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Abstract
Tumor responses to cancer therapeutics
are generally monitored every 2-3
months based on changes in tumor size.
Dynamic biomarkers that reflect effective
engagement of targeted therapeutics to the
targeted pathway, so-called ‘effect sensors’,
would fulfill a need for non-invasive, drugspecific indicators of early treatment effect.
Using a proteomics approach to identify
effect sensors, we demonstrated MUC1
upregulation in response to epidermal
growth factor receptor (EGFR)-targeting
treatments in breast and lung cancer models.
To achieve this, using semi-quantitative
mass spectrometry, we found MUC1 to
be significantly and durably upregulated in
response to erlotinib, an EGFR-targeted
drug. MUC1 upregulation was regulated
transcriptionally, involving PI3K-signaling
and STAT3. We validated these results in
erlotinib-sensitive human breast and nonsmall lung cancer cell lines. Importantly,
erlotinib treatment of mice bearing SUM149
xenografts resulted in increased MUC1
shedding into plasma. Analysis of MUC1
using serial blood sampling may therefore
be a new, relatively non-invasive tool to
monitor early and drug-specific effects of
EGFR-targeting therapeutics.
Introduction

3

Tumor response to cancer treatment is
currently assessed according to RECIST 1.1
criteria, which involve measuring changes
in tumor size every 2-3 months (1). This
response may take several weeks to months
to become apparent and therefore does not
allow for an early assessment of efficacy of
anticancer agents. Assessing the efficacy of
individual anti-cancer therapeutics is further
challenged by the fact that they are frequently
used in combination therapies. Especially in
early phase trials with combination therapies,
there are often challenges to determine the
optimal timing, duration and efficacy of novel
drug treatment (2). Providing more frequent
and more drug-specific insights into drug
48

efficacy may therefore improve assessment
of tumor responses to guide clinical decision
making, refine study designs, and reduce
unnecessary drug exposure. In particular,
a drug-specific indicator for tumor effects
that can be measured non-invasively and
repeatedly would enable the assessment of
individual drug contribution, thus providing
an effect sensor (3,4).
Ideally, effect sensors are dynamic
markers that can either be detected on
tumor cells or are released by tumor
cells as circulating biomarkers. Multiple
complementary methods have been used to
non-invasively assess dynamic biomarkers,
including circulating biomarkers and
molecular imaging of tumor biomarkers (5).
Circulating biomarkers allow fast and high
frequency sampling due to ease of collection.
Circulating biomarkers have indicated early
response, such as response measured with
the surrogate response marker prostatespecific antigen (PSA) in prostate cancer (6).
Likewise, developing tumor heterogeneity
could be measured based on circulating
tumor DNA (7). Tumor biomarkers can
also be visualized by molecular imaging,
which has the ability to measure inter-lesion
heterogeneity (8). However, biomarkers that
dynamically measure the successful targeting
of tumor cells by molecularly targeted
agents, which we refer to as effect sensors,
are currently not available.
Here, we focused on discovery and
validation of effect sensors for targeted
therapies of the epidermal growth factor
receptor (EGFR), an oncogenic driver
in multiple cancer types that can be
hyperactivated through overexpression or
somatic mutation (9). Therapeutic agents
targeting EGFR, such as tyrosine kinase
inhibitor erlotinib or monoclonal antibody
cetuximab, provide clinical benefit in
selected patient groups (10,11). Proteomewide analysis is highly suited for discovery
of drug-specific effects in protein expression,
which could be used as a generic tool to
identify effect sensors (4,12). Using mass
spectrometry-based
proteomics
(MS
proteomics), we detected early protein
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dynamics in response to the EGFR inhibitor
erlotinib in human breast and lung cancer
tumor models. We identified MUC1 as
an effect sensor to monitor the effects of
EGFR targeting that can be non-invasively
monitored in vivo by serial blood sampling.
Results
Quantitative proteomic analysis of breast
cancer cells identifies MUC1 in response
to EGFR inhibition.
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To identify proteins that could be
potential effect sensors of EGFR inhibition,
we tested a panel of five human breast
cancer cell lines expressing wild type (wt)EGFR for cell viability in the presence of
the EGFR inhibitor erlotinib. Three cell lines
were sensitive to 10 µM erlotinib (SKBR3,
SUM149, and BT474), whereas two cell
lines (MB-MDA-231 and BT549) were
insensitive,
which
Figure
1 was in agreement with
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previous reports (13,14) (Fig 1A). Erlotinib
treatment of sensitive breast cancer cells
resulted in stalled proliferation as judged
by the decreased cell fractions in the S/G2
cell cycle phase, and an accumulation of cells
in G1-phase (Sup. Fig 1A, B). Also, increased
levels of apoptosis were observed upon
EGFR inhibition, as evidenced by an increased
sub-G1 population (Sup. Fig 1C). The cell
cycle arrest was accompanied by elevated
expression of the CDK inhibitor p27 and
CDK1 and AKT signaling inactivation, in line
with earlier reports (Sup. Fig 1D) (15). To
further explore proteome-wide responses
to EGFR treatment, the erlotinib-sensitive
cell lines were metabolically labeled with
either light or heavy isotope-labeled amino
acids (16).
Next, we used mass spectrometric (MS)
analysis to quantitatively measure protein
abundance changes between heavy-labeled
erlotinib-treated cells and light-labeled
control-treated cells after 48 hours, including
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Figure 1 Differential protein expression by erlotinib inhibition in breast cancer cell lines
A) Erlotinib sensitivity in breast cancer cell lines. B) Setup of SILAC-MS. C) Venn diagram showing the number of
proteins identified per cell line, the overlap across the three cell lines, and the distribution of membrane proteins
and subclassifications based on Gene Ontology analysis of the triple overlapping group. D) Correlation between
mean fold change (FC) of identified plasma membrane proteins and ICA analysis was tested by linear regression.
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reverse-label replicate measurements (16)
(Fig 1B). Membrane proteins were enriched
by fractionation as this fraction likely
contains the most suitable effect sensors.
Using SILAC-MS we quantitatively detected
2,131, 2,120 and 1,787 proteins across two
independent experiments for cell lines
SKBR3, SUM149, and BT474, respectively,
with 1,305 overlapping unique proteins (Fig
1C). Of these, 621 (47.58%) were identified
as membrane proteins using Gene Ontology
annotations, of which 228 (36.71%) were
plasma membrane proteins (Fig 1C, table
S1). Among the differentially expressed
proteins, PCNA and cyclin-dependent
kinase 1 (CDK1) showed strongly decreased
expression after erlotinib treatment, in
agreement with G1 cell cycle arrest in
response to EGFR inactivation (Sup. Fig 1A)
(17). Independent component analysis (ICA)
on the fold changes (FC) of identified proteins
was performed to separate proteomic data
into statistically independent components
of potential biological processes (18). Six
proteins were selected for further validation
using the following criteria: proteins should
be i) expressed at plasma membranes as
determined by Gene Ontology definition, ii)
induced by at least 1.5-fold, iii) have an ICA
score above 2.0 in component 1 (Fig 1D).
After 48 hours of 10 µM erlotinib
treatment in the erlotinib-sensitive cell
lines, reproducible upregulation of protein
expression was observed for two of the
six selected proteins: Mucin-1 (MUC1) and
ACSL1 (Fig 2A). To test if transcriptional
regulation underpinned the observed
changes in protein expression, we analyzed
mRNA expression in response to erlotinib
treatment (Fig 2B) in the six corresponding
genes. Only mRNA levels of MUC1
consistently increased in response to
erlotinib treatment in the panel of erlotinibsensitive cell lines, whereas mRNA levels
were stable or showed decreased expression
in erlotinib-insensitive cell lines (Fig 2B).
Notably, MUC1 protein expression was
erlotinib dose-dependent, with BT474 and
SUM149 cells showing increased MUC1-N
and MUC1-C expression at 1.25 µM, while
50

