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Abstract 

The recent successes of HER2-targeting agents, even in tumors characterized by FDA-

approved molecular testing as HER2-negative or non-amplified, have underscored the limitations 

of current diagnostic approaches for accurately identifying patients with actionable HER2/EGFR 

activation/phosphorylation. We therefore performed a multi-omic investigation integrating clinical 

next generation sequencing with a CLIA-certified reverse phase protein array (RPPA) assay and 

laser microdissection enriched tumor samples to characterize ERBB2/HER2 at the DNA, RNA, 

protein, and phosphoprotein level in patients with advanced pan-cancer solid tumor malignancies. 

Functional pathway activation mapping by RPPA revealed several patients with ERBB2 genomic 

or transcriptomic alterations and/or HER2Total-positivity by immunohistochemistry who exhibited 

no significant HER2Y1248 activation/phosphorylation. In contrast, other patients lacking ERBB2 

genomic/transcriptomic alterations demonstrated significant HER2Y1248 

activation/phosphorylation with co-activation of EGFRY1173, a marker associated with prognostic 

significance. Our results highlight the weak concordance between ERBB2 genomic/transcriptomic 

alterations and downstream activation of HER family signaling and support the inclusion of 

functional proteomic/phosphoproteomic analysis as an essential component of precision 

oncology pipelines to more accurately guide selection of HER2- and EGFR-targeted therapies. 
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Introduction 

 Dysregulation of protein members of the human epidermal growth factor receptor (ERBB-

HER-EGFR) family of receptor tyrosine kinases (RTKs) is a well-known oncogenic driver of 

several solid tumor malignancies, including breast cancer, gastric and gastroesophageal junction 

cancers, glioblastoma, pancreatic cancer, and non-small cell lung cancer (NSCLC)1. Under 

normal physiological conditions, functional activation of HER/EGFR proteins – defined by 

phosphorylation of intracellular kinase domains – is tightly regulated and ligand-dependent2. Upon 

binding of a cognate ligand, HER/EGFR proteins undergo homo- or heterodimerization and 

activation of downstream signaling cascades, including PI3K-AKT, MEK-ERK, JAK-STAT, Src, 

and phospholipase C-γ (PLC-γ). These pathways control essential cellular processes such as 

proliferation, migration, survival, metabolism, and differentiation. Oncogenic dysregulation may 

result from ERBB or EGFR gene mutations, copy number (CN) amplifications, pathogenic gene 

variants, transcriptional overexpression, and post-translational modifications that lead to 

constitutive HER2 or EGFR protein activation3. 

 Trastuzumab deruxtecan (T-DXd), the first HER2-targeting antibody-drug conjugate 

(ADC) to receive FDA approval for tumor-agnostic use, demonstrated pan-cancer efficacy in 

clinical trials4,5. Additional HER2/EGFR-targeted therapies, including monoclonal antibodies or 

tyrosine kinase inhibitors (TKIs), are currently approved for subsets of patients, particularly those 

with metastatic HER2-positive breast and gastric cancers. Mounting evidence from recent studies, 

however, indicates that current FDA-approved clinical diagnostic criteria – reliant on 

immunohistochemistry (IHC) and/or fluorescent in situ hybridization (FISH) evidence of ERBB2 

amplification – fail to identify a substantial proportion of patients with actionable levels of HER2 

activation, even in the absence of known ERBB2 driver mutations6-18. These diagnostic 

approaches have high false negatives rates, thereby excluding patients who may benefit from 

HER2-directed therapies. Conversely, many patients classified as HER2-positive by next-
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generation sequencing (NGS) or IHC exhibit limited clinical response to HER2-directed therapy, 

highlighting false positive rates driven by limited concordance between genomic/transcriptomic 

findings and actual proteomic expression and activation/phosphorylation19-30. Notably, clinical 

NGS and HER2 IHC only describe alterations to the native (unmodified) HER2 protein (hereafter 

referred to as HER2Total, indicating total antigen abundance irrespective of phosphorylation state) 

without measuring post-translational modifications (PTMs) that define the functional signaling 

activity of the protein. These inconsistencies are further compounded by diverse resistance 

mechanisms and alternative or downstream signal activation pathways31-33. Moreover, in clinical 

studies where breast cancer patients with IHC/FISH-classified HER2-negative (i.e. HER2 IHC 0 

or 1+ and negative FISH) disease were treated with neratinib, a potent and selective TKI that 

targets HER2 and EGFR kinase activity, response was highly constrained to the 40% of patients 

whose tumors had high levels of HER2 and EGFR co-activation/phosphorylation13. 

HER2-directed therapies encompass multiple mechanistically distinct classes whose 

efficacy depends on different biological requirements, underscoring the need to distinguish 

between pathway activation and protein abundance. Tyrosine kinase inhibitors (TKIs), such as 

neratinib, require that the HER2/EGFR signaling axis be functionally activated, irrespective of 

whether ERBB2 carries an activating mutation. Multiple translational studies, including results 

from I-SPY 2 and real-world molecular tumor board cohorts, have demonstrated that HER2-

negative and ERBB2-wild-type tumors (including HER2 IHC 0) can derive clinical benefit from 

TKIs only when HER2 and EGFR are phosphorylated, most notably at HER2Y1248 and EGFRY1173. 

