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ABSTRACT

Breast cancer is one of the most common types of cancer in women. Although the mortality rate
of breast cancer has fallen over the past 10 years, effective treatments that reduce the occurrence
of breast cancer metastasis remain lacking. In this study, we explored the role of RHAMM and the
associated signaling pathway in cell migration in luminal A breast cancer. We first examined
RHAMM expression levels using human breast tissue microarray and patient breast tissues. We
then studied the role of RHAMM in migration in luminal A breast cancer using loss-of-function
and gain-of-function strategies in in vitro models and confirmed these findings in an in vivo model.
Finally, we investigated signaling molecules that play a role in cell migration using Western blot.
Our results demonstrated the following: 1) RHAMM shows high expression levels in malignant
breast tissue, 2) RHAMM shows low expression levels in luminal A breast cancer compared to
other subtypes of breast cancer, 3) RHAMM inhibits cell migration in luminal A breast cancer and,
4) RHAMM inhibits cell migration via the AKT/GSK3B/Snail axis in luminal A breast cancer.
This study demonstrates a novel role of RHAMM in cell migration in luminal A breast cancer and
suggests that therapeutic strategies involving RHAMM should be considered for various subtypes

of breast cancer.
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INTRODUCTION

Receptor for hyaluronan (HA) mediated motility [RHAMM; also known as hyaluronan-mediated
motility receptor (HMMR)] is a hyaluronan receptor that lacks a classical membrane spanning
domain and plays a role in cell motility. RHAMM is also a soluble protein and is highly expressed
on the cell surface (where it is designated as CD168), in the cytoplasm, and associated with the
cytoskeleton (Hardwick et al., 1992). RHAMM forms an intracellular complex with BRCA1 and
BRCAZ2 and may therefore contribute to a higher risk of breast cancer (Joukov et al., 2006; Pujana
et al., 2007). RHAMM also forms an extracellular complex with HA to affect the activity of
extracellular-regulated kinase (ERK) and may, therefore, influence cell transformation and cell
migration (Tolg et al., 2010). Previous studies have indicated that RHAMM facilitates cell
migration in many breast cancer cell lines and that RHAMM is over-expressed at the invasive front

of breast cancer and in tumor cell subsets (Assmann et al., 2001; Wang et al., 2009).

Breast cancer is one of the most common types of cancer in women. Although the mortality rate
of breast cancer has fallen over the past 10 years, effective treatments that prevent metastasis of
breast cancer remain lacking. In order to assist physicians to determine regimens and to develop

new therapies, breast cancers have been categorized into 5 major molecular subtypes which
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include: 1) luminal A, 2) luminal B, 3) HER2-enriched, 4) triple negative/basal-like and, 5) and
normal breast-like (Sorlie et al., 2001). Luminal A breast cancer exhibits a tendency towards
estrogen receptor-positivity/HER?2 receptor-negativity, the best prognosis, high survival rates, and

low recurrence rates (Inic et al., 2014).

Glycogen synthase kinase-3beta (GSK3p) is a serine-threonine kinase belonging to the glycogen
synthase kinase family. GSK3p plays a role in energy metabolism, inflammation, ER-stress,
mitochondrial dysfunction, and the apoptotic pathway (Hardt and Sadoshima, 2002; Beurel et al.,
2015). Ser9 phosphorylation of GSK3p induces a pseudo-substrate conformation in the substrate
docking motifs of GSK3p and thereby silences GSK3p. This results in GSK3f inactivation by
proteasomal degradation which has been associated with many pathological conditions, including
cancer. However, the role of GSK3p in cancer is not only complex but also controversial in that
GSK3p may function either as a tumor promoter or tumor suppressor (Wang et al., 2004; Ougolkov
et al., 2005; Shakoori et al., 2005; Shakoori et al., 2007). Importantly, regulatory interactions exist
between GSK3p and the Ras/PI3BK/PTEN/AKT/mTOR signaling pathway and the
Ras/Raf/MEK/ERK signaling pathway (Hardt and Sadoshima, 2002; Yan et al., 2012). Both of
these signaling pathways play pivotal roles in cell proliferation, cell survival, and often become

