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SUMMARY

HER2-targeted therapy has improved breast cancer survival, but treatment
resistance and disease prevention remain major challenges. Genes that enable
HER2/Neu oncogenesis are the next intervention targets. A bioinformatics dis-
covery platform of HER2/Neu-expressing Diversity Outbred (DO) F1 Mice was
established to identify cancer-enabling genes. Quantitative Trait Loci (QTL)
associated with onset ages and growth rates of spontaneous mammary tumors
were sought. Twenty-six genes in 3 QTL contain sequence variations unique to
the genetic backgrounds that are linked to aggressive tumors and 21 genes are
associated with human breast cancer survival. Concurrent identification of
TSC22D3, a transcription factor, and its target gene LILRB4, a myeloid cell
checkpoint receptor, suggests an immune axis for regulation, or intervention,
of disease. We also investigated TIEG1 gene that impedes tumor immunity
but suppresses tumor growth. Although not an actionable target, TIEG1 study
revealed genetic regulation of tumor progression, forming the basis of the ge-
netics-based discovery platform.

INTRODUCTION

Although major somatic drivers such as oncogenes and tumor suppressor genes have been characterized,

cancer risk genes that enable somatic driver activity remain elusive.1–3 These genes, especially immune

regulatory genes, may exert a sizable impact on clinical outcome.3 We sought such regulatory genes of

breast cancer development via two complementary approaches: conventional targeted analysis and func-

tional genomics interrogation.

A previously identified candidate cancer risk gene, TGFb-inducible early gene 1 (TIEG1), or Krüppel-like

factor 10 (KLF10), is a ubiquitously expressed transcription factor.4,5 In the immune system, TIEG1 nega-

tively regulates T-bet and GATA3 and promotes the transcription of TGFb1 and Foxp3. Upon signaling,

cytoplasmic TIEG1 is mono-ubiquitinated by the E3 ubiquitin ligase ITCH and marked for nuclear local-

ization, where TIEG1 activates the Foxp3 promoter.6,7 Foxp3 mediates the conversion of naive CD4+T

cells to immunosuppressive CD4+CD25+ regulatory T cells (Treg).8 In TIEG1�/� mice, TIEG1-induced

genes are silenced, which leads to epigenetic chromatin remodeling and impaired activation of

FoxP3, and a reduction in the conversion of peripheral Treg (pTreg).8,9 Independently, phosphorylation

of Tyr179 in TIEG1 by the tyrosine kinase Tyk2 promotes non-canonical K-27-linked polyubiquitination,

which inhibits nuclear translocation and blocks TIEG1 access to the Foxp3 promoter, effectively blocking

Treg conversion.10 Depletion of Treg enhances the anti-tumor activity of HER2 vaccines.11,12 Therefore,

we evaluated the role of TIEG1 as a cancer risk gene in pTreg-deficient TIEG1�/� mice. We further

measured the development of spontaneous mammary tumors in TIEG1-deficient NeuT mice that express

a transforming rat Neu.13

For a more comprehensive analysis, we interrogated the entire genome for regulatory genes that accel-

erate or impede HER2/Neu-induced spontaneous tumors. We established a functional genomics platform
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of BALB NeuTmice in the diversity outbred (DO) background14 to identify regulatory genes that accelerate

or impede HER2/Neu-induced spontaneous mammary tumors. DO mice were generated by non-sibling

crossing of 8 inbred founder strains (A/J, C57BL/6J, 129S1/SvlmJ, NOD/HILtJ, NZO/HiLtJ, CAST/EiJ,

PWK/PhJ and WSB/EiJ) that encompass >45 million single nucleotide polymorphism (SNP), or >90% of

all polymorphic alleles in laboratory and wild mice. Of the 8 founder strains, two wild mouse strains

CAST/EiJ and PWK/PhJ contribute over 50% of the total SNP for genetic mapping. Because the genome

of each founder strain has been fully sequenced, the genome of each DOmouse can be deduced using the

Giga Mouse Universal Genotyping Array (GigaMUGA) which displays >143,000 genetic markers, mostly

SNPs, distributed evenly across the 20 chromosomes. This array allows the inference of small chromosomal

segments, haplotype blocks, by their inbred strain of origin. DO mice express unique polymorphic alleles

with an average frequency of 12.5%, because each allele originates from one of the eight founder strains.

These mice mimic humans in their genetic heterogeneity and have been used to study complex biological

processes such as heart and renal function,15,16 response to environmental toxins17 or responsiveness to

vaccination against tuberculosis.18,19 Once the candidate genes are identified through founder haplotype

effects and their clinical significance validated in human databases, DO F1 mice, or collaborative cross F1

mice20,21 can be used for functional and therapeutics analyses.

Using DO F1 mice that express human HER2, we previously identified the MHC IB gene, H2-T23, in Chro-

mosome 17 (Chr 17) as a key regulator of HER2 vaccine response.22 H2-T23 harbors a stop codon alteration

unique to the haplotypes that are associated with stronger HER2 immunity. H2-T23 interacts with the im-

mune suppressive NK checkpoint molecule, NKG2A, indicating NK cells are regulators of HER2 vaccine

response. Indeed, HER2 vaccine response was reduced in NK depleted mice. Our successful identification

of an NK checkpoint ligand that regulates HER2 vaccine response supports the feasibility of this approach

to define regulatory genes of cancer progression.

In this study, we performed functional genomics in DO F1 NeuT mice that express a transforming rat Neu

and develop spontaneous mammary tumors to discover quantitative trait loci (QTL) that regulate breast

cancer progression. We established a progressive selection process to identify candidate genes with

unique genetic alterations associated with accelerated tumor onset age or growth rate, validated their clin-

ical relevance with large cohorts of primary and metastatic breast cancer patients, selected genes with

shared functional pathways and defined the cell types expressing the target genes by single cell RNA anal-

ysis. Through complementary cancer biology and bioinformatics analyses, we have identified genes that

can pave the way to innovative cancer interventions.

RESULTS

Neu oncogene expression in spontaneous mammary tumors visualized by ImmunoPET

imaging

Syngeneic BALB NeuT female mice express a transforming rat Neu (NeuT) and develop spontaneous mam-

mary tumors in up to 10 mammary fat pads, designated by fat pad numbers 1–10 (Figure 1A). Neu is the rat

homolog of human HER2, and NeuT mice harbor a transmembrane mutation (V664E) that confers consti-

tutive activity.23 A computed positron emission tomography, computed tomography (PET/CT) scan of a

representative BALB NeuT female showed tumors in all 10 mammary fat pads ranging in size from 3 3

4mm (18 mm3) to 6 3 8mm (144 mm3) (Figure 1B and 1C). Expression of the NeuT oncogene was assessed

by immunoPET imaging using [64Cu]Cu-NOTA-a-Neu (t1/2� 12.7 h). The radiotracer was preferentially re-

tained in the mammary tumors, as control tumor-free mice did not show fat pad retention. There was min-

imal non-specific binding in healthy tissues with the exception of the liver and bladder (Figure 1C), where

the tracer was processed for excretion.24 Control [64Cu]Cu-NOTA-IgG treatment of tumor-bearing mice

showed non-specific uptake in the peritoneal cavity, but no accumulation in the tumors (FigureS1).

Using ASIPro VMTM software (Concorde Microsystems), volumes of interest (VOI) in the PET image were

measured on various planar sections of the acquired image. The mean VOI was calculated and expressed

as % injected dose per gram of tissue (% ID/g). The % ID for the 10 tumors in Figure 1C for [64Cu]Cu-NOTA-

a-Neu totaled�60%, showing preferential retention of [64Cu]Cu-NOTA-a-Neu, in the tumors. These results

affirmed consistent expression of the Neu oncogene that drives mammary tumor progression. Expression

of Neu was further verified by flow cytometric analysis of enzymatically dissociated tumor cell to show Neu

expression in �65% of CD45 negative cells (Figure 1D).
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Single cell transcriptomic analysis of BALB NeuT mammary tissues

To fully characterize the cellular composition, single cell RNA sequencing (scRNA-Seq) was performed with

enzymatically dissociated mammary tumors and tumor-adjacent fat pad tissues from 17-week old BALB

NeuT female mice. In parallel, normal mammary fat pads from 9-week-old NeuT females were analyzed.

A total of 6064, 4502 and 4753 genes were identified in the normal, tumor-adjacent, and tumor tissues,

respectively (Figure 1E). Forty percent of the genes were shared by all three mammary tissues (2867),

whereas tumor adjacent tissue expressed fewer unique genes (307) compared with normal (1086) or tumor

tissue (811).

