1duosnuey Joyiny Vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuepy Joyiny vd-HIN

WATI,

S

HEP\\'

NIH Public Access

Author Manuscript

Published in final edited form as:
Sci Signal. ; 2(80): ra35. doi: 10.1126/scisignal.2000369.

SIK1 couples LKB1 to p53-dependent anoikis and suppresses
metastasis

Hailing Cheng1 3, Pixu Liu®:3;" Zhlgang C. Wa7g1 5" Lihua Zou1 5" , Stephanie
Santlago1s3 Vlctorla Garbitt!-3, Ole V. G]oerug J. D|rk lglehart 1,5 AIexander Miron1:5,
Andrea L. Rlchardson1s5 W|II|am C. Hahn2-4:5, and Jean J. Zhao!-3:°

'Department of Cancer Biology, Dana-Farber Cancer Institute, Boston, Massachusetts 02115 USA

2Department of Medical Oncology, Dana-Farber Cancer Institute, Boston, Massachusetts 02115
USA

3Department of Pathology, Harvard Medical School, Boston

4Department of Medicine, Harvard Medical School, Boston

5Department of Surgery, Brigham and Women's Hospital, Boston, Massachusetts 02115 USA
6Broad Institute of Harvard and MIT, Cambridge, Massachusetts 02142 USA.

"Molecular Virology Program, University of Pittsburgh Cancer Institute, Pittsburgh, PA 15213 USA.

Abstract

Resistance to anoikis, the subtype of apoptosis triggered by lack of adhesion, contributes to malignant
transformation and the development of metastasis. Although several lines of evidence suggest that
p53 plays a critical role in anoikis, the pathway(s) that connect cell detachment to p53 remain
undefined. Here we identify the serine/threonine kinase SIK1 (salt-inducible kinase 1) as a regulator
of p53-dependent anoikis through the use of a kinome-wide loss-of-function screen. Inactivation of
SIK1 compromised p53 function in anoikis and permitted cells to grow in an anchorage-independent
manner. In vivo, SIK1 loss facilitated metastatic spread and survival of disseminated cells as
micrometastases in lungs. The presence of functional SIK1 was required for LKB1 activity in
regulating p53-dependent anoikis and suppressing anchorage-independent growth, Matrigel
invasion, and metastatic potential. In human cancers, decreased SIK1 expression closely correlated
with development of distal metastases in breast cancers from three independent cohorts. Together,
these findings indicate that SIK1 links LKB1 to p53-dependent anoikis and suppresses metastasis.

Correspondence and requests for materials should be addressed to J.J.Z (jean_zhao@dfci.harvard.edu) or W.C.H.
gﬁwilliam_hahn@dfci.harvard.edu).

These authors contributed equally to this work.
One sentence summary: SIK1 loss suppresses anoikis and promotes metastasis in the absence of primary tumors.

Editor's Summary

The tumor suppressor pS3 promotes anoikis, the apoptotic death of cells that lose adhesion and become detached from their appropriate
location, thereby suppressing cancer metastasis. Here, Cheng ef al. show that the serine/threonine kinase SIK1 (salt-inducible kinase 1)
regulates pS3-dependent anoikis. Loss of SIK1 facilitated the anchorage-independent growth of cultured cells and promoted the
development of micrometastases in the absence of primary tumors in immunodeficient mice. Moreover, decreased SIK1 expression
correlated with appearance of distal metastases in human breast cancer. The authors thus propose that SIK1, by promoting anoikis,
prevents the dissemination of precancerous cells and thereby plays a critical role in inhibiting metastasis.
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INTRODUCTION

Metastasis is the primary cause of cancer death and treatment failure in cancer patients.
Although metastasis has been considered a late event in tumor progression, recent studies
suggest that it may also occur early in the course of cancer development (1-4). One extreme
example of this involves the class of metastatic cancers with unknown primary lesions (CUP),
which are likely to result from early metastasis (5).

Adhesion-mediated signaling regulates adherent cell growth and differentiation when cells are
in the appropriate tissue context. Loss of adhesion induces anoikis, a specific type of apoptosis
that plays a key role in removing cells that have become displaced from their proper location
and in thus maintaining tissue and organ homeostasis (6-9). To successfully metastasize, cancer
cells must acquire the ability to resist anoikis and survive after detachment from their matrix
contacts (10). Various oncogenes have been implicated in rendering cells resistant to anoikis
(7), including activated phosphoinositide-3-kinase (PI3K) and its downstream effector Akt
[also known as Protein Kinase B (PKB)], activated focal adhesion kinase (FAK), and the
neurotrophin receptor TrkB (11-14).

The tumor suppressor p53 plays a central role in coordinating responses to stresses induced by
a wide array of stimuli. p53 protein in cells is maintained at basal amounts under normal
conditions. In response to genotoxic stresses, such as ultraviolet (UV) or y-irradiation, p53
abundance rises substantially and triggers either cell cycle arrest or apoptosis (15). However,
different stimuli elicit different degrees of p53 response. For example, in response to glucose
starvation, adenosine monophosphate (AMP)-activated protein kinase- (AMPK) elicits only a
moderate increase in p53 protein, which is nonetheless sufficient to elicit cell cycle arrest
(16,17).