dys-regulated in cancer.
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Snail is a zinc-finger transcription factor that induces epithelial-mesenchymal transition (EMT)
which accompanies increased cell migration and metastasis in cancer cells (Wang et al., 2013).
Snail may undergo phosphorylation by GSK3p which leads to Snail nuclear exportation and
cytoplasmic translocation. In addition, Snail stabilization due to increased phosphorylation by

GSK3p occurs during EMT in various solid cancer types (Zhou et al., 2004).

In this study we demonstrated the following: 1) RHAMM shows high expression levels in
malignant breast tissue, 2) RHAMM shows low expression levels in luminal A subtype breast
cancer compared to other subtypes of breast cancer, 3) RHAMM inhibits cell migration in luminal
A subtype breast cancer and, 4) RHAMM inhibits cell migration via the AKT/GSK3[/Snail axis
in luminal A subtype breast cancer. This study demonstrates a novel role of RHAMM on cell
migration in luminal A subtype breast cancer and suggests that therapeutic strategies involving

RHAMM should consider the various subtypes of breast cancer.

MATERIALS AND METHODS

This article is protected by copyright. All rights reserved.



Cell lines and treatment. Human breast cancer MDA-MB-231 cells were obtained from ATCC

and cultured in Leibovitz’s L-15 medium (Hyclone, Logan, UT) with 10% fetal bovine serum
(FBS) (Biological Industries, Israel), 100 unit/ml penicillin and streptomycin (Hyclone, Logan,
Utah), 100 unit/ml Non-Essential Amino Acid (NEAA) (Hyclone, Logan, Utah) at 37°C in a
humidified atmosphere with 5% CO,. Human breast cancer T47D, MCF7 and SUM159 cells
were gifts from the laboratory of Dr. Peiging Sun (Wake Forest University) and cultured in high
glucose Dulbecco’s Modified Eagle’s Medium (Hyclone, Logan, Utah) with 10% FBS, 100
unit/ml penicillin and streptomycin, 100 unit/ml NEAA at 37°C in a humidified atmosphere with
5% CO2. When necessary, 20ug/ml cycloheximide (Sigma-Aldrich, St. Louis, MO), 3uM IM-12
(Selleckchem, Houston, TX), 10 uM of LY294002 (CST, Danvers, MA) or 10 uM of PD98059
(Sigma-Aldrich, St. Louis, MO) was added to the medium in order to inhibit protein synthesis,

GSK3p, AKT or ERK activities, respectively.

Tumor specimens and tissue microarray. Matched pairs of human breast cancer samples were

obtained from Tianjin Medical University Cancer Institute & Hospital. This study was approved
by the institutional ethics committees of Tianjin Medical University Cancer Institute & Hospital.
Human breast cancer tissue microarray BR8011 (Alenabio Company, Shanxi, China) includes 80

samples (54 human breast cancer samples and 26 cancer-adjacent tissue samples) and BR1504A
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(Alenabio Company, Shanxi, China) include 75 samples (70 human breast cancer samples and 5

normal/ cancer-adjacent tissue samples).

Immunohistochemistry. The human breast tissue microarray was incubated with anti-RHAMM

antibody (Sigma, St. Louis, MO) at 4°C, overnight. The tissue sections were then incubated with
a secondary antibody followed by peroxidase-anti-peroxidase (PAP) complex. The tissue sections
were then incubated in a diaminobenzidene (DAB)/hydrogen peroxide substrate solution to obtain
a brown reaction product. The tissue sections were counterstained with hematoxylin. RHAMM
expression levels in human breast tissue microarray were scored according to the percentage of
RHAMM-positive cells and the staining intensity of each breast tissue sample. Specifically, 0%-
25%, 26%-50%, 51%—75%, and 76%—-100% were scored as 0, 1, 2, and 3, respectively. Tissues
with brown, light brown, intermediate brown, and dark brown staining intensities were scored as
1, 2, 3, and 4, respectively. The two scores were multiplied, and a score of 0-2 was considered
negative, a score of 3—4 was considered weak, a score of 6—8 was considered intermediate, and a
score of 9-12 was considered strong. Two independent observers performed the
immunohistochemical evaluation. Photomicrographs were taken with an Olympus BX51