The R-package Seurat (v 4.0.6) was used to normalize and scale the data.25,26 Differentially expressed genes

were identified for each cluster and heatmaps for the top 5 genes based on fold change were generated

(Figure 1F–1H). The Tabula Muris database (https://tabula-muris.ds.czbiohub.org/) was queried for the 5

genes with the highest counts to determine the identity of each cluster. There were 9, 8, and 10 cell clusters

in the normal, tumor-adjacent and tumorous mammary fat pads, respectively. The cell clusters are indexed

as 0–10 with cluster 0 containing the greatest number of cells. All three samples contained 5 major cell

types: stromal, myeloid/macrophage, endothelial, lymphoid and epithelial/tumor cells (Figures 1F–1H).

Tumor cells occupied the bulk of the tumor mass to include 5 cell clusters (Figure 1H). In tumor-adjacent

mammary fat pad, stromal cells and myeloid/macrophages were the primary cell types and included 2

distinct epithelial cell clusters. In normal mammary tissue, stromal and myeloid/macrophages also made

up the major cell types and included 4 epithelial cell clusters.

Figure 1. Characterization of spontaneous mammary tumor progression in BALB NeuT mice

(A) BALB NeuT mice develop tumors in all 10 mammary fat pads, numbered 1–10.

(B) PET/CT scan of a BALB NeuT female.

(C) PET imaging with [64Cu]Cu-NOTA-a-neu probe (clone 7.16.4) showing tracer accumulation in tumors of varying sizes. White arrows indicate liver and

bladder.

(D) Flow cytometric analysis of Neu expression in CD45-negative cells from a dissociated NeuT mammary tumor.

(E) Venn diagram utilizing Venny (https://www.biotools.fr/misc/venny) depicts shared and unique genes in mammary tissue.

(F–H) scRNA-Seq analysis of (F) normal, (G) tumor-adjacent, and (H) tumorous mammary tissues. Yellow indicates genes with the highest copy numbers.
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Development of spontaneous mammary tumors in TIEG1-deficient mice

We tested if manipulation of TIEG1 alters anti-tumor immunity using B6 HER2 Tg mice that express the hu-

man ERBB2 (HER2) as a self-antigen,27 but do not develop spontaneous mammary tumors.28 C57BL/6 (B6)

TIEG1�/� mice were crossed with B6 HER2 Tg mice to generate TIEG1+/� HER2 Tg mice which were back-

crossed with TIEG1�/� mice to generate B6 TIEG1�/� HER2 Tg mice. TIEG1 deficient mice were random-

ized and electro-vaccinated with pE2TM encoding the extracellular and transmembrane domains of human

HER2 (Figure 2A). Production of IFN-g-secreting T cells was significantly higher in B6 TIEG1�/� HER2 mice

(mean G SD, 15 G 2) over their B6 TIEG1+/+ HER2 littermates (7 G 1)(p< 0.01), verifying greater immune

reactivity to HER2 in TIEG1�/� mice (Figure 2B). Loss of TIEG1 also resulted in a significantly enhanced

a-HER2 T cell response in wild type B6 mice that recognize HER2 as a foreign antigen (TIEG1�/� 355 G

83, TIEG+/+ 172 G 25) (p = 0.05) (Figure 2C). The growth of transplanted HER2+ E0771 mammary tumors

were delayed, with 40% of TIEG1�/� HER2 Tg mice remaining tumor-free 5 weeks after all TIEG1+/�

HER2 littermates developed palpable tumors (p< 0.05)29 (Figure 2D). Therefore, removal of TIEG1 resulted

in enhanced HER2 immunity and reduced tumor growth, consistent with its role in pTreg generation.

We proceeded to test if the development of spontaneous mammary tumors were similarly delayed in

TIEG1�/�, pTreg-deficient mice. Because HER2 Tg mice do not develop mammary tumors, we crossed

BALB NeuT mice with B6 TIEG1�/� mice to generate (BALBxB6) TIEG1+/� NeuT mice, which were back-

crossed with B6 TIEG1�/�mice to generate (BALBxB6) TIEG1�/�NeuTmice. The median tumor-free survival

of (BALBxB6) TIEG1�/�NeuTmicewas 21 weeks of age (woa) (Figure 2E,gray diamonds) compared to 26woa

in their TIEG1 intact (BALBxB6) NeuT littermates (Figure 2E, black squares). Control BALB NeuT mice devel-

oped tumors with median tumor-survival age of 16 woa as expected (Figure 2E, open circle). Loss of TIEG1 in

the test mice was verified by qPCR (Figure 2F). We conclude that introduction of the B6 genetic background

delayed tumor onset age, but loss of TIEG1 accelerated the development of spontaneousmammary tumors.

Accelerated tumor onset in (BALBxB6) TIEG1�/� NeuT mice suggested a loss of other critical TIEG1 func-

tions, such as tumor suppressor activity,30,31 so that tumors appeared early even though anti-tumor immu-

nity was elevated. scRNA-Seq analysis revealed that expression of TIEG1 (Klf10 gene) was nearly ubiquitous

in mammary tumor tissues (Figures 2G/2H, top panels), except for lymphocytes which express CD3d but

not TIEG1 (Figures 2G and 2H, bottom panels). Thus, the tumor suppressor activity of TIEG1 may prevail

over pTreg activity,32 such that (BALBxB6) TIEGF1�/� NeuT mice showed accelerated tumor progression

despite pTreg depletion and elevated tumor immunity.

Importantly, the observation that tumor onset was delayed on introduction of the B6 genetic background

suggested yet undefined regulatory mechanisms of mammary tumor progression. We sought to reveal

such regulatory genes by expressing NeuT in DOmice that are specifically designed for genetic linkage ana-

lysis.14BALBNeuTmicewere crossedwith individually uniqueDOmice togenerate (BALBxDO) F1NeuTmice

so that one chromosome originated from the BALBNeuT parent and the other chromosome was a mosaic of

the 8 founder strains.22,33,34 The unique, yet thoroughly defined, genetic composition of each mouse is the

basis for genetic linkage analysis and the identification of QTLs that regulate tumor growth traits.

Mammary tumor progression in (BALBxDO) F1 NeuT mice

We monitored the spontaneous tumor onset age, location, multiplicity, and growth rate in (BALBxDO) F1

NeuT mice. Palpable tumors appeared in control BALB NeuT females at 14–19 woa (Figures 3A and 3B).

Tumors appeared in (BALBxDO) F1 NeuT femalesmore variably, with onset age ranging from 9 to 23 weeks.

Also, (BALBxDO) F1 NeuT female mice developed tumors in 8.7 G 1 fat pads which is significantly higher

than the tumors in BALB NeuT female mice (7.4G 1.2 fat pads) (p< 0.001) (Figure 3C). Tumors appeared in

any of the 10 mammary fat pads in either BALB NeuT or (BALBxDO) F1 NeuT female mice.

In BALB NeuT male mice (Figure 3D, left), salivary tumors arose around 7 months of age with 100% pene-

trance and mammary tumors appeared sporadically (1.04 + 0.2SEM). Of interest, (BALBxDO) F1 NeuT

males (Figure 3D, right) developed mammary tumors more frequently (3 G 1.2 SEM) (p = < 0.0001), and

the incidence of salivary tumors was greatly reduced (1/22). In both BALB NeuT and (BALBxDO) F1

NeuT males, mammary tumors occurred primarily in the thoracic fat pads (#1–3 and #6–8), with few occur-

ring in the inguinal fat pads (#4–5 and #9–10). This contrasted with female mice that consistently developed

mammary tumors in both inguinal and thoracic mammary fat pads. Although all fat pads are composed of

white adipose tissue, there may be distinctions between thoracic and inguinal fat pads that influence

ll
OPEN ACCESS

4 iScience 26, 106320, April 21, 2023

iScience
Article



ll
OPEN ACCESS

iScience 26, 106320, April 21, 2023 5

iScience
Article



mammary tumor development in male mice.35 Taken together, heritable factors strongly influenced tumor

onset age and location.