SKBR3 cells showed increased expression at
5 and 10 µM erlotinib (Fig 2C).Taken together,
out of a panel of 6 potential effect sensors
for erlotinib treatment, MUC1 consistently
showed erlotinib-induced upregulation, both
at the mRNA and protein level in erlotinibsensitive cell lines. MUC1 was found as top
hit in our MS screens in terms of fold-change
and ranked most significant in the first
independent component of the ICA analysis
(Fig 1D). MUC1 is a plasma membrane
protein consisting of an extracellular
N-terminal domain (MUC1-N) and a
combined transmembrane and cytoplasmic
C-terminal tail (MUC1-C). MUC1 is
overexpressed in many types of cancer types
including breast and NSCLC (19) and can be
measured in plasma of cancer patients as
an indicator of tumor burden (20). These
properties make MUC1 potentially suitable
as an effect sensor.
MUC1 is upregulated by multiple EGFRtargeting strategies
As erlotinib is used in first-line treatment
of NSCLC patients with activating EGFR
mutations, we next investigated whether
MUC1 upregulation also occurs in a panel
of ¬wt- or mutant-EGFR NSCLC cell lines.
Strong MUC1 upregulation was observed
in H292 (wt-EGFR) and HCC827 (EGFRexon-19 deletion) cell lines at 1 µM and 15
nM erlotinib, respectively, (Fig 2D), while
minor MUC1 upregulation was observed wtEGFR-harboring Calu-3 and H441 cell lines
at 1 µM and 10 µM erlotinib, respectively
(Sup. Fig 2A). Similar to erlotinib-insensitive
breast cancer cell lines, erlotinib-insensitive
NSCLC cell lines H322 and A549 did not
show MUC1 upregulation at tested doses up
to 10 µM erlotinib (Sup. Fig 2A). Interestingly,
a sub-clone of the HCC827 cell line
(HCC827-R), which was made resistant to
erlotinib through simultaneous hepatocyte
growth factor (HGF) treatment (21,22),
no longer showed MUC1 upregulation
in response to erlotinib (Sup. Fig 2B),
consistent with the observed lack of MUC1
upregulation in erlotinib-insensitive breast
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Figure 2 Validation of SILAC targets identifies MUC1 as effect sensor of erlotinib treatment
A) SKBR3, SUM149, and BT474 cells were treated for 48 hours with 10 µM erlotinib (ERL), and lysates were blotted
for proteins selected for validation of SILAC-MS. B) RNA expression of breast cancer cell line panel after treatment
with 10 µM erlotinib for indicated periods of time. RNA expression was determined by qPCR and relative expression compared to control (0 days). Data shown of n=3, and plotted as a heatmap signature, and as a bar-graph for
MUC1 RNA expression. C) Indicated breast cancer cell lines were treated for 48 hour with indicated doses of
erlotinib and immunoblotted for MUC1 and Cdk1 expression. D) Lung cancer cell lines H292 and HCC827 were
treated for 48 hours with 1 µM and 15 nM erlotinib, respectively. E) SKBR3 cells were treated for 48 hours with
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Figure 2 continued:
DMSO, 10 µM erlotinib, 0.5 µM lapatinib, 0.05 µM afatinib, or 5 µM cisplatin. F) SUM149 and BT549 cells were
treated with 0, 5 or 20 µg/ml cetuximab for 48 hours. G) SUM149-dCas9-KRAB cells expressing a gRNA targeting
EGFR were treated for 0 or 6 days with 1 µg/ml doxycycline (DOX).

