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Background: Epidermal growth factor receptor (EGFR) is a key protein in cellular

signaling that is overexpressed in many human cancers, making it a compelling

therapeutic target. On-target severe skin toxicity has limited its clinical

application. Dual-targeting therapy represents a novel approach to overcome

the challenges of EGFR-targeted therapies.

Methods: A single-cell tumor-normal RNA transcriptomic meta-atlas of lung

adenocarcinoma (LUAD) and normal lung tissues was constructed from published

data. Tumor associated antigens (TAAs) were screened from the genes which were

expressed on cell surface and could distinguish cancer cells from normal cells.

Expression of MUC1 and EGFR in tumors and normal tissues was detected by

immunohistochemistry (IHC), bulk transcriptomic and single-cell transcriptomic

analyses. RNA cut-off values were calculated using paired analysis of RNA

sequencing and IHC in patient-derived tumor xenograft samples. They were used

to estimate the abundance of EGFR- and MUC-positive subjects in The Cancer

Genome Atlas Program (TCGA) database. Survival analysis of EGFR and MUC1

expression was carried out using the transcription and clinical data from TCGA.

Results: A candidate TAA target, transmembrane glycoprotein mucin 1 (MUC1),

showed strong expression in cancer cells and low expression in normal cells. Single-

cell analysis suggested EGFR and MUC1 together had better tumor specificity than

the combination of EGFRwith other drug targets. IHC data confirmed that EGFR and

MUC1 were highly expressed on LUAD and colorectal cancer (CRC) clinical samples

but not on various normal tissues. Notably, co-expression of EGFR and MUC1 was

observed in 98.4% (n=64) of patients with LUAD and in 91.6% (n=83) of patients with

CRC. It was estimated that EGFR and MUC1 were expressed in 97.5% of LUAD

samples in the TCGA dataset. Besides, high expression of EGFR and MUC1 was

significantly associated with poor prognosis of LUAD and CRC patients.
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Conclusions: Single-cell RNA, bulk RNA and IHC data demonstrated the high

expression levels and co-expression patterns of EGFR and MUC1 in tumors but

not normal tissues. Therefore, it is a promising TAA combination for therapeutic

targeting which could enhance on-tumor efficacy while reducing off-

tumor toxicity.
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Introduction

Epidermal growth factor receptor (EGFR), a tyrosine kinase

receptor whose activation leads to receptor dimerization and

tyrosine autophosphorylation, mediates tumor cell survival and

proliferation in lung cancer, colorectal cancer (CRC) and breast

cancer (1–4). Monoclonal antibody inhibitors of EGFR have

been developed for cancer therapy in the last two decades,

including cetuximab and necitumumab approved by the U.S.

Food and Drug Administration (FDA) for lung adenocarcinoma

(LUAD) and squamous cell lung cancer (5, 6), and panitumumab

and cetuximab approved by the FDA and European Medicines

Agency (EMA) for the treatment of metastatic CRC (7). However,

anti-EGFR therapy can be marred by chronic and disfiguring

adverse reactions such as acne-like rash, abnormal hair growth,

and ocular abnormalities, which could worsen life qualities of

patients and even trigger treatment termination (7).

Tumor associated antigens (TAAs) are important tumor targets

for drug development with abnormal expression on tumor cells (8).

While drugs targeting single TAA faced obstacles such as on-target,

off-tumor toxicity and antigen escape, strategies targeting dual

TAAs could improve the selectivity of tumor cells and reduce

drug toxicity (9), through stronger binding to tumor cells

expressing dual TAAs rather than normal tissues expressing a

single target. To find an optimal TAA target to combine with

EGFR, we constructed a computational pipeline which integrated

multiple single-cell RNA sequencing datasets of both tumor and

normal tissues from public sources. From a pool of TAAs identified

by single-cell analysis, transmembrane glycoprotein mucin 1

(MUC1) was distinguished as a candidate target with promising

druggability, as affirmed by extensive literature review and

evaluation of its therapeutic tractability.

Through analysis of an independent lung cancer single-cell

dataset, we showed that co-expression of EGFR and MUC1 was

specific to tumor cells in the tumor microenvironment. We then

confirmed that the expression patterns of EGFR and MUC1 in tumor

tissues by immunohistochemistry (IHC). EGFR and MUC1 were co-

expressed in 63 (98.4%) of the 64 patients with LUAD and in 76

(91.6%) of the 83 patients with CRC. In addition, we performed paired

analysis of RNA sequencing and IHC data of patient-derived tumor
02
xenograft (PDX) samples, and estimated that EGFR and MUC1 were

expressed in 97.5% of LUAD samples of The Cancer Genome Atlas

Program (TCGA) database. High expression of EGFR andMUC1 was

associated with poor prognosis in LUAD and CRC. Together, our

results illustrated the expression patterns of EGFR and MUC1 in

tumor and normal tissues, and suggested that they were promising

drug targets for developing cancer therapies targeting dual TAAs.
Materials and methods

Single-cell RNA sequencing
data processing

For LUAD, a tumor-normal single cell meta-atlas was

constructed through integrating single-cell RNA data of primary

LUAD samples and normal lung tissue samples from public single

cell datasets (Kim et al. (10), Qian et al. (11), E-Madissoon et al.

