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Akt Signaling Is Sustained by a CD44 Splice
Isoform-Mediated Positive Feedback Loop

Sali Liu™? and Chonghui Cheng'"?

Abstract

Tumor cells nearly invariably evolve sustained PI3K/Akt
signaling as an effective means to circumvent apoptosis and
maintain survival. However, for those tumor cells that do not
acquire PI3K/Akt mutations to achieve this end, the underlying
mechanisms have remained obscure. Here, we describe the
discovery of a splice isoform-dependent positive feedback loop
that is essential to sustain PI3K/Akt signaling in breast cancer.
Splice isoform CD44s promoted expression of the hyaluronan
synthase HAS2 by activating the Akt signaling cascade. The
HAS2 product hyaluronan further stimulated CD44s-mediated
Akt signaling, creating a feed-forward signaling circuit that

Introduction

Resistance to cell death is a hallmark of cancer that tumor cells
acquire to evade cancer therapies (1). This ability is commonly
achieved through mutations of genes that result in sustained
survival signals (2, 3). Independent of these mutations, however,
cancer cells acquire the capacity to establish feedback circuits that
allow for sustained survival signals (4-8). Therefore, disrupting
these feedback-regulatory loops may provide an effective route to
eradicate therapeutic resistance in cancer patients.

Aberrant activation of the PI3K/Akt signaling pathway drives
tumor cell survival (9-11). Mutations that cause constitutive
activation of PI3K/Akt are frequently found in advanced tumors
and are associated with therapeutic resistance (9, 12, 13). How-
ever, many tumor cells displaying abnormal activity of PI3K/Akt
do not harbor such mutations (9). The mechanisms by which
these tumor cells sustain PI3K/Akt signaling were not fully
understood.

Alternative splicing is an essential mechanism that generates
protein diversity in mammals (14, 15). Emerging evidence sug-
gested that dysregulation of alternative splicing plays a causal role
in cancer progression (16, 17). One such example comes from our
study of the cell surface protein and cancer stem cell marker CD44.
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promoted tumor cell survival. Mechanistically, we identified
FOXO1 as a bona fide transcriptional repressor of HAS2. Akt-
mediated phosphorylation of FOXO1 relieved its suppression
of HAS2 transcription, with FOXO1 phosphorylation status
maintained by operation of the positive feedback loop. In
clinical specimens of breast cancer, we established that the
expression of CD44s and HAS2 was positively correlated. Our
results establish a positive feedback mechanism that sustains
PI3K/Akt signaling in tumor cells, further illuminating the
nearly universal role of this pathway in cancer cell survival.
Cancer Res; 77(14); 3791-801. ©2017 AACR.

Alternative splicing of CD44 gives rise to two groups of protein
isoforms. The CD44v isoforms contain at least one of its nine
variable exons, whereas the CD44s isoform is devoid of all variable
exons. Work from our group and others showed that CD44s and
CD44v are associated with distinct signaling activation. Although
CD44v augments MAPK signaling and promotes cell proliferation
(18-20), CD44s stimulates PI3K/Akt activation and renders tumor
cells insensitive to drug-induced cell death (21, 22). We further
showed that isoform switching from CD44v to CD44s is required
for cells to undergo epithelial-mesenchymal transition (EMT;
refs. 21, 23, 24), a developmental process that is abnormally
activated in cancer therapeutic resistance (25, 26). These data
suggest a functional role for CD44s in promoting therapeutic
resistance by activating the PI3K/Akt signaling cascade.

In this study, we identify hyaluronan synthase 2 (HAS2) as a
major downstream target of CD44s. We demonstrate a positive
feedback loop that couples CD44s and HAS2, resulting in sus-
tained Akt activation for cell death resistance in breast cancer cells.
We found that FOXO1, a transcriptional repressor whose activity is
inhibited by Akt-dependent phosphorylation, binds to the pro-
moter of HAS2 and suppresses HAS2 transcription. CD44s-acti-
vated Akt signaling suppresses the transcriptional activity of
FOXO1, causing de-repression of HAS2 transcription and thus an
increase in HAS2 expression. The HAS2-synthesized product, hya-
luronic acid (HA), is a ligand of CD44s. HA further augments
CD44s-dependent Akt activation, resulting in formation of a
positive feedback circuit. Disruption of this positive feedback loop
inactivates Akt signaling and inhibits EMT and cancer cell survival.
Hence, blocking this feed-forward circuit may serve as an effective
strategy for the treatment of therapeutic-resistant breast cancers.

