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Understanding	the	molecular	pathways	that	contribute	to	the	aggressive	behavior	of	human	cancers	is	a	criti-
cal	research	priority.	The	SNF1/AMPK-related	protein	kinase	Hunk	is	overexpressed	in	aggressive	subsets	of	
human	breast,	ovarian,	and	colon	cancers.	Analysis	of	Hunk–/–	mice	revealed	that	this	kinase	is	required	for	
metastasis	of	c-myc–induced	mammary	tumors	but	not	c-myc–induced	primary	tumor	formation.	Similar	to	
c-myc,	amplification	of	the	proto-oncogene	HER2/neu	occurs	in	10%–30%	of	breast	cancers	and	is	associated	
with	aggressive	tumor	behavior.	By	crossing	Hunk–/–	mice	with	transgenic	mouse	models	for	HER2/neu-induced	
mammary	tumorigenesis,	we	report	that	Hunk	is	required	for	primary	tumor	formation	induced	by	HER2/
neu.	Knockdown	and	reconstitution	experiments	in	mouse	and	human	breast	cancer	cell	lines	demonstrated	
that	Hunk	is	required	for	maintenance	of	the	tumorigenic	phenotype	in	HER2/neu-transformed	cells.	This	
requirement	is	kinase	dependent	and	resulted	from	the	ability	of	Hunk	to	suppress	apoptosis	in	association	
with	downregulation	of	the	tumor	suppressor	p27kip1.	Additionally,	we	find	that	Hunk	is	rapidly	upregulated	
following	HER2/neu	activation	in	vivo	and	in	vitro.	These	findings	provide	what	we	believe	is	the	first	evidence	
for	a	role	for	Hunk	in	primary	tumorigenesis	and	cell	survival	and	identify	this	kinase	as	an	essential	effector	
of	the	HER2/neu	oncogenic	pathway.

Introduction
In 2011 approximately 1.5 million women will be diagnosed with 
breast cancer and over 400,000 women will die from this disease, 
making breast cancer the most common malignancy among 
women worldwide and the leading cause of cancer mortality (1). 
Accordingly, understanding the molecular pathways that con-
tribute to the aggressive behavior of human breast cancers is a 
critical research priority.

We previously isolated the protein kinase Hunk from a mamma-
ry tumor in an MMTV-neu transgenic mouse (2–4). Hunk encodes 
an approximately 80-kDa protein containing an aminoterminal 
kinase domain with modest homology to the SNF1/AMPK family 
of serine-threonine protein kinases, as well as an SNF1 homology 
region (SNH) that is conserved among AMPK family members 
(2). SNF1 and its mammalian ortholog, AMPK, regulate cellular 
metabolism and stress responses (5–8). Members of the AMPK 
family of protein kinases also play important regulatory roles in a 
range of processes relevant to tumorigenesis, including prolifera-
tion, differentiation, survival, and migration (9–13).

Using targeted deletion in mice, we recently demonstrated that 
Hunk is dispensable for normal development but is required for 
the metastasis of mammary tumors induced by the oncogene c-myc  
(14). Reconstitution experiments demonstrated that Hunk is suf-
ficient to restore the metastatic potential of Hunk-deficient tumor 
cells, as well as defects in migration and invasion, and does so in a 
manner that requires its kinase activity (14). Consistent with a role 
for Hunk in the aggressive behavior of human cancers, elevated 
expression of this kinase is associated with lymph node–positive 
and HER2/neu-amplified breast cancers in women and with poor-

ly differentiated carcinomas of the ovary and colon (14). Moreover, 
a gene expression signature that distinguishes Hunk wild-type 
from Hunk-deficient mouse mammary tumors predicts clinical 
outcome in women with breast cancer (14). Together, these obser-
vations suggest that Hunk might play a role in modulating mam-
mary cancer progression and metastatic disease. In contrast, a role 
for Hunk in primary tumorigenesis has not been established.

To investigate the biological underpinnings of the observed 
association between HER2/neu amplification and elevated Hunk 
expression in human breast cancers, we used a genetic approach 
to probe the role played by Hunk in HER2/neu-induced tumori-
genesis. We now report that Hunk is rapidly upregulated following 
HER2/neu activation in mammary epithelial cells in vivo and in 
vitro, that Hunk is required for primary tumor formation induced 
by the HER2/neu pathway, and that the requirement for Hunk in 
HER2/neu tumorigenesis is kinase dependent and results from the 
ability of Hunk to suppress apoptosis in association with down-
regulation of the tumor suppressor p27kip1. Our findings provide 
what we believe is the first evidence for a role for Hunk in primary 
tumorigenesis and identify this kinase as an essential effector of 
the HER2/neu oncogenic pathway in breast cancer.

Results
HER2/neu upregulates Hunk expression. Amplification and overex-
pression of the receptor tyrosine kinase HER2/neu (ErbB2) occurs 
in 10%–30% of human primary breast cancers and is associated with 
aggressive tumor behavior and poor prognosis (15–18). Supporting 
the critical nature of HER2/neu signaling in human breast cancers, 
therapies that target this molecule, such as trastuzumab (Herceptin), 
are effective in treating HER2/neu-amplified breast cancers (19–25). 
Unfortunately, many patients do not respond to trastuzumab ther-
apy, and a large proportion of those who do respond eventually 
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develop resistance (26). Consequently, understanding the signaling 
molecules regulated by HER2/neu is critical for the development of 
novel approaches to overcome trastuzumab resistance.

We previously isolated the serine-threonine protein kinase Hunk 
from a HER2/neu-induced mouse mammary tumor and demon-
strated that this kinase is overexpressed in HER2/neu-positive human 
breast cancers (2, 4, 14). In light of this association, we wished to 
determine whether Hunk is differentially expressed in mouse mam-
mary tumors induced by different oncogenic pathways. Therefore, we 
assessed Hunk expression in cell lines established from mouse mam-
mary tumors induced by the HER2/neu, H-ras, c-myc, and Fgf3/int-2 
oncogenes and in non-transformed mammary epithelial cells.

Northern hybridization analysis revealed that Hunk is markedly 
and preferentially overexpressed in cell lines derived from tumors 
induced by the HER2/neu and H-ras pathways (Figure 1A). In 

contrast, cell lines derived from tumors induced by the c-myc 
and Fgf3/int-2 pathways expressed only low levels of Hunk, as 
did non-transformed cell lines (Figure 1A). Quantitative real-time 
PCR (QRT-PCR) and immunoblotting confirmed overexpression 
of Hunk mRNA and protein in SMF and NAF tumor cell lines 
derived from MMTV-neu transgenic mice compared with the non-
transformed mammary epithelial cell lines HC11 and NMuMG 
(Figure 1, B and C). Of note, compared with HC11 cells, NMuMG 
cells exhibited higher endogenous levels of Hunk as well as HER2/
ErbB2 (Figure 1, B and C).

To test the possibility that HER2/neu activation is directly respon-
sible for the elevated levels of Hunk observed in cell lines derived 
from HER2/neu-induced mammary tumors, we determined the 
impact of expressing an activated allele of HER2/neu on Hunk 
expression in HC11 cells (HC11-neu). This revealed that HER2/neu 

Figure 1
HER2/neu upregulates Hunk. (A) Northern blot analysis of Hunk transcript levels in non-transformed mammary cell lines (non-T) and transformed 
cell lines isolated from tumors derived from MMTV-Fgf3/int, MMTV–c-Myc, MMTV-neu, and MMTV–H-Ras mice. (Lanes 1: 3T3; 2: NMuMG; 3: 
HC11; 4: CL-S1; 5: HBI2; 6: 1128; 7: 8Ma1a; 8: MBp6; 9: M1011; 10: M158; 11: 16MB9a; 12: SMF; 13: NAF; 14: NF639; 15: NF11005; 16: NK-2; 
17: AC816; 18: AC711; 19: AC236.) (B) Hunk levels as determined by QRT-PCR in non-transformed mammary cell lines HC11 and NMuMG and 
HER2/neu-transformed cell lines SMF and NAF. (C) Western blot analysis of Hunk and HER2/neu protein levels in HC11, NMuMG, SMF, and 
NAF cells. (D) Western blot analysis of Hunk protein levels in HC11 cells stably expressing an empty vector control (HC11-control), an activated 
allele of neu (HC11-neu), or SMF cells. Hunk was immunoprecipitated from 1 mg total protein of each individual cell type. (E) Hunk transcript 
levels as determined by QRT-PCR in mammary glands isolated from MTB/TAN mice induced with doxycycline for 96 hours, represented as the 
average level of Hunk expression in individual mammary glands (n = 3). P < 0.01. Data represent mean ± SEM. (F and G) QRT-PCR analysis of 
neu (F) and Hunk (G) in mammary glands (MG) isolated from wild-type FVB mice or in architecturally normal mammary glands from 10-week-old 
MMTV-neu mice, hyperplastic non–tumor-bearing (NTB) glands from MMTV-neu mice, or tumors from MMTV-neu mice.
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activation resulted in an increase in Hunk protein expression to a 
level comparable to that found in SMF cells (Figure 1D). Similar-
ly, overexpressing activated HER2/neu in HC11 cells upregulated 
Hunk mRNA expression to a level comparable to that observed in 
NAF cells (Supplemental Figure 1; supplemental material available 
online with this article; doi:10.1172/JCI42928DS1). Consistent with 
this, analysis of Hunk and HER2/neu transcript levels confirmed 
that the ratio of Hunk to HER2/neu expression in HC11-neu and 
NAF cells was nearly identical (Supplemental Figure 1).

To extend this observation, we used inducible transgenic mice to 
conditionally express HER2/neu in the mammary gland in response 
to doxycycline treatment (27–29). This revealed that activation 
of HER2/neu in the mammary glands of MMTV-rtTA;TetO-neu  
mice for 96 hours resulted in a striking upregulation of Hunk 
mRNA expression (Figure 1E).

To determine the association between HER2/neu and Hunk 
expression at different stages of mammary tumorigenesis, we used 
QRT-PCR to quantify HER2/neu and Hunk mRNA levels in archi-
tecturally normal mammary glands, hyperplastic non–tumor-
bearing mammary glands, and mammary tumors derived from 
MMTV-neu transgenic mice as well as in mammary glands from 

wild-type mice (Figure 1, F and G). This revealed that Hunk and 
HER2/neu are coordinately and comparably upregulated in hyper-
plastic mammary glands as well as in tumors in MMTV-neu mice, 
which suggests that Hunk and HER2/neu are upregulated in par-
allel during progressive steps of mammary tumorigenesis.