One of the upstream regulators that activates AMPK is the kinase LKB1 (18). LKBI was
initially identified as a gene for which germ line mutations are associated with familial Peutz-
Jeghers syndrome (PJS), a condition characterized by the development of hamartomatous
polyps in the gastrointestinal tract and enhanced predisposition for tumors (19). In breast
carcinoma, loss of LKB1 protein correlates with poor outcome (20) (21). Somatic mutations
of LKB1 are frequently found in lung adenocarcinomas and squamous cell carcinomas (22).
More recently, ablation of LKBI in genetically engineered mice implicated LKB1 as a critical
barrier to pulmonary metastasis (23). LKB1 is a tumor suppressor kinase implicated in the
regulation of multiple biological pathways including those governing angiogenesis, cell cycle
arrest, cell polarity, and energy metabolism (24). Notably, LKBI1 is also the master upstream
regulator of at least 12 other AMPK-related kinases (18), suggesting that it may contribute to
tumorigenesis and metastasis through mechanisms other than AMPK regulation.

As a major apoptosis regulator, pS3 also plays a critical role in anoikis and metastasis. pS3-
dependent anoikis has been demonstrated in many cell types (8), including epithelial cells
(25-28). Inactivation of p53 promotes metastasis in a number of mouse tumor models. For
example, loss of p53 function induces metastases in PyMT- (mouse polyoma virus middle T
antigen) driven hepatocellular carcinoma (29) and in K-Ras-driven lung cancers (23).
Moreover, combined somatic loss of E-cadherin and p53, but not that of E-cadherin alone,
induces resistance to anoikis and the development of invasive skin and breast carcinomas
(30). However, the signaling pathway(s) that regulate p53-dependent anoikis and control
metastasis is largely unknown. To identify regulators of p5S3-mediated anoikis, we performed
a kinome-wide, RNAi-based loss-of-function screen to identify kinases that regulate
anchorage-independent (Al) growth. Here, we report that SIK1 (salt-inducible kinase 1) is an
essential upstream regulator of p53-mediated anoikis that links the tumor suppressors LKB1
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and p53, acts to suppress metastasis in experimental models, and is correlated with clinical
outcome in human cancer.

RESULTS

A loss-of-function screen identifies SIK1, a kinase that suppresses the Al growth of HMECs

We showed previously that activation of the PI3K signaling pathway can transform human
telomerase reverse transcriptase (W'TERT) catalytic subunit-immortalized human mammary
epithelial cells (tHMECsS) (31,32). Notably, in this experimental model, even though the
tHMECs have lost expression of the gene encoding cyclin-dependent kinase 4 inhibitor A
(p16INK4a) and show increased abundance of endogenous c-Myc (33-35), inactivation of p53
is required in combination with PI3K activation to overcome anoikis and permit growth of
colonies on soft agar, a form of anchorage independent (AI) growth (31,32). In these and related
studies, functional inactivation of p53 was accomplished through expression of the SV40 large
T antigen (LT), or of a dominantly interfering mutant of p53 (pS3DD), or by suppressing
p53 expression with short hairpin RNAs (shRNAs)(31,32,36).

To identify kinases that regulate p53 activity when cells undergo Al-growth, we employed this
same experimental model together with lentiviral delivery of a shRNA library targeting the
human kinome (Fig. 1A). A pool of lentiviruses containing ~2500 shRNAs targeting 488
human kinases, as well as p53, was generated and introduced into tHMEC cells expressing a
constitutively activated tumor mutant allele of PIK3CA, PIK3CA-HI1047R , referred to as
tHMEC-P cells. After 4 weeks, Al colonies were picked, and vector-specific primers were used
to identify the integrated shRNAs harbored by the cells derived from these colonies. As
expected, we found that the p53-specific sShRNA (sh7P53) scored multiple times in each screen,
validating this approach. We also identified a number of kinases that scored multiple times
(Table S1), some of which have already been implicated in regulating p53 function, apoptosis,
or both (37-41). Only one candidate gene targeted by multiple shRNAs scored more frequently
than did p53 (Table S1). This gene encodes the serine/threonine kinase SIK1 (also known as
salt-inducible kinasel, SIK, SNF1LK, or MSK), a member of the AMPK-related kinase family
(18).

We confirmed that two of the SIKI-specific ShARNAs (shSIKI#1 and shSIK[#2) that scored in
the screen decreased SIK1 mRNA and protein abundance (fig. S1). tHMEC-P cells that
expressed either of these two shSIK/s formed Al colonies as robustly as cells harboring an
shRNA targeting pS3 (sh7P53) or the dominant interfering mutant pS3DD (43) (Fig. 1B). To
eliminate the possibility that the observed effects were due to off-target effects of RNAi, we
generated a retroviral expression vector encoding a “wobble” mutant of SIK/ that is insensitive
to silencing by shSTK7#1. Expression of this wobble SIK] in tHMEC-P harboring shSIK1#1
inhibited AI growth (Fig. 1B), suggesting that the induced Al growth specifically derived from
SIKT loss.

