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HER2/ErbB2 activates HSF1 and thereby controls
HSP90 clients including MIF in HER2-overexpressing
breast cancer

R Schulz', F Streller', AH Scheel?, J Riischoff?, M-C Reinert', M Dobbelstein', ND Marchenko® and UM Moll*"3

Overexpression of the human epidermal growth factor receptor-2 (HER2) in breast cancer strongly correlates with aggressive
tumors and poor prognosis. Recently, a positive correlation between HER2 and MIF (macrophage migration inhibitory factor,
a tumor-promoting protein and heat-shock protein 90 (HSP90) client) protein levels was shown in cancer cells. However,
the underlying mechanistic link remained unknown. Here we show that overexpressed HER2 constitutively activates heat-shock
factor 1 (HSF1), the master transcriptional regulator of the inducible proteotoxic stress response of heat-shock chaperones,
including HSP90, and a crucial factor in initiation and maintenance of the malignant state. Inhibiting HER2 pharmacologically by
Lapatinib (a dual HER2/epidermal growth factor receptor inhibitor) or CP724.714 (a specific HER2 inhibitor), or by knockdown via
siRNA leads to inhibition of phosphoactivated Ser326 HSF1, and subsequently blocks the activity of the HSP90 chaperone
machinery in HER2-overexpressing breast cancer lines. Consequently, HSP90 clients, including MIF, AKT, mutant p53 and HSF1
itself, become destabilized, which in turn inhibits tumor proliferation. Mechanistically, HER2 signals via the phosphoinositide-3-
kinase (PI3K)-AKT- mammalian target of rapamycin (mTOR) axis to induce activated pSer326 HSF1. Heat-shock stress
experiments confirm this functional link between HER2 and HSF1, as HER2 (and PI3K) inhibition attenuate the HSF1-mediated
heat-shock response. Importantly, we confirmed this axis in vivo. In the mouse model of HER2-driven breast cancer, ErbB2
inhibition by Lapatinib strongly suppresses tumor progression, and this is associated with inactivation of the HSF1 pathway.
Moreover, ErbB2-overexpressing cancer cells derived from a primary mouse ErbB2 tumor also show HSF1 inactivation and
HSP90 client destabilization in response to ErbB2 inhibition. Furthermore, in HER2-positive human breast cancers HER2 levels
strongly correlate with pSer326 HSF1 activity. Our results show for the first time that HER2/ErbB2 overexpression controls HSF1
activity, with subsequent stabilization of numerous tumor-promoting HSP90 clients such as MIF, AKT and HSF1 itself, thereby
causing a robust promotion in tumor growth in HER2-positive breast cancer.
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The human epidermal growth factor receptor-2 (HER2;
ErbB2/Neu) is overexpressed in 20-30% of invasive breast
cancers, which correlates with poor prognosis." Compared
with normal HER2 expression levels, HER2-overexpressing
cells can exhibit up to 100-fold higher concentrations. The
high receptor density triggers ligand-independent sponta-
neous and constitutive dimerization, leading to subsequent
kinase activation of the cytoplasmic tail.>>

Activated kinase signaling stimulates autophosphorylation,
which in turn promotes downstream signaling through the
phosphoinositide-3-kinase (PI3K)-AKT and Ras—Raf-MEK-
ERK1/2 (rat sarcoma-rat fibrosarcoma—mitogen-activated
protein kinase kinase— extracellular signal-regulated kinase

1/2) pathways.*® Activation of these pathways triggers
proliferation, blocks apoptosis and promotes invasion and
angiogenesis to boost tumor growth.® Treatment of HER2-
positive tumors with Trastuzumab has revolutionized clinical
outcome for these patients, but despite all its remarkable
success, long-term response rates are limited due to primary
or acquired resistances.® Thus, a detailed understanding of
HER2 signaling is essential to enable further advances in
treating these cancers.

In our recent study with the transgenic mouse model of
HER2 human breast cancer, we showed that the tumor
enhancer MIF (macrophage migration inhibitory factor)
promoted breast cancer progression and reduced overall
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survival of ErbB2 mice.” In general, MIF is strongly implicated
as a human cancer promoter with a central role in the
inflammation—tumorigenesis axis.® '® Human cancers of the
breast, colon, ovary, prostate, liver, lung, pituitary and brain
frequently express elevated MIF levels.”''™2" Importantly,
elevated MIF levels correlate with clinical aggressiveness of
the breast, lung, liver, brain, ovary and prostate, implicating
MIF in poor prognosis and resistance to chemotherapeutic
drugs.16:18:22:23.25.26.28 |y clear genetic support of MIF as an
important pathophysiologic tumor driver, MIF deletion delays
tumor progression and lowers tumors stages, and decreases
angiogenesis in several mouse cancer models, including Myc-
induced lymphomagenesis,?® UVB-exposed skin cancer
progression,*® adenomatous polyposis coli protein (Apc)M'™
*+-mediated intestinal adenomas®' and nitrosamine-induced
bladder tumorigenesis.®?

The link between MIF and HER2 we found earlier” led us to
the question whether elevated MIF levels might be specifically
linked to and perhaps causally dependent on the molecular
subtype of HER2-postive breast cancers. In line with this
notion, correlation studies found elevated MIF levels specifi-
cally in HER2-positive human breast cancers.®® To test
whether HER2 signaling directly regulates MIF levels, we
chose in the current study a set of HER2-overexpressing
human breast cancer cell lines and treated them pharmaco-
logically with HER2 inhibitors. Indeed, MIF was downregu-
lated in a PIBK— mammalian target of rapamycin (mnTOR)-
dependent manner exclusively at the level of MIF protein. As
we recently identified MIF as a new heat-shock protein 90
(HSP90) chaperone client,” we next asked whether HER2-
mediated MIF regulation is controlled by the HSP90 chaper-
one machinery.