Together, our results demonstrate that HER2/neu activation 
rapidly upregulates Hunk at the mRNA and protein levels. This 
finding, in turn, is consistent with our observation that Hunk 
is preferentially expressed in HER2/neu-induced mouse mam-
mary tumor cell lines as well as in human breast cancers that 
overexpress HER2/neu.

Hunk expression requires HER2/neu activity for maintenance. Our 
observations that Hunk (a) is rapidly upregulated following 
HER2/neu activation, (b) parallels HER2/neu upregulation 
during HER2/neu-induced mammary tumorigenesis, and (c) is 
overexpressed in HER2/neu-induced mouse mammary tumor 
cell lines and HER2/neu-overexpressing human breast cancers 
suggested the possibility that HER2/neu activity is required for 
the maintenance of Hunk expression. To address this hypothesis, 
we asked whether inhibition of HER2/neu activity would result 
in the downregulation of Hunk expression. To accomplish this, 

Figure 2
Inhibition of HER2/neu activity downregulates Hunk. (A) QRT-PCR analysis of neu and Hunk in MTB/TAN cells at 0, 24, and 96 hours after doxy-
cycline removal from growth medium. (B) Western blot analysis for Hunk in MCF10A cells transduced with wild-type HER2 or a control vector. (C) 
Western blot analysis of Hunk, phospho-Akt, and phospho-ERK1/2 in BT474 cells treated with DMSO (vehicle) or 100 nM or 200 nM lapatinib for 
24 hours. (D) QRT-PCR analysis of Hunk mRNA levels in BT474 cells treated with DMSO (vehicle) or 100 nM or 200 nM lapatinib for 24 hours. 
(E and F) QRT-PCR (E) and Western blot (F) analysis of Hunk levels in BT474 cells treated with DMSO (vehicle) or 100 nM lapatinib for 0, 6, 
12, or 24 hours. (G) Western blot analysis of Hunk in SMF cells treated with DMSO (vehicle) or 20 nM LY249002 for 1 or 6 hours. (H) Western 
blot analysis of Hunk in SMF cells treated with DMSO (vehicle) or 1 mM PD184352 for 1, 3, or 6 hours. (I) Western blot analysis of Hunk protein 
levels in BT474 cells stimulated with EGF after 24 hours of serum withdrawal. Cells were stimulated with 5 μg/ml EGF for 24, 48, or 96 hours. 
(J) Western blot analysis of EGFR, HER3, and HER4 bound to immunoprecipitated HER2. (K) Western blot analysis of BT474 cells treated with 
DMSO (vehicle), 100 nM lapatinib, 100 nM gefitinib, or ATM inhibitor (negative control) for 24 hours.
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we employed a mammary cell line isolated from a tumor aris-
ing in an MMTV-rtTA;TetO-neu mouse, in which HER2/neu trans-
gene expression is doxycycline dependent (28). As anticipated, 
removal of doxycycline from the media of MMTV-rtTA;TetO-neu 
tumor cells resulted in the downregulation of neu mRNA expres-
sion within 24 hours (Figure 2A). Similar to neu, Hunk mRNA 
levels were also downregulated within 24 hours of doxycycline 
withdrawal (Figure 2A). These results suggest that maintenance 
of Hunk expression at the mRNA level requires continued HER2/
neu pathway activation.

We next asked whether a similar relationship exists between 
HER2 activation and Hunk expression in human cells. Human 
HER2 was expressed in the non-transformed human mammary 
epithelial cell line MCF10A. Expression of wild-type HER2 in 
MCF10A cells resulted in upregulation of endogenous human 
Hunk as well as activation of Akt (Figure 2B). To determine wheth-
er HER2 kinase activity is required to maintain human HUNK lev-
els, we next treated the HER2-amplified human breast cancer cell 
line BT474 with lapatinib, a small molecule inhibitor of HER2. 
As predicted, lapatinib treatment inhibited HER2 activity, as mea-

Figure 3
Hunk is required for HER2/neu-induced mammary tumorigenesis. (A) Tumor-free survival curves comparing MMTV-neu;Hunk–wild-type with 
MMTV-neu;Hunk–deficient mice. P = 0.001; HR = 2.4. (B) Tumor-free survival curves comparing MTB/TAN;Hunk–wild-type with MTB/TAN;Hunk-
deficient mice treated with 0.1 mg/ml doxycycline. P = 0.0001; HR 4.4. (C) Average number of tumors per animal in MMTV-neu;Hunk–wild-type 
(n = 22) and MMTV-neu;Hunk–deficient mice (n = 16). All 10 mammary glands were examined at necropsy to determine total tumor number 
per animal. *P < 0.01. Data represent mean ± SEM. (D) Average number of tumors per animal in MTB/TAN;Hunk–wild-type mice (n = 12) and 
MTB/TAN;Hunk-deficient mice (n = 14) treated with 0.1 mg/ml doxycycline. *P < 0.05. Data represent mean ± SEM. (E) Whole-mount analysis 
of carmine-stained non–tumor-bearing glands from MMTV-neu;Hunk–wild-type and MMTV-neu;Hunk–deficient mice. White arrows indicate focal 
hyperplasias. (F) Hematoxylin and eosin staining of a representative hyperplasia (top) and tumor (bottom) from a MMTV-neu;Hunk–wild-type 
mouse. Original magnification, ×6.3 (E); ×200 (F). (G) Quantification of the total number of lesions in non–tumor-bearing glands isolated from 
MMTV-neu;Hunk–wild-type mice and MMTV-neu;Hunk–deficient mice. *P < 0.05. Data represent mean ± SEM.
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sured by decreased activation of Akt and ERK1/2, and was also 
sufficient to downregulate Hunk at both the mRNA and protein 
levels within 24 hours (Figure 2, C and D).

To further explore whether regulation of HUNK expression 
by HER2/neu occurs at the transcriptional level in human cells, 
we examined HUNK mRNA and protein levels in BT474 cells 
at increasing times following lapatinib treatment. Confirm-
ing our prior observations, HUNK mRNA levels were dramati-
cally reduced within 6 hours of lapatinib treatment and were 
nearly absent within 24 hours (Figure 2E). HUNK protein levels 
declined within a similar time course, with dramatic reductions 
evident at 6 hours (Figure 2F). Together, these findings dem-
onstrate that Hunk expression requires HER2/neu signaling 
in human as well as mouse cells and that Hunk is regulated by 
HER2/neu at the transcriptional level.

HER2/neu activates a number of downstream signaling path-
ways, including Akt and ERK1/2. Therefore, given our observation 
that Hunk is transcriptionally regulated by HER2/neu, we next 
asked whether Hunk expression is dependent upon Akt or ERK1/2 
signaling. SMF cells were treated with either the PI3K/Akt path-
way inhibitor LY249002 or the MAPK/ERK inhibitor PD184352. 
As few as 6 hours of treatment with either inhibitor resulted in a 
decrease in Hunk protein levels (Figure 2, G and H). Therefore, 
consistent with our finding that Hunk expression requires HER2/
neu signaling, Hunk expression levels were also regulated by path-
ways downstream of HER2/neu in breast cancer cells.

To extend these findings, we next asked whether HUNK expres-
sion in human breast cancer cells is regulated by ligands for ErbB 
family members. BT474 cells were serum deprived for 24 hours 
and stimulated with EGF for 24, 48, or 96 hours. As anticipated, 
EGF treatment upregulated levels of phosho-ERK1/2 (Figure 2I). 
Concomitant with ERK1/2 activation, Hunk protein levels also 
increased, suggesting that Hunk can be regulated by EGFR signal-
ing or EGFR:HER2 heterodimerization (Figure 2I).

Previous reports have indicated that HER2 heterodimerizes 
with EGFR and HER3 in BT474 cells and that gefitinib treatment 
disrupts these interactions (30). Consistent with this, our co-
immunoprecipitation experiments confirmed that HER2 stably 
interacts with EGFR, HER3, and HER4 in BT474 cells (Figure 2J).

To determine whether disruption of HER2 interactions with EGFR 
family members plays a role in regulating Hunk levels, we treated 
BT474 cells with 100 nM of the EGFR-selective inhibitor gefitinib. 
Similar to lapatinib, gefitinib treatment led to the downregulation 
of HUNK expression (Figure 2K). Together, these findings support 
a model in which HUNK is transcriptionally regulated by HER2 het-
erodimerization and activation of EGFR family receptors.

Hunk is required for HER2/neu-induced mammary tumorigenesis. Our 
observations that HER2/neu activation rapidly upregulates Hunk 
in vivo and in vitro, and that Hunk is preferentially expressed in 
HER2/neu-positive human breast cancers and HER2/neu-induced 
mouse mammary tumor cell lines, suggested that Hunk may play 
a role in mediating the oncogenic effects of HER2/neu. To test 
this hypothesis, we interbred MMTV-neu transgenic mice and mice 
bearing a constitutive deletion of Hunk (14). Cohorts of MMTV-neu 
mice that were either wild-type or deficient in Hunk were generated 
and monitored for mammary tumor development. In contrast to 
our observation that Hunk is not required for primary tumori-
genesis in MMTV–c-myc transgenic mice (14), tumor development 
was markedly delayed in Hunk-deficient MMTV-neu mice com-
pared with wild-type Hunk mice (hazard ratio [HR] 2.4, P = 0.001) 
(Figure 3A). Consistent with this, tumor multiplicity calculated as 
the average number of tumors per animal at sacrifice was approxi-
mately 50% lower in Hunk-deficient MMTV-neu mice compared to 
Hunk wild-type MMTV-neu mice (Figure 3C; P = 0.008).

To confirm these results, we generated cohorts of MMTV-rtTA; 
TetO-neu–inducible transgenic mice that were either Hunk–wild-type 
or Hunk–deficient. HER2/neu expression was induced by doxycycline 
administration at 6 weeks of age, and mice were monitored for mam-
mary tumor development. Similar to findings in MMTV-neu mice, 
mammary tumor development was markedly delayed (T50 = 15 weeks  
vs. 30 weeks, HR 4.4, P = 0.0001), and tumor multiplicity was sub-
stantially decreased, in Hunk-deficient compared with MMTV-
rtTA;TetO-neu;Hunk–wild-type mice (Figure 3, B and D).

Histopathological analysis of non–tumor-bearing glands from 
MMTV-neu mice revealed the presence of hyperplastic nodules that 
resembled MMTV-neu tumors (Figure 3, E and F). Consistent with 
our observation that loss of Hunk inhibits HER2/neu-induced 
mammary tumor formation, the mammary glands of Hunk-
deficient MMTV-neu mice contained fewer hyperplastic nodules 
than their wild-type counterparts (Figure 3, E and G). Together, 
our findings demonstrate that Hunk is required for HER2/neu-
induced primary mammary tumor formation in vivo.

