imaging Solutions Company, 110102) were exposed to the membrane for 5 seconds

to 10 minutes and developed afterwards. Western blot images were analyzed with ImageJ v1.54h. Mean intensity of the target band

was normalized to the loading control band. Primary antibodies used included rabbit anti-HPRT1 (1:8000; Proteintech, 15059-1-AP),

mouse anti-HSC70 (1:10000; Santa Cruz Biotechnology, sc-7298), mouse anti-TUBULIN (1:10000; Cell Signaling, 3873), goat anti-

PCSK9 (1:400; R and D Systems; AF3985), rabbit anti-PCSK9 (1:1000; GeneTex, GTX129859), rabbit anti-LRP1 (1:20000; Abcam,

EPR3724), rabbit anti-LDLR (1:1000; Proteintech, 10785-1-AP), rabbit anti-NFkB (1:1000; Cell Signaling, 8242), rabbit anti-phos-

pho-NFkB (1:1000; Cell Signaling, 3033), rabbit anti-ERK1/2 (1:1000; Cell Signaling, 4695), rabbit anti-phospho-ERK1/2 (1:1000;

Cell Signaling, 4370), rabbit anti-JNK (1:1000; Cell Signaling, 9252), rabbit anti-phospho-JNK (1:1000; Cell Signaling, 4668), rabbit
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anti-p38 (1:1000; Cell Signaling, 8690), rabbit anti-phospho-p38 (1:1000; Cell Signaling, 4511), rabbit anti-p70S6K (1:1000; Cell

Signaling, 9202), rabbit anti-phospho-p70S6K (1:1000; Cell Signaling, 9205), rabbit anti-S6 (1:1000; Cell Signaling, 2217), rabbit

anti-phospho-S6 (1:1000; Cell Signaling, 2211), rabbit anti-4E-BP1 (1:1000; Cell Signaling, 9644), rabbit anti-phospho-4E-BP1

(1:1000; Cell Signaling, 2855), rabbit anti-mTOR (1:1000; Cell Signaling, 2983), rabbit anti-phospho-mTOR (1:1000; Cell Signaling,

5536), rabbit anti-AKT (1:1000; Cell Signaling, 4685), rabbit-anti-phospho-AKT (1:1000; Cell Signaling, 4060), rabbit anti-PRAS40

(1:1000; Cell Signaling, 2691), rabbit anti-phospho-PRAS40 (1:1000; Cell Signaling, 2997), rabbit anti-HA (1:1000; Cell Signaling,

3724), mouse anti- Lamin A/C (1:2000; Cell Signaling, 4777), mouse anti-beta IV TUBULIN (1:4000; Abcam, ab11315), rabbit anti-

His (1:1000; Abcam, ab9408), mouse anti-V5 (1:1000; Cell Signaling, 80076) and mouse anti-His (1:4000; ThermoFisher Scientific,

MA1-21315).

Quantitative reverse transcription PCR
Total RNA from cells cultured in quadruplicate was isolated with the Total RNA Purification Kit (Norgen Biotek, 17200) with 10ml/ml of

2-mercaptoethanol (Sigma-Aldrich, M6250) added to buffer RL. RNA quality was checked on an Agilent 2100 Bioanalyzer and sam-

ples with RNA integrity number (RIN) smaller than 8 were excluded. The SuperScript III First-Strand Synthesis System (ThermoFisher

Scientific, 18080051) was used to reverse transcribe 1-5mg of total RNA into cDNA according to themanufacturer’s instructions using

oligo(dT) primers. Subsequently, quantitative real-time PCRwas performed using Fast SYBRGreenMasterMix (Applied Biosystems)

and an Applied Biosystems 7900HT system. Data were analyzed with the pcr R package (v1.2.2). Amplicons were visualized on 2%

agarose gel (Lonza Bioscience, 50004) with 0.01% SYBR Safe (ThermoFisher Scientific, S33102). Primer sequences used were as

follows:

Murine genes:

Gapdh:

F 5’-AGGTCGGTGTGAACGGATTTG -3’

R 5’-TGTAGACCATGTAGTTGAGGTCA -3’

Xaf1:

F 5’-AGCCATGTGTCTGAGTGCAAA -3’

R 5’- GCAAAGATCACAACGGGTTTTTC -3’

Oas1a:

F 5’-GCCTGATCCCAGAATCTATGC -3’

R 5’-GAGCAACTCTAGGGCGTACTG -3’

Isg15:

F 5’-GGTGTCCGTGACTAACTCCAT -3’

R 5’-TGGAAAGGGTAAGACCGTCCT -3’

Usp18:

F 5’- TTGGGCTCCTGAGGAAACC -3’

R 5’-CGATGTTGTGTAAACCAACCAGA -3’

Rtp4:

F 5’-TGGGAGCAGACATTTCAAGAAC-3’

R 5’-ACCTGAGCAGAGGTCCAACTT -3’

Pcsk9:

F 5’- GAGACCCAGAGGCTACAGATT -3’

R 5’- AATGTACTCCACATGGGGCAA -3’

Human genes:

XAF1:

F 5’- GCTCCACGAGTCCTACTGTG -3’

R 5’- GTTCACTGCGACAGACATCTC-3’

USP18:

F 5’- CCTGAGGCAAATCTGTCAGTC-3’

R 5’- CGAACACCTGAATCAAGGAGTTA-3’

GAPDH:

F 5’- GCCCAATACGACCAAATCC-3’

R 5’- AGCCACATCGCTCAGACAC-3’

Analysis of cell surface protein expression
MDA231-LM3-sgPCSK9-2 cells were seeded in quadruplicates and treated with 2mg/ml BSA (Sigma-Aldrich, A9576), PCSK9 (Sino