fluorescence microscope (Olympus, Tokyo, Japan).
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Western blot. Twenty microgram of protein isolated from T47D, MCF7, MDA-MB-231 and
SUM159 cells was loaded to 10% sodium dodecyl sulphate-polyacrylamide gel for electrophoresis.
The protein was then transferred to a polyvinylidene fluoride membrane. After blocking with 5%
nonfat milk, the membrane was incubated with a primary antibody to either of the following:
RHAMM (EMD Millipore, Burlington, MA), E-Cadherin (CST, Danvers, MA), Vimentin (CST,
Danvers, MA), Snail (CST, Danvers, MA), Zebl (CST, Danvers, MA), Twist (CST, Danvers, MA),
P-GSK3p (CST, Danvers, MA), GSK3p (CST, Danvers, MA), P-AKT (Santa Cruz, Dallas, TX),
AKT (Santa Cruz, Dallas, TX), P-ERK (Santa Cruz, Dallas, TX), ERK (Santa Cruz, Dallas, TX),
and pB-actin (Santa Cruz, Dallas, TX) overnight at 48C. The membrane was exposed to
chemiluminescence after incubation with corresponding secondary antibodies to detect specific

signals.

TCGA data analysis. The TCGA breast invasive carcinoma RNA seq dataset (Level 3 data) was

downloaded from the UCSC Cancer Genomics Browser (https://genome-cancer.ucsc.edu/). The
MRNA expression data (log2FPKM value) and clinical information were matched by sample 1D
for each sample. Statistical analysis of RHAMM expression was determined by Tukey HSD test

using R software and images were drawn by R_ggplot2.
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Vector construction and establishment of stable cell lines. For gene overexpression, DNA

sequences encoding human RHAMM were PCR-amplified from MCF10A cDNA and cloned into
the pLV-EF1a-MCS-IRES-Bsd plasmid (Biosettia, San Diego, CA, USA). For gene silencing,
short hairpin RNAs (shRNAs) targeting human RHAMM were cloned into the pLV-H1-EF1a-
puro plasmid (Biosettia, San Diego, CA, USA). The lentiviruses carrying the overexpression
vectors, gene silencing vectors or empty vectors were produced according to the manufacturer’s
instruction. Lentivirus-containing medium was applied to cells in the presence of 8 pg/mL
polybrene (Sigma-Aldrich, St. Louis, MO) for 48 h, prior to selection with 10 ug/mL blasticidin
(Sigma-Aldrich, St. Louis, MO) or 1 pg/ml puromycin (Sigma-Aldrich, St. Louis, MO) for a week
to establish stable cell lines. The primers and shRNAs are listed in Table 1, and the RHAMM

cDNA (NM_012485 & NM_001142556) sequence is in Supplementary Material.

Wound healing and transwell invasion assays. Wound healing assay, the wound was generated

using a pipette tip to scratch across the confluent cell monolayer. The healing process was allowed
to occur under the condition of high glucose DMEM with 2% FBS and monitored microscopically
after 8hr (MDA-MB-231), 24hr (SUM159 and T47D) or 48 hr (MCF7). The migration ability was
defined as an average closed area of the wound relative to the initial wound area. Transwell assay,

one hundred thousand cells were seeded to the upper chamber of 24-well transwell chambers (8um
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pore size) filling with high glucose DMEM and 2% FBS. The lower chamber was filled with high
glucose DMEM and 10% FBS. After 8hr (MDA-MB-231), 10hr (SUM159), 12hr (T47D) or 48 hr
(MCF7), the chambers were fixed in 4% paraformaldehyde and stained with crystal violet. Bright-
field photomicrographs were taken using an Olympus BX51 microscope and the number of

migrated cells was counted.

