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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, drug-specific 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
MUCI to be significantly and durably upregulated in response to erlotinib, an EGFR-targeting treatment. MUCI
upregulation was regulated transcriptionally, involving PI3K-signaling and STAT3. We validated these results in erlotinib-
sensitive human breast and non-small lung cancer cell lines. Importantly, erlotinib treatment of mice bearing SUM149
xenografts resulted in increased MUC] shedding into plasma. Analysis of MUCI 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

Tumor response to cancer treatment is currently assessed
according to RECIST 1.1 criteria, which involve measuring
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changes in tumor size every 2—3 months'. 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
anticancer therapeutics is further challenged by the fact that
they are frequently used in combination therapies. Espe-
cially in early phase trials with combination therapies, there
are often challenges to determine the optimal timing,
duration and efficacy of novel drug treatment’. Providing
more frequent and more drug-specific insights into drug
efficacy may therefore improve assessment of tumor
responses to guide clinical decision making, refine study
designs, and reduce unnecessary drug exposure. In parti-
cular, 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’*.

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’. Circulating biomarkers
allow fast and high-frequency sampling due to ease of
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collection. Circulating biomarkers have indicated early
response, such as response measured with the surrogate
response marker prostate-specific antigen in prostate can-
cer®. Likewise, developing tumor heterogeneity could be
measured based on circulating tumor DNA’. Tumor bio-
markers can also be visualized by molecular imaging, which
has the ability to measure inter-lesion heterogeneity®.
However, biomarkers that dynamically measure the suc-
cessful 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’. Therapeutic agents targeting EGFR,
such as tyrosine kinase inhibitor erlotinib or monoclonal
antibody cetuximab, provide clinical benefit in selected
patient groups'®!!. Proteome-wide 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™!2. Using mass spectrometry-based proteomics (MS
proteomics), we detected early protein dynamics in
response to the EGFR inhibitor erlotinib in human breast
and lung cancer tumor models. We identified MUCI 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

To identify proteins that could be potential effect sensors of
EGFR inhibition, we tested a panel of five human breast
cancer cell lines expressing wt-EGFR for cell viability in
the presence of the EGFR inhibitor erlotinib (Table 1).
Three cell lines were sensitive to 10 uM erlotinib (SKBR3,
SUM149, and BT474), whereas two cell lines (MB-MDA-
231 and BT549) were insensitive, which was in agreement
with previous reports'*'* (Fig. 1a). Erlotinib treatment of
sensitive breast cancer cells resulted in stalled proliferation
as judged by the decreased cell fractions in the S/G, cell
cycle phase, and an accumulation of cells in the G;-phase
(Sup Fig. 1A, B). Also, increased levels of apoptosis were
observed upon EGFR inhibition, as evidenced by an
increased sub-G; populations (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)".
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Table 1 Cell line characteristics

Histological marker Cell lines

Breast cancer SUM149 SKBR3 BT474
Estrogen receptor — — 4+
Progesterone receptor - — —
HER?2 receptor — 44+ 4+
EGFR expression +++ +4+ +
EGFR mutation status wt wt wt
Lung cancer H292 HCC827

EGFR expression ++ 44+

EGFR mutation status wt del E746-A750

Summary of key histological characteristics and EGFR mutation status
is listed for indicated cell line models

To further explore proteome-wide responses to EGFR
treatment, the erlotinib-sensitive cell lines were metaboli-
cally labeled with either light or heavy isotope-labeled
amino acids'®. 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 48h, including
reverse-label replicate measurements'® (Fig. 1b). Membrane
proteins were enriched using the Subcellular Protein Frac-
tionation Kit from Thermo Fischer, which was used to
separate  cytosolic, ~membrane-bound, soluble and
chromatin-bound nuclear proteins. Using stable isotope
labeling of cell lines (SILAC)-MS we quantitatively
detected 2131, 2120, and 1787 proteins across two inde-
pendent experiments for cell lines SKBR3, SUM149, and
BT474, respectively, with 1305 overlapping unique proteins
(Fig. 1c). Of these, 621 (47.58%) were identified as mem-
brane proteins using Gene Ontology annotations, of which
228 (36.71%) were plasma membrane proteins (Fig. lc,
Table S1). Among the differentially expressed proteins,
PCNA and cyclin-dependent kinase 1 (CDKI1) showed
strongly decreased expression after erlotinib treatment, in
agreement with G cell cycle arrest in response to EGFR
inactivation (Sup Fig. 1A)"7. Independent component ana-
lysis (ICA) on the fold changes (FCs) of identified proteins
was performed to separate proteomic data into statistically
independent components of potential biological processes'®.
Six proteins were selected for further validation using the
following criteria: proteins should be (i) expressed at
plasma membranes as determined by Gene Ontology defi-
nition, (ii) induced at least by 1.5-fold, and (iii) have an ICA
score above 2.0 in component 1 (Fig 1d, Table 2).