Biological, 29698-H08H), PCSK9D374Y V474I G670E (Sino Biological, 10594-H08H1), PCSK9V474I or PCSK9 F379A. PCSK9V474I

and PCSK9 F379A were produced by Sino Biological in HEK293 cells using the same pipeline for PCSK9 wildtype production. Cells

were resuspended in PBS, washed once and diluted in flow buffer (DPBS without calcium and, 1% FBS and 25 mM HEPES). Cells

were stained with primary antibodies for 40 minutes on ice, washed twice in PBS and stained with secondary antibodies for
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30minutes on ice in flow buffer with 1mg/ml DAPI. Cells were washed twice and analyzedwith AttuneNxT FlowCytometer. Dead cells

with compromisedmembrane (DAPI+) were excluded from the analysis. The following antibodies were used: rabbit anti-LDLR (1:100;

Proteintech, 10785-1-AP), mouse anti-LRP1-PE (1:5; BD Biosciences, 550497), and secondary AlexaFluor conjugates (1:200,

ThermoFisher Scientific).

Co-immunoprecipitation (co-IP) analysis
MDA231-LM3-sgPCSK9-2 cells were seeded in 15 cm plates 24 hours before the experiment and starved in serum-free Opti-MEM

for 2 hours. Cells were then treated with 2mg/ml PCSK9, PCSK9 V474I or PCSK9 D374Y V474I G670E for 1 hour in the presence of

0.1 mM chloroquine (Sigma-Aldrich, C6628). Plates were washed with ice-cold PBS twice and the cells were scraped off from the

plate. Cells were lysed in 1% digitonin lysis buffer (20 mMHEPES, 150 mM NaCl, 1 mM MgCl2, and cOmplete� Protease Inhib-

itor Cocktail and 1% digitonin (Sigma-Aldrich, 300410)) for 10 minutes on ice before a 17,900g centrifugation for 10 minutes. Super-

natants were collected as protein solution. 1mg extracted protein (a total volume of 400-500ml) was subjected to co-IP with Dyna-

beads� Protein G (ThermoFisher Scientific, 10003D) following manufacturer’s instructions. 5mg rabbit IgG (Cell Signaling, 2729),

rabbit anti-LRP1 (Abcam, EPR3724), mouse IgG2b (Cell Signaling, 53484) or mouse anti-His (ThermoFisher Scientific, MA1-

21315) were used in the co-IP solution. The bead-bound protein was eluted with Laemmli Sample Buffer (Bio-RAD, 1610747)

following manufacturer’s instruction. The subsequent western blot was performed as described above.

Matrigel Invasion Assay
EO771 shPcsk9 or MDA231 sgPCSK9-2 cells were serum-starved in 0.2% FBS media for 24 hours. Trans-well invasion chambers

(BDBiosciences, 354480) were pre-equilibrated prior to the beginning of the assay by adding 0.5ml of starvationmedia to the top and

bottom chambers. After 30 minutes, the media in the top chamber was removed, and 0.5 ml of media with 2mg/ml BSA (diluted from

Sigma-Aldrich, A9576) or PCSK9 (Sino Biological, 29698-H08H) containing 100,000 cancer cells was added into each matrigel-

coated trans-well insert. Cells were allowed to invade through the matrigel-coated inserts for 24 hours at 37�C. Upon completion

of the assay, matrigel-coated inserts were washed with PBS, the cells at the top side of each insert were scraped off, and the inserts

were fixed in 4% paraformaldehyde (VWR, AA43368-9M) for 15 minutes, washed with PBS and stained with DAPI (Roche,

10236276001) at 1mg/ml for 15 minutes. The inserts were then cut out and mounted onto slides with Prolong Gold (Fisher Scientific,

P36930). The basal side of each insert was imaged using an inverted fluorescence microscope (Zeiss Axiovert 40 CFL) at 5X magni-

fication, taking six representative images for each insert. The number of cells that had invaded was quantified using ImageJ.

Cell Proliferation Assay
To determine the effects of LRP1 knockdown and recombinant PCSK9 treatment on cell proliferation, 50,000 EO771 cells were

seeded in quadruplicate in 6-well plates, and viable cells were counted after 2 and 4 days using the trypan blue dead cell exclusion

dye (Sigma-Aldrich, T8154). For recombinant protein treatment experiments, 2mg/ml BSA or PCSK9 were added to the media.

Anoikis Assay
800,000 EO771 shPcsk9 or MDA231 sgPCSK9-2 cells were seeded in quadruplicate in Ultra-Low Attachment Surface 6-well plates

(Corning, 3471) containing cell media supplemented with 0.2%methylcellulose (Sigma-Aldrich, M7140) with 2mg/ml BSA or PCSK9.

Following 48 hours in suspension, the numbers of dead versus viable cells were counted using the trypan blue dead cell exclu-

sion dye.

Colony initiation in the absence of substratum attachment
EO771 orMDA231 cells were sorted with a BD FACSAria II cell sorter at a clonal density of one cell per well into Ultra-Low Attachment

Surface 96-well plates (Corning, 3474) in media containing a 1:1 mixture of RPMI or DMEM supplemented with 10% FBS, and 2x

RPMI or DMEM mixed 1:1 with 3% methylcellulose stock solution (R&D, HSC001). For recombinant protein treatment experiments,

2mg/ml BSA or PCSK9 were added to the media. The plates were imaged with Incucyte S3 (Sartorius) and the number of cells in each

well were counted in the subsequent days. Wells with cells out of focus were excluded from the analysis.

