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Abstract

In response to gamma-irradiation (IR) induced DNA damage, activation of cell cycle checkpoints
results in cell cycle arrest, allowing time for DNA repair prior to cell cycle reentry. Human cells
contain G1 and G2 cell cycle checkpoints. While G1 checkpoint is defective in most cancer cells,
commonly due to mutations and/or alterations in the key regulators of G1 checkpoint (e.g. p53,
Cyclin D), G2 checkpoint is rarely impaired in cancer cells, which is important for cancer cell
survival. G2 checkpoint activation involves activation of ataxia telangiectasia mutated (ATM)/
ATM- and rad3-related (ATR) signalings, which leads to inhibition of Cdc2 kinase and
subsequent G2/M cell cycle arrest. Previous studies from our laboratory show that G2 checkpoint
activation following IR exposure of MCF-7 breast cancer cells is dependent on the activation of
extracellular signal-regulated protein kinase 1 and 2 (ERK1/2) signaling. Since HER receptor
tyrosine kinases (RTKSs), which play important roles in cell proliferation and survival, have been
shown to activate ERK1/2 signaling in response to various stimuli, we investigated the role of
HER RTKs in IR-induced G2/M checkpoint response in breast cancer cells.

Results of the present studies indicate that IR exposure resulted in a striking increase in
phosphorylation of HER1, HER2, HER3 and HER4 in MCF-7 cells, indicative of activation of
these proteins. Furthermore, specific inhibition of HER2 using an inhibitor, short hairpin RNA and
dominant negative mutant HER2 abolished IR-induced activation of ATM/ATR signaling,
phosphorylation of Cdc2-Y15 and subsequent induction of G2/M arrest. Moreover, the inhibition
of HER2 also abrogated IR-induced ERK1/2 phosphorylation. In contrast, inhibition of HER1
using specific inhibitors or decreasing expression of HER3 or HER4 using shRNAs did not block
the induction of G2/M arrest following IR. These results suggest an important role of HER2 in the
activation of G2/M checkpoint response following IR.
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Introduction

Cells rely on G1 and G2 cell cycle checkpoints to maintain their genomic integrity. While
most cancer cells are defective in G1 checkpoint, commonly due to the mutation/alteration
of key regulators of G1 checkpoint,? the G2 checkpoint is rarely impaired in cancer cells.}

In response to ionizing irradiation (IR), cell cycle checkpoints are rapidly activated,
resulting in either cell cycle arrest, which allows time for repairing the damage, or apoptosis
induction, which eliminates the deregulated cells.3 G2 checkpoint is tightly controlled by the
Cdc2/Cyclin B complex, whose activity is required for G2/M transition of the cell cycle.*
Previous studies identify Cdc2-Y15 as a vital site involved in G2 checkpoint control in
response to IR. Cdc2-Y15 is phosphorylated during radiation-induced G2/M arrest and
introduction in fission yeast of a mutant Cdc2-Y15F abolished DNA-damage induced G2/M
arrest.>”’ Cdc2-Y15 is phosphorylated by Weel and Myt1 kinases®: and dephosphorylated
by Cdc25 dual-specificity phosphatases. 10

In response to DNA-damage, ATM and ATR kinases are rapidly activated, which, in turn,
induces the phosphorylation/activation of their respective downstream targets, Chk1 and
Chk2 kinases. Activation of Chk1 and Chk2 results in phosphorylation of Cdc25, leading to
the subcellular sequestration, degradation and/or inhibition of the Cdc25 that normally
activate Cdc2/Cyclin B at the G2/M boundary.1!

Cell cycle transition from G2 to mitotic-phase requires histone H3-Ser10 phosphorylation,
which is associated with chromosome condensation prior to cell division.12 Since both G2
and mitotic cells contain 4N-DNA content and are not distinguishable from each other by
DNA content analysis, H3-Ser10 phosphorylation is commonly used as a specific marker for
mitotic cells within the 4N-DNA content cell population.13 Furthermore, the initial H3-
Ser10 phosphorylation occurs in the late G2 phase but only on the pericentromeric
chromatin. As cells progress through mitosis, the phosphorylation spreads along
chromosomes and is completed at the end of prophase.141% Thus, there is a gradual increase
in H3-Ser10 phosphorylation from the beginning to the end of mitosis. In log-phase cells,
H3-Ser10 phosphorylation in mitotic cells is detected in a wide range by flow cytometry
analysis.26:17 Upon induction of G2/M arrest, H3-Ser10 phosphorylation is inhibited due to
the blockage of G2/M transition of the cell cycle. 41617

ERK1/2 signaling plays a critical role in cell proliferation and survival, and has been
implicated in the development of cancer therapy resistance.8-21 Studies from our laboratory
and others have shown that ERK1/2 signaling is often activated in breast cancer cells by IR
and chemotherapy drugs,1722-24 and that this is associated with a G2/M cell cycle
arrest.17:24-26 Recent studies from our laboratory demonstrated that ERK1/2 inhibition alters
the response of breast cancer cells to IR and chemotherapy drugs, resulting in an attenuation
of G2/M arrest and a concomitant induction of apoptosis.24:26:27 These results indicate a
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necessary role of ERK1/2 signaling in the response of breast cancer cells to IR and
chemotherapy drug treatment.

