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Lrp5 Has a Wnt-Independent Role in Glucose Uptake and Growth for

Mammary Epithelial Cells

Emily N. Chin, Joshua A. Martin, Soyoung Kim,* Saja A. Fakhraldeen, Caroline M. Alexander

McArdle Laboratory for Cancer Research, School of Medicine and Public Health, University of Wisconsin—Madison, Madison, Wisconsin, USA

Lrp5 is typically described as a Wnt signaling receptor, albeit a less effective Wnt signaling receptor than the better-studied sister
isoform, Lrp6. Here we show that Lrp5 is only a minor player in the response to Wnt3a-type ligands in mammary epithelial cells;
instead, Lrp5 is required for glucose uptake, and glucose uptake regulates the growth rate of mammary epithelial cells in culture.
Thus, a loss of Lrp5 leads to profound growth suppression, whether growth is induced by serum or by specific growth factors,
and this inhibition is not due to a loss of Wnt signaling. Depletion of Lrp5 decreases glucose uptake, lactate secretion, and oxy-
gen consumption rates; inhibition of glucose consumption phenocopies the loss of Lrp5 function. Both Lrp5 knockdown and
low external glucose induce mitochondrial stress, as revealed by the accumulation of reactive oxygen species (ROS) and the acti-
vation of the ROS-sensitive checkpoint, p38a. In contrast, loss of function of Lrp6 reduces Wnt responsiveness but has little im-
pact on growth. This highlights the distinct functions of these two Lrp receptors and an important Wnt ligand-independent role

of Lrp5 in glucose uptake in mammary epithelial cells.

1l somatic stem cells tested to date rely on Wnt signaling to

maintain their pluripotentiality (1). From the point of view of
regenerative medicine, this requirement has some disadvantages,
since Wnt signaling can also be highly oncogenic (2). If the mo-
lecular regulation of Wnt signaling is better understood, it may be
possible to tease apart the positive and negative aspects of the
pathway.

Our study focuses on the signals generated at the cell surface by
the Lrp5 (low-density lipoprotein receptor-related protein 5) and
Lrp6 Wnt signaling receptors. Cell surface presentation of Lrp
species is considered to be the limiting factor for Wnt signal gen-
eration (3). Mammary epithelial cells in vitro and in vivo grow and
divide in response to ectopic Wnt signals. Thus, overexpression of
Wntl or Wntl0B in mouse mammary glands leads to ductal hy-
perplasia, inducing cell division in both luminal and basal cells
that together comprise the mammary ducts (4). Basal stem cells
accumulate as a fraction of the total population (5), and solitary
adenocarcinomas arise with a median latency of 7 months, com-
prising both mammary epithelial cell lineages (6). Thus, as for
intestinal cell populations (2), Wnt signaling is a robust growth
signal for mammary epithelial cells and acts as an oncogenic stim-
ulus with a relatively low efficiency.

We previously showed that Lrp5 is required to sustain the basal
stem cell activity in mammary glands, and also for breast tumor
development in response to Wntl (5, 7, 8). This was a surprising
result, since Lrp5 and Lrp6 are coexpressed by basal mammary
epithelial cells and because Lrp6 is known to be a more effective
transducer of Wnt ligand activation (9, 10). Lrp5 and Lrp6 share
73% and 64% protein sequence identity in their extracellular and
intracellular domains, respectively (11).

Almost all the information we know about the canonical Wnt
cell surface signaling complex is based on the analysis of Lrp6,
which forms a ternary complex with Frizzled (Fzd) receptors and
a Wnt ligand (for experimental purposes, this is usually the solu-
ble Wnt ligand, Wnt3A) (2).

There are clues that the primary function of Lrp5 might be
different from that of Lrp6 in vivo. For example, reduced Lrp5
activity has been implicated in metabolic changes in mice and
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humans, though the molecular explanation for these changes has
typically been associated with a canonical Wnt signaling function.
For example, Lrp5 was cloned as a candidate gene from the
IDDM4 locus, which has been linked to genetic susceptibility to
diabetes (12). Irp5~'~ mice are leaner than wild-type mice and
show higher expression levels of key enzymes required for fatty
acid B-oxidation (13). So far, the only Lrp5 activity not linked to
Whnt receptor activity is the binding of ApoE by Lrp5. This is a
functional interaction leading to hypercholesterolemia, impaired
fat tolerance, and atherosclerosis in Irp5~’~ mice (14, 15). More
specifically, humans with syndromes associated with altered bone
density have been shown to have mutations in Lrp5. Gain- and
loss-of-function Lrp5 alleles show alterations of osteoblast differ-
entiation that correlate with altered glucose uptake (16-18).

Our study was designed to address the hypothesis that Lrp5
and Lrp6 have nonredundant activities in mammary epithelial
cells by knocking their expression down separately and testing
their relative impacts on Wnt signaling and other aspects of cell
regulation. We discovered that Lrp5 controls growth of mammary
epithelial cells, but not because of its role in Wnt signaling. We
show instead that Lrp5 is important for normal glucose uptake
and that decreased glucose uptake accounts for the phenotype of
cells lacking Lrp5 function.

Received 13 August 2015 Returned for modification 2 September 2015
Accepted 7 December 2015

Accepted manuscript posted online 28 December 2015

Citation Chin EN, Martin JA, Kim S, Fakhraldeen SA, Alexander CM. 2016. Lrp5 has
a Wnt-independent role in glucose uptake and growth for mammary epithelial
cells. Mol Cell Biol 36:871-885. doi:10.1128/MCB.00800-15.

Address correspondence to Caroline M. Alexander, alexander@oncology.wisc.edu.

*Present address: Soyoung Kim, Department of Pharmacology, School of
Medicine, Dongguk University, Gyeongju, Gyeongsangbuk-do, Republic of Korea.

E.N.C. and JAM. contributed equally to this article.
Copyright © 2016, American Society for Microbiology. All Rights Reserved.

mcb.asm.org 871


http://dx.doi.org/10.1128/MCB.00800-15
http://crossmark.crossref.org/dialog/?doi=10.1128/MCB.00800-15&domain=pdf&date_stamp=2015-12-28
http://mcb.asm.org

Chin et al.