Hunk is required for maintenance of the tumorigenic phenotype in 
HER2/neu tumor cells. Our observations that Hunk expression is 
regulated by HER2/neu activity and is required for HER2/neu-
induced mammary tumor formation suggest that Hunk is a 
downstream effector of HER2/neu. This led us to hypothesize 
that Hunk might be required for maintenance of the tumori-
genic phenotype in HER2/neu-transformed cells. If true, this 
hypothesis would predict that Hunk downregulation would 
mimic the effects of HER2/neu-targeted therapy. In this regard, 
while our results in MMTV-neu and MMTV-rtTA;TetO-neu mice 
demonstrated that Hunk is required for HER2/neu-induced 
tumor formation, they could not rule out the possibility that 
Hunk is required for the development of HER2/neu-induced 
mammary tumors, but not their maintenance.

To determine whether Hunk is required for maintenance of the 
tumorigenic phenotype in HER2/neu tumor cells, we generated 
SMF cells stably expressing 2 different shRNAs targeted against 

Figure 4
Hunk is required for maintenance of HER2/neu-induced tumor growth. 
(A) Western blot analysis of Hunk protein levels in parental SMF 
cells and SMF cells expressing a control shRNA, or shRNAs direct-
ed against Hunk (shRNA1, shRNA2). (B) Mean tumor growth rate of 
tumors derived from parental SMF cells and SMF cells expressing a 
control shRNA, Hunk shRNA1, or Hunk shRNA2. *P < 0.00001 and  
**P < 0.0001, control versus shRNA1. Data represent mean ± SEM.
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Hunk or a control shRNA targeted against firefly luciferase. Stable 
transduction of Hunk shRNA1 or shRNA2 reduced Hunk protein 
levels compared with the parental SMF cells, whereas the control 
shRNA did not (Figure 4A).

Orthotopic transplantation of each of these SMF-derived cell 
lines into the mammary fat pads of nu/nu mice revealed that SMF 
cells in which Hunk expression had been knocked down exhibited 
mean tumor growth rates that were approximately half that of 
those observed for parental or control shRNA-expressing SMF cells 
(Figure 4B; P = 0.0006 and P = 0.009, respectively). Mean tumor 
growth rates of control shRNA-expressing cells did not differ from 
parental cells. Since downregulating Hunk in fully transformed 
HER2/neu tumor cells impairs their growth as tumors, these find-
ings suggest that Hunk is required for maintenance of the tumori-
genic phenotype of HER2/neu-expressing breast cancer cells.

Hunk kinase activity is required for growth of HER2/neu-expressing 
tumors. We previously demonstrated that Hunk kinase activity 
is required for the migration, invasion, and metastasis of myc-
induced mammary tumor cells (14). Therefore, in an analogous 
manner, we asked whether Hunk kinase activity is required for the 
growth of HER2/neu-induced mammary tumors. To address this, 
we stably transduced non-transformed HC11 cells that express 

low levels of Hunk with vectors expressing either Hunk–wild-type 
or a point mutant allele of Hunk, Hunk-K91M, which abolishes 
Hunk kinase activity (31–33). Immunoblotting demonstrated that 
HC11–Hunk–wild-type and HC11–Hunk-K91M cells expressed 
comparable levels of Hunk (Figure 5A).

Next, we transformed Hunk–wild-type– and Hunk-K91M–
expressing cells with an oncogenic allele of HER2/neu. Following 
orthotopic transplantation into the mammary glands of nu/nu 
mice, HC11 cells expressing either wild-type or K91M Hunk did 
not form tumors (data not shown), indicating that overexpres-
sion of Hunk alone is not tumorigenic. Notably, tumors derived 
from neu-transformed HC11 cells that had been transduced with 
Hunk-K91M were dramatically smaller than their wild-type Hunk 
counterparts when assessed at the same post-injection time point 
(Figure 5B). Quantification of mean tumor growth rates revealed 
that neu-transformed Hunk-K91M–expressing cells grew at a rate 
that was only 4% of that of HER2/neu-transformed HC11 cells 
transduced with Hunk wild-type (Figure 5C; P < 0.0001). HC11 
cells transduced with HER2/neu and wild-type Hunk grew at the 
same rate as HC11 cells transduced with HER2/neu alone, consis-
tent with our finding that HC11 cells transduced with HER2/neu 
express endogenous Hunk.

Figure 5
Expression of a kinase-dead allele of Hunk impairs growth of HER2/neu-induced tumors. (A) Western blot analysis confirming expression of 
HER2/neu, Hunk–wild-type, and Hunk-K91M in HC11 cells. Left panel shows a longer autoradiographic exposure to illustrate the previously 
observed increase in endogenous Hunk levels in empty vector cells expressing HER2/neu. (B) Gross comparison of tumors derived from 
HC11;Hunk–wild-type and HC11;Hunk-K91M cells sacrificed at the same time after injection. Average volume of wild-type Hunk–derived tumors 
was 237.9 mm3, compared with 15.5 mm3 for Hunk-K91M–derived tumors. White arrows indicate tumors. (C) Mean tumor growth rates of tumors 
derived from HC11;vector control–, HC11;Hunk–wild-type–, or HC11;Hunk-K91M–expressing cells. **P < 0.01, Hunk–wild-type versus Hunk-
K91M. Data represent mean ± SEM. (D) Western blot analysis for Hunk in MMTV-neu;Hunk–deficient cells reconstituted with vector control, 
Hunk–wild-type, or Hunk-K91M. (E) Mean tumor growth rate of orthotopic tumors derived from MMTV-neu;Hunk–deficient cells reconstituted 
with Hunk–wild-type, Hunk-K91M, or vector control. *P < 0.01, control versus Hunk–wild-type; **P < 0.001, Hunk–wild-type versus Hunk-K91M. 
Data represent mean ± SEM.
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To extend these findings by eliminating any potential effects of 
endogenous Hunk, we next isolated cells from MMTV-neu;Hunk–
deficient tumors and reconstituted these cells with wild-type Hunk, 
a K91M allele of Hunk, or an empty vector control (Figure 5D).  
MMTV-neu;Hunk–deficient tumor cells reconstituted with wild-
type Hunk displayed an approximately 2-fold increase in mean 
tumor growth rate compared with control cells lacking Hunk 
(Figure 5E). In contrast, MMTV-neu;Hunk–deficient tumor cells 
reconstituted with Hunk-K91M exhibited tumor growth rates 
indistinguishable from control cells lacking Hunk (Figure 5E). 
These findings indicate that Hunk kinase activity is required for 
maintenance of the tumorigenic phenotype of HER2/neu-express-
ing tumor cells and further suggest that Hunk-K91M acts as a 
dominant-negative allele in the presence of wild-type Hunk.

Hunk is required for survival of HER2/neu-expressing tumor cells. 
HER2/neu downregulation or inhibition with pharmacological 
agents such as trastuzumab induces tumor regression via mecha-
nisms associated with cell cycle arrest and apoptosis (29, 34). In 
light of our findings indicating that Hunk mediates at least some of 
the oncogenic effects of HER2/neu, we reasoned that loss of Hunk 
in HER2/neu-expressing cells might have effects similar to those 
observed following pharmacological inhibition of HER2/neu.

To test this hypothesis, we quantified cellular proliferation and 
apoptosis rates in mammary tumors arising in Hunk wild-type and 
Hunk-deficient MMTV-neu mice. Whereas immunofluorescence 
analysis detected a modest, approximately 33% decrease in the per-
centage of Ki67-positive cells in Hunk-deficient MMTV-neu tumors 
(Figure 6A; P = 0.03), immunofluorescence for cleaved caspase-3 
revealed a dramatic, approximately 30-fold increase in levels of 
apoptosis in HER2/neu-induced tumors arising in Hunk-deficient 
mice (Figure 6B; P = 0.0002). These findings suggest that promo-
tion of cell survival may constitute an essential function of Hunk 
in HER2/neu-expressing mammary tumors.

Hunk regulates p27kip1 expression and localization. p27kip1 is a Cdk 
inhibitor whose expression leads to G1 cell cycle arrest by inhib-
iting cyclin E/Cdk2 activity (35). p27 functions as a haplo-insuf-

ficient tumor suppressor in mice, and its levels are reduced in 
human breast cancer (36, 37). Reduced p27 levels are also associ-
ated with HER2/neu overexpression and poor prognosis in human 
cancers, including breast cancer (38–40). A mechanistic basis for 
this association is suggested by the finding that HER2/neu over-
expression in human breast cancer cells reduces p27 stability and 
promotes cell survival (41). Conversely, treatment of breast cancer 
cell lines with HER2/neu or EGFR inhibitors enhances p27 stabil-
ity (42, 43), which in turn results in cell cycle arrest and apoptosis 
(44–49). Consistent with the importance of p27 downregulation 
in HER2/neu-induced tumorigenesis, heterozygous deletion of 
p27 in MMTV-neu mice accelerates mammary tumorigenesis and 
mammary glands from these mice exhibit increased proliferation 
and decreased apoptosis (50). Conversely, p27 overexpression in 
HER2/neu-expressing fibroblasts inhibits focus formation in 
vitro and tumor formation in vivo (51). Moreover, downregulation 
of p27 confers resistance to anti-estrogens in vitro, and women 
whose breast cancers express low levels of p27 respond poorly to 
anti-estrogen therapy (52, 53).

In light of our observations that tumorigenesis is delayed 
in Hunk-deficient mice and that Hunk-deficient HER2/neu-
induced tumors exhibit increased levels of apoptosis, we hypoth-
esized that the requirement for Hunk in HER2/neu-induced 
mammary tumorigenesis might be due to downregulation of 
p27. To address this hypothesis, we assessed p27 protein levels 
in SMF cells expressing shRNAs directed against Hunk. This 
revealed that Hunk knockdown in HER2/neu tumor cells result-
ed in increased levels of p27 (Figure 7A). Consistent with reports 
that total p27 levels and levels of serine-10 phosphorylated p27 
are increased in trastuzumab-treated cells, Hunk knockdown in 
SMF cells resulted in the upregulation of both p27 and serine 
10–phosphorylated p27 (Figure 7A).