(12), Braga et al. (13), Supplementary Table 1). An external single

cell dataset from Wu et al. (14) was used for validation

(Supplementary Table 1). Files of raw UMI count matrices were

downloaded from GEO (15), Array Express (16) or author-referred

websites and imported into Scanpy (17). To ensure data quality,

cells with fewer than 3 detected genes, fewer than 200 unique

molecular identifier (UMI) counts, or mitochondrial gene

percentages greater than 20% were filtered out.

Next, a global-scaling normalization method was applied,

adjusting the read count in each cell to 10^6 and subsequently

performing log-transformation. The top 2000 highly variable genes

(HVG) were identified and used in the principal component

analysis (PCA), from which the top 30 components were retained

for downstream dimensional reduction and clustering analysis

using default parameters.

Due to the datasets being collected from different studies, the

dataset ID was considered as the batch variable and corrected using

a ridge-regularized linear regression model. Additionally, the

BBKNN algorithm with default parameters was applied for

evaluation and visualization (18).

For cell type annotation, a two-step process was employed.

First, SingleR (19) was used for automatic cell annotation with
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HumanPrimaryCellAtlasData as the reference. Following this,

curated markers or available annotation files from previous

research (20) were manually applied to refine the cell type

annotations based on the SingleR predictions (marker genes were

listed in the Supplementary Table 2). This resulted in the

construction of a tumor-normal single-cell meta-atlas for the

discovery of TAAs.
Malignant cell identification

The raw count matrices of tumor samples with manually

annotated cell labels were imported into the CopyCat (21)

analysis with default parameters. Immune cells and fibroblasts

from each sample served as normal cell references. Epithelial cells

with diploid or undefined predictions were excluded from further

analysis. In contrast, epithelial cells with aneuploid predictions were

identified as malignant cells and retained in the filtered tumor-

normal single-cell meta-atlas.
Random-forest construction

The filtered tumor-normal single-cell meta-atlas was randomly

divided into training, testing, and validation datasets at 6:2:2 ratio.

A random forest classifier with 1000 trees was built using the R

package ‘randomforest’ (22). The model was initially trained on

training datasets with 10-fold cross-validation and then evaluated

on testing datasets to assess performance. The average AUC score

was calculated using the ROCR R package (23) to select the best
Frontiers in Oncology 03
fitting model. Feature importance scores were calculated to

determine the influence of genes in the final random forest

model. The highest-ranked genes by MeanDecreaseAccuracy were

overlapped with cell surface proteins from the in silico human

surfaceome database (24) to extract the top 100 genes with

surface expression.
Expressing cell fraction

The raw counts of each gene in the filtered tumor-normal

single-cell meta-atlas were transformed into a binary classification

to illustrate the expression pattern. A raw count greater than 0 was

considered an expressed pattern (True), while a raw count of 0 was

considered a non-expressed pattern (False). The ECF of a gene was

calculated as the percentage of cells with an expressed pattern in a

specific cell group.
LUAD, CRC, breast cancer tissues and
normal samples

Paraffin sections of normal tissue samples for IHC experiments

were sourced from Guilin Fanpu Biotech, Inc. with ethical approval

for research, and the sample characteristics were provided in

Table 1. Paraffin sections and tissue microarrays (TMAs) of

human LUAD, CRC and breast cancer tissues from randomly

and anonymously selected patients (LUAD, n=64; CRC, n=83;

breast cancer, n=20) were provided by Shanxi Province Cancer

Hospital with the patients ’ informed consent. Patient
TABLE 1 Characteristics of normal tissue samples.

Sample ID Donor Sex Donor Age Tissue origin Tissue condition

F17-0863 Female 48 Breast Normal adjacent tissue of breast tumor

F17-1600 Female 27 Placenta Normal

F17-1649 Female 8 Tonsil Normal

F19-0082 Male 42 Adrenal gland Adrenocortical hyperplasia

F17-4595 Male 82 Prostate Benign prostatic hyperplasia

F20-1535 Female 69 Lung Normal adjacent tissue of lung tumor

F20-1596 Male 48 Liver Normal adjacent tissue of hepatic inflammatory pseudotumor

F19-1687 Male 51 Kidney Kidney rupture

F19-0211 Male 21 Stomach Normal stomach tissue from a donor with peptic ulcer

F18-4236 Female 48 Ovary Ovarian tissue from a donor with uterine leiomyoma

F17-2257 Male 54 Small intestine Normal intestinal tissue from a donor with intestinal obstruction

F18-0991 Male 72 Testicles Normal

F20-1289 Male 55 Esophagus Normal adjacent tissue of esophageal tumor

F20-0956 Male 52 Pancreas Pancreas tissue from a donor with ampullary adenocarcinoma

F20-1423 Male 34 Colon Normal adjacent tissue of colonic lipoma

F20-0646 Female 45 Skin Breast skin tissue
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characteristics, including age, sex, stage, tumor size, etc., were listed

in Table 2. The pathological subtype of LUAD diagnosis was made

in accordance with the 2015 World Health Organization

Classification (25). The TMAs of LUAD and CRC PDX models

were also obtained from Shanxi Province Cancer Hospital.
IHC

The IHC protocol for MUC1 and EGFR was as follows:

i) For antigen retrieval, sections were treated with retrieval

solution (high pH) in Leica BOND-MAX for both EGFR and

MUC1 at 98°C for 20 min before inhibiting endogenous

peroxidase activity for 5 min at room temperature (RT) with

Tris-EDTA/EGTA pH=9; ii) sections were incubated with a

commercially available MUC1 antibody (clone MRQ17, 1:100;

CNT) or anti−EGFR monoclonal antibody (clone EP22, 1:50;

CNT) for 20 min at RT; iii) an enhanced labelled polymer system

(Power Vison) with 3’,3−diaminobenzidine (DAB) was used; and
Frontiers in Oncology 04
iv) sections were counterstained with hematoxylin. Slides were

dehydrated and placed on coverslips.