Materials and Methods

Cell lines and reagents
Human embryonic kidney 293FT cells, HT1080, MDA-MB-
231, and LM2 cells were grown in DMEM supplemented with
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10% FBS and 1% r-glutamine. Mes10A cell lines were derived
from MCF10A cells as previously described (21) and used within
eight passages. Stable cell lines were made to overexpress CD44s
and CD44v3-10 cDNA or to silence CD44 by retro-viral or lenti-
viral infection. Stable cell lines were cultured in the media
described above in the presence of the appropriate selectable
drug markers. 293FT cells were obtained from Dr. Patrick Stern
(MIT, Cambridge, MA, 2007). HT1080 cells were obtained from
Dr. Bill Schnaper (Northwestern University, Boston, MA, 2012).
MCF10A cells were obtained from Dr. Alexander Minella (Blood
Center of Wisconsin, Milwaukee, WI, 2009). MDA-MB-231 and
LM2 were obtained from Dr. Yibin Kang (Princeton University,
Princeton, NJ, 2012). MDA-MB-231, LM2, and recurrent tumor
cells were tested negative for the Mouse Essential CLEAR Panel
conducted by Charles River Research Animal Diagnostic Services
on November 13, 2014. All cells were expanded and stored in
liquid nitrogen when received. Early passage vials (less than 10
passages) were thawed for the experiments described in this study.
No further validation or authentication was performed. TrypLE
(Gibco; 12605-010) was used for dissociating all aforementioned
adherent cell lines before plating for assays. The PI3K inhibitor LY-
294002 was obtained from Millipore (440202). The Akt inhibitor
MK-2206 was obtained from Selleckchem (S1078). The FOXO1
inhibitor AS1842856 was obtained from Calbiochem (344355).
Hyaluronidase Type I-S from bovine testes (Sigma-Aldrich
H3506, 1 mg/mL stock concentration, which is equivalent to
400-1,000 U/mL) and HA sodium salt from rooster comb (Sig-
ma-Aldrich H5388) were obtained from Sigma-Aldrich, and were
freshly prepared before use. According to the manufacturer's
report, the molecular weight of HA from rooster comb is expected
to range from 1 to 4 million Da, which is considered high
molecular weight HA. Cell culture plates were precoated with
HA at either 0.1 mg/mL or 0.5 mg/mL in a tissue culture hood
overnight. Plates were washed with cell culture medium to
remove residual HA before plating cells. 4-methylumbelliferone
(4-Mu) was obtained from Sigma-Aldrich (M1508) and used at a
final concentration of 0.4 mmol/L in medium. Insulin was
obtained from Sigma-Aldrich (I11882), and insulin stimulation
was done using 10 pg/mL for 30 minutes unless otherwise
specified. Maintenance of MCF10A and procedures for EMT
induction were described previously (21).

Plasmids

The human CD44 shRNA that targets all CD44 isoforms and
control luciferase sShRNA were obtained from S. Godar, University
of Cincinnati, Cincinnati, Ohio. Human CD44s and CD44v3-10
cDNA sequences were cloned into the EcoRI restriction site of
pBabe-hygro vector. The HAS2 promoter region was PCR-ampli-
fied from genomic DNA isolated from human MDA-MB-231 cells
(Qiagen Blood & Cell Culture Mini Kit). The HAS2 1.2-kb pro-
moter region chosen for PCR amplification was based on a
previously published study (27). PCR product was purified and
digested with Sacl and BgIII and cloned into the pGL3 luciferase
vector. Ligation was carried out using the Roche Rapid DNA
Ligation Kit according to the manufacturer's instructions.
Sequences of primers used for HAS2 promoter cloning are
as follows: Forward: 5'-CGCAATCTCCCAAGACCAAGTT-3';
Reverse:  5-GAATTACCCAGTCCTGGCITCG-3'.  Expression
plasmids pcDNA3-HA-myristoylated-Aktl, pcDNA3-Flag-FKHR
(FOXO1), pECE-FLAG-FOXO3a, and pBR322-SV40-FLAG-FOXO4
were obtained from Addgene. pLX304 empty and pLX304-HAS2
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(clone: HsCD00443505) plasmids were obtained from DNASU
Plasmid Repository. The HAS2 shRNA-expressing plasmid
(targeting sequence 5'-AATCCAGTGATAATCGCITCG-3') was
kindly provided by Dr. Kounosuke Watabe at the Wake Forest
School of Medicine, Winston-Salem, NC.

Luciferase assays

Luciferase reporter assays were performed using the Dual-
Luciferase Reporter Assay System from Promega according to the
manufacturer's instructions. Briefly, 293FT cells were plated in 24-
well plates and transfected 24 hours after plating with Lipofecta-
mine 2000 (Invitrogen) according to the manufacturer's instruc-
tions. Cells were cotransfected with the HAS2 promoter construct
and transcription factors along with a Renilla luciferase construct
serving as an internal control for transfection efficiency.