Identification of QTL that regulate tumor onset age in (BALBxDO) F1 NeuT mice

To identify genes that regulate HER2/neu oncogenesis, we defined the QTL associated with mammary tu-

mor onset age and growth rate in (BALBxDO) F1 NeuT female mice. The haplotype profile of each mouse

was determined by GigaMUGA.14 From 86 female (BALBxDO) F1 NeuT mice, over 10 million haplotype

calls were made and depicted as A-H to represent the 8 founder strains (Table S1). Individual mouse ge-

nomes can be deduced through the inference of haplotype blocks according to their inbred strain of origin

because the genomes of the 8 founder strains have all been fully sequenced. The frequency of haplotype

calls for each founder strain averaged at the expected value of 12.5% (ranging from 11.4–13.5%), substan-

tiating the accuracy of the analysis process. The genomic uniqueness of each mouse was calculated and

displayed as the kinship matrix using the R-based R/QTL software package (https://github.com/rqtl/

qtl2).36 A kinship value of 1 (white) depicts complete identity to self, and 0 (red) means no genetic related-

ness (Figure 4A). The color shades between red and white indicate degrees of relatedness. A cohort of 86

mice with minimal relatedness was subjected to DO QTL analysis.

The association between spontaneous tumor onset age and genetic markers was calculated using the

R/QTL package and the LOD values at each genetic marker was presented in the genome scan Manhattan

plot (Figure 4B). Distinct LOD peaks or QTL were found in Chr 1 and Chr X (Figure 4B, arrows). Chr 1 QTL

(LOD = 8.6) was located at Chr 1:119,277,480 with a 95% confidence interval (CI) of 117,018,781-

121,325,220. In Chr X, two narrow peaks were identified at 140,885,460 (CI: 139,906,385-140,930,420)

(LOD = 8.0) and 140,934,630 (CI: 140,932,209-141,948,840) (LOD = 7.8).

Figure 4C/4D (upper panels) show the founder strain effect at each marker with the specific color designa-

tion of each founder strain. Positive values indicate longer than the average tumor latency period or later

tumor onset, and negative values indicate earlier tumor onset. The corresponding genome scanManhattan

plots for Chr 1 and Chr X are shown directly below the founder strain effect plot (Figures 4C/4D, lower

panels). In the Chr 1 QTL, the PWK haplotype drove early tumor onset (negative value, red line), followed

by CAST (green line) (Figure 4C). On the other hand, late tumor onset was associated with the 129 haplo-

types (positive QTL effect, salmon line). In Chr X (Figure 4D), the peak LOD region also depicted the PWK

haplotype as the primary driving haplotype for early tumor onset, followed by CAST. In the Chr 1 QTL,

longer latency of tumor onset age was associated with 129/S1 haplotype and in Chr X QTL, the WSB haplo-

type was the driver for later tumor onset.

Identification of QTL that regulate the growth rate of (BALBxDO) F1 NeuT mammary tumors

To identify the QTL that regulate the rate of tumor growth, the sum of all tumor volumes was calculated for

each mouse and a differential equation used to model the dynamical behavior37 of the tumor growth in

time: dV(t)/dt = c1 V(t) + c2 f(t). In short, the logarithm transformation of tumor volume renders a set of equa-

tions to decipher the tumor growth characteristics which is embedded in c1 and subject to subsequent

analysis. Figure 4E shows the histogram distribution of c1 (the tumor growth rate of logarithmic tumor vol-

ume) from the 86 (BALBxDO) F1 NeuT female mice. The c1 values were used in subsequent QTL analysis.

The association between c1 and all genetic markers was analyzed using R/QTL and LOD values and shown

in the genome scan Manhattan plot (Figure 4F). The most prominent peak (LOD = 6.7) was found at Chr

10:53,548,480 (CI: 46,307,095-54,362,980). The founder strain effect plot shows PWK (red line), CAST (green

line) and WSB (purple line) haplotypes driving the highest c1 or fastest growth rate (positive value) (Fig-

ure 4G). Therefore, PWK and CAST haplotypes were associated with both early tumor onset and faster tu-

mor growth.

Figure 2. TIEG1 regulates tumor immunity and tumor growth. Tumor growth was monitored using Kaplan-Meier tumor-free survival. p < 0.05 was

considered significant.

(A) C57BL/6 mice and C57BL/6 HER2 Tg mice with (n = 10) or without TIEG1 (n = 9) were electrovaccinated with pE2TM.

(B and C) IFN-g producing T cells were measured by ELISPOT assay. Data are represented as the average and SD in box and whisker plots.

(D) Growth of implanted E0771/E2 tumor in HER2 Tg mice with or without TIEG1.

(E) Onset age of spontaneous tumors in NeuT mice with or without TIEG1 (n = 9 and 7, respectively).

(F) TIEG1 expression measured by qPCR. Data are represented as pooled averages +/� SEM.

(G and H) TIEG1/Klf10 (top panels) and Cd3d (bottom panel) expression measured by scRNA sequencing.
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Figure 3. Development of spontaneous tumors in (BALBxDO) F1 mice

(A) Development of mammary tumors in representative BALB NeuT and (BALBxDO) F1 NeuT mice.

(B) The tumor onset age in BALB NeuT (open circles) and (BALBxDO) F1 NeuT mice (gray circles). Data are represented as

pooled averages at each time point.

(C) Tumor multiplicity in female BALB NeuT and (BALBxDO) F1 NeuT mice.

(D) Tumor multiplicity in male BALB NeuT and (BALBxDO) F1 NeuT mice. Thoracic mammary glands are designated #1, 2,

3, 6, 7, 8 and the inguinal glands are #4, 5, 9, 10. Diamonds indicate the presence of salivary tumors.
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Onset and treatment response of spontaneous mammary tumors in (BALBxPWK) F1 NeuT

mice

DOQTL analysis of (BALBxDO) F1 NeuT mice revealed that PWK and CAST were the driving haplotypes for

accelerated tumor onset (Chr 1 and Chr X) and growth rate (Chr 10). We proceeded to test the hypothesis

that introduction of the PWK genetic background into NeuTmice would accelerate mammary tumor devel-

opment. BALB NeuT males were crossed with PWK females and tumor growth in (BALBxPWK) F1 NeuT

mice was monitored. In the F1 mice, palpable tumors appeared at 10–13 woa (Figure 4H, black circles)

that was about 4–5 weeks earlier than the onset of syngeneic BALB NeuT tumors (p < 0.001) (Figure 4H,

white circles). By 14 weeks of age, all (BALBxPWK) F1 NeuT females had developed palpable tumors,

whereas only half of (BALBxDO) F1 NeuT mice did (Figure 4H, gray circles) and none of the BALB NeuT

mice had tumors at that age, validating PWK as the haplotype for accelerating HER2/Neu tumor

development.

Polymorphism of genes in QTL

Toward identifying the genes that contribute to tumor progression, 173 genes were located within Chr 1

(n = 59), Chr X (n = 21) and Chr 10 (n = 93) QTL (UCSC Genome Browser Gateway, GRCm38/mm10 assem-

bly) (https://genome.ucsc.edu/cgi-bin/hgGateway). Using Sanger Mouse Genome Project Release REL-

1505 (http://www.sanger.ac.uk/sanger/Mouse_SnpViewer), we screened the genes in each QTL with

LOD scores above 6.0. We identified genes that harbor missense mutations or critical insertions/deletions

(Indel) unique to tthe PWK/CAST haplotypes (Table S2). This selection process resulted in 28 candidate

genes: twelve genes in Chr 1, two in Chr X, and fourteen in Chr 10 (Table S2). The predicted protein changes

were designated as ‘conserved’, when the protein maintained a similar polarity or hydrophobicity, or ‘non-

conserved’ that could result in altered protein function. Three insertions were also identified, an in-frame

insertion in EPB41L5 (Chr 1), and 2 out-of-frame insertions in RBM41 (Chr X) and NUS1 (Chr 10) which are

predicted to lead to truncated proteins (https://web.expasy.org/translate/). In GP49A (Chr 10), an SNP is

predicted to result in a premature STOP codon (Table S2). The remaining SNP are predicted to result in

amino acid substitutions with changes in steric effects, polarity and (or) hydrophobicity.

Human genes corresponding to mouse Chr 1 and X QTL are located in human Chr 2:118,090,736-

121,820,449 and human Chr X:107,021,964-109,132,432, respectively, and in the same orientation. Homol-

ogous human genes for mouse Chr 10 QTL are found in human Chr 6:101,181,257-119,349,761 in the

opposite direction, except for LILRB4A that is in human Chr 19 (Figure 6A). Human homologues for

NEPN and GP49A (mouse Chr 10) have not been identified. Therefore 26 of 28 genes identified through

DO R/QTL analysis were found in the human genome.