SIK1 catalytic activity is required for p53 phosphorylation in response to loss of adhesion

Because p53 abundance increases when cells detach from the extracellular matrix (ECM)
(28,44), we investigated the effect of SIK1 loss on p53 abundance when HMECs were shifted
to suspension culture. The abundance of endogenous p53 increased moderately in cells
expressing a control shRNA that targeted luciferase (shLuc) (Fig. 2A), consistent with previous
findings in MCF7 and squamous cancer cells (28,44). In contrast, induction of p53 was not
observed when tHMECs expressing shSIK1 were shifted to suspension culture (Fig. 2A). To
explore the relationship between SIK1 and p53 abundance in cells undergoing Al growth, we
examined the abundance of p53 in tHMECSs derived from Al colonies resulting from expression
of shSIK1s. Strikingly, tHMEC-P-shSIKI cells derived from Al colonies showed greatly
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diminished amounts of p53 protein, comparable to those of cells carrying shTP53, whereas
expression of the wobble SIK! restored p53 abundance in these Al colony-derived cells to
amounts comparable to those in cells grown under attached conditions (Fig. 2B). Moreover,
the p53 response to DNA-damaging agent adriamycin remained intact in SIK1 deficient cells
(Fig. 2B). These data suggest that loss of SIK1 renders cells resistant to anoikis by attenuating
the increase in p53 abundance that takes place in response to cell detachment. Notably, p53
mRNA abundance was not altered in cells by shSIK (fig. S2), suggesting that p53 is modulated
post-translationally.

Phosphorylation of p53 in response to several distinct types of cell stress promotes p53
stabilization (45). To investigate the possibility that the kinase activity of SIK1 may be involved
in regulating p53 through phosphorylation, we constructed Flag-epitope-tagged versions of
wild-type (WT) SIK1 and of a catalytically inactive mutant (SIK1-KD) in which lysine 56 is
substituted with methionine (K56M) (46) and expressed them in U20S human osteosarcoma
cells. We first performed an in vitro SIK1 kinase assay using SIK1 immune complexes isolated
from cells cultured in suspension, with a glutathione-S-transferase (GST)-p53 fusion protein
containing the amino-terminus of human p53 (amino acids 1-105) (47) as a substrate. Both
auto-phosphorylation and phosphorylation of the p53 fragment (Fig. 2C) were apparent in
assays using immune complexes containing WT SIK1 but not those containing the SIK1-KD
mutant. Several types of cellular stress stimulate p53 activation through phosphorylation of
serine 15 (S15) (48). For instance, the ATM (ataxia telangiectasia mutated)-ATR (ataxia
telangiectasia and Rad3 related)-CHK kinases perform this task in response to DNA damage.
More germane here, AMPK regulates phosphorylation of S15 in response to low glucose
(16,17,49), raising the possibility that SIK 1 is involved in the phosphorylation of this site when
cells lose adhesion. Indeed, a form of the GST-p53 substrate containing a serine to alanine
mutation at 15 (S15A) was not phosphorylated (Fig 2C), suggesting that Ser15 is targeted by
the SIK1 immune complex. To test this hypothesis further, we expressed Flag-epitope-tagged
versions of WT or SIK1-KD in U20S cells and performed additional kinase assays followed
by immunoblot analysis with antibody that specifically recognizes p53 phosphorylated at Ser15
(p-S15 p53). Immune complexes isolated from cells expressing WT SIK1, but not the SIK1-
KD mutant, phosphorylated p53 at S15, when isolated from cells growing under suspension
conditions (Fig. 2D). In contrast, immune complexes of WT SIK1 isolated from cells subjected
to y-irradiation or glucose deprivation failed to phosphorylate p53 at S15 (Fig. 2D). Because
the p53 Ser15 motif does not match the optimal consensus motif for SIK1 phosphorylation, it
is possible that a second kinase associated with the SIK1 immune complex may directly
phosphorylate p53. However, our findings clearly suggest that SIK 1 kinase activity is necessary
for p53 phosphorylation in response to loss of adhesion.

SIK1 is required for the induction of p53-dependent anoikis

We next sought to determine whether SIK1 is required for the functional activation of p53 in
apoptosis induced by cell detachment. Specifically, we asked whether transcriptional targets
of p53 were upregulated in anoikis by assessing changes in the expression of the p53 target
genes, BAX and PUMA (Fig. 2E). Using quantitative reverse transcription polymerase chain
reaction (RT-PCR) analysis, we found increased BAX and PUMA expression in control cells
grown in suspension (Fig. 2E). In contrast, we did not find increased BAX or PUMA mRNA
in cells deficient in p53 or SIK1 activity (Fig. 2E), indicating that SIK1 is involved in the
regulation of p53-dependent anoikis.

To further examine the role of SIK1 in anoikis, we plated tHMEC-P cells in suspension on
plates coated with a layer of agar. In the absence of cell adhesion, the percentage of apoptotic
cells after 2 days of suspension culture, as measured by annexin V-FITC staining followed by
flow cytometric analysis, was reduced in tHMEC-P cells expressing a dominant-interfering
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p53 mutant (pS3DD), shTP53, shSIK1#1, or SIK1-KD compared to that in cells infected with
the control vector (Fig. 2F). Interestingly, the SIK1-KD mutant acted in a dominant-interfering
fashion, suppressing anoikis in cells undergoing loss of attachment. Using an Al colony
formation assay, we confirmed that expression of SIK1-KD but not WT SIK1 permitted robust
colony formation of tHMEC-P cells in soft agar (fig. S3), consistent with the effects seen with
the shSTK1s (Fig.1B). Together, these studies suggest that loss of SIK1 activity rendered cells
resistant to anoikis.