After 48 h of erlotinib treatment (10 uM) in the erlotinib-
sensitive cell lines, reproducible upregulation of protein
expression was observed for two of the six selected proteins
in each cell line: Mucin-1 (MUC1) and ACSL1 (Fig. 2a).
To test if transcriptional regulation underpinned the
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Table 2 Summary of proteomics results

Log 2 fold change Unique identified peptides

Log2 ICA score SUM149 SKBR3 BT474
fold
Upregulated
MUCI1 1.191 5.304 3 2 3
ACSL1 0.940 5.218 33 29 22
SLCT7AS 0.842 2.905 7 5 4
PPL 0.730 3.108 28 57 17
CD9 0.634 3.165 7 7 5
CAT 0.560 2.771 27 26 27
Downregulated
SLC2A1 —0.690 —2.355 8 6 3
ECEl —-0.779 -2.741 9 8
RAB3D —0.941 —4.7786 4 8 8
RABI18 —0.952 —-2.744 10 13 7
CAPRIN1 —1.448 —-2.765 12 10 13

Over- and under-expressed proteins are listed along with the numbers
of unique peptides, fold changes, and results of statistical analysis
using independent component analysis (ICA)

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
MUCI consistently increased in response to erlotinib
treatment in the panel of erlotinib-sensitive 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 SUMI149 cells showing

increased MUC1-N and MUCI1-C expression at 1.25 uM,
while SKBR3 cells showed increased expression at 5 and
10 uM erlotinib (Fig. 2c). Taken together, out of a panel of
six potential effect sensors for erlotinib treatment, MUC1
consistently showed erlotinib-induced upregulation, both at
the mRNA and protein level in erlotinib-sensitive cell lines.
MUCI1 was found as top hit in our MS screens in terms of
FC and ranked most significant in the first independent
component of the ICA analysis (Fig. 1d). MUCI is a plasma
membrane protein consisting of an extracellular N-terminal
domain (MUCI1-N) and a combined transmembrane and
cytoplasmic C-terminal tail (MUC1-C). MUCI1 is over-
expressed in many types of cancer types including breast
and NSCLC' and can be measured in plasma of cancer
patients as an indicator of tumor burden®. These properties
make MUCT potentially suitable as an effect sensor.

MUC1 is upregulated by multiple EGFR-targeting
strategies

As erlotinib is used in first-line treatment of NSCLC
patients with activating EGFR mutations, we next investi-
gated whether MUC1 upregulation also occurs in a panel of
wt- or mutant-EGFR NSCLC cell lines (Table 1). Strong
MUCI1 upregulation was observed in HCC827 (EGFR-
exon-19 deletion) and H292 (wt-EGFR) cell lines at 15 nM
and 1uM erlotinib, respectively (Fig. 2d), while minor
MUCI upregulation was observed in wt-EGFR-harboring
Calu-3 and H441 cell lines at 1 and 10uM erlotinib,
respectively (Sup Fig. 2A). Similar to erlotinib-insensitive
breast cancer cell lines, erlotinib-insensitive NSCLC cell
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Fig. 2 Validation of SILAC targets identifies MUCI as effect sensor of
erlotinib treatment. a SKBR3, SUM149, and BT474 cells were treated
for 48h with 10 uM 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 uM 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 MUCI1 RNA expression. ¢ Indicated breast cancer cell lines were

lines H322 and A549 did not show MUCI upregulation at
tested doses up to 10 uM erlotinib (Sup Fig. 2A). Interest-
ingly, a sub-clone of the HCC827 cell line (HCC827-R),
which was made resistant to erlotinib through simultaneous
hepatocyte growth factor treatment*'>2, no longer showed
MUCI upregulation in response to erlotinib (Sup Fig. 2B),
consistent with the observed lack of MUC1 upregulation in
erlotinib-insensitive breast cancer cell lines.