Evaluation of immunohistochemical staining. Digital images of

IHC−stained TMA slides were obtained at x20 magnification using

a whole-slide scanner (PRECICE 500 slide scanner; UNIC). Tumor

regions on slides were annotated. For each case, total EGFR or

MUC1 immunohistochemical staining was evaluated under light

microscopy. The staining results were calculated as the

histochemistry score (H-score), which was determined by adding

the products of the three staining intensity values (weak (1+),

moderate (2+), and strong (3+) membranous staining) and their

respective cell percentages in the slide.
Bulk RNA sequencing of PDX samples

RNA of PDX samples was extracted using the Qiagen AllPrep

DNA/RNA kit, followed by the library construction using TruSeq

RNA sample preparation kit (Illumina), and pair-end sequencing

on HiSeq 2000. Quality control of RNA sequencing data was

conducted using FastQC (26) and MultiQC (27). Adapter

trimming, as well as the removal of low-quality reads (quality

score < 30) and short reads (< 30 bp), was performed using Trim

Galore (28). Then, the reads were aligned to the Homo sapiens

genome (Human GRCh38) using Hisat2 (29) with default

parameters. SAM files converted to BAM file using Samtools (30)

and gene raw read counts were subsequently extracted from BAM

files using featureCounts (31).
Calculation of RNA cut-off values from IHC
and RNA sequencing data of PDX samples

Using the paired RNA sequencing data and IHC scores from the

same PDX samples, we aimed to determine the transcriptomic cut-

off values for EGFR and MUC1 that would classify samples with

positive or negative staining in IHC. Receiver operating

characteristic (ROC) curves were drawn using the `roc` function

of the R package `pROC` (32), based on the EGFR or MUC1 H-

scores from IHC and the log2(TPM+1) values from RNA

sequencing of the same PDX samples. The area under the ROC

curve (AUC) was calculated, and the best threshold was set as the

cut-off.
TCGA data processing

The TCGA-LUAD and TCGA-COAD datasets were

downloaded via the TCGAbiol ink package (33) . For

transcriptomic TPM expression matrix, the data category

‘Transcriptome Profi l ing ’ , data type ‘Gene Expression

Quantification’, and workflow types “STAR - Counts” and

‘tpm_unstrand’ were selected. TPM value was converted into log2

(TPM+1). For clinical information, the data category ‘Clinical’, data

type ‘Clinical Supplement’, and data format “BCR XML” were

chosen. Additionally, phenotype files of TCGA-LUAD and
TABLE 2 Characteristics of LUAD, CRC and BRCA patients with tissue
samples analyzed in IHC.

Cancer type LUAD CRC BRCA

Characteristics, n (%) n = 64 n = 83 n=20

Sex

Male 34 (53.1%) 54 (65.1%) 0 (0.0%)

Female 30 (46.9%) 29 (34.9%) 20 (100.0%)

Age(years)

<65 48 (75.0%) 51 (61.4%) 16 (80.0%)

≥65 16 (25.0%) 32 (38.6%) 4 (20.0%)

Tumor size

≤5 cm 62 (96.9%) 25 (30.1%) 19 (95.0%)

>5 cm 2 (3.1%) 56 (67.5%) 1 (5.0%)

grading

I 3 (4.7%) 4 (4.8%) 0 (0.0%)

I-II 5 (7.8%) 27 (32.5%) 0 (0.0%)

II 24 (37.5%) 26 (31.3%) 14 (70.0%)

II-III 6 (9.4%) 9 (10.8%) 0 (0.0%)

III 12(18.8%) 6 (7.3%) 1 (5.0%)

Lymphovascular invasion

negative 40 (62.5%) 53 (63.9%) 7 (35.0%)

positive 24 (37.5%) 28 (33.7%) 13 (65.0%)

AJCC Stage

I 39 (60.9%) 22 (26.5%) 7 (35.0%)

II 1 (1.6%) 31 (37.3%) 0 (0.0%)