Cancer cells are in a perennial state of proteotoxic stress
due to cell-extrinsic (hypoxia, acidosis) and cell-intrinsic
(aberrant/misfolded proteins, massive oxidative stress, high
levels of DNA damage and genomic instability, stoichiometric
imbalances among components of multiprotein complexes)
aberrant conditions. Their proteins, especially their mutated
and deregulated oncoproteins, require constant massive
heat-shock protein (HSP) chaperone support, especially from
the HSP90 system, to prevent protein aggregation and illicit
interactions.®*=3¢ Thus, cancer cells become addicted to the
HSP machinery, which is highly upregulated and activated
specifically in cancer but not in normal cells, turns it in a
powerful prosurvival and anti-apoptotic system.3* Mechan-
istically, cancer cells respond to their proteotoxic stress by
constitutive activation of heat-shock factor 1 (HSF1), the
master transcription factor for the synthesis of classic
inducible HSPs such as Hsp90«, Hsp70, numerous co-
chaperones and adaptor proteins. Inactive monomeric HSF1
is sequestered by cytoplasmic HSP90 chaperones, whereas
active HSF1 is a phosphoactivated trimer in the nucleus.
Thus, the HSF1-HSP90 axis has a key role in the stabilization
of oncogenic proteins, including receptor tyrosine kinases
(ErbB1 and ErbB2/HER2),%” signaling kinases (Bcr-Abl and
AKT),%8 c-Raf,*® mutated p53,*° MIF” and monomeric HSF1
itself.#! Moreover, HSF1 was shown to be one of the main
determinants of oncogenesis in mouse cancer models (HSF1
knockout mice are markedly resistant to a number of
oncogenes*?>™®) not only by inducing the adaptive
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proteotoxic stress response but also by modulating the
expression of a broad set of genes involved in cell-cycle
regulation, signaling, metabolism, adhesion and protein
translation.*”

Of note, a correlation between human breast cancer
subtypes and HSF1 level was observed. In detail, HER2-
positive tumors with additional high levels of nuclear HSF1
correlates with poorer prognosis.*?“® Another study showed
an increase of total HSF1 and HSF1 trimer formation after
HER2 overexpression in MCF7 cells.*® Furthermore, HSF1 is
necessary in HER2-induced cell transformation in breast
epithelial MCF-10A cells in vitro.** Another hint for coopera-
tion between HER2/ErbB2 and HSF1 came from the ErbB2-
transgenic mouse model, where depletion of HSF1 signifi-
cantly reduces tumorigenesis.*® However, whether a linear
signaling pathway exists between HER2 and HSF1 in HER-
positive breast cancers remains unknown. Mechanistically,
our study identifies a direct axis between HER2 and HSF1
activation, where HER2 signaling controls HSF1 activity and
thereby stabilizes HSP90 clients.

Results

Specific inhibition of HER2 signaling in HER2-over-
expressing breast cancer cells reduces MIF protein
levels. Recently, we demonstrated that genetic MIF deletion
markedly protects ErbB2-overexpressing transgenic mice
from developing breast cancer,” suggesting a causal link
between ErbB2/HER2 status and MIF levels. In support,
another group recently reported a correlation between
elevated MIF levels and HER2-positive human breast
cancers.®®

To test for a putative causal connection, we used a random
panel of human breast cancer cell lines showing either
overexpression (SK-BR-3, BT-474 and MDA-MB-453) or
normal expression of HER2 protein (MCF7 and MDA-MB-
231; Figure 1a). Indeed, in HER2-overexpressing lines we
observed a reduction of MIF protein in response to specific
HER2 inhibition by the small molecule inhibitor CP724.714
(Figures 1b—d) in a dose- and time-dependent manner
(Figures 1c and d). Both main branches of HER2 signaling,
that is, HER2-PI3K/AKT and HER2-MEK-ERK1/2, were
inhibited, confirming the functionality of the pharmacological
inhibitor (Figures 1b—d). Moreover, specific HER2 depletion
by siRNAs also abolished MIF stabilization (Figure 1e),
confirming that HER2 regulates MIF stabilization. On the
other hand, MIF transcript levels were not impaired
(Figure 1f), indicating destabilization of MIF protein on
HER?2 inhibition. In contrast, the basal-like cell line MDA-
MB-231 with normal HER2 expression failed to show a
response to HER2 inhibition (Figures 1c and d). HER2
inhibition by CP724.714 in HER2-overexpressing cells
caused growth inhibition, confirming the importance of
enhanced HER2 signaling in such cells (Figure 1g). Thus,
MIF protein stabilization is controlled by HER2 signaling.

PI3K and mTOR activity are required for MIF stabilization
in HER2-overexpressing cancer cells. Normal (non-over-
expressing) HER2 signaling is dependent on ligand binding
and subsequent receptor dimerization, and promotes
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Figure 1
breast cancer cells. Representative immunoblot of cell lysates from the indicated cell

Specific inhibition of HER2 signaling in HER2-overexpressing breast cancer cells reduces MIF protein levels. (a) Endogenous HER2 protein levels in human

lines. mErbB2, murine ErbB2 cell line. Actin, loading control. (b) HER2 inhibition

destabilizes endogenous MIF protein. The indicated cells were treated with 2 uM CP724.714 or DMSO for 48 h. Immunoblot. Actin, loading control. (¢ and d) The specific
HER2 inhibitor CP724.714 reduces endogenous MIF levels in a dose- (¢) and time- (d) dependent manner. MDA-MB-231 serves as negative control. pAKT and pERK1/2 are

functional controls for HER2 inhibition. Immunoblot analyses, Gapdh as loading control.