3

cancer cell lines.
Besides erlotinib, other EGFR or HERfamily targeting agents are in clinical use,
including the tyrosine kinase inhibitors
lapatinib and afatinib, which target multiple
HER family members, and EGFR-targeting
monoclonal antibody cetuximab (23,24).
Treatment of SKBR3 for 48 hours with
lapatinib (500 nM) resulted in a clear
induction of both MUC1-C and MUC1-N
expression, similar to erlotinib treatment
(Fig 2E), while treatment with afatinib (50
nM) also induced MUC1, although to lesser
extent (Fig 2E). Notably, MUC1 expression
was not elevated after treatment with doses
of the DNA-damaging agent cisplatin that
robustly induced DNA damage as judged by
DNA damage marker phosphorylated-KAP1
(Fig 2E) (25). MUC1 upregulation therefore
appears to be a specific response to EGFR
inactivation, rather than a generic reaction
to arrested proliferation or cellular stress.
We next tested whether treatment with
mAb cetuximab also affects MUC1 levels.
Treatment of SUM149 cells with 5 or 20
µg/ml cetuximab strongly induced MUC1
expression, which was absent in erlotinibresistant BT549 cells (Fig 2F). Cetuximab
treatment of SKBR3 and BT474 cells, both
expressing similar low EGFR levels, did not
show induced-MUC1 expression (Sup. Fig
2C, F). As SKBR3 and BT474 cells express
high levels of HER2 expression, we tested
whether targeting HER2 using trastuzumab
(5 or 20 µg/ml), would induce MUC1
expression. However, no changes in MUC1
expression were seen in either SKBR3 or
BT474 cells, nor in low HER2-expressiong
SUM149 and BT549 cells (Sup. Fig 2D). This
again indicates that at MUC1 expression is
selectively upregulated in response to EGFR
targeting in these models.
MUC1-expression was shown to
attenuate apoptosis in response to genotoxic
agents (26).Thus, it is conceivable that MUC1
52

fulfills a similar role in protecting cells against
EGFR inhibition as a potential resistance
mechanism. To test this notion, SUM149
cells were transfected with a doxycyclineinducible, catalytically-inactive Cas9 (dCas9)
fused to transcriptional repressor KRAB,
or fused to transcriptional activator VP64,
together with MUC1 promoter targeting
guide RNAs, to respectively repress or
activate targeted MUC1 gene expression
(27–29). Although MUC1-expression was
successfully silenced or overexpressed in
SUM149 cells, erlotinib sensitivity was not
altered in short- or long-term survival assays
(Sup. Fig 3A-F). These data show that in our
SUM149 model MUC1 is not required for
tumor cell survival upon EGFR targeting.
Thereafter CRISPRi was used to
transcriptionally repress the EGFR promoter
to validate MUC1 genetically. Upon treatment
with doxycycline for 6 days, efficient silencing
of EGFR was observed in SUM149-dCas9EGFR, which was accompanied by elevation
of MUC1 levels, comparable to MUC1 levels
after erlotinib-mediated EGFR inhibition (Fig
2A, G). Notably, EGFR repression resulted in
durably elevated MUC1 levels for up to 12
days (Sup. Fig 2E). Thus, MUC1 upregulation
appears to be a generic effect sensor for
EGFR targeting, either in response to
pharmacological or genetic inactivation of
EGFR.
Erlotinib-induced MUC1 expression
requires PI3K/AKT/mTOR signaling
Rewiring of cellular signaling pathways
can reverse the effects of EGFR inhibition on
downstream signaling pathways (30–34). For
instance, increased interaction between the
HER3 and c-MET receptors rescued growth
inhibition induced by gefitinib in NSCLC
cells (34), while increased catalytic HER3
activity reversed lapatinib-induced growth
inhibition in breast cancer cells (30–33). To
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Figure 3 MUC1 expression in response to erlotinib is dependent on PI3K/AKT/mTOR and STAT3
A) Analysis of significantly enriched oncogenic signatures in ICA component 1. B) SKBR3 or SUM149 cells were
treated for 48 hours with DMSO, PI3Ki (BEZ235) or AKTi (MK2206) alone or in combination with erlotinib (ERL;
SKBR3 10 µM, SUM149 1.25 µM) and lysates were subjected to immunoblotting. C) SUM149, SKBR3, and BT474
cells were treated with erlotinib alone or combined with PI3Ki and lysates were subjected to immunoblotting.
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Figure 3 (Continued)
D) Overlap between enrichment of transcription factor profiles in ICA component 1 and in literature reported
MUC1 regulating transcription factors. E, F) Knockdown of STAT3 in SKBR3 or SUM149 cells for 72 hours, combined with erlotinib (1.25 µM) and PI3Ki (300 nM) for 48 hours. MUC1 expression levels are quantified in panel F.
G) Model of MUC1 induction by EGFR inhibition.
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test whether such pathway rewiring might
explain MUC1 upregulation, we analyzed
whether signatures of compensatory
processes could be detected in our MS
datasets. Pathway analysis on the SILAC-MS
identified proteins in Fig 1C using gene set
enrichment (GSEA), showed enrichment of
genes affected by alterations in KRAS/ERK
and AKT function (Fig 3A). Inhibition of
MEK (AZD6244) or ERK (FR18024), either
alone or in combination with erlotinib, did
not affect MUC1 expression levels in SKBR3
cells (Sup. Fig 4A). In contrast, inhibition of
PI3K (BEZ235), AKT (MK2206), or mTOR
(everolimus) effectively lowered MUC1
expression in SKBR3 cells, even in the
absence of EGFR inhibition (Fig 3B, Sup.
Fig 4B). To determine how the PI3K/AKT
pathway is involved in inducing MUC1
expression, we analyzed downstream
signaling of this pathway in SUM149 and
SKBR3 cells after erlotinib treatment. Levels
of phospho-AKT (Ser476) and phospho-S6
(Ser235/S236) were reduced at early time
points after erlotinib treatment (Sup. Fig
4C). Surprisingly, however, between 7 and
24 hours after treatment, levels of AKT
and S6 phosphorylation were restored,
which coincided with induction of both
MUC1-C and MUC1-N expression at 24
and 48 hours (Sup. Fig 4C). Combined
inhibition of PI3K with erlotinib treatment
prevented phosphorylation of AKT and S6
and interfered with MUC1 expression in
SKBR3 and BT474 cells, and to lesser extent
in SUM149 cells (Fig 3C). These results
indicate compensatory activation of AKT/
MTOR underpinning MUC1 expression in
erlotinib-treated SKBR3 and BT474 cells,
while other compensatory processes may
underlie MUC1 expression in SUM149 cells.
STAT3 drives MUC1 expression by tumor
cells in response to EGFR inactivation
54