Loss of SIK1 facilitates metastatic spread in the absence of primary lesions

tHMEC:S carrying the oncogenes PIK3CA and H-Ras, referred to as tHMEC-PR cells, only
form tumors in immunodeficient mice if p53 is also inactivated (31). To see whether
inactivation of SIK1 can substitute for loss of p53 function in tumor formation in vivo, we re-
engineered tHMEC-PR cells to express shSIK/ or the SIK1-KD mutant instead of p53DD or
sh7P53, and implanted these cells in mammary fat pads. Whereas tHMEC-PR cells expressing
pS3DD or shTP53 formed tumors in all cases within 2 months (Fig. 3A), inactivation of SIK1
did not lead to efficient primary tumor formation; we noted only one tumor, which formed
after a long latency (4 months), in each of the mouse groups injected with cells expressing
shSIK1 or SIK1-KD of Experiment A (Fig. 3A). The remaining mice, which had been injected
with HMEC deficient in SIK1 activity and had remained free of primary tumors, were sacrificed
at the end of 6 months and subjected to necropsy and histopathological analysis.

Surprisingly, although we found no primary tumors, we observed small metastatic lesions in
the lungs of the mice injected with cells expressing shS/K/ or the SIK1 KD mutant (Fig. 3A
and B). To confirm that these microscopic pulmonary lesions had indeed originated from the
injected HMECs, we performed genomic fluorescent in situ hybridization (FISH) using a
human Cot! probe (green) (Fig. 3B, middle panels) and immunohistochemical analysis (IHC)
with anti-human cytokeratin (Fig. 3B, right panels) on paraffin sections prepared from the same
lung samples, and found that the cells from these lesions were of human origin. In a separate
experiment with larger cohorts of animals, we found that all mice injected with cells deficient
in p53 function developed primary tumors as well as macroscopic metastases in lungs (Fig.
3A, Experiment B). In contrast, of the mice injected with cells expressing either shSIK1 or
SIK-KD, most had microscopic metastases in their lungs but no primary tumors (Fig. 3A,
Experiment B).

Loss of SIK1 permits formation of micrometastases

To compare the effects of SIK1 with those of p53 in suppressing metastasis, we employed a
tail vein assay for experimental metastasis. Specifically, we injected green fluorescent protein
(GFP)-labeled tHMEC-PR cells harboring shTP53, shSIK1, or SIK1-KD into the tail veins of
non-obese diabetic/severe combined immunodeficiency (NOD/SCID) mice, and then isolated
the lungs of these animals to assess the number of metastatic foci six weeks after injection.
Notably, cells deficient in either p53 or SIK1 activity formed a similar number of foci in the
lungs (Fig. 3C). Consistent with the observations obtained from the orthotopic xenograft study
described above (Fig. 3A), we found that cells lacking p53 developed larger nodules than those
expressing shSIK/ or SIK1-KD, which formed only microscopic foci (Fig. 3C).

To determine if the micrometastases formed by cells lacking SIK1 activity could develop into
large nodules after a longer period of time, two additional cohorts of mice injected with

tHMEC-PR cells expressing shSIK1 or SIK1-KD were housed for 16 weeks before their lungs
were isolated for examination. Indeed, a few large nodules were observed in the lungs of most
of the mice injected with cells expressing shSIK1 or SIK1-KD (Table S2). Strikingly, we found
greatly reduced amounts of p53 protein in nodules derived from SIK1- deficient cells compared
to that in comparable cells that had not been inoculated into animals (Fig. 3D), reminiscent of
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the reduced p53 abundance in colony-derived cells lacking SIK1 (Fig. 2B). These observations
suggest that inactivation of SIK1 attenuates the increase in p53 activity in response to loss of
adhesion and allows cells to escape anoikis and survive as micrometastases, but is not sufficient
to allow cells to propagate into large tumors in vivo. The prolonged survival afforded by SIK1
loss may provide a selective advantage to these cells by allowing them to acquire additional
mutations (involving p53 or other genes) necessary to allow growth of these micrometastases
into sizable tumors.

Activation of SIK1 restores p53 abundance and anoikis to LKB1-deficient cells

The LKB1 tumor suppressor provides a critical barrier to cancer metastasis (21,23,50) and
functions in part through the regulation of p53 (51,52). Suppression of LKBI expression with
LKB1-specific shRNAs (shLKBI) in tHMEC-P cells allowed these cells to form Al colonies
(Fig. 4A). Because a previous study reported that LKB 1-null cells display decreased basal p53
abundance following serial passage in culture (51), we also assessed pS3 abundance in
anchorage-independent colonies derived from tHMEC-P-shLKB]I cells. A decrease in basal
pS53 abundance was apparent in LKB 1-deficient colonies as compared to comparable cells
cultured under attached conditions (Fig. 4B), similar to the decrease in p53 seen in Al colony-
derived tHMECs-P-shSIK1 cells (Fig. 2B).

Because LKB1 is a key upstream activating kinase for SIK1 (18), we asked whether SIK1 links
LKBI1 to p53-dependent anoikis. We derived cells from tHMEC-P-shLKBI colonies and stably
introduced a constitutively activated form of SIK1, the T-loop mutant T172E (18) (SIK1-CA)
or, as a negative control, the SIK1-KD mutant. Expression of SIK1-CA, but not SIK1-KD,
restored p53 to normal amounts in these Al-derived LKB1-deficient cells and abolished their
ability to form Al colonies (Fig. 4A and B), suggesting that the LKB1-SIK1 axis is involved
in regulation of p53 abundance and apoptosis with loss of adhesion.