HER [also called ERBB or EGFR] family of receptor tyrosine kinases (RTKSs) consists of
HER1, HER2, HER3 and HER4, which localize on the membrane.1® HER RTKs share a
similar protein structure that contains an extracellular region (ligand binding and
dimerization domains), a transmembrane region and an intracellular region (protein tyrosine
kinase domain and phosphorylation regulatory tail).28 Among HERs, HER2 has no known
ligand and HER3 expresses very low kinase activity.28 Binding of ligands to the ligand
binding domain of HER1, HER3 and HER4 results in homo- or hetero-dimerization of the
receptors followed by trans-phosphorylation of several tyrosines within the regulatory tail at
the c-termini of the receptor.28 The phosphorylated-tyrosines serve as docking sites for
downstream adaptors and signal transducers, activating the HER receptor signaling
network.2? HER RTKs are essential for normal cell physiology including proliferation and
survival.29 Furthermore, HER1 and HER2 are frequently upregulated or mutated in a broad
spectrum of cancer types and approximately 25% of human breast cancers overexpress
HER2.29-31 Moreover, HER1 and HER2 are reported to be necessary for the activation of
ERK1/2 and AKT signaling in response to various stimuli.2

HER1 activation following IR has been reported previously.32-34 However, the effects of IR
on the other HER RTKs are not known. Furthermore, inhibition of HER RTKSs has been
shown to increase radiosensitivity of cancer cells. While inhibition of HER1/2/3/4 by HER
pan-inhibitor CI-1033 significantly enhances radiosensitivity of human colon carcinoma
cells both in vitro and in vivo,3® HER2 inhibition by Herceptin and HER1 inhibition by
gefitinib respectively sensitizes breast cancer cells and EGFR amplified glioma cells to
radiation.36:37 However, the impact of HER RTKs on IR-induced cell cycle checkpoint
response was not examined in these previous studies. In the current study, we investigated
the effect of IR on HER receptors and the role of HER receptors in the activation of G2/M
checkpoint response following IR in human breast cancer cells. Results in this report
indicate that IR activates HER1/2/3/4 in human breast cancer cells and that HER?2 activation
is specifically required for G2 checkpoint activation following IR.

IR induces phosphorylation of HER RTKs in breast cancer cells

To investigate the role of HER RTKSs in the response of breast cancer cells to IR, we
analyzed HER expression in SkBr3, ZR-75-1 and MCF-7 cells. MCF-7 and ZR-75-1 are
lines derived from the Luminal A subtype of breast cancer cells and SkBr3 is a line derived
from the HER2 overexpressing subtype of breast cancer cells (Table 1).38 As shown in
Figure 1a, the expressions of HER1/2/3 were detected in all three breast cancer cell lines,
whereas HER4 expression was not detected in SkBr3 cells.

We next examined the effect of IR on HER-phosphorylation in MCF-7 cells. As shown in
Figure 1b, immunoblotting respectively detected 1.5-, 9- and 2-fold increases in the

phosphorylation of HER1, HER2 and HER3 in MCF-7 cells within 15 min post IR. At 1 h
post IR, HER2 phosphorylation further increased, while HER1 and HER3 phosphorylation
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decreased to a level even lower than that of the unirradiated cells (Figure 1b). IR also
induced HER4 phosphorylation in MCF-7 cells at 1 h post IR (Figure 1b). There was no
change in protein levels of HER1, HER3 and HER4 following IR. However, an increase of
HER2 protein was detected in the irradiated cells at 1 h post IR (Figure 1b).

We also examined the HER-phosphorylation in SkBr3 cells following IR. As shown in
Figure 1c, while IR had little effect on the HER1 phosphorylation in SkBr3 cells, IR induced
phosphorylation of both HER2 and HER3 in SkBr3 cells. Furthermore, the increase of
HER2 phosphorylation was observed within 15 min following IR and the increase of HER3
phosphorylation was detected at 1 h post IR. Collectively, these results indicate an activation
of HER RTKs in breast cancer cells following IR.

IR induces G2/M arrest in breast cancer cells

Inhibition of
cancer cells

We examined the effect of IR on cell cycle response of breast cancer cells. Log-phase cells
were exposed to IR and analyzed for DNA content by fluorescence-activated cell sorting
(FACS) at 24 h following IR. As shown in Figure 2a, IR exposure induced a dose-dependent
increase in the amount of 4N-DNA content cells, indicative of G2/M cell cycle arrest, in
MCF-7 cells.# Furthermore, as shown in Figure 2a (lower right panel), while the induction
of G2/M arrest following IR was time-dependent with a maximum detected at 6 h post IR,
the amounts of G1-and S-phase cells were decreased flowing IR. Consistent with the results
obtained from MCF-7 cells, IR also induced a dose-dependent accumulation in G2/M phase
cells in ZR-75-1 and SkBr3 cells (Figure 2b).

To confirm the activation of G2 checkpoint in these cells, irradiated MCF-7 cells were
analyzed for markers of G2 checkpoint. As shown in Figure 2c, immunoblotting detected an
increase in phosphorylation of Chk1-S317, Chk2-T68 and Cdc2-Y15, indicative of
activation of the G2 checkpoint signaling,3® in irradiated MCF-7 cells. Since G2 checkpoint
activation inhibits the G2 to M transition of the cell cycle,* we examined the proportion of
mitotic cells after IR using histone-H3 phosphorylation as a marker of mitotic cells.*0 As
shown in Figure 2d, IR resulted in a marked reduction in the percentage of mitotic cells. At
3 hpost IR, a 96% decrease in mitotic cells was noted in the irradiated cells relative to
unirradiated cells (Figure 2d).

HER RTKs abolishes the induction of G2/M arrest following IR in breast

Using C11033, a pan-inhibitor of the HER family,*! we examined the role of HER RTKs in
IR-induced G2/M cell cycle arrest. For these studies, MCF-7 cells were incubated for 1 h
with increasing doses of C11033 prior to IR. As shown in Figure 3a, incubation of MCF-7
cells with 20 uM CI11033 resulted in near complete inhibition in IR-induced phosphorylation
of HER1/2/3/4 (at 15 min following IR for HER1/2/3, and at 1 h post IR for HER4).
Incubation with C11033 had no effect on the levels of these proteins. As shown in Figure 3b,
incubation with 20 uM C11033 abrogated the induction of G2/M arrest following IR in
MCF-7, ZR-75-1 and SkBr3 cells. In contrast, incubation with C11033 without IR had little,
if any, effect on the percentage of cells in G2/M phase relative to control cells (Figure 3b,
solid bars). Furthermore, pre-incubation of cells with 2 pM C11033, a dose that did not
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inhibit the IR-induced HER-phosphorylation, had no significant effect on the IR-induced
G2/M arrest in these cells (Figure 3b).