Besides erlotinib, other EGFR or HER-family targeting
agents are in clinical use, including the tyrosine kinase
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treated for 48 h with indicated doses of erlotinib and immunoblotted
for MUCI and Cdk1 expression. d Lung cancer cell lines H292 and
HCC827 were treated for 48h with 1uM and 15nM erlotinib,
respectively. e SKBR3 cells were treated for 48 h with DMSO, 10 uM
erlotinib, 0.5uM lapatinib, 0.05uM afatinib, or 5SuM cisplatin.
f SUM149 and BT549 cells were treated with O, 5, or 20 ug/ml
cetuximab for 48h. g SUMI149-dCas9-KRAB cells expressing a
gRNA targeting EGFR were treated for 0 or 6 days with 1 pg/ml
doxycycline (DOX)

inhibitors gefitinib, lapatinib, and afatinib, which target
multiple HER family members, and EGFR-targeting
monoclonal antibody cetuximab®>**. A similar increase in
MUCI1-C and MUCI-N was observed after 48 h treatment
with gefitinib in SUM149 and SKBR3 cells (Sup Fig. 2C).
Likewise, treatment of SKBR3 for 48 h with afatinib
(50 nM) resulted in a clear induction of both MUCI1-C and
MUCI-N expression (Fig. 2e), while treatment with lapa-
tinib (500 nM) induced MUCI, although to a lesser extent
(Fig. 2e). Notably, MUC1 expression was not elevated after
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treatment with doses of the DNA-damaging agent cisplatin
that robustly induced DNA damage as judged by DNA
damage marker phosphorylated-KAP1 (Fig. 2e)*. MUC1

upregulation therefore appears to be a specific response to
EGFR inactivation, rather than a generic reaction to arrested
proliferation or cellular stress.
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<« Fig. 3 MUCI expression in response to erlotinib is dependent on

PI3BK/AKT/mTOR and STAT3. a Analysis of significantly enriched
oncogenic signatures in ICA component 1. b SKBR3 or SUM149
cells were treated for 48h with DMSO, PI3Ki (BEZ235), or
AKTi (MK2206) alone or in combination with erlotinib (ERL; SKBR3
10 uM, SUM149 1.25uM) and lysates were subjected to immuno-
blotting. ¢ SUM149, SKBR3, and BT474 cells were treated with
erlotinib alone or combined with PI3Ki and lysates were subjected to
immunoblotting. d Overlap between enrichment of transcription factor
profiles in ICA component 1 and in literature reported MUCI reg-
ulating transcription factors. e Knockdown of STAT3 in SKBR3 or
SUM149 cells for 72 h, combined with erlotinib (1.25 uM) and PI3Ki
(300 nM) for 48 h. f SUM149 and SKBR3 cells were treated for 48 h
with 1.25 and 10 uM erlotinib, respectively, alone or in combination
with 5 uM JAK?2 inhibitor BMS-911543. g Model of MUC1 induction
by EGFR inhibition

We next tested whether treatment with mAb cetuximab
also affects MUCI1 levels. Treatment of SUM149 cells with
5 or 20 ug/ml cetuximab strongly induced MUCI1 expres-
sion, which was absent in erlotinib-resistant BT549
cells (Fig. 2f). Cetuximab treatment of SKBR3 and BT474
cells, both expressing similar low EGFR levels, did
not show induced-MUCI1 expression (Sup Fig. 2D). As
SKBR3 and BT474 cells express high levels of HER2
expression, we tested whether targeting HER2 using tras-
tuzumab (5 or 20 pg/ml) would induce MUCI1 expression.
However, no changes in MUCI1 expression were seen in
either SKBR3 or BT474 cells, nor in low HER2-expressing
SUM149 and BT549 cells (Sup Fig. 2E). This again indi-
cates that at MUCI expression is selectively upregulated in
response to EGFR targeting in these models.