III 24 (37.5%) 28 (33.7%) 13 (65.0%)
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TCGA-COAD were downloaded from the UCSC Xena web (34) to

provide complementary clinical information. For patients with

multiple samples, only the tumor sample (sample ID from 0-9)

with the latest plate value was retained according to the TCGA

barcode guideline. The log-rank test was used to compare Kaplan-

Meier survival curves between groups, utilizing the R package

`survival` (35). Univariate and multivariate Cox proportional

hazards models were applied to evaluate the hazard ratio, using

the R package `survminer` (36).
Statistical analysis

The prognosis of LUAD and CRC patients were estimated

through Kaplan-Meier survival curves. The criterion for

statistical significance was p < 0.05 in all evaluations unless

otherwise indicated.
Results

TAA screening based on single-cell
meta-atlas

To identify TAA targets, we constructed a tumor-normal single

cell meta-atlas via integrating multiple single-cell transcriptome

datasets of primary lung tumors and normal lung tissues (10–13)

for analysis (Figure 1A). The ECF of each gene was compared with

the average expression level for tumor and normal cell populations,

and the genes that contributed most to distinguishing between

individual malignant and normal tissues were selected by random
Frontiers in Oncology 05
forest analysis. Feature importance (FI) was gauged through the

metric of ‘mean decrease in accuracy,’ a measure that reflected the

model’s proficiency in aligning the surfaceome expression profiles

with the initial labels of tumor or normal as annotated by our meta-

atlas. The top 100 genes with the highest FI were selected for

detailed literature review, with various aspects taken into

consideration, such as drug developmental status, signaling

pathway, gene expression and mutations. Among them MUC1

was finally selected with low expression in various normal cell

types for subsequent evaluation (Figures 1B, C).
Single-cell analysis confirmed the co-
expression of EGFR and MUC1 in
tumor cells

We performed single-cell analysis based on data from an

independent study (14) to validate the co-expression of EGFR

and MUC1 in cancer cells, as well as in other cells of the tumor

microenvironment. We used the cut-off of raw count values > 0 to

define co-expression of genes at single-cell transcriptomic level. Co-

expression of EGFR and MUC1 in malignant cells and stromal cells,

including fibroblasts, endothelial cells, normal epithelial cells and

immune cells (conventional CD4 T cells, CD8 T cells, exhausted

CD8+ T cells, proliferating T cells, NK cells, monocytes or

macrophages) was estimated. Co-expression of EGFR and MUC1

in stromal cells was lower than 10% (mostly under 5%) in any

patient (Figure 2; Supplementary Table 3). By contrast, 44% of

LUAD patients had more than 10% EGFR and MUC1 co-

expression in malignant cells, which was significantly higher than

the co-expression percentages in other cell populations (P-value =
FIGURE 1

Identification of MUC1 as a potential TAA target. (A) Overview of TAA discovery pipeline based on single-cell transcriptomic analysis. (B) Expression
levels of MUC1 in normal cells (epithelial cell as an example) and tumor cells. (C) Expression levels (evaluated by ECF) of MUC1 in various types of
normal cells.
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2.088e-10). The co-expression of EGFR and MUC1 was higher in

tumor cells than EGFR combined with targets under active drug

development for lung cancer such as MET, HER3 (ERBB3) or

Trop2 (TACSTD2) (Figure 2), suggesting the potential safety

advantage of developing therapies targeting EGFR and MUC1.
IHC analysis of MUC1 and EGFR expression
in normal tissues and tumor samples

To examine the protein levels of MUC1 and EGFR in normal

tissues, we conducted IHC on a panel of tissue samples from

different anatomic sites (Table 1). IHC method for EGFR and

MUC1 was established and optimized by screening the most

specific primary antibody and testing appropriate antibody

concentration (Supplementary Figure 1). EGFR showed positive

staining in skin, liver, testicle, prostate, adrenal gland and

esophagus, while MUC1 displayed more restricted staining in

lung, breast, kidney and stomach (Figure 3). Importantly, the data

suggested that these two targets were not co-existed in any normal

tissues, which is crucial to minimize potential on-target, off-

tumor toxicity.

As aberrant expression of EGFR and MUC1 has been reported

in various epithelial tumors (37–39), we carried out IHC

experiments on LUAD, CRC and breast cancer tissues (Table 2).

EGFR generally showed the membranous staining pattern,

while MUC1 exhibited both membranous and cytoplasmic

patterns, consistent with previous reports (40–42) (Figure 4A). Of

the 64 clinical LUAD samples analyzed, EGFR protein expression
Frontiers in Oncology 06
was observed in 63 (98.4%) cases, and MUC1 were stained positive

in all of the samples. Among CRC clinical samples, 79 (95.2%) and

81 (97.6%) were positive for EGFR and MUC1, respectively. As

EGFR and MUC1 were stained in consecutive sections with a

thickness of 4 mm, which was smaller than the averaged diameter

of tumor cells (7-20 mm in most cases), we could observe if they

were co-expressed in the same tumor cells (Figure 4B). Roughly,

EGFR and MUC1 were detected on the same tumor cells in 63

(98.4%) LUAD and 76 (91.6%) CRC samples, which included

samples with at least 1% of tumor cells stained positive with both

EGFR and MUC1 regardless of staining intensity.

The H-score, which was the sum of the staining intensities

multiplied by their corresponding cell percentages, averaged 207.7

(EGFR) and 285.9 (MUC1) in LUAD and 87.6 (EGFR) and 158.3

(MUC1) in CRC (Figures 4C–F). Using H-score ≥100 and H-score

≥200 as the cut-off values for medium and high expression of each

protein, medium levels of EGFR and MUC1 were found in 54

(84.3%) LUAD and 19 (22.9%) CRC samples (Supplementary

Figure 2). Furthermore, 60.9% of LUAD and 3.6% of CRC

samples showed high levels of EGFR and MUC1 (Supplementary

Figure 2). However, the staining intensity and percentage of EGFR

were much weaker in breast cancer samples which were therefore

not used for the following analysis (Figures 4C, E).