Conversely, HER2-targeted monoclonal antibodies and antibody–drug conjugates (ADCs) require 

HER2Total expression for target engagement, yet growing evidence from DESTINY-Breast04, 

DAISY, and our own recent case report (demonstrating a complete response to T-DXd in a HER2 

IHC 0 patient) shows that HER2 activation biology, not IHC category, can identify patients who 

benefit from ADC therapy, even at low antigen density. These emerging insights highlight the 
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importance of integrating functional proteomic/phosphoproteomic assessment with ERBB2 

genomic and transcriptomic data to more accurately define HER2-driven biology across solid 

tumors. 

Given these aforementioned results and the renewed interest in HER2 testing based on 

the exciting emergence of drugs like T-DXd that are expanding the actionability space for HER2-

negative cancers both in breast cancer and solid tumors, we performed a comprehensive multi-

omic investigation integrating clinical NGS with a CLIA-certified reverse phase protein array 

(RPPA) platform. Using laser microdissected tumor epithelium from patients with advanced solid 

tumors, we quantified ERBB2/HER2 DNA, RNA, protein, and phosphoprotein levels to assess the 

concordance among these data levels and to determine the predictive relevance for HER2-

directed therapy selection. 

 

Results 

Multi-omic Molecular Profiling of Pan-Cancer Tumor Samples 

 A total of 69 patients with advanced pan-cancer solid tumor malignancies were enrolled 

into an institutional molecular tumor board (MTB) study to examine the concordance of ERBB-

HER-EGFR family alterations across genomic, transcriptomic, proteomic, and phosphoproteomic 

levels. The most common cancer types were gastrointestinal (GI, n = 23 patients), brain (n = 18 

patients), or lung (n = 18 patients) cancers. Additionally represented were patients with other 

cancers, including breast (n = 2 patients), genitourinary (GU, n = 2 patients), head and neck (n = 

2 patients), gynecologic (n = 1 patient), thymus (n = 1 patient), thyroid (n = 1 patient), or unknown 

(n = 1 patient) cancers (Figure 1, Supplementary Data 1). 

Personalized multi-omic molecular profiling utilizing clinical next generation sequencing 

(NGS) was performed to identify genomic and/or transcriptomic alterations by DNA-seq and RNA-
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seq, respectively, from bulk tissue specimens and using a reverse phase protein array (RPPA) 

assay run in a CAP-CLIA accredited laboratory environment to quantify functional proteomic and 

phosphoproteomic alterations from matched tumor samples after laser microdissection (LMD) 

enrichment of the tumor epithelium. RPPA analysis was performed using a pre-specified panel to 

assess the functional expression and activation (i.e. phosphorylation) of HER2-EGFR-HER3 

family proteins along with AKT-mTOR, JAK-STAT and MEK-ERK pathway activation mapping. 

First, we examined the concordance between IHC-based FDA-approved clinical diagnostic 

qualitative assessment and RPPA-based quantitation of native HER2Total protein expression 

(importantly, not recognizing a phosphorylated epitope). IHC-based evaluation of HER2Total 

expression is not part of standard clinical workflows for all cancer types and therefore was only 

performed for 11 patients in this pan-cancer cohort (Supplementary Figure 1, Supplementary Data 

1). RPPA-based quantification of HER2Total abundance was assigned to quartiles to allow a similar 

stratification-based comparison with the IHC characterization. All patients with IHC-assigned 

HER2Total 3+ scores (n=6) by a board-certified pathologist were assigned to the highest RPPA-

assigned HER2Total quartile. Of the remaining five patients, two patients in RPPA-assigned 

HER2Total quartile 3 had IHC-assigned scores of 2+, one patient in RPPA-assigned HER2Total 

quartile 2 had an IHC-assigned score of 0, and one patient each in RPPA-assigned HER2Total 

quartile 1 had IHC-assigned scores of 1+ and 2+. 

Classification of Patients by ERBB2 DNA- and RNA-Level Alterations 

Using the NGS data, patients were categorized into four distinct groups based on their 

ERBB2 DNA-level and/or transcript-level alterations (Figure 1, Figure 2, Supplementary Data 1). 

At the DNA-level, only mutations of interest (MOI, as classified in the clinical NGS report) were 

used for categorization. The “DNA-only” cohort included patients with ERBB2 gene copy number 

(CN) amplifications and/or ERBB2 gene mutations (not including variants of unknown 

significance, VUS), who had no evidence of ERBB2 transcript overexpression by RNA-seq (n = 4 
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patients, 5.8%). The “RNA-only” cohort comprised patients with ERBB2 transcript overexpression 

without any detectable ERBB2 mutations or CN alterations by DNA-seq (n = 35 patients, 50.7%). 

The “DNA & RNA” cohort included patients with both ERBB2 genomic alterations (mutation and/or 

CN alteration) and transcript overexpression (n = 14 patients, 20.3%). Finally, the “negative” 

control cohort comprised patients who lacked any ERBB2 DNA or transcript alterations (n = 16 

patients, 23.2%). Mutations in other ERBB-HER-EGFR family members were also evaluated but 

were not used to assign patients to cohort groups. 