Modulation of p27 expression is principally posttranslational 
and occurs via regulation of p27 nuclear export (43). Consistent 
with this, treatment of HER2/neu-expressing breast cancer cells 
with trastuzumab promotes p27 nuclear accumulation in asso-

Figure 6
Hunk is required for cell proliferation and sur-
vival in HER2/neu-induced mammary tumors. 
(A) MMTV-neu;Hunk–wild-type and MMTV-
neu;Hunk–deficient tumors were stained with 
Ki67 as a marker of proliferation. Levels of Ki67 
staining were quantified by measuring the per-
centage of positive-staining nuclei. n = 4 indi-
vidual tumors per genotype. *P < 0.05. Data 
represent mean ± SEM. (B) MMTV-neu;Hunk–
wild-type and MMTV-neu;Hunk–deficient tumors 
were stained with cleaved caspase-3 as a marker 
of apoptosis. Levels of cleaved caspase-3 stain-
ing were quantified by measuring the percent-
age of positive-staining nuclei. n = 4 individual 
tumors per genotype. *P < 0.001. Data represent 
mean ± SEM. Original magnification, ×200.
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ciation with increased p27 protein levels, increased serine 10 
phosphorylation, and increased apoptosis (41, 44–47, 54–56). To 
determine whether Hunk affects p27 subcellular localization, we 
performed immunofluorescence for p27 in SMF cells express-
ing a control shRNA or shRNAs directed against Hunk. Hunk 
knockdown resulted in a 2.3-fold increase in the percentage of 
cells exhibiting p27 nuclear localization (Figure 7B). This finding 
is consistent with a model in which Hunk is required for nuclear 
export of p27 in HER2/neu-transformed cells.

Avoiding apoptosis is a hallmark of cancer, and downregula-
tion of p27 is one mechanism by which tumor cells can achieve 
this goal (48, 49, 56–58). Consistent with this, low levels of p27 
are associated with poor prognosis in a number of human can-
cers, including breast cancer (38, 40, 48, 55). Given our observa-
tions that p27 levels and nuclear localization are upregulated 
in HER2/neu-transformed tumor cells in which Hunk expres-
sion has been knocked down, and that Hunk-deficient tumors 
in MMTV-neu mice exhibit increased levels of apoptosis, we rea-
soned that downregulating Hunk in neu-induced tumors would 
induce apoptosis.

To test this hypothesis, we performed immunofluorescence for 
cleaved caspase-3 in tumors generated by orthotopic transplan-
tation of SMF cells expressing either control shRNAs or shRNAs 
directed against Hunk. Consistent with our findings in intact 
mice, tumors derived from SMF cells expressing Hunk shRNAs 
exhibited an approximately 2- to 4-fold increase in apoptosis com-
pared with control tumors (Figure 7C; P = 0.04 and P < 0.0001, 
respectively). Tumors derived from SMF cells expressing Hunk 
shRNAs also exhibited increased levels of nuclear p27, consistent 
with our in vitro observations (Supplemental Figure 2). In aggre-

gate, our findings indicate that Hunk is required for the mainte-
nance of HER2/neu–expressing mammary tumor cells by virtue of 
its ability to act as a pro-survival factor.

Hunk regulates p27kip1 levels and localization downstream of HER2/
neu activation. To further extend our in vitro and in vivo findings 
in SMF cells to a model for spontaneous HER2/neu-induced 
mammary tumorigenesis, we evaluated total p27 levels in 
MMTV-neu tumors isolated from Hunk–wild-type and Hunk-defi-
cient mice. As predicted, Hunk-deficient tumors exhibited sig-
nificantly elevated levels of p27 compared with Hunk–wild-type 
tumors (Figure 8A). Eight of 11 Hunk-deficient tumors exhibit-
ed high p27 protein levels, defined as levels at least 2-fold greater 
than the lowest detectable amount of p27, whereas only 3 of 9 
Hunk–wild-type tumors exhibited high levels of p27 (P < 0.05,  
Chi-squared test; Figure 8A and data not shown). Overall, mean 
p27 levels were 2-fold higher in HER2/neu-induced Hunk-defi-
cient tumors compared with Hunk–wild-type tumors (Figure 8B).  
Moreover, consistent with our in vitro findings in SMF cells, 
tumors with high p27 levels also displayed elevated levels of ser-
ine 10 phosphorylation (Figure 8A).

To determine whether Hunk kinase activity is required for 
downregulating p27 expression and localization in the context of 
HER2/neu activation, we isolated tumor cells from Hunk wild-type 
and Hunk-deficient MMTV-neu tumors. Next, we generated an iso-
genic set of cell lines by reconstituting MMTV-neu;Hunk–deficient 
cells with wild-type Hunk, a kinase-inactive Hunk-K91M allele, 
or an empty vector control. Consistent with our in vitro findings, 
p27 levels were elevated in MMTV-neu;Hunk–deficient tumors cells 
compared with MMTV-neu;Hunk–wild-type tumor cells (Figure 8C).  
Moreover, re-expression of Hunk wild-type in Hunk-deficient 

Figure 7
Hunk negatively regulates p27 expression and localization in vitro. (A) Western blot analysis of SMF cells expressing shRNAs directed against 
Hunk reveal elevated total p27 protein levels and increased phosphorylation on serine 10 of p27 compared with cells expressing control shRNA. 
(B) SMF cells expressing either control shRNA or shRNAs directed against Hunk were stained for p27 by immunofluorescence. Quantification 
of nuclear p27 staining was determined by measuring the percentage of positive-staining nuclei. *P < 0.01, **P < 0.0001 versus control. Data 
represent mean ± SEM. (C) Immunofluorescence for cleaved caspase-3 in tumors derived from SMF cells expressing either a control shRNA 
or shRNAs directed against Hunk. n = 3 individual tumors per genotype. *P < 0.05, **P < 0.0001 versus control. Data represent mean ± SEM. 
Original magnification, ×200 (B); ×50 (C).
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MMTV-neu tumor cells resulted in downregulation of p27, whereas 
reconstitution with Hunk-K91M did not (Figure 8C). These find-
ings demonstrate that Hunk downregulates p27 in a manner that 
requires Hunk kinase activity.

To assess the effect of Hunk kinase activity on p27 localization, 
we performed immunofluorescence for p27 in the 4 cell lines 
described above. Analogous to our findings in SMF cells express-
ing Hunk shRNAs, we found that the percentage of tumor cells 
positive for nuclear p27 was greater in MMTV-neu;Hunk–deficient 
vector control cells compared with MMTV-neu;Hunk–wild-type 
cells (Figure 8D). Furthermore, re-expression of Hunk wild-type in 
MMTV-neu;Hunk–deficient tumor cells resulted in a decrease in the 
percentage of cells with nuclear p27, whereas reconstitution with 

Hunk-K91M did not (Figure 8D). Together, these findings demon-
strate that Hunk kinase activity is required for the suppression of 
nuclear p27 accumulation in HER2/neu-transformed tumor cells.

To further examine the ability of Hunk to regulate p27 levels 
and localization in the context of HER2/neu activation in vivo, 
we employed bi-transgenic MMTV-rtTA;TetO-neu mice. MMTV-
rtTA;TetO-neu;Hunk–wild-type and MMTV-rtTA;TetO-neu;Hunk–
deficient mice were treated with doxycycline for 96 hours  
to induce expression of activated HER2/neu throughout the 
mammary epithelium. Mammary glands were isolated from 
doxycycline-treated animals, and immunofluorescence for p27 
was performed. This revealed increased expression and nuclear 
localization of p27 in Hunk-deficient mammary epithelial cells 

Figure 8
Hunk negatively regulates p27 expression and localization in vivo. (A) Western blot analysis of p27 and phospho–serine 10 in MMTV-neu;Hunk–
wild-type and MMTV-neu;Hunk–deficient tumor samples. (B) Quantification of p27 protein levels from 9 MMTV-neu;Hunk–wild-type tumors and 
11 MMTV-neu;Hunk–deficient tumors. *P < 0.05. Data represent mean ± SEM. (C) Western blot analysis for p27 in MMTV-neu;Hunk–wild-type 
tumor cells and MMTV-neu;Hunk–deficient tumors cells reconstituted with vector control, Hunk wild-type, or Hunk-K91M. (D) Immunofluorescence 
for p27 in MMTV-neu;Hunk–wild-type tumor cells and MMTV-neu;Hunk–deficient tumors cells reconstituted with vector control, Hunk–wild-type, 
or Hunk-K91M. Data represent mean ± SEM. *P < 0.05, versus MMTV-neu;Hunk–wild-type. **P < 0.05, versus MMTV-neu;Hunk–deficient Hunk 
wild-type. Data represent mean ± SEM. (E) Mammary glands from MTB/TAN;Hunk wild-type–and MTB/TAN;Hunk-deficient mice induced with 
doxycycline for 96 hours stained by immunofluorescence to assess p27 localization. White arrows indicate CK8-positive cells containing nuclear 
p27. Original magnification, ×200.
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following acute HER2/neu activation in vivo (Figure 8E). These 
findings indicate that Hunk negatively regulates p27 expression 
and nuclear localization in non-transformed mammary epithelial 
cells in vivo and strongly suggest that Hunk mediates the negative 
regulatory effects of HER2/neu on p27.

Hunk inhibits the tumorigenic phenotype of human breast cancer cells by mod-
ulating p27 and cell survival. Our findings that Hunk is required for the 
negative regulation of p27 expression and nuclear localization, as well 
as for the growth and survival of MMTV-neu tumor cells (Figure 5E),  
strongly support the hypothesis that the requirement for Hunk in 
HER2/neu-induced tumorigenesis is due, at least in part, to the abil-
ity of Hunk to promote cell survival by downregulating the levels 
and nuclear localization of p27. To determine whether our findings 
were relevant to human breast cancers, we knocked down Hunk in 
the HER2/neu-amplified human breast cancer cell line, BT474, by 
expressing shRNAs targeted against human Hunk (Figure 9A). Spe-
cifically, we asked whether downregulation of Hunk in BT474 cells 
would result in an increase in p27 nuclear localization similar to that 
observed in our murine in vitro and in vivo model systems.

Notably, inhibition of HER2 in BT474 cells by treatment with 
lapatinib or gefitinib results in increased nuclear localization of 
p27 and increased apoptosis (30). In an analogous manner, our 
immunofluorescence staining revealed that Hunk downregula-
tion in BT474 cells resulted in an increase in the percentage of 
cells with nuclear p27 (Figure 9B). Moreover, consistent with our 
findings in tumors derived from MMTV-neu;Hunk–deficient mice 
or SMF cells in which Hunk had been knocked down by shRNA, 
BT474 cells expressing shRNAs targeted against human Hunk dis-
played increased apoptosis, as evidenced by increased staining for 
cleaved caspase-3 (Figure 9C).