TABLE 1 Primers used in this study

Primer sequence (5'-3")

Target name Forward Reverse
GLUTT1 (slc2al) GGCATGTGCTTCCAGTATGT CCTTGGTCTCAGGGACTTTGAAG
GLUT2 (slc2a2) ACTGGGTCTGCAATTTTGTCA GAATGTAAACAGGGTGAAGACCAG

GLUT4 (slc2a4)
GLUT®6 (slc2a6)
GLUTS (slc2a8)
GLUT?9 (slc2a9)
RICTOR

HK1

HK2

IRS1

IRS2

IRS4

LDHA

LDHB

PDK1

PDK2

PDK3

PKM1

PKM2

GGTTTCCAGTATGTTGCGGAT
GGCTCCTATCTGTGCTGATTGC
CCTTCGTGACTGGCTTTGCTGT
GCCATCATTGCCTCGTTCTGCA
CAGTGTGAGGTCCTTTCCATCC
GCCTAGACCACCTGAATGTAAC
CCTCAAGACAAGGGGAATCTTC
ATGCCAAACCTCCTGTTGAG
CTGCCAGCACCTATGCAA
AATGGACTTTGCCAGACGAG
TCGATCCCATTTCCACCATG
CCGTGTCTACCATGGTGAA
TTACGGATTGCCCATATCACG
TCATCTATCTGAAGGCCCTGT
AGTGAACCAAGGGATGCATC
GCAGCAGCTTGGATAGTTCTCA
ATTATCGTGCTCACCAAGTCTG

CCTCTGGTTTCAGGCACTTTTAG
CCTTGGCACAAACTGGACGTA
TGGGTAGGCGATTTCCGAGAT
TACGGCGAAGTTTGAGAGCCAG
GCCATAGATGCTTGCGACTGTG
GGAAGGACACGGTACACTTTG
CTTCACATTGATGCTGTCGTCA
CTTCTGGGCCATAGTAGCATTC
TTTTCAACATGGCGGCGAT
GCAGATCTGGAGTAGACAAAGATG
TCTTCCTCAGGAGTCAGTGTC
TCATCGTCCTTCAGCTTCTGA
GATTCTGTCGACAGAGCCTTAATG
CGATACGTCGATGTGTTCTTGG
GCTCTCTGGTTGACTTGCAG
GAAGATGCCACGGTACAGATG
GAAGATGCCACGGTACAGATG

MATERIALS AND METHODS

Ethics statement. All experiments that included the use of mice were
approved by the University of Wisconsin IACUC (protocol number
MO1422; institutional assurance number for University of Wisconsin—
Madison, A-3368-01). For the studies we describe, there are no suitable
alternative approaches, and care is taken to minimize animal distress.

Flow cytometric purification of EP substrains from the HC11 paren-
tal strain and assay of their tumorigenicity. Trypsinized HC11 cells were
stained according to the method of Kim et al. (6). Briefly, cells were incu-
bated with fluorescein isothiocyanate (FITC)-conjugated CD49f (clone
number GoH3; 30 pl/ml) (BD Biosciences) and phycoerythrin (PE)-con-
jugated EpCAM (clone number G8.8; 0.5 pg/ml) and then sorted using a
FACSVantage cell sorter equipped with DiVa software (Becton Dickson,
Franklin Lakes, NJ).

To assess relative tumorigenicity, 4 X 10> EpCAM-positive (EP) or
EpCAM-negative (EN) cells were suspended in 2 pl medium containing
Matrigel (2 to 5 pg/pl) and transferred to cleared mammary fat pads as
described previously (7, 19, 20). Mice were assayed by palpation, and 16
weeks after transplantation, fat pads were dissected, processed, and
stained with carmine red.

Cells purified by flow cytometry were stained according to the method
of Badders et al. (7) and Kim et al. (6). Briefly, single-cell suspensions were
dried briefly on microscope slides and fixed in ice-cold methanol and
acetone for 4 and 2 min, respectively. Cell preparations were blocked in
10% nonimmune goat serum and stained using antibodies to K5 and K8
(rabbit and rat primary antibodies, respectively) overnight, followed by a
rinse and incubation with fluorescently conjugated secondary antibodies
(Alexa Fluor 546—anti-rat and Alexa Fluor 488 —anti-rabbit antibodies).
DAPI (4',6-diamidino-2-phenylindole) was used for nuclear DNA coun-
terstaining, and immunofluorescence stains were visualized on a confocal
microscope (MRC1024; Bio-Rad).

Cell strains, plasmid constructs, transfection, and transduction.
Mouse mammary epithelial EP cells, derived as described above and de-
scribed further in Results, were maintained as described for parental
HCI11 cells (21). Thus, RPMI 1640 culture medium was supplemented
with 10% fetal bovine serum (FBS) (Atlanta Biologicals), 5 wg/ml insulin
(Sigma-Aldrich), and 10 ng/ml recombinant human epidermal growth
factor (EGF) (R&D Systems). Expression plasmids were obtained as fol-
lows: a plasmid expressing constitutively active human -catenin (with an
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N-terminal truncation of 47 amino acids; CA-Bcat) was purchased from
Addgene, a plasmid expressing human Lrp5 was kindly gifted by Brian
MacDonald (9), a plasmid expressing mouse Wnt3a was kindly gifted by
Bart Williams (Van Andel Research Institute, Grand Rapids, MI), and a
plasmid expressing Wntl was described in our previous studies (6, 21).
Cells were transfected with plasmids or transduced with lentiviral parti-
cles expressing short hairpin RNAs (shRNAs) for Lrp5 or Lrp6 as de-
scribed previously (21). A control plko vector encoding a scrambled
shRNA was purchased from Addgene. The Rictor shRNA constructs were
provided by the Broad Institute (a kind gift of Dudley Lamming, Depart-
ment of Medicine) and included the following shRNA sequences (also
used for the work in reference 18): CGGTTCATACAAGAGTTATTT and
CGAGACTTTGTCTGTCTAATT. Transduced cells were selected for
and maintained by addition of 6 wg/ml puromycin to the culture me-
dium. We designed the following additional shRNA sequences target-
ing Lrp5 mRNA for confirmation of our results: Lrp5 shRNA#2, TCA
GATACCAGGATCTTTCGG; and Lrp5 shRNA#3, TCATTGATCTCA
GTGTTCACA.