Other Recurrent Genomic Alterations 

Next generation sequencing revealed frequent TP53 loss of function (LOF) mutations (n 

= 31 patients, Figure 2), which were significantly enriched in patients in the DNA & RNA cohort 

(odds ratio (OR) = 6.0, p = 0.001, Supplementary Table 1). As anticipated by experimental design, 

mutations of interest (MOI) in ERBB2 and EGFR were commonly detected. ERBB2 alterations 

including copy number (CN) amplification and/or gain of function (GOF) mutations were identified 

in 18 patients and EGFR alterations in 13 patients. ERBB2 CN amplification was more prominent 

in patients with GI cancers (9 of 23 patients, 39%), whereas EGFR CN amplification was more 

common in patients with brain cancers (specifically, glioblastoma, 6 of 18 patients, 33%). 

Notably, three patients harbored an identical ERBB2 p.A775_G776insYVMA in-frame 

GOF insertion, while two additional unique ERBB2 GOF and two VUS mutations were also 

detected. In total, 15 instances of multi-hit MOI alterations within a single gene were observed 

across patients, most frequently within EGFR, with up to four distinct DNA-level alterations 

identified in a single gene (EGFR) in a patient. KRAS (n = 6 patients) and BRAF (n = 3 patients) 

GOF missense mutations were exclusively detected in patients lacking ERBB2 and EGFR 

mutations, representing known mutual exclusivity34,35. In contrast, all TOP2A (OR = 12,000, 

p<0.001), RARA (OR = 6,400, p<0.01), and HNF1B alterations (all CN amplifications, OR = 2,670, 

p = 0.11) were exclusively detected in patients with ERBB2 and/or EGFR mutations. Other genes 
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altered in at least two patients were CDKN2A/B, APC, MTAP, SMAD4, ARID1A, PTEN, TOP2A, 

PIK3CA, CDK4, NF1, NF2, PIK3R1, KEAP1, KMT2C/D, MDM2, RB1, SMARCA4, and ZMYM3. 

HARPS Identifies Functionally Activated HER2Y1248 Signaling Independent of Genomic and 

Transcriptomic Alterations 

A previously described HER2 activation response predictive signature (HARPS), 

characterized by co-activation of both HER2Y1248 and EGFRY1173, has been shown to predict 

neratinib response in patients with triple negative breast cancer (TNBC)11,13. In our cohort, 19 

patients (27.5%) had high HER2Y1248 phosphorylation and 23 (33%) had high EGFRY1173 

phosphorylation (Figure 3, Supplementary Data 1). Seventeen patients (24.6%) were classified 

as HARPS-positive based on co-activation/phosphorylation of both HER2Y1248 and EGFRY1173 

(Figure 1, Figure 3, Supplementary Data 1). Notably, one HARPS-positive patient (02-044) with 

glioblastoma was assigned to the “RNA-only” cohort, as DNA-seq did not detect any ERBB2 MOI 

(gene mutation or CN amplification), though one missense alteration classified in ClinVar36 as a 

VUS (c.3427C>A p.P1143T missense variant NM_004448, dbSNP rs587778268) was detected. 

This patient had the highest individual activation and co-activation of both HER2Y1248 and 

EGFRY1173 (Supplementary Data 1). Additionally, two patients had biopsies collected for RPPA 

and NGS after receiving HER2-directed therapy, which was indicated based on clinical testing 

prior to enrollment into the present study. Patient 02-160 (in the “DNA & RNA” cohort) received 

pertuzumab approximately 41 months prior to the present biopsy specimen was obtained and 

was classified as HARPS-positive. Patient 02-124 (in the “RNA-only” cohort) received 

pertuzumab, trastuzumab, and T-DXd approximately two months prior to the present biopsy 

specimen was obtained and was classified as HARPS-negative. 

Unsupervised hierarchical clustering of patients using the RPPA 

proteomic/phosphoproteomic data revealed extensive intermixing among the defined ERBB2 

molecular cohorts, including those with and without ERBB2 DNA and/or RNA alterations (Figure 
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3). Clustering was largely associated with phosphorylation of HER2Y1248 and EGFRY1173, 

underscoring the importance of examining functional activation state over static NGS-based 

classifications. Pvclust bootstrapping37 and odds ratio (OR) analysis revealed a significant patient 

cluster (au = 96%) that was ten times more likely to contain HARPS-positive patients relative to 

the other cluster (Supplementary Figure 2, OR = 10.0, p = 0.0002). Notably, HER2Total levels 

measured by IHC- or RPPA showed limited correlation with pathway activation status (Figure 3), 

further supporting the need for phosphoproteomic analysis to guide precision therapy selection. 