(e) Depletion of HER2 in HER2-overexpressing cells leads to reduced MIF levels.

SK-BR-3 cells were transfected with two different siRNA against HER2 (1 and 3) or control siRNA (scr). After 3 days, protein levels were assessed by immunoblots. Gapdh,
loading control. (f) In contrast to reduced MIF protein, corresponding MIF mRNA levels remain unchanged after CP724.714 treatment (2 uM). SK-BR-3 cells, gRT-PCR
normalized to 36B4. Relative values in (ratio (2 ~%°T)). Error bars indicate S.E.M. of two independent experiments in triplicates each. (g) HER2 inhibition causes growth
inhibition in HER2-overexpressing cells. Cells were seeded (day 0) and cultured for 24 h (day 1), then treated with 2 uM of CP724.714 (CP) for 24 h or left untreated, and
followed up to day 5. Cell confluence measured daily by CELIGO Cytometer for MDA-MB-453 (***P = 0.0006) and SK-BR-3 (**P = 0.0037). Error bars indicate the + S.E.M
of two independent experiments in duplicates each. Student’s t-test of day 5, one-tailed, P-value: *P<0.05, **P<0.01 and ***P<0.001

downstream activation of the PIBK-AKT and/or the Ras—Raf—
MEK-ERK1/2 axes.*® Importantly, strong HER2 overexpression
in cancer triggers spontaneous and constitutive ligand-
independent dimerization that can lead to activation of both
axes.?®

To elucidate which downstream axis of HER2 signaling is
specifically involved in MIF stabilization, we used inhibitors of
PI3K (Ly294002) and MEK (U0126), alone or in combination
with HER2 inhibitor CP274.714 (Figures 2a and b, and
overview Figure 6¢). Compared with Figure 1, we lowered the
CP724.714 concentration to see possible additive or syner-
gistic effects by co-treatments. PI3K inhibition (Figure 2a, lane 4),
but not MEK inhibition (lane 6), decreased MIF levels. Proof of
effective HER2/MEK inhibition was provided by a sharp drop
in the pERK1/2 levels (lanes 2, 3, 5 and 6). Further, effective
HER2/PI3K inhibition was confirmed by pAKT staining (lane 2,
3, 4 and 5). pERK1/2 activation was not blocked by inhibition
of PI3K via Ly294002 (Figure 2a, lane 4) and pAKT activation

was not blocked by U0126 (lane 6), indicating the indepen-
dence of these signaling systems. We excluded additive
effects of HER2 and PI3K signaling, as the combination of
CP724.714 and Ly294002 (Figure 2a, lane 3) did not
decrease MIF levels further compared with CP724.714 alone
(lane 2), confirming that HER2 and PI3K are part of the same
signaling axis. To analyze whether apoptotic signaling could
influence MIF levels, we used the pan-Caspase inhibitor
zVAD (Figure 2b). As zVad alone did not reduce MIF levels
(lane 5), and a combination of CP724.714 plus zVad (lane 6)
did not rescue MIF protein destabilization, we excluded an
involvement of apoptotic effects in our system.

The major downstream target of PIBK/AKT activation is
mTOR. Indeed, Rapamycin, the classic inhibitor of mTOR,
strongly destabilized MIF protein in HER2-overexpressing
breast cancer cells (Figure 2c). Ribosomal protein S6 as a
main target of mTOR phosphorylation served as control for
mTOR inhibition. Likewise, Lapatinib, a dual HER2/epidermal

Cell Death and Disease
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Figure 2 Blocking the HER2-PI3K-mTOR pathway reduces MIF protein levels. (a and b) Inhibition of the HER2-PI3K axis, but not the HER2-MEK-ERK1/2 axis,
destabilizes MIF protein. SK-BR-3 cells were treated with 1 uM CP724.714 (specific HER2 inhibitor), 25 1M Ly294002 (PI3K inhibitor) or 10 .M U0126 (MEK1/2 inhibitor) (a),
or with 1 uM CP724.714, 10 «M U0126 or 50 M zVVAD (panCaspase inhibitor) (b) alone or in combination as indicated. Immunoblot analyses. pERK1/2 and pAKT staining
serve as positive control for respective inhibition. Gapdh, loading control. (¢) Inhibition of mMTOR destabilizes MIF protein. HER2-overexpressing BT-474, MDA-MB-453 and
SK-BR-3 cells were treated with 50 nM of Rapamycin for 48 h or left untreated. Immunoblot analyses. pS6 serves as functional control of mTOR inhibition. Actin, loading
control. (d) The dual HER2/EGFR inhibitor Lapatinib markedly reduces MIF levels. SK-BR-3 cells were treated or not with Lapatinib for 48 h. Inmunoblot analysis. pERK1/2 is
a functional control for HER2 inhibition. Gapdh, loading control. (e) Lapatinib blocks survival. SK-BR-3 cells were seeded (day 0) and cultured for 24 h (day 1). Cells were then
treated or left untreated with 2 ;M Lapatinib for 48 h and followed up to day 5. Confluence measured daily by CELIGO Cytometer. Error bars indicate the S.E.M. of a triplicate

experiment. Student’s t-test of day 4, two-tailed, P-value: ***P<0.001

growth factor receptor (EGFR) inhibitor also induced strong
downregulation of MIF (and pERK1/2) levels (Figure 2d).
Concomitantly, Lapatinib induced growth defects in HER2-
overexpressing SK-BR-3 cells (Figure 2e). We conclude that
MIF is a novel downstream target of HER2-PI3K-AKT—
mTOR signaling in HER2-overexpressing breast cancer cells.