Quantitative RT-PCR

RNA was isolated from cells using E.Z.N.A. Total RNA Kit
(Omega Bio-Tek). cDNA was generated by reverse transcription
using GoScript RT (Promega). qRT-PCR was performed using
GoTaq qPCR Master Mix (Promega), and mRNA levels were
normalized to levels of TBP (TATA-binding protein). qRT-PCR
primers are as follows: HAS2 (Forward: 5'-AGAGCACTGGGAC-
GAAGTG-3’, Reverse: 5-ATGCACTGAACACACCCAAA-3');
CD44 total (Forward: 5-GATGGAGAAAGCTCTGAGCATC-3/,
Reverse: 5'-TTGCTGCACAGATGGAGTITG-3'); CD44s (Forward:
5-TACTGATGATGACGTGAGCA-3/, Reverse: 5'-GAATGTGTCTT-
GGTCTCTGGT-3'); CD44v5/6 (Forward: 5-GTAGACAGAAA-
TGGCACCAC-3’, Reverse: 5'-CAGCTGTCCCTGTTGTCGAA-3');
TBP (Forward: 5'GGAGAGTITCTGGGATTGTAC-3’, Reverse: 5'-
CITATCCTCATGATTACCGCAG-3’).

Antibodies

Antibodies used for Western blotting are as follows: phospho-
Akt (40518 and 40568), total Akt (9272S), and phospho-FOXO1
(94618S; Cell Signaling Technology), total FOXO1 (Santa Cruz
Biotechnology; sc-11350), CD44 (R&D Systems; BBA10), HAS2
(Santa Cruz Biotechnology; sc-365263), GAPDH (Millipore;
MAB374), N-cadherin (BD 610920), and occludin (Santa Cruz
Biotechnology; sc-5562). Horseradish peroxidase—conjugated
anti-mouse and anti-rabbit secondary antibodies were obtained
from GE Healthcare. Blocking antibodies used for HA-CD44
binding experiments are as follows: Anti-human CD44 Clone
515 (BD550988), anti-mouse CD44 antibody KM81
(AB112178), anti-human CD44 (R&D Systems BBA10), and
anti-human/mouse CD44 antibody IM7 (BioXcell BE0039).

Hyaluronic acid binding protein assay

Biotinylated hyaluronic acid binding protein (HABP) was
obtained from EMD Millipore (385911). HABP was reconstituted
in ddH,O upon arrival, aliquoted, and kept at —20°C until use.
Cells were fixed with cold (—20°C) 100% methanol for 10 minutes
followed by 1 x PBS wash 3 times. Endogenous biotin was blocked
using endogenous Biotin-blocking kit (ThermoFisher E21390).
Cells were then blocked with 5% BSA in 1 x PBS-0.1%Tween
(PBS-T) for 20 minutes followed by addition of 1 ug/mL of HABP
in 5% BSA in 1 x PBS-T overnight at 40C. The following day, cells
were washed 3 times with 1 x PBS-T and then incubated with
Alexa488-streptavdin and DAPIin 5% BSAin 1 x PBS-T for 1 hour
before mounting on slides. Images were taken using Revolve
microscope from Echo Laboratories (San Diego, CA).
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Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChIP) assays were per-
formed as previously described (23). Briefly, cells were cross-
linked in 1% formaldehyde for 10 minutes at room temperature.
Cross-linking was quenched with 0.125 mol/L glycine. Cells were
collected by centrifugation at 1,000 rpm for 2 minutes and
washed with 1xPBS. Nuclei were isolated by incubation in cell
lysis buffer [10 mmol/L Tris, 10 mmol/L NaCl, 0.2% Nonidet P-
40, 1 x protease inhibitor (Roche), pH 8.0] for 10 minutes on ice,
followed by centrifugation at 2,500 rpm for 5 minutes. Nuclei
were lysed in nuclei lysis buffer [50 mmol/L Tris, 10 mmol/L
EDTA, 1% SDS, 1 x protease inhibitor (Roche), pH 8.1] for 10
minutes on ice. Lysates were sonicated using a Branson Sonifier
150 to obtain chromatin fragments with an average size of <500
bp. Sonicated chromatin was diluted with immunoprecipitation
dilution buffer [20 mmol/L Tris, 2 mmol/L EDTA, 150 mmol/L
NaCl, 1% Triton X-100, 0.01% SDS, 1 X protease inhibitor
cocktail (Roche), pH 8.0] and precleared by the addition of
Salmon sperm/DNA (Millipore). An aliquot of precleared chro-
matin was removed and served as "input" in the subsequent
quantitative PCR analysis. The remaining chromatin was immu-
noprecipitated using 5 ug of FOXO1 (Santa Cruz Biotechnology;
sc-11350) or rabbit IgG (The Jackson Laboratory) antibody pre-
bound to protein-A beads overnight at 4°C. Beads were washed 7
times, and the bound proteins were eluted into 100 mmol/L
NaHCO3 and 1% SDS. Samples were incubated overnight at 67°C
to reverse cross-links and then incubated with Proteinase K (0.3
mg/mL) for 2 hours at 45°C to digest protein. DNA was purified
using the QIAquick PCR Purification Kit (Qiagen). Quantitative
PCR was performed using GoTaq qPCR Master Mix (Promega).
Sequences of primers used are as follows: HAS2-promoter
Forward: 5’-ACGAACTCTACCCAGCCIT-3’; HAS2-promoter
Reverse: 5'-GCCATCITGAAGGAAATGGCIT-3'. Intergenic con-
trol Forward: 5-TGTGGATCGCTAGGAGTGGA-3; Reverse:
5'TGACAAGGCTGCAGAGCAAT-3'.