Several HARPS-positive patients lacked corresponding ERBB2 gene mutations or CN 

amplification at the DNA level (Figure 3, Supplementary Data 1). Specifically, no patients in the 

DNA-only cohort were HARPS-positive. In contrast, five patients in the DNA & RNA cohort, ten 

patients in the RNA-only cohort, and two patients in the negative control cohort were HARPS-

positive. Further, HARPS-positivity was quantified in 6 of the 11 patients (54.5%) with 

glioblastoma, all of whom lacked ERBB2 DNA-level alterations (gene mutations or CN 

amplification), and in 5 of the 17 patients (29.4%) with lung adenocarcinoma, which included 

patients with and without corresponding ERBB2 DNA-level gene mutations (Supplementary Data 

1). 

Limited Concordance Between Multi-omic Data Levels 

 Given the known limitations between RNA- and protein-level abundances owing in part to 

post-transcriptional and post-translational regulation21-30, we examined the concordance between 

ERBB2 transcript expression, proteomic HER2Total abundance, and HER2Y1248 

activation/phosphorylation. ERBB2 transcript expression was significantly correlated with 

HER2Total protein levels (ρ = 0.64, p<0.001) but was not correlated with HER2Y1248 phosphorylation 

(ρ = 0.23, p = 0.06) (Figure 4A). At the proteomic-level, HER2Total abundance was significantly, 

though weakly, correlated with HER2Y1248 activation/phosphorylation (ρ = 0.30, p = 0.012, Figure 

4B). Correlation between HER2Total abundance and HER2Y1248 activation/phosphorylation was 
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measurable (i.e. with sufficient patients per group) and statistically significant for patients with GI 

(ρ = 0.549, p = 0.011) and other (ρ = 0.594, p = 0.046) cancers, but was not significant for patients 

with brain or lung cancers (all p>0.05) (Supplementary Figure 3). 

 As HARPS-positivity is defined by the co-activation/phosphorylation of both HER2Y1248 and 

EGFRY1173, we examined the correlation between these phosphoproteins with DNA alterations in 

ERBB2 and EGFR (Figure 4C). The activation/phosphorylation of HER2Y1248 and EGFRY1173 were 

strongly significantly correlated (ρ = 0.767, p<0.001). Among the HARPS-positive patients, five 

had ERBB2 alterations (two patients with ERBB2 gene mutation and CN amplification, three 

patients with ERBB2 CN amplification only), nine had EGFR alterations (including EGFR gene 

mutations, CN amplification, and/or pathogenic variants) (Supplementary Data 1). None of the 

HARPS-positive patients had DNA-level alterations in both ERBB2 and EGFR. Three HARPS-

positive patients had no alterations in either gene. Comparatively, several HARPS-negative 

patients had alterations (MOI) in one or both genes. Individual alterations (i.e. single gene) in 

either ERBB2 or EGFR were detected in 11 and 2 HARPS-negative patients, respectively, and an 

additional two HARPS-negative patients had alterations in both ERBB2 and EGFR. 

 While the IHC-based qualitative scoring and RPPA-based quantitative assessment of 

native HER2Total protein expression were largely congruent (Supplementary Figure 1), neither of 

these methods accurately represented HER2Y1248 activation/phosphorylation. Specifically, 

HER2Total IHC analysis was performed for three of the HARPS-positive patients, for whom one 

patient each had scoring of 1+, 2+, or 3+ (Figure 4C, Supplementary Data 1). The remaining 8 

patients with HER2Total IHC analysis were HARPS-negative. Pathology-assigned IHC scores of 

2+ or 3+ were assigned for 7/8 HARPS-negative patients. Only one HARPS-negative patient (02-

101, who had invasive ductal carcinoma) had a congruent HER2Total IHC score of 0. 

Phosphoproteomic Validation of ERBB-HER-EGFR Family Downstream Pathway Effectors 
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 To assess downstream signaling consequences of HER2/EGFR activation, we compared 

phosphorylation levels of key pathway effectors (Supplementary Table 3) in HARPS-positive 

versus HARPS-negative patients (Figure 5) and in patients dichotomized by individual 

phosphorylation of HER2Y1248 or EGFRY1173 (Supplementary Figure 4). Significant differences 

were observed in the phosphorylation of EGFRY1173 (p<0.001), ERK1/2
T202/Y204 (p<0.05), HER2Y1248 

(p<0.001), HER3Y1289 (p<0.001), JAK1Y1034/1035 (p<0.001), SHCY317 (p<0.05), STAT1Y701 (p<0.01), 

STAT3Y727 (p<0.001), and STAT5Y694 (p<0.001) between HARPS-negative versus HARPS-

positive patients (Figure 5). These trends were largely recapitulated in patients dichotomized by 

EGFRY1173 and/or HER2Y1248 phosphorylation (Supplementary Figure 4). AKTS473 (p<0.05), 

MEK1/2
S217/S221 (p<0.05), and STAT3Y705 (p<0.05) were additionally significantly correlated with 

HER2Y1248 activation/phosphorylation but were not significantly correlated with the co-activation 

of both HARPS signature markers. 