MUCI expression was shown to attenuate apoptosis in
response to genotoxic agents’®. Thus, it is conceivable that
MUCI 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
doxycycline-inducible, catalytically-inactive Cas9 (dCas9)
fused to transcriptional repressor KRAB, or fused to tran-
scriptional activator VP64, together with MUCI promoter
targeting guide RNAs, to respectively repress or activate
targeted MUCI gene expression’”>. Although MUCI
expression was successfully silenced or overexpressed in
SUM149, erlotinib sensitivity was not altered in short- or
long-term survival assays (Sup Fig. 3A-F). These data
show that in our models MUCI 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-dCas9-EGFR, which was
accompanied by elevation of MUCI levels, comparable to
MUCI levels after erlotinib-mediated EGFR inhibition (Fig.
2a, g). Notably, EGFR repression resulted in durably ele-
vated MUCI1 levels for up to 12 days (Sup Fig. 2f). Thus,
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MUCI1 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 path-
ways30’34. For instance, increased interaction between the
HER3 and c-MET receptors rescued growth inhibition
induced by gefitinib in NSCLC cells**, while increased
catalytic HER3 activity reversed lapatinib-induced growth
inhibition in breast cancer cells’**. To test whether such
pathway rewiring might explain MUCI1 upregulation, we
analyzed whether signatures of compensatory processes
could be detected in our MS data sets. Pathway analysis on
the SILAC-MS identified proteins in Fig. 1c using gene set
enrichment analysis (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
MUCI expression in SKBR3 cells, even in the absence of
EGFR inhibition (Fig. 3b, Sup Fig. 4B). Interestingly,
MUCI expression was still maintained in SUM149 cells
treated with EGFR and AKT inhibition and was only par-
tially suppressed by inhibition of PI3K (Fig. 3b). To
determine how the PI3K/AKT pathway is involved in
inducing MUCI expression, we analyzed downstream sig-
naling 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 h after treatment, levels of AKT
and S6 phosphorylation were restored, which coincided
with induction of both MUC1-C and MUCI-N expression
at 24 and 48 h (Sup Fig. 4C). Combined inhibition of PI3K
with erlotinib treatment prevented phosphorylation of AKT
and S6 and interfered with MUCI1 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 pro-
cesses may underlie MUCI expression in SUM149 cells.

JAK2/STAT3 drives MUC1 expression by tumor cells
in response to EGFR inactivation

Since MUC1 was found to be regulated at the transcrip-
tional level in response to EGFR inactivation, we decided to
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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 MUCI
expression (Fig. 3d)35’37. To test involvement of these TFs,
expression and localization of SP1, STATI1, and STAT3 in
response to EGFR inhibition were investigated in SUM 149
cells. Whereas no changes were detected in the amount of
STAT1 or SPI1 in nuclear fractions, an erlotinib-induced
increase in nuclear STAT3 was observed (Sup Fig. 4D).
Although some variation was observed between MUCI-N
and MUCI-C, siRNA-mediated depletion of STAT3 in
SUMI149 cells resulted in reduced erlotinib-induced
expression of both MUCI-N and MUCI-C, 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 MUCI1
expression (Fig. 3e), indicating that other transcriptional
regulators of MUCI 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 MUCI1 expression in erlotinib-treated
SUM149 cells (Fig. 3e, Sup Fig. 4F, G). Previously JAK2
was shown to function upstream of STAT3 to induce
MUCI1 expression38. Indeed, treatment of SUM149 cells,
but not SKBR3 cells, with the JAK2 inhibitor BMS-911543
suppressed erlotinib-induced MUC1 expression, similar to
STAT3 knockdown (Fig. 3f, Sup Fig. 4H). Thus, it appears
that the JAK2/STAT3 pathway is involved in regulating
MUCIT 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 MUCT protein expression (Fig. 2g,
Sup Fig. 2F), we tested whether long-term erlotinib would
also induce durable MUC1 upregulation. Low-dose erloti-
nib treatment (1.25uM) in SUMI149 cells showed high
MUCI expression during 16 days of continuous erlotinib
treatment, maintaining a four-fold increase in MUC1 (Fig.
4a). MUCI1 expression increased gradually in SKBR3 and
BT474 cells, reaching ~2-fold induction at 12 and 16 days,
respectively; no MUCI increase was measured in resistant
cell lines BT549 and MDA-MB-231 (Fig. 4a). Thus, MUCI
appears to be durably upregulated in response to EGFR
inhibition in vitro in erlotinib-sensitive cell lines.