Experimental metastasis assay
To monitor metastasis in vivo through bioluminescence imaging, cancer cells were transduced with a lentiviral vector expressing a

luciferase reporter and fluorescent marker (MI-Luciferase-IRES-mCherry, Addgene #75020 for EO771-LM2-DR, 4T1, EMT6 and

SKBR3; pHIV-Luc-ZsGreen, a gift from B. Welm (Addgene #39196), for MDA231-LM3-TR or HCI012). To stain mCherry+ metastasis

in immunofluorescence, EO771 cells were transduced with a lentiviral vector expressing mCherry (pLV-mCherry. Addgene #36084),

which exhibited stronger mCherry expression than MI-Luciferase-IRES-mCherry. Fluorescent cells were sorted with a BD FACSAria

II cell sorter. Cells were resuspended in PBS and injected into the tail veins of 7–9-week-old femalemice. The number of cells injected

and the corresponding mice were: 100,000 EO771 cells into mice on C57BL/6 background, 100,000 4T1 cells or 50,000 EMT6 cells

into BALB/c mice, 200,000 MDA231 cells or 400,000 HCI012 cells into NSG mice. To measure bioluminescence signal, mice were

injected with 16.67 mg/ml d-luciferin (Goldbio LUCK) in 100 ml PBS retro-orbitally and imaged using an IVIS spectrum machine

(PerkinElmer). BALB/c and NSG mice were imaged for 60s and C57BL/6 mice were imaged for 300s. Bioluminescence imaging
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was performed approximately twice a week, and each lung signal was normalized to the same animal’s signal obtained on day 1 after

injection. Mice with failed injections were excluded from experiments. Experiments were terminated when the signal of mice in either

group reached 100-fold compared to day 1 or mice appearedmorbid. Lungs were harvested at the end of the experiments, perfused

with PBS via right ventricle injection, fixed with 4% paraformaldehyde (Fisher Scientific, AA433689M) overnight at 4�C, stored in 70%

ethanol and sent to Histoserv, Inc for sectioning. The number of lung metastasis nodules and their sizes were quantified from H&E-

stained lung brightfield 40x scanning sections prepared by Histoserv. The sizes of metastases were quantified with ImageJ. Exper-

imental group labels were masked during quantification.

In vivo caspase activity was measured by retro-orbital injections of VivoGlo Caspase 3/7 Substrate (1.5mg/mouse of Z-DEVD-

aminoluciferin sodium salt; Promega, PAP1781) and the bioluminescence signal was normalized to cancer cell luciferase signal.

For recombinant protein treatment experiments, cancer cells were treated with 2mg/ml BSA or PCSK9 for 24 hours prior injection.

Mouse diet and serum chemistry
For high cholesterol diet studies, 7-week-old female wildtype or Pcsk9 knockout mice were fed regular chow diet (Research Diets,

D12492) or high cholesterol diet (Envigo, TD08464, 0.425% cholesterol) 10 days prior to experimental metastasis experiments. For

the statin diet study, 7-week-old female C57BL/6J mice were fed control diet (Envigo, TD220626) or 0.01% atorvastatin diet 14 days

prior to experimental metastasis experiments. The 0.01% atorvastatin diet was prepared by adding atorvastatin calcium (PCCA, 30-

5153) to the control diet.

At the endpoint, blood was collected from mice by submandibular bleeding into dipotassium EDTA Tubes (ThermoFisher Scien-

tific, 02-669-33). Following centrifugation, serum was collected and analyzed on a Beckman Coulter AU680 clinical chemistry

analyzer for the following parameters: cholesterol, triglycerides, low-density lipoproteins and high-density lipoproteins.

T cell depletion
For T cell depletion studies, 400mg each of anti-CD4 (Bio X Cell, BE0003-1) and anti- CD8a (Bio X Cell, BE0004-1) antibodies were

injected intraperitoneally on days 4 and 11 after cancer cell injection. Control mice received isotype control (Bio X Cell, BE0090) in-

jections on the same days. Efficient depletion was verified by flow cytometry with an Attune NxT Flow Cytometer at the end of the

experiments (day 18). Specifically, spleens, lymph nodes and lungs were dissected, chopped into pieces, and incubated in HBSS2+

(HBSS with calcium and magnesium (Gibco, 24020) supplemented with 2% FBS, 1 mM sodium pyruvate (Gibco, 11360), 25 mM

HEPES (Gibco, 15630), 500 U/ml collagenase IV (Worthington, LS004188), 100 U/ml collagenase I (Worthington, LS004196) and

0.2 mg/ml DNAse I (Roche, 10104159001) for 30 minutes at 37 �C on an orbital shaker (80 rpm). After thorough trituration, themixture

was passed through a 70 mm strainer and washed with flow buffer (DPBS without any Ca2+ or Mg2+, 1% FBS and 25 mM HEPES).

Samples were incubated with ACK lysing buffer (Gibco, A1049201) for 5 minutes at room temperature before another wash with flow

buffer. Samples were diluted in flow buffer with FC block (BioLegend, 101320) and incubated for 10 minutes on ice. Cells were then

incubated with antibodies diluted in flow buffer for 20minutes, washedwith PBS, incubatedwith Zombie NIR Fixable Live/Dead Stain

(BioLegend, 423105) or 1mg/ml DAPI for 20 minutes at room temperature and washed twice with staining buffer. The cells were then

analyzed with an Attune NxT Flow Cytometer and FCS Express 7 (De Novo Software). The following anti-mouse fluorophore-conju-

gated antibodies were used: anti-CD45-BV785 (1:3000; BioLegend, 103149), anti-CD4-BV605 (1:200; BioLegend, 100451) and anti-

CD8a-AF700 (1:1000; BioLegend, 100730).

Macrophage depletion
For macrophage depletion studies, the Standard Macrophage Depletion Kit (Encapsula NanoSciences, CLD-8901) was used as

described.48 Specifically, 0.2ml clodronate or control liposomes were injected retro-orbitally into mice 2 days before tumor implan-

tation and every 4 days afterwards. 4 days after the last treatment, spleen and lungs were examined for macrophage abundance as

similarly described in the T cell depletion section. The following anti-mouse fluorophore-conjugated antibodies were used: anti-

CD45-PECy7 (1:200; ThermoFisher Scientific, 25-0451-82), anti-F4/80-FITC (1:200; BioLegend, 123108), anti-CD24-PE (1:200;

101807), anti-MHCII-AF700 (1:200; ThermoFisher Scientific, 56-5321-80).