Since MUC1 was found to be regulated
at the transcriptional level in response to
EGFR inactivation, we decided to identify
the responsible transcriptional regulators.
We used GSEA to search for transcription
factors (TF) whose target genes are
enriched in our proteomic dataset, and
found enrichment of STAT and SP1, known
regulators of MUC1 expression (Fig 3D)
(35–37). To test involvement of these TFs,
expression and localization of SP1, STAT1
and STAT3 in response to EGFR inhibition
were investigated in SUM149 cells. Whereas
no changes were detected in the amount
of STAT1 or SP1 in nuclear fractions, an
erlotinib-induced increase in nuclear STAT3
was observed (Sup. Fig 4D). SiRNA-mediated
depletion of STAT3 in SUM149 cells reduced
erlotinib-induced
MUC1
expression,
suggesting that STAT3 is indeed required
to drive MUC1 expression under these
circumstances (Fig 3E, Sup. Fig 4G). However,
STAT3 depletion in SKBR3 cells did not affect
MUC1 expression (Fig 3E), indicating that
other transcriptional regulators of MUC1
are involved in its upregulation upon EGFR
inhibition. Interestingly, PI3K inhibition of
siLUC-treated SUM149 cells reduced STAT3
expression, and combined inactivation of
PI3K and knockdown of STAT3 further
reduced MUC1 expression in erlotinibtreated SUM149 cells (Fig 3E, Sup. Fig 4F,
G). Thus, it appears that STAT3 is involved
in regulating MUC1 expression upon EGFR
inhibition in SUM149 cells, possibly through
interaction with the PI3K/AKT/MTOR
signaling pathway.
Erlotinib treatment induces lasting
expression and shedding of MUC1
As CRISPR/Cas9-mediated silencing of
EGFR in SUM149 cells resulted in durable
MUC1 protein expression (Fig 2G, Sup.
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Fig 2F), we tested whether long-term
erlotinib would also induce durable MUC1
upregulation. Low-dose erlotinib treatment
(1.25 µM) in SUM149 cells showed high
MUC1 expression during 16 days of
continuous erlotinib treatment, maintaining
a 4-fold increase in MUC1 (Fig 4A). MUC1
expression increased gradually in SKBR3
and BT474 cells, reaching ~2-fold induction
at 12 and 16 days, respectively; no MUC1
increase was measured in resistant cell lines
BT549 and MDA-MB-231 (Fig 4A). Thus,
MUC1 appears to be durably upregulated
in response to EGFR inhibition in vitro in
erlotinib-sensitive cell lines.
In many cancers, shed MUC1 is known
as cancer antigen 15-3 (CA 15-3), and it has
been widely tested as a plasma biomarker
reflecting tumor load (20). We therefore
postulated that erlotinib-induced shedding
of MUC1 could be a suitable non-invasive
indicator for effective erlotinib treatment. To
test if MUC1 shedding occurs in our breast
and NSCLC cell lines, we measured MUC1
shedding after erlotinib treatment. Similar to
cellular MUC1 expression (Fig 2), SUM149
and H292 cells increasingly released MUC1
into culture media after 48 hours of erlotinib
treatment, while shed MUC1 levels remained
unaltered in the erlotinib non-responsive
cell lines (Fig 4B).
Monitoring circulating MUC1 as an
effect sensor of EGFR inhibition in vivo
To test whether MUC1 expression is
similarly regulated upon erlotinib treatment
in vivo, we first tested MUC1 expression
in response to a range of erlotinib doses
in SUM149 xenograft tumors in mice.
Daily intraperitoneal erlotinib (0, 25,
50 or 100 mg/kg) for 9 days resulted in
a dose-dependent decrease in tumor
volume, underscoring erlotinib efficacy and
confirming previous findings (Sup. Fig 5A)
(38). Immunohistochemical (IHC) analysis
of MUC1-N expression on excised tumors
showed elevated MUC1 expression in
50 and 100 mg/kg erlotinib-treated mice
(Sup. Fig 5B). To test if shed MUC1 could