Inhibition of HER1 does not block IR-induced G2/M arrest in breast cancer cells

Using AG1478, a HER1 specific inhibitor,*2 we examined the effect of HER1 on IR-
induced HER1/2/3/4 phosphorylation. As shown in Figure 4a, the presence of 10 uM
AG1478 effectively abrogated IR-induced HER1 phosphorylation in MCF-7 cells, whereas
it did not block IR-induced phosphorylation of HER2 and HER3. Incubation with 10 pM
AG1478 also abolished the increase of HER4 phosphorylation following IR in MCF-7 cells.
Incubation with AG1478 had little effect on the protein levels of HER RTKs (Figure 4a).

We next examined the effect of HER1 inhibition on the induction of G2/M arrest following
IR. MCF-7 and SkBr3 cells were exposed to 10-Gy IR in the presence of increasing doses of
AG1478, incubated for 24 h and assessed for the cells in G2/M phase by FACS. As shown
in Figure 4b, the presence of AG1478 did not block the induction of G2/M arrest following
IR in both MCF-7 and SkBr3 cells.

To verify the effect of AG1478 on IR-induced G2/M arrest, we examined Erlotinib, a
clinically used HER1 inhibitor for cancer therapy.#3 As shown in Figure 4c (upper panel),
incubation with Erlotinib at =5 uM efficiently inhibited IR-induced HER1 phosphorylation
in MCF-7 cells. However, incubation with Erlotinib up to 10 uM had no effect on the
induction of G2/M arrest following IR in MCF-7 cells. These results indicate that HER1
activation is not required for the IR-induced G2/M arrest in MCF-7 cells.

HER2 inhibition by CP724714 abrogates IR-induced G2 checkpoint activation

We next examined the effect of HER2 on IR-induced G2/M checkpoint response using
HER?2 specific inhibitor CP724714. Previous studies indicate that CP724714 is a potent
inhibitor of HER2 auto-phosphorylation with no detectable effect on EGF-induced HER1
phosphorylation.#* As shown in Figure 5a (upper panel), incubation with 50 uM CP724714
effectively abolished IR-induced HER2 phosphorylation in MCF-7 cells. This effect is dose-
dependent, as CP724714 at 10 uM only inhibited 40% of IR-induced HER2 phosphorylation
in MCF-7 cells (Figure 5a, upper panel). We also tested the effect of CP724714 on HER2
phosphorylation in SkBr3 cells, which overexpress HER2 (Figure 1a). As shown in Figure
5a (lower panel), incubation with CP724714 also resulted in a dose-dependent inhibition of
HER?2 auto-phosphorylation in log-phase SkBr3 cells. Incubation with CP724714 at 10 pM
and 30 uM inhibited HER2 phosphorylation by 21% and 92%, respectively, in SkBr3 cells.
Since HER? interacts with and regulates the other HER family members, we examined the
effect of CP724714 on the phosphorylation of other HER members. As shown in Figure 5b,
incubation of MCF-7 cells with 50 uM CP724714 also abrogated IR-induced HER3/4
phosphorylation but not the IR-induced HER1 phosphorylation.

Subsequently, we tested the effect of CP724714 on IR-induced G2/M arrest in MCF-7,
ZR-75-1 and SkBr3 cells. As shown in Figure 5c, the induction of G2/M arrest after IR was
effectively abrogated by incubation of cells with 50 or 100 pM CP724714 with little effect
noted in cells incubated with 10 uM CP724714, a dose that had little inhibitory effect on
HER2 phosphorylation in both MCF-7 and SkBr3 cells (Figure 5a). Our previous published
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data demonstrates that the IR-induced increase in the amount of G2/M phase cells can be
detected as early as 8 h post IR.4> We therefore tested the effect of CP724714 on IR-induced
G2/M arrest at 8 h following IR. As shown in Figure 5¢ (lower right panel), incubation with
50 uM CP724714 also respectively abrogated the induction of G2/M arrest in MCF-7 cells
exposed to 6- and 12-Gy IR.

Phosphorylation of histone-H3 by Cdc2/Cyclin B is required for cells entering into
mitosis.0 We therefore tested the effect of CP724714 on the amount of mitotic cells
following IR. As shown in Figure 5d, >90% decrease in the proportion of mitotic cells was
detected in irradiated MCF-7 cells relative to control non-irradiated cells (black bars). In
contrast, incubation with CP724714 blocked the effect of IR, resulting in a significant
increase in the proportion of mitotic cells in irradiated cells compared to the control
irradiated cells (Figure 5d, IR). Incubation with CP724714 alone resulted in a slight decrease
in the amount of mitotic cells compared to the control untreated cells (Figure 5d, None), but
the effect was not statistically significant.

Since ATM/ATR signaling play important roles in the activation of G2 checkpoint
response,11 we examined the effect of CP724714 on the activation of ATM and ATR
signaling following IR. As shown in Figures 6a and 6b (upper panels), incubation with
CP724714 prior to IR prominently inhibited the activation of ATM and ATR following IR
in MCF-7 cells. Furthermore, incubation with CP724714 also markedly diminished the IR-
induced activation of Chk2 (downstream target of ATM) and Chk1 (downstream target of
ATR) in MCF-7 as well as in ZR-75-1 cells (Figure 6a and 6b). We also noticed that
CP724714 had more effect on the IR-induced Chk2 activation in MCF-7 cells compared to
ZR-75-1 cells. While CP724714 completely inhibited the IR-induced Chk2 activation in
MCEF-7 cells, it reduced IR-induced Chk2 activation by 47% in ZR-75-1 cells. The cause for
this difference in the effect of CP724714 is unclear. It may be attributed to cell-type
specificity.