Our findings that Hunk downregulation resulted in increased 
nuclear p27 and increased apoptosis in BT474 cells expressing 
Hunk shRNAs led us to predict that these cells would exhibit 

impaired tumor growth. Therefore, we injected BT474 cells 
expressing control or Hunk shRNAs into the mammary fat pads 
of nu/nu mice and monitored them for tumor formation. As pre-
dicted, Hunk knockdown cells exhibited impaired tumor growth, 
as BT474 cells expressing a control shRNA grew at a rate that was 
6-fold higher than BT474 cells expressing an shRNA targeted 
against Hunk (Figure 9D). Taken together, our results demon-
strate that Hunk plays a similar role in regulating p27 levels, p27 
nuclear accumulation, apoptosis, and tumor growth in human 
and mouse HER2/neu-transformed breast cancer cells.

Discussion
Consistent with its role as a dominant oncogenic pathway in 
human breast cancer, amplification and overexpression of HER2/
neu is associated with aggressive tumor behavior and poor prog-
nosis (15–18), and therapeutic agents that target HER2/neu, such 
as trastuzumab, are effective in treating this subset of breast can-
cer patients (19–25). Unfortunately, many breast cancer patients 
with HER2/neu overexpression do not respond to trastuzumab 
therapy, and the vast majority of those who do respond to this 
agent ultimately develop resistance (26). Mechanisms for resis-
tance include molecular alterations in HER2/neu, alterations 
in the regulation of downstream signaling components, and 
crosstalk with other pathways that can compensate for attenu-
ated HER2/neu signaling. Accordingly, approaches to overcom-
ing trastuzumab resistance have focused on targeting alternate 
HER2/neu epitopes and on the combined inhibition of multiple 
signaling components that either influence HER2/neu signal-
ing or are downstream of HER2/neu (26). The success of these 
approaches, however, will require elucidating the full complement 
of signaling pathways downstream of HER2/neu as well as the 
mechanisms by which this potent oncogene drives the aggressive 
behavior of human breast cancers.

Figure 9
Hunk inhibits tumor formation of human breast cancer cells by modulating p27 localization and cell survival. (A) Western blot analysis of Hunk 
protein levels in BT474 cells expressing a control shRNA or shRNA directed against Hunk. (B) Immunofluorescence for p27 in BT474 cells 
expressing control shRNA or Hunk shRNA. *P < 0.01. Data represent mean ± SEM. (C) Immunofluorescence for cleaved caspase-3 in BT474 
cells expressing control shRNA or Hunk shRNA. *P < 0.05. Data represent mean ± SEM. Original magnification, ×200. (D) Average tumor volume 
was calculated 7 weeks after injection of BT474 cells expressing control shRNA or Hunk shRNA. *P < 0.05. Data represent mean ± SEM.
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Our observations that Hunk is preferentially expressed in 
HER2/neu-induced mouse mammary tumor cell lines, that 
Hunk is overexpressed in HER2/neu-positive human breast can-
cers, that HER2/neu activation rapidly upregulates Hunk in vivo 
and in vitro, and that HER2/neu downregulation or inhibition 
results in rapid Hunk downregulation, led us to hypothesize that 
Hunk is a downstream effector of HER2/neu-induced mammary 
tumorigenesis. To test this hypothesis, we bred Hunk-deficient 
mice to transgenic mice that activate HER2/neu in the mam-
mary epithelium. In both constitutive and inducible transgenic 
mouse models for mammary-specific HER2/neu activation, mice 
bearing targeted deletions in Hunk displayed decreased tumor 
incidence, increased tumor latency, and decreased tumor mul-
tiplicity. Furthermore, knockdown of Hunk expression in both 
mouse and human HER2/neu-transformed cell lines, as well as 
overexpression of a kinase-dead allele of Hunk in cells expressing 
wild-type Hunk, impaired orthotopic tumor formation follow-
ing transplantation in mice. Conversely, the growth of tumors 
derived from Hunk-deficient MMTV-neu cell lines was rescued 
by reconstitution with wild-type, but not kinase-dead, Hunk. In 
aggregate, these findings demonstrate that Hunk expression and 
kinase activity are required for maintenance of the tumorigenic 
phenotype in HER2/neu-transformed mammary tumor cells, 
and that Hunk-deficient tumor cells exhibit a cell-intrinsic defect 
in tumor growth. Our results identify Hunk as an essential effec-
tor of the HER2/neu oncogenic pathway in breast cancer and 
suggest that pharmacologic inhibition of Hunk may represent 
a clinically useful approach to the treatment of this aggressive 
subtype of human breast cancers.

Notably, mammary tumors arising in Hunk-deficient MMTV-neu 
mice exhibit markedly elevated rates of apoptosis, as do orthotopic 
tumors formed from SMF cells or HER2/neu-amplified BT474 
human breast cancer cells in which Hunk expression has been 
knocked down. Taken together, findings in 5 model systems —  
MMTV-neu mice, MMTV-rtTA;TetO-neu mice, SMF cells, HER2/neu-
transformed HC11 cells, and HER2/neu-amplified human BT474 
breast cancer cells — support a model in which Hunk is required 
to mediate the pro-survival effects of HER2/neu in mammary epi-
thelial cells in vivo.

It has previously been shown that EGFR-expressing HER2-ampli-
fied breast cancer cell lines, such as BT474, are sensitive to EGFR 
inhibition by gefitinib (30). This suggests that combined EGFR/
HER2-targeted inhibition may be highly effective. Our observa-
tions that EGF treatment upregulates Hunk in BT474 cells and 
that EGFR inhibition downregulates Hunk suggests that HER2 
heterodimerization with EGFR or EGFR homodimerization may 
contribute to Hunk regulation. As such, our results suggest that 
Hunk inhibition may be useful in treating HER2-amplified breast 
cancers, especially those expressing EGFR.

HER2/neu signaling activates multiple downstream pathways, 
several of which have been shown to be required for HER2/neu-
induced mammary tumorigenesis (54, 59–76). Of particular 
relevance, crossing MMTV-neu mice into a p27kip1-deficient back-
ground revealed a dual role for p27 in HER2/neu-induced mam-
mary tumorigenesis in vivo. Consistent with its established role 
as a tumor suppressor, loss of one allele of p27 accelerated tumori-
genesis (40). In contrast, loss of both alleles delayed tumor forma-
tion due to the essential role of p27 in cell cycle progression, a 
finding that is consistent with observations that p27 is frequently 
downregulated, but rarely lost outright, in human cancers (40, 

55, 77). Consistent with a requirement for p27 downregulation in 
HER2/neu tumorigenesis, inhibition of HER2 with targeted ther-
apies results in an increase in the stability and nuclear localization 
of p27, ultimately resulting in cell death (30, 42, 43). Conversely, 
reduction of p27 levels in breast cancer cells in vitro confers resis-
tance to chemotherapeutic agents, and low p27 expression is 
associated with poor response to anti-estrogen therapy in breast 
cancer patients (52, 53).

We attribute the increase in apoptosis induced by downregula-
tion or loss of Hunk in HER2/neu-transformed tumor cells to 
the fact that Hunk downregulation results in increased levels 
and nuclear accumulation of p27, as well as increased levels of 
serine 10–phosphorylated p27. Serine 10 phosphorylation of p27 
in early G1 results in dissociation of p27 from cyclin E1/Cdk2 
complexes and facilitates CRM1-dependent nuclear export and 
degradation of p27 (78–82). Conversely, stabilization of p27, 
phosphorylation of p27 on serine 10, and nuclear accumulation 
of p27 in breast cancer cells is strongly associated with apopto-
sis, particularly in the context of HER2/neu inhibition (44, 49, 
56, 57). In aggregate, our observations suggest that the require-
ment for Hunk in HER2/neu-induced tumorigenesis, as well as 
the survival of HER2/neu-transformed cells, is due at least in part 
to the role of Hunk in mediating the negative regulatory effects 
of HER2/neu on p27.

Our previous finding that elevated Hunk expression is associ-
ated with lymph node–positive breast cancers in women suggested 
the possibility that Hunk may play a role in breast cancer progres-
sion (14). Consistent with this, we found that targeted deletion 
of Hunk in mice markedly impairs the metastasis, migration, 
and invasion of c-myc–induced mammary tumors (8). Moreover, 
similar to our observations in MMTV-neu mammary tumor cells, 
Hunk kinase activity was required for these effects. However, in 
contrast to our observations regarding the role of Hunk in HER2/
neu-induced primary tumorigenesis, Hunk deletion did not impair 
primary tumorigenesis in MMTV-c-myc mice. Consistent with this 
oncogene-specific effect, Hunk expression was upregulated in 
HER2/neu–transformed, but not c-myc–transformed, mammary 
tumor cell lines. Taken together, our findings suggest that Hunk 
may have a context-dependent and oncogene-specific role in breast 
cancer. In this regard, substantial differences exist in the histopa-
thology of c-myc– and HER2/neu-induced mouse models of breast 
cancer. Specifically, while the majority of HER2/neu-induced 
tumors are categorized as luminal, gene expression profiling has 
revealed that myc-induced tumors fall into both basal and luminal 
subtypes (83–86). As such, additional studies will be required to 
fully elucidate the mechanisms underlying the oncogene- and cell 
type–specific effects of Hunk on cancer progression.

In this regard, in contrast to our genetic and biochemical 
evidence for pro-tumorigenic effects of Hunk in HER2/neu-
induced tumorigenesis and pro-metastatic effect of Hunk in c-
myc–induced mammary tumorigenesis, it has recently been sug-
gested by Mak and colleagues that Hunk might play an opposing 
role in basal-like human breast cancers, wherein Hunk overex-
pression may suppress metastatic potential (87). While the find-
ings of that study are formally consistent with the possibility 
that the role of Hunk in metastasis may be cell type specific, it is 
important to note that their study focused primarily on in vitro 
systems in which Hunk was exogenously overexpressed in cell 
lines that do not otherwise express Hunk. As such, the interpre-
tation and conclusions from these studies must be considered 
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carefully. In particular, whether this represents a bona fide find-
ing or is instead an artifact of overexpression will await future 
genetic studies with appropriate animal models.

Finally, the successful clinical application of targeted protein 
kinase inhibitors, such as imatinib, erlotinib, and trastuzumab, for 
the treatment of human malignancies reflects the key roles that 
protein kinases frequently play in the pathogenesis of human can-
cer. These and other observations have generated intense interest 
in developing a broad spectrum of targeted therapeutics capable of 
specifically inhibiting individual kinases (21, 88–92). Ultimately, 
elucidating the broad range of molecular alterations that occur 
during breast cancer progression will facilitate targeting of the 
multiple synergistic pathways that contribute to neoplastic pro-
gression and enhance the development of therapeutic agents tai-
lored against the more aggressive forms of this disease.

