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  An archetype for precision oncology:
  HER2 gene amplification as a biomarker and therapeutic target

Treatment selection
   ~10-15% of breast cancers 
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HER2 diagnostics

Can we replicate the HER2 success story? 

Xia et al. 2023
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➢ Integrative clusters (ICs) based on genomic & 
transcriptomic data from 1k tumors in METABRIC

➢ Validated in >10,000 early-stage tumors

➢ ICs resolve the heterogeneity amongst luminals

➢ Different genomic drivers; four with amplified 

oncogenes, similar to HER2

    

The molecular map of breast 
cancer redefined

Discovery cohort 

ERBB2/HER2

FGFR1

RPS6KB1/PRR11

RSF1/EMSYCCND1/FGF3

MYC

Curtis et al. Nature 2012

Amp

Del



The molecular map of breast 
cancer redefined

ERBB2/HER2

FGFR1

RPS6KB1/PRR11

RSF1/EMSYCCND1/FGF3

MYC

Curtis et al. Nature 2012

Amp

Del

Discovery cohort 



FGFR1
ZNF703

MYC

ERBB2

S6K1

IC6

IC9
IC1

IC5

PAK1
RSF1

IC2

IC2

FGF3
CCND1

ERBB2HER2

F
re

q
u

e
n
c
y
 

(n
=
9

9
7
 b

re
a

s
t 
c
a
n
c
e
rs

)

Chromosome

HER2 is an exemplar but not unique; 
amplified oncogenes define breast cancer subgroups

Amp

Del

Curtis et al. Nature 2012



The integrative clusters (ICs) predict relapse two 
decades after diagnosis

Rueda et al. Nature 2019
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The integrative clusters (ICs) predict relapse two 
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A pressing clinical challenge: 
Late distant recurrence in ER+/Her2- breast cancer 

➢ Meta analysis of 75k women with 
early-stage ER+ BC who received ET

➢  Even node-negative women have a 
persistent risk of recurrence & death 

➢ Critical need to identify biomarkers to 
stratify risk

Pan et al. NEJM 2017



The four high-risk subgroups account for one quarter of 
ER-positive tumors and most distant metastases

75% 25%

80% Estrogen-receptor (ER)+

15%

Curtis et al. Nature 2012 

Rueda et al. Nature 2019 
Houlahan, Mangiante et al. Nature 2025



The four high-risk subgroups harbor characteristic 
genomic amplifications spanning oncogenic drivers

17q23 amplicon 8p12 amplicon 8q24 amplicon 11q13 amplicon

IC6 - 5.5% IC9 - 8% IC2 - 4.5%IC1 - 8% cases

PI3K/Akt/mTOR 

pathway overactivation

FGFR1 signaling MYC/ER signaling FGF/CCND1 activation

20q13 amplicon

* *

These amplicons are associated with intrinsic endocrine resistance
Turner Can Res 2010; Shang PLoS One 2013; Drago Clin Cancer Res 2019; Lee Nat Comm 2020

Rueda et al. Nature 2019



The high-risk ER+ ICs are enriched amongst 
young women: SOFT trial

Luen et al. Annals Onc 2023 (Sherene Loi)



Newly diagnosed 
ER+ patients

TERPSICHORE: Targeting Estrogen Receptor-Positive Selected 

Integrative Clusters at High-risk Of Relapse (NCT05101564)

Screen
for biomarker
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Biomarker-driven clinical trials in early-stage 
high-risk ER+ breast cancer

Jennifer Caswell-Jin, MD
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Improved Trial Design

New Drug Combinations

Real World Data

Learn from patients on 

trial:

Why did it work?

Why didn’t it work?

Mode of action?

Target discovery 
Post-treatment 

samples

Markers of cell 
existence and survival

HER2 pathway members 
and other cancer markers 

Markers of immune 
response

28 patients with invasive HER2+ breast cancer

84 samples (3/patient)

Baseline to Runin: approx. 21 days 

Runin to Surgery: approx. 126 days 

Pre-treatment 
Baseline biopsy

On-treatment Runin
biopsy
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Cohort Characteristics n=28 (100%)

Treatment Arm

   Arm 1 (Trastuzumab) 8 (29%)

   Arm 2 (Lapatinib) 5 (19%)

   Arm 3 (Trastuzumab + Lapatinib) 15 (54%)

pCR Status

   pCR 14 (50%)

   no pCR 14 (50%)

ER Status

   ER+ 14 (50%)