The activation of ATM/ATR signaling leads to the induction of Cdc2-Y15 phosphorylation,
which inhibits Cdc2 activity.* We then tested the effect of CP724714 on Cdc2-Y15
phosphorylation in irradiated MCF-7 cells. As shown in Figure 6¢, IR-induced Cdc2-Y15
phosphorylation in MCF-7 cells was abolished by the presence of CP724714 prior to IR.
Incubation with CP724714 alone had no effect on Cdc2-Y15 phosphorylation in MCF-7
cells.

Collectively, these results suggest possible roles for HER2, HER3 and/or HER4 in the
activation of G2 checkpoint response in breast cancer cells.

Decreased HER2 expression by short-hairpin RNA (ShRNA) diminishes IR-induced G2/M
cell cycle arrest

Using specific ShRNAs, we directly examined the role of HER2, HER3 and HER4 in IR-
induced G2/M arrest in MCF-7 cells.

As shown in Figure 7a (upper panel), HER2-shRNA expressing clones exhibited a marked
decrease in HER2 protein levels compared to Control-shRNA transduced cells. Furthermore,
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DNA-content analysis revealed that HER2-shRNA expressing cells displayed a significant
diminution of IR-induced G2/M arrest compared to control cells. In contrast to the 4.4-fold
increase in the amount of G2/M DNA-content cells in the irradiated control cells relative to
non-irradiated control cells, there is only a 1.6-fold increase in the amount of G2/M DNA-
content cells in the irradiated HER2-shRNA expressing cells compared to non-irradiated
HER2-shRNA expressing cells (Figure 7a, middle panel). No difference in IR-induced
G2/M arrest was observed between control-shRNA expressing cells and non-transduced
cells (data not shown).

We also assessed the effect of HER2-shRNA expression on mitotic cells following IR. As
shown in Figure 7a (lower panel), HER2-shRNA expression resulted in a significant
increase in the proportion of mitotic cells in irradiated cells compared to control irradiated
cells.

We then examined the effect of HER3- and HER4-shRNA on IR-induced G2/M arrest. As
shown in Figure 7b and 7c, specific ShRNA expression significantly decreased the protein
expression of HER3 and HER4 in MCF-7 cells compared to the control-shRNA transduced
cells. However, decrease in either HER3 or HER4 expression by shRNA did not block the
induction of G2/M arrest in MCF-7 cells after IR.

The activation of Chk1 and Chk2 following IR was assessed using kinase assay in the cells
expressing HER2-, HER3- or HER4-shRNA. As shown in Figure 7d, the IR-induced Chk1l
and Chk2 activations were markedly diminished in the HER2-shRNA expressing cells
compared to control-shRNA transduced cells. In contrast, decreased HER3 or HER4
expression by shRNA did not block the activation of Chk1 and Chk2 following IR in MCF-7
cells. These results suggest a requirement for HER2-mediated signaling in the IR-induced
Chk1/2 activation.

Together, these results provide direct evidence supporting a vital role for HER2 in the IR-
induced G2 checkpoint response.

Ectopic expression of HER2 dominant negative mutant abolishes the G2 checkpoint
activation following IR

We also explored the effects of HER2 dominant negative mutant (HER2-mut)*6 on IR-
induced G2 checkpoint response. The HER2-mut construct contains the extracellular and
transmembrane portion of HER2 protein but lacks the intracellular portion of HER2, which
contains the tyrosine kinase domain and phosphoregulatory tail of HER2. Previous studies
demonstrate that the HER2-mut lacks kinase activity and functions as a dominant negative
mutant.#® Results in Figure 8a show that expression of the HER2-mut in MCF-7 cells
abrogated the induction of G2/M arrest following IR. Since the HER2-mut still contains the
dimerization domain and can bind to other HER RTKSs, we examined the effect of HER2-
mut expression on the phosphorylation and level of other HER receptors. Results in Figure
8b showed that HER2-mut expression in MCF-7 cells abolished IR-induced HER1 and
HER2 phosphorylation, but did not block the increase of HER3 phosphorylation following
IR. Of interest was the finding that the steady-state level of HER1 protein was slightly
decreased in HER2-mut expressing cells compared to controls cells, while the levels of
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HER2, HER3 and HER4 protein were noticeably increased in HER2-mut expressing cells
relative to control cells. Furthermore, the HER2-mut expression by itself resulted in a
striking increase in HER4 phosphorylation (Figure 8b). These results suggest that mut-
HER2 expression has an impact on the activities and/or levels of each of the HER family
members.

We next tested the effect of HER2-mut on the activation of ATM and ATR signalings
following IR. As shown in Figure 8c, IR-induced activation of ATM and Chk2 activities
was effectively abrogated by the expression of HER2-mut in MCF-7 cells. The expression
of HER2-mut also abolished the activation of ATR and Chk1 in irradiated MCF-7 cells
(Figure 8d). We also unexpectedly observed an increase in the steady-state level of ATM,
ATR and Chk1 protein in the HER2-mut expressing cells compared to control cells (Figure
8d, ATM, ATR and Chk1). However, these increases apparently are not associated with
ATM, ATR and Chk1 activities. The mechanism causing this effect of HER2-mut is unclear
and requires future studies.

Since Cdc2-Y15 phosphorylation is the target of G2 checkpoint signaling, we also examined
the effect of mut-HER?2 on IR-induced Cdc2-Y15 phosphorylation. As shown in Figure 8e,
immunoblot analysis revealed no increase in Cdc2-Y 15 phosphorylation in mut-HER2
expressing cells following IR.

Collectively, these results indicate that expression of HER2-mut in MCF-7 cells inhibited
IR-induced activation of HER1 and HER?2 and abrogated the G2 checkpoint activation
following IR.

Effect of HER signaling on IR-induced ERK1/2 activation

Previous studies from our laboratory demonstrated that IR exposure of breast cancer cells
activates ERK1/2 signaling and that this is required for G2 checkpoint activation following
IR.17 We therefore examined the effect of HER RTKs on IR-induced ERK1/2 activation.