In many cancers, shed MUCT is known as cancer antigen
15-3 (CA 15-3), and it has been widely tested as a plasma
biomarker reflecting tumor load*’. We therefore postulated

that erlotinib-induced shedding of MUCI1 could be a sui-
table non-invasive indicator for effective erlotinib treatment.
To test if MUCI shedding occurs in our breast and NSCLC
cell lines, we measured MUCI1 shedding after erlotinib
treatment. Similar to cellular MUCI1 expression (Fig. 2),
SUM149 and H292 cells increasingly released MUCI into
culture media after 48 h of erlotinib treatment, while shed
MUCI 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 MUCI
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)%. Immunohistochemical (IHC) analysis of MUCI1-N
expression on excised tumors showed elevated MUCI
expression in 50 and 100 mg/kg erlotinib-treated mice (Sup
Fig 5B). To test if shed MUCI 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 MUCI1 levels. SUM149
tumor growth inhibition was clearly observed in erlotinib-
treated mice after 9 days, and MUCI1 expression in tumors
increased (Sup Fig 5C-E). Importantly, erlotinib-treated
mice showed higher shed MUCI levels after 9 days of
treatment compared to vehicle-treated mice, while non-
tumor-bearing mice showed negligible shed MUCI levels
(Fig. 4c¢).

To assess whether changes in MUCI cell surface
expression can be non-invasively assessed using molecular
imaging, the MUCI targeting antibody VU4HS5 was radi-
olabeled with the positron emission tomography (PET)
isotope Zirconium-89 (SQZr; 89Zr—ocMUCl—mAb). Mice
bearing SUM149 xenografts were treated for 9 days with
daily 50 mg/kg erlotinib (n="7) or vehicle (n=6). ¥Zr-
oMUCI-mAb was injected at day 3, together with a non-
specific targeting Indium-111('"'In)-labeled IgG, to assess
generic antibody organ and tumor uptake. However, %°Zr-
aMUC1-mAb did not show increased specific tumor tracer
uptake in erlotinib-treated mice (9.88 +1.98 %ID/g) com-
pared to vehicle-treated mice bearing SUM149 xenografts
(9.30+2.01 %ID/g) (P=0.8537) (Fig. 4e). Furthermore,
MUC I -specific tumor uptake of 3°Zr-aMUCI-mAb only
marginally exceeded background levels of '''In-IgG uptake,
suggesting too little sensitivity for MUC1 imaging in
SUM149 tumors, similar to the lack of change in MUCI1
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Fig. 4 MUCI1 expression and shedding upon erlotinib treatment
in vitro and in vivo. a Breast cancer panel was treated up to 16 days
with 1.25 uM erlotinib and samples were harvested at indicated time
points of treatment. Lysates were immunoblotted for MUCI1-C and
MUCI-N, and levels were quantified and normalized to actin levels.
b MUCI levels in culture media of indicated cell lines after 48 h
treatment with erlotinib. ¢ Plasma-shed MUCI levels per gram tumor

expression observed by IHC in this experiment (Fig. 4e,
Sup Fig 6C-E). In parallel to molecular imaging of MUCI,
we performed serial blood sampling of shed MUCI to
evaluate MUCI 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 MUCI in plasma showed a rise in
shed MUCI visible after 3-9 days of treatment, specifically
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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 *Zr-aMUC]1-
mAb and lllIn—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

in erlotinib-treated mice (Fig. 4f, g). The observed increase
in human MUC1 was not due to systemic shedding of
mouse MUCI, as no significant differences could be mea-
sured in mouse MUCT levels upon erlotinib treatment (Sup
Fig 7A, B). Furthermore, we observed increased
MUCI1 shedding in erlotinib-treated mice, even though
tumor volumes rapidly decreased due to erlotinib treatment
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(Fig. 44, f, g). This suggests that measurement of circulating
MUCI in plasma can be used to monitor early treatment
response to erlotinib.

