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ABSTRACT

The efficacy of trastuzumab, a treatment for HER2+ breast cancer, can be limited by the development of
resistance. Cyclin E (CCNE) overexpression has been implicated in trastuzumab resistance. We sought to
uncover a potential mechanism for this trastuzumab resistance and focused on a model of CCNE over-
expressing HER2+ breast cancer and noncanonical phosphorylation of the TGF-f signaling protein,
SMAD3. Network analysis of transcriptional activity in a HER2+, CCNE overexpressing, trastuzumab-
resistant cell line (BT474R2) identified decreased SMAD3 activity was associated with treatment resistance.
Immunoblotting showed SMAD3 expression was significantly downregulated in BT474R2 cells (p < .01),
and noncanonical phosphorylation of SMAD3 was increased in these CCNE-overexpressing cells. Also, in
response to CDK2 inhibition, expression patterns linked to restored canonical SMAD3 signaling, including
decreased cMyc and increased cyclin-dependent inhibitor, p15, were identified. The BT474R2 cell line was
modified through overexpression of SMAD3 (BT474R2-SMAD3), a mutant construct resistant to CCNE-
mediated noncanonical phosphorylation of SMAD3 (BT474R2-5M), and a control (BT474R2-Blank). In vitro
studies examining the response to trastuzumab showed increased sensitivity to treatment for BT474R2-
5M cells. These findings were then validated in NSG mice inoculated with BT474R2-5M cells or BT474R2
control cells. After treatment with trastuzumab, the NSG mice inoculated with BT474R2-5M cells devel-
oped significantly lower tumor volumes (p < .001), when compared to mice inoculated with BT474R2 cells.
Taken together, these results indicate that for patients with HER2+ breast cancer, a mechanism of CCNE-
mediated trastuzumab resistance, regulated through noncanonical SMAD3 phosphorylation, could be
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treated with CDK2 inhibition to help enhance the efficacy of trastuzumab therapy.

Introduction

Each year, approximately 250,000 women are diagnosed with
breast cancer.' Of these patients, 20-25% overexpress the
human epidermal growth factor receptor 2 (HER2), which
has been associated with poor patient outcomes.” Despite
being a marker for more aggressive disease, the HER2 receptor
serves as a therapeutic target.” Trastuzumab, a recombinant
IgG antibody directed against HER2, binds with the HER2
extracellular domain to suppress the activation of PI3K
signaling.* Trastuzumab binding also reduces the cleavage of
HER2 into active p95HER2 and blocks dimerization with
HER3 receptors, thus facilitating cell cycle arrest and
apoptosis.”®

For newly diagnosed HER2+ breast cancer patients, trastu-
zumab treatment results in improved disease-free survival, and
in the metastatic setting, treatment with trastuzumab delays
disease progression.” However, in a significant percentage of
patients, the clinical applications of trastuzumab treatment
have been limited by either primary or acquired treatment
resistance.”® Several mechanisms of trastuzumab resistance
have been proposed, including alterations in the HER2

complex, deregulation of HER2 downstream signaling, and
crosstalk activation of additional signaling pathways including
IGFR1 and MET.”""* Simultaneously, these mechanisms have
yet to be thoroughly examined and validated in the clinical
setting.’ Therefore, more information is needed to elucidate
the clinically relevant and targetable molecular events that lead
to trastuzumab resistance, thus allowing for the development
of therapies to facilitate sensitivity to this critical anti-HER2
breast cancer treatment.

Overexpression of the cell cycle regulatory protein cyclin
E (CCNE), has been linked to aggressive breast cancer subtypes,
poor patient outcomes, and resistance to trastuzumab.'> ™7
During cell cycle regulation, CCNE forms a complex with its
catalytic signaling partner, CDK2, to induce cell cycle G1-S
transition.'® CCNE/CDK2 action has also been associated with
noncanonical phosphorylation of SMAD3, a downstream tran-
scriptional mediator in the TGF-B signaling pathway.'® In the
canonical setting, TGF-B/SMAD3 signaling acts to facilitate
tumor suppression through upregulation of cell cycle inhibitory
protein pl5 and downregulation of mitogenic cMyc.'**°
Noncanonical SMAD3 phosphorylation, mediated by CCNE/
CDK?2 activity, primarily in the linker region of the SMAD3
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protein, resulted in blockade of the tumor suppressant actions of
TGFB/SMAD3. This noncanonical CDK2 mediated phosphor-
ylation was thus associated with breast cancer cell cycle progres-
sion, tumor cell migration, and larger tumor size in murine
models.'”?*" Therapeutic blockade of CDK2 has shown promise
in preclinical breast cancers modes of CCNE overexpression.
This finding may be enacted through the restoration of canonical
TGFB/SMAD3 phosphorylation and associated transcription of
proteins mediating cell cycle control.'®'7**%