In vivo mouse models. Ten female NOD/SCID mice of 6-8 weeks old (Beijing Vital River

Laboratory Animal Technology, Beijing, China) were housed under sterile conditions, kept on a
12 hr/12 hr light/dark cycle, and fed with sterile chow and

water. The mice were randomly separated into two groups (n=5/group). Two million RHAMM-
competent (sc) and RHAMM-deficient (sShRHAMM) T47D cells were injected subcutaneously
into the second pair of the fat pad and allowed to grow for 8 weeks. On day 40, the mice were
euthanized following Nankai University IACUC-approved procedures. Tumor volume was
measured twice a week and calculated using the standard formula: length x width?/2. The tumors
and lungs were harvested and fixed in 4% paraformaldehyde. Hematoxylin and eosin (H&E)
staining were performed on the harvested tissues. Metastasis was evaluated by counting the
metastatic foci in three randomly selected fields. Animal use complied with Nankai University

Animal Welfare Guidelines.

This article is protected by copyright. All rights reserved.



Statistics. All data were analyzed using GraphPad Prism5 software (GraphPad Software, San
Diego, CA). Results are presented as the mean + SD with the exception of human samples and
animal model data, which are presented as mean + SEM. Statistical significance was determined

by the Student’s t-test or one-way ANOVA.

RESULTS

RHAMM shows high expression levels in malignant breast cancer tissue and low expression

levels in luminal A subtype breast cancer compared to other subtypes of breast cancer

We first examined RHAMM levels in a human breast tissue microarray comprised of 124
malignant breast cancer tissues and 31 normal/cancer adjacent tissues using immunocytochemistry.
Our results showed that RHAMM immunocytochemical staining increases in malignant breast
cancer tissue versus normal/cancer adjacent tissue (Figs 1A, 1B). We next examined RHAMM
expression in 6 pairs of breast cancer tissue and matched normal/cancer adjacent tissue obtained

from breast cancer patients using Western blot. Our results indicated that RHAMM shows high
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expression levels in breast cancer tissue versus normal/cancer adjacent tissue (Fig 1C).
Furthermore, we analyzed RHAMM expression in different breast cancer subtypes using the
TCGA dataset. Our results indicated that RHAMM shows low expression levels in the luminal A

subtype versus the basal, her2, and luminal B subtypes (Fig 1D).

RHAMM inhibits cell migration in luminal A subtype breast cancer

To investigate the role of RHAMM in cell migration, we knocked down RHAMM expression in
luminal A human breast cancer T47D and MCF-7 cell lines and measured cell migration using
wound healing and transwell cell migration assays. Interestingly, our results demonstrated that
RHAMM knockdown increases cell migration in luminal A subtype breast cancer which
contradicts the established role of RHAMM in regards to cell migration i.e., RHAMM facilitates
cell migration (Fig 2A-F). In addition, we found that RHAMM knockdown decreases E-cadherin
(epithelial marker) expression in luminal A human breast cancer T47D and MCF-7 cell lines using

Western blot (Fig 2M).

In order to corroborate the above-mentioned unique finding, we knocked down RHAMM

expression in basal-like human breast cancer MDA-MB-231 and SUM159 cell lines and measured
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cell migration using wound healing and transwell cell migration assays. Our results demonstrated
that RHAMM knockdown decreases cell migration in basal-like subtype breast cancer which
comports with the established role of RHAMM in regards to cell migration i.e., RHAMM
facilitates cell migration (Fig 2G-L). In addition, we found that RHAMM knockdown decreases
vimentin (mesenchymal marker) expression in basal-like human breast cancer MDA-MB-231 and

SUM159 cell lines using Western blot (Fig 2N).