be detected in vivo, SUM149-xenografted
mice were treated daily for 9 days with
vehicle (n=2) or 50 mg/kg erlotinib (n=8).
Vehicle-treated, non-tumor bearing mice
(n=2) were included to assess background
circulating MUC1 levels. SUM149 tumor
growth inhibition was clearly observed
in erlotinib-treated mice after 9 days, and
MUC1 expression in tumors increased (Sup.
Fig 5C-E). Importantly, erlotinib-treated
mice showed higher shed-MUC1 levels after
9 days of treatment compared to vehicletreated mice, while non-tumor-bearing mice
showed negligible shed MUC1 levels (Fig
4C).
To assess whether changes in MUC1 cell
surface expression can be non-invasively
assessed using molecular imaging, the MUC1
targeting antibody VU4H5 was radiolabeled
with the positron emission tomography
(PET) isotope Zirconium-89 (89Zr; 89ZrαMUC1-mAb). Mice bearing SUM149
xenografts were treated for 9 days with
daily 50 mg/kg erlotinib (n=7) or vehicle
(n=6). 89Zr-αMUC1-mAb was injected at
day 3, together with a non-specific targeting
Indium-111(111In)-labeled IgG, to assess
generic antibody organ and tumor uptake.
However, 89Zr-αMUC1-mAb did not show
increased specific tumor tracer uptake in
erlotinib-treated mice (9.88±1.98 %ID/g)
compared to vehicle-treated mice bearing
SUM149 xenografts (9.30±2.01 %ID/g)
(P=0.8537) (Fig 4E). Furthermore, MUC1specific tumor-uptake of 89Zr-αMUC1-mAb
only marginally exceeded background levels
of 111In-IgG uptake, suggesting too little
sensitivity for MUC1 imaging in SUM149
tumors, similar to the lack of change in
MUC1 expression observed by IHC in this
experiment (Fig 4E, Sup. Fig 6C-E). In parallel
to molecular imaging of MUC1, we performed
serial blood sampling of shed MUC1 to
evaluate MUC1 expression in vivo after 0,
3 and 9 days of daily erlotinib treatment.
In line with our in vitro data (Fig 4B), serial
sampling of MUC1 in plasma showed a rise
in shed MUC1 visible after 3 days to 9 days
of treatment, specifically in erlotinib-treated
mice (Fig 4F, G). Furthermore, we observed
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Figure 4
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Figure 4 MUC1 expression and shedding upon erlotinib treatment in vitro and in vivo
A) Breast cancer panel was treated up to 16 days with 1.25 µM erlotinib and samples were harvested at indicated
time points of treatment. Lysates were immunoblotted for MUC1-C and MUC1-N, and levels were quantified and
normalized to actin levels. B) MUC1 levels in culture media of indicated cell lines after 48 hours treatment with
erlotinib C) Plasma-shed MUC1 levels per gram tumor of vehicle- or erlotinib-treated SUM149 xenograft-bearing
mice. D) Tumor volume of SUM149 xenograft tumors during 9 days of treatment with vehicle or erlotinib. E) Activity counts of 89Zr-αMUC1-mAb and 111In-IgG accumulation tumors as percentage injected dose per gram (%ID/g).
F, G) Plasma levels of MUC1 were assessed at 0, 3, and 9 days after vehicle or erlotinib treatment and F) corrected
for tumor weight or G) corrected for tumor volume.
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increased MUC1 shedding in erlotinibtreated mice, even though tumor volumes
rapidly decreased due to erlotinib treatment
(Fig 4D, F, G).This suggests that measurement
of circulating MUC1 in plasma can be used
to monitor early treatment response to
erlotinib.
Discussion
In this study we identified and validated
MUC1 expression dynamics as an effect
sensor for EGFR-targeted treatment. We
observed rapid upregulation of MUC1
expression in response to EGFR-targeted
treatments in human breast and lung cancer
models.Treatment of a panel of breast cancer
cell lines with multiple EGFR inhibitors,
cetuximab, or genetic inactivation of EGFR
invariably resulted in increased MUC1
protein expression. MUC1 upregulation was
durable, both in vitro and in vivo, and shed
MUC1 in plasma levels reflected treatment
efficacy of erlotinib. Our results warrant
further testing of MUC1 as a non-invasive
effect sensor to monitor early treatment
effects of EGFR inhibition.
AKT/mTOR and STAT3 were found
to be involved in upregulation of MUC1
expression upon EGFR treatment in
the breast cancer panel. Our data show
reactivation of AKT and S6 activity after
initial silencing upon erlotinib treatment
(Fig 3C). These observations are in line
with multiple reports showing dynamic
re-wiring of the AKT pathway in response
to pharmacological targeting of upstream
signaling components, involving RTKs such
as HER3 and IGF1R as compensatory
activators (32–34). Furthermore, STAT3 was
required for MUC1 expression in SUM149
cells. This might be similar to the reported
STAT3 activation in response to EGFR
inhibition in lung cancer cell lines, which
required IL6–JAK1 and FGFR signaling (39).
As we found multiple pathways to be able
to regulate MUC1 in response to erlotinib,
further investigation is warranted to test
whether this is due to cancer subtypespecific disposition towards specific signaling

pathways.
Using a SILAC proteomic approach, we
identified membrane proteins that become
more abundant after EGFR treatment.
Although this approach does not yet capture
complete proteomes (40), by identifying
the most abundantly expressed proteins,
MUC1 was detected across three cell
lines of different breast cancer subtypes.
MUC1 was not detected in a previous
SILAC approach using gefitinib in epidermal
cell line A431, which was concordant with
our results with this cell line (Sup. Fig 2A),
underscoring potential differential responses
between cancer subtypes (12). Furthermore,
MUC1 expression was not altered by
cisplatin treatment in SKBR3 cells (Fig 2E),
further demonstrating that the induction
of MUC1 expression is a specific effect of
EGFR targeting. Our approach to identify
effect sensors can be easily applied to other
targeted therapies as well as to conventional
chemotherapeutic agents, including cisplatin,
to develop drug-specific readouts for
monotherapies and combination therapies.
We tested the use of MUC1 as effect
sensor in vivo as a shed biomarker in
plasma and as a target for molecular imaging.
Although we detected MUC1-specific
89
Zr-αMUC1-mAb uptake in tumors using
molecular imaging, we did not achieve
sufficient contrast to detect erlotinibinduced changes in MUC1 expression when
compared to generic 111In-IgG antibody
distribution. Low MUC1 expression levels
on SUM149 cells and shed MUC1 redirecting
89
Zr-αMUC1-mAb to the liver, as evidenced
by enhanced liver uptake (Sup. Fig 6 D, E),
could have interfered with accumulation of
89
Zr-αMUC1-mAb in tumors and precluded
sufficient dynamic range for molecular
imaging in this experimental setup (41).
Similar to in vitro measurements,
increased MUC1 shedding in plasma of
human tumor-bearing mice could be
detected by serial sampling in response
to erlotinib treatment. Our results point
towards analysis of pre-treatment levels of
MUC1 and early follow-up measurements to
monitor efficacy of EGFR-targeted therapy.
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Serial sampling of MUC1 plasma levels in 70
NSCLC patients showed increasing MUC1
levels after 2 and 4 weeks of gefitinib in
patients with progressive disease (42). This
suggests that MUC1 levels increase as a
measure of tumor burden in drug-resistant
cells, comparable to high pre-treatment levels
of MUC1 being prognostic for worse survival
to gefitinib-treatment (43,44), or that MUC1
expression is part of a coping mechanism to
EGFR targeting. However, it should be noted
that this patient group was not selected for
EGFR mutations and the majority of cases
with progressive disease harbored wtEGFR tumors. As EGFR treatment of wtEGFR NSCLC is considered ineffective, this
may have impaired the detection of MUC1
changes in effectively treated patients. Thus,
further study is required to characterize
the early dynamics of MUC1 shedding in
properly selected EGFR inhibitor-treated
cancer patients, and establish whether MUC1
shedding in response to EGFR inhibition
can contribute to assessment of treatment
response by RECIST criteria. Our results
warrant clinical assessment of shed MUC1
as an effect sensor, aiming to stratify patients
for treatment with EGFR therapeutics.
Materials and Methods
Detailed description can be found in
Supplemental Materials and Methods for:
cell line cultures conditions; antibodies
and gRNA sequences used; MS instrument
settings; in vivo PET imaging