This interaction among the HER2 pathway, CCNE/CDK2 and
TGFp through SMAD?3 has led to the proposed hypothesis that
noncanonical CCNE/CDK2 mediated deregulation of SMAD3
contributes to trastuzumab resistance in HER2+ breast cancers.
The goal of this study was to uncover a potential mechanism for
trastuzumab resistance, focusing on altered, noncanonical phos-
phorylation of SMAD3 in CCNE overexpressing HER2+ breast
cancer cells, to help identify a new approach to restore the efficacy
of this critical anti-HER2 breast cancer therapy.

Materials and methods
Cells and reagents

HER2+ BT474 and SK-BR-3 cells were obtained from the
ATCC. Trastuzumab resistant cells, BT474R2, (BT474 cells
with acquired trastuzumab resistance and increased CCNE
copy number), were generously provided by M. Scaltriti
(Memorial Sloan Kettering Cancer Center).”> Transgenic cell
lines (BT474R2-5M, BT474R2-SMAD3, BT474-CCNE, SK-BR
-3-CCNE) were created to express a mutant SMAD3 construct,
resistant to CDK2 phosphorylation or a wild-type SMAD3
construct or CCNE, respectively. The 5M construct consisted
of the SMAD3 sequence with inactivating mutations in each of
five CDK phosphorylation sites (T8/T179/5204/5208/S213),
thus driving upregulation of canonical SMAD3 signaling.
These study cell lines were generated through lentiviral infec-
tion of the parental cell line followed by puromycin selection
for 2 weeks. Transgene expression of the was confirmed
through immunoblotting (Figure S1).

Lentivirus

Lentivirus was produced by co-transfecting lentiviral packa-
ging vectors (pMDL-GagPol, pRSV-Rev, pIVS-VSV-G) and
lentiviral vectors using JetPrime (Polyplus) into HEK-293T
cells, as previously described.** Viral supernatant was collected
after 48 h in culture and concentrated using PEG-it (Systems
Biosciences). Virus was re-suspended in phosphate buffered
saline (PBS) and stored at —80°C until use.

Reporter arrays

A transcriptional activity cell array (TRACER) was used to
identify central transcription factors controlling resistance to
trastuzumab in BT474R2 cells.>>*” BT474 and BT474R2 cells
were plated into a black 384 well plate with an existing library
of transcription factor activity reporters. After 48 h, growth
media was exchanged for media containing 630 uM d-luciferin
and either 10 pg/mL trastuzumab or vehicle as a control.

Transcription factor activity was monitored 2, 4, 6, 8, and
24 h after addition of trastuzumab using an IVIS Spectrum
(Perkin Elmer). TRACER data were processed as previously
described.”” Briefly, activity measurements were background
subtracted, normalized to the empty control reporter and log2
transformed prior to analysis.”® Data were taken from
a minimum of three replicates and presented as the mean.
Statistical analysis was performed using the limma
R package.”® P values were adjusted using the false-discovery
rate correction.”

Network analysis

NTRACER (networks for TRACER) was used to analyze con-
nections between dynamic TF activity measurements .>”*° This
method employs a combination of inference methods [PLSR,*!
similarity index,”” linear ordinary differential equations based on
TIGRESS,* random forest,”* ARACNE,* CLR,*® MRNET*’] to
infer high-confidence connections between factors based on
their dynamic activity. Prior to this analysis, normalized data
was mean centered and variance scaled, and an aggregated data
set was constructed from sampling the means of each factor for
a total of 500 different potential sets of TF activity. A total of
1000 runs were performed to ensure robust inference of con-
nected factors. Features of the network were found from the top
10% of edges from multiple inference methods. Central nodes
were identified through eigenvector centrality. Networks were
visualized and analyzed using the R package iGraph.”®

Immunoblotting

Immunoblotting was performed following transgene insertion
into parental study cells. Cells were collected and lysed using
M-PER reagent mixed with the recommended amount of pro-
tease/phosphatase inhibitor (Cell Signaling Technologies). Cell
lysate was mixed with 2X Laemmli sample buffer containing 5%
B-mercaptoethanol. Samples were loaded into a precast 4-15%
polyacrylamide gel and run for 1 h. Protein was transferred to
a nitrocellulose membrane and blocked with 5% bovine serum
albumin solution for 1 h. Membranes were incubated with
primary antibody overnight, followed by secondary antibody
for 1 h. ECL reagent was used to develop the membrane and
blots imaged using a Bio-Rad Chemidoc Touch Imaging System
(Bio-Rad). Blot intensity was quantified using ImageJ and nor-
malized to beta-actin expression prior to analysis.