 

Discussion 

 Our findings highlight that HER2 biology cannot be fully captured by genomic or IHC/FISH-

based assays alone, and that different classes of HER2-directed therapies rely on distinct 

biological features. For HER2 TKIs, such as neratinib, several studies, including I-SPY2 and 

molecular tumor board cohorts, indicate that functional activation of the HER2/EGFR pathway, 

rather than ERBB2 mutation or amplification alone, may be associated with therapeutic response6-

17. In these settings, some HER2-negative and ERBB2-wild-type tumors, including HER2 IHC 0 

cases, have shown TKI sensitivity when phosphorylation of HER2 and EGFR is present8,9,13,15-

17,38. 

Emerging data suggest that HER2 functional activation may also have relevance for 

antibody–drug conjugates (ADCs). While HER2Total expression remains necessary for target 
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engagement, recent clinical results (e.g., DAISY, DESTINY-Breast04) and our own published case 

report demonstrate that a subset of HER2-low and HER2 IHC 0 tumors may benefit from ADCs 

such as T-DXd when quantitative proteomic analyses reveal measurable HER2 expression and 

phosphorylation8,9,13,15-17,38. These findings raise the possibility that pathway activation could 

complement HER2Total expression in refining ADC selection in certain contexts. 

Taken together, these observations suggest that integrating functional proteomic and 

phosphoproteomic measurements with genomic and IHC/FISH data may provide a more 

complete assessment of HER2 pathway activity. In our cohort, discordance between ERBB2 

genomic status and HER2/EGFR phosphorylation was common, underscoring the limitations of 

single-modality assays. Although further prospective validation is needed, these results support 

the potential utility of a complementary biomarker framework in which HER2/EGFR pathway 

activation informs TKI use, and HER2Total expression, possibly supplemented by activation 

measures, guides selection of HER2-targeted antibody and ADC therapies across solid tumors. 

Prospective studies incorporating real-time assessment of HER2/EGFR phosphorylation will be 

essential to determine whether these functional biomarkers can prospectively improve prediction 

of response to HER2- or EGFR-directed therapies beyond current diagnostic approaches. 

Among these, the I-SPY 2 trial represents an adaptive phase 2 clinical trial in which 

patients are assigned to experimental therapeutic arms through personalized clinical biomarker 

profiling13,17,39. I-SPY 2 notably revealed several patients with triple negative breast cancer 

(TNBC) whose RPPA-based proteomic/phosphoproteomic profiling quantified co-

activation/phosphorylation of both HER2Y1248 and EGFRY1173, designated as the HARPS 

signature, had a significantly improved pathologic complete response (pCR) to neratinib. 

Prioritization for neratinib therapy was most efficacious in patients with significant co-activation of 

both HARPS signature markers, though individual evaluation of each marker separately had a 

slightly lower – but still significant – probability of therapeutic response. Integrating evidence from 
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I-SPY 2 with our multi-omic ERBB2-HER2-EGFR family profiling reveals a clinically important role 

for proteomic/phosphoproteomic evaluation of HARPS-positivity to identify patients likely to 

benefit from HER2-directed therapeutics, who would not normally be considered on the basis of 

cancer type or standard FDA-approved clinical diagnostics relying exclusively on IHC and/or 

FISH. While targeting HER2 in refractory EGFR-mutated (i.e. activated) lung cancer has not been 

extensively tested other than in combination with chemotherapy, our data identify several HARPS-

positive lung cancer patients who may likely benefit from HER2-directed therapy.  

Poor concordance between RNA and protein abundance is well established across human 

tissues and cancers21,24-26,40,41. In our pan-cancer cohort, ERBB2 transcript abundance and IHC 

based quantification of HER2Total protein significantly correlated with RPPA-quantified HER2Total 

protein levels, but neither measure correlated with RPPA-quantified   HER2Y1248 phosphorylation. 

Prior work in high-grade serous ovarian cancer (HGSOC) further supports this disconnect 

demonstrating no significant correlation between ERBB2 CN and HER2Total protein abundance in 

LMD enriched tumor (Pearson ρ = -0.082, p = 0.74) or stroma (ρ = 0.015, p = 0.96)25. These 

findings collectively reinforce that while DNA-level alterations and RNA abundance offer useful 

contextual information, they do not reliably predict protein abundance or functional activation (i.e., 

phosphorylation), which are the biologically relevant determinants of downstream signaling and 

therapeutic response. 

Although activating mutations can indeed predict constitutive functional activation of the 

corresponding protein and are valuable for identifying allele-specific therapeutic sensitivities, they 

do not convey information about protein abundance or actual phosphorylation state within the 

tumor. Our findings emphasize that these additional layers—protein expression and 

phosphorylation—must be directly measured to determine whether HER2/EGFR signaling is 

biologically active, particularly in tumors lacking ERBB2 genomic alterations. 
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While the concordance of NGS-based observations with HER2Total protein abundance and 

HER2Y1248 activation were the subject of our study, future studies will likely benefit from examining 

the correlation between NGS-based and proteomic/phosphoproteomic-based data for other 

known oncogenic and/or actionable drivers of disease. Further, quantifying the correlation 

between the total protein and phosphosite abundances of downstream HER-EGFR pathway 

effectors, including JAK/STAT, MEK/ERK, and AKT – for which only phosphorylation was 

measured in our study – may uncover mechanisms of non-canonical pathway activation and 

therapy resistance. 