Taken together, IHC analysis demonstrated that EGFR

and MUC1 were present at medium to high levels in the

majority of LUAD and CRC samples, and in line with single-cell

analysis, they tended to be co-expressed on tumor cells. Moreover,

they did not show high expression or co-existence patterns in

normal tissues.
FIGURE 2

Co-expression of MUC1 and EGFR in LUAD single-cell RNA sequencing data (GSE148071). Co-expression percentages of EGFR with MUC1 (A), MET (B),
TROP2 (C), HER3 (D) in different cell clusters in the tumor microenvironment are shown as box plots. Gene expression was quantified as log2(TPM+1).
Each dot represents one patient. The horizontal line in the box plot denotes the median, and the box denotes the 25th to 75th quantiles of the data.
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EGFR-MUC1 as dual-TAA targets could
potentially cover a large population of
NSCLC patients

To estimate the size of patient population with EGFR and

MUC1 expression using TCGA database, we calculated the cut-off

values of RNA expression corresponding to the positivity of EGFR

and MUC1 protein levels. We used PDX samples due to their

similarity to primary tumors, and obtained RNA sequencing and

IHC staining results of the same PDX samples. In 24 and 62 PDX

samples of LUAD and CRC respectively, the staining patterns of

EGFR and MUC1 were similar to those in primary clinical samples

(Figures 5A, B). 100% LUAD samples (mean H-score=262) and

CRC samples (mean H-score=174) were positive for EGFR, while

95.8% LUAD samples (mean H-score=202) and 100% CRC samples

(mean H-score=178) were positive for MUC1 (Figures 5C, D). The

cut-off log2(TPM+1) values were determined to predict IHC

positivity through ROC curve analysis, in which a larger AUC

indicated a better predictive performance (a higher consistency

between TPM and H-score). Figures 5E, F showed the ROC curves

and the AUC values for LUAD PDX samples, illustrating a high

AUC value (0.97 by H-score >0) for EGFR, a medium AUC value

(0.6 by H-score >0) for MUC1 in LUAD, and a low AUC value for

both EGFR and MUC1 in CRC (data not shown). Therefore, we

proceeded with analyses of EGFR and MUC1 in LUAD.

We estimated the optimal threshold value of RNA expression

referring to protein positivity (H-score >0) by the roc function in
Frontiers in Oncology 07
the R package “pROC” as the cut-off (43). The log2(TPM + 1) cutoff

points of 2.23 for EGFR and 1.5 for MUC1 (Figures 5E, F) were

applied in the TCGA database to define positivity.. Consistent with

our above results, 504 of 517 (97.5%) LUAD samples were positive

for EGFR, and MUC1 protein expression was positive in 517 cases

(100%). Thus, the proportion of tumor samples positive with EGFR

and MUC1 was estimated to be 97.5% (Figure 5G), which indicated

that a large population of LUAD patients could potentially benefit

from EGFR-MUC1 dual-targeting therapies.
EGFR and MUC1 corelated with poor
prognosis of LUAD and CRC patients

To further evaluate the clinical significance of EGFR and MUC1

expression, we analyzed the correlation between EGFR and MUC1

expression and the prognosis of LUAD and CRC patients through

Kaplan-Meier survival curves. To predict the effect of EGFR and

MUC1 on the survival of individuals who might need biological

treatments, patients with advanced tumor stages (TNM tumor stage

III/IV) from TCGA database were selected for the survival analysis.

In LUAD patients, although there was no significant difference, we

observed that high expression of EGFR or MUC1 alone was corelated

with reduced overall survival (OS) and disease-free interval (DFI)

(Supplementary Figures 3A–D). Furthermore, LUAD patients with

high expression of both EGFR and MUC1 had significantly worse

prognosis than other patients (Figures 6A, B, p-value=0.033 for OS,
FIGURE 3

IHC analysis of MUC1 and EGFR in normal human tissues. (A, B) Representative images of EGFR and MUC1 showing no co-expression in normal skin
and lung tissues. (C) Intensity and H-score of EGFR and MUC1 in various normal tissues. The symbols represent the staining intensity: -, negative;
+, weak; ++, moderate; +++, strong.
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p-value=0.027 for DFI). In CRC patients, prognosis of patients with

high EGFR or MUC1 expression alone was slightly worse than low

expression (Supplementary Figures 3E–H), while the prognosis of

patients with high expression of both EGFR and MUC1 was

significantly worse than that of patients with low expression levels
Frontiers in Oncology 08
of both targets (Figures 6C, D, p-value=0.045 for OS, p-value=0.053

for DFI). These results suggested high expression of EGFR-MUC1

might serve as a prognostic factor for LUAD and CRC patients, and

development of dual- targeting therapies might provide effective

treatment options for patients with late stage LUAD or CRC.
FIGURE 4

IHC analysis of EGFR and MUC1 in LUAD, CRC and breast invasive carcinoma (BRCA) clinical samples. (A) Representative images of EGFR and MUC1
staining profiles. The image in the black box on the right is a magnification of the black box on the left to visualize the tumor cells. (B) Representative
images showing co-expression, differential expression and non-expression of EGFR and MUC1 in consecutive sections of LUAD and CRC samples.
(C, D) Expression levels of EGFR and MUC1 quantified by H-score in LUAD, CRC and BRCA. (E, F) Percentages of samples with different cut-offs of
H-score for EGFR (E) and MUC1 (F).
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Discussion