The following antibodies were used from Cell Signaling
Technologies: SMAD3 (C67H9), cMyc (D84 Cl12). Abcam:
PSMAD3-T179 (ab74062), pPSMAD3-5204 (ab63402), pSMAD3-
S213 (ab63403), pPSMAD3-5423/425 (ab52903), pl5 (ab53034),
FLAG-tag (ab1162). All antibodies were grown in rabbit and
developed using anti-rabbit IgG (Cell Signaling Technologies).

Proliferation assay

BT474, BT474R2, BT474R2-SMAD3, or BT474R2-5M cells were
plated at 500 cells/well in 96 well plates. Two days later, cells were
treated with a therapeutic dose (10 pg/mL) of trastuzumab or
CDK2/9 inhibitor fadraciclib® (CYC065, 600 nM, generously
provided by Cyclacel Ltd). Media was changed every other day



for 7 or 10 days. Cell proliferation was measured by MTS assay
(Promega) through addition of 10 pl of MTS reagent to each well.
Absorbance at 490 nm was used to quantify proliferation and
study cells in treated and untreated conditions were compared
through a one-way ANOVA and Kruskal-Wallis test for
significance.

Orthotopic tumor models

All animal studies were carried out with the approval of the
University of Michigan IACUC under the supervision of the
principal investigators. Orthotopic BT474R2 or BT474R2-5M
tumors were generated through inoculation of 2 million tumor
cells into the fourth right mammary fat pad of NOD/SCID mice.
Mice were randomized into two treatment groups: trastuzumab
(20 mg/kg) or PBS control (100 pl). These mice were monitored
daily for tumor growth until tumors were > 5 mm in any
dimension. After tumor formation, mice were treated with the
assigned treatment through intraperitoneal injection twice
weekly for a total of three weeks. Tumors were snap frozen in
isopentane at the end of the study for subsequent immunostain-
ing. Tumor growth was monitored through measurement of the
tumor dimensions and volume calculated through the formula
V = %(I x w?). Mice were excluded from analysis if their tumor
reached IACUC-defined endpoints (> 20 mm in any dimension)
prior to 3 weeks of treatment. Statistical significance among
tumor volumes was determined through two-way ANOVA
with Tukey correction for multiple comparisons.

Immunohistochemistry

Frozen tumors were embedded in optimal cutting temperature
(OCT) compound and cryosectioned into 14 pm thick sections.
Prior to staining, sections were fixed in ice-cold acetone,
washed with tris-buffered saline, permeabilized with 0.5% tri-
ton-x, and blocked with 5% goat-serum. Slides were stained
with Ki67 antibody (Novus Biologicals, NB110-89717) at
a 1:200 dilution in blocking buffer at 4°C overnight. Slides
were washed the next day in tris-buffered saline and stained
with an Alexa Fluor 594-conjugated secondary antibody for 1
h (Abcam antibody ab150080). Coverglass was subsequently
mounted using DAPI-containing Fluorogel (SouthernBiotech).
Slides were imaged using an Axio Observer Z1 (Zeiss) using at
5x/0.16 or 10x/0.75 objective and an ORCA-Flash 4.0 V2
Digital CMOS camera (Hammamatsu Photonics). Red fluor-
escence was measured at 555 nm. QuPath40 was used to iden-
tify and quantify Ki67" cells from 3 independent sections and
presented as percentage of Ki67" cells + SEM for each treat-
ment. Differences between conditions were analyzed through
two-way ANOVA.

Results

SMAD?3 activity is central to response to trastuzumab in
HER2+x, CCNE-high breast cancer cells