 Consistent with known synthetic lethality between ERBB2/EGFR and KRAS/BRAF 

mutations34,35, all patients in our cohort with KRAS (n = 6 patients) or BRAF (n = 3 patients) 

mutations lacked mutations in ERBB2/HER2 and EGFR and were HARPS-negative. Importantly, 

six of these nine patients were categorized as “RNA-only” based on ERBB2 transcript 

overexpression and would have been inappropriately prioritized for HER2-directed therapy if 

decisions were based solely on transcriptomic data. Proteomic/phosphoproteomic profiling 

provided essential functional context, correctly deprioritizing these patients and avoiding likely 

ineffective, expensive, and burdensome therapies. These data further support the integration of 

CLIA-certified RPPA assays tailored to validate functional protein activity of NGS-nominated 

therapeutic targets, enabling cost efficient and sample sparing precision oncology strategies. 

 Among the 18 patients with brain cancer in our cohort, 7 had meningiomas and 11 had 

glioblastomas. Nine of these patients (one with meningioma, one with glioblastoma) were 

classified as “RNA-only” (i.e. had ERBB2 RNA overexpression but no DNA-level ERBB2 gene 

mutations or CN alterations) while two patients had no DNA- or RNA-level alterations. 

Proteomic/phosphoproteomic profiling revealed that all patients with meningioma were HARPS-

negative whereas 54% (6 of 11 patients) of the patients with glioblastoma were HARPS-positive. 

Recent studies have reported frequent ERBB2 alterations in glioblastoma and emerging efficacy 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 
 

of HER2-targeting agents in this context42-46. Our RPPA data extend these findings by 

demonstrating that functional activation of HER2/EGFR pathways occur independently of ERBB2 

genomic alterations in glioblastoma, underscoring the need for routine phosphoproteomic profiling 

in these patients. 

 One HARPS-positive glioblastoma patient was particularly notable. Although no ERBB2 

MOI gene mutations or CN amplification were detected for this patient, RNA-seq revealed ERBB2 

transcript overexpression and a VUS mutation was identified (c.3427C>A p.P1143T missense 

variant NM_004448, dbSNP rs587778268). This variant is extremely rare (incidence 0.007%) and 

has not been previously associated with ERBB2-related cancers36. Intriguingly, this patient 

showed the highest phosphorylation levels of both HER2Y1248 and EGFRY1173 in this pan-cancer 

cohort. These findings warrant further investigation into the pathogenicity/oncogenicity of this VUS 

and alternative mechanisms of HER2/EGFR pathway activation in glioblastoma. 

 Overall, our data demonstrate that current standard clinical diagnostics – relying on 

ERBB2 genomic and transcriptomic alterations and HER2Total IHC – are insufficient to accurately 

identify patients likely to benefit from HER2-directed therapy. The observed discordance between 

NGS and functional HER2Y1248 activation highlights the critical need to incorporate proteomic and 

phosphoproteomic analyses into precision oncology workflows. Functional pathway mapping of 

LMD enriched tissue samples enables a less subjective, more quantitative assessment of 

therapeutic targets and can improve therapy selection in precision oncology. 

 

Methods 

Patient Specimens 

 Patients (n = 69) with pan-cancer advanced solid tumor malignancies were consented and 

enrolled under an Inova Health System (IHS) Institutional Review Board (IRB)-approved protocol 
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with a consent exemption (protocol INOVA-2024-199). All procedures involving human data 

adhered to the principles of the Declaration of Helsinki and were reviewed and approved as 

exempt by the IHS IRB. Patients with non-metastatic and metastatic disease are represented, 

with therapies ranging from none (therapy-naïve) to heavily pre-treated. The same (matched) 

formalin-fixed paraffin-embedded (FFPE) tissue specimens utilized for clinical NGS and IHC 

(when available) were used for proteomic testing, as previously described14. HER2 IHC was 

performed per standard clinical workflows for a subset of patients (n = 11 patients). Additional 

HER2 IHC was initially considered for all patients in the cohort but was not performed to conserve 

the remaining intact tissue specimens in compliance with Inova Health System pathology policy 

requiring that all diagnostic FFPE blocks must be retained intact for a minimum of 10 years for 

potential re-review, repeat testing, or future clinical diagnostic needs. Specimens from two 

patients were obtained after they received HER2-directed therapy. Specifically, patient 02-124 

received pertuzumab, trastuzumab, and T-DXd approximately two months prior to surgical 

acquisition of the tissue specimen used for RPPA. Patient 02-160 received pertuzumab 

approximately 41 months prior to surgical acquisition of the tissue specimen used for RPPA. 

Next Generation Sequencing 

Next-generation sequencing (NGS) was conducted using the Tempus xT assay (Tempus 

AI, Inc., Chicago, IL), as previously described47-49. Briefly, Tempus xT is a targeted, tumor-normal-

matched DNA panel that detects single-nucleotide variants, insertions and/or deletions, and copy 

number variants in 648 genes, as well as chromosomal rearrangements in 22 genes with high 

sensitivity and specificity. Mutations of interest (MOI) and variants of unknown significance (VUS) 

were classified as reported in the Tempus clinical reports based on the Tempus knowledge 

database. Specifically, MOI included mutations that were “Potentially Actionable” (i.e. protein-

altering variants with an associated therapy supported by evidence from medical literature) or 

were “Biologically Relevant” (i.e. protein-altering variants with proposed functional significance or 
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that have been observed in medical literature, but which are not associated with a specific therapy 

in the Tempus knowledge database). VUS included protein-altering variants with unclear 

functional relevance and/or without sufficient evidence to determine their pathogenicity. 