3

Cell lines, SILAC labeling, and reagents
Human breast cancer cell lines SUM149,
SKBR3, BT-474, BT-549, and MDA-MB-231;
human non-small cell lung cancer cell lines
H292 and HCC827; and HEK-293T were
obtained from American Type Culture
Collection (ATCC). Stable isotope labeling
of cell lines (SILAC) was done using RPMI
or DMEM-high glucose media with normal
Arg and Lys (light) or Arg10 and Lys8
(heavy) (Silantes). MUC1 shedding was
measured using a standardized MUC1 ELISA
(Thermo Scientific). The following inhibitors
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were used: EGFR inhibitors erlotinib (LC
Laboratories; Axon Medchem), lapatinib
(LC Laboratories), afatinib (Tocris); PI3K
inhibitor BEZ-235, AKT inhibitor MK-2206,
mTORC1/2 inhibitor everolimus, ERK
inhibitor FR18024, MEK1 inhibitor AZD6244
(Axon Medchem).
Animal experiments
Male nude mice (BALB/cOlaHsdFoxn1nu, Envigo) were subcutaneously
inoculated with SUM149 xenograft tumors.
Mice with tumors >200 mm3 were
included. Blood (100 µl) was sampled retroorbitally under anesthesia, after which daily
treatment commenced with either 50 mg/
kg erlotinib in 30% Captisol or vehicle
via intraperitoneal injection. Generation
of 89Zr-αMUC1-mAb, ex vivo organ
biodistribution analysis, microPET scans,
scan reconstruction and quantification were
performed similarly as described previously
(41). All animal experiments were approved
by the Institutional Animal Care and Use
Committee of the University of Groningen.
Plasmids and transfections
For dCAS9-CRISPR-mediated regulation
of gene expression, pHAGE-TRE-dCAS9KRAB (CRISPRi), pHAGE-TRE-dCAS9-VP64
(CRISPRa) and pLKO.1-puro U6 (a gift from
Rene Maehr & Scot Wolfe; Addgene plasmids
#50917, #50916 and #50920) were used
as described previously (28). pHAGE-TREdCAS9-KRAB or pHAGE-TRE-dCAS9-VP64
was transfected in HEK-293T cells using
standard calcium phosphate transfection
together with pAdvantage, ΔYPR and
VSV-G, as described previously (45). gRNA
sequences against EGFR and MUC1 were
selected from published gRNA libraries (29).
IHC and immunoblotting
MUC-N
(Cell
Signaling, #4538),
MUC1-C (Thermo Scientific, #MA5-11202)
were used for IHC and immunoblotting
of MUC1. Membranes were visualized
using a ChemiDoc in combination with
Quantity One 4.5.0 software (Bio-Rad).
For IHC analysis, antigen was retrieved
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using a 10mM sodium citrate pH 6.0 buffer,
stained for MUC1 at 1:100 dilution, and
counterstained with hematoxylin staining
of nuclei. MUC1-N expression by IHC was
assessed using an H-score composed of the
intensity of staining (0 = negative; 1 = weak;
2 = moderate; 3 = strong) multiplied by the
percentage of stained cells.
Fractionation, LC-MS/MS and database
searching
Cell lysates for SILAC-MS were
fractionated using a ‘subcellular fractionation
kit’ (Pierce) and protein concentrations
were measured with the BCA assay
(Thermo Scientific). Membrane fractions
were mixed in 1:1 ratio protein of erlotinibheavy/control-light
and
label-swapped
control-heavy/erlotinib-light,
subjected
to gel-electrophoresis followed by in-gel
trypsin digestion. Digested peptides were
analyzed using a linear ion trap-Orbitrap
hybrid mass spectrometer (LTQ-Orbitrap,
Thermo Scientific). The MS raw data were
analyzed with MaxQuant (version 1.3.0.5)
containing the integrated Andromeda search
engine (46,47), and searched against the
Uniprot human proteome build 20132802
with a false discovery rate of 0.01. From the
six SILAC-MS analyses, Log2 protein ratios
were compiled in a data matrix, on which
ICA was performed. GSEA was performed
on ICA components for enrichment of
Oncogenic Signatures and TRANSFAC data
sets from MSigDB.

Statistics
Where statistics are shown, we used
two-sided, unpaired Student’s T-tests for
analysis of two conditions and ANOVA for
multiple conditions. Correlation between
mean log2 fold change and ICA-components
was performed by Spearman’s correlation.
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Supplementary Materials and Methods
Cell culture, SILAC labeling, and reagents
SUM149 cells were cultured in HAM’s
media (Gibco) supplemented with 5% fetal
calf serum (FCS; Bodinco BV), 5 µg/ml insulin
(Sigma-Aldrich), and 1 µg/ml hydrocortisone
(Sigma-Aldrich). SUM149 cells were adjusted
for growth in DMEM-SILAC media by gradual
culturing in mixtures of HAM:DMEM. SKBR3
and HEK293T cells were cultured in DMEM
high glucose (Gibco) supplemented with
10% FCS. MDA-MB-231 cells were cultured
in DMEM low glucose (Gibco) supplemented
with 10% FCS. BT-549, H292, and HCC827
cells were cultured in RPMI (Gibco)
supplemented with 10% FCS. BT474 cells
were cultured in RPMI (Gibco) supplemented
with 10% FCS and 2 mM L-glutamine
(Invitrogen). SILAC-labeling of cell lines was
performed for 5 passages in Arg10 and Lys8
(heavy-labeled) containing media (Silantes)
and near-complete incorporation (>99%)
of isotopes was measured for each heavylabeled cell line. For proliferation assays,
cells were cultured in presence of increasing
doses of erlotinib for 96 hours, after which
the metabolic activity was measured by
conversion of 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium (MTT; SigmaAldrich) into formazan. For clonogenic assays,
cells were cultured in presence of erlotinib
for 11 days, followed by formaldehyde
fixation and crystal violet staining.