   ER- 14 (50%)

Pam50 Status: Baseline

     HER2-Enriched 15 (54%)

     Normal-like 7 (25%)

     Basal 2 (7%)

     LuminalA 1 (3.6%)

     LuminalB 2 (7%)

     No Data 1 (3.6%)

Pam50 Status: Runin

     HER2-Enriched 6 (21%)

     Normal-like 17 (61%)

     LuminalB 1 (3.6%)

     No Data 4 (14%)

Tumor Size

   T1 4 (14%)

   T2 13 (46%)

   T3 8 (29%)

   T4 2 (7.1%)

    No Data 1 (3.6%)

Tumor Grade 

    G1 1 (3.6%)

    G2 8 (29%)

    G3 14 (50%)

   No Data 5 (19%)

Age

    < 40 yrs 5 (19%)

    40-60 yrs 20 (71%)

    > 60 years 3 (11%)
Race 

    Caucasian 22 (79%)

    Asian 3 (11%)

    Black 2 (7.1%)

    Hawaiian/Pacific Islander 1 (3.6%)

Ethnicity

    Hispanic 6 (21%)

    Non-Hispanic 22 (79%)
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How do the Integrative Subtypes distribute across stage?

What are the mutational processes that fuel the 

Integrative Subtypes?

Does the tumor-immune microenvironment vary?



What are the mutational processes that drive 
progression across disease stage and subtype?

Houlahan, Mangiante et al. Nature 2025



What are the mutational processes that drive 
progression across disease stage and subtype?

Houlahan, Mangiante et al. Nature 2025



The high-risk ER+ subgroups are detectable in 
DCIS and enriched in metastases

Houlahan, Mangiante et al. Nature 2025
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Structural variants are coincident with recurrent 
amplifications in ER+ High-risk tumors



Structural variants are coincident with recurrent  
amplifications in ER+ High-risk tumors
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ER+ Typical-risk tumors have quiet genomes while 
TNBC have nonspecific alterations
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These patterns are largely conserved in metastasis



Genome-wide landscape

Copy number (CN) and 

structural variant (SV)
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structural variant signatures
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ER+ High-risk and HER2+ tumors have highly 
concordant profiles

Projection
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ER+ High-risk and HER2+ tumors have highly 
concordant profiles involving distinct oncogenes
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Genomic rearrangements scramble 
breast cancer genomes 

Copy/paste errors
during cell division

Chr 1 Chr 2



Genomic rearrangements co-occur with 
extrachromosomal DNA (ecDNA) 
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ER+ High-risk and HER2+ tumors are enriched 
for extrachromosomal DNA (ecDNA)



High-risk ER+ tumors exhibit BRCA2-like 
homologous recombination deficiency 

Houlahan, Mangiante et al. Nature 2025



13% of 

high-risk ER+

High-risk ER+ tumors exhibit BRCA2-like 
homologous recombination deficiency 

Houlahan, Mangiante et al. Nature 2025



Breast cancer genomic archetypes exhibit 
distinct tumor microenvironments

Houlahan, Mangiante et al. Nature 2025

Houlahan et al. Science 2024



DepletedImmune-Enriched

Fibrotic

Breast cancer genomic archetypes exhibit 
distinct tumor microenvironments

Houlahan, Mangiante et al. Nature 2025

Houlahan et al. Science 2024



How do tumor intrinsic factors influence immune 
evasion?



Structural variants damage the IFN-γ pathway and 
antigen presentation genes



Preferred genetic immune-escape pathways 
across the Integrative Subtypes

• PD-L1 alterations exclusive to IC10 and IC4ER-

• IDO1 amp unique to IC2/IC6 



Genomic archetypes capture the continuum of risk

ecDNA

ER+

Current receptor-
based classification

ER+ High-risk & HER2+ 
Share mutational processesHoulahan, Mangiante et al. Nature 2025



Summary: Three genomic archetypes 
with distinct vulnerabilities and TMEs 

Time
Houlahan, Mangiante et al. Nature 2025

Replication stress, 
HRD, APOBEC3b 



Summary

➢ The integrative subtypes define high-risk of relapse ER+ tumors with 

distinct vulnerabilities

➢ High-risk ER+ and HER2 disease are driven by focal oncogene 

amplification coincident with structural variation and ecDNAs

➢ 13% of High-risk ER+ tumors exhibit BRCA2-like signatures

➢ Genetic and non-genetic mechanisms contribute to immune escape 
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