Lactate dehydrogenase cell cytotoxicity assay

A total of 8,000 cells/well were plated in a 96-well cell culture
plate. Twenty-four hours after plating, cells were treated with
HAase for 6 hours followed by addition of 100 umol/L cisplatin
(Sigma-Aldrich) to induce apoptosis. Cisplatin-induced lactate
dehydrogenase cytotoxicity in cells was analyzed 16 hours after
cisplatin addition using the Cytotoxicity Detection Kit (LDH)
(Roche) according to the manufacturer's instructions.

Mammosphere forming assay

Mes10A were grown in low attachment plates in serum-free
DMEMF/12 supplemented with 2 ng/mL EGF, 2 ng/mL bFGF, 4
ug/mL heparin, 1% methylcellulose, and B27 supplement diluted

A

Figure 1.

HAS2 expression is upregulated in
response to CD44s overexpression. A,
QqRT-PCR results showing HAS2 mRNA
levels in response to CD44s
overexpression (left) and CD44
knockdown (right). B, qRT-PCR analysis
showing levels of HAS2, CD44s, and
CD44yv that contain the v5- and v6 exons
in breast cancer cell lines. Error bars, SD;
n=3.
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1:50. Cells were plated in each well of a low-attachment 96-well
plate, and were fed every 3 or 4 days by addition of 50 uL of the
aforementioned mammosphere media. Spheres were allowed to
form for 10 to 14 days and then quantified under a microscope.

Statistical analysis

Statistical analyses, including two-tailed, paired Student t tests
and Pearson correlation, were performed using GraphPad Prism
software. P values < 0.05 were considered significant.

Results

HAS?2 is a downstream target of CD44s

Because the CD44s splice isoform is functionally essential for
EMT (21), a phenotype that promotes cancer cell survival and
metastasis, we set out to investigate CD44s-mediated downstream
pathways. We used Mes10A cells that were derived from MCF10A
cells upon TGFp treatment. CD44s expression in Mes10A cells
promoted an EMT phenotype (21). Microarray analysis of control
and CD44s-expressing Mes10A cells revealed that HAS2 is one of
the most upregulated genes in response to expression of CD44s
(Supplementary Fig. S1A). qRT-PCR validation showed that sta-
ble expression of CD44s resulted in a 3.5-fold induction in HAS2
expression (Fig. 1A). Conversely, shRNA knockdown of CD44
caused a 3-fold downregulation of HAS2 (Fig. 1A). The CD44-
mediated increase in HAS2 expression is CD44s isoform specific,
because stable expression of CD44v did not affect the levels of
HAS2 (Supplementary Fig. S1B). Furthermore, examination of a
number of cell lines showed that cells that expressed high levels of
CD44s also expressed elevated levels of HAS2, whereas CD44v
highly expressing cells exhibited lower levels of HAS2 expression
(Fig. 1B).

CD44s and HAS2 positively correlate in clinical breast cancer
samples

The above results indicate that CD44s, but not CD44v, pro-
motes HAS2 expression in breast cancer cells. We next examined
whether this relationship also exists in patient specimens of breast
cancer. We analyzed the breast cancer the Cancer Genome Atlas
(TCGA) database that includes RNA sequencing data of more than
1,000 patient breast tumor samples. We found a significant
positive correlation between CD44s and HAS2 (Fig. 2A, left). By
contrast, no significant correlation was found between CD44v
and HAS2 (Fig. 2A, right). Close examination of different sub-
types of breast cancers revealed that the expression levels of
CD44s and HAS2 were strongly associated in estrogen recep-
tor-negative (ER™) tumors (R = 0.40, P < 0.0001) than those in
estrogen receptor—positive (ER") tumors (Fig. 2B). This CD44s-
HAS2-positive correlation was also seen in HER2* tumors and
in triple-negative tumors (Fig. 2C and D), suggesting that the
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positive correlation between CD44s and HAS2 exists in more
aggressive breast cancer subtypes. In line with this observation,
basal-like tumors exhibited stronger positive association between
CD44s and HAS2 than that of luminal tumors (Fig. 2E and F). We
also analyzed the relationships between CD44v and HAS2 in
breast cancer subtypes and found no significant correlations
(Supplementary Fig. S2). Together, these results demonstrate that
the CD44s isoform, but not CD44v, positively correlates with
HAS?2 in clinical breast tumors.

To determine whether the CD44s-HAS2 relationship is a
general phenomenon in cancers, we analyzed the TCGA database

3794 Cancer Res; 77(14) July 15, 2017

in two additional cancer types, lung cancer and pancreatic cancer.
In agreement with results from the TCGA breast cancer analysis,
CD44s levels significantly correlated with HAS2 expression (Sup-
plementary Fig. S3), suggesting that the CD44s-HAS2 relation-
ship exists as a general phenomenon in cancer cells.