Clinical indication of candidate genes

We interrogated the clinical significance of candidate genes identified in human Chr 2, Chr X, Chr 6 and Chr

19 (Table S2) by analyzing their association with breast cancer outcome using the Real World Outcomes

data (Caris Life Sciences).38 The analysis was conducted in a cohort of 3,533 women with primary breast can-

cer and a second cohort of 4,870 women with metastatic breast cancer. Whole transcriptome sequencing

was performed with mRNA isolated from formalin-fixed paraffin-embedded tumor samples using the Illu-

mina NextSeq 600 platform (Illumina, Inc., San Diego, CA) in a CAP-accredited, CLIA certificated laboratory

(Caris Life Sciences). ‘Event-free days’, or real world overall survival (rwOS), was defined as the number of

days from tissue collection to the first determination of tumor recurrence/metastatic progression or last

contact with individual patients, whichever was earlier. Patient death was assumed for any patient without

Figure 4. QTL analysis in (BALBxDO) F1 NeuT mice

(A–D) Tumor onset age was analyzed for 86 (BALBxDO) F1 NeuT mice.

(A) Kinship analysis among the 86 test mice.

(B) Manhattan plot showing two prominent QTL in Chr 1 and Chr X, respectively (red arrows).

(C) Founder strain effect in (C) Chr 1 and (D) Chr X. Upper panels show founder strain effects, with positive values indicating tumor onset age later than

average (value = 0) and negative numbers indicating the opposite. Lower panels are the LOD score of the designated chromosome.

(E) Histogram showing the slope (c1) of exponential tumor growth of the 86 (BALBxDO) F1 NeuT mice.

(F) Manhattan plot of QTL associated with the tumor growth rate. Arrow indicates peak at Chr 10.

(G) Founder strain effect of Chr 10 shown in the upper panel, where faster tumor growth is above the average and slower tumor growth is below the average.

LOD peaks are shown in the lower panel.

(H) Tumor-free survival of (BALBxPWK) F1 NeuT mice (black circles, n = 11), BALB NeuT (white circles, n = 50) or (BALBxDO) F1 NeuT mice (gray circles, n =

86). Significance between groups was compared using the logrank test. p = 0.0001 was observed between all groups.
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a claim for more than 100 days, which held true for more than 95% of patients with a recorded death in the

National Death Index (NDI).39 Significant differences in event-free days between the patient populations

whose gene expressions were above or below the median value were considered a validation of regulatory

gene activity. ‘‘Favorable’’ and ‘‘adverse’’ genes were defined by the correlation of increased gene expres-

sion with longer or shorter event-free days, respectively. We queried the de-identified datasets using

CODEai, a clinic-genomic data platform that integrates patients’ molecular data with cancer treatment

and clinical outcome information obtained from insurance claims data.40 Bonferroni correction for multi-

plicity was performed and p < 0.05 was the criteria for significance.

Median expression levels for most genes were highly similar between the primary and metastatic breast

cancer cohorts, differing by less than 10% (Table S3). The expression levels of 21 of the 26 candidate genes

were associated with rwOS in patients with primary or metastatic tumors, showing an impressive 80% on-

target identification rate (Figure 5); 9 in Chr 2 (Figure 5A), 1 in Chr X (Figure 5B), 10 in Chr 6 (Figure 5C), and

LILRB4 in Chr 19 (Figure 5D). This finding also verified the high degree of common gene orthology between

mouse and human genomes.

Candidate genes in human Chr 2 and Chr X were identified originally through mouse mammary tumor onset

age. Chr 2 is the second-longest human chromosome, containing �8% of the �30,000 human genes (Human

Genome Project), whereas Chr X is a sex-determining chromosome encoding �800 genes (Uniprot, 2018). In

the patients with primary, but not metastatic tumors, 4 out of 9 validated genes in human Chr 2 were favorably

correlated with event-free days: namely GLI2, EPB41L5, CFAP221 and SCTR (Figure 5A and Table S3). Of

these, GLI2 is critical for mammary gland development41,42 and EPB41L5 is required for E-cadherin cell-cell

adhesion,43,44 whereas the roles of CFAP221 and the secretin receptor (SCTR) are not clear.45–47 Expression

of these genes may impede early events of tumor progression but may not alter the progression of advanced

disease.

On the other hand, 5 genes were adversely associated with rwOS in both primary and metastatic diseases,

namely NIFK, TMEM185B, DBI, STEAP3, and MARCO. NIFK is a partner of KI67 and a regulator of cell pro-

liferation,48 TMEM185B is a folate receptor-associated gene,49 DBI is functional in lipid metabolism,50

STEAP3 is a p53-inducible growth inhibitor51,52 and facilitates transferrin-dependent iron uptake,53,54

and MARCO is a scavenger receptor on adipocyte-specific macrophages.55,56 Higher expression of these

genes may render a survival advantage to the tumor cells, although the mechanisms are not yet defined.

In Chr X, expression of TSC22D3 was favorable for rwOS (Figure 5B). TSC22D3 is a transcription factor that

is rapidly induced by the glucocorticoid receptor and interacts with NFKB/p52, NFKB/p65, RAF1, AP-1 and

others to regulate the transcription of downstream genes.57–61

Ten candidate genes in human Chr 6 and LILRB4 in human Chr 19 were identified originally by analyzing

mouse mammary tumor growth rate. Chr 6 contains 5.5–6% of human genes. Expression of FAM162B,

GPRC6A, RFX6 were favorably associated with event-free days for both primary and metastatic diseases.

VGLL2 and ROS1 were favorable predictors in metastatic, but not primary disease. GPRC6 mediates the

activities of androgens.62,63 RFX is associated with insulin activity and FAM162B with innervation of the co-

lon and GI tract.64 VGLL2 is a transcription factor regulating PPARg activation,65 whereas ROS1 is a proto-

oncogene with tyrosine kinase activity.66

Adverse association with the outcome of primary or metastatic diseases was found in Chr 6 genes ASCC3,

LILRB4A, DCBLD1, NUS1, CEP85L, and MCM9 (Figures 5C and 5D, Table S3). ASCC3 and MCM9 are asso-

ciated with DNA repair,67–70 CEP85L with centrosome integrity,71,72 and NUS1 with angiogenesis.73,74

DCBLD1 is an integrin receptor.75,76 Another adverse predictor for both primary and metastatic diseases,

LILRB4 on human Chr 19, is a negative regulator of inflammation and tumor immunity.77–79 This set of genes

is implicated in promoting tumor cell growth or impeding tumor immunity.

In summary, using the (BALBxDO) F1 NeuT model, we identified 28 candidate mouse genes across 3 QTL

by their associations with tumor onset age or tumor growth rate. Human homologs are present for 26 of the

28 genes (Figure 6A). Of these 26 genes, 21 were significantly associated with event-free survival in the pri-

mary and/or metastatic cancer cohort. Expression of these candidate genes may prognosticate disease

outcome in patients with breast cancer and potential targets of intervention.
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Candidate gene pathway interactions

To determine whether candidate genes exert their effect individually or in concert, we entered the candi-

date gene list into IPA’s Network Analysis tool.80–82 Because IPA employs more resources than tumor onset

age and growth rate, a more granular genetic interaction map can be constructed for direct testing. The

resulting network plot (Figure 6B) shows that 12 of the 21 candidate genes share pathways. Four genes

were central to the shared pathways: GLI2, TSC22D3, MARCO and LILRB4. All 4 genes influence the expres-

sion of immune cytokine genes IL6 and IL1B, whereas TNF expression is regulated by GLI2, TSC22D3,

LILRB4, and GPRC6A. This finding suggests immune regulation of mammary tumor progression. Of partic-

ular interest is that TSC22D3 (Chr 6), a transcription factor, regulates the myeloid molecule LILRB4 (Chr 19)

(Figure 6B, blue boxes).83,84 Both genes were associated with tumor onset and growth rate in mice

(Table S2) and significantly associated with survival in breast cancer patients (Figure 5).

Analysis of TSC22D3 and LILRB4 expression in BALB NeuT mammary tissues by scRNA-Seq revealed that

although TSC22D3 was expressed in many cell types, LILRB4 was expressed primarily in myeloid/macro-

phages in normal, tumor or tumor adjacent mammary tissues (Figure S3). All known ligands of LILRB4

were also expressed within themammary tissuemicroenvironment (Figure S3A), ALCAM (CD166) in epithe-

lial cells in normal and tumor-adjacent tissue, APOE in macrophages, and FN1 (fibronectin) in stromal cells

and tumor-associated macrophages. Expression of these ligands may enable continuous signaling via

LILRB4 in myeloid cells.