The activity of HSF1 and its transcriptional program is
controlled by HER2 signaling. As MIF mRNA is not
reduced after HER2 inhibition (Figure 1f), we concluded
that MIF protein levels are regulated. In agreement,
we recently identified MIF as a novel stabilized client of
the HSP90 chaperone.” HSF1, the master transcriptional
regulator of the inducible heat-shock response, controls
many stress-inducible chaperones, including Hsp90«,
Hsp70 and Hsp27. HSF1 is frequently activated in human
tumors and the HSF1-mediated adaptive proteotoxic stress
response has a key role in mammalian tumorigenesis.*243
In cancers, HSF1 is constitutively phosphorylated, leading
to its trimerization and nuclear translocation to activate
chaperone expression, among other programs. The critical
phosphorylation site for HSF1 activation is the Ser326
residue, seen after, for example, heat shock and chemical
stress.®® This prompted us to ask whether HER2 signaling
also induces phosphoSer326 activation of HSF1.
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In support, it was recently reported that in HelLa cells
mTOR phosphorylates HSF1 at Ser326, leading to induc-
tion of HSP90 chaperones.®' Indeed, in response to HER2
inhibition by CP724.714, HSF1 underwent dephosphoryla-
tion at Ser326, already underway at 6 hrs, and indicated by
a phosphoSer326-specific HSF1 antibody (Figure 3a).
Of note, downregulation of total HSF1 protein occurred later,
clearly indicating that the reduction of pHSF1 is not simply
a consequence of reduced total HSF1 levels. In agreement
with HSF1 inactivation (i.e., dephosphorylation at Ser326),
HSF1 target gene expression, including Hsp90x, Hsp70
and Hsp27, was downregulated (Figure 3a). Moreover, in
response to CP724.714, HSP90 clients, including MIF,
AKT, Bcl-xI and mutant p53, were destabilized, confirming
the inactivation of the HSF1-HSP90 stress response on
HER?2 inhibition (Figure 3b). Please note that AKT itself is a
prominent Hsp90 target protein and, subsequently, total
AKT level are always reduced after 24-48h of HER2
inhibition, as expected (Figure 1d for SkBr-3 and Figure 3b).
Importantly, the dephosphorylation of AKT occurs much
early than the reduction of total AKT (Figure 1d for SkBr-3),
which confirms that the inactivation of the PI3K-AKT-HSF1
signaling pathway is a prerequisite for Hsp90 client
destabilization. Further and because of AKT as an Hsp90
client, we see a reduction of total AKT in experiments
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Figure 3 HER2 inhibition leads to HSF1 inactivation and subsequent inactivation of the HSP90 chaperone. (a and b) Inhibition of HER2 inactivates HSF1 (a) and thereby
destabilizes HSP90 clients (b). SK-BR-3 cells were treated with 2 M CP724.714 for 48 h. Protein levels of pSer®2® HSF1, total HSF1, Hsp902:, Hsp70 and Hsp27 (a) and MIF,
AKT, Bcel-xI and mutant p53 R175H (b) were assessed by immunoblots. Gapdh, loading control. (c) Inhibition of the HER2-PI3K axis, but not the HER2-ERK1/2 axis,
inactivates HSF1 and downstream chaperones. SK-BR-3 cells were treated with 1 uM CP724.714 (specific HER2 inhibitor), 25 M Ly294002 (PI3K inhibitor) or 10 M U0126
(MEK inhibitor) alone or in combination as indicated. Immunoblot analysis. Arrow indicates unrelated band. Hsc70, loading control. (d) Inhibition of mTOR prevents HSF1
activation. Cells were treated or left untreated with 50 nM Rapamycin for 48 h. Inmunoblot analyses. pS6 serves as functional control of mTOR inhibition. Actin, loading control.
(e) HSF1 silencing destabilizes MIF protein. MDA-MB-453 and MDA-MB-231 cells were transfected with different siRNAs against HSF1 for 3 days. Cell lysates were
immunoblotted for MIF, panHsp90, Hsp70, Bcl-xl and c-Raf. Representative blots are shown. Actin, loading control. Arrow indicates related band. (f) The heat-shock response
is impaired in response to inhibition of the HER2 pathway. SK-BR-3 cells were left untreated or treated with 2 M CP724.714 or 25 uM Ly294002 for 48 h, followed by heat
shock at 42 °C for 1 h where indicated. Protein lysates were prepared after a recovery of 3 h. Immunoblot analysis for pSer®® HSF1 and total HSF1. Note that the HS-induced
hyperphosphorylated species of total HSF1 (slower migrating band) is blocked by HER2 and PI3K inhibition. pS6 serves as control for HER2 and PI3K inhibition. Actin, loading
control. (g) The heat-shock response is markedly attenuated in response to HER2 inhibition. SK-BR-3 were treated with 2 uM CP724.714 or 25 uM Ly294002 for 48 h. After
heat shock at 42 °C for 1h followed by a 3-h recovery, cells were immunostained for total HSF1 with DAPI counterstain. Top, representative immunofluorescence of heat-
shocked control cells and heat-shocked/CP274.714-treated cells. Arrows indicate HSF1-positive nuclei with a granular nuclear pattern. Only those were counted. Bottom,
quantification of HSF1-positive nuclei. For every sample, eight random fields ( x 20 magnification) in duplicates were counted. The number of HSF1-positive cells as percent of
total nuclei (DAPI stained) is shown. Error bars indicates + S.E.M. Student's ttest, two-tailed, P-value: ***P<0.001

where we used CP724.714 for 24 h or longer (e.g., Figures MEK-ERK1/2 (lane 6). Rapamycin treatment confirmed the
2a and b). involvement of mTOR in regulating HSF1 activity in HER2-