Histological Specimen Preparation 

FFPE tissue specimens were thin sectioned (8 µm) onto polyethylene napthalate (PEN) 

membrane slides and stained with hematoxylin and eosin (H&E) to support harvest/enrichment 

using laser microdissection (LMD). One representative slide per specimen was imaged using an 

Aperio AT2 digital slide scanner (Leica Biosystems) before and after LMD enrichment of tumor 

epithelium for quality assurance and quality control (QA/QC) purposes. 

Laser Microdissection 

 Enriched tumor epithelium (~15 mm2, range 2.5 to 16.4 mm2) was harvested by LMD on 

the LMD7 (Leica Microsystems), as previously described9,10,14,50. The Qproteome FFPE tissue 

extraction buffer (Qiagen) plus 2.5% v/v 2-mercaptoethanol was added at a ratio of 3 µl buffer per 

mm2 LMD tissue. LMD tissue samples were briefly centrifuged and frozen at -80 °C. 

Reverse Phase Protein Microarray 

 Lysates were prepared by heating the LMD enriched tumor samples at 95 °C for 20 min, 

briefly centrifuging, and heating again at 80 °C for 2 h. After heating, the tubes were briefly chilled 

at 4 °C and centrifuged for 15 min. The lysate supernatants were transferred to new low protein 

binding tubes. A 15-marker, CLIA-certified RPPA analysis was performed as previously 

described9,14,51 to examine the expression and activation (phosphorylation) of ERBB/HER/EGFR 

protein family members and downstream signaling targets. Briefly, cell lysates and internal 

reference standards were robotically arrayed onto nitrocellulose-coated slides (Grace Bio-labs, 

Bend, OR) in technical replicates (n=3) using an Aushon 2470 arrayer (Aushon BioSystems). 

Selected arrays were stained with Sypro Ruby Protein Blot Stain (Invitrogen) per the 
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manufacturer's instructions for protein quantification and normalization. Arrays were treated with 

Reblot Antibody Stripping solution (Millipore) for 15 minutes at room temperature and washed 

with PBS and incubated I-block (Applied Biosystems). The arrays were then probed with 3% 

hydrogen peroxide, an avidin/biotin blocking system (Dako Cytomation), and an additional serum 

free protein block (Dako Cytomation) using an automated system (Dako Cytomation) prior to 

probing with primary antibodies and a biotinyl tyramide amplification system. Details for the 

selected primary antibodies are reported in Supplementary Table 2. Two antibodies (HER2, Cell 

Signaling Technology, catalog #2242, and HER2 (SP3), Thermo Fisher Scientific, catalog #MA5-

514509) were used for quantifying HER2Total abundance. 

Bioinformatic and Statistical Analysis 

Patients were stratified into quartiles based on RPPA-quantified phosphorylation levels of 

HER2Y1248 and EGFRY1173. These quartiles were then collapsed into binary categories, in which 

quartiles 1-3 were classified as “low” and quartile 4 was classified as high for HER2Y1248 or 

EGFRY1173 phosphorylation. For categorization of HARPS positivity, the optimal thresholds for 

HER2Y1248 and EGFRY1173 were calculated from the calibrator reference population by receiver-

operating characteristic (ROC) analysis using Youden Index52 methodology, as previously 

described13,17. In our study, these cut points were defined at 1200 RU and 1000 RU for HER2Y1248 

and EGFRY1173, respectively. 

Analyses and parsing of RPPA and RNA-seq data were performed with R programming 

language (v4.4.1, R Core Team, 2024)53 along with Tidyverse package (v2.0.0)54. Correlation 

plots, boxplots, and oncoplot were created with ggplot2 (v3.5.1 from Tidyverse)54. Heatmaps were 

created with pheatmap (v1.0.12) (parameters: clustering_method = "ward.D2", 

clustering_distance_rows = "euclidean", clustering_distance_cols = 

"euclidean")54. Illustrative graphics for the workflow diagram were made using Biorender.com. 
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e!Ensembl gene names from Tempus AI, Inc.47 were converted to HUGO Gene Nomenclature 

Committee (HGNC) gene symbols with mapIds() from AnnotationDbi package (v1.66.0)55 

(parameters: x = org.Hs.eg.db, keytype = “ENSEMBL”, column = “SYMBOL”). 