HAS?2 expression is elevated by CD44s-mediated Akt signaling

The above results prompted us to investigate the molecular
mechanism by which CD44s stimulates HAS2 expression.
Because CD44s is a cell surface protein that facilitates signaling
activation, in particular the PI3K/Akt pathway (21), we examined
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whether CD44s-mediated Akt activation is required for HAS2
expression. As shown in Fig. 3A, overexpressing CD44s in Mes10A
cells led to a significant increase in HAS2 expression. This increase
was abolished when these cells were treated with a PI3K/Akt
inhibitor, LY-294002. In addition, treatment of LM2 cells, which
predominately express CD44s, with two different PI3K/Akt inhi-
bitors, LY-294002 and MK-2206, also showed significant reduc-
tions on HAS2 expression (Fig. 3B), indicating that Akt signaling is
required for HAS2 expression.

To determine whether CD44s-mediated Akt activation ele-
vates HAS2 expression through transcriptional regulation, we
cloned a 1.2-kilobase fragment of the HAS2 promoter that was
previously shown to be active (27) in a luciferase reporter
construct (Fig. 3C, top). Transfection of 293FT cells with the
HAS2 promoter construct caused a 4-fold increase in luciferase
activity compared with control (Fig. 3C, bottom), suggesting
that this region represents a functional segment of the HAS2
promoter. Addition of the PI3K/Akt inhibitor LY-294002 abol-
ished HAS2 promoter luciferase activity (Fig. 3D), and cotrans-
fection of a constitutively activated Aktl construct, myristoy-
lated-Akt1, resulted in a 3-fold increase in luciferase activity
(Fig. 3D). This HAS2 transcriptional regulation was specifically
downstream of the PI3K/Akt pathway because MAPK and Src
signaling inhibitors, U0126 and SU6656, respectively, showed
no significant effects on luciferase activity (Fig. 3D). Together,
these results demonstrate that HAS2 transcription is dependent
on Akt activation.

A CD44s

Ctrl CD44s |y
pAkt

Figure 3.
CD44s-mediated HAS2 transcription is
dependent on Akt signaling. A, gRT-PCR
analysis showing that CD44s-dependent
HAS2 upregulation is abolished by the
PI3K/Akt inhibitor LY-294002 (LY; 20
umol/L). Control and CD44s- 8 -
overexpressing MeslOA cells were
collected 20 hours after treatment. 8‘) 6
Immunoblot images on the top plot <
showing that LY-294002 effectively T4
inhibited Akt activity. B, gqRT-PCR 2 4
0

analysis showing that inhibition of Akt
signaling by LY-294002 (LY; 20 umol/L
and 50 pmol/L, left) or MK-2206 (MK; 25 Ctrl CD44s CD44s
umol/L, right) suppressed expression of LY
endogenous HAS2in LM2 cells. Cells were
treated for 20 hours. Immunoblot images

on the top plot showing that LY-294002 C

pei—
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HAS2/HA activates Akt signaling in a CD44s-dependent
manner

Previous studies have implicated HA in the PI3K/Akt signaling
pathway (28, 29). Considering that the enzymatic activity of
HAS?2 is to produce HA, a ligand of CD44, we examined whether
HAS2 promotes Akt activation and whether this involves CD44s.
We treated cells with insulin, a growth factor that activates the
PI3K/Akt pathway, to monitor Akt phosphorylation in response
to HAS2 depletion. Knockdown of HAS?2 (Fig. 4A) attenuated Akt
activation at early time points, and this attenuation lasted for
hours after insulin stimulation (Fig. 4B). Similarly, hyaluronidase
(HAase) treatment to degrade HA (Supplementary Fig. S4A) also
inhibited Akt phosphorylation, indicating that HAS2 and its HA
product are required for Akt signaling (Fig. 4C). We then used
control and CD44s-depleted cells (Supplementary Fig. S4B) and
stimulated them with HA. We used high-molecular weight HA, as
this is the native form produced by HAS2. HA addition augment-
ed Akt phosphorylation in control cells, but this effect was
abolished when CD44s was depleted, a phenotype that was
consistently observed in three different cell lines (Fig. 4D and
Supplementary Fig. S4C). In addition, HAS2 overexpression
promoted Akt phosphorylation, and CD44s-depletion abolished
this activity (Fig. 4E). These results reveal that HAS2, through its
product HA, activates Akt signaling in a CD44s-dependent man-
ner. These findings, together with the fact that CD44s-mediated
Akt activation promotes HAS2 expression (Fig. 3), led us to
postulate the existence of a positive feedback loop (Fig. 4F). In
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HAS2/HA promotes Akt activation in a CD44s-dependent manner. A, gRT-PCR and immunoblot analyses showing that HAS2 was silenced in HAS2 shRNA-
expressing (KD) LM2 cells. Error bars, SD; n = 3. B, Immunoblot analysis of pAkt levels showing that HAS2 knockdown inhibits Akt activity. Control