Intracardiac injection
To studymetastasis to organs beyond lung, 100,000 EO771 shPcsk9 cells or SKBR3 cells resuspended in PBSwere injected into the

left ventricle of 7-9-week-old Pcsk9 knockout and wildtype mice or NSG mice. Bioluminescence imaging was performed approxi-

mately twice a week as described above and the photon flux from the whole body was quantified. Mice with failed injections

were excluded from experiments.

Primary tumor growth and spontaneous metastasis
Cancer cells (4T1 and EO771 LM2) were resuspended in a 1:1 mix of PBS and Matrigel (Corning, 354320) at a concentration of

2,000,000 cells/ ml before being injected into the 4th mammary fat pads on the left sides of 7-9-week-old female mice. 200,000 cells

were injected per mouse. Mice with failed injections were excluded from experiments. Animals were palpated weekly for tumor for-

mation, after which sizeable tumors weremeasured with a caliper twice a week. Tumor volume was calculated as (small diameter)23

(large diameter)/2. Lungs were harvested and processed at the end of experiments as described in experimental metastasis assay.
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MMTV-PyMT mice of the C57BL/6 background developed mammary gland tumors with a mean latency of 13 weeks of age,

compared to 7 weeks for FVB background mice. Weekly tumor palpation started at 14 weeks for C57BL/6 and at 6 weeks for

FVBmice. The largest measurable tumors were measured with calipers weekly in C57BL/6 and biweekly in FVBmice. Tumor volume

was calculated as (small diameter)2 3 (large diameter)/2. Lungs were harvested and processed similarly at the end of the

experiments.

PCSK9 inhibition therapeutics
To evaluate the efficacy of PCSK9 inhibition, 200mg human IgG2monoclonal antibody evolocumab (TargetMol, T9920) were injected

intraperitoneally in each mouse approximately twice a week with exact schemes indicated in figures or legends. Control mice

received 200mg isotype control (Bio X Cell, BE0301) injections on the same days.

Immunofluorescence
Lungs harvested from mice were fixed in 4% paraformaldehyde overnight at 4�C and then transferred into 25% sucrose (Sigma-

Aldrich, S0389), 0.1% sodium azide (Fisher Scientific, 71448–16) in PBS for 24 hours at 4�C. Tissues were embedded in

Tissue-TekO.C.T. Compound (VWR, 4583) and frozen at -80�C. Sections (20-50 mm thick) were cut using a cryostat set to -20�Ccutting

temperature. The sections were collected onto Superfrost Plus microscope Slides (Fisher Scientific, 12-550-15). Prior to immunoflu-

orescent staining, O.C.T. was removed by incubating the slides in PBS for 1 hour. Sections were then permeabilized using 0.5%

Triton-X-100 (Millipore, T9284). Slides were blocked in 10% FBS, 1% BSA (Millipore, A2153), 0.1% Tween-20 (Millipore, P2287)

in PBS for up to 2 hours at room temperature. Slides were then incubated in primary or secondary antibodies diluted in 1% FBS,

1% BSA, 0.1% Tween-20, 1mg/ml DAPI overnight at 4�C or for 2-3 hours at room temperature. Slides were mounted with ProLong

Gold (ThermoFisher Scientific, P36930). Primary antibodies used in the study include rat anti-mCherry (1:1000, ThermoFisher Scien-

tific, M11217) and rabbit anti-Ki67 (1:1000, Abcam, ab15580). All secondary antibodies were AlexaFluor conjugates (1:200,

ThermoFisher Scientific). Confocal microscopy was performed using A1R confocal microscope (Nikon). For eachmouse lung, 6 sec-

tions and 141-431 fields of view were examined.

Mass spectroscopy of plasma membrane protein
EO771-LM2-shPcsk9 cells were plated in quadruplicates, treated with 2mg/ml BSA or PCSK9 for 24 hours before plasma membrane

protein extraction with theMinute� PlasmaMembrane Protein Isolation and Cell Fractionation Kit (Invent Biotechnologies, SM-005).

A total of 20mg of each sample was withdrawn and reduced/alkylated with DTT/IAA. Proteins were precipitated with ice-cold acetone

and the pellet was digested with sequencing grade trypsin (Promega, V5111). The samples were analyzed by data independent

acquisition (DIA) using a 60-minute linear gradient at 900nL/min using a Dionex 3000 HPLC system connected to a Q-Exactive

mass spectrometer (both Thermo Scientific). The resulting spectra were analyzed in DirectDIA109 (https://github.com/Nesvilab/

DIA-Umpire) using the mouse proteome (downloaded from uniprot.org) concatenated with common contaminants. The database

search and quantification were performed using Spectronaut v.17 (Biognosys) and cross-run normalization was applied. The result-

ing protein quantification results were further handled within the Perseus statistical environment.122 Protein quantitative values were

log2 transformed and it was required that a value be present in at least 4 replicates in at least one group to be accepted. Missing

values were imputed with random low-abundant signals from a normal distribution. Significance was tested using an FDR-corrected

t-test.