Methods
Cell culture. Cell lines were grown at 37°C in 5% CO2 as previously 
described (2, 93). HC11 cells were maintained in RPMI media (Gibco) 
supplemented with 10% Super Calf Serum (SCS; Gemini Bio Products), 
5 μg/ml insulin (Sigma-Aldrich), 10 ng/ml EGF (Sigma-Aldrich), 200 nM  
glutamine (Gibco), and penicillin/streptomycin. SMF cells were main-
tained in DMEM (MediaTech), 10% FBS (Sigma-Aldrich), 5 μg/ml insu-
lin, 200 nM glutamine, and penicillin/streptomycin. NMuMG cells were 
maintained in DMEM, 10% SCS, 200 nM glutamine, and penicillin/strep-
tomycin. NAF cells were maintained in DMEM (MediaTech), 10% FBS 
(Gibco), 200 nM glutamine (Gibco), and penicillin/streptomycin. BT474 
cells were maintained in RPMI media (Gibco) supplemented with 10% 
FBS, 200 nM glutamine, and penicillin/streptomycin. Lapatinib was 
purchased from Life-Sciences (via B-Bridge International). Gefitinib was 
purchased from LC International.

Animal and tissue preparation. Animal care and all animal experiments 
were performed with the approval of, and in accordance with guidelines 
of the University of Pennsylvania IACUC. Mice were housed under bar-
rier conditions with 12-hour light/12-hour dark cycles. For histological 
analysis, tumors were fixed in 4% paraformaldehyde overnight, followed 
by incubation in 70% ethanol before paraffin embedding. The resulting 
paraffin sections were used for staining with hematoxylin and eosin or 
analysis by immunofluorescence.

Tumorigenesis assay. Hunk-deficient mice were crossed to MMTV-neu 
mice or MMTV-rtTA (MTB) and TetO-neu (TAN) mice. MMTV-neu female 
mice of each Hunk genotype were monitored twice weekly for mammary 
tumors. MTB/TAN female mice of each Hunk genotype were administered 
doxycycline in their drinking water beginning at 6 weeks of age and were 
monitored for tumor formation twice weekly. Mice possessing tumors with 
a maximum diameter of 20 mm were sacrificed. Resulting tumors and 
organs were examined at necropsy and harvested for further experimenta-
tion. Tumor multiplicity was calculated as the average number of tumors 
per animal visualized macroscopically at necropsy.

Orthotopic tumor assay. For mouse-derived cell lines, 2.5 × 105 cells were 
injected into the inguinal mammary fat pad of nu/nu mice. For human-
derived cell lines, 4 × 106 cells were injected into the inguinal mammary 
fat pad of nu/nu mice. Animals were monitored for tumor formation every  
2 days. Once tumors were detected, measurements were obtained twice 
weekly. Mean tumor growth and tumor volume was calculated as previ-
ously described (94, 95). Mice possessing tumors with a maximum diam-
eter of 20 mm were sacrificed and tumors harvested for analysis.

Retrovirus production and infection. Oligonucleotides for shRNAs tar-
geting Hunk were designed using RNAi central (http://katahdin.cshl.
org/siRNA/RNAi.cgi?type=shRNA). The following sequences were 

used: Hunk shRNA 1: TGCTGTTGACAGTGAGCGCAGAACCT-
GCCTTCTCA CAAACTAGTGAAGCCACAGATGTAGTTTGTGAGA-
AGGCAGGTTCTTTGCCTACTGCCTCGGA; Hunk shRNA 2: TGCT-
GTTGACAGTGAGCGCTGCTACTAGATGAAGACAATATAGTGAAGC 
CACAGATGTATATTGTCTTCATCTAGTAGCAATGCCTACTGCCTCG-
GA; HUNK shRNA: TGCTGTTGACAGTGAGCGAATAGAGAATTTGC-
TACTAGATTAGTGAAGCCACAGATGTAATCTAGTAGCAAATTCTC-
TATCTGCCTACTGCCTCGGA.

Oligonucleotides were cloned into pGIPZ or LMP vectors (a gift from 
S. Lowe, Cold Spring Harbor Laboratory, New York, USA) as previously 
described (96). Retroviral vectors expressing wild-type Hunk or Hunk 
K91M and retroviral supernatants were generated as described (14). 
HER2 (Addgene plasmid 16257) was subcloned to the PK1 retroviral 
vector (a gift from Warren Pear, University of Pennsylvania, Philadel-
phia, Pennsylvania, USA).

Immunoblotting and immunoprecipitation. Protein lysates were prepared by 
homogenizing tumors or cell lines in lysis buffer (50 mM Tris-HCl, pH 7.9;  
150 mM NaCl; 1% Triton X-100) supplemented with 1 tablet of Complete 
protease inhibitors (Roche) per 20 ml buffer, 1 mM glycerol β-phosphate, 
and 0.1 M NaF. For immunoprecipitation assays, cell lysates were incu-
bated overnight at 4°C with control IgG, HER2 antibody, or Hunk anti-
body bound to Protein A/G Sepharose mix. Beads were washed 4 times 
with lysis buffer. For Western blot analysis, membranes were probed with 
peroxidase-conjugated secondary antibodies (Jackson Laboratories) or 
Alexa-Fluor antibody (Molecular Probes). Bound antibodies were detected 
with an enhanced chemiluminescent system (ECL; Amersham) or using 
the Odyssey detection system (LI-COR Biosciences). The following primary 
antibodies were used during Western blotting: anti-Hunk (14); anti-ErbB2 
(Cell Signaling); anti–β-tubulin (Biogenex); anti–phospho-Akt and total 
Akt (Cell Signaling), anti–phospho-Erk1/2 and total Erk1/2 (Cell Signal-
ing), and anti-p27 (Cell Signaling).

RNA isolation and QRT-PCR. RNA from tumors was prepared by homog-
enization of snap-frozen tissue samples or tissue culture cells in guani-
dinium isothiocyanate supplemented with 7 μl/ml 2-mercaptoethanol fol-
lowed by ultracentrifugation through cesium chloride as described (97, 98).  
Poly(A)+ RNA was selected using oligo(dT) cellulose (Pharmacia), separated 
on a 0.7% LE agarose gel, and passively transferred to a Gene Screen mem-
brane (NEN). Northern hybridization was performed as described using a 
32P-labeled cDNA probe encompassing nucleotides 1,149 to 3,849 of Hunk 
generated by random-primed labeling (Roche) (98). Hybridization was per-
formed at a concentration of 106 cpm/ml in 48% formamide, 10% dextran 
sulfate, 4.8× SSC, 20 mM Tris (pH 7.5), 1× Denhart’s solution, 20 μg/ml 
salmon sperm DNA, and 0.1% SDS at 42°C overnight. Following hybrid-
ization, blots were washed twice in 2× SSC/0.1% SDS at room temperature 
for 30 minutes, followed by 2 washes in 0.2× SSC/0.1% SDS at 50°C for  
20 minutes, and subject to autoradiography (Kodak XAR-5).

RNA from cells was isolated using RNeasy RNA isolation kit (Qiagen) 
according to the manufacturer’s protocol. Reverse transcription was per-
formed using the Advantage cDNA High Capacity Reverse Transcriptase Kit 
(Applied Biosystems) according to the manufacturer’s protocol. Briefly, 2 μg 
of total RNA were incubated with the provided buffers consisting of dNTPs, 
random primers, RT, and RNase inhibitor and subjected to incubation at 
25°C for 10 minutes, 37°C for 120 minutes, and 85°C for 5 seconds. The 
resulting cDNA was used to perform QRT-PCR on the Applied Biosystems 
7900 HT Fast Real-Time PCR system using 6-carboxyfluorescein–labeled 
Taqman probes (Applied Biosystems) specific for Hunk, neu, and TBP.

Immunofluorescence. Immunofluorescence staining of paraffin sections was 
performed by preparing tumor sections using a standard xylene-based de-wax-
ing procedure. Sections were subjected to antigen retrieval in the 2100 Retriev-
er (Electron Microscopy Sciences) prior to blocking in 3% BSA, 10% normal 
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goat serum, and PBS. Primary antibodies were incubated in blocking buffer 
overnight at 4°C with shaking. Secondary Alexa Fluor–conjugated (Molecular 
Probes) antibodies were incubated in 3% BSA and PBS, followed by Hoechst 
staining to visualize nuclei. Primary antibodies consisted of anti-Ki67 (Leica), 
anti–cleaved caspase-3 (Cell Signaling), and anti-p27 (BD Biosciences).

Acknowledgments
This work was supported by grants from the National Cancer Insti-
tute, including R01 CA127917, R01 CA098371, UO1 CA105490, 
and F32 CA130313 (to E.S. Yeh); and from the Department of 
Defense Breast Cancer Research Program, including W81XWH-

05-1-0405 and W81XWH-08-1-0307 (to E.S. Yeh), as well as other 
NCI, DOD, and foundation research grants.

Received for publication March 10, 2010, and accepted in revised 
form December 29, 2010.

Address correspondence to: Lewis A. Chodosh, 612 BRB II/III, 
421 Curie Boulevard, University of Pennsylvania School of 
Medicine, Philadelphia, Pennsylvania 19104-6160, USA. Phone: 
215.898.1321; Fax: 215.573.6725; E-mail: chodosh@mail.med.
upenn.edu.

 1. Parkin DM, Bray F, Ferlay J, Pisani P. Global cancer 
statistics, 2002. CA Cancer J Clin. 2005;55(2):74–108.

 2. Gardner HP, et al. Cloning and characterization of 
Hunk, a novel mammalian SNF1-related protein 
kinase. Genomics. 2000;63(1):46–59.

 3. Gardner HP, et al. Developmental role of the 
SNF1-related kinase Hunk in pregnancy-induced 
changes in the mammary gland. Development. 
2000;127(20):4493–4509.

 4. Chodosh LA, Gardner HP, Rajan JV, Stairs DB, 
Marquis ST, Leder PA. Protein kinase expression 
during murine mammary development. Dev Biol. 
2000;219(2):259–276.

 5. Kahn BB, Alquier T, Carling D, Hardie DG. AMP-
activated protein kinase: ancient energy gauge pro-
vides clues to modern understanding of metabolism.  
Cell Metab. 2005;1(1):15–25.

 6. Hahn-Windgassen A, Nogueira V, Chen CC, Skeen 
JE, Sonenberg N, Hay N. Akt activates the mam-
malian target of rapamycin by regulating cellular 
ATP level and AMPK activity. J Biol Chem. 2005; 
280(37):32081–32089.

 7. Jones RG, et al. AMP-activated protein kinase 
induces a p53-dependent metabolic checkpoint. 
Mol Cell. 2005;18(3):283–293.