Overexpression of CCNE has been associated with trastuzu-
mab resistance in the HER2- BT474 and SK-BR-3 cell lines**
(Figure S2A and S2B). Cells that spontaneously acquired a copy
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number increase in CCNE (BT474R2) were resistant to
a therapeutic dose of trastuzumab. These cells could be re-
sensitized to trastuzumab treatment by blocking CCNE/
CDK2 activity through the use of a CDK2 inhibitor (Figure
S2A). Overexpression of CCNE in BT474 and SK-BR-3 cells
reduced the effect of trastuzumab on cell proliferation by 35%
(p <.001) and 5% (p < .05), respectively. We hypothesized that
altered transcription factor activity, secondary to CCNE over-
expression, contributed to the observed resistance to trastuzu-
mab in these study cells. We therefore used a transcriptional
activity cell array, TRACER, to examine differences in tran-
scription factor activity that resulted from trastuzumab treat-
ment in BT474R2 cells (Figure 1(a)), along with examination of
transcription factors that were identified as regulated during
the response to trastuzumab (Figure 1(b)). These experiments
were conducted over 24 h of treatment time using a trastuzu-
mab dose previously shown to be therapeutic in the parental
BT474 cell line in vitro (Figure S3). A total of 50 TFs were
measured. For the BT474 cells, a control analysis comparing
untreated to trastuzumab treated cells identified 2 factors,
MTF1 and MSX2, to be downregulated after trastuzumab
treatment at the 24 htime point, with RUNX1 and PU1 as
most influential following network analysis (Figure S4).
Given the known impact of trastuzumab on BT474 cells,
a relative increase in cell death when compared to the
BT474R2 cells was noted during this analysis. For the
BT474R2 cells treated with trastuzumab during the first 24 h
of therapy, 6 TFs were identified with activity that was signifi-
cantly downregulated: ATF2/3/4, FOXC2, EGR1, ANRTI,
BRACHYURY, and GATA3; and 1 TF was identified that had
significantly upregulated activity: NFxB, (p <.05) (Figure 1(a)).
All downregulated factors were significantly changed at the
8-h time point, with 3 factors (ANRT1 at 2 h, GATA3 at 4 h,
FOXC2 at 4 and 6 h), significantly downregulated at earlier
time points as well. Upregulation of NFxB activity was
observed at 4 h as well as 24 h of treatment. Network analysis
identified the top 5% of regulatory factors during treatment of
BT474R2 cells as SMAD (specifically SMAD3), YY1, and VDR.
Of these, SMAD3 activity was most influential in the inferred
network, and was thus hypothesized to be associated with
trastuzumab resistance in the study cells (Figure 1(b)).

SMAD3 phosphorylation is altered in CCNE overexpressing
cells

We next performed immunoblotting for the SMAD3 protein
and site-specific phosphorylation of the SMAD3 protein. This
work was performed to examine a connection between altera-
tions in SMAD3 phosphorylation with the observation that
SMAD3 activity was a hub for CCNE-mediated resistance to
trastuzumab (Figure 2(c)). SMAD3 expression was signifi-
cantly decreased in BT474R2 cells when compared to parental
BT474 cells (p < .01) (Figure 2(a)). We next examined canoni-
cal phosphorylated SMAD3 (pSMAD3) in BT474R2 cells
(Figure 2(b)). The pSMAD3/total SMAD3 ratio at the canoni-
cal $423 phosphorylation site was not significantly altered in
the CCNE-overexpressing HER2+ cell line, consistent with the
TF activity data. Noncanonical phosphorylation of SMAD3 can
occur upstream of the canonical site, primarily in the linker
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Figure 1. (a) TRACER analysis of the response of BT474R2 cells to trastuzumab identified differential dynamics. (b) Central factors controlling response. Yellow nodes

were identified as central to the network through eigenvector centrality.
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Figure 2. Alterations in protein expression for BT474R2 compared with BT474 cell (a) SMAD3, (b) pSMAD3, (c) Blot image for each protein. *p < .05, **p < .01.

region of this protein.*"*> The pSMAD3/SMAD3 ratio of
expression at the noncanonical $204 Smad3 phosphorylation
site was increased by 49%, and expression of the noncanonical
T179 Smad3 phosphorylation site was increased by 72%, rela-
tive to expression in the parental BT474 cell line control
(p < .01 and p < .05, respectively). pSMAD3/SMAD3 at

a third noncanonical site in the SMAD3 protein, S213, was
not significantly altered between the two cell lines.

The mitogenic action of CCNE can be blocked through
CDK2 inhibition,'® thus we next investigated the effects of
CDK?2 inhibition on BT474R2 cell survival, sensitivity to tras-
tuzumab, and phosphorylation of SMAD3. Inhibition of CCNE
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Figure 3. (a—c) CDK2 inhibition by fadraciclib significantly decreased phosphorylation at SMAD3 linker region sites in BT474R2 cells: (a) S204, (b) S213, (c) T179. (d, e)
CDK2 inhibition decreased cMyc expression (d) and increased p15 expression (e). (f) Inmunoblotting images. *p < .05, **p < .01, ***p < .001. Tras = Trastuzumab. Fadra