When ligand expression in patients with primary or metastatic breast cancer was queried using CODEai,

both APOE and FN1 expression were found to be adversely correlated with patient survival (Figure 6C),

whereas ALCAM expression was favorable. Together, these results indicate that modulation of the

LILRB4 signaling pathway is a plausible strategy for breast cancer intervention.

Figure 5. Kaplan-Meier survival analysis of women with primary or metastatic breast cancer

The Real World overall survival (rwOS) database was queried to determine the significance of identified genes in human breast cancer. Genes in human (A)

Chr 2, (B) Chr X, (C) Chr 6 and (D) Chr 19 were queried in either primary or metastatic breast cancer patients. The logrank test was used to compare between

groups and significance was determined as p values of < 0.05 after Bonferroni correction for multiple comparisons. Red lines indicate high gene expression,

while blue lines indicate low gene expression.
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Figure 6. Network analysis of candidate genes

(A) Human homologues of candidate genes. A check-mark indicates genes which are significantly associated with primary

or metastatic breast cancer outcome.

(B) IPA Network Analysis showing 12 genes with share pathways.

(C) Expression of the LILRB4 ligands ALCAM, APOE and FN1 were associated with event-free days in primary or

metastatic breast cancer patients using Kaplan-Meier survival analysis. Red lines indicate gene expression above the

average and blue lines indicate gene expression below the average. p values of < 0.05 were significant.
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DISCUSSION

In this study we used both conventional and functional genomics approaches to investigate regulatory

genes in breast cancer progression. Our results showed that loss of TIEG1 accelerated tumor progression

and overpowered enhanced anti-tumor immunity, but that a stringent genome wide analysis process re-

vealed humanly-relevant candidates of tumor onset and growth. TIEG1 has been associated with tumor

suppressor activity, apart from its role in Treg induction.32,85–87 Zhang et al.,88 reported that TIEG1�/�

mice showed accelerated papilloma development following chemical carcinogen exposure, consistent

with deregulated epithelial cell cycle control in the absence of TIEG1. Although an interesting molecule,

this functional dichotomy limits the utility of TIEG1 in cancer intervention.

We then established a HER2/Neu DO F1 discovery platform to associate genetic polymorphism with spon-

taneous tumor onset age and growth rate for the identification of actionable intervention targets. We per-

formed genetic linkage analysis in female (BALBxDO) F1 NeuT mice, but it’s worth noting that male

(BALBxDO) F1 NeuT mice also displayed intriguing traits, such as more extensive and accelerated devel-

opment of breast cancer with diminished salivary tumor formation, and preferential development of

thoracic over inguinal mammary tumors. Although both thoracic and inguinal fat pads are white adipose

tissue, the thoracic fat pads may provide a more permissive environment for tumor formation.35,89,90

Further investigation of the difference(s) between the thoracic and inguinal fat pads in male mice may

shed light in male breast cancer.

Interrogation of the Real-World Outcomes primary breast cancer dataset revealed 9 genes in Chr 2, 1 gene

in Chr X, 10 genes in Chr 6, and LILRB4A in Chr 19 that were significantly associated with patient event-free

days. Among the candidate genes, the simultaneous identification of LILRB4 and its transcription factor

TSC22D3, is noteworthy. LILRB4 is emerging as a myeloid cell checkpoint molecule in solid tumors.77

Compared to other cancer types, LILRB4 expression is particularly striking in breast cancer infiltrating

CD45+ cells. Genetic knockout or mAb blockade of LILRB4 in mice delayed the outgrowth of transplanted

solid tumors.77 LILRB4 is a candidate intervention target for breast cancer prevention.

In addition to revealing a myeloid cell checkpoint receptor in the regulation of mammary tumor progression,

several candidate genes are associated with normal mammary gland development (GLI2, EPB41L5) (Table S3),

lipid metabolism (SCTR, DBI) and inflammation (TSC22D3, LILRB4, MARCO). Expression of SCTR which reg-

ulates lipolysis, was favorable for breast cancer outcome, whereas DBI which regulates long-chain fatty acids in

peripheral tissues was adversely associated. Although adipocyte-specific inflammation is a key component of

healthy adipose remodeling,91 systemic inflammatory markers derived from both macrophages and

adipocytes are associated with an increased risk of breast cancer.92,93 Furthermore, MARCO, expressed by

lipid-associated efferocytotic macrophages was adversely associated with disease outcomes. The interplay

between lipid metabolism, inflammation and mammary gland development may influence HER2-induced

breast cancer. Adiposity is a known risk factor for breast cancer development94–96 with reduced levels of

adiponectin and leptin associated with an increased risk of breast cancer.93,97 In a recent study Oshi et al.

determined that the level of adipogenesis in tumors was associated with overall survival in HER2+ and triple

negative breast cancer patients and a change in macrophage infiltration.98 Further analysis of these candidate

molecules is warranted to better define their precise roles in breast cancer progression. Notably, the expres-

sion of ROS1 and VGLL2 was adversely associated with the survival of patients suffering from metastatic, but

not primary breast cancer. ROS1 is a proto-oncogene with tyrosine kinase activity.66 It may accelerate the pro-

gression of more advanced disease by synergizing with the downstream machineries of multiple oncogenes.

Although this is a speculative notion, it may be prudent to evaluate ROS1 inhibitors in clinical trials with this

new perspective. Unfortunately, themechanism of VGLL2 in cancer progression is not well defined, but higher

expression of this gene is also associated with poorer survival from metastatic breast cancer.

In this study, the driving founder strain, PWK, was verified by crossing them with BALB NeuT, i.e.,

(BALBxPWK) F1 NeuT mice. Alternatively, verification could be considered in F1 mice mated with collabo-

rative cross (CC) strains20,21 that share the QTL haplotypes. Either approach provides necessary validation

to the gene discovery process.

Regarding the logistics of DO QTL study, (BALBxDO) F1 NeuT mice were generated by breeding BALB

NeuTmale mice with DO female mice. The average litter size was 5 mice. Approximately half of the females

were NeuT+ as determined by PCR analysis, therefore, an average of 1–2 female mice per litter were
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entered into the study, with minimal genetic relatedness among the test mice. In addition, breeder DO fe-

males were used only once in the same experiment to ensure genetic heterogeneity. The genetic unrelat-

edness of test mice was demonstrated by R/QTL kinship analysis.

Winter et al. reported a DO F1 genetic risk gene study in TRAMP mice.99 TRAMP mice express Simian virus

40 large T (SV40 LT) antigen in prostatic epithelium under the rat probasin promoter so that male mice

develop prostate cancer. Prostate cancer in TRAMP mice has mixed phenotypes. Still, (B6xDO) F1

TRAMP mice showed more variable tumor progression when compared to those in a syngeneic B6 back-

ground. A QTL in chromosome 8 was associated with more aggressive disease, but candidate genes

were not identified based on founder QTL effect. Rather, RNA expression levels were analyzed against dis-

ease aggressiveness. One limitation of the TRAMP model is the use of SV40 LT as the cancer driver.

Because SV40 is not a natural driver in human prostate cancer, genes associated with SV40 LT oncogenesis

may not reflect the regulatory mechanism(s) in the human prostate. For impactful gene discovery, it is

important to interrogate model systems induced by actual human oncogenes or carcinogens so that the

captured cancer risk genes are relevant to human diseases.

Yang et al. interrogated DO mice exposed to dimethylbenz[a]anthracene (DMBA) to identify four genes

associated with the development of pancreatic cancer: Epha4 (an ephrin receptor, important in develop-

ment), Gpc5 (Glypican 5, involved in cell growth and division), Kcnj6 (potassium channel gene) and Arid1b

(a component of the SWI/SNF chromatin remodeling complex).100 A single SNP in Gpc5, which was

associated with reduced gene expression, demonstrated the strongest correlation with pancreatic cancer

progression and a putative suppressor of disease progression. Consistent with our findings, the authors

identified genes involved in development, cell growth and chromosomal integrity.

To the best of our knowledge, ours is the first report that revealed heritable risk genes associated with HER2

or any oncogene-induced tumors. That human cancer risk genes were predicted from the candidate mouse

genes validates the process and discovery power of the DO F1 platform. These genes provide avenues for

disease prediction, treatment, or prevention.