We first tested the effect of C11033 HER pan-inhibitor on IR-induced ERK1/2 activation.
MCF-7 and ZR-75-1 cells were incubated for 1 h in the presence or absence of 20 uM
Cl1033 and exposed to 10-Gy IR. As shown in Figure 9a, incubation with C11033, which
inhibited the IR-induced phosphorylation of all HER RTKSs (Figure 3a), abolished IR-
induced ERK1/2 phosphorylation in both MCF-7 and ZR-75-1 cells.

We next tested the effect of HER2 specific inhibitor CP724714 on IR-induced ERK1/2
activation. As shown in Figure 9b, incubation with 50 pM CP724714, which inhibited the
IR-induced phosphorylation of HER2/3/4 (Figure 5b), abrogated the IR-induced ERK1/2
phosphorylation in MCF-7 cells.

We also examined the effect of HER2-mut on IR-induced ERK1/2 activation. Results in
Figure 9c showed that the expression of HER2-mut, which inhibited the IR-induced HER1/2
phosphorylation (Figure 6), abolished ERK1/2 activation in MCF-7 cells following IR.
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Lastly, we tested the effect of HER2-shRNA expression on ERK1/2 activation following IR.
As shown in Figure 9d, expression of HER2-shRNA, which decreased HER?2 protein in
MCEF-7 cells (Figure 7a), diminished the ERK1/2 activation following IR.

To verify the effect of HER2 inhibition on IR-induced ERK1/2 activation, we assessed the
ERK1/2 phosphorylation following IR in cells expressing HER3- or HER4-shRNA. As
shown in Figure 9e, decreasing either HER3 or HER4 expression by shRNA had no effect
on the IR-induced ERK1/2 activation in MCF-7 cells.

Collectively, these results suggest a requirement for HER2 in the IR-induced ERK1/2
activation in breast cancer cells.

Discussion

HER receptors play critical roles in cell proliferation and survival.28 While their effect on
radiosensitivity has been studied before,35-37 their impact on cell cycle checkpoint in
response to IR remains largely undefined. The present studies investigated the role of HER
RTKs in activation of G2 checkpoint following IR exposure of breast cancer cells.

Previous studies reported a HER1 activation in response to IR, whereas the effects of IR on
HER2/3/4 were not examined in these studies.3#51 Results of the current studies reveal that,
in various patterns, IR not only activates HER1 but also activates HER2, 3 and 4 in breast
cancer cells. The mechanism causing the activation of HER RTKs following IR is unclear.
However, previous studies demonstrate that receptor protein tyrosine phosphatases (PTPs),
which suppress HER RTKs, can be efficiently inhibited by reactive oxygen/nitrogen species
(ROS/RNS) through oxidation.52 Previous studies also show that IR can induce ROS/RNS
production via a mitochondria-dependent mechanism.®3 Thus, the ROS/RNS induced by IR
could lead to the inhibition of PTPs, resulting in the activation of HER RTKs. We will
investigate this possible mechanism in future studies.

We also noticed that the IR-induced HER phosphorylations are in various patterns. While
IR-induced HER2/4 phosphorylation sustains at 1 h post IR in MCF-7 cells, the IR-induced
HER1/3 phosphorylation is diminished at 1 h post IR in the MCF-7 cells (see Figure 1b).
The mechanism causing the differences is unclear. However, previous studies reveal a
negative feedback regulation between HER1/3 and their respective downstream signalings.
For instance: Inhibition of BRAF (V600E) (a downstream target of EGFR signaling) using
specific inhibitor PLX4032 results in a feedback activation of EGFR in colon cancer cells.>*
Another study shows that the inhibition of MEK signaling (downstream signaling of HER
receptors) using AZD6244 causes activation of both HER1 and HER3 phosphorylation in
several cancer cell lines via feedback regulatory mechanisms.®® Therefore, the diminution of
HER1/3 phosphorylation observed in MCF-7 cells at 1 h post IR may also be caused by
negative feedback regulations from the downstream signalings of HER1/3. We also
observed that IR induces HER1 phosphorylation in MCF-7 but not SkBr3 cells (see Figure
1). This result suggests a possible involvement of HER4 in IR-induced HER1 activation, as
HER4 is expressed in MCF-7 but not SkBr3 cells. We will investigate these possible
mechanisms in future studies.
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The HER2-mut used in the present study contains the dimerization domain but lacks the
kinase domain of HER2.46 Thus, mut-HER? can still dimerize with its partners but is
incapable of activating downstream signalings. In the MCF-7 cells expressing HER2-mut,
we surprisingly observed an upregulation in the steady state levels of HER2, HER3 and
HER4 and a concomitant decrease in HER1 level (Figure 8b). The mechanism causing these
effects of HER2-mut is unclear. It is possible that the protein expressions of HER2/3/4 are
negatively regulated by the downstream signalings of HER2 via feedback loops, whereas the
maintenance of HER1 protein expression simply requires the kinase activity of HER2.
Furthermore, it is noticeable that HER2 and HER3 phosphorylation are not associated with
the changes in levels of these proteins (Figure 8b), suggesting a requirement for HER2
kinase activity in the phosphorylation of HER2 and HER3.

The current studies assessed the effect of HER RTKs on IR-induced G2 checkpoint
activation in various types of breast cancer cells. Results of these studies indicate that IR-
induced G2/M arrest is abrogated by the presence of the HER pan-inhibitor C11033, the
HER?2 inhibitor CP724714, the HER2-mut or the HER2-shRNA. In contrast, inhibition of
HERZ1 using specific inhibitor AG1478 or Erlotinib (Figure 4), or decrease of HER3 or
HER4 expression by shRNA (Figure 7) does not block the induction of G2/M arrest
following IR in breast cancer cells. We also compared the MCF-7 cells overexpressing wild-
type HER2 (HER2-wt) with the MCF-7 cells expressing HER2-mut for the induction of
G2/M arrest following IR. Results in Supplementary Figure show that IR-induced G2/M
arrest is detected in the cells overexpressing HER2-wt but not in the cells expressing HER2-
mut. Therefore, the results in this report suggest a requirement for HER?2 in the induction of
G2/M arrest following IR.