 8. Shaw RJ, et al. The tumor suppressor LKB1 kinase 
directly activates AMP-activated kinase and regu-
lates apoptosis in response to energy stress. Proc 
Natl Acad Sci U S A. 2004;101(10):3329–3335.

 9. Muller J, Ory S, Copeland T, Piwnica-Worms H, 
Morrison DK. C-TAK1 regulates Ras signaling by 
phosphorylating the MAPK scaffold, KSR1. Mol 
Cell. 2001;8(5):983–993.

 10. Parsa I. Loss of a Mr 78,000 marker in chemi-
cally induced transplantable carcinomas and pri-
mary carcinoma of human pancreas. Cancer Res. 
1988;48(8):2265–2272.

 11. Lefebvre DL, Rosen CF. Regulation of SNARK activ-
ity in response to cellular stresses. Biochim Biophys  
Acta. 2005;1724(1–2):71–85.

 12. Kusakai G, Suzuki A, Ogura T, Kaminishi M, 
Esumi H. Strong association of ARK5 with tumor 
invasion and metastasis. J Exp Clin Cancer Res. 2004; 
23(2):263–268.

 13. Suzuki A, Lu J, Kusakai G, Kishimoto A, Ogura 
T, Esumi H. ARK5 is a tumor invasion-associated 
factor downstream of Akt signaling. Mol Cell Biol. 
2004;24(8):3526–3535.

 14. Wertheim GB, et al. The Snf1-related kinase, Hunk, 
is essential for mammary tumor metastasis. Proc 
Natl Acad Sci U S A. 2009;106(37):15855–15860.

 15. Slamon DJ, Clark GM, Wong SG, Levin WJ, Ullrich 
A, McGuire WL. Human breast cancer: correlation of 
relapse and survival with amplification of the HER-
2/neu oncogene. Science. 1987;235(4785):177–182.

 16. Slamon DJ, et al. Studies of the HER-2/neu proto-
oncogene in human breast and ovarian cancer. Science.  
1989;244(4905):707–712.

 17. Slamon DJ. Studies of the HER-2/neu proto-onco-
gene in human breast cancer. Cancer Invest. 1990; 
8(2):253.

 18. Klijn J, Berns E, Foekens J. Prognostic factors and 
response to therapy in breast cancer. In: Fentiman 

I, Taylor-Papadimitriou J, eds. Breast Cancer. Cold 
Spring Harbor, New York, USA: Cold Spring Har-
bor Laboratory Press; 1993:165–198.

 19. Pegram MD, Konecny G, Slamon DJ. The molecular 
and cellular biology of HER2/neu gene amplifica-
tion/overexpression and the clinical development of 
herceptin (trastuzumab) therapy for breast cancer.  
Cancer Treat Res. 2000;103:57–75.

 20. Stebbing J, Copson E, O’Reilly S. Herceptin (trastu-
zamab) in advanced breast cancer. Cancer Treat Rev. 
2000;26(4):287–290.

 21. Hortobagyi GN. Overview of treatment results 
with trastuzumab (Herceptin) in metastatic breast 
cancer. Semin Oncol. 2001;28(6 suppl 18):43–47.

 22. Wang SC, Zhang L, Hortobagyi GN, Hung MC. 
Targeting HER2: recent developments and future 
directions for breast cancer patients. Semin Oncol. 
2001;28(6 suppl 18):21–29.

 23. Vogel CL, et al. Efficacy and safety of trastuzumab 
as a single agent in first-line treatment of HER2-
overexpressing metastatic breast cancer. J Clin 
Oncol. 2002;20(3):719–726.

 24. Di Leo A, et al. Phase III, double-blind, randomized 
study comparing lapatinib plus paclitaxel with place-
bo plus paclitaxel as first-line treatment for metastatic 
breast cancer. J Clin Oncol. 2008;26(34):5544–5552.

 25. Gomez HL, et al. Efficacy and safety of lapatinib 
as first-line therapy for ErbB2-amplified locally 
advanced or metastatic breast cancer. J Clin Oncol. 
2008;26(18):2999–3005.

 26. Pegram M. Can we circumvent resistance to ErbB2-
targeted agents by targeting novel pathways? Clin 
Breast Cancer. 2008;8 suppl 3:S121–S130.

 27. Gunther EJ, et al. A novel doxycycline-inducible sys-
tem for the transgenic analysis of mammary gland 
biology. FASEB J. 2002;16(3):283–292.

 28. Moody SE, et al. The transcriptional repressor Snail 
promotes mammary tumor recurrence. Cancer Cell. 
2005;8(3):197–209.

 29. Moody SE, et al. Conditional activation of Neu 
in the mammary epithelium of transgenic mice 
results in reversible pulmonary metastasis. Cancer 
Cell. 2002;2(6):451–461.

 30. Moulder SL, Yakes FM, Muthuswamy SK, Bianco R, 
Simpson JF, Arteaga CL. Epidermal growth factor 
receptor (HER1) tyrosine kinase inhibitor ZD1839 
(Iressa) inhibits HER2/neu (erbB2)-overexpressing 
breast cancer cells in vitro and in vivo. Cancer Res. 
2001;61(24):8887–8895.

 31. Korobko EV, Kiselev SL, Korobko IV. Subcellular local-
ization of MAK-V/Hunk protein kinase expressed in 
COS-1 cells. Cell Biol Int. 2004;28(1):49–56.

 32. Carrera AC, Alexandrov K, Roberts TM. The con-
served lysine of the catalytic domain of protein 
kinases is actively involved in the phosphotransfer 
reaction and not required for anchoring ATP. Proc 
Natl Acad Sci U S A. 1993;90(2):442–446.

 33. Hanks SK, Hunter T. Protein kinases 6. The eukary-
otic protein kinase superfamily: kinase (catalytic) 
domain structure and classification. FASEB J. 
1995;9(8):576–596.

 34. Mendelsohn J, Baselga J. The EGF receptor fam-
ily as targets for cancer therapy. Oncogene. 2000; 

19(56):6550–6565.
 35. Polyak K, et al. Cloning of p27Kip1, a cyclin-

dependent kinase inhibitor and a potential media-
tor of extracellular antimitogenic signals. Cell. 
1994;78(1):59–66.

 36. Catzavelos C, et al. Decreased levels of the cell-cycle 
inhibitor p27Kip1 protein: prognostic implications in 
primary breast cancer. Nat Med. 1997;3(2):227–230.

 37. Fero ML, Randel E, Gurley KE, Roberts JM, Kemp 
CJ. The murine gene p27Kip1 is haplo-insuf-
ficient for tumour suppression. Nature. 1998; 
396(6707):177–180.

 38. Newman L, et al. Correlation of p27 protein expres-
sion with HER-2/neu expression in breast cancer. 
Mol Carcinog. 2001;30(3):169–175.

 39. Spataro VJ, et al. Decreased immunoreactivity for 
p27 protein in patients with early-stage breast carci-
noma is correlated with HER-2/neu overexpression 
and with benefit from one course of perioperative 
chemotherapy in patients with negative lymph node 
status: results from International Breast Cancer 
Study Group Trial V. Cancer. 2003;97(7):1591–1600.

 40. Philipp-Staheli J, Payne SR, Kemp CJ. p27(Kip1): 
regulation and function of a haploinsufficient 
tumor suppressor and its misregulation in cancer. 
Exp Cell Res. 2001;264(1):148–168.

 41. Yang HY, Zhou BP, Hung MC, Lee MH. Oncogenic 
signals of HER-2/neu in regulating the stability of 
the cyclin-dependent kinase inhibitor p27. J Biol 
Chem. 2000;275(32):24735–24739.

 42. Lane HA, Beuvink I, Motoyama AB, Daly JM, Neve 
RM, Hynes NE. ErbB2 potentiates breast tumor 
proliferation through modulation of p27(Kip1)-
Cdk2 complex formation: receptor overexpression 
does not determine growth dependency. Mol Cell 
Biol. 2000;20(9):3210–3223.

 43. Lenferink AE, Busse D, Flanagan WM, Yakes FM, 
Arteaga CL. ErbB2/neu kinase modulates cellular 
p27(Kip1) and cyclin D1 through multiple signal-
ing pathways. Cancer Res. 2001;61(17):6583–6591.

 44. Le XF, et al. The role of cyclin-dependent kinase 
inhibitor p27Kip1 in anti-HER2 antibody-induced 
G1 cell cycle arrest and tumor growth inhibition.  
J Biol Chem. 2003;278(26):23441–23450.

 45. Le XF, Pruefer F, Bast RC Jr. HER2-targeting anti-
bodies modulate the cyclin-dependent kinase 
inhibitor p27Kip1 via multiple signaling pathways. 
Cell Cycle. 2005;4(1):87–95.

 46. Marches R, Uhr JW. Enhancement of the p27Kip1-
mediated antiproliferative effect of trastuzumab 
(Herceptin) on HER2-overexpressing tumor cells. 
Int J Cancer. 2004;112(3):492–501.

 47. Yakes FM, Chinratanalab W, Ritter CA, King W, 
Seelig S, Arteaga CL. Herceptin-induced inhibi-
tion of phosphatidylinositol-3 kinase and Akt 
Is required for antibody-mediated effects on 
p27, cyclin D1, and antitumor action. Cancer Res. 
2002;62(14):4132–4141.

 48. Fujieda S, et al. Expression of p27 is associated 
with Bax expression and spontaneous apoptosis 
in oral and oropharyngeal carcinoma. Int J Cancer. 
1999;84(3):315–320.

 49. Li J, et al. Overexpression of p27(KIP1) induced cell 



research article

	 The	Journal	of	Clinical	Investigation   http://www.jci.org   Volume 121   Number 3   March 2011 879

cycle arrest in G(1) phase and subsequent apop-
tosis in HCC-9204 cell line. World J Gastroenterol. 
2000;6(4):513–521.

 50. Muraoka RS, et al. ErbB2/Neu-induced, cyclin 
D1-dependent transformation is accelerated 
in p27-haploinsufficient mammary epithelial 
cells but impaired in p27-null cells. Mol Cell Biol. 
2002;22(7):2204–2219.

 51. werthYang HY, Shao R, Hung MC, Lee MH. p27 
Kip1 inhibits HER2/neu-mediated cell growth and 
tumorigenesis. Oncogene. 2001;20(28):3695–3702.

 52. Pohl G, et al. High p27Kip1 expression predicts 
superior relapse-free and overall survival for pre-
menopausal women with early-stage breast cancer 
receiving adjuvant treatment with tamoxifen plus 
goserelin. J Clin Oncol. 2003;21(19):3594–3600.