Limitations of the study

In this study, we interrogated DO F1 mice as opposed to DO mice. DO mice carry 2 mosaic chromosomes

and 36 possible diplotypes, whereas DO F1 mice carry a single mosaic chromosome from the DO parent,

resulting in 8 possible diplotypes. Thus when the haplotype from a DO founder strain drives the phenotype

as we observed with PWK and CAST, the contributing genes are dominant because only one copy of the

gene is present. Recessive genes are much less likely to be discovered in this platform and this is a limita-

tion. The reduced degrees of freedom also reduced the sample size required for genetic linkage analysis

and enabled us to obtain meaningful results with �100 mice. We recognize, however, that adding more

mice to the study can improve clarity in identifying candidate genes. In this study, we focused on genes

which harbored SNP in the coding regions; however, many SNP are found in non-coding regions and

thus excluded by the current analysis. Future work will investigate SNP in non-coding region(s) utilizing

ATAC-seq and RNA-seq on the same samples. scRNA-Seq is a powerful tool in identifying cell populations

expressing gene(s) of interest. This approach captures gene expression at a selected timepoint and this

could be a limitation. The scRNA libraries we reported here do not fully capture the dynamics of gene

expression during tumor development.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

7.16.4 (anti-neu) Millipore EMD RRID:AB_2246567

CD45-APC BioLegend RRID:AB_2876537

PE-goat-anti-mouse IgG Jackson ImmunoResearch RRID:AB_2338629

IFN-gamma capture BD Biosciences RRID:AB_395387

IFN-gamma detection BD Biosciences RRID:AB_395374

Chemicals, peptides, and recombinant proteins

AEC substrate BD Biosciences Cat#551951

Collagenase D Millipore Sigma Cat#11088858001

Collagenasetype 2 Worthington Biochemicals Cat#LS004176

Deoxyribonuclease I Sigma-Aldrich Cat#D4263_5VL

RBC lysis buffer ThermoFisher Cat#00-4300-54

Debris removal kit Miltenyi Biotec Cat#130-109-398

TRIZOL reagent ThermoFisher Cat#15596018

Recombinent HER2-ECD-Fc protein SinoBiological Cat#10004-H02H

Critical commercial assays

Next GEM single cell 3’ reagent kit 10X Genomics Cat#1000121

ProtoScript II first strand cDNA synthesis kit New England Biolabs Cat#E6560S

iTaq universal SYBR Green supermix Bio-Rad Laboratories Cat#1725120

GigaMUGA Neogen Cat#550

Deposited data

Mouse genomic data UCSC Genome Browser, mm10 https://genome.ucsc.edu/index.html

Mouse strain gene polymorphism

and insertions/deletions

Sanger Mouse SNP viewer

(no longer available)

www.sanger.ac.uk/sanger/Mouse_SnpViewer

Redirected as: https://www.mousegenomes.org

Ingenuity Pathway Analysis (IPA) Qiagen https://www.qiagen.com/us/products/

discovery-and-translational-research/next-

generation-sequencing/informatics-and-

data/interpretation-content-databases/

ingenuity-pathway-analysis/

Single cell RNA sequencing libraries NCBI sequence read archive (SRA) RPJNA929714

R code for QTL analysis and single cell analysis Zenodo https://doi.org/10.5281/zenodo.7059111

Experimental models: Cell lines

E0771/E2 Radkevich-Brown et al.28 RRID:CVCL_GR23

Experimental models: Organisms/strains

C57BL/6:C57BL/6NCrl Charles River RRID:IMSR_CRL:027

HER2 Tg:B6.Cg-Pds5bTg(WAP-ERBB2)229Wzw/J Jackson Laboratories RRID:IMSR_JAX:010562

BALB/c:BALB/cJ Jackson Laboratories RRID:IMSR_JAX:000651

Diversity Outbred (DO):J:DO Jackson Laboratories RRID:IMSR_JAX:009376

PWK:PWK/PhJ Jackson Laboratories RRID:IMSR_JAX:003715

C57BL/6 TIEG1-/-:TIEG1 knock-out Gift from Dr. V. Poojary N/A
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and materials should be directed to and will be fulfilled by

the lead contact, Wei-Zen Wei (weiw@karmanos.org).

Materials availability

This study did not generate new unique reagents.

Data and code availability

d The datasets analyzed during the current study are available from open access databases. Accession

numbers are listed in the key resources table, Deposited Data section, NCBI SRA ID PRJNA929714.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Oligonucleotides

Neu-forward: ATCGGTGATGTCGGCGATAT ThermoFisher N/A

Neu-reverse: GTAACACAGGCAGATGTAGG ThermoFisher N/A

mTIEG1-forward: GTCTC

AGTGCTCCCGTCTGT

ThermoFisher Subramaniam et al.5

mTIEG1-reverse: CCACCG

CTTCAAAGTCACTC

ThermoFisher Subramaniam et al.5

mGAPDH-forward: CGTC

CCGTAGACAAAATGGT

ThermoFisher Subramaniam et al.5

mGAPDH-reverse: TCAATGA

AGGGGTCGTTGAT

ThermoFisher Subramaniam et al.5

Recombinant DNA

pCMV5/E2TM; extracellular and

transmembrane portions of

human ERBB2/HER2

Generated in-house Jacob et al.101

pCVM5 Gift of Dr. D.W. Russell, UT Southwestern Andersson et al.102

Software and algorithms

Cellranger 10X Genomics https://support.10xgenomics.com/single-

cell-gene-expression/software/pipelines/

latest/what-is-cell-ranger

Seurat Dorrity et al.25 https://satijalab.org/seurat/index.html

R N/A https://www.r-project.org

Rstudio Posit https://www.rstudio.com/products/rstudio/

EnrichR Xie et al.103 https://maayanlab.cloud/EnrichR/

Tabula Muris Tabula Muris et al.104 https://tabula-muris.ds.czbiohub.org

Venny N/A https://www.biotools.fr/misc/venny

Reactome N/A https://reactome.org

R/qtl2 Broman et al.36; Gatti et al.34 https://rqtl.org/qtl2cran

Expasy N/A www.expasy.org/translate

Enl database N/A www.enl.org

FlowJo N/A https://www.flowjo.com/solutions/flowjo

CodeAI Caris Life Sciences Proprietary

Other

[64Cu]Cu-NOTA-IgG McCarthy et al.105 N/A

ELISPOT plates Millipore Sigma Cat#MSIPS4W10
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d All original code has been deposited at Zenodo and is publicly available as of the date of publication.

DOIs are listed in the key resources table in the Deposited Data section, ID: 10.5281/zenodo.7059111.

d Real world breast cancer survival data reported in this study cannot be deposited in a public repository

because of rights of ownership. To request access, contact Joanne Xiu (jxiu@carisls.com).

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All animal procedures were conducted in accordance with the U.S. Public Health Service Policy on Use of

Laboratory Animals and with approval by Wayne State University Institutional Animal Care and Use

Committee.

B6 HER2 Tg mice

Eight weekold C57BL/6 female were purchased from Charles River Laboratory and bred with C57BL/6 (B6)

males carrying a single copy of the human ERBB2 (HER2) transgene under the WAP promoter.27 The line

was maintained by breeding HER2 positive males with B6 females. These mice to not develop spontaneous

mammary tumors and are cared for in standard animal housing.

B6 TIEG1-/-HER2 Tg mice

Eight weekold C57BL/6 female mice were purchased from Charles River Laboratory and maintained in the

Animal Facility for breeding with male C57BL/6 TIEG1-/- mice (a gift from Dr. V. Poojary) to generate B6

HER2/TIEG1+/- F1 mice. To generate HER2/TIEG1-/- mice, F1 mice were backcrossed into B6 TIEG1-/-

mice. These mice do not develop spontaneous mammary tumors.

BALB NeuT mice

Six to eight weekold female BALB/c mice were purchased from Jackson Labs to breed with BALB NeuT

male mice carrying a single copy of activated rat neu, the homologue of human ERBB2.23 Mice were main-

tained in standard animal housing. Female NeuT-expressing mice develop spontaneous mammary tumors

beginning �14 weeks of age and were palpated beginning at 10 weeks of age.

(BALBxB6) TIEG1-/- NeuT mice

BALB NeuT male mice were bred with B6 TIEG1-/- mice to generate (BALBxB6) TIEG1+/- NeuT F1 mice. F1

NeuT+/-, TIEG1+/- male mice were then backcrossed to female B6 TIEG1-/- mice to generate (BALBxB6)

TIEG1-/- NeuT mice. Mice were housed in standard animal housing. Female mice were palpated for spon-

taneous tumor development beginning at 10 weeks of age.