Mechanistically, HSF1 phosphorylation at Ser326 was overexpressing cells (Figure 3d, left). Interestingly, inhibition
again dependent on PI3K (Figure 3c, lane 4), but not on of MTOR also induced HSF1 dephosphorylation in HER2 non-

o
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overexpressing MDA-MB-231 cells (Figure 3d, right),
confirming that downstream targets of HER2 can also act
independently in HSF1 regulation. On the other hand, siRNA-
mediated knockdown of HSF1, which in turn downregulates
Hsp90 and Hsp70, abolished MIF stabilization and other
clients such as Bcl-xl and c-Raf in both HER2-overexpressing
and non-overexpressing breast cancer cells (Figure 3e).
Taken together, cancer cells develop several different
strategies to increase HSF1 activity. HER2 signaling is one
of them.

To obtain further support that HSF1 is controlled by HER2,
we heat shocked SK-BR-3 cells to increase HSF1 activity,
indicated by induction of pSer326 HSF1. Indeed, HER2 (and
PI3K) inhibition markedly attenuated this heat-shock
response (Figure 3f, compare lanes 2 and 4), once again
confirming the functional link between HER2 signaling and
HSF1 activation. Similarly, immunofluorescence staining of
activated HSF1, indicated by granular nuclear staining,
confirmed the impairment of the heat-shock response after
HER2 inhibition (Figure 3g).

HSF1 not only orchestrates the cellular stress response. In
cancer cells, HSF1 also broadly modulates (via transactiva-
tion and transrepression) tumor-promoting genes involved in
cell cycle regulation, DNA repair, signaling, metabolism,
adhesion and translation.*” Thus, we analysed mRNA levels
of randomly selected representative target genes of these
different HSF1 programs (Figure 4a). Notably, in response to
HER2 inhibition we observed repression of classic activated
HSF1 targets, including Hsp90x, Hsp70 and Hsp110
(Figure 4b). Moreover, expression of the HSF1 targets
CDC6 (cell division cycle 6) and CBX3 (chromobox protein
homolog 3; chromatin remodeling) was also repressed
(Figure 4c). CDC6 repression was confirmed on the protein
level (Figures 4c and d). Conversely, expression of the
repressed targets SPTAN (spectrin alpha (non-erythrocytic;
apoptosis)) and FASN (fatty acid synthase; metabolism) was
upregulated on HER2 inhibition (Figure 4c). Most importantly,
HER2 inhibition also specifically influenced the transcriptional
HSF1 program after heat shock, as shown by SPTAN, FASN
and CDC6 transcript levels and CDC6 protein levels
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Figure 4 The HSF1 transcriptional program is impaired by HER2 inhibition. (a) Schematic overview of HSF1-regulated gene expression. Transcriptionally activated and -
repressed target genes analyzed here are indicated. (b and ¢) HER2 inhibition impairs the HSF1-dependent inducible heat-shock response (b) and the tumor-promoting (c)
transcriptional program of HSF1. SK-BR-3 cells were treated with 2 uM CP724.714 or DMSO for 48 h and mRNA was isolated. gqRT-PCR of Hsp70 (*P=0.0396), Hsp110
(***P=10.001), Hsp90x (**P = 0.0049), SPTAN (*P=0.0362), CDC6 (***P=0.001), FASN (**P=0.0069) and CBX3 (P = 0.067), each normalized to 36B4 mRNA. Relative

values are given in (ratio (2~ %€T))

. Error bars indicate + S.E.M. of three independent experiments, repeated twice each with all in triplicates. Student’s t-test, two-tailed,

P-value: *P<0.05, **P<0.01 and ***P<0.001. (d) HER2 inhibition also attenuates the HSF1-mediated oncogenic program after heat shock. SK-BR-3 cells were treated with
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(Figure 4d panels, compare bars 3 and 4). Taken together, our
results clearly indicate that HER2 signaling mediates activa-
tion of the HSF1 transcriptional program in HER2-over-
expressing cancer cells.

In the HER2 mouse model, ErbB2 inhibition delays
cancer progression, which is associated with HSF1
inactivation and destabilization of HSP90 clients. To
date, a causal tumor-promoting role of MIF in vivo has been
established in murine cancer models. Specifically, MIF
gene ablation specifically impairs B-cell ymphomagenesis
in EuMyc mice,2® Apc™™ *-induced intestinal tumor
growth,®" nitrosamine-induced bladder cancer,® UVB-
induced skin cancer®® and, notably, breast tumor develop-
ment in mouse mammary tumor virus (MMTV)-ErbB2
mice.”