Several studies including our own have reported an essential role for ERK1/2 signaling in
the activation of G2/M checkpoint response following DNA damage, which involves the
activation of ATR and Chk1 kinases.1”22.23 Results presented in this report indicate that the
HER?2 inhibition by specific inhibitor, HER2-mut or HER2-shRNA abolishes the activation
of ATM and ATR signaling after IR, as well as the IR-induced ERK1/2 phosphorylation
(Figure 9). These observations suggest HER? as a vital upstream regulator of the IR-induced
ERKZ1/2 activation and subsequent G2 checkpoint response in breast cancer cells.

Materials and Methods

Cell culture and treatment

Cell culture and treatment are described in Supplemental Material.

Antibodies and recombinant proteins

Antibodies and recombinant proteins are described in Supplemental Material.

Immunoblotting, immunoprecipitation and kinase assay

Immunoblotting, immunoprecipitation and kinase assay are described in Supplemental
Material.

Oncogene. Author manuscript; available in PMC 2016 April 23.
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Cell cycle analysis

Cell cycle analysis is described in Supplemental Material.

Analysis for mitotic cells

Muitotic cells were analyzed as described in Supplemental Material.

shRNA retroviral vectors and viral infection

Retroviral vectors expressing sShRNAs were obtained from OriGene Technologies
(Rockville, MD). The sequences of shRNAs and methods for retrovirus infection are
described in Supplemental Material.

Expressing vectors and transfection

Expressing vectors and cell transfection are described in Supplemental Material.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

IR induces activation of EGFR/HER family members in breast cancer cells. (a) Expression
of HERL, 2, 3 and 4 in the indicated cells were assessed by Western blot analysis. The
HER1, 2, 3 and 4 proteins were detected at molecular weights of 170-, 185-, 180- and 180-
KD respectively. (b) MCF-7 cells were exposed to 10-Gy IR and incubated for the time
indicated. The cells were analyzed for phosphorylation and level of HER1, 2, 3 and 4 by
immunoblotting, as described in Materials and Methods (p-HERL, 2, 3, 4 and HER1, 2, 3,
4). The level of Actin was assessed for protein loading control. (c) SkBr3 cells were exposed
to 10-Gy IR, incubated for the times indicated and analyzed for phosphorylation and level of
HER1, 2 and 3 by immunoblotting.
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Figure2.

Hours post IR

IR induces G2/M arrest in breast cancer cells. (a) Log-phase MCF-7 cells were exposed to
IR at the indicated doses. The cells were incubated for 24 h and analyzed for cell cycle by
FACS. Upper panels: The histograms shown are representative FACS analyses. Amounts of
cells in G1, S and G2/M phase of the cell cycle are indicated. Lower left panel: MCF-7 cells
were exposed to IR at the dose indicated, incubated for 24 h and analyzed for cell cycle.
Results depict the percentage of cells in G2/M phase and represent the meanzs.d. of two sets
of experiment in duplicates. Lower right panel: MCF-7 cells were exposed to 15-Gy IR and
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incubated for the time indicated. Results depict the percentage of cells in G1, S and G2/M
phase of the cell cycle and represent the meanzs.d. of three sets of experiments in
duplicates. (b) ZR-75-1 and SkBr3 cells were exposed to IR at the indicated doses,
incubated for 24 h and analyzed for cell cycle by FACS. Results depict the percentage of
cells in G2/M phase and represent the meanzs.d. of two sets of experiment in duplicates. (c)
MCEF-7 cells were exposed to 10-Gy IR, incubated for the indicated times and analyzed for
the phosphorylation of Chk1-S317 and Chk2-T68 by immunaoblotting. As controls, amounts
of Chk1, Chk2 and Actin in the cell lysates were assessed by immunoblotting. (d) MCF-7
cells were exposed to 10-Gy IR, incubated for the time indicated and analyzed by flow
cytometry for mitotic cells, which contain both 4N-DNA content and Histone H3-Ser10
phosphorylation. Upper panel: The histograms shown are representative flow cytometry
analyses for mitotic cells in samples treated with/without IR and incubated for 3 h. The
location of mitotic cells in each sample is indicated (M). Lower panel: The bar graph depicts
the percentage of mitotic cells and is shown as meanzs.d. of two sets of experiments in
duplicates.
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Inhibition of HER receptors by C11033 abrogates IR-induced G2/M arrest in breast cancer
cells. (a) MCF-7 cells were incubated for 1 h with C11033 at the doses indicated, treated
with/without 10-Gy IR and then incubated for 15 min (analysis of HER1, 2 and 3) or 1 h

(analysis of HER4) at 37°C. The cells were analyzed for phosphorylation and level of

HER1, 2, 3 and 4 by immunoblotting using specific antibodies. As protein loading controls,
Actin levels in the cell lysates were assessed by immunoblotting. (b) MCF-7, ZR-75-1 and
SkBr3 cells were incubated with C11033 for 1 h at the indicated doses, exposed to IR at 10-

Gy (SkBr3 and ZR-75-1) or 15-Gy (MCF-7). The cells were incubated for 24 h and

analyzed for cell cycle by FACS. Results depict the percentage of cells in G2/M phase and
represent the meanzs.d. of two sets of experiments in duplicates.
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Figure4.
Inhibition of EGFR/HER1 by AG1478 does not block the induction of G2/M arrest in breast