The EGFR-dependent pathway has an important role in

epithelial cancer biology, which has led to the development

of cetuximab and necitumumab. However, severe skin toxicity,
Frontiers in Oncology 09
most likely due to the expression of EGFR in normal epithelium,

hinders the widespread use of these drugs (7). To increase tumor

selectivity and reduce tumor escape, dual-targeting therapies

using antibodies, antibody-drug conjugates (ADCs) or chimeric

antigen receptor T cells have emerged (44, 45), as targeting two
FIGURE 5

Expression analysis of EGFR and MUC1 in PDX samples and TCGA database. (A, B) Representative images of EGFR (A) and MUC1 (B) staining profiles
in PDX samples. (C, D) EGFR and MUC1 expression levels quantified by H-score in LUAD and CRC PDX samples. (E, F) ROC curves for EGFR (E) and
MUC1 (F) in LUAD PDX samples which were drawn using H-score and RNA log2(TPM+1) data from the same PDX sample. AUCs and log2(TPM+1)
threshold values corresponding to positive protein staining by Youden’s cut-off are also illustrated. (G) Estimated percentage of EGFR and MUC1
expression in LUAD patients in the TCGA database.
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TAAs simultaneously might better distinguish tumor cells from

normal cells.

In this work, we screened TAA targets using a single-cell

analysis pipeline, and found a potential target MUC1 with high

expression in tumor cells and relatively low or undetectable

expression in normal tissues. MUC1 is a glycoprotein involved in

the proliferation, metabolism, metastasis and invasion of multiple

tumor types (46–49), and overexpressed in various epithelial

cancers with aberrant glycosylation (50). As MUC1 protein was

confined to the apical surface of epithelial cells under normal

physiological conditions, it was distributed all over the cell surface

and within the cytoplasm in tumor cells, which might improve the

safety of drugs targeting MUC1 (47). Thus, MUC1 presented

unique properties in cancer cells, including the aberrant

glycosylation pattern, loss of polarity and overexpression, making

it an attractive TAA target (47). However, the clinical efficacy of

monotherapy targeting MUC1 was much lower than expected. The

glyco-engineered humanized monoclonal antibody PankoMab-

GEX showed no difference from placebo for the primary endpoint

of progression-free survival (51). One possible reason could be that

these anti-MUC1 antibodies were developed to target the N-

terminal subunit (MUC1-N) which was usually shed from the cell

surface and released into the peripheral blood. The detached

MUC1-N attached to antibodies and prevented them from

binding to surface MUC1 (52).
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Several studies have demonstrated that MUC1 drove EGFR

expression and signaling in different cellular contexts (53–56).

Through its C-terminus, MUC1 stimulated EGFR promoter

activation, thereby increasing EGF-dependent signaling, spheroid

survival and cellular proliferation (55). Furthermore, knockout of

MUC1 in tumor cells resulted in higher sensitivity to EGFR

inhibitors, and activated EGFR stimulated MUC1 expression in

human uterine and pancreatic cancer cell lines (55). Therefore, it is

predicted that EGFR-MUC1 dual-targeting therapies could

improve the response of tumor cells, and analysis of EGFR and

MUC1 co-expression patterns in clinical samples are essential to

provide a solid rationale for drug development.

We investigated the expression patterns of EGFR and MUC1 in

patients with LUAD and CRC by IHC, and observed high

expression of EGFR and MUC1 in tumor tissues. In contrast,

there was lower expression of both proteins in various normal

tissues. In line with previous studies, co-expression of EGFR and

MUC1 in the same tumor cells was found in most cases, including

63 (98.4%) LUAD and 76 (91.6%) CRC samples. Using the RNA

cut-off values for EGFR and MUC1 positivity, we estimated that

97.5% of LUAD patients expressed EGFR and MUC1 based on the

517 cases’ data from TCGA, which suggested that EGFR andMUC1

expression was prevalent in LUAD patients. Furthermore, high

expression of EGFR and MUC1 was prognostic for poor survival of

LUAD and CRC patients.
FIGURE 6

Correlation of EGFR-MUC1 expression with prognosis of LUAD and CRC patients. Survival curves showing the association between EGFR-MUC1
expression and prognosis of LUAD (A, B) and CRC patients (C, D).
frontiersin.org

https://doi.org/10.3389/fonc.2024.1433033
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Cui et al. 10.3389/fonc.2024.1433033
There are some limitations in our study. Firstly, as we showed the

expression patterns of EGFR and MUC1 in a panel of normal tissues

and various tumor tissues, the sample size was still limited to achieve

a thorough comparison between tumor and normal tissues. A larger

collection of normal samples and tumor samples with paired tumor-

adjacent tissues need to be examined to better elucidate the potential

toxicity of targeting EGFR and MUC1. Secondly, we did not show

experimental data to confirm the efficacy and safety of dual-targeting

strategy in this study, while other companies have reported their

preclinical data on bispecific ADCs targeting EGFR and MUC1

recently, which suggested the great therapeutic potential of dual-

targeting drugs for cancers co-expressing EGFR andMUC1, as well as

EGFR- or MUC1- expressing tumors (57, 58).