3

Mouse experiments
89
Zr-αMUC1-mAb was generated as
described earlier (1), with a 13.88 molar
reaction ratio of N-Suc-TFP-desferal (df,ABX
GmbH) to anti-MUC1 antibody VU4H5 (Cell
Signaling), resulting in 3.17 df/mAb bound to
αMUC1-mAb. Zirconium-89 (PerkinElmer)labeled df-αMUC1-mAb used for animal
studies had radiochemical purities ≥ 95%.
Male nude mice (BALB/cOlaHsd-Foxn1nu,
Envigo) were subcutaneously inoculated
with SUM149 xenograft tumors. Xenograft
tumors with a volume of >200 mm3 were
included. Blood (100 µl) was sampled retroorbitally under anesthesia, after which daily
62

treatment commenced with either 50 mg/
kg erlotinib or vehicle in 30% Captisol via
intraperitoneal injection. Three days after
start of treatment, blood was sampled again
(100 µl) in the retro-orbital plexus and 5
MBq 89Zr-αMUC1-mAb and 1 MBq 111InIgG (total 150 µl, both 10 µg protein dose)
was co-injected via the penile vein under
anesthesia. Erlotinib and vehicle treatment
continued for another 6 days, followed by
microPET-scans and subsequent sacrifice
via combined heart puncture and cervical
dislocation. Ex vivo, organ biodistribution
analysis, microPET scans, scan reconstruction
and quantification were performed as
described earlier (1). Xenograft tumors
gRNA Sequence
NEGi/a
EGFRi
MUC1i
MUC1a1
MUC1a2

5’-ACTAGCGGAGTCCCGCCCTAT-3’
5’-CCGCCCAGACCGGACGAC-3
5’-GGCGCTGGCTGCTTGAGAGG-3’
5’-GGAGAACAAACGGGTAGTCA-3’
5’-GAGCCAGGGAGTGGTTGGTGAA-3’

siRNA Sequence

LUC
5’-CGUACGCGGAAUACUUCGA-3’
STAT3#1 5’-AGTCAGGTTGCTGGTCAAA-3’
STAT3#2 5’-GGAUCUAGAACAGAAAAUG-3’

were formalin-fixed and paraffin embedded
for subsequent IHC analysis. Blood samples
were collected in lithium heparin blood
collection tubes (Sarstedt) to obtain plasma
after subsequent centrifugation, similar to
(1), plasma was stored at -80°C until further
use. All animal experiments were approved
by the Institutional Animal Care and Use
Committee of the University of Groningen.
gRNA and siRNA sequences
gRNAs were cloned into the BfuA1 site
of pLKO.1-U6-sgRNA and transduced by
lentiviral infection into cell lines carrying
CRISPRi or CRISPRa systems. After 16
hours, lentivirus was harvested and used to
infect SUM149, SKBR3 and BT-474 cells. The
following gRNA sequences against EGFR and
MUC1 were selected from published gRNA
libraries (2).
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Antibodies and flow cytometry
Antibodies listed below were used
for immunoblotting and detected with
horseradish
peroxidase
(HRP)-based
chemiluminescence
using
Lumi-Light
(Roche) on a ChemiDoc gel imaging system
(Bio-Rad). To analyze cell cycle differences
by flow cytometry, cells were harvested
by trypsinization and fixed in 70% ice-cold
ethanol. Cells were then subsequently stained
with propidium iodide (50 µg/ml) / RNAse
(100 µg/ml) for flow cytometry, and at least
10,000 events were analyzed per sample on
a FACS-Calibur (Becton Dickinson).
Peptide digestion
instrument settings

and

LC-MS/MS

Gel lanes were cut into 24 slices for in-gel
trypsin digestion. Each slice was further cut
into 1 mm pieces and completely destained
using 50 mM ammonium bicarbonate (ABC)
in 50% acetonitrile (ACN). A reduction
and alkylation step was performed to
block cysteines. Briefly, 10 mM DTT in 50
mM ABC was added to the gel pieces and
incubated for 45 min at 55°C. Next, 55 mM
iodoacetamide in 50 mM ABC was added and
incubated for 30 min at room temperature.
Gel pieces were dehydrated and re-swelled
in 10 ng/µl trypsin solution in 40 mM
ABC and 10% ACN at 37°C overnight.
Peptides were fully extracted by adding 2%
trifluoroacetic acid (TFA) to the gel pieces,
repeated by extraction with 33% ACN, 1.3%

Antibody

Brand

Product number

MUC1-N
MUC1-C
ASCL1
SLC7A5
PPL
CD9
Cdk1
pCdk1-Y15
Actin
pKap1-Ser824
pERK-Thr202/Tyr204
pAKT-Ser473
pAKT-Thr308
pEGFR-Tyr1173
EGFR
Cas9
pS6-Ser235/236
SP1
STAT1
STAT3
pP38-Tyr180/182
HER2
HER3 (Erbb3)
P27
β-Tubulin
Lamin A/C
Goat-anti Rabbit HRP
Rabbit-anti Mouse-HRP
Goat anti Hamster-HRP
Goat anti Hamster-HRP

Cell Signaling
Thermo Scientific
Cell Signaling
Abcam
Bethyl Laboratories
Novus
Abcam
Abcam
MP Biomedicals
Bethyl Laboratories
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Abcam
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Santa Cruz
Santa Cruz
Millipore
Cell Signaling
DAKO
DAKO
Santa-Cruz
Santa-Cruz