The MDA-MB-468 (basal type), MDA-MB231 and Hs578t (both
claudin'®"), and SKBr3 and MCF7 (both luminal) human breast cancer
cell strains (22) and the mouse breast tumor cell line 4T1 (highly malig-
nant) were obtained from the ATCC and were maintained per ATCC
instructions. 4T07 cells were a kind gift from Brett Morris and Patti Keely
(University of Wisconsin) and were maintained according to the method
of Aslakson and Miller (23). Lrp5 was knocked down in MDA-MB-231
cells maintained in Dulbecco’s modified Eagle’s medium (DMEM) sup-
plemented with 5% FBS. Briefly, cells were transduced with a lentivirus
containing pGipz shRNA for Lrp5 (clone V3LHS_347020) or a pGipz
nonsilencing control (clone RHS4346), purchased from Open Biosys-
tems, as described by Esen et al. (18). Transduced cells were selected for
and maintained in medium containing 1.6 pg/ml puromycin.

Quantitative real-time PCR analysis. RNA isolation, cDNA genera-
tion, and amplification by real-time PCR were performed as described
previously (7, 21). The PCR primers are listed in Table 1.

Western blotting of cell lysates. Primary mammary epithelial cells
were isolated from chopped mammary glands as previously described and
then directly lysed for protein analysis (7). For analysis of cultured cells,
cells were solubilized in either standard lysis buffer (25 mM HEPES, pH
7.4, 300 mM NaCl, 1.5 mM MgCl,, 1 mM EGTA, 50 mM glycerophos-
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phate, 0.5% Triton X-100) or radioimmunoprecipitation assay (RIPA)
lysis buffer (20 mM Tris-HCI [pH 7.5], 150 mM NaCl, 1 mM Na,EDTA,
1 mM EGTA, 1% NP-40, 1% sodium deoxycholate, 2.5 mM sodium py-
rophosphate, 1 mM glycerophosphate) with freshly added protease and
phosphatase inhibitors (Thermo Fisher Scientific). Western blotting of
SDS-PAGE gels was performed as described previously, using the follow-
ing primary antibodies from Cell Signaling Technology: anti-Lrp5 (5731),
anti-Lrp6 (3395), anti-glyceraldehyde-3-phosphate dehydrogenase (anti-
GAPDH) (2118), anti-p-Lrp6 (2568), anti-p-AKT (T308) (2965), anti-p-
AKT (S473) (4058), anti-AKT (4685), anti-p-p70 S6 kinase (T389)
(9205), anti-p70 S6 kinase (2708), anti-p-4E-BP1 (T37/46) (2855), anti-
4E-BP1 (9452), anti-p-S6 ribosomal protein (S235/236) (2211), anti-S6
ribosomal protein (2217), anti-p-SAPK/JNK (T183/Y185) (4668), anti-
SAPK/JNK (9252), anti-p-p38 (T180/Y182) (9215), anti-p38 (9212), anti-
p-ERK1/2 (T202/Y204) (4377), anti-ERK1/2 (4695), anti-p-LKB1 (S428)
(3482), anti-LKB1 (3047), anti-p-AMPKa (T172) (2535), and anti-
AMPKa (2603). Anti-B-actin antibody was purchased from Sigma
(A5441), and antivinculin antibody was purchased from Millipore (95-
386).

Small-molecule inhibitors and growth factors. EP cells were treated
for 48 h with the following small-molecule inhibitors at the indicated
doses: 500 M phenformin (Sigma), 10 nM rotenone (Sigma), 10 uM
UO126 (Promega), 10 nM LGK974 (Xcessbio), rapamycin (concentra-
tions as indicated in the figures) (Calbiochem), and 2-deoxy-p-glucose
(2-DG) (Sigma). The following growth factors were used at the concen-
trations indicated for proliferation and glucose uptake assays: 50 ng/ml
recombinant mouse Wnt3a (R&D Systems), 2 wg/ml insulin (Sigma), 50
ng/ml recombinant EGF (R&D Systems), and 50 ng/ml recombinant fi-
broblast growth factor (FGF) (R&D Systems). Growth factors or inhibi-
tors were added to a basal medium comprising 2% FBS, PenStrep antibi-
otic, and 6 pg/ml puromycin diluted in RPMI 1640 medium.

Assay of cell number. For assessment of relative cell numbers, cells
were plated at a density of 7 X 10* cells/ml in 24-well plates. The next day,
cells were changed to test condition medium, and 48 h later, cells were
rinsed with phosphate-buffered saline (PBS), fixed with ice-cold metha-
nol for 20 min, and stained with 1% crystal violet (CV) solution (Sigma)
for 30 min. Plates were washed three times with deionized water and dried
overnight before measurement of the optical density at 595 nm (OD545)
(calculated using Image] software). This assay was compared with a direct
assay of cell numbers by trypsinization and counting (data not shown) to
confirm that it could be applied as a surrogate for cell number. Relative
differences in cell growth were quantified as percent differences in cell
number, i.e., (ODsgs5 for test — ODs, for control)/ODsgs for control; the
control condition for each assay is indicated. For assays of proliferation in
response to glucose deprivation, cell strains were preincubated for 48 h in
culture medium made with RPMI 1640 lacking glucose. The fetal bovine
serum batch used for these experiments (Atlanta Biologicals) contained
110 mg/dl glucose; therefore, the cultures under “low-glucose” conditions
contained 22 mg glucose/liter of medium.

Dual-luciferase assay. Canonical Wnt signaling activity was mea-
sured using the TOPFLASH reporter assay as described by Goel et al. (21),
with the following modification: 5 X 10* EP cells in a well of a 24-well plate
were transduced with the Super TOPFLASH reporter plasmid (0.25 pg)
together with renilla luciferase (0.01 pg).

Glucose uptake and lactate efflux assays. Cells were seeded in 24-well
plates at a density of 7.5 X 10* cells/ml in complete culture medium. The
next day, the medium was replaced with phenol red-free RPMI medium
supplemented with 2% FBS and antibiotics. The next day, medium con-
taining test compounds was added, and cells were incubated for an addi-
tional 24 h. The medium was harvested from cells, and cells were washed,
fixed, and stained with crystal violet; glucose and lactate concentrations
were determined using colorimetric kits from Eton Biosciences according
to the manufacturer’s instructions. The percent difference in glucose or
lactate uptake/efflux for Lrp5 knockdown cells (Lrp5KD cells) or Lrp6KD
cells was calculated relative to the value for control (plko) cells, and all
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values were normalized to the crystal violet staining intensity (CV/
ODsys5). Briefly, medium samples were removed before and after incuba-
tion with a known number of cells (measured by CV/ODs,;), glucose
concentrations were assayed, and the amount of glucose consumed/cell
was calculated (Aglucose/CV).