In summary, through a generalizable pipeline for screening TAAs

by single-cell transcriptomic and IHC analysis, MUC1 was selected as

a candidate target to combine with EGFR, as to increase the tumor

specificity over normal cells. We demonstrated that EGFR and

MUC1 were co-expressed on tumor cells in the majority of LUAD

and CRC clinical samples. High expression of EGFR and MUC1 was

corelated with unfavorable prognosis of LUAD and CRC patients.

Given that EGFR andMUC1 expression was present in a large patient

population, our work has shed light on the prospects of developing

EGFR-MUC1 dual-targeting therapies, such as bispecific antibodies

and ADCs, which might broaden the tumor selectivity while reducing

the side-effects on normal organs.
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SUPPLEMENTARY FIGURE 1

Establishment of IHC method and evaluation of staining intensity.
Representative examples of IHC method optimization (A) and positive

samples with different staining intensities (B). (A) An optimized antibody

concentration of 0.5 mg/mL was selected considering MUC1 staining
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sensitivity and specificity in tonsil tissue. (B)Membrane staining was scored as
follows: 0 for no staining visible at a magnification of x400; 1+ for light

staining visible at a magnification of x400; 2+ for intermediate staining visible

at a magnification of x400; and 3+ for dark staining of the linear membrane
visible at a magnification of x100.

SUPPLEMENTARY FIGURE 2

Percentages of EGFR and MUC1 expression in LUAD (A) and CRC (B) samples
according to different H-score cut-offs (H-score>0, H-score ≥100, H-score ≥200).
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SUPPLEMENTARY FIGURE 3

Correlation of EGFR or MUC1 expression with prognosis in LUAD and CRC
patients. (A, B) Survival curves showing the association between EGFR

expression and OS rate (A) or DFI (B) of LUAD patients. (C, D) Survival

curves showing the association between MUC1 expression and OS rate (C)
or DFI (D) of LUAD patients. (E, F) Survival curves showing the association

between EGFR expression and OS rate (E) or DFI (F) of CRC patients. (G, H)
Survival curves showing the association between MUC1 expression and OS

rate (G) or DFI (H) of CRC patients.
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Vilchis JG, Ramıŕez-Tirado LA, HernáNdez-Pedro N, et al. Reproducibility of the
EGFR immunohistochemistry scores for tumor samples from patients with advanced
non-small cell lung cancer. Oncol Lett. (2017) 13:912–20. doi: 10.3892/ol.2016.5512

41. Kato T, Ujiie H, Hatanaka KC, Nange A, Okumura A, Tsubame K, et al. A novel
Tn antigen epitope-recognizing antibody for MUC1 predicts clinical outcome in
patients with primary lung adenocarcinoma. Oncol Lett. (2021) 21:202. doi: 10.3892/
ol.2021.12463

42. Atkins D, Reiffen KA, Tegtmeier CL, Winther H, Bonato MS, Störkel S.
Immunohistochemical detection of EGFR in paraffin-embedded tumor
tissues: variation in staining intensity due to choice of fixative and storage time of
tissue sections. J Histochem Cytochem. (2004) 52:893–901. doi: 10.1369/jhc.
3A6195.2004

43. Fluss R, Faraggi D, Reiser B. Estimation of the Youden Index and its associated
cutoff point. Biom J. (2005) 47:458–72. doi: 10.1002/bimj.200410135

44. Zeng H, Ning W, Liu X, Luo W, Xia N. Unlocking the potential of bispecific
ADCs for targeted cancer therapy. Front Med. (2024) 18(4):597–621. doi: 10.1007/
s11684-024-1072-8

45. Dagar G, Gupta A, Masoodi T, Nisar S, Merhi M, Hashem S, et al. Harnessing
the potential of CAR-T cell therapy: progress, challenges, and future directions in
hematological and solid tumor treatments. J Transl Med. (2023) 21:449. doi: 10.1186/
s12967-023-04292-3

46. Bitler BG, Goverdhan A, Schroeder JA. MUC1 regulates nuclear localization and
function of the epidermal growth factor receptor. J Cell Sci. (2010) 123:1716–23.
doi: 10.1242/jcs.062661

47. Nath S, Mukherjee P. MUC1: a multifaceted oncoprotein with a key role in
cancer progression. Trends Mol Med. (2014) 20:332–42. doi: 10.1016/j.molmed.2014.
02.007

48. Kalluri R, Weinberg RA. The basics of epithelial-mesenchymal transition. J Clin
Invest. (2009) 119:1420–8. doi: 10.1172/JCI39104

49. Chaika NV, Gebregiworgis T, Lewallen ME, Purohit V, Radhakrishnan P, Liu X,
et al. MUC1 mucin stabilizes and activates hypoxia-inducible factor 1 alpha to regulate
Frontiers in Oncology 13
metabolism in pancreatic cancer. Proc Natl Acad Sci U.S.A. (2012) 109:13787–92.
doi: 10.1073/pnas.1203339109