Discussion

In this study we identified and validated MUC]1 expression
dynamics as an effect sensor for EGFR-targeted treatment.
We observed rapid upregulation of MUCI1 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 MUCI1 protein expression. MUC1 upregulation
was durable, both in vitro and in vivo, and shed MUCI in
plasma levels reflected treatment efficacy of erlotinib. Our
results warrant further testing of MUCI1 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 treat-
ment (Fig. 3c). These observations are in line with multiple
reports showing dynamic rewiring of the AKT pathway in
response to pharmacological targeting of upstream signaling
components, involving RTKs such as HER3 and IGFIR as
compensatory activators’>*. Furthermore, JAK2-STAT3
was required for MUC1 expression in SUM149 cells and
may be driven by IL-6 signaling as was reported in lung
cancer and prostate epithelial cell lines*®*’. As we found
multiple pathways to be able to regulate MUCI in response
to erlotinib, further investigation is warranted to test whe-
ther this is due to cancer subtype-specific 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*!, by identifying the most abundantly
expressed proteins, MUC1 was detected across three cell
lines of different breast cancer subtypes. MUCI 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'?.
Furthermore, MUC1 expression was not altered by cisplatin
treatment in SKBR3 cells (Fig. 2e), further demonstrating
that the induction of MUCI1 expression is a specific effect of
EGEFR 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.

The cell line panel that we used included mostly wt-
EGFR models, and one EGFR mutant model (HCCS827,
Table 1). Although small-molecule EGFR inhibitors are
used in the clinical for EGFR mutant cancers, also in
EGFR-wt tumors, activity of the EGFR can have oncogenic
properties*”. Importantly, we observed upregulated MUC1
both in wt-EGFR models and EGFR mutant
models, reflecting similar cellular rewiring upon EGFR
inhibition.

We tested the use of MUCT as effect sensor in vivo as a
shed biomarker in plasma and as a target for molecular
imaging. Although we detected MUCI-specific *Zr-
oMUCI-mAb uptake in tumors using molecular imaging,
we did not achieve sufficient contrast to detect erlotinib-
induced changes in MUCI1 expression when compared to
generic '"In-IgG antibody distribution. Low MUCI
expression levels on SUMI149 cells and shed MUCI
redirecting 897r-aMUC1-mAD to the liver, as evidenced by
enhanced liver uptake (Sup Fig 6D, E), could have inter-
fered with accumulation of 3Zr-aMUCI-mAb in tumors
and precluded sufficient dynamic range for molecular
imaging in this experimental setup™®’.

Similar to in vitro measurements, increased
MUCI 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 both pre-
treatment levels of MUCI as well as early follow-up mea-
surements to monitor efficacy of EGFR-targeted therapy.
Ideally, multiple longitudinal samples should be measured
to also be able to assess MUCT levels when patients relapse,
which invariably occurs. Interestingly, serial sampling of
MUCI1 plasma levels in 70 NSCLC patients showed
increasing MUCI] levels after 2 and 4 weeks of gefitinib in
patients with progressive disease*. This time frame likely
involves significant changes in tumor volume, and in this
time frame MUCI levels could reflect tumor burden of
drug-resistant tumor cells, in line with high pre-treatment
levels of MUCI1 being prognostic for worse survival to
gefitinib-treatment**®. Alternatively, it could indicate that
MUCI expression is part of an adaptation mechanism of
tumor cells to restore oncogenic properties. Clearly, further
study is required to characterize the early dynamics of
MUCI1 shedding in properly selected EGFR inhibitor-
treated cancer patients. Such studies should include tumor
size measurements, and longitudinal blood sampling to
establish whether MUCI1 shedding in response to EGFR
inhibition can contribute to assessment of treatment
response by RECIST criteria. Our results warrant clinical
assessment of shed MUCI1 as an effect sensor, aiming to
stratify patients for treatment with EGFR therapeutics.
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Materials and methods