ATP assay. Cells were plated in 6-cm? dishes at 7.5 X 10* cells/ml in
triplicate and incubated in RPMI medium. Cells were trypsinized and
counted, and 1 X 10° cells per replicate were assayed for the amount of
ATP per cell according to the manufacturer’s instructions (BioVision).

Analysis of OCR and ECAR. Cells were seeded at a density of 10,000
cells/well in RPMI medium in a 96-well plate. A total of five replicate wells
per cell strain were plated. The next day, cells were washed 3 times with
test medium, consisting of unbuffered, phenol red-free RPMI medium
(Sigma), 2% FBS, 1 mM glutamine, and antibiotics. The oxygen con-
sumption rate (OCR) and the extracellular acidification rate (ECAR) were
measured using a Seahorse XFe96 extracellular flux analyzer.

To normalize OCR and ECAR to cell number, standard curves of cells
(0t0 20,000) of each strain were plated in parallel tissue culture plates and
stained with crystal violet. OCR and ECAR values were calculated using
Seahorse Wave software.

Analysis of intracellular reactive oxygen species (ROS) levels. Cells
were plated at 7.5 X 10* cells/ml in 10-cm dishes and incubated in RPMI
medium as described previously for glucose and lactate assays. Cells were
trypsinized, resuspended in PBS, and stained for 30 min with H2DCFDA
in a tissue culture incubator (37°C, 5% CO,) (Life Technologies). Cells
were washed once with PBS and resuspended in PBS plus 2% FBS con-
taining 50 nM TOPRO3 (Life Technologies). For a positive control, cells
were treated with hydrogen peroxide (200 uM) for 10 min prior to anal-
ysis by flow cytometry. Data were collected from 20,000 live cells (per
replicate) by using a BD Biosciences LSR II flow cytometer, and the me-
dian staining intensity was calculated using FlowJo software.

Statistical analysis. All experiments were performed with at least
three replicates, repeated three times. Statistical significance was deter-
mined by performing two-tailed Student’s ¢ test, and significance is re-
ported for P values of <0.05.

RESULTS

HCI11 cells were derived from COMMA-D1 cells, the ancestor of
most of the mouse epithelial cell lines in use today (24, 25). Orig-
inally described as a nontumorigenic cell line, HC11 cells respond
to prodifferentiation protocols with milk secretion and morpho-
logical lumen formation. However, this cell line has drifted with
passage to become tumorigenic. We rederived a nontumorigenic
cell strain from an isolate of HC11 cells kindly provided by Nancy
Hynes; thus, using flow cytometry, we separated epithelial cells
(expressing the epithelial cell adhesion molecule EpCAM and the
mammary epithelial cytokeratin keratin-8 or keratin-5 [K8 or
K5]) (Fig. 1A) from nonepithelial cells, which showed a typical
epithelial-mesenchymal transition (loss of keratin expression
[Fig. 1A], acquisition of vimentin expression, and a transcrip-
tional profile typical of the epithelial-mesenchymal transition
[data not shown]). Vimentin-positive cells have been observed in
COMMAID cultures before and were cloned out at a limiting
dilution (26). We confirmed that both alleles of p53 were mutant
(C138W, A123-130), as described by Nancy Hynes and colleagues
(27). Upon passage, the epithelial phenotype of these EpCAM-
positive cells (EP cells) was stable (Fig. 1B and C). Furthermore,
we assayed the tumorigenicity of EP and EpCAM-negative (EN)
cells by transfer to mammary fat pads, and we found that this
activity partitioned to the EN cell fraction. EP cells are therefore a
nontumorigenic mouse epithelial cell line with predominantly lu-
minal characteristics and a minor stable subpopulation expressing
some basal epithelial cell markers.
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FIG 1 Rederivation of EP mammary epithelial cells. (A) HCI11 cells were
stained with antibodies to EpCAM and CD49f and sorted by flow cytometry
into EpCAM-positive (EP) and EpCAM-negative (EN) fractions. Postsorting,
cell aliquots were fixed and stained with epithelial markers, i.e., anti-keratin-5
(K5) and anti-keratin-8 (K8) antibodies (nuclei were counterstained with
DAPI [blue]). Lineage specification is indicated as either basal/myoepithelial
(K5 positive; green) or luminal (K8 positive; red). Note that EN cells were
entirely negative for keratin expression. (B) To test the stability of the EP cell
phenotype, cells were passaged, and samples at each passage were analyzed for
keratin expression (as described for panel A). (C) After 6 passages, cells were
reanalyzed by flow cytometry to show that EP cells maintained EpCAM ex-
pression and that EN cells were consistently EpCAM negative. (D) EP or EN
cells (4 X 10°) were inoculated into mammary fat pads, and tumor formation
was measured 12 weeks later.

Mammary epithelial cells (EP cells) are predictably responsive
to a number of specific growth factor ligands (EGF, FGF, and
insulin) (Fig. 2A), including recombinant Wnt3a. To determine
the role of Lrp5 in Wnt-induced growth and Wnt-induced trans-
activation, Lrp5 and Lrp6 were each knocked down by use of
shRNA lentiviral expression vectors (Fig. 2B), resulting in 60 to
80% knockdown of each at the protein level (Fig. 2C). Given that
these proteins oligomerize (28, 29), we tested the relative stability
of each in the absence of the other, and we found no compensatory
changes in the amount of Lrp6 in the absence of Lrp5, and vice
versa.

Surprisingly, Lrp5 knockdown cells showed a dramatically
decreased growth rate at all serum levels screened. Cells were
counted after 48 h of growth in 0.5 to 10% FBS (Fig. 2D). For
cells growing in 1% serum, the number of Lrp5KD cells was
reduced by 60%.

To evaluate whether Lrp5 was important for growth induced
by specific types of growth factors, EP cells were incubated with
serum (2% FBS in basal medium), rWnt3a, EGF, FGF, or insulin
for 48 h (Fig. 2E). Surprisingly, although Lrp5KD cells responded
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to each growth factor, including rWnt3a, the overall cell number
was much reduced compared to that of controls. Using two inde-
pendent shRNA sequences targeting Lrp5, we confirmed the dra-
matic growth suppression (Fig. 2F), which correlated with the
degree of Lrp5 knockdown (Fig. 2G). Interestingly, although Wnt
ligands induced growth of EP mammary epithelial cells, canonical
Wnt signaling via Lrp6 did not appear to be the driver (Fig. 2E),
since there was no effect on growth when Lrp6 was reduced.