 53. Cariou S, Donovan JC, Flanagan WM, Milic A, Bhat-
tacharya N, Slingerland JM. Down-regulation of 
p21WAF1/CIP1 or p27Kip1 abrogates antiestrogen-
mediated cell cycle arrest in human breast cancer 
cells. Proc Natl Acad Sci U S A. 2000;97(16):9042–9046.

 54. Hulit J, Lee RJ, Russell RG, Pestell RG. ErbB-2-
induced mammary tumor growth: the role of 
cyclin D1 and p27Kip1. Biochem Pharmacol. 2002; 
64(5–6):827–836.

 55. Slingerland J, Pagano M. Regulation of the cdk 
inhibitor p27 and its deregulation in cancer. J Cell 
Physiol. 2000;183(1):10–17.

 56. Wu FY, et al. Reduction of cytosolic p27(Kip1) 
inhibits cancer cell motility, survival, and tumori-
genicity. Cancer Res. 2006;66(4):2162–2172.

 57. Yang W, et al. Repression of transcription of the 
p27(Kip1) cyclin-dependent kinase inhibitor gene 
by c-Myc. Oncogene. 2001;20(14):1688–1702.

 58. Chen J, Xia D, Luo JD, Wang P. Exogenous p27KIP1 
expression induces anti-tumour effects and inhib-
its the EGFR/PI3K/Akt signalling pathway in PC3 
cells. Asian J Androl. 2009;11(6):669–677.

 59. Landis MW, Pawlyk BS, Li T, Sicinski P, Hinds PW. 
Cyclin D1-dependent kinase activity in murine 
development and mammary tumorigenesis. Cancer 
Cell. 2006;9(1):13–22.

 60. Bentires-Alj M, et al. A role for the scaffolding 
adapter GAB2 in breast cancer. Nat Med. 2006; 
12(1):114–121.

 61. Brantley-Sieders DM, et al. The receptor tyrosine 
kinase EphA2 promotes mammary adenocarci-
noma tumorigenesis and metastatic progression 
in mice by amplifying ErbB2 signaling. J Clin Invest. 
2008;118(1):64–78.

 62. Bulavin DV, et al. Inactivation of the Wip1 
phosphatase inhibits mammary tumorigenesis 
through p38 MAPK-mediated activation of the 
p16(Ink4a)-p19(Arf) pathway. Nat Genet. 2004; 
36(4):343–350.

 63. Cabodi S, et al. p130Cas as a new regulator of mam-
mary epithelial cell proliferation, survival, and HER2-
neu oncogene-dependent breast tumorigenesis.  
Cancer Res. 2006;66(9):4672–4680.

 64. Cao Y, Luo JL, Karin M. IkappaB kinase alpha kinase 
activity is required for self-renewal of ErbB2/Her2-
transformed mammary tumor-initiating cells. Proc 
Natl Acad Sci U S A. 2007;104(40):15852–15857.

 65. D’Amico M, et al. The role of Ink4a/Arf in ErbB2 
mammary gland tumorigenesis. Cancer Res. 2003; 
63(12):3395–3402.

 66. Ke Y, et al. Role of Gab2 in mammary tumorigenesis 

and metastasis. Oncogene. 2007;26(34):4951–4960.
 67. Li B, Rosen JM, McMenamin-Balano J, Muller WJ, 

Perkins AS. neu/ERBB2 cooperates with p53-172H 
during mammary tumorigenesis in transgenic 
mice. Mol Cell Biol. 1997;17(6):3155–3163.

 68. Maroulakou IG, Oemler W, Naber SP, Tsichlis 
PN. Akt1 ablation inhibits, whereas Akt2 abla-
tion accelerates, the development of mammary 
adenocarcinomas in mouse mammary tumor virus 
(MMTV)-ErbB2/neu and MMTV-polyoma middle 
T transgenic mice. Cancer Res. 2007;67(1):167–177.

 69. Muller WJ, et al. Synergistic interaction of the Neu 
proto-oncogene product and transforming growth 
factor alpha in the mammary epithelium of trans-
genic mice. Mol Cell Biol. 1996;16(10):5726–5736.

 70. Muraoka RS, et al. Increased malignancy of Neu-
induced mammary tumors overexpressing active 
transforming growth factor beta1. Mol Cell Biol. 
2003;23(23):8691–8703.

 71. Muraoka RS, et al. Blockade of TGF-beta inhib-
its mammary tumor cell viability, migration, and 
metastases. J Clin Invest. 2002;109(12):1551–1559.

 72. Muraoka-Cook RS, et al. Activated type I TGFbeta 
receptor kinase enhances the survival of mammary 
epithelial cells and accelerates tumor progression. 
Oncogene. 2006;25(24):3408–3423.

 73. Ray D, et al. Hemizygous disruption of Cdc25A 
inhibits cellular transformation and mam-
mary tumorigenesis in mice. Cancer Res. 2007; 
67(14):6605–6611.

 74. Yu Q, Geng Y, Sicinski P. Specific protection 
against breast cancers by cyclin D1 ablation. Nature. 
2001;411(6841):1017–1021.

 75. Gillgrass A, Cardiff RD, Sharan N, Kannan S, Mull-
er WJ. Epidermal growth factor receptor-dependent 
activation of Gab1 is involved in ErbB-2-mediated 
mammary tumor progression. Oncogene. 2003; 
22(57):9151–9155.

 76. Dourdin N, et al. Phosphatase and tensin homo-
logue deleted on chromosome 10 deficiency 
accelerates tumor induction in a mouse model of 
ErbB-2 mammary tumorigenesis. Cancer Res. 2008; 
68(7):2122–2131.

 77. Muraoka RS, et al. Cyclin-dependent kinase 
inhibitor p27(Kip1) is required for mouse mam-
mary gland morphogenesis and function. J Cell Biol. 
2001;153(5):917–932.

 78. Besson A, Gurian-West M, Chen X, Kelly-Spratt 
KS, Kemp CJ, Roberts JM. A pathway in quiescent 
cells that controls p27Kip1 stability, subcellular 
localization, and tumor suppression. Genes Dev. 
2006;20(1):47–64.

 79. Connor MK, et al. CRM1/Ran-mediated nuclear 
export of p27(Kip1) involves a nuclear export sig-
nal and links p27 export and proteolysis. Mol Biol 
Cell. 2003;14(1):201–213.

 80. Ishida N, Hara T, Kamura T, Yoshida M, 
Nakayama K, Nakayama KI. Phosphorylation of 
p27Kip1 on serine 10 is required for its binding 
to CRM1 and nuclear export. J Biol Chem. 2002; 
277(17):14355–14358.

 81. Ishida N, Kitagawa M, Hatakeyama S, Nakayama 
K. Phosphorylation at serine 10, a major phos-
phorylation site of p27(Kip1), increases its protein 
stability. J Biol Chem. 2000;275(33):25146–25154.

 82. Kotake Y, Nakayama K, Ishida N, Nakayama KI. 
Role of serine 10 phosphorylation in p27 sta-

bilization revealed by analysis of p27 knock-in 
mice harboring a serine 10 mutation. J Biol Chem. 
2005;280(2):1095–1102.

 83. Bild AH, et al. An integration of complementary 
strategies for gene-expression analysis to reveal 
novel therapeutic opportunities for breast cancer. 
Breast Cancer Res. 2009;11(4):R55.

 84. Herschkowitz JI, et al. Identification of conserved 
gene expression features between murine mam-
mary carcinoma models and human breast tumors. 
Genome Biol. 2007;8(5):R76.

 85. Chandriani S, et al. A core MYC gene expression 
signature is prominent in basal-like breast cancer 
but only partially overlaps the core serum response. 
PLoS One. 2009;4(8):e6693.

 86. Agarwal R, et al. Integrative analysis of cyclin pro-
tein levels identifies cyclin b1 as a classifier and pre-
dictor of outcomes in breast cancer. Clin Cancer Res. 
2009;15(11):3654–3662.

 87. Quintela-Fandino M, et al. HUNK suppresses 
metastasis of basal type breast cancers by disrupt-
ing the interaction between PP2A and cofilin-1. 
Proc Natl Acad Sci U S A. 2010;107(6):2622–2627.

 88. Druker BJ, et al. Activity of a specific inhibitor of 
the BCR-ABL tyrosine kinase in the blast crisis of 
chronic myeloid leukemia and acute lymphoblas-
tic leukemia with the Philadelphia chromosome.  
N Engl J Med. 2001;344(14):1038–1042.

 89. Druker BJ, et al. Efficacy and safety of a spe-
cific inhibitor of the BCR-ABL tyrosine kinase 
in chronic myeloid leukemia. N Engl J Med. 2001; 
344(14):1031–1037.

 90. Herbst RS, et al. Selective oral epidermal growth 
factor receptor tyrosine kinase inhibitor ZD1839 
is generally well-tolerated and has activity in non-
small-cell lung cancer and other solid tumors: 
results of a phase I trial. J Clin Oncol. 2002; 
20(18):3815–3825.

 91. Sliwkowski MX, Lofgren JA, Lewis GD, Hotaling 
TE, Fendly BM, Fox JA. Nonclinical studies address-
ing the mechanism of action of trastuzumab (Her-
ceptin). Semin Oncol. 1999;26(4 suppl 12):60–70.

 92. Clynes RA, Towers TL, Presta LG, Ravetch JV. Inhibi-
tory Fc receptors modulate in vivo cytoxicity against 
tumor targets. Nat Med. 2000;6(4):443–446.

 93. Morrison BW, Leder P. neu and ras initiate murine 
mammary tumors that share genetic markers gen-
erally absent in c-myc and int-2-initiated tumors. 
Oncogene. 1994;9(12):3417–3426.

 94. Kohl NE, et al. Inhibition of farnesyltransferase 
induces regression of mammary and salivary car-
cinomas in ras transgenic mice. Nat Med. 1995; 
1(8):792–797.

 95. Minn AJ, et al. Genes that mediate breast cancer 
metastasis to lung. Nature. 2005;436(7050):518–524.

 96. Paddison PJ, et al. Cloning of short hairpin RNAs for 
gene knockdown in mammalian cells. Nat Methods.  
2004;1(2):163–167.

 97. Rajan JV, Marquis ST, Gardner HP, Chodosh 
LA. Developmental expression of Brca2 colocal-
izes with Brca1 and is associated with proliferation 
and differentiation in multiple tissues. Dev Biol. 
1997;184(2):385–401.

 98. Marquis ST, et al. The developmental pattern of 
Brca1 expression implies a role in differentiation 
of the breast and other tissues. Nat Genet. 1995; 
11(1):17–26.