To test whether ErbB2 inhibition also downregulates the
HSF1-HSP90-MIF axis and consequently impairs tumor
progression in spontaneous HERZ2/ErbB2-driven breast
cancers in vivo, we treated MMTV-ErbB2 mice systemi-
cally with Lapatinib, a dual HER2/EGFR inhibitor that is
clinically used in HER2-overexpressing breast cancers.
All ErbB2-derived tumors treated with Lapatinib showed
significant reduction or even cessation of tumor progres-
sion compared with vehicle-treated controls (Figure 5a).
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Importantly, all Lapatinib-treated tumors also showed
significant depletion of HSF1 and Hsp90u« protein levels
and, consequently, of MIF levels in response to ErbB2
inhibition, confirming the mechanistic link in vivo
(Figure 5b). Next, we established a stable mouse cell line
derived from a primary MMTV-ErbB2 tumor. In agreement
with our data in human breast cancer cells, specific HER2/
ErbB2 inhibitor CP724.714 again strongly reduced MIF
levels in these mouse tumor cells in a dose- and time-
dependent manner, and was associated with abolishing
PISK/AKT signaling (Figure 5c). Moreover, as shown by
Ly294002 treatment, HSF1 inactivation is dependent on
blocking PI3K activity (Figure 5d, lane 4).

In human HER2-positive breast cancers, HER2 levels
correlate with pSer326 HSF1 activity. Finally, in agree-
ment with the above data, we also detected a strong
correlation in primary human HER2-positive breast cancer
samples between their immunohistochemical staining inten-
sities of HER2 (2+ versus 3+) and, specifically, nuclear
pSer326 HSF1 as a bona fide tissue marker of HSF1
activity*?>*®47 (Pearson’s correlation coefficient R2 =0.8817;
n=19 patients; Figures 6a and b).

Taken together, our data from cultured human cell lines,
and murine and human breast cancer tissues, support the
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activated HSF1 (pSer326) in human breast cancer. (a) Quantitative immunohistochemistry of HER2 and pSer326 HSF1 protein in HER2-amplified invasive ductal carcinoma
with 24 and 3+ HER2 staining intensity, respectively. Two regions encompassing > 60 cells were quantified per case; DAB color intensity displayed as values on an
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and induces, among other target genes, expression of heat-shock proteins. The activated HSP90 machinery stabilizes a broad panel of oncogenic and tumor-promoting

proteins. Dashed lines mean feedback loop

model that HSF1 is regulated by HER2 receptor signaling and
thus acts as a major downstream tumor promoter in HER2-
driven breast cancers in vivo.

Discussion

The ftranscription factor HSF1 is a major determinant of
oncogenesis, as established by genetic cancer models in
mice.*?™® This is based on two mechanisms. HSF1 induces
the adaptive proteotoxic stress response of heat-shock chaper-
ones essential for cancer cell survival. Moreover, HSF1 also
broadly modulates expression of genes regulating cell cycle
signaling, metabolism, adhesion and protein translation.*” Here
we provide evidence that overexpression of the receptor tyrosine
kinase HER2 in breast cancer leads to concomitant constitutive
activation of the HSF1-HSP90 axis, with subsequent stabilization
of numerous tumor-promoting HSP90 clients such as MIF, AKT,
mTOR and HSF1 itself, thereby causing a robust acceleration in
tumor growth. In human and mouse HER2-overexpressing
breast cancer systems in vitro and in vivo, we show that inhibiting
HER2/ErbB2 leads to inhibition of phosphoactivated Ser326
HSF1, and subsequently blocks the activity of the HSP90 (and

Cell Death and Disease

likely the HSP27) chaperone machinery. This leads to destabi-
lization of Hsp90 clients, including MIF, AKT mutant p53 and
HSF1, which in turn inhibits cancer cell growth. Mechanistically,
HER?2 signals via the PISBK—-AKT-mTOR axis to activate HSF1.
Attenuation of the heat-shock/HSF1 response on HER2 inhibition
confirms the functional link between HER2 and HSF1.

Our findings provide an explanation for older hints in the
literature towards a possible connection between HER2 and
HSF1. First, in HER2-overexpressing mice, genetic HSF1
deletion reduces mammary tumorigenesis.*> Second, HER2
promotes glycolysis at least in part through the HSF1-
mediated upregulation of LDH-A.*° Third, Her2-induced p21
inactivation and survivin activation is necessary for mammary
cell transformation by HSF1.** And finally, in HER2 non-
overexpressing breast cancer cells, Heregulin 1, a ligand for
ErbB3/ErbB4, induces increased HSF1 levels, which depends
on ErbB2 and the PIBK—AKT axis.>2 However, a definitive link
and specific mechanism between HER2 overexpression
signaling and HSF1 activation did not exist. Our study now
provides some answers to both questions. This study
demonstrates for the first time the existence of a contiguous
signaling axis of a multicomponent HER2-HSF1 pathway,
which is constitutively active in HER2-overexpressing cancer



cells. Previously, only individual segments of this axis were
known. It was reported that in HER2 non-overexpressing
cancer cells, PI3K and MAPK/ERK1/2 can activate or repress,
respectively, HSF1 transcriptional activity via posttransla-
tional modifications of HSF1, dependent on cell type and cell
signal.>®® An interesting study last year in Hela cells
showed that mTOR, one of the main targets of AKT,
can phosphorylate HSF1 at Ser326.5' We now extend these
observations and showed that HER2-overexpressing breast
cancer cells require mTOR for HSF1 Ser326 phosphorylation,
expression of heat-shock proteins and stabilization of HSP90
clients (Figures 2c and 3d).