Based on the generality of the growth suppression we observed
in Lrp5 knockdown cells, it appeared unlikely that Lrp5 regulated
growth by a specific, Wnt-dependent mechanism. However, we
considered the possibility that endogenous Wnt signaling could
be responsible for maintaining growth of these cells and for pro-
moting growth and survival under all these different growth con-
ditions. Indeed, our analysis of mRNAs expressed by these cells
showed significant expression of several Wnt signaling compo-
nents (5), and at least one breast tumor cell line has been shown to
be Wnt dependent for growth and motility, relying on autocrine
Wnt signaling (30). To evaluate the effect of each Lrp species on
basal and induced Wnt signaling, the relative activation of Lrp
receptors (assayed using an anti-phosphoserine-1490 Lrp anti-
body) was evaluated for control cells (plko), Lrp6KD cells, and
Lrp5KD cells and was found to be low/undetectable in the absence
of exogenous ligand addition (Fig. 3A). Lrp6KD cells showed a
50% reduction in Lrp activation 60 min after treatment with
rWnt3a, whereas Lrp5KD cells showed little change. We also
tested the basal (Fig. 3B) and inducible (Fig. 3C) expression of a
canonical Wnt reporter (TOPFLASH) in Lrp5KD and Lrp6KD
cells, and we found that although knockdown of Lrp5 species re-
duced Wnt signaling by over 50%, knockdown of the minority
Lrp6 protein had a much larger impact. We concluded that despite
the fact that Lrp5 comprises the majority of Lrp species in these
cells (Fig. 3D) (21), Lrp5 is indeed a much less potent transducer
of Wnt signals (9).

Autocrine signaling depends on the production of myristoy-
lated Wnt ligands, and this process is sensitive to inhibitors of
specific acylases (31-34). Thus, LGK974 is a PORCN inhibitor
that specifically inhibits Wnt ligand production. If autocrine Wnt
ligands maintain growth of EP cells in vitro, growth will be inhib-
ited by LGK974. To test the efficacy and specificity of LGK974 for
inhibiting Wnt-dependent responses, we compared TOPFLASH
reporter expression levels after transfection of Wnt3a or addition
of recombinant Wnt3a protein (Fig. 3E). As anticipated, this in-
hibitor effectively reduced TOPFLASH expression by >90% in
cells synthesizing their own Wnt ligands, whereas it had little effect
on the response to recombinant Wnt3a. However, LGK974 had no
effect on EP cell growth (Fig. 3F), leading us to conclude that Wnt
signaling does not drive growth of these cells (at any of the tested
serum concentrations). In sum, the loss of growth observed in
Lrp5-deficient cells does not appear to be mediated by canonical
Wnt signaling complexes.

A recent study showed that Lrp5 affects glucose uptake in
osteoblast cells (18). Therefore, we evaluated glucose uptake by
EP mammary epithelial cells and found that it was reduced by
at least 30% by knockdown of Lrp5 (Fig. 4A). Insulin is known
to increase glucose uptake by various cell-specific mechanisms;
for EP cells, insulin increased glucose uptake by 20%. Lrp5 KD
also reduced glucose uptake induced by insulin and Wnt3a.
Indeed, the impact of Lrp5 KD on growth directly mirrored the
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FIG 2 Lrp5 regulates mammary epithelial cell growth. (A) EP mammary epithelial cells were treated with Wnt3a, EGF, FGF, insulin, or no additions (the basal
medium [UT] contained 2% fetal bovine serum) for 48 h, and cell number was assayed using crystal violet staining (CV/ODsy;). Results are reported as %
differences in cell number relative to control, plko-transduced cells in basal medium. (B) EP mammary epithelial cells were stably transduced with lentiviruses
encoding a scrambled shRNA (plko), Lrp5 shRNA, or Lrp6 shRNA and then selected with puromycin. Knockdown efficiency was assessed by quantitative reverse
transcription-PCR (qRT-PCR) of Lrp5 and Lrp6 mRNAs (relative expression of each was normalized to expression in the plko control line). (C) EP cell strains
were analyzed by Western blotting for Lrp5 and Lrp6 (the loading control was GAPDH). (D) Growth curves for EP cell strains in response to increasing serum
concentrations (0 to 10% FBS) were assayed 48 h after plating (CV/ODs,5). Results are displayed as cell numbers relative to those of the control (plko cells in 10%
FBS). (E) The growth of EP cell strains was determined after 48 h of treatment with specific ligands, namely, Wnt3a (50 ng/ml), insulin (2 pg/ml), EGF (50 ng/ml),
and FGF (50 ng/ml), and expressed with respect to plko cells in basal medium (2% serum; untreated [UT]). Percent differences in cell numbers were normalized
to control (plko) cells cultured in basal medium. (F) Two more shRNA constructs (shRNA#2 and shRNA#3) for Lrp5 were tested for % knockdown by Western
blotting. (G) These Lrp5KD cell strains were assayed for cell number relative to that of control (plko) cells 48 h after plating. Statistical significance is shown for
Lrp5KD versus control plko cells (**, P < 0.005; ¥, P < 0.05).

relative glucose uptake, whether it was basal or induced by characteristic of secreted lactate (Fig. 4C). We confirmed the spec-
specific growth factors. ificity of the shRNA knockdown by rescuing glucose uptake in
To determine whether glucose disposition was affected in  Lrp5KD cells with expression of the human Lrp5 protein (Fig. 4D
Lrp5KD cells, we measured lactate efflux under basal and induced  and E). We found that overexpression of Lrp5 alone was not suf-
culture conditions (Fig. 4B). Smaller glucose amounts takenup by  ficient to increase glucose uptake for these cells, and we concluded
Lrp5KD cells were reflected in smaller amounts of secreted lactate,  that the amount of Lrp5 present in EP cells does not solely deter-
suggesting that there is no dramatic redirection of glycolysis in  mine their rate of glucose uptake.
these cells. If there is less glucose imported and oxidized in mito- Although we showed that Wnt-induced transactivation is not
chondria, then oxygen consumption is predicted to decrease. likely to be implicated in this pathway, other studies have sug-
Metabolic analysis of O, consumption confirmed that cells were  gested that there are transcriptional targets of Wnt signaling that
less metabolically active, consuming less oxygen (OCR), and also  could affect glucose uptake rates, including IRS1 (35). Therefore,
confirmed the decreased extracellular acidification rate (ECAR)  to test whether a gain of function for canonical Wnt signaling is
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(D) The relative amounts of Lrp5 and Lrp6 in EP cells were deduced by comparison of myc-tagged Lrp constructs (21). (E) To evaluate whether autocrine Wnt
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of RLU. n.s., not significant. (F) EP cells were treated with LGK974 in the presence of various serum concentrations, and cell numbers were assayed 48 h later
(CV/ODsys). The value for control cells (plko cells in 10% serum) was set to 1.