To confirm the above-mentioned results, we ectopically expressed shRNA-resistant RHAMM 1)
in the luminal A human breast cancer T47D cell line and measured cell migration using wound
healing and transwell cell migration assays. Our results showed that RHAMM ectopic expression
decreases cell migration in the luminal A subtype human breast cancer T47D cell line (Fig 3A&C).
In addition, we found that RHAMM ectopic expression increases E-cadherin (epithelial marker)

expression in the luminal A human breast cancer T47D cell line using Western blot (Fig 3E).

In order to confirm the above-mentioned results, we ectopically expressed shRNA-resistant
RHAMM in the basal-like human breast cancer MDA-MB-231 cell line and measured cell
migration using wound healing and transwell cell migration assays. Our results showed that

RHAMM ectopic expression increases cell migration in the basal-like subtype human breast
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cancer MDA-MB-231 cell line (Fig 3B&D). In addition, we found that RHAMM ectopic
expression increases vimentin (mesenchymal marker) expression in basal-like human breast

cancer MDA-MB-231 cell line using Western blot (Fig 3F).

In order to confirm the above-mentioned in vitro results, we established a T47D in vivo orthotopic
breast cancer model. We implanted RHAMM-deficient T47D cells or control cells into the 4™ pair
fat pad of NOD/SCID mice and measured tumor volume and metastasis. Our results indicated that
tumor volume remains unchanged in the RHAMM-deficient T47D cells versus controls (Fig
4A&B). However, metastasis to the lung increases in the RHAMM-deficient T47D cells versus

controls (Fig 4C).

Snail contributes to RHAMM deficiency-induced migration in luminal A subtype breast

cancer

In order to investigate the mechanism of RHAMM deficiency-induced migration in luminal A

subtype breast cancer, we examined EMT-promoting transcription factor (i.e., Snail, Twist, Zebl)

expression in luminal A human breast cancer T47D cells and basal-like human breast cancer
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MDA-MB-231 cells using Western blot. Our results showed that RHAMM knockdown increases
Snail and Zebl expression in luminal A human breast cancer T47D cells. However, RHAMM
knockdown elicits no change in Snail, Twist, and Zebl expression in basal-like human breast
cancer MDA-MB-231 cells (Fig 5A). We also treated luminal A human breast cancer T47D cells
with cyclohexamide (a protein synthesis inhibitor) and measured Snail degradation using Western
blot. Our results indicated that Snail degradation decreases in RHAMM-deficient luminal Ahuman
breast cancer T47D cells in the presence of cyclohexamide, thereby increasing the half-life of Snail

in the RHAMM-deficient T47D cells versus controls (Fig 5B).

AKT-mediated GSK3p phosphorylation is the upstream regulator of Snail in luminal A

subtype breast cancer

In order to examine the role of GSK3p-mediated phosphorylation in the regulation of Snail, we
measured GSK3f phosphorylation in the luminal A human breast cancer T47D and MCF-7 cell
lines and in the basal-like human breast cancer MDA-MB-231 and SUM159 cell lines using
Western blot. Our results showed that RHAMM knockdown increases GSK3 phosphorylation
which would thereby decrease Snail degradation and lead to Snail accumulation in luminal A

human breast cancer T47D and MCF-7 cell lines (Fig 5C). To confirm this finding, we treated
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luminal A human breast cancer T47D cells with IM-12 (a GSK3f inhibitor) and measured Snail
expression using Western blot. We found that GSK3f inhibition decreases Snail expression (Fig
5D). However, our results also showed that RHAMM knockdown does not alter GSK3f
phosphorylation which would thereby lead to no change in Snail degradation or Snail accumulation

in the basal-like human breast cancer MDA-MB-231 and SUM159 cell lines (Fig 5C).