= fadraciclib

activity with a fadraciclib (CYCO065), a potent CDK2 inhibi-
tor, resulted in significantly decreased BT474R2 cell prolifera-
tion (Figure S2). Fadraciclib treatment of the BT474R2 cells
also led to decreased expression of pSMAD3 at the S204
(p < .01) (Figure 3(a)), S213 (p < .05) (Figure 3(b)), and T179
(p < .01) (Figure 3(c)) phosphorylation sites, in the SMAD3
linker region. Treatment with trastuzumab alone did not sig-
nificantly alter phosphorylation at any of these sites.
Additionally, fadraciclib treatment, alone or in combination
with trastuzumab, led to increased expression of p15 (p < .05)
and decreased expression of cMyc (p < .05) in comparison with
trastuzumab treatment alone, further indicating that CCNE,
mediated by CDK2, significantly deceases canonical SMAD3
activity in the study cells (Figure 3(d-f)).

SMAD?3 linker region phosphorylation significantly alters
cell proliferation in vitro

In order to further study the relative influence of canonical
SMAD?3 and noncanonical SMAD3 linker region phosphor-
ylation on cell proliferation we created several cell lines
including BT474R2 cells overexpressing wild-type SMAD3
(BT474R2-SMAD3), study cells expressing a SMAD3 con-
struct with mutations blocking noncanonical linker region
CDK2 phosphorylation (BT474R2-5M), and cells expressing
a blank control (BT474R2-Blank). These three study cell
lines showed significantly different proliferation profiles,
with BT474R2-5M and BT474R2-SMAD3 expressing cells
proliferating more slowly than the BT474R2-Blank cell line
(p < .05), as measured by MTS assay (Figure 4(a)).
Treatment with trastuzumab resulted in decreased prolifera-
tion for all three cell lines, as a percent of untreated cells, by

32, 36, and 48% for BT474R2-Blank, BT474R2-SMAD?3, and
BT474R2-5M, respectively, with a statistically significant
decrease observed for the BT474R2-5M cells (p < .05)
(Figure 4(b)). Immunoblotting blot analysis for pl5 in
these cell lines (Figure 4(c,d)), also showed significantly
increased pl5 expression in BT474R2-5M cells treated with
trastuzumab, when compared to the BT474R2-Blank cells
treated with trastuzumab (26% increase, p < .05). Together,
these results suggested that for BT474R2 cells, expression of
the mutant SMAD3 construct, resistant to noncanonical
CDK2 phosphorylation, contributed to increased sensitivity
to trastuzumab.

SMAD?3 linker region phosphorylation significantly alters
proliferation in vivo

The in vitro results of the MTS assays suggested BT474R2 cells
expressing the 5M SMAD?3 construct, with mutated noncano-
nical CDK phosphorylation sites, may be more sensitive to
trastuzumab when compared with the parental BT474R2 cell
line. We tested this hypothesis using an orthotopic tumor
model comparing growth of BT474R2-Blank and BT474R2-
5M cells over 21 days of treatment with either trastuzumab or
PBS control (Figure 5(a)). When comparing tumor growth
between the PBS-treated groups (BT474R2-5M and BT474R2-
Blank), no statistical difference in tumor growth was identified
during the study period (p = .85 at day 14, p = .98 at day 21).
Trastuzumab therapy had a moderate effect on BT474R2-Blank
tumor growth by day 21, when compared to the PBS-treated
BT474R2-Blank tumor growth (p = .999 at day 14, p = .051
at day 21). The effect of trastuzumab treatment on the
BT474R2-Blank tumors observed in our study was consistent
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Figure 4. (a) Overexpressing SMAD3 or noncanonical phosphorylation mutant SMAD3 (5M) resulted in decreased proliferation relative to a blank construct. (b)
Expression of the 5M, but not SMAD?3, significantly increased response to trastuzumab relative to blank control in BT474R2 cells. (c,d) 72 h treatment with trastuzumab
led to upregulation of p15 in the 5M cell line relative to the blank-construct cell line. * p < .05.

with a previous report showing that BT474R2 cells were resis-
tant to trastuzumab treatment in vivo.*>