Statistical comparisons in Figure 4 and Supplementary Figure 3 and were measured via non-

parametric Spearman rank correlation, ρ (R-base)53. Statistical comparisons in Figure 5 and 

Supplementary Figure 4 were measured via Mann-Whitney U (R-base)53. RPPA values were 

transformed to a 0-1 scale with 0 and 1 representing the minimum and maximum intensities for a 

given target, respectively; transformation occurred via 𝑥𝑖 ↦
𝑥𝑖−min⁡(𝑋)

max(𝑋)−min⁡(𝑋)
, where 𝑥𝑖 ∈ 𝑋 is an 

RPPA intensity in the set 𝑋 of all RPPA intensities from a given target. Odds ratio analysis 

performed with epitools (v 0.5-10.1)56. The Figure 2 and Supplementary Figure 2 heatmap cluster 

significance was determined using pvclust (v2.2-0)37. 

 

Data Availability 

 Sequencing data supporting the findings of this study were generated by Tempus AI, Inc. 

The deidentified data used in the research were collected in a real-world healthcare setting and 

are subject to controlled access for privacy and proprietary reasons. When possible, derived data 

supporting the findings of this study have been made available within the paper and its 

supplementary figures and tables. The RPPA abundance data is available in Supplementary Data 

1. 

 

Code Availability 

Code sharing is not applicable to this article as no custom codes were generated or 

analyzed during the current study.  
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Figures 

Figure 1. Workflow overview. Patients (n=69) with pan-cancer solid tumor malignancies enrolled 

in an institutional Molecular Tumor Board (MTB) study were molecularly profiled using clinical 

NGS (DNA-seq and RNA-seq) and a CLIA-certified RPPA assay with 15 antibodies recognizing 

total and activated (phosphorylated) ERBB/HER/EGFR family members and downstream 

signaling targets. Stacked boxplots represent the numbers of patients per cancer disease group. 

GI = gastrointestinal. HARPS = HER2 activation response predictive signature. CN = copy 

number. 

Figure 2. Oncoplot of genes with clinically relevant mutations (i.e. mutations of interest, MOI) 

detected in two or more patients. Heatmap (left) shows log2(odds ratio) for MOI status across 

patient cohorts. An odds ratio (OR) > 0 indicates higher odds of mutation in the specified cohort 

compared to the negative cohort. OR statistical significance is represented as: * = p<0.05. ** = 

p<0.01. *** = p<0.001. Horizontal stacked bar chart (right) represents the percentage of each 

mutation type present across all patients. GOF = gain of function. LOF = loss of function. 

Figure 3. Unsupervised hierarchical clustering of patients using RPPA abundance/activation data. 

The patient-specific phosphorylation levels of HER2Y1248 and EGFRY1173 were categorized into 

quartiles and binary categories (i.e., high, low). Patients in the highest quartile (25%) of HER2Y1248 

or EGFRY1173 phosphoprotein activation are assigned to the binary “high” category. Patients in the 

three lower quartiles are assigned to the binary “low” category. The blue highlighted cluster has 

strong statistical support (AU = 96%) estimated by pvclust37. GI = gastrointestinal. MOI = mutation 

of interest. VUS = variant of unknown significance. IHC = immunohistochemistry. N/A = not 

applicable. N/D = not done. Copy number gain = patients with ERBB2 gene copy number (CN) 

gains. 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 
 

Figure 4. Scatterplots depicting the correlation between ERBB2/HER2Total, HER2Y1248, and/or 

EGFRY1173 abundances at the RNA- and/or protein-level. (A) Correlation between RNA-seq 

derived ERBB2 transcript abundances (normalized log2(TPM + 1)) and RPPA quantified HER2Total 

(top) and HER2Y1248 (bottom) levels. (B) Correlation between RPPA quantified HER2Total and 

HER2Y1248 levels. (C) Correlation depicting HARPS activation in patients. Bottom panel depicts a 

focused view of the HARPS-negative patients. Numerical symbol datapoints in panels A and C 

represent the IHC scores for patients who received IHC testing as part of their clinical workflows. 

Figure 5. HER2 activation/phosphorylation is biologically relevant and biochemically causal, 

driving signaling activation of downstream pathway effectors. (Left) Pathway diagram depicting 

phosphorylation of ERBB/HER/EGFR family members and downstream signaling targets. (Right) 

Box-and-whisker plots depicting RPPA intensities of patient samples based on HARPS positivity. 

Mann-Whitney U test statistical significance is represented as: * = p<0.05. ** = p<0.01. *** = 

p<0.001. **** = p<0.0001. Outlier points per RPPA analyte are notated as a list on each boxplot. 

Phosphorylated amino acid residues in yellow represent those that were significantly altered 

between HARPS-positive and HARPS-negative patients. Changes in phosphoresidues in gray 

were not statistically significant by Mann-Whitney U test (p>0.05). 
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NGS Characterization 
(DNA-seq, RNA-seq)

Patients 
(n, %)

HARPS+ 
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(n, %)

DNA only (ERBB2 gene mutation 
and/or CN amplification)

4/69, 5.8% 0/69, 0%

RNA only (ERBB2 RNA 
overexpression)

35/69, 50.7% 10/69, 14.5%

DNA & RNA (ERBB2 gene mutation 
and/or CN amplification AND RNA 
overexpression)

14/69, 20.3% 5/69, 7.2%

Negative cohort (no ERBB2 DNA or 
RNA alterations)

16/69, 23.2% 2/69, 2.9%
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