Bulk RNASeq
EO771 cells were plated in quadruplicates 24 hours before RNA extraction (treated with 2mg/ml BSA or PCSK9; shctrl or

shLrp1). EO771 tumors formed by mammary fat pad injection in wildtype, Pcsk9 knockout, hPCSK9V474I/V474I or hPCSK9+/+

mice were dissected when their sizes reached 1000mm3 and disaggregated with a Bead Ruptor. Total RNAs were

isolated from cancer cells and tumors using the Total RNA Purification Kit with 5ml/ml of RNasin Plus and 10ml/ml of

2-mecarptoethanol added to buffer RL. RNA quality was checked on an Agilent 2100 Bioanalyzer and samples with RNA

integrity number (RIN) smaller than 8 were excluded. Libraries were constructed from 1mg of total RNAs using the TruSeq

RNA Library Prep Kit (Illumina, RS-122-2001) with R 4 replicates per condition. Constructed libraries were sequenced using

an Illumina NextSeq (High Output, 75 SR) at the Rockefeller University Genomics Center. Sequencing reads were mapped

to the mouse genome (GRCm38) using STAR aligner v2.7.10b at default settings. Downstream analyses were done in R

3.6.3. Expression levels of genes were quantified with featureCounts v2.0.6. Quality control was conducted with MultiQC

v1.11. Differential gene expression analysis was performed with DESeq2 (v1.32.0). For shLrp1 experiments, differentially ex-

pressed genes (DEG) were defined as p-adj (Benjamini-Hochberg Procedure) < 0.1 and log2FoldChange > 0.4. For recombinant

protein treatment and primary tumor growth experiments, given the smaller effect size, a relaxed threshold was used: DEG were

defined as p < 0.05. For differential gene expression analysis with the TCGA-BRCA RNASeq data, a two-sided Wilcoxon rank

test was applied to each gene comparing patients grouped by rs562556 genotype. Genes were ranked by the -log(p-value) and

Gene Set Enrichment Analysis (GSEA)123 was performed with fgsea v1.12.0 on the Hallmark gene set from MSigDB (https://

www.gsea-msigdb.org/gsea/msigdb) with R package msigdbr v7.5.1.
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In vivo CRISPR competition assay
The CRISPR competition assay was conducted as previously described.124 Briefly, a custom library of 60 CRISPR guides targeting

the 5 genes (Isg15,Oas1a, Rtp4,Usp18 and Xaf1) was synthesized by IDT with sequences from a previously benchmarked library,125

amplified by PCR and cloned into lentiCRISPR v2. The library was amplified in liquid culture via electroporation of Endura

ElectroCompetent Cells (Lucigen, 60242-1) according tomanufacturer’s instructions.Miseq-Nano (Illumina) sequencing of the library

was performed to ensure a balanced representation of all guides (10 guides per gene plus 10 guides targeting the intergenic regions).

Viral supernatant was titrated in EO771 by infecting target cells at increasing amounts of virus and by assessing cell survival after

3 days of selection with puromycin. Two million EO771 cells were infected at an MOI (multiplicity of infection) of 0.105 (calculated

from an infection rate of 0.1) 2 days before selection with puromycin for 3 days. At day 12 after transduction of the library, EO771

cells were treated with 2mg/ml PCSK9 in vitro for 24 hours before being injected intravenously into 7-week-old C57BL/6J female

mice. 100,000 cells were injected per mouse with 5 mice in total, reaching a representation of >1666 cells per guide per mouse.

An initial pool of two million cells was collected prior to injection. On day 17 after injection, lungs were harvested. Two million

EO771 cells passaged in vitro were collected on the same day. Genomic DNA samples were extracted with Quick-DNA MidiPrep

Plus Kit (Zymo Research, 11-317MD). For amplification of sgRNA inserts, we performed PCR using specific primers for each con-

dition. PCR amplicons were then purified and sequenced on a Miseq-Nano (Illumina). Reads were mapped and the abundance of

each guide was measured. Gene score was defined as the median log2 fold change in the abundance between the initial and final

population of all guides targeting a particular gene and visualized with R package pheatmap. A permutation test was used to deter-

mine if guides targeting a gene significantly dropped out compared to control guides withMAGeCK104 v0.5.9.4. Benjamini-Hochberg

Procedure was performed and false discovery rate was reported.

QUANTIFICATION AND STATISTICAL ANALYSIS

Unless otherwise noted, all data are expressed asmean ± standard error of themean. Sample numbers are indicated in the figures or

their legends. Group comparisons were made using significance tests as described in the figure legends and text. Specifically, a

Shapiro–Wilk test was conducted first to assess the normality of the data when comparing the means of two groups. Data that

passed the normality test were analyzed usingWelch’s t-test, while non-normally distributed data were evaluated using theWilcoxon

rank-sum test. For qPCR analysis and flow cytometry quantification, equal variance among groups was assumed and Student’s

t-test was used. For growth curve analysis in experimental metastasis assays, logarithmic fold changes in bioluminescence relative

to day 1 were modeled using linear regression. An F test (anova function) compared the null model (fitting all data irrespective of

group) with the grouped model (fitting data by grouped label). A P-value of less than 0.05 was considered statistically significant.

All statistics were performed in R version 3.6.3 and RStudio 2022.12.0 Build 353.
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Supplemental figures

Figure S1. Bioinformatic pipeline and quality controls to identify common germline variants associated with breast cancer survival, related

to Figure 1

(A) Bioinformatic pipeline of variant candidate selection, SNP calling, and statistical models.

(B) Dot plot showing �log p values with sign of b coefficient (>0 being detrimental to prognosis, <0 being protective to prognosis) in independent breast cancer

datasets. Each dot represents a SNP tested in one model labeled with the gene name. Different statistical models are marked with distinct shapes.

(legend continued on next page)
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(C–F) Multivariate analysis of rs562556 genotype and common clinical covariates in association with breast cancer survival in TCGA-BRCA (C), Bertucci et al.26

(D), HMF cohort (E), Nik-Zainal et al.29 (F). Hazard ratios (HRs) and p values were calculated with two-sided Cox proportional hazard model.