Trastuzumab therapy significantly slowed tumor growth for
the BT474R2-5M tumors by day 14, when compared with the
PBS-treated control BT474R2-5M tumors, and the BT474R2-
Blank tumors treated with PBS or trastuzumab (p < .05). This
finding was most pronounced by 21 days of treatment (p < .01)
(Figure 5(a)). After 21 days of trastuzumab therapy, BT474R2-
5M tumor volume was 529 mm” on average, significantly lower
than PBS-treated BT474R2-Blank tumors (1148 mm’,
p < .0001), trastuzumab-treated BT474R2-Blank tumors
(897 mm?, p < .01), and PBS-treated BT474R2-5M tumors
(1108 mm®, p < .0001). Ki67 immunostaining of BT474R2-
5M tumors from day 21 of trastuzumab treatment (Figure 5(b))
showed a significantly decreased proportion of proliferative
cells, relative to BT474R2-Blank tumors treated with PBS
(11% v. 50% Ki67" cells, respectively, p < .05, Figure 5(c)).
BT474R2-Blank tumors treated with trastuzumab and
BT474R2-5M tumors treated with PBS tumors both had
a higher percentage of Ki67" cells relative to the BT474R2-
5M trastuzumab treated tumors (19% and 22% Ki67" cells,

respectively), however these differences were not statistically
significant when compared to either the BT474R2-Blank PBS
group (p = .06, p = .1) or the BT474R2-5M trastuzumab group
(p = .99, 0.85). Together, these results indicated CCNE-
overexpressing BT474R2 cells could be sensitized to trastuzu-
mab therapy through the blockade of noncanonical CDK
SMAD?3 phosphorylation sites and the subsequent restoration
of canonical SMAD?3 signaling (Figure 6).

Discussion

Trastuzumab therapy in the adjuvant setting, for patients with
HER2+ breast cancer, has been associated with a 30% increase
disease-free survival.>*’ This therapeutic benefit, however, is
not universal, and approximately 70% of patients, in the pri-
mary or metastatic setting, are found to be resistant to
trastuzumab.**** Thus, there is a vital need to understand the
mechanisms associated with resistance to trastuzumab treat-
ment. By uncovering mechanisms associated with treatment
resistance, therapeutic strategies will be identified to greatly
expand the number of HER2+ patients that may benefit from
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shows role of trastuzumab resistance in the setting of CCNE overexpression. Right
SMAD3 phosphorylation though either expression of a mutant SMAD3 construct o

trastuzumab. The results of this study suggest a potential
approach to improve trastuzumab sensitivity in HER2+,
CCNE-high, breast cancer cells through the restoration of
canonical SMAD3 function and implementation of CDK2
inhibition.

The transcription factor SMAD?3 is canonically activated by
TGEFp, which results in cell regulatory and tumor suppressant

trastuzumab. Left panel shows canonical signaling pathway activity. Middle panel
panel shows restoration of trastuzumab sensitivity after blockade of noncanonical
r treatment with a CDK2 inhibitor.

events.'>'”!” The results of this study indicated that nonca-
nonical SMAD3 phosphorylation, mediated by CCNE/CDK2,
contributes to trastuzumab resistance in CCNE-overexpressing
HER2+ breast cancer cells. Prior work showed that fadraciclib
treatment could improve sensitivity to trastuzumab in treat-
ment resistant CCNE overexpressing, HER2+ breast cancer
cells.?” In triple negative (estrogen, progesterone, and HER2
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receptor negative) breast cancer cells, noncanonical phosphor-
ylation of SMAD3 by CCNE/CDK2 promoted cycle progres-
sion and cell migration.'®”' Conversely, inhibition of
noncanonical CDK2 phosphorylation of SMAD3, specifically
at the T179 site,'® resulted in reduced invasion and migration
for the triple negative breast cancer cells, due, in part, to
inhibition of the Pinl-SMAD3 interaction.!” Notably, Pinl
has also been implicated in trastuzumab resistance in the
HER2+ cell line SK-BR-3, indicating a possible connection to
the CCNE-mediated resistance we observed in these cells
(Figure $2).* 1In the current study, inhibition of CDK2
mediated phosphorylation by fadraciclib in BT474R2 cells
was also observed to result in decreased phosphorylation at
the SMAD3 S204, S213, and T179 sites (Figure 3(a-c)).
Additionally, recent work in HER2+ SKBR3 breast cancer
cells identified an association between TGFp and HER2/AKT
signaling through phosphorylation of SMAD3 at the S208
linker region site, leading to loss of tumor suppression and
increased invasiveness of these cells.*” Similar associations
among noncanonical SMAD3 phosphorylation, deregulation
of normal tumor suppressant SMAD3 actions, and aggressive
cancer biology have been identified in colorectal,*®* lung,50
and gastric’’ cancer models, providing further evidence for
a connection between noncanonical SMAD3 phosphorylation,
and oncogenic progression.