SIK1 couples LKB1 to p53-dependent suppression of metastasis

To further examine whether SIK1 mediates LKB1 signals leading to pS3-dependent
suppression of tumor metastasis, we selected an A549 lung cancer cell line that lacks LKB1
expression but retains wild-type p53 to perform reconstitution/disruption experiments.
Reconstitution of A549 cells with LKB1-WT inhibits their AI growth and metastatic potential
(23). To determine whether activation of SIK1 in A549 cells had a similar effect, we introduced
SIK1-CA and SIK1-KD into A549 cells and subjected them to Al growth, Matrigel invasion,
and experimental metastasis assays. Expression of SIK1-CA in these LKB 1-null cells markedly
suppressed Matrigel invasion and pulmonary metastasis, whereas SIK1-KD expression had no
effect (Fig. 5SA and B). To further assess whether p53 is required for SIK1 function, we
introduced sh7P53 into A549 cells expressing SIK1-CA. Notably, removal of p53 abolished
the effect of SIK1-CA on suppression of invasiveness and metastatic potential (Fig. SA and
B). Together, our findings establish the connections among LKB1, SIK1, and the p53 pathway
in the regulation of cancer invasiveness and metastasis (Fig. 5C).

Loss of SIK1 correlates with poor clinical outcome in breast cancers

Although a small number of somatic mutations in SIK/ have been identified in gliomas,
melanomas, and lung cancers (53), we found that SIK/ expression was significantly lower in
primary breast tumors than in normal breast tissues in data from two independent cohorts (Fig.
6A) (54,55). To explore whether SIK1 expression correlates with clinical outcome, we
analyzed SIK! expression profiles in tumor samples from three independent cohorts of breast
cancer patients at the Dana-Farber/Harvard Cancer Center (DF/HCC), USCF and Rotterdam
cancer centers with up to 7, 14, and 14 years of clinical follow-up, respectively (55-57). In all
three cohorts, we found that low SIK] expression was associated with a significantly shorter
interval before the appearance of distal metastases (Fig. 6B, panels a, b, and c). We further
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examined subsets of breast cancers from the DF/HCC and UCSF cohorts (the Rotterdam
database lacks p53 status) that were negative for p5S3 immunohistochemical (IHC) staining,
which usually identifies tumors harboring wild-type (WT) p53 (55,58). We found that low
SIK1 expression in both subsets of p53-negative patients showed close correlation with higher
distal recurrence rate (Fig. 6C, panels d and e). In addition, we found an ovarian cancer cohort
with a significant correlation of lower SIK1 abundance with higher malignant grade that is
associated with higher metastatic potential (fig. S4), suggesting that low SIK1 expression may
be associated with progression in other cancer types.

DISCUSSION
SIK1 and p53

Using a loss-of-function screening approach, we identified SIK1 as a kinase that when
suppressed substitutes for pS3 inactivation to permit immortalized HMECs expressing
PIK3CA-H1047R to grow anchorage-independently. Although the ability to form Al colonies
usually correlates with tumorigenic potential, our study demonstrated that, whereas loss of p53
allowed the formation of both primary and metastatic tumors, loss of SIK1 facilitated the
metastatic spread of cells, allowing them to lodge in distant tissues as micrometastases, but did
not promote frank tumorigenesis. Our findings suggest that, because p53 performs several
tumor suppressing functions and only one of these depends on SIK1, micrometastases formed
due to SIK1 loss would still need to lose p53 or other p53 functions to grow into clinically
manifest tumors.

SIK1 is a link between LKB1 and p53

Recent studies have demonstrated that loss of LKB1 is associated with invasiveness and
metastasis in breast, lung, and endometrial adenocarcinomas (23,31,32,50). However, the
mechanism by which LKB1 contributes to the suppression of tumor formation and metastases
development has remained elusive. Notably, LKB1 regulates the AMPK family of 13 kinases
(18). Among these, AMPKa?2 is the best characterized kinase, acting downstream of LKB1 to
regulate mTOR signaling (59,60). Jones et al. found that AMPKaz2 is required for p53-
dependent growth arrest in response to low glucose (16). However, it is not clear how AMPK
links LKB1 to tumor suppression.

Several studies have associated LKB1 function and p53 activity (51,52), but the mechanistic
link between these two tumor suppressors remains elusive. Herein, using biochemical, genetic,
and functional analyses both in cell culture and experimental animal models, we have shown
that SIK1 acts as an important link that couples LKB1 to p53-mediated anoikis and suppression
of metastasis. Recent studies have shown that SIK1 is also involved in other cellular activities,
such as regulation of active sodium transport in response to sodium stress (61), CREB-(cAMP
response element-binding protein) mediated phosphorylation of TORC2 (transducer of
regulated CREB activity 2) and class II histone deacetylases (HDACs) (42,62), and regulation
of transforming growth factor 8 (TGF) signaling (63). However, it is not clear how these other
activities of SIK1 correlate with the role described in the current study. In aggregate, our
findings establish the LKB1-SIK1-p53 axis as a potential clinically important pathway in the
development of metastatic disease.

SIK1 and metastatic cancers

It is widely believed that metastasis is a late event in cancer progression, and that metastases
are derived from primary tumors that become invasive. However, recent studies have
challenged this notion, showing that metastasis can occur early in the course of tumor
development, even in the absence of detectable primary tumors (2-4). Indeed, approximately
10% of all cancer patients present with CUP at the time of diagnosis (5,64). In some of these
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cases, a primary tumor becomes apparent with further study, particularly with the
implementation of more sensitive imaging technology. However, in approximately 3% of all
cancer patients, the primary site is never identified (64,65).