sufficient to increase glucose uptake, constitutively active mg/liter (1 mM) (Fig. 4H). Thus, glucose availability limits
B-catenin (CA-Bcat) was expressed in EP cells, effectively induc-  growth of EP cells below this threshold concentration. (Note that
ing the TOPFLASH reporter (Fig. 4F). (Interestingly, Wnt-depen-  the glucose concentration of regular RPMI 1640 cell culture me-
dent transactivation was significantly suppressed in Lrp5KD  diumis2 g/liter, or 11.1 mM). Lrp5 knockdown cells did not grow
cells.) However, the expression of CA-Bcat did not increase glu-  in response to increasing glucose in the medium (Fig. 4H).
cose uptake by mammary epithelial cells and did not rescue glu- To investigate whether Lrp5 could be regulating the transcrip-
cose uptake in Lrp5KD cells (Fig. 4G), ruling out a significantrole  tion of GLUT mRNA species, we measured their expression in
for B-catenin/T-cell factor (TCF)-induced transcriptional re- Lrp5KD cells under two glucose restriction conditions: low (22
sponses. mg/liter)-glucose medium and rapamycin treatment (Fig. 41). In
The rate of glucose uptake by cells is determined by the num-  common with the breast cancer cell lines reported by Anderson
ber, activation status, and type of hexose (GLUT) transporters and colleagues (37), we found that mRNAs for GLUT1 and
expressed on the cell surface (36). We incubated EP cells in media ~GLUT8 predominated in EP cells (Fig. 4I). All three glucose re-
with various glucose concentrations and showed that the growth  striction conditions, i.e., rapamycin treatment, low-glucose me-
rate of EP cells decreased at glucose concentrations below 176  dium, and Lrp5 KD, suppressed mRNA expression for GLUT1 (by
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approximately 25%), suggesting that this transcriptional response
is a component of a compensatory reaction rather than indicating
a specific role of Lrp5-mediated transactivation. We also assayed
mRNAs for proteins implicated as important for glucose uptake
or metabolism in general by other studies (HK1/2, LDHA/B,
PKM1/M2, PDK1-3, and IRS1-4), and we found that these were
not affected by Lrp5 knockdown (data not shown).

If low glucose uptake by Lrp5KD cells was sufficient to ex-
plain why cells grow more slowly, we predicted that the Lrp5
KD phenotype would be mimicked by reducing the glucose
concentration in the growth medium. When EP cells were
moved to low-glucose medium (22 mg/liter, or 0.12 mM; pres-
ent in 2% serum), the growth of control cell strains was slowed
to approximately the same degree as that of Lrp5KD cells (Fig.
4]). The addition of the nonmetabolized glucose variant 2-de-
oxyglucose (2-DG) also mimicked the slow-growth phenotype of
Lrp5KD cells (Fig. 4K). Together, these data led us to conclude
that these cells are highly dependent on Lrp5-regulated glucose
uptake for their growth.

Typically, cancer cells consume more glucose than normal cells
(22) (secreting partially oxidized glucose as lactate, per the “War-
burg” effect). We therefore tested whether the breast cancer cell
line MDA-MB-231 showed Lrp5-regulated glucose uptake (Fig.
5). We confirmed that these breast cancer cells showed profound
growth inhibition in response to the selective GLUT1 inhibitor
WZB117 (38) (Fig. 5B). Reducing the level of Lrp5 mRNA by 70%
by use of shRNA lentiviral expression constructs reduced the cell
number by 30%. Furthermore, MDA-MB-231 cells showed a 30%
decrease in glucose uptake in response to the specific GLUT1 in-
hibitor WZB117 (Fig. 5C), and a similar decrease in glucose up-
take was seen for Lrp5KD cells, but only when glutamine was
omitted from the culture medium (Fig. 5D). MDA-MB-231 cells
are highly glutamine dependent (22), so Lrp5-regulated glucose
uptake may become growth limiting only when glutamine is ab-
sent. Lrp5 is expressed by all the breast cancer and nontumori-
genic breast epithelial cells that we tested, and interestingly, there
were significant differences in the number and size of bands iden-
tified on high-resolution Western blots (Fig. 1E), implying the
regulation of Lrp5 by posttranslational modification. (Note that
we could not detect an alternatively spliced Lrp5 variant described
as characteristic of breast cancer cell lines [39; data not shown].)

A well-characterized response to energetic stress is the activa-
tion of AMPK. Indeed, this molecule is considered to be one of the
principal brakes on cell growth under conditions with limiting
nutrients (40). We measured ATP concentrations of the cell
strains under basal culture conditions and found that Lrp5KD
cells were not statistically different from control cells (Fig. 6A).
Not surprisingly, then, activation of AMPK was not increased in
Lrp5KD cells (Fig. 6B). The activation of other signaling pathways
known to determine growth rate (LKB and extracellular signal-
regulated kinase [ERK] pathways) was also unchanged, including
the c-Jun N-terminal kinase (JNK) pathway, known to be a non-
canonical Wnt signaling output. However, there was a significant
increase in activation of the stress checkpoint protein p38a/
MAPK14 in Lrp5KD cells but not Lrp6KD cells. Activation of
p38a was also observed in control cells cultured in low-glucose
medium (Fig. 6C).

Mitochondrial stress associated with dysregulation of the elec-
tron transport chain (ETC) is a source of reactive oxygen species
(ROS), which in turn stimulate the activation of the stress check-
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point p38a (41, 42). Indeed, inhibition of glucose uptake is typi-
cally sufficient to stress the ETC and to increase the steady-state
levels of ROS (42); we confirmed that 2-DG-treated EP cells
showed an increased ROS level (Fig. 6D). Similarly, EP cells grow-
ing in low-glucose medium and Lrp5KD EP cells also showed
elevated (2 to 3 times) ROS levels (Fig. 6E). Therefore, the loss of
glucose uptake observed in Lrp5KD cells is sufficient to account
for increased ROS levels, p38a activation, and cell growth inhibi-
tion.