This study found an increase in relative phosphorylation of
SMADS3 at the linker region in BT474R2 cells relative to the
parental BT474 cell line (Figure 2). Increased pSMAD3/total
SMAD3 ratio was observed at the T179 and $204 phosphoryla-
tion sites, however was not present at S213 or in the canonical
C-terminus S423/425 location. Phosphorylation of SMAD3 by
CDK?2 occurs primarily at the T179 and S213 locations in vivo,-
*! and S204 in vitro, which agreed with the phosphorylation
sites observed in the in vivo-derived BT474R2 cell line.
Previous work suggested phosphorylation at these linker
region sites leads to degradation of SMAD3,'” which was con-
sistent with the identified decrease in SMAD3 protein abun-
dance in the BT474R2 study cells. The impact of CCNE on
SMAD3 phosphorylation and function was shown through
inhibition of CDK2, and the subsequent decrease in the
pSMAD3/total SMAD3 ratio at linker region phosphorylation
sites. To this end, CDK2 inhibition by fadraciclib resulted in
the restoration of downstream canonical TGFB/SMAD3 asso-
ciated signaling events, demonstrated through decreased cMyc
and increased p15 protein expression (Figure 3).

The BT474R2 cell line was previously reported to have
constitutively upregulated cyclin dependent kinase inhibitor
P27, and this cell line was found to be insensitive to treatment
with trastuzumab.”> CDK2 and p27 have been associated with
regulation of the response to anti-HER2 antibodies in HER2
+ breast cancer cells.>®> As stated, high CCNE expression has
also been correlated with HER2 overexpression and trastuzu-
mab resistance in HER2+ breast cancers.'>** Deregulation of
p27 has been actively studied as a link to CCNE, HER2 over-
expression, and trastuzumab resistance,?>>> yet crosstalk with
other signaling events has also been proposed. Under physio-
logic cell cycle regulation, p27 acts an inhibitor of CDK activity
and p27 is phosphorylated for degradation by CCNE/CDK2.'®
The finding that BT474R2 cells can maintain high levels of p27

protein, and yet are relatively insensitive to p27 function,
indicates that p27 activity alone is insufficient to inhibit cell
cycle progression in this cancer cell line.”* Canonical TGFp/
SMAD?3 action contributes to physiologic cell cycle progression
and the fidelity of normal cell cycle checkpoints, including
controlled expression of p15, inhibition of cMyc, and the sub-
sequent regulation of CCND/CDK4, which precede activity of
CCNE/CDK2. In the current study of BT474R2 cells, treatment
with trastuzumab alone did not impact expression of p15 and
cMyc. We found that treatment with fadraciclib, blocking
noncanonical phosphorylation of the SMAD?3, led to upregula-
tion of p15 and downregulation of cMyc expression, and that
this effect on p15 and cMyc expression was not altered through
the combination of fadraciclib and trastuzumab treatment
(Figure 3(d,e)). Thus, our prior work examining the impact
of noncanonical SMAD3 phosphorylation, along with the
results in the current study, indicate that inhibiting noncano-
nical CDK2 phosphorylation of SMAD3, may be a viable strat-
egy to restore physiologic cell regulatory control in vitro, and
sensitivity to trastuzumab in vivo, for HER2+ breast cancer
cells that overexpress CCNE.">'°

The TRACER network analysis identified SMAD?3 as having
a central role in the response of BT474R2 cells to trastuzumab
(Figure 1), mediating the observed downregulation of FOXC2
and GATA3 activity, and upregulation of NFkB activity.”*™’
Among several proposed actions, trastuzumab treatment
blocks dimerization of the HER2 receptor with HER1/3/4,
decreasing activation of the PI3K/Akt and Ras/MAK pathways,
and subsequently downregulating NFkB and FOXC2 activity,
and leading to reduced tumor growth.**®> Thus, some degree
of downregulation of FOXC2 activity could be expected after
exposure to trastuzumab treatment. SMAD3 activity was also
inferred to be associated with the downregulation of GATA3
activity for BT474R2 cells treated with trastuzumab (Figure 1
(b)). Decreased GATA3 expression has been suggested as
a negative prognostic marker in breast cancer.”” GATA3 has
been shown to interact directly with SMAD3, conferring
TGFp-responsiveness to GATA3 target genes in helper
T cells.®! Additionally, overexpression of GATA3 in the
CCNE-high triple-negative breast cancer cell line MDA-MB
-231 resulted in restoration of tumor suppression by TGFp
signaling,®> potentially indicating synergy between elevated
GATA3 and canonical SMAD3 activity. Conversely, the rela-
tionship among SMAD3 and decreased GATA3 activity, and
trastuzumab resistance in BT474R2 cells, may reveal a further
connection between CCNE/CDK2 noncanonical SMAD3
phosphorylation, and the potential for CDK2 inhibition to
restore sensitivity to trastuzumab in the setting of cyclin
E upregulation.