(BALBxDO) F1 NeuT mice

Eight to ten weekold female Diversity Outbred (DO) mice were purchased from Jackson Laboratories

(strain DO:J) and bred with BALB NeuT male mice to generate (BALBxDO) F1 NeuT mice. Mice were main-

tained in standard housing and palpated for spontaneous tumor development beginning at 8 weeks of age

to capture possible early spontaneous mammary tumors.

E0771/E2 cell line

E0771/E2 cells are on the C57BL/6 background and were provided by Dr. Daniel Allendorf (James Graham

Brown Cancer Center, Louisville, KY). E0771/E2 were generated by transfecting E0771 with HER228 and are

maintained in culture in SDME media with 10% fetal calf serum containing 500mg/ml neomycin. Mice were

implanted in the flank with 2x105 cells in 100ml sterile phosphate buffered saline.

Tumor growth in BALB NeuT mice

BALB NeuT mice (provided by G. Forni and F. Cavallo, University of Torino, Torino, Italy, federica.cavallo@

unito.it) were maintained in our facility by matingmale NeuTmice with 6-8 weekold female BALB/c mice.106

Homozygous Neu+/+ mice die in utero, thus the presence of the remaining copy of the NeuT transgene was

determined with PCR (primers listed in key resources table) from 0.5 cm of tail tissue when pups were

21 days of age.107,108
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Tumor growth was monitored by palpation and measured with a vernier caliper two to three times per

week. Tumor volume was calculated with the formula XY2/2 where X is the long axis and Y is the short

axis of the tumor. Tumor onset time is defined as the age of the mouse when the total volume of all spon-

taneous tumors reaches 63 mm3. To model tumor growth rate, a differential equation was used to model

the dynamical behavior of the tumor growth in time.37 The typical trajectory of tumor growth consisted of

an initial ‘rise’ period, followed by a ‘rapid’ exponential growth period (Figure 3A). Euthanization was

required before the growth rate had plateaued. Thistype of growth rate is highly nonlinear and not a scaler

constant. A differential equation was used to model the dynamical behavior of tumor growth in time (Equa-

tion 1).37 The change in tumor volume is governed by a dynamic mechanism over time ‘t’. The equation

incorporates both the autonomous cell division rate c1V(t) and an external driving force c2f(t) to accommo-

date treatment intervention as the study progresses.

The result is a first-order differential equation,

dVðtÞ
dt

= c1VðtÞ+ c2f ðtÞ (Equation 1)

where ‘V(t)’ denotes the tumor volume which is a function of time ‘t’; ‘c1’ is a proportional constant or

growth rate determined from the tumor growth data. f(t) denotes an external driving force, also a function

of time ‘t’. It can be used to model the impact of immune attack, treatment response, etc. ‘c2’ is a scaler

constant. When ‘c2’ takes a value of 0, it denotes an absence of an external driving force (thus autonomous

tumor growth), while a value of 1 denotes the application of an external force f(t).

In the autonomous mode when c2 = 0, the solution of the differential Equation 1 has a closed form,

VðtÞ = eðc1t + c0Þ (Equation 2)

where ‘e’ is the natural exponent (or Euler’s number) with a value of 2.7182, and c0 is an offset constant. c0
and c1 are determined from the experimental data. When ‘c1’ is positive, Equation 2 models a growing tu-

mor; when c1 is a negative value, Equation 2 describes a shrinking tumor. In general, ‘c1’can be a time-vary-

ing function to model complex interactions within the tumor. In this study, ‘c1’ is a positive constant that

represents tumor growth rate.

Taking a natural logarithm transformation of the total volume, Equation 2 converts the original exponential

growth curve into a linear function of ‘t’, as shown in Equation 3.

LnðVÞ = c1t + c0 (Equation 3)

LnðVÞ becomes a linear function in time ‘t’ with a constant slope ‘c1’. The region of exponential growth was

identified empirically from the tumor size data and the slope c1 of LnðVÞ was calculated from the slope of

the trend line of the LnðVÞdata for each mouse.

ImmunoPET tumor imaging

BALB NeuT mice bearing spontaneous mammary tumors were injected i.v. in the lateral tail vein with [64Cu]

Cu-NOTA-a-Neu (�180–240 mCi/mouse, 42.8–57.1 mg in 150 mL sterile saline, clone 7.16.4) or control [64Cu]

Cu-NOTA-IgG.105 Imaging was acquired from 4 to 72 hours post injection (p.i.). The animals were anesthe-

tized with 3-5% isoflurane (Baxter Healthcare) in air for induction, then lowered to 1.5% to 2% for mainte-

nance. Images were acquired with a microPET R4 camera (Siemens Medical Solutions, USA, formerly Con-

corde Microsystems). Manually drawn three-dimensional volumes of interest (VOI) were selected to

determine maximum and mean percent injected dose per gram (%ID/g) in target tissues. Images were

decay-corrected to the time of injection and analyzed for tracer uptake using ASIpro VMTM software

v. 6.3.3.0.

Single cell RNA (scRNA-Seq) analysis

Single cell transcriptome libraries of whole mammary fat pad or mammary tumor tissue were generated.

Lymph nodes embedded in #4 and #9 fat pads were removed before fat pads were harvested and pooled.35

Spontaneous tumors at 65-300 mm3 without visible necrosis were dissected out without surrounding

mammary fat pad tissue as the source of the ‘tumor’ scRNA-Seq library. Mammary tissue surrounding tumor

tissue was collected for generation of an ‘adjacent’ library. Tissue was minced finely with scalpels and enzy-

matically dissociated (4mMNaHCO3, 0.01MHEPES, 2.5mg/ml Collagenase D [Millipore Sigma, Burlington,
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MA] and 5mg/ml Collagenasetype 2 [Worthington-Biochemical, Lakewood, NJ] in RPMI media). Following

filtration (70mm filter [Miltenyi Biotech, Auburn, CA]) and washing (500xg for 10 minutes), red blood cells

were lysed utilizing RBC lysis buffer (ThermoFisher, Waltham, MA) and debris removed using the debris

removal kit (Miltenyi Biotech, Auburn, CA), per the manufacturer’s protocol. Samples with viability above

�90% proceeded to single cell library construction using the 10X Genomics Chromium Next GEM Single

Cell 3’ Reagent kit (v3.1 chemistry) and Chromium Single Cell Controller per themanufacturer’s instructions

(https/assets.ctfassets.net/an68im79xiti/1eX2FPdpeCgnCJtw4fj9Hx/7cb84edaa9eca04b607f9193162994de/

CG000204_ChromiumNextGEMSingleCell3_v3.1_Rev_D).109 cDNA libraries were sequenced (NextSeq 500,

Illumina, San Diego, CA) to a saturation of 60-70%, with an average of 50,000 UMI counts/cell at the Center for

Molecular Medicine and Genetics Genomics Core, Wayne State University. Reads were demultiplexed,

aligned to the refdata-cellranger-mm10-2020-A, barcodes processed and UMI counts obtained using 10X

Genomics’ Cell Ranger version 4.0.0.

The transcript profiles of cell clusters were integrated and analyzed using the R-based package Seurat

v4.0.6 (https://satijalab.org/seurat/index.html) using UMAP dimensional reduction with a resolution of

0.3.25,26 Fold change values, heatmaps, dotplots and top gene IDs were generated using Seurat. Cluster

identity was made by using the top 5 genes as input to EnrichR103 and verified using Tabula Muris.104

The Venn diagram was generated utilizing Venny (https://www.biotools.fr/misc/venny) and unique path-

ways using reactome (https://reactome.org).

Mouse model: TIEG1-/-

All animal procedures were conducted in accordance with the U.S. Public Health Service Policy on Use of

Laboratory Animals and with approval by Wayne State University Institutional Animal Care and Use

Committee.

Generation of HER2/TIEG1 knock-out mice was performed by crossing C57BL/6 TIEG1-/- mice (provided

by Dr. Venuprasad Poojary) with C57BL/6 (B6) mice purchased from Charles River Laboratory (RRID in

key resources table). B6 HER2/TIEG1+/- mice were generated by crossing B6 HER2 Tg mice (B6.Cg-

Pds5bTg(WAP-ERBB2)229Wzw/J in key resources table) with B6 TIEG1-/-. Mice carrying the HER2 transgene

were then backcrossed to B6 TIEG1-/- to generate B6 HER2/TIEG1-/- mice. B6 HER2/TIEG1-/- mice were

electro-vaccinated intramuscularly (im, ep) with 50mg plasmid DNA encoding the extracellular and trans-

membrane portions of human ERBB2 (pE2TM)(sequence has been reported in101) and mouse 20mg GM-

CSF (pGM-CSF)(provided by Dr. N. Nishisaki at Osaka University, Osaka, Japan). The blank vector,

pCMV5,102 was the control.