Although it has been postulated that some primary tumors may regress completely and leave
their metastases behind, our finding provides an alternative explanation for this longstanding
clinical mystery. Our observations suggest that some precancerous cells, such as the SIK1-
deficient cells examined here, escape anoikis to disseminate and reside in distant tissues and
organs before primary tumor formation. The prolonged survival of these precancerous cells
increases the risk for them to acquire additional oncogenic alternations that promote the
development of malignant metastatic lesions. If the precancerous cells residing at secondary
sites acquire additional “hit(s)” and progress into malignancies before the cells at the primary
site develop into a tumor, CUP would occur. Consistent with this hypothesis, an
epidemiological survey of more than 12,000 breast cancer patients indicated that metastatic
spread had likely initiated several years prior to clinical diagnosis of primary cancer (66). Thus,
metastases can develop before, after, or parallel to the primary tumor. Indeed, recent studies
also found that certain genes are involved in primary tumor development whereas others
promote metastasis (67,68), indicating that metastasis can be regulated independently from
tumor formation. Advancing our understanding of the genetic mechanisms underlying
metastasis and identifying predictive markers for this process should prove important for both
treatment and prevention of cancer.

Materials and Methods

Kinome-wide shRNA screen

tHMEC-P cells were infected with a lentiviral ShRNA library with viral titer ~1.0X107
infectious particles/ml constructed in pLKO.1 consisting of ~2500 shRNAs directed against
~488 human kinases (provided by the RNAi Consortium, Broad Institute, Cambridge, MA)
(69). After infection, cells were briefly selected with puromycin and then subjected to a colony
formation assay. Genomic DNA from Al colonies was prepared for PCR amplification using
the pLKO forward CAAGGCTGTTAGAGAGATAATTGGA and reverse
GACGTGAAGAATGTGCGAGA primers. The PCR-amplified products were sequenced to
identify the integrated shRNAs.

Plasmid constructs and cell culture

The cDNA clone of SIKI (Origene) was subcloned into pWzl-Blast by PCR with primers
containing Flag epitope-encoding sequence to generate Flag-tagged SIKI. The SIKI mutant
alleles, KD (K56M) and CA (T182E), were generated by site-directed mutagenesis
(Stratagene). All of these constructs were verified by sequence analysis. tHMEC lines stably
expressing shSIK/s, shLKBI1, or various alleles of SIK] were generated by viral infection.
Culture conditions of tHMECs were as described previously (32).

Preparation of Inmune complexes and in vitro SIK1 kinase assay

U20S cells were transfected with 10pg of SIKI plasmid (SIKI WT or KD) or control plasmid.
At 24 hr post transfection, cells were subjected to conditions for suspension culture, low
glucose (0.5 mM Glucose) or y-irradiation (5Gy), and 18 hrs later they were harvested and
lysed in RIPA (Radio Immuno Precipitation Assay) buffer as described above and the debris
was cleared by centrifugation. The supernatant fraction was incubated with anti-Flag M2
agarose beads (Sigma) for 2 hr. The beads were washed and used in a kinase reaction containing
50mM Tris HCI pH7.5, 5 mM MgCl2, 1mM NaF, 10mM B-glycerolphosphate, ImM DTT,
0.2 mM ATP with 0.5pCi/pl (y-32P) ATP (for hot reaction) or 100uM ATP (for cold reaction)
and 1 pg of recombinant GST-p53 fusion proteins containing the first 105 amino acids of human
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p53 (GST-pS3) or (GST—p53515A) as substrates. GST-p53 proteins were purified from E.
coli cultures with GST-Sepharose beads (Amersham Biosciences).(16)

Immunoblotting and antibodies

Cells were lysed in RIPA buffer (Pierce) supplemented with protease and phosphatase
inhibitors as described (32). Cell lysates were cleared by centrifugation and proteins were
resolved by SDS-PAGE and transferred to nitrocellulose. Blots were probed using the
following antibodies: anti-SIK1 (Abgent), anti-p53 (DO-1) (Santa Cruz biotechnology), anti-
LKB1 (Upstate biotechnology), anti-Flag and anti-vinculin (Sigma) and visualized by using
Odyssey Scanner (Li-Cor, Lincoln, NE) as described (31).

Al colony-formation assay

For Al colony formation assays, 5 x 10% cells were plated into each 60-mm plate with a bottom
layer of 0.6% agar and a top layer of 0.3% agar. For library screening, 5 x 107 cells were seeded
into each 100-mm plate. Colonies were counted after 4 weeks and analyzed as described (32)
or isolated for expansion or analysis (70).

Suspension culture and Anoikis assay

Cells were plated at a density of 107 cells/well in 6-well plates coated with a layer of 1% agar.
Two days later, the apoptotic cell population was determined using FITC-conjugated Annexin-
V (BD Biosciences) and FACS analysis as described (30).

Orthotopic xenograft assay and histological analysis

Six- to eight-week-old Balb/c nude mice (CanN.Cg-FoxnInu Crl, Charles River Laboratories)
were y-irradiated with one dose of 400 rad and subjected to mammary fat pad injections with
HMEG: as described previously (31). The mice were monitored routinely for tumor growth
and were either sacrificed (Experiment A) or resected (Experiment B) when the primary tumor
reached 1.8cm in diameter or after 6 months. 6 months post injection, any remaining mice were
sacrificed and fixed in 10% buffered formalin for histopathological examination of mammary,
brain, liver, lung, and ovary tissues at DF/HCC Rodent Histopathology Core. IHC analysis
was performed with anti-human cytokeratin clone AE1/AE3 (Dako North America Inc.) at DF/
HCC Specialized HistoPathology Core.