Detailed description can be found in Supplemental Mate-
rials and Methods for: cell line cultures conditions; anti-
bodies and gRNA sequences used; MS instrument settings;
in vivo PET imaging

Cell lines, SILAC labeling, and reagents

Human breast cancer cell lines SKBR3, BT474, BT549, 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). SUM149 cells
were a gift from Prof. W.T.A. van der Graaf (Medical
Oncology, Radboud University Nijmegen Medical Centre,
Nijmegen, The Netherlands). Stable isotope labeling of cell
lines (SILAC) was done using RPMI or DMEM-high glu-
cose media with normal Arg and Lys (light) or Arg'® and
Lys8 (heavy) (Silantes). Human MUCI shedding was
measured using a standardized MUCI human ELISA kit
(EHMUCI; Thermo Scientific), mouse MUC1 was mea-
sured using a MUC1 mouse ELISA kit (E-EL-M2604;
Elabscience). MUCI has a reported serum half-life of
~7 days*’. The following inhibitors were used: EGFR
inhibitors erlotinib (LC Laboratories; Axon Medchem),
gefitinib (Axon Medchem), lapatinib (LC Laboratories),
afatinib (Tocris); JAK2 inhibitor BMS-911543 (Sell-
eckchem); PI3K inhibitor BEZ235, AKT inhibitor
MK2206, mTORC1/2 inhibitor everolimus, ERK inhibitor
FR18024, MEKI1 inhibitor AZD6244 (Axon Medchem).

Animal experiments

Male nude mice (BALB/cOlaHsd-Foxnlnu; Envigo) were
subcutaneously inoculated with SUM149 xenograft tumors.
Mice with tumors >200 mm?® were included. Blood (100 ul)
was sampled retro-orbitally under anesthesia, after which
daily treatment commenced with either 50 mg/kg erlotinib
in 30% Captisol or vehicle via intraperitoneal injection.
Generation of 89Zr—ocMUCl—mAb, ex vivo organ biodis-
tribution analysis, microPET scans, scan reconstruction, and
quantification were performed similarly as described pre-
viously®. All animal experiments were approved by the
Institutional Animal Care and Use Committee of the Uni-
versity of Groningen.

Plasmids and transfections

For dCAS9-CRISPR-mediated regulation of gene expres-
sion, pHAGE-TRE-dCAS9-KRAB (CRISPRi), pHAGE-
TRE-dCAS9-VP64 (CRISPRa), and pLKO.l-puro U6 (a
gift from Rene Maehr & Scot Wolfe; Addgene plasmids
#50917, #50916 and #50920) were used as described
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previously”®. pHAGE-TRE-dCAS9-KRAB or pHAGE-
TRE-dCAS9-VP64 was transfected in HEK-293T cells
using standard calcium phosphate transfection together with
pAdvantage, AYPR and VSV-G, as described previously*®.
gRNA sequences against EGFR and MUCI1 were selected
from published gRNA libraries.

IHC and immunoblotting

MUC-N (Cell Signaling, #4538) and MUCI1-C (Thermo
Scientific, #MA5-11202) were used for IHC and immuno-
blotting of MUCI. Membranes were visualized using a
ChemiDoc in combination with Quantity One 4.5.0 soft-
ware (Bio-Rad). For IHC analysis, antigen was retrieved
using a 10 mM sodium citrate pH 6.0 buffer, stained for
MUCI1 at 1:100 dilution, and counterstained with hema-
toxylin 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” (Thermo Fischer) and protein
concentrations were measured with the BCA assay (Thermo
Scientific). Membrane fractions were mixed in 1:1 ratio
protein of erlotinib-heavy/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*>, 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 per-
formed. GSEA was performed on ICA components for
enrichment of Oncogenic Signatures and TRANSFAC data
sets from MSigDB.

Statistics

Where statistics are shown for in vitro data, we used two-
sided, unpaired Student’s 7-tests for analysis of two con-
ditions and ANOVA for multiple conditions. Correlation
between mean log2 FC and ICA components was per-
formed by Spearman’s correlation. Statistical analysis on
data obtained from animal experiments were performed
with Mann-Whitney tests. Group sizes for %Zr-imaging
were determined based on effect sizes from previous
studies.
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