(G) Dot plot of genetic principal components of breast cancer patients from cohorts analyzed in this study and participants in the 1000 genome project colored by

cohort or ancestry. The dotted line indicates the cutoff to determine European ancestry. AFR, African; AMR, admixed American; EAS, East Asian; EUR, European;

SAS, South Asian.

(H and I) Hazard ratios and p values of rs562556 association with breast cancer survival in different cohorts limited to European ancestry (H) or adjusted with the

first five genetic principal components (I).

(J) Multivariate analysis of rs562556, rs505151, or rs11583680 associations with breast cancer survival in TCGA-BRCA.

(K) Hazard ratios of distinct rs562556 genotypes in breast cancer-free females older than 50 years old in the UK Biobank. Hazard ratios (HRs) and p values were

calculated with two-sided Cox proportional hazard model.

(L–N) Kaplan-Meier curves of patients with stage II/III melanoma or lung cancer stratified by rs562556 genotype in TCGA-SKCM (L), TCGA-LUAD (M), and TCGA-

LUSC (N). p values were calculated with two-sided log-rank test.
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Figure S2. PCSK9 expression and its function in tumors, related to Figure 2

(A) RNA levels of PCSK9 in normal tissues (N) and tumors (T) in GTEx and TCGA. PCSK9 upregulated (downregulated) cancer type is marked in red (green).

(B) Protein levels of PCSK9 in EO771-LM2-shPcsk9 cells, EO771-LM2-sgPcsk9 cells, wild-type 4T1 cells, and MDA231-LM3-sgPCSK9 cells.

(C) Bioluminescence imaging of metastatic progression of murine breast cancer EO771-shPcsk9 and shctrl cells intravenously injected into C57BL/6J mice

(F test).

(legend continued on next page)
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(D) Bioluminescence imaging of metastatic progression of murine breast cancer EO771-LM2-sgPcsk9 and sgctrl cells intravenously injected into C57BL/6J mice

(F test).

(E) Growth of murine breast cancer EO771-LM2-sgPcsk9 and sgctrl cells orthotopically injected in C57BL/6J mice (two-sided Wilcoxon rank-sum test on tumor

volume at day 34).

(F) Bioluminescence imaging of metastatic progression of human breast cancer MDA231-LM3-sgPCSK9 and sgctrl cells intravenously injected into NSG mice

(F test).

(G) RT-PCR (top) and western blot (bottom) validation of Pcsk9 knockout mice (liver tissue was examined, two mice per group).

(H) Bioluminescence imaging of EO771-LM2-shPcsk9 cells intracardially injected into wild-type or Pcsk9 knockout mice, 14 days after injection (two-sided

Wilcoxon rank-sum test).

(I) Growth of murine breast cancer EO771-LM2-shPcsk9 cells orthotopically injected into wild-type or Pcsk9 knockout mice (two-sided Wilcoxon rank-sum test

on tumor volume at day 41).

(J) Growth of the largest spontaneous tumors in wild-type or Pcsk9 knockout mice with MMTV-PyMT transgene (two-sided Wilcoxon rank-sum test on tumor

volume at week 21).

(K) Sanger sequencing (top) and protein level (bottom) of human PCSK9 of human PCSK9 knockin mice (liver tissue was examined).

(L) Growth of murine breast cancer EO771-LM2-shPcsk9 cells orthotopically injected into hPCSK9+/+ or hPCSK9V474I/V474I mice (two-sided Wilcoxon rank-sum

test on tumor volume at day 29).

In (C)–(F), (H)–(J), and (L), mice numbers per group are indicated.
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Figure S3. PCSK9 specifically promotes metastatic initiation independent of cholesterol or immune regulatory roles, related to Figure 3

(A) Plasma cholesterol (CHOL) and LDL level of Pcsk9 knockout and wild-type mice fed a high cholesterol or chow diet (two-tailed Welch’s t test). Mice numbers

per group are indicated.

(B) Bioluminescence imaging of metastatic progression of EO771-LM2-shPcsk9 cells intravenously injected into wild-type or Pcsk9 knockout mice on high

cholesterol diet and chow diet (F test). Pcsk9�/� on HCD: n = 5, Pcsk9+/+ on chow diet: n = 10, Pcsk9+/+ on HCD: n = 10.

(C and D) Plasma cholesterol (C) and LDL (D) levels of human PCSK9 knockin mice fed chow diet (two-tailed Welch’s t test). Mice numbers per group are

indicated.

(E) Representative flow cytometry plots of samples from spleens, lymph nodes, and lungs of mice treated with isotype control versus anti-CD4 and anti-CD8

antibodies.

(F) Bioluminescence imaging of metastatic progression of EO771-LM2-shPcsk9 cells intravenously injected into T cell-depleted wild-type or Pcsk9 knockout

mice (F test, mice numbers per group are indicated).

(G) Representative flow cytometry plots of samples from the spleens and lungs of mice treated with control liposomes versus clodronate liposomes.

(H) Quantification of lung macrophages (CD45+CD24�F4/80+) of mice under control or clodronate liposome treatment.

(I) Bioluminescence imaging of metastatic progression of EO771-LM2-shPcsk9 cells intravenously injected into macrophage-depleted wild-type or Pcsk9

knockout mice (F test). Number of replicates: control liposomes + wild-type mice n = 8; control liposomes + Pcsk9 knockout mice n = 6; clodronate liposomes +

wild-type mice n = 9; clodronate liposomes + Pcsk9 knockout mice n = 8.

(J) Proliferation of EO771-LM2-shPcsk9 in vitro treated with 2 mg/mL BSA or PCSK9 (n = 4 per group).

(K and L) Quantification of number of EO771-LM2-shPcsk9 (K) and MDA231-LM3-sgPCSK9-2 (L) cells that invaded into Matrigel in vitro under the treatment of

2 mg/mL BSA or PCSK9 (number of replicates per group is indicated).