Experimental metastasis assay

GFP-labeled HMEC (1x10° re-suspended in PBS) or A549 cells (5x10° re-suspended in PBS)
were injected into the lateral tail vein of NOD/SCID mice (Charles River Laboratories). Mice
were sacrificed 6 or 16 weeks post injection and the lungs were dissected for fluorescence

microscopic and histopathological examination. The lung metastasis burden was analyzed by
scanning the fluorescence intensity of all lobes of each lung using KODAK Image Station

4000MM Imaging System. The total intensity of green fluorescence over each lung area was
computed by Kodak Molecular Imaging software (version 4.5.0b6 SE) to obtain mean values
of fluorescence intensity. The mean fluorescence intensity of the lungs from mice bearing

vector-expressing cells was used as a control (defined as 100%). The lung metastasis index for
each mouse was calculated as percentage of the mean fluorescence intensity over the control.

Matrigel invasion assay

Assays were performed in Boyden chambers with 8 pm pore filter inserts for 24-well plates
(BD Bioscience). A549 cells (0.5 x 10°) in 200 pl of serum-free medium were added to the
upper chamber with the filters pre-coated with matrigel (BD Bioscience). The lower chamber
was filled with 300 pl of medium containing 10% FBS as attractant. After 48 hours incubation
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at 37°C, cells on the underside of the filter were fixed and stained with 0.5% crystal violet.
Cells that remained in the gel or attached to the upper side of the filter were removed with
cotton swabs. Cells on the underside of the filter were examined by light microscopy and
subsequently extracted with 10% citric acid and the optical density was measured at 590 nm
by spectrophotometer for quantitation of cell number.

Genomic Fluorescence in Situ Hybridization (FISH)

Paraffin sections of lung tissues were assayed for the presence of mouse and human cells using
FISH with species-specific genomic probes as described (71). Briefly, sections were denatured
and hybridized with probes against SpectrumGreen-dUTP-labeled human Cot-1 DNA
(Invitrogen) and SpectrumRed-dUTP-labeled mouse Cot-1 DNA (Invitrogen). Fluorescence-
labeled probes were generated by nick translation (Abott Molecular).

Real-time RT-PCR

Total RNA was purified using the RNeasy kit (Qiagen). 2 micrograms of total purified RNA
was subjected to a reverse transcriptase reaction according to high capacity cDNA reverse
transcription kit (Applied Biosystems). cDNA corresponding to approximately 10 ng of
starting RNA was used for each of four replicates for quantitative PCR. Human PUMA, BAX
and GAPDH (as an endogenous control) were amplified with commercially designed Tagman
gene expression assays (Applied Biosystems) and the Tagman universal PCR master mix
(Applied Biosystems). Quantitative expression data were acquired and analyzed using a 7300
Real-Time PCR System (Applied Biosystems).

Statistical analysis

SIK1 gene expression and p53 status (determined by IHC analysis) of the UCSF cohort of
breast cancer samples were retrieved from the website http://caarraydb.nci.nih.gov/caarray
(55). In this data set of Affmetrix U133, SIK1 transcript units in tumors vary from 51 to 1506
(mean 378) with no normal reference available. However, SIK1 transcript units in another
breast cancer data set of U133 platform (NCBI GEO database accession number GSE3744)
(54,56) showed comparable values, ranging from 74 to 1042 (mean 326) in tumors, and 278
t0 2669 (mean 1154) in normal human breast tissues. All stage II-III (n=117) samples, including
a subset of p53 wild-type samples (n=57), were assigned into two groups according to SIK/
transcript levels: low (< 200) and high (> 400). Stage IV samples and three samples with
unknown clinical stage information were excluded from analysis. Information on SIK/ gene
expression for the Rotterdam cohort of breast cancer samples (n=286) that were lymph node
negative at presentation were retrieved from Rotterdam cohort (57). The mean of transcript
units was 1040, with no normal reference available. Samples were assigned into two groups:
SIK I-low (cutoff-bottom 25%) and SIKI-high (cutoff-top 25%). Distal metastases recurrence
curves were derived from the Kaplan-Meier method and the degree of difference among groups
was analyzed by log-rank test. R package version 2.4.1 was used for statistical computing.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Identification of SIK1 as a suppressor of AI-growth in HMECs

(A) Experimental outline for the kinome-wide shRNA screen that identified SIK1 as a
suppressor of Al-growth of tHMEC-P cells. (B) Al colony formation of tHMEC-P cells
expressing various cDNAs or shRNAs as indicated, and cells expressing shSIK1#1 with add-
back of a wobble SIK1 (wb-SIK1). The number of colonies is per 60 mm plate. Results are
shown as the mean + SD for 3 independent experiments.
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Fig. 2. SIK1 is required for p53-dependent anoikis