Following vaccination, B6/HER2 and B6/HER2/TIEG1-/- mice were challenged with HER2-expressing mam-

mary E0771/E2 cells. E0771/E2 cells were provided by Dr. Daniel Allendorf (James Graham Brown Cancer

Center, Louisville, KY) and were generated by transfecting E0771 with HER2.28 Tumor growth was moni-

tored by palpation and measured with a vernier caliper two to three times per week. Tumor volume was

calculated with the formula XY2/2 where X is the long axis and Y is the short axis of the tumor.

To generate NeuT/TIEG1 knockout mice, BALB NeuT mice were crossed with B6 TIEG1-/- mice to generate

(BALBxB6) F1 NeuT/TIEG1+/- mice, which were then backcrossed with B6 TIEG1-/- mice to generate

(BALBxB6) B1 NeuT/TIEG1-/- mice. Tumor growth was monitored as for B6/HER2/TIEG1-/- or NeuT, as

above.

HER2-specific T cell response

HER2 reactive T cells were enumerated by IFN-g ELISPOT.29,110 IFN-g ELISPOT reagents were purchased

from BD Biosciences. Spleens were harvested at 6 weeks following the last pE2TM vaccination and disso-

ciated to form single cells. Splenocytes were incubated in ELISPOT plates coated with IFN-g capture mAb

for 48 hrs with recombinant HER2 protein (ecd-Fc fusion; SinoBiological). Biotinylated IFN-g detectionmAb

was added for 2 hours and AEC substrate added to develop the spots. Results were expressed as the num-

ber of cytokine-producing cells per 106 SC. Data were analyzed using the student’s t test.

qPCR analysis of TIEG1 expression

Real-time qPCR of mouse TIEG1 in TIEG1+/- and TIEG1-/- NeuT mice. Tumor tissue samples were snap

frozen in liquid nitrogen, total RNA isolated using Trizol reagent (ThermoFisher), and cDNA synthesized
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with ProtoScript II First Strand cDNA Synthesis kit (New England Biolabs). TIEG1 expression was deter-

mined using real-time qPCR performed with iTaq Universal SYBR Green Supermix (Bio-Rad Laboratories)

as recommended by the manufacturer. Mouse GAPDH (mGAPDH) RNA was amplified simultaneously in

each reaction. Relative TIEG1 expression was calculated using the DDCt method, compared to GAPDH.

Primers for mTIEG1 and mGAPDH are listed in the key resources table.

Mouse model: Diversity outbred NeuT F1

DOmice (J:DO, stock #009376) were purchased from the Jackson Laboratory. BALB NeuT mice were main-

tained in our facility bymatingmale NeuTmice with female BALB/c mice as described above.106 NeuTmale

mice were bred with DO female mice to generate (BALBxDO) F1 NeuT negative and (BALBxDO) F1 NeuT

heterozygous (referred to as NeuT) mice. All NeuT+/- mice were monitored for tumor onset and growth.

Tumor growth was monitored by palpation and measured with a vernier caliper two to three times per

week. Tumor volume was calculated with the formula XY2/2 where X is the long axis and Y is the short

axis of the tumor. Tumor onset time was defined as the age of the mouse when the total volume of all spon-

taneous tumors reaches 63 mm3. Two NeuT female mice per litter were randomly selected for genetic link-

age analysis. Tumor onset in male NeuT mice was also observed but linkage analysis is not reported here

due to low mouse numbers.

The PWK strain drives aggressive tumors

We collaborated with Jackson Laboratories to mate female PWK/PhJ mice with heterozygous male BALB

NeuTmice at the Jackson Laboratory to generate (BALBxPWK) F1 NeuTmice. Tumor onset and growth was

monitored in our animal care facility from the age of 5 wks, as described.

Mouse genotyping and QTL analysis

The genotype of each test (BALBxDO) F1 NeuT mouse was determined using the Giga Mouse Universal

Genotyping Array (GigaMUGA), built on the Illumina Infinium platform.111 The assay is performed centrally

at Neogen. https://genomics.neogen.com/en/mouse-universal-genotyping-array.

DO QTL or the later R/qtl2 software package was used to calculate genotype probabilities from

GigaMUGA with a hidden Markov Model that generates a probabilistic estimate of the diplotype state

at each marker locus in each DO animal and evaluates the association between genotype and phenotype

(https://rqtl.org/qtl2cran).34,36,112,113 Genotyping data for the DO founders are available at https://www.

jax.org/research-and-faculty/genetic-diversity-initiative/tools-data/diversity-outbred-reference-data. DO

mice carry 36 possible diplotypes while (BALBxDO) F1 mice have only 8 possible haplotypes in addition

to the BALB/c haplotype. With 8 degrees of freedom in the genome scan analysis, the F1 model has a

greater probability of detecting QTLs than the DO model with 36 degrees of freedom.

Analysis of the impact of SNP

Published literature (NCBI protein) and publicly available databases (USCS Genome Browser; Sangar

mouse SNP Viewer) (FigureS2) were utilized to determine changes in amino acids. Specific changes to

DNA were identified using the Sangar mouse database, protein reading frame determined by Expasy anal-

ysis (www.expasy.org/translate) and verified using NCBI Nucleotide and BLAST databases. The location of

binding motifs was identified using the Enl database (www.enl.org).

Real-world database analysis

We queried the deidentified real-world evidence (RWE) dataset from the Caris Life Sciences using CODEai,

a real-word clinic-genomic data platform that integrates patient’s molecular data with cancer treatment

and clinical information obtained from insurance claims data.38 Breast cancer patients with whole transcrip-

tome sequencing performed on mRNA isolated from a formalin-fixed paraffin-embedded tumor sample

using the Illumina NovaSeq platform (Illumina, Inc., San Diego, CA) were included in the analysis. Cohorts

included 4,920 patients with metastatic disease and 3,568 patients with primary tumors. RWE overall sur-

vival (rwOS) was calculated for all cases, which was defined as time of tissue collection date to either death

or last contact in the insurance claims repository. As previously reported, patient death was assumed for

any patient without a claim for more than 100 days, which holds true for more than 95% of patients with

a recorded death in the NDI (National Death Index).39 Cases were grouped by expression of individual
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genes. The 26 heritable cancer risk genes were compared in patients with greater than median normalized

gene expression to those with less than median normalized gene expression.

Network analysis

A list of candidate genes was generated and used as input to query Ingenuity Pathway Analysis (IPA). The

Network Analysis tool was used to identify candidate genes which influenced similar genes.

Flow cytometry

BALB NeuT tumors were enzymatically dissociated using the enzymatic digestion buffer described in the

scRNA-Seqmethod (above) and stained usingmAb 7.16.4 (Millipore) to detect rat neu epitope114 and APC-

conjugated CD45 (BioLend). PE-goat-anti-mouse IgG (Jackson ImmunoResearch Laboratories, Inc., West

Grove, PA) was the secondary Ab. Samples were analyzed on a BD FACScanto II using FlowJo v10.5 soft-

ware (TreeStar, Ashland OR).

QUANTIFICATION AND STATISTICAL ANALYSIS

Murine tumor-free survival was graphically summarized using Kaplan-Meijer curves and compared using

the log-rank test with a p<0.05 considered significant. Differences in Ab concentration and IFN-g-secreting

T cells were analyzed using a paired student’s t test.

Support intervals for DO QTL localization were determined using a 95% Bayesian credible interval.115 The

logarithm of the odds (LOD) curve is transformed by raising it to the power of 10 and a region covering 95%

of the area under the transformed curve defines the support interval. The area under the curve is numeri-

cally approximated using trapezoids between the marker loci. Allele association was inferred by the strain

influence on the QTL. Alleles were examined using the SNP viewer: www.sanger.ac.uk/sanger/

Mouse_SnpViewer and filtered on the consensus regions.

In the real world overall survival (rwOS) analysis, the survival outcomes were compared between groups us-

ing the log-rank test and the corresponding p-value was corrected for multiplicity using Bonferroni

correction.116–118
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