(M) Percentage of viable EO771-LM2-shPcsk9 cells when detached for 48 h under the treatment of 2 mg/mL BSA or PCSK9 (n = 4 per group).

(N) Related to Figures 3A–3C. Quantification of solitary EO771-LM2-shPcsk9 cells in the lung 48 h after injection.

(O) Representative immunofluorescence images and quantification of single, micro (2–20 cells), and macro (>20 cells) lung metastases formed by EO771-LM2-

shPcsk9 cells intravenously injected into wild-type or Pcsk9 knockout mice (18 days after injection). DAPI staining in white, Ki-67 staining in green, and mCherry

staining in purple.

(P) Multicellular lung metastasis quantification in wild-type and Pcsk9 knockout mice (n = 4 per group).

(Q) Quantification of apoptotic cells monitored by measurement of a luciferase-based caspase-3/-7 reporter normalized to total EO771-LM2-shPcsk9 cell

luciferase signal after intravenous injection into wild-type or Pcsk9 knockout mice (mice numbers per group are indicated).

p values were calculated with two-sided Wilcoxon rank-sum test. The number of fields of view of each mouse examined in (O) and (P) were: Pcsk9+/+ (211, 418,

249, and 270), Pcsk9�/� (372, 431, 389, and 317).
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Figure S4. PCSK9 targets tumoral LRP1 and drives breast cancer metastasis, related to Figure 4

(A) Protein expression of Ldlr in EO771-LM2-sgPcsk9-1 shctrl or shLdlr cells (top) and EO771-LM2-shPcsk9-dCas9KRAB sgctrl or sgLdlr cells (bottom).

(B and C) Bioluminescence imaging of metastatic progression of EO771-LM2-sgPcsk9-1-shLdlr (B) and EO771-LM2-shPcsk9-dCas9KRAB-sgLdlr cells

(C) intravenously injected into wild-type or Pcsk9 knockout mice.

(D) Protein expression of Lrp1 in EO771-LM2-sgPcsk9-1 shctrl or shLrp1 cells.

(E) Number of EO771-LM2-sgPcsk9-1 shctrl or shLrp1 cells per well in colony initiation assay in low-attachment 96-well plates.

(F) Proliferation of EO771-LM2-sgPcsk9-1 shctrl or shLrp1 cells in vitro (n = 4 per group).

(G) LRP1 and PCSK9 protein levels in EO771-LM2-shPcsk9 sgctrl or sgLrp1 (left), and MDA231-LM3-sgPCSK9-2 sgctrl or sgLRP1 (right).

(H and I) Number of EO771 (H) or MDA231 (I) cells per well in colony initiation assay in low-attachment 96-well plates with 2 mg/mL BSA or PCSK9 treatment.

Number of replicates (wells) are: EO771-LM2-shPcsk9-sgctrl + BSA (160); EO771-LM2-shPcsk9-sgctrl + PCSK9 (161); EO771-LM2-shPcsk9-sgLrp1-1 + BSA

(171); EO771-LM2-shPcsk9-sgLrp1-1 + PCSK9 (161); EO771-LM2-shPcsk9-sgLrp1-2 + BSA (160); EO771-LM2-shPcsk9-sgLrp1-2 + PCSK9 (141); MDA231-

LM3-sgPCSK9-2-sgctrl + BSA (145); MDA231-LM3-sgPCSK9-2-sgctrl + PCSK9 (142); MDA231-LM3-sgPCSK9-2-sgLRP1-1 + BSA (137); MDA231-LM3-

sgPCSK9-2-sgLRP1-1 + PCSK9 (139); MDA231-LM3-sgPCSK9-2-sgLRP1-2 + BSA (142); and MDA231-LM3-sgPCSK9-2-sgLRP1-2 + PCSK9 (134). p values

indicate comparison between BSA- and PCSK9-treated cells.

(J and K) Related to Figure 4H. Bioluminescence imaging ofmetastatic progression of EO771-LM2-shPcsk9 sgctrl (J) or sgLrp1 cells (K) treatedwith 2 mg/mLBSA

or PCSK9 for 24 h before being intravenously injected into C57BL/6J mice.

(L and M) Related to Figure 4I. Bioluminescence imaging of EO771-LM2-sgPcsk9-1 sgctrl (L) or sgLrp1 (M) cells intravenously injected into wild-type or Pcsk9

knockout mice.

(N and O) Co-immunoprecipitation of LRP1 and exogenously added 2 mg/mL His-tagged PCSK9 D374Y V474I G670E protein from MDA231-LM3-sgPCSK9-2

cells. Arrows indicate the expected sized band.

p values in (E), (F), (H), and (I) were calculated with two-sided Wilcoxon rank-sum test. p value in (B), (C), and (J)–(M) was calculated with F test. Number of

replicates per group was indicated.
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Figure S5. PCSK9 targets tumoral LRP1 and de-represses the expression of IFN-associated genes, related to Figure 5

(A–D) Normalized enrichment score (NES) of the top differentially expressed pathways revealed by GSEA in RNA-seq experiments. Each dot represents a

Hallmark pathway. Color indicates adjusted p values obtained in permutation test. Shape indicates the size of the gene set. (A) Comparing EO771-LM2-shPcsk9

cells treated with 2 mg/mL BSA or PCSK9 in vitro. (B) Comparing size-matched EO771-LM2-shPcsk9 primary tumors in Pcsk9 knockout to wild-typemice. (C and

D) Comparing EO771-LM2-sgPcsk9-1 shLrp1-1 (C) or shLrp1-2 (D) to shctrl cells in vitro.

(E) Venn diagram showing the overlap of significantly upregulated genes in different experiments.

(F) qPCR quantification of the 5-gene signature expression in EO771 cells upon Lrp1 knockdown (n = 4 per group). Two-tailed Student’s t test.