In HER2 non-overexpressing cells, the PIBK-AKT-mTOR,
as well as the Ras—Raf-MEK-ERK pathway is activated after
ligand-dependent homo- or heterodimerization of HER2-
receptor family members.>® HER2 homodimers are known
to activate the Ras—Raf-MEK—-ERK1/2 axis, whereas hetero-
dimers activate both the PIBK-AKT-mTOR and Ras—Raf-
MEK—-ERK1/2 pathways.® In contrast, in HER2-overexpres-
sing cells the HER2—-PI3K—-AKT axis appears to be the major
route of HER2 downstream signaling (Figures 2a and b, and
3c and 5d). This finding is further supported by the fact that
PI3K inhibition suppresses tumor growth in multiple HER2-
amplified and PI3K-mutant breast cancer cell lines.>® Impor-
tantly though, overexpression and/or amplification of HER2
renders breast cancer cells independent of ligand
binding,?*%8 and thus could be predicted to lead to constitutive
HSF1 activation (causing further strong promotion of tumor
growth). Our study confirmed this hypothesis. HER2-over-
expressing breast cancer cells signal predominantly through
the PIBK-AKT axis to activate HSF1, enhancing the
co-oncogenic HSP90 chaperone machinery, which endows
these cells with increased proteotoxic stress tolerance and
stabilizes downstream effectors of HER2-driven mitogenic
and survival pathways (Figure 6c).

Over the last decade, aberrantly stabilized MIF in tumor
cells has been established as an important tumor promoter
with pleiotropic actions in several pathways. Elevated MIF
levels occur in multiple human malignancies.'' 255" Recently,
we identified MIF as a highly stabilized novel HSP9O0 client in
cancer cells.” Degradation of MIF protein by HSP90 inhibition
via 17AAG strongly inhibits growth of spontaneous breast
cancers in MMTV-ErbB2 mice, identifying MIF as a potential
drug target for breast cancer therapy.”®® Our study now
suggests a second, clinically immediately actionable way to
inhibit MIF function, based on the individual molecular profile
of a given tumor. Indirect MIF destabilization via HER2
inhibition is a ‘clean’ targeted treatment embedded in a
signaling pathway and appears most attractive in HER2-
overexpressing cancers. On the other hand, direct MIF
destabilization via HSP90 inhibition is a pleiotropic ‘dirty’
treatment”+®® and could be used in HER2 non-overexpressing
cancers. Overall, this renders MIF an even more attractive
drug target.

In sum, we showed that HER2/ErbB2 overexpression
controls HSF1 activity via a PISBK-AKT-mTOR signaling
cascade and, consequently, the aberrant stabilization of
tumor-promoting HSP90 clients in cancer cells. This novel
pathway opens up actionable therapeutic possibilities, given
that HER2 can be selectively targeted.
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Materials and Methods

Mouse model. The ErbB2 transgenic mouse FVBN-Tg(MMTV-ErbB2)NK1-
Mul/J (Jackson Lab, Bar Harbor, ME, USA) was used as spontaneous breast
cancer models because of its clear phenotype that mimicks the human
disease.>*®° The expression of the activated ErbB2 (c-net) oncogene (Val664
to Glu664 mutation) is controlled by the MMTV promoter and, therefore, randomly
expressed in mammary gland epithelium from hemizygous mice. Tumor formation
is multifocal, stochastic and matches the transgene expression. Homozygous
MMTV-ErbB2 mice were crossed for two generations with wild-type 129SV mice.
For analysis, heterozygous mice with a mixed FVBN/129SV (25% FVBN:75%
129SV) was used. Palpation for tumors was done twice a week and, as expected,
mice developed breast tumors starting from 25 weeks of age. Mice with small,
comparably sized tumors were treated with 100mg/kg Lapatinib (Tyverb,
GlaxoSmithKline GmbH & Co. KG, Munich, Germany) by oral gavage (6 days
per week with 1 day rest, for 3 weeks) via a gastric cannula by dissolving a 250-
mg tablet of Tyverb in HPMC buffer (0.5% hydroxypropyl-methyl-cellulose/
0.1%Tween-80 in water). For vehicle treatment, HPMC buffer were given alone.
During treatment, tumor sizes were monitored twice a week using a caliper and
tumor volumes calculated as ellipsoid (V= abc x 4/3x). At endpoint (tumor size of
15 x 15 x 15mm for vehicle group), mice were euthanized and tumors were
dissected for analysis. All experiments were carried out in full agreement with the
Géttingen University Animal Care Committee and the Institutional Guidelines for
Humane Use of Animals in Research.

Cell culture, reagents and siRNAs. Human breast cancer cells SK-BR-3
and MDA-MB-231 were cultured in RPMI/10% FBS. BT-474 cells were cultured in
RPMI/20% FBS/insulin. Human breast cancer cells MDA-MB-453 were cultured in
Leibovitz/10% FBS under CO,-free conditions. Mouse cell line mErbB2, generated
from a primary MMTV-HER2 mouse tumor, were cultured on gelatin-coated plates
in RPMI media with 15% FCS and PS, non-essential aminoacids, 1% pyruvate
and EGF (0.02 ug/ml). Lapatinib for cell culture and CP724.714 was ordered by
SelleckBiochem (Munich, Germany) and used as indicated. 17AAG (Calbiochem,
Darmstadt, Germany), Ly294002 and U0126 (both Cell Signaling, Frankfurt,
Germany) was used as indicated. siRNAs against HER2 (validated, IDs: s611 and
s613), MIF (validated, IDs: s8780 and s194615) and HSF1 (pre-designed, IDs:
$6950 and s6952) were purchased from Ambion (Hamburg, Germany) (Silencer
select siRNAs). siRNAs were transfected with Lipofectamine2000 (Invitrogen,
Darmstadt, Germany).