50. Lau SK, Weiss LM, Chu PG. Differential expression of MUC1, MUC2, and
MUC5AC in carcinomas of various sites: an immunohistochemical study. Am J Clin
Pathol. (2004) 122:61–9. doi: 10.1309/9R6673QEC06D86Y4

51. Fiedler W, DeDosso S, Cresta S, Weidmann J, Tessari A, Salzberg M, et al. A
phase I study of PankoMab-GEX, a humanised glyco-optimised monoclonal antibody
to a novel tumour-specific MUC1 glycopeptide epitope in patients with advanced
carcinomas. Eur J Cancer. (2016) 63:55–63. doi: 10.1016/j.ejca.2016.05.003

52. Bose M,Mukherjee P. Potential of anti-MUC1 antibodies as a targeted therapy for
gastrointestinal cancers. Vaccines (Basel). (2020) 8:659. doi: 10.3390/vaccines8040659

53. Ma Q, Song J, Wang S, He N. MUC1 regulates AKT signaling pathway by
upregulating EGFR expression in ovarian cancer cells. Pathol Res Pract. (2021)
224:153509. doi: 10.1016/j.prp.2021.153509

54. Li X, Wang L, Nunes DP, Troxler RF, Offner GD. Suppression of MUC1
synthesis downregulates expression of the epidermal growth factor receptor. Cancer
Biol Ther. (2005) 4:968–73. doi: 10.4161/cbt.4.9.1913

55. Engel BJ, Bowser JL, Broaddus RR, Carson DD. MUC1 stimulates EGFR
expression and function in endometrial cancer. Oncotarget. (2016) 7:32796–809.
doi: 10.18632/oncotarget.v7i22

56. Schroeder JA, Thompson MC, Gardner MM, Gendler SJ. Transgenic MUC1
interacts with epidermal growth factor receptor and correlates with mitogen-activated
protein kinase activation in the mouse mammary gland. J Biol Chem. (2001)
276:13057–64. doi: 10.1074/jbc.M011248200

57. Zhang Y, Shang C, Wang A, Zhang J, Liu Y, Li H, et al. Abstract 6325: A novel
EGFR x MUC1 bispecific antibody-drug conjugate, BSA01, targets MUC1
transmembrane cleavage products and improves tumor selectivity. Cancer Res.
(2023) 83:6325. doi: 10.1158/1538-7445.AM2023-6325

58. Jiang X, Jia J, Guo H, Kong X, Xu Y, Ye S, et al. Abstract 3147: DXC025, a novel
anti-MUC1/EGFR bispecific antibody-tubulysin conjugate with a function linker,
exhibits potent anti-tumor efficacy. Cancer Res. (2024) 84:3147. doi: 10.1158/1538-
7445.AM2024-3147
frontiersin.org

https://doi.org/10.3892/ol.2016.5512
https://doi.org/10.3892/ol.2021.12463
https://doi.org/10.3892/ol.2021.12463
https://doi.org/10.1369/jhc.3A6195.2004
https://doi.org/10.1369/jhc.3A6195.2004
https://doi.org/10.1002/bimj.200410135
https://doi.org/10.1007/s11684-024-1072-8
https://doi.org/10.1007/s11684-024-1072-8
https://doi.org/10.1186/s12967-023-04292-3
https://doi.org/10.1186/s12967-023-04292-3
https://doi.org/10.1242/jcs.062661
https://doi.org/10.1016/j.molmed.2014.02.007
https://doi.org/10.1016/j.molmed.2014.02.007
https://doi.org/10.1172/JCI39104
https://doi.org/10.1073/pnas.1203339109
https://doi.org/10.1309/9R6673QEC06D86Y4
https://doi.org/10.1016/j.ejca.2016.05.003
https://doi.org/10.3390/vaccines8040659
https://doi.org/10.1016/j.prp.2021.153509
https://doi.org/10.4161/cbt.4.9.1913
https://doi.org/10.18632/oncotarget.v7i22
https://doi.org/10.1074/jbc.M011248200
https://doi.org/10.1158/1538-7445.AM2023-6325
https://doi.org/10.1158/1538-7445.AM2024-3147
https://doi.org/10.1158/1538-7445.AM2024-3147
https://doi.org/10.3389/fonc.2024.1433033
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	EGFR and MUC1 as dual-TAA drug targets for lung cancer and colorectal cancer
	Introduction
	Materials and methods
	Single-cell RNA sequencing data processing
	Malignant cell identification
	Random-forest construction
	Expressing cell fraction
	LUAD, CRC, breast cancer tissues and normal samples
	IHC
	Bulk RNA sequencing of PDX samples
	Calculation of RNA cut-off values from IHC and RNA sequencing data of PDX samples
	TCGA data processing
	Statistical analysis

	Results
	TAA screening based on single-cell meta-atlas
	Single-cell analysis confirmed the co-expression of EGFR and MUC1 in tumor cells
	IHC analysis of MUC1 and EGFR expression in normal tissues and tumor samples
	EGFR-MUC1 as dual-TAA targets could potentially cover a large population of NSCLC patients
	EGFR and MUC1 corelated with poor prognosis of LUAD and CRC patients

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