(G) Heatmap depicting the Pearson correlation coefficients among the 5-gene signature expression in TCGA-BRCA and SCAN-B primary tumors. Red indicates

Pearson’s r close to 1.

(H) Gene set enrichment analysis of the 5-gene signature in EO771-LM2-shPcsk9 primary tumors when implanted into the mammary fat pads of hPCSK9+/+ or

hPCSK9V474I/V474I mice. NES, normalized enrichment score. p value was calculated with permutation test.

(I) Kaplan-Meier curve of distant metastasis-free interval of breast cancer patients in SCAN-B cohort stratified by the mean expression of the 5-gene signature

(bottom quantile versus top quantile). Hazard ratio (HR) and p value were calculated with two-sided Cox proportional hazard model.

(J) qPCR quantification of XAF1 and USP18 expression (left) (n = 4 per group; two-tailed Student’s t test) and colony initiation assay (right) of MDA231-LM3-

sgPCSK9-1 cells transfected with sictrl, siUSP18, or siXAF1 treated with 2 mg/mL recombinant PCSK9 or BSA in low-attachment 96-well plates. Number of

wells (replicates): sictrl: BSA (n = 140) and PCSK9 (n = 131); siUSP18: BSA (n = 140) and PCSK9 (n = 127); and siXAF1: BSA (n = 122) and PCSK9 (n = 136). p values

were calculated with two-sided Wilcoxon rank-sum test.
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Figure S6. LRP1 depletion does not affect the activity of NF-kB,MAPK, or Akt/mTOR pathway; knockdown of LRP1-ICD and overexpression

of its targets, related to Figure 6

(A) Levels of total and phosphorylated NF-kB and JNK in EO771-LM2-sgPcsk9-1-shctrl or shLrp1 cells (3 replicates per group).

(B and C) Levels of total and phosphorylated ERK (B) and p38 (C) in EO771-LM2-sgPcsk9-1-shctrl or shLrp1 cells (4 replicates per group).

(D and E) Levels of total and phosphorylated Akt, mTOR, and their downstream targets in EO771-LM2-sgPcsk9-1-shctrl or shLrp1 cells (4 replicates per group).

(F) Protein expression of LRP1-ICD (17 kDa) in EO771-LM2-sgPcsk9-1 shctrl or shLrp1-2 cells. Western blotting with antibodies against lamin A/C (nuclear

marker), beta-IV-TUBULIN (cytosolic marker), and LRP1. Arrows indicate the expected sized band.

(G) Protein products of Xaf1 and Usp18 overexpression. Arrows indicate the expected cleaved and uncleaved-tagged XAF1 and USP18 protein products.

(H) qPCR quantification of Xaf1 and Usp18 overexpression (two-tailed Student’s t test). 4 replicates per group.

(I) Bioluminescence imaging of metastatic progression of EO771-LM2-shPcsk9 cells with empty vector or Xaf1 and Usp18 overexpression injected intravenously

into wild-type or Pcsk9 knockout mice (F test). Number of replicates: pCVL-empty + Pcsk9 wild type (n = 5); pCVL-empty + Pcsk9 knockout (n = 2);

pCVL_Xaf1_Usp18 + Pcsk9 wild type (n = 6); pCVL_Xaf1_Usp18 + Pcsk9 knockout (n = 4).
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Figure S7. Evolocumab treatment, the effect of statin, and rs562556 as a biomarker of breast cancer, related to Figure 7
(A) Bioluminescence imaging of metastatic progression of EMT6 cells treated with 2 mg/mL PCSK9 wild type or V474I for 24 h before being intravenously injected

into BALB/c mice (F test).

(B) Bioluminescence imaging of metastatic progression of SKBR3 cells treated with 2 mg/mL PCSK9wild type or V474I for 24 h before being intracardially injected

into NSG mice (F test).

(C) Bioluminescence imaging of metastatic progression of EMT6 cells intravenously injected into BALB/cmice treated with evolocumab or isotype control (F test).

Treatment started 2 days before tumor cell injection and continued twice a week.

(D) Bioluminescence imaging of metastatic progression of SKBR3 cells intracardially injected into NSG mice treated with evolocumab or isotype control (F test).

Treatment started 2 days before tumor cell injection and continued twice a week.

(E) Plasma cholesterol levels of C57BL/6Jmice under evolocumab or isotype control treatment (left) or control diet and statin diet (right) (two-tailedWelch’s t test).

(F) Bioluminescence imaging of metastatic progression of EO771-LM2-shPcsk9 cells intravenously injected into C57BL/6J mice on control diet or statin diet

(F test).

(G) Growth of 4T1 cells orthotopically injected into BALB/c mice treated with evolocumab or isotype control. p values were calculated with two-sided Wilcoxon

rank-sum test at the endpoint.

(H) Growth of the largest spontaneous tumors in FVB/NJ mice with MMTV-PyMT transgene treated with evolocumab or isotype control. p values were calculated

with two-sided Wilcoxon rank-sum test at the endpoint.

(I) Treatment scheme after metastasis signal of EO771-LM2-shPcsk9 cells was detected. Bioluminescence imaging of metastatic progression of EO771-LM2-

shPcsk9 cells intravenously injected into C57BL/6J mice treated with evolocumab or isotype control started as indicated (F test).

(J and K) Multivariate analysis of rs562556 genotype and common clinical covariates in association with distant metastasis-free interval (DMFI) (J) and breast

cancer-free interval (BCFI) (K) of early-stage breast cancer patients (defined as stage I, lymph node negative, and grades 2 or 3, older than 50 when diagnosed)

from the BC-blood cohort.

(L and M) Kaplan-Meier survival curve of breast cancer patients in BC-blood cohort divided by ER status (L) or molecular subtype (M) (two-sided log-rank test).

In (A)–(I), mice numbers per group are indicated.
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