Quantitative RT-PCR. Total RNA from cells was isolated using Trizol
reagent (Invitrogen) according to manufacturer's guidelines. Equal amounts of
RNA were reverse-transcribed (M-MuLV Reverse Transcriptase from NEB) and
real-time PCR analysis was performed using gPCR Master-Mix (75 mM Tris-HCl,
pH 8.8, 20mM (NH4),SO,, 0.01% Tween-20, 3mM MgCl,, SYBR Green
1:80,000, 0.2mM dNTPs, 20 U/ml Tag-polymerase, 0.25% TritonX-100, 0.3M
Trehalose and 0.3 M primers). Primers: MIF, 5'-AGCAGCTGGCGCAGGCCAC-3'
and 5'-CTCGCTGGAGCCGCCGAAGG-3'; Hsp90AAT, 5'-GCCCAGAGTGCTGAA
TACCC-3' and 5-GTGGAAGGGCTGTTTCCAGA-3'; Hsp70, 5-TCAAGGGCAAG
ATCAGCGAG-3' and 5'-TGATGGGGTTACACACCTGC-3'; Hsp110, 5'-ACTGCT
TGTTCAAGAGGGCTGTGA-3' and 5-AACATCCACACCCACACACATGCT-3;
SPTAN, 5'-GGATGAAGTGGCAGCTCGTA-3 and 5" -CTGGAGGTTCTGCACAT
TGG-3'; CBX3, 5'-GTTGAAGAGGCAGAGCCTGA-3' and 5'-TCTTTGCCAGCTTT
CTGAGAGT-3'; CDC6, 5'-TAAAAGCCCTGCCTCTCAGC-3 and 5-TGAGTGAG
GGGGACCATTCT-3; FASN, 5-GTGCCCATCCTGGAGAAGTT-3' and 5'-GGTC
ACCTTGGTCTGCAGTG-3'; and 36B4, 5'-GCAGATCGGGTACCCAACTGTTG-3
and 5'-CAGCAGCCGCAAATGCAGATG-3'. Primers were used in a two-step
protocol (2 min at 95 °C pre-heating; 40 cycles at 95 °C for 15 s followed by 60 °C
for 1 min).

Immunoblotting. Whole-cell lysates were made with RIPA buffer (1%
TritonX-100, 1% Desoxycholat, 0.1% SDS, 150 mM NaCl, 10mM EDTA, 20 mM
Tris-HCI, pH 7.5, and complete protease inhibitor mix). Tumor tissues were minced
and lysed with RIPA buffer followed by sonication. After a centrifugation step and
measuring of protein amounts with a BCA protein assay (Pierce, Bonn, Germany),
equal amounts of total protein were separated by SDS gel electrophoresis,
transferred onto nitrocellulose membrane (Millipore, Darmstadt, Germany),
blocked and probed with the following antibodies: MIF, Sigma, Munich, Germany,
human and mouse), Hsp70 (W-27), Hsp90 (H-114), phospho-ERK (E4), total ERK
(K23) and p53 (FL393; all for human and mouse, Santa Cruz, Heidelberg,
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Germany), AKT (9271), phospho-AKT (D9E XP), phospho-S6 (Ser235/236; 2211),
total HSF1 (4356), CDC6 (3387), c-Raf (9422), Bcl-xl (2764) and HER2 (29D8; all
for human and mouse, Cell Signaling), phospho-Ser326 HSF1 (human, ADI-SPA-
902, ENZO, Lérrach, Germany), Hsp27 (G31, Cell Signaling), Hsp90o (human and
mouse, Millipore), and Gapdh (8245) and actin (8227; both Abcam, Cambridge,
UK).

Immunofluorescence. Cells were seeded on gelatine-coated glass slides
and treated or not treated. After fixation with 3.7% paraformaldehyde/PBS for 1h,
samples were permeabilized with 0.05% Tween-20/PBS for 3-5min at RT and
blocked with 10% FBS/1% BSA/ PBS for 1 h. For staining, samples were incubated
with total anti-HSF1 antibody (4356, Cell Signaling) overnight at 4 °C. Primary
antibodies were detected by AlexaFluor488-conjugated secondary antibody
(Molecular Probes, Darmstadt, Germany). Samples were mounted in Fluoro-
mount-G (SouthemBiotech, Birmingham, AL, USA) with DAPI staining solution.

Images were made using a standard fluorescence microscope (Carl Zeiss AG,
Jena, Germany). Fluorochromes were visualized with adequate filtersets for DAPI
(364/454nm) and AlexaFluor488 (488/546 nm). Figures were prepared using
Adobe Photoshop software.

CELIGO survival assay. For cell survival, equal numbers of treated or
untreated cells were plated into 12-well plates. With the Celigo Cytometer
(Cyntellect, San Diego, CA, USA), cell confluence was measured over the
indicated time periods und calculated with the Celigo software program.

Quantitative immunohistochemistry and human sample analy-
sis. Clinical samples of invasive ductal carcinoma were classified by a board-
certified pathologist. HER2 status was determined according to current ASCO/CAP
guidelines. Clinical samples of hyperplastic breast tissue were used as reference.
Immunohistochemistry was performed on a BenchMark XT autostainer (Ventana
Medical Systems Inc., Tucson, AZ, USA). Primary antibodies against HER2 (4B5,
Ventana Medical Systems Inc.) and phospho-Ser326 HSF1 (EP1713Y, Abcam) and
OptiView DAB IHC detection kits (Ventana Medical Systems Inc.) were used. The
glass slides were digitized (Aperio ScanScope XT, Oxford, UK) and quantified with
ImageJ image analysis software (http://rsb.info.nih.gov/ij). Areas covered by 3,3'-
diaminobezidine precipitate around the cell membranes (HER2) and in the nuclei
(pHSF1) of 60 cells in two regions per sample were manually selected. Intensity
values (8 bit) were obtained using color deconvolution.’
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