Given the importance of mTOR signaling as a regulator of cell
growth and glucose uptake (43), we tested whether the mTORC1
inhibitor rapamycin would reduce glucose uptake in EP cells and
phenocopy other aspects of Lrp5KD cells. Rapamycin abrogated
the activation of mTOR signaling targets that affect translation,
including S6 kinase, S6, and (less so) 4E-BP1 (Fig. 7A). Inhibiting
mTOR signaling effectively inhibited glucose uptake (Fig. 7B). To
provide a comparison, cells were also treated with inhibitors of
various aspects of metabolism, including the biguanide drug
phenformin (by analogy to metformin, the likely target is mito-
chondrial GPDH [44]), rotenone (a classic complex 1 inhibitor),
and UO126 (an ERK inhibitor). Interestingly, and in contrast to
rapamycin, these inhibitors tended to promote glucose uptake
(Fig. 7B). Rapamycin reduced growth (Fig. 7C), glucose uptake
(Fig. 7D), and lactate efflux (Fig. 7E), to degrees similar to those
observed with the knockdown of Lrp5. Rapamycin also replicated
other aspects of the Lrp5SKD phenotype, inducing ROS and p38a
activation (Fig. 7F and G).

mTORC?2 is frequently implicated as a key component in glu-
cose sensing and uptake, as opposed to mTORCI, which detects
and reacts to amino acids (45). Since rapamycin inhibits both
mTORC1 and mTORC2, depending on the time course of expo-
sure, cell type, and drug dose, we asked whether a specific ablation
of mTORC2 function could phenocopy Lrp5 knockdown in
mammary epithelial cells. RICTOR is an mTORC2-specific sub-
unit (as opposed to mTORC1) (46); approximately 50% knock-
down significantly inhibited the phosphorylation of Akt S473, a
known target of mTORC2. Like Lrp5 knockdown, RICTOR
knockdown inhibited glucose uptake and EP cell growth (Fig. 7H
to K).

We tested whether other mTOR signaling outputs were inhib-
ited in the absence of Lrp5, and we found reduced activation of S6,
S6 kinase, and 4E-BP (Fig. 8A). S6 is a highly conserved mTOR
target which is also a metabolic regulator in yeast (47). Interest-
ingly, there was no impact of decreased Lrp5 on the activation of
Akt (§473 or T308) or on other signaling hubs (such as ERK) (Fig.
6B). Thus, Lrp5KD cells show some phenotypes in common with
cells with a loss of function of mMTORC2 (reduced glucose uptake
and growth), as well as others that are not shared, including re-
duced pS473-Akt. One phenotype of Lrp5KD cells that may be a
unique signature is that the total extractable amount of the trans-
lation-associated protein S6 is much smaller (Fig. 8A and B), de-
spite expression of S6 (and S6 kinase) mRNAs at wild-type levels
(Fig. 8C). A much smaller amount of extractable S6 was also ob-
served in primary mammary epithelial cells isolated from lrp5~"'~
mammary glands (Fig. 8D). Studies of S6 function have focused
on a nonphosphorylatable knock-in form (rpS6"~/"); therefore,
the predicted cause and effects of absent S6 are not well under-
stood.
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FIG 5 Lrp5 controls glucose uptake and growth of MDA-MB-231 human breast cancer cells. (A) MDA-MB-231 cells transduced with lentiviruses containing
either a pGipz nonsilencing control or Lrp5 shRNA were analyzed by Western blotting to assess the efficiency of knockdown. (B) MDA-MB-231 cells were plated
at3.0 X 10* cells/ml in 24-well plates and treated with the GLUT1 inhibitor WZB117; changes in cell number were assessed 48 h after administering the inhibitor.
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DISCUSSION

This study has revealed that Lrp5 is a minor player in the response
to Wnt3a-type ligands; instead, Lrp5 serves to regulate glucose
uptake in mammary epithelial cells. This is key, since glucose up-
take determines the rate of mammary epithelial cell growth in
vitro. Decreased glucose uptake inhibits the growth of mammary
epithelial cells in general, whether growth is induced by serum, by
specific growth factors (including FGF and EGF), or by Wnt li-
gands. In contrast, loss of function of Lrp6, the dominant Wnt
responder, leads to a predictable loss of Wnt reporter activity but
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little change in the growth rate. It has been shown that Lrp5 is not
optimized for stimulating 3-catenin/TCF signaling (9), as the car-
boxy-terminal domain is not easily activated. Our results suggest
that Lrp5 structure and function may be optimized to perform a
different function.

Since Lrp5 and Lrp6 proteins form heteromers (21, 28, 29),
there is great potential for a coordinated response to Wnt ligands
that includes an Lrp6-dependent B-catenin/TCF transcriptional
response together with an Lrp5-dependent glucose metabolic re-
sponse. Our previous studies have shown that canonical Wnt sig-
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naling, and therefore mammary stem cell activity, is constrained
to cells expressing both Lrp5 and Lrp6 (21, 48, 49). Thus, all nor-
mal mammary stem cells express both Lrp species, and presum-
ably both Lrp-associated activities. The heteromerization of Lrp5
and Lrp6 may explain why Wnt signaling outputs often include
metabolic endpoints. For example, Inoki et al. (50) reported the
indirect activation of mTOR signaling downstream of Wnt-sig-
naling breast tumor cell lines. The growth of these cells was inhib-
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ited by rapamycin both in vitro and in vivo. For our study, loss of
function of Lrp6 induced a gain of function for some signaling and
metabolic parameters, suggesting that Lrp6 has suppressor activ-
ity. Thus, ERK and mTOR signaling increased (Fig. 4B and 6A),
oxygen consumption and ATP amounts increased (Fig. 3C and
4A), lactate efflux declined (Fig. 3B), and cells became less stressed
under low-glucose conditions (Fig. 4E). Thus, these two receptors
may have interactive functionality.
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mammary glands by Western blotting.