cancer cells following IR. (a) MCF-7 cells were incubated with AG1478 at the indicated
concentrations for 1 h and exposed to 10-Gy IR. Following incubation for 15 min (HER1, 2
and 3) or 1 h (HER4) post IR, the cells were assessed for the phosphorylation and level of
HER1, 2, 3 and 4 by immunoblotting. As controls, Actin levels in cell lysates were assessed
by immunoblotting. (b) MCF-7 and SkBr3 cells were respectively exposed to 15-Gy and 10-
Gy IR in the presence of increasing doses of AG1478, incubated for 24 h and analyzed for
DNA content by FACS. Results depict the percentage of cells in G2/M phase and represent
the meanzs.d. of two sets of experiment in duplicates. (c) Upper panel: MCF-7 cells were
incubated with Erlotinib at the indicated concentrations for 1 h and exposed to 15-Gy IR.
Following incubation for 15 min post IR, the cells were analyzed for the phosphorylation
and level of HER1 by immunoblotting. Lower panel: In the presence of increasing doses of
Erlotinib, MCF-7 cells were exposed to 15-Gy IR, incubated for 24 h and analyzed for DNA
content by FACS. Results depict the percentage of cells in G2/M phase and represent the
meanzs.d. of two sets of experiments in duplicates.
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Figureb5.
Incubation with CP724714 HER2 selective inhibitor abrogates the induction of G2/M arrest

following IR. (a) Upper panel: MCF-7 cells were incubated with CP724714 at the doses
indicated for 1 h, exposed to 10-Gy IR and incubated for 15 min. The cells were analyzed
for levels of HER2 phosphorylation, HER2 protein and Actin by immunoblotting. Lower
panel: SkBr3 cells were incubated with CP724714 at the indicated doses for 1 h and
analyzed for HER2 phosphorylation and total protein by immunoblotting. (b) MCF-7 cells
were incubated in the presence/absence of 50 uM CP-724714 for 1 h, exposed to 10-Gy IR
and incubated for 15 min (HER1 and HER3) or 1 h (HER4). The resulting cells were
analyzed for phosphorylation and protein level of HER1, 3 and 4. The levels of GAPDH in
the lysates were assessed to confirm the equal protein loadings. (c) Upper and lower left
panels: breast cancer cells were incubated with increasing doses of CP-724714 for 1 h and
exposed to IR at 15-Gy (MCF-7) or 10-Gy (SkBr3 and ZR-75-1). The cells were incubated
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for 24 h post IR and analyzed for cell cycle by FACS. Result depicts the percentage of cells
in G2/M phase and is shown as meanzs.d. of two separate experiments in duplicates. Lower
right panel: MCF-7 cells were incubated in the presence/absence of CP724714 for 1 h and
exposed to increasing doses of IR. The cells were incubated for 8 h post IR and analyzed for
cell cycle. Result depicts the percentage of cells in G2/M phase and is shown as meanzs.d.
of two separate experiments in duplicates. (d) MCF-7 cells were incubated with/without 50
UM CP-724714 for 1 h, exposed to 10-Gy IR, incubated for 3 h and analyzed for mitotic
cells. Upper panel: the histograms shown are representative flow cytometry analyses for
mitotic cells in the samples treated with/without IR in the presence or absence of
CP-724714. The location of mitotic cells is indicated (M). Lower panel: the bar graph
depicts the percentage of mitotic cells and is shown as meanzs.d. of triplicate samples. *,
p=<0.001 (n=3), significant difference from cells exposed to IR in the absence of
CP-724714.
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Figure®6.
Incubation with CP724714 HER2 selective inhibitor abolishes IR-induced G2/M checkpoint

activation. (a) After pre-incubation for 1 h at 37°C in the presence or absence of 50 uM
CP724714, MCF-7 and ZR-75-1 cells were exposed to 10-Gy IR or left non-irradiated and
then incubated for an additional 1 h at 37°C. Upper panel: ATM was immunoprecipitated
from MCF-7 cell lysates using Ab-3 anti-ATM antibody and assayed for kinase activity, in
the presence of [gamma-32P]ATP, using p53 recombinant protein as substrate. ATM kinase
activity is expressed as the amount of phosphorylated-p53 recombinant protein detected by
autoradiography (ATM activity). As controls, the level of ATM, detected as a 370-KD
protein, was assessed by immunoblotting in the immunoprecipitates and in the cell lysates,
respectively (ATM IP-WB and ATM). Chk2 was immunoprecipitated from cell lysate and
assayed for kinase activity using Cdc25C recombinant protein as substrate. Chk2 activity is
expressed as the amount of phosphorylated-Cdc25C recombinant protein detected by
autoradiography (Chk2 activity). As controls, Chk2 protein (62-KD) in the
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immunoprecipitates as well as in the cell lysates was measured by immunoblotting (Chk2
IP-WB and Chk2). Lower panel: Chk2 was immunoprecipitated from ZR-75-1 cell lysate
and assayed for kinase activity using Cdc25C recombinant protein as substrate (Chk2
activity). As a control, Chk2 protein in the immunoprecipitates was measured by
immunoblotting (Chk2 IP-WB). (b) Upper panel: ATR was immunoprecipitated from
MCEF-7 cell lysates using N-19 anti-ATR antibody and assayed for kinase activity using p53
recombinant protein as substrate (ATR activity). ATR Kkinase activity is expressed as the
amount of phosphorylated-p53 recombinant protein detected by autoradiography (ATR
activity). As controls, levels of ATR, detected as a 250-KD protein, in the
immunoprecipitates and cell lysates (ATR IP-WB and ATR) were determined by
immunoblotting. Chk1 was immunoprecipitated from MCF-7 cell lysates using G-4 anti-
Chk1 antibody and assayed for kinase activity using Cdc25C recombinant protein as
substrate. Chk1 activity is expressed as the amount of phosphorylated-Cdc25C recombinant
protein detected by autoradiography (Chk1 activity). As controls, Chk1 protein (56-KD) in
the immunoprecipitates and in the cell lysates was respectively measured by immunoblotting
(Chk1 IP-WB and Chk1). Lower panel: Chk1 was immunoprecipitated from ZR-75-1 cell
lysates and assayed for kinase activity using Cdc25C recombinant protein as substrate (Chk1
activity). As controls, Chk1 protein in the immunoprecipitates was determined by
immunoblotting (Chkl IP-WB). (c) Cdc2, a 34-KD protein, was immunoprecipitated from
the cell lysates and analyzed for Cdc2-Y 15 phosphorylation and Cdc2 protein by
immunoblotting (Cdc2-Y15 and Cdc2 IP-WB). As controls, levels of Cdc2 and Actin in the
cell lysates were assessed by immunoblotting.
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Figure7.