and HAS2 knockdown LM2 cells were stimulated with insulin (10 pg/mL) and collected at different time intervals. C, Immunoblot analysis of pAkt levels showing that
HAase treatment impairs Akt phosphorylation. Control and HAase-treated (100 pg/mL, 6 hours) LM2 cells were stimulated with insulin (10 pg/mL) and
collected 30 minutes after stimulation. D, Immunoblot analysis of pAkt levels showing that HA stimulates Akt activation in a CD44-dependent manner. HT1080 and
Mesl10A cells were grown on HA-coated plates (0.5 mg/mL HA for HT1080; 0.1 mg/mL HA for Mes10A). HT1080 and Mes10A cells were collected 24 hours after
plating on HA-coated plates. E, Immunoblot analysis of pAkt levels showing that CD44 is required for HAS2-promoted Akt activation. Control and HAS2-
overexpressing HT1080 cells were cultured in regular media for 24 hours after plating and collected for immunoblot analysis. Control and HAS2-overexpressing
Mesl10A cells were starved overnight and stimulated with insulin (10 pg/mL, 30 min) before lysate collection. F, A model of a positive feedback loop,

involving CD44s and HAS2/HA, that sustains Akt activation.

this model, CD44s promotes Akt signaling. Activated Akt stimu-
lates HAS2 transcription, resulting in increased production of HA.
HA further augments CD44s-dependent Akt activation, complet-
ing the loop and resulting in sustained Akt signaling.

HAS2/HA is required for CD44s-mediated Akt activation and
autoregulates its mRNA expression

To directly examine the positive feedback model, we tested
whether CD44s-stimulated Akt activation depends on HAS2/HA,
downstream targets of Akt signaling. In agreement with previously
published results (21), forced expression of CD44s in Mes10A
cells (Supplementary Fig. S5A) resulted in elevated levels of Akt
phosphorylation (Fig. 5A). Depletion of HAS2 in these cells
markedly suppressed CD44s-stimulated Akt activation (Fig.
5A). Inhibiting HAS2 activity by a HAS2 inhibitor 4-methylum-
belliferone (4-Mu) or depleting HA by HAase treatment (Sup-
plementary Fig. S5B) also showed reduction of CD44s-dependent
Akt signaling (Fig. 5B and C). These results indicate that CD44s-
mediated Akt activation requires Akt downstream targets HAS2/
HA. In support of this finding, addition of CD44 antibodies that
block HA-CD44 interaction (30-33) resulted in inhibition of Akt
activation, a phenotype that was observed in four different cell
lines (Fig. 5D and E, Supplementary Fig. SS5C-S5E).

If HAS2/HA are components of the positive feedback loop, the
expression of HAS2 should depend on its product HA, because HA
is required for CD44s to activate Akt signaling and thus to
promote HAS2 expression. Accordingly, depletion of HA would
be expected to disrupt the positive loop, causing repression of
HAS?2 expression. To test this hypothesis, we ectopically expressed
CD44s in Mes10A cells to induce HAS2 expression (Fig. 5F). We
then treated these cells with HAase to remove HA and measured
endogenous HAS2 transcript levels by qRT-PCR. We observed a

3796 Cancer Res; 77(14) July 15, 2017

significant decrease in HAS2 expression to levels comparable with
those in control cells (Fig. 5F). Collectively, these results support
the existence of a positive feedback loop involving CD44s, HAS2,
and Akt activation.

HAS?2 transcription is suppressed by the Akt downstream target
FOXO1

Our next goal was to determine the mechanism by which Akt
signaling stimulates HAS2 transcription. In silico analysis of the
HAS2 promoter revealed several putative transcription factor
binding sites located within 2 kilobases upstream and 500 bases
downstream of the HAS2 transcription start site (Fig. 6A). The
consensus motifs recognized by the Forkhead family of proteins
were particularly interesting because these sites show evolutionary
conservation and because FOXOs are known targets of Akt sig-
naling. In the Forkhead family, the FOXO subgroup contains
FOXO1, FOX03a, FOX0O4, and FOXO6. FOXO1, FOXO3a, and
FOXO4 are expressed to varying degrees in all tissues, and FOXO6
is predominantly expressed in the developing brain (34). Akt
signaling was identified as a main regulator of FOXO's function
(34). Phosphorylation of FOXOs by Akt causes their translocation
to the cytoplasm, obviating FOXO's transcription activity (34).