Recent studies have begun to implicate Lrp5 as a metabolic
regulator, both systemically and locally. However, many of
these studies have focused on Wnt ligand-regulated changes in
metabolism and canonical Wnt signaling outputs to explain
their phenotypes. For example, in humans, rare mutations in
Lrp5 control bone and cardio-metabolic disorders, such that
gain-of-function mutations lead to high bone mass and en-
hanced lower body fat accumulation, whereas loss-of-function
mutations give low bone mineral density and increased ab-
dominal adiposity (51, 52). Other investigators have shown
that Lrp5 knockout mice show normal glucose levels but im-
paired glucose tolerance, thus showing less insulin secretion in
response to glucose administration (14).

Dissection of the molecular basis for Lrp5 activity in osteo-
blasts has shown that Lrp5 controls glucose uptake for the bone
marrow stromal cell line ST2 during Wnt-induced osteoblastic
differentiation (18). This study showed that loss of Lrp5 function
decreased Wnt-induced differentiation for these cells but did not
inhibit growth. In contrast, our study showed that the growth rate
of mammary epithelial cells strictly depends upon Lrp5; indeed,
cell viability is severely reduced when knockdown is more com-
plete (J. A. Martin and C. M. Alexander, unpublished data). For
mammary epithelial cells, Lrp5 is present in great excess compared
to Lrp6 (3-fold), and there is no simultaneous, Wnt-induced dif-
ferentiation process; thus, it can be demonstrated unambiguously
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that Lrp5 plays a role in glucose uptake. Indeed, we showed that
Lrp5-dependent regulation of glucose uptake in mammary epi-
thelial cells occurs regardless of the presence of Wnt ligands.

Although Lrp5-deficient mammary epithelial cells showed
some decrease in Wnt transactivation responses (measured using
the TOPFLASH reporter), the loss of glucose uptake was not re-
lated to canonical B-catenin/TCF signaling. This conclusion is
supported by the following results: (i) gain of function for
B-catenin/TCF signaling did not induce an increase of glucose
uptake and (ii) loss of function for 3-catenin/TCF signaling (Lrp6
KD or LGK974 treatment) did not decrease glucose uptake. Esen
and colleagues also concluded that Wnt-mediated enhancement
of glucose uptake was independent of canonical B-catenin/TCF
signaling (using a glycogen synthase kinase [GSK] inhibitor,
shRNA for 3-catenin, and the tankyrase inhibitor XAV939) (18).
They confirmed that 3-catenin/TCF signaling induced transcrip-
tion of IRS1, known to be important to insulin-induced glycogen
synthesis in muscle cells (35), but showed that this was not impor-
tant to glucose uptake in osteoblasts.

It is increasingly clear that glucose uptake is a highly regulated
process that can determine growth and differentiation. Thus, glu-
cose uptake increases in response to intracellular signals and ex-
tracellular cues, and a larger glucose supply feeds forward to de-
termine signaling activation and establish homeostasis. Recently,
a study of a panel of 46 breast cancer cell lines revealed their re-
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markable range of glucose uptake rates and glucose dependences
(22). Glucose uptake has been shown to regulate the growth of
human breast cancer cell lines via GLUT1 (37), as well as the
malignancy of mouse breast cancer cell lines (via GLUT3 amplifi-
cation) (53).

One of the intracellular pathways that controls glucose uptake
is the mTOR pathway; thus, inhibition of mTORC1 with the spe-
cific inhibitor rapamycin inhibits glucose uptake in most cell
types. We found that rapamycin-treated cells shared symptoms of
mitochondrial stress with Lrp5-deficient cells, including higher
ROS levels and p38a activation. Lrp5-deficient cells showed de-
creased activation of mTOR signaling, as assayed by phosphory-
lation of the ribosome-associated proteins S6 and S6 kinase. How-
ever, we could detect no differences in protein amount per cell
(measured as the amount of protein per cell counted), typically
used as an index of relative translation rates, nor did we observe a
change in cell size (measured by flow cytometry), typically used as
ameasure of mMTOR activation (54; data not shown). Interestingly,
Lrp5-deficient cells showed a profound deficiency of S6 protein in
lysates analyzed by Western blotting, despite normal levels of S6
mRNA (Fig. 8C). This is an unusual and possibly unique pheno-
type, not shared by rapamycin-treated or RICTOR knockdown
(mTORC2 loss of function) cells. The function of the S6 protein
still remains obscure, though it is poised at the interface of the
40S and 60S subunits of the mature ribosome, suggesting that it
could modify translation depending upon signaling inputs (47,
55). Mice with a nonactivatable version of S6 (rpS6” /™) were
reported to be viable and grossly normal, though they showed
subtle alterations in glucose homeostasis, including reduced
pancreatic islet function but enhanced insulin sensitivity in
peripheral tissues (56).

Glucose uptake is controlled by a series of GLUT transporter
proteins, which facilitate glucose transport at the plasma mem-
brane (57, 58). These channel proteins show different mRNA ex-
pression patterns and highly regulated cell surface presentation.
Several studies have shown that the rate of GLUT-dependent glu-
cose uptake can determine mammary epithelial cell growth and
the invasive behavior of breast tumor cell lines (37, 53, 59). Spe-
cifically, GLUT1 is the most abundant glucose transporter species
in mammary epithelial cells, and knockdown of GLUT1 in mouse
mammary tumor cell lines reduces glucose uptake, with a propor-
tional loss of lactate secretion and a corresponding decrease in
growth rates, both in tissue culture and in vivo (37). Our study
shows that both glucose-limited and Lrp5KD mammary epithelial
cells show proportionally less glucose consumption, lactate secre-
tion, and oxygen consumption. All three glucose-inhibited condi-
tions (rapamycin treatment, Lrp5 KD, and low-glucose medium)
showed significantly decreased GLUT1 mRNA expression (ap-
proximately 25%), which we assume reflects a compensatory
switch to alternate calorie acquisition strategies. Since losses of
function of Lrp5 and GLUT1 generate broadly similar pheno-
types, we suggest that these two proteins are likely to be function-
ally interactive.

We conclude that Lrp5 is required for glucose uptake, whether
by mouse mammary epithelial cells or human breast cancer cells,
and that, in this role, it serves to limit and determine the cellular
growth rate in a Wnt-independent manner. We propose that since
the amount of Lrp5 determines metabolism, this in turn deter-
mines how cells respond to growth factors. We suggest that since
glucose uptake is typically important to breast tumor cells (37, 53),
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Lrp5-associated glucose processing may become highly significant
during breast epithelial cell transformation.
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