Decrease of HER2 protein expression by HER2-shRNA attenuates the induction of G2/M
arrest in MCF-7 cells following IR. MCF-7 cells were infected with retroviral vector
expressing shRNA targeting HER2, HER3, HER4 or, as a control, non-targeting sShRNA.
The infected cells were selected for stable ShRNA expressing clone as described in
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Materials and Methods. (a) Upper panel: HER2-shRNA expressing clones were analyzed
for HER2 protein level by immunaoblotting. GAPDH in the cell lysates were measured by
immunoblotting as a protein loading control. Middle panel: the HER2-shRNA expressing
cells were exposed to IR at the indicated doses, incubated for 24 h and analyzed for DNA
content. Result depicts the percentage of cells in G2/M phase and is shown as meanzs.d. of
two separate experiments in duplicates. *, p=0.013 (n=4); **, p=<0.001 (n=4), significant
difference between control and HER2-shRNA expressing cells. Lower panel: HER2-shRNA
expressing and control MCF-7 cells were exposed to 10-Gy IR, incubated for 2 h and
analyzed for mitotic cells. Bar graph depicts the percentage of mitotic cells and is shown as
meanzs.d. of triplicate samples. *, p=<0.001 (n=3), significant difference from cells
expressing control-shRNA exposed to IR. (b) Upper panel: HER3-shRNA expressing clones
were analyzed for levels of HER3 protein and GAPDH by immunoblotting. Lower panel:
the HER3-shRNA expressing and control cells were exposed to IR at the indicated doses,
incubated for 24 h and analyzed for cell cycle. Result depicts the percentage of cells in
G2/M phase and is shown as meanzs.d. of three separate experiments in duplicates. (c)
Upper panel: HER4-shRNA expressing clones were analyzed for levels of HER4 protein
and GAPDH by immunoblotting. Lower panel: the HER4-shRNA expressing cells were
exposed to IR at the indicated doses, incubated for 24 h and analyzed for cell cycle. Result
depicts the percentage of cells in G2/M phase and is shown as meanzs.d. of three separate
experiments in duplicates. (d) Indicated cells were treated with/without 10-Gy IR and
incubated for 1 h. Chk1 and Chk2 were immunoprecipitated from cell lysate and assayed for
kinase activity using Cdc25C recombinant protein as substrate (Chk2 activity).
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Figure8.
Ectopic expression of dominant negative mutant (mut) HER2 abrogates IR-induced G2/M

checkpoint activation in MCF-7 cells. (a) MCF-7 cells stably transfected with a vector
expressing myc-tagged HER2-mut or a relevant control empty vector were exposed to 10-
Gy IR or left un-irradiated. Upper panel: The transfected cells were analyzed for HER2-mut
expression by immunoblotting using anti-myc antibody. The mut-HER2 is detected as an
~80-KD protein by Western blotting. Lower panel: the cells were exposed to 10-Gy IR,
incubated for 24 h at 37°C and analyzed for cell cycle. Result depicts the percentage of cells
in G2/M phase and is shown as meanzs.d. of triplicate samples, which represents two
separate experiments. (b) HER2-mut expressing and control cells were exposed to 10-Gy IR
and incubated for 15 min (HER1 and HER3) or 1 h (HERA4). The cells were analyzed for
phosphorylation and protein level of HERL, 2, 3 and 4. The levels of GAPDH in the lysates
were assessed to confirm the equal protein loadings. (c) mut-HER2 expressing and control
cells were exposed to 10-Gy IR, incubated for 1 h and analyzed for ATM and Chk?2
activities as described above. As controls, the levels of ATM and Chk2 in the
immunopreciptate and in cell lysates were analyzed by immunoblotting. GAPDH in cell
lysates were probed as a protein loading control. (d) The cell samples above were analyzed
for ATR and Chk1 kinase activities. As controls, the levels of ATR and Chk1 in the
immunopreciptate and in cell lysates were analyzed by immunoblotting. GAPDH in cell
lysates were analyzed as a protein loading control. (€) Cdc2 was immunoprecipitated from
the cell samples described above in (c) and analyzed for levels of Cdc2-Y15
phosphorylation and Cdc2 protein by immunaoblotting (Cdc2-Y15 and Cdc2 IP-WB). As
controls, levels of Cdc2 and Actin in the cell lysates were assessed by immunoblotting.
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Effect of HER2 inhibition on IR-induced ERK1/2 activation. (a) MCF-7 and ZR-75-1 cells
were incubated in the presence or absence of 20 uM CI11033 for 1 h, exposed to 10-Gy IR
and incubated for 15 min. The cells were analyzed for levels of ERK1/2 phosphorylation (p-
ERK1/2) and ERK1/2 protein (ERKL1/2). The ERK1/2 are detected as 42-KD/44-KD proteins
by Western blotting. (b) MCF-7 cells were incubated with 50 UM CP724714 for 1 h,
exposed to 10-Gy IR, incubated for 15 min and analyzed for ERK1/2 phosphorylation and
ERK1/2 protein. (c) MCF-7 cells expressing mut-HER2 and control cells were exposed to
10-Gy IR, incubated for 15 min and analyzed for ERK1/2 phosphorylation and ERK1/2
protein. (d) MCF-7 cells expressing HER2-shRNA (clone HER2-2-4) and control cells were
exposed to 10-Gy IR, incubated for 15 min and analyzed for ERK1/2 phosphorylation and
ERK1/2 protein. (€) MCF-7 cells expressing HER3-shRNA (clone HER3-P-3), HER4-
shRNA (clone HER4-P-4) and control cells were exposed to 10-Gy IR, incubated for 15 min
and analyzed for ERK1/2 phosphorylation and ERK1/2 protein.
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