Cotransfection of individual FOXO1, FOX0O3a, and FOXO4
with the HAS2 promoter luciferase reporter showed that forced
expression of FOXO1 gave rise to the most drastic reduction of
luciferase activity (Fig. 6B and Supplementary Fig. S6A). Further-
more, addition of a FOXO1 inhibitor, AS1842856, led to an
increase in HAS2 level by approximately 8-fold (Fig. 6C). These
results indicate that FOXO1 suppresses HAS2 transcription. To
examine whether FOXO1 directly binds to the promoter of HAS2,
we performed a ChIP assay and found that FOXO1 was enriched
at the HAS2 promoter by 6.25-fold compared with a nonspecific
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CD44-mediated Akt activation is dependent on HAS2/HA. A-C, Immunoblot analysis of pAkt levels showing that knockdown of HAS2 (A), treatment with HAS2
inhibitor 4-Mu (0.4 mmol/L; B), or treatment with HAase (35 png/mL; €) abolished Akt activation in CD44s-overexpressing Mes10A cells. Cells were stimulated with
insulin 10 pg/mL for 30 minutes. D, Immunoblot analysis showing that addition of CD44 antibodies abolishes CD44s-promoted Akt activation in CD44s-
overexpressing Mes10A cells. BD clone 515 and IM7 antibodies were added at 1ug/mL concentration in starvation media overnight. Cells were then washed with PBS
and stimulated with insulin (10 ug/mL; 30 minutes). E, Immunoblot analysis showing that the CD44 antibody IM7 blocks Akt activation in LM2 cells. LM2

cells were starved overnight and then treated with IM7 antibody (10 pg/mL) for 3 hours, followed by insulin stimulation (10 ug/mL; 30 minutes). F, gRT-PCR analysis
of HAS2 in control, CD44s-overexpressing, and HA-depleted CD44s-overexpressing Mes10A cells. Treatment of CD44s-overexpressing Mes10A cells with
HAase (90 pg/mL) for 8 hours reduced CD44s-mediated HAS2 transcription. Error bars, SD; n = 3. *, P < 0.05; ***, P < 0.001.

control (Fig. 6D and Supplementary Fig. S6B). Thus, these results
demonstrate that FOXO1 is a bona fide transcriptional repressor
of HAS2.

We next investigated the relationship between FOXO1 and the
positive feedback loop. We found that HAS2 and its product HA
are required for FOXO1 phosphorylation. Depletion of HAS2 in
LM2 cells resulted in a decrease in FOXO1 phosphorylation (Fig.
GE, left), a phenomenon that was also observed when treating
these cells with HAase to remove the HAS2 product HA (Fig. GE,
right).

Similarly, ectopically expressing CD44s elevated the levels of
FOXO1 phosphorylation (Fig. 6F), and knockdown of CD44
attenuated FOXO1 phosphorylation (Fig. 6G). Moreover, this
CD44s-stimulated FOXO1 phosphorylation is dependent on
HAS2 because treatment with HAase or knockdown of HAS2
both abolished the CD44s-mediated FOXO1 phosphorylation
(Fig. 6F and H). Collectively, these results provide additional
evidence that supports the existence of the positive feedback loop
in which HAS2, the downstream target repressed by FOXO1,
stimulates FOXO1 phosphorylation, thus abolishing FOXO1
transcription activity.

HAS2 knockdown reverses the mesenchymal phenotype and
inhibits CD44s-mediated cell survival

One of the key features of metastasis is that tumor cells
exhibit survival advantages, which can be imparted by a mes-
enchymal phenotype that is dependent on Akt activation (21,
35, 36). Thus, the positive feedback loop presented here could
serve as a mechanism to sustain Akt signaling, thus promoting
EMT. To test this hypothesis, we examined whether disruption

www.aacrjournals.org

Downloaded from cancerres.aacrjournals.org on April 16,

of the positive feedback loop causes reversal of an EMT phe-
notype. Treatment with TGFP in MCF10A cells results in a
partial EMT, and ectopically expressing CD44s further pro-
motes EMT (21). We therefore examined whether disrupting
the positive feedback loop by knocking down HAS2 would at
least partially reverse EMT in CD44s-expressing Mes10A cells.
As predicted, HAS2-depleted cells (Supplementary Fig. S7A)
showed a greater tendency to form cell clusters, resembling the
morphology in control cells (Fig. 7A). Western blot analysis
revealed downregulation of the mesenchymal marker N-cad-
herin and upregulation of the epithelial marker occludin in
HAS2-depleted cells (Fig. 7B), suggesting a role of this positive
feedback loop in promoting an EMT phenotype.

Sustained PI3K/Akt activation is necessary to maintain cancer
cell survival. To examine the contribution of the positive
feedback loop to cell survival, we expressed CD44s ¢cDNA in
Mes10A cells and observed an inhibition of cisplatin-induced
cytotoxicity (Fig. 7C). We then depleted HA by treating the
CD44s-expressing Mes10A cells with HAase or silencing HAS2
by shRNA and found that both HA depletion and HAS2
knockdown greatly sensitized the CD44s-expressing cells to
cisplatin-induced cell death (Fig. 7C), supporting the interplay
between CD44s and HA in cell survival. Moreover, forced
expression of CD44s enhanced mammosphere-forming poten-
tial, and this ability was significantly abolished when cells were
treated with the HAS2 inhibitor 4-Mu (Supplementary Fig. S7B,
left) or when HAS2 was knocked down (Supplementary Fig.
S7B, right). These results reveal the connection between the
positive feedback loop and a mesenchymal phenotype that
confers a survival advantage.
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Discussion