(A) p53 protein abundance in HMECs expressing shSIK1s or shLuc cultured under attached
or single cell suspension conditions for 4 or 8 hours, were examined by immunoblot analysis.
Vinculin used as a loading control. Results are shown as the mean + SD for 3 independent
experiments. * p <0.01 (z-test) (B) Immunoblot analysis of p53 abundance in various tHMEC-
P cell lines as indicated, as well as in colony-derived tHMEC-P-shSIK/ cells treated with
adriamycin (ADR) (4.5 hr). wb-SIK1 (wobble SIK1), or vector, was expressed in Al colony-
derived tHMEC-P-shSIK#1 cells as indicated. (C) Kinase assays were used to detect auto-
phosphorylation of SIK1 and phosphorylation of GST-p53 or GST-p53 S15A by Flag-tagged
SIK1-WT or SIK1-KD immunoprecipitates. Radioactive signals were detected by
phosphorimaging. (D) Phosphorylation of p53 at Ser15 was determined by immunoblot
following kinase assay using Flag-tagged SIK1 immunocomplexes (WT or KD) from U20S
cells subjected to different conditions. (E) PUMA and BAX expression in tHMEC-P cells
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expressing shSIK1#1, SIK1-KD, shTP53, or p53DD cultured attached or in suspension for 16
hours was determined by real-time RT-PCR. Mean + SD for 3 independent experiments are
shown. * p <0.01 (z-test) (F) Inactivation of SIK1 renders cells resistant to anoikis. tHMEC-P
cells were cultured in suspension for 2 days, and the percentage of apoptotic cells expressing
various cDNAs or shRNAs was determined by Annexin-V staining. Mean + SD for 3
independent experiments are shown. * p <0.001 (z-test).
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Fig. 3. Loss of SIK1 contributes to metastasis

(A) Orthotopic xenograft assay. 2 x 100 cells from the indicated population were resuspended
in a final volume of 120 pl and injected into each inguinal mammary fat pad of athymic mice.
When the primary tumor size reached 1.8cm, mice were sacrificed (Experiment A) or subjected
to surgical removal of the tumors (Experiment B). After 6 months, all of experimental mice
were sacrificed and subjected to histopathological examination of the lungs. PT, primary tumor;
LM, lung metastasis; ND, not determined. * micrometastases; ** macrometasteses. (B)
Representative images for lung micrometastases by H&E staining (left panels), genomic FISH
with mouse Cotl DNA (red) and human Cotl DNA (green) (middle panels), and IHC with
anti-human cytokeratin (right panels). Upper and lower panels show pulmonary
micrometastases from mice injected with tHMEC-P cells expressing SIK1-KD or shSIK1 as
indicated. Scale bars, 50 mm. (C) Experimental metastasis assay. Representative fluorescence
images of lungs of mice injected through tail veins with GFP-labeled tHMEC-P cells
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expressing various constructs. Number of foci in each lung was scored under fluorescence
microscope and data are shown as mean = S.E.M. (n=6-8), * p <0.001 (z-test). Scale bars, 0.5
mm. (D) Western analysis of p53 abundance in tHMEC-PR cells expressing shTP53,
shSIK1#1, or SIK1-KD maintained in attached culture or derived from lung metastases in
NOD/SCID mice.
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Fig. 4. SIK1 activation suppresses AI growth of LKB1-deficient HMECs
(A) Colony formation assays of tHMEC-P cells expressing shLKBI or shLuc. SIK1-CA, but
not SIK1-KD, suppressed Al growth of Al-derived tHMEC-P-shLKBI cells. Mean + SD for
3 independent experiments are shown. (B) Western blot analysis of p53 and LKB1 abundance
in tHMEC-P cells expressing shLKBI grown in attached culture or Al-derived tHMEC-P-

shLKBI cells expressing SIK1-KD or -CA as indicated. Flag-tagged SIK1 (KD or CA) HMECs

was probed with anti-Flag antibody.
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Fig. 5. SIK1 links LKB1 to p53-dependent suppression of metastasis

(A) A549 cells expressing various versions of SIK1 with or without co-expression of
shTP53 were subjected to Matrigel invasion assay. Mean + SD for 3 independent experiments.
(B) GFP-labeled A549 cells expressing various constructs as indicated were injected into tail
veins of NOD/SCID mice and lung metastasis was assessed 6 weeks post injection.
Representative fluorescence images of mouse lungs are shown. Lung metastasis burden was
shown as indices pooled with each group of mice expressed as % (+ SEM) over controls
(n=6-9), * p <0.001 (z-test). (C) Summary of LKB1-SIK1 pathway that mediates p53-
dependent anoikis and suppresses metastasis.
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Fig. 6. SIK1 correlation with clinical outcome in human cancer

(A) SIK1 expression in normal breast or tumor samples from the DF/HCC or the UCSF cohorts
is shown in boxplots. The mean for each group is indicated by the black center line, the first
and third quantiles (the inter-quantile range, IQR) are indicated by the edges of the grey area.
The extreme values (within 1.5 times the IQR from the upper or lower quantile) are indicated
by the ends of the lines extending from the IQR. The difference in log2 expression ratios
between normal and tumor samples was tested with Welch's t-test, p < 0.001. (B) and (C)
Kaplan-Meier plots were used to assess the association of the levels of SIK/ transcripts with
development of distal metastases. Samples were grouped as described in Materials and
Methods. a, the DF/HCC cohort of breast cancer patients (n=133). b, the UCSF cohort of breast
cancer patients (n=112). ¢, the Rotterdam cohort of breast cancer patients (n= 286). d, the
subset of DF/HCC breast cancer patients whose tumors are negative for p53 IHC staining
(n=76). e, the subset of UCSF breast cancer patients whose tumors are negative for p53 IHC
staining (n=57).
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