4538
MAS-11202
9189
ab11106
A301-005A
NBP1-40752
ab18
ab133463
69100
A300-767A
4376
4060
9275
4407
2232
ab191468
2211
5931
9172
9132
4511
2165
sc-285
sc-528
MAB1637
4777
P044801
P026002
sc-2443
sc-2443
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TFA and followed by 66% ACN, 0.7% TFA.
Extracted peptides were combined and then
completely dried in a SpeedVac centrifuge.
The resulting peptide mixtures were
resuspended in 5% formic acid and separated
on a capillary column (C18 PepMap 300, 75
μm × 100 mm, 3-μm particle size, Dionex,
Amsterdam, The Netherlands) mounted
in line with a pre-column (EASY- Column
C18, 100 μm × 20 mm, 5-μm particle size,
Thermo Scientific, Bremen, Germany) on
a Proxeon Easy-LC II system (Proxeon
Biosystems, Odense, Denmark). Solutions of
0.1% formic acid in water and 0.1% formic
acid in 100% acetonitrile were used as the
mobile phases. A gradient from 2% to 35%
acetonitrile was performed in 90 min at a
flow rate of 300 nl/min. Eluted peptides were
analyzed using a linear ion trap-Orbitrap
hybrid mass spectrometer (LTQ-Orbitrap,
Thermo Scientific). The LTQ-Orbitrap was
operated in data-dependent mode in which
one full MS scan was followed by MS/MS
scan with dynamic exclusion set to: 1 repeat
count, 15 second exclusion duration and 500
exclusion list size. MS scans were acquired
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in the Orbitrap in the range from 250 to
2,000 m/z, with a resolution of 60,000 (fullwidth at half-maximum). The 7 most intense
ions per scan were submitted to MS/MS
fragmentation (35% Normalized Collision
EnergyTM) and detected in the linear ion
trap. The capillary temperature was set
at 200 °C, spray voltage was 1.6 kV, and
capillary voltage was 36 V.
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Sup. Figure 1: Characterization of breast cancer cell lines
treated with erlotinib
A-C) Distribution of cell cycle phases of breast cancer cell lines
after 48 hours treatment with 0, 1.25, 5, or 10 µM erlotinib, of
which an example of SKBR3 cell cycle profile is shown in B). Percentage of Sub-G1 cells is shown in C). D) SKBR3 and SUM149
cells were treated for 48 hours with 10 µM erlotinib and lysates
were blotted for proteins involved in EGFR-related pathways.
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Supplemental Figure 2
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Sup. Figure 2 MUC1 expression is induced by multiple EGFR targeting strategies
A) NSCLC cell lines Calu3, H441, H322 and A549, and epidermal cancer cell line A431 were treated with erlotinib
for 48 hours after which lysates were blotted for changes in MUC1 expression. B) MUC1 and EGFR expression
in HCC827 and HCC827-resistant cell lines after 48 hours erlotinib treatment C) SKBR3 and BT474 cells were
treated with 0, 5 or 20 µg/ml cetuximab (CET) for 48 hours. D) BT474, SUM149, SKBR3 and BT549 cells were
treated with 0, 5 or 20 µg/ml trastuzumab (TRAST) for 48 hours. E) SUM149-dCas9-KRAB cells expressing a
non-targeting gRNA or EGFR-targeting were treated for 0 to 12 days with 1 µg/ml doxycycline (DOX) to induce
dCas9-KRAB expression.
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Supplemental Figure 3
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Sup. Figure 3 Genetic modulation of MUC1 expression does not affect erlotinib-sensitivity in breast
cancer cell lines
A) SUM149-NEGi or SUM149-MUC1i cells were treated with 1 µg/ml doxycycline for 0 to 6 days, and doxycycline
induced knockdown of MUC1 was evaluated by immunoblotting. B, C) SUM149-NEGi or SUM149-MUC1i cells
were treated as in (A) and subsequently reseeded for B) MTT and C) clonogenic survival assays in the presence of
doxycycline and increasing concentrations of erlotinib. Mean data of three independent experiments are shown. D)
SUM149-NEGa, SUM149-MUC1a1, or SUM149-MUC1a2 cells were treated with doxycycline for 0 to 8 days with 1
µg/ml doxycycline to induce Cas9 expression. Lysates were immunoblotted for MUC1 and Cas9. E, F) SUM149-NEGa, SUM149-MUC1a1 or SUM149-MUC1a2 cells were treated with doxycycline for 4 days and subsequently reseeded for E) MTT and F) clonogenic survival assays in the presence of doxycycline and increasing concentrations
of erlotinib. Mean data of one experiment with 3 technical replicates is shown.
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Sup. Figure 4 Rewiring of signaling pathways induces MUC1 expression by AKT or STAT3
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Sup. Figure 4 (Continued)
A) SKRB3 cells were treated for 48 hours with 200nM MEKi (AZD6244) or 500 nM ERKi (FR180204), with or
without 10 µM erlotinib (ERL). B) SKRB3 cells were treated for 48 hours with 1 µM MTORi (everolimus) with or
without 10 µM erlotinib. C) SKBR3 or SUM149 cells were treated for up to 48 hours with 1.25 µM erlotinib, and
immunoblotted for MUC1, pS6-S235/236 and pAKT-S473. D) SUM149 cells were treated for 0, 6, 24, and 48 hours
with erlotinib (1.25 µM) and processed as whole cell lysates (WCL), or fractionated in to cytoplasmic (CYT) and
nuclear (NUCL) fractions. E) SUM149 cells were treated for 48 hours with erlotinib (1.25 µM) for 0, 6, 24 or 48
hours and fractionated into CYT and NUCL fractions. F, G) Quantification of F) STAT3 and G) MUC1-N expression
levels of SUM149 cells shown in Figure 3E.
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Sup. Figure 5 In vivo erlotinib treatment of mice with SUM149 xenografts induced MUC1 tumor
expression.
A) Tumor volume of SUM149 xenografts during 9 days of treatment with vehicle, 25, 50, or 100 mg/kg erlotinib.
B) H-scores of MUC1-N expression of SUM149 xenografts shown in A) after 9 days of treatment. Immunohistochemistry examples of MUC1-N expression are shown for vehicle and 50 mg/kg erlotinib treatments. C, D) Tumor
volume of SUM149 xenografts during 9 days of treatment with vehicle or 50 mg/kg erlotinib, and D) tumor weight
after 9 days treatment. E) H-scores of MUC1-N expression of SUM149 xenografts shown in (C) after 9 days of
treatment.
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and biodistribution of 89Zr-αMUC1-mAb of
erlotinib-treated SUM149 xenografts
A, B) Growth curve of SUM149 xenografts measured by tumor volume. Treatment of 9 days with
vehicle or 50 mg/kg erlotinib was started at day 53
post inoculation, final tumor weights shown in B).
C) H-scores of MUC1-N expression of SUM149
xenografts shown in A) with examples of MUC1-N
expression by IHC. D) Mice bearing SUM149-xenografts shown in (A) were injected at day 56 with
89
Zr-αMUC1 and 111In-IgG. Radioactivity in mouse
tissues 6 days post injection is shown as percentage injected dose per gram tissue (%ID/g), vehicle
n=6 mice, erlotinib n=7 mice.
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