The present study demonstrates that the splice isoform CD44s
promotes HAS2 transcription through activating Akt signaling.
HAS2 further stimulates Akt activation in a CD44s-dependent
manner, thus forming a positive regulatory circuit that sustains
Akt signaling. We identify a mechanism by which Akt signaling
stimulates HAS2 transcription by phosphorylating and inactivating
FOXO1, a transcription repressor that binds to the HAS2 promoter
and suppresses HAS2 transcription. Functionally, we describe that
this positive feedback circuit is necessary for promoting EMT and
cell death resistance. Our results also revealed that the levels of
CD44s and HAS2 are most significantly correlated in basal-like and
triple-negative breast tumor specimens, suggesting an important
role of this feedback loop in advanced breast tumors. Thus, dis-
ruption of this positive feedback loop may offer an effective strategy
for breast cancer therapeutic intervention.

Aberrant expression of HAS2 in tumor cells results in accu-
mulation of HA in tumor-adjacent extracellular matrix, leading

3798 Cancer Res; 77(14) July 15, 2017

to breast cancer invasiveness and bone metastasis (37-40). In
this regard, HAS2 enhances the interaction between tumor cells
and tumor-associated macrophages. This communication is
mediated by the HA-CD44 interaction, where HA is produced
by HAS2 from tumor cells and CD44 is expressed on the surface
of tumor-associated macrophages (41). Interestingly, our TCGA
analysis indicates positive correlations of CD44s and HAS2 in
aggressive breast cancers, a phenomenon that was also sug-
gested by previous studies (41, 42). Furthermore, our work
suggests that CD44s produced by tumor cells also interacts with
HA secreted from tumor cells, resulting in autocrine signaling
that plays a critical role in activating Akt signaling and pro-
moting an aggressive phenotype. To further strengthen this
conclusion, we performed HAS2 overexpression experiments
and showed that HAS2 promotes CD44s-dependent Akt acti-
vation, emphasizing the importance of HAS2-synthesized
HA on driving Akt signaling and mitigating any concerns on
the possible impurity when using exogenous HA. Therefore,
targeting HAS2 and/or CD44s may allow for suppression of

Cancer Research

Downloaded from cancerres.aacrjournals.org on April 16, 2018. © 2017 American Association for Cancer Research.


http://cancerres.aacrjournals.org/

Published OnlineFirst May 22, 2017; DOI: 10.1158/0008-5472.CAN-16-2545

coass B

+ CD44s — + +
shHAS2

shHAS2 - - +

N-Gachern [E]
R ———
o

—_
o
o
%
e

o

©
.
o

=)

w
o
3

Cytotoxicity (%)
¢ o
(o))
Cytotoxicity (%)

Ctrl CD44s CD44s
+
shHAS2

Ctrl CD44s CD44s
+
HAase

Figure 7.

Depletion of HAS2 abolishes the effect of CD44s on promoting the mesenchymal
phenotype and cell survival. A, Representative images of Mes10A, CD44s-
overexpressing Mes10A, CD44s-overexpressing, and HAS2 knocked down
Mes10A cells. B, Immunoblot analysis of EMT markers showing that HAS2
knockdown in CD44s-overexpressing Mes10A cells inhibited N-cadherin
expression and enhanced occludin expression. C, Cytotoxicity analysis showing
that HAase treatment (90 pg/mL) or depleting HAS2 by shRNA abolished
CD44s-mediated cell death resistance in cisplatin (100 umol/L)-treated
CD44s-overexpressing Mes10A cells. Data are averages of three independent
experiments. All error bars indicate SEM; n = 3. *, P < 0.05; **, P < 0.01;

¥ P < 0.001.

tumor growth through both autonomous and nonautonomous
means.

Despite the fact that HAS2 expression is elevated in breast
cancers, little is known about how HAS2 is regulated at the
transcriptional level, although a few transcription factors includ-
ing CREB1, RARy, and hepatocyte nuclear factor HNF4G have
been shown to bind to the HAS2 promoter and promote HAS2
transcription (43-45). In this study, we identified a signaling-
driven transcriptional regulation mechanism by which FOXO1, a
tumor-suppressive transcription factor, represses HAS2 transcrip-
tion. This suppression is removed by Akt-mediated FOXO1 phos-
phorylation, which in turn hinders transcriptional activity of
FOXO1, allowing for increased HAS2 transcription.

Mounting evidence has shown that CD44 promotes tumor
growth and metastasis (19, 21, 46-49). However, CD44 was also
reported to suppress tumorigenesis (50, 51). We suspect that these
contradictory results are, at least in part, explained by the existence
of CD44 splice isoforms, which exhibit divergent functional
consequences (18, 19, 21, 52, 53). In line with this observation,
alternative splicing of other genes has also been connected to
carcinogenesis. For example, alternative splicing of caspase-9
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