TRACER network modeling linked SMAD3 activity to the
treatment resistant BT474R2 cells and also identified upregula-
tion of NFkB activity after exposure to trastuzumab (Figure 1
(b)). Our study showed alterations in TGEp signaling in this
BT474R2 cell line were associated with the loss of canonical
SMAD?3 function through CCNE/CDK2 mediated phosphor-
ylation of SMAD3 linker region sites. Notably, canonical
TGFB/SMAD3 action also leads to inhibition of PI3K/Akt.%’
Therefore the CCNE/CDK2-mediated decrease in canonical
SMAD3 action (Figure 2(b)), may also contribute to



a concurrent increase in PI3K/Akt signaling, the observed
changes in NFKB activity for the BT474R2 cell line, and resis-
tance to trastuzumab. We expect this proposed CCNE/CDK2-
mediated mechanism of trastuzumab resistance, associated
with noncanonical SMAD3 phosphorylation, could also be
treated with a targeted strategy implementing fadraciclib or
other CDK2 inhibitor therapy. This treatment plan would
extend to combination therapies using trastuzumab, along
with  other anti-HER2-targeted treatments, including
pertuzumab.®*

The functional effects of SMAD3 on BT474R2 cells were
also directly associated with sensitivity to trastuzumab therapy
in vitro and in in vivo (Figures 4 and 5). Overexpressing either
a wild-type SMAD3 or a linker-region mutant SMAD3 (5M)
both significantly decreased proliferation of BT474R2 cells
in vitro. Importantly, the 5M SMAD3-expressing cells, resis-
tant to noncanonical CDK phosphorylation, were significantly
more susceptible to trastuzumab therapy in vitro (Figure 4(b)),
as evidenced by decreased proliferation in these cells relative to
both the SMAD3 overexpressing cell line and the blank BT474
transfected cell line. Overexpression of the wild-type SMAD3
construct was not sufficient to alter the expression of pl5,
suggesting CDK mediated noncanonical phosphorylation in
the expressed WT SMAD?3 construct. Expression of the CDK
phosphorylation-resistant 5M SMAD3 construct led to
a significant upregulation of p15 protein expression (Figure 4
(c,d)) following trastuzumab therapy, indicating that this con-
struct was active in altering the transcriptome of these cells,
favoring the restoration of canonical SMAD3 tumor suppres-
sant behaviors. These findings also supported the TRACER
results, indicating that the canonical, tumor-suppressant func-
tions of SMAD?3 signaling in CCNE overexpression BT474 cells
played a role in promoting the response to trastuzumab. To
this end, inhibition of CDK2 phosphorylation and restoration
of canonical SMAD3 function were also shown to support
sensitivity to trastuzumab in vivo. PBS treated BT474R2-5M
tumors grew at the same rate as BT474R2-Blank tumors, while
only the BT474R2-5M cells, transduced with CDK phosphor-
ylation resistant 5M SMAD3 construct, responded robustly to
treatment with trastuzumab, observed through both a decrease
in tumor volume (Figure 5(a)), as well as a decrease in Ki67
immunostaining (Figure 5(b,c)). Together, these results pro-
vide evidence that CCNE overexpression confers resistance to
trastuzumab, in part, through aberrant noncanonical CDK
mediated phosphorylation of SMAD3. This data further sup-
ports that restoring SMAD3 function through treatment with
CDK2 inhibitors such as fadraciclib or introduction of
a mutant, CDK phosphorylation resistant 5M SMAD3 con-
struct (Figure 6), may be possible strategies to management
patients presenting with treatment resistant HER2+ breast
cancer.

In summary, our study provides further evidence regarding
a treatment strategy that includes trastuzumab, along with
a potential therapeutic role for CDK2 inhibitors to target non-
canonical SMAD3 phosphorylation, for patients with trastuzu-
mab resistant CCNE-high HER2+ breast cancer. CDK2
inhibitors are currently being implemented in clinical trials
targeting several types of cancer including, leukemia, non-
small cell lung cancer, and melanoma.”” Importantly,
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preclinical studies using CDK2 inhibitors such as fadraciclib
therapy are also showing promise for the management of
aggressive or treatment resistant breast cancer.””®” We expect
the rational implementation of CDK inhibition would also
extend the therapeutic potential combination of trastuzumab/
pertuzumab therapy.®* Taken together, these results suggest
both a promising avenue of treatment for patients with CCNE-
high, HER2+ breast cancer, as well as a potential mechanism to
explore in other aggressive, treatment-resistant, HER2+ cancer
models.
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