In order to explore the upstream regulator of GSK3p phosphorylation, we treated luminal A human
breast cancer T47D cells with either LY294002 (a AKT inhibitor) or PD98059 (a ERK inhibitor)
and measured GSK3[p phosphorylation using Western blot. Our results indicated that AKT
inhibition attenuates GSK3[ phosphorylation in luminal A human breast cancer T47D cells (Fig
5E). However, ERK inhibition does not alter GSK3f phosphorylation in luminal A human breast
cancer T47D cells (Fig 5F). These findings suggest that AKT is the upstream regulator of GSK3f3

phosphorylation in luminal A subtype breast cancer cells.
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DISCUSSION

In 2000, Perou et al first proposed a classification of intrinsic subtypes of breast cancer based on
variation in gene expression pattern (Perou et al., 2000). In 2001, these subtypes were further
classified into various groups which include the following; 1) estrogen receptor-positive (luminal
A and luminal B), 2) HER2-overexpressing, 3) basal-like, and 4) normal breast-like (Sorlie et al.,
2001). Among these breast cancer subtypes, the luminal A subtype is relatively common.
Furthermore, the luminal A subtype is characterized by high expression levels of the estrogen
receptor and the progesterone receptor, a low expression level of Ki67 (a proliferation marker), a
negative expression level of HER2, slow growth, and a good prognosis (Inic et al., 2014). In this
study, we found that generally RHAMM shows high expression levels in malignant breast cancer
which comports with previous reports. In contrast, however, we also found that RHAMM shows
low expression levels specifically in luminal A breast cancer compared to other breast cancer
subtypes. Along these lines, a large tumor size in luminal A subtype breast cancer correlates with
an escalated metastasis to axillary lymph nodes (5). Consequently, our novel finding that RHAMM
(a maotility-related protein) shows low expression levels in luminal A subtype breast cancer appears

reasonable.
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The consensus concerning RHAMM states that RHAMM facilitates cell migration and invasion
when studied in various breast cancer cell lines (Schwertfeger et al., 2015). In addition, RHAMM
shows high expression levels at the invasive front of breast cancer and in tumor cell subsets. More
importantly, high expression levels of RHAMM correlate with lower, metastasis-free survival rates
in breast cancer patients(Wang et al., 1998). However, our novel finding showed that RHAMM
inhibits (i.e., does not facilitate) cell migration in luminal A subtype breast cancer. This novel
finding contradicts the consensus concerning RHAMM in regards to cell migration. Upon further
investigation, we revealed that Snail (a zinc-finger transcription factor) plays a major role in this
process. In this regard, RHAMM deficiency causes a decrease in Snail degradation which increases
the half-life of Snail. The increased half-life of Snail results in a high accumulation of Snail
associated with RHAMM deficiency which promotes not only an epithelial-mesenchymal

transition but also cell migration in luminal A subtype breast cancer.

Studies concerning the connectivity between RHAMM and Snail are currently ongoing in many
laboratories. In this regard, HA induces an interaction between RHAMM and TGFf receptor | in
human umbilical vein endothelial cells (HUVECs). HA also induces Snail as a downstream target
of TGFp signaling. RHAMM, TGFp receptor I, and Snail all play a necessary role in the induction

of plasminogen activator-inhibitor-1 (PAI-1) which is important for HA-induced angiogenesis
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(Park et al., 2012). In addition, RHAMM expression levels are concordant with Snail expression

levels in HT1376 breast cancer cell line and 253J lung metastasis cells (Morera et al., 2017).

RHAMM knockdown increases GSK3B phosphorylation which then inactivates GSK3p in the
cancer stem cell population of head and neck cancers (CD44"9"/ESAMI) (Shigeishi et al., 2013).
In our study, we also found that RHAMM knockdown increases GSK3p phosphorylation which
then decreases Snail degradation resulting in a high accumulation of Snail. GSK3p binds and
phosphorylates Snail at 2 consensus motifs thereby dually regulating Snail function. The
phosphorylation of motif 1 regulates Snail ubiquitination and causes Snail to undergo degradation.
The phosphorylation of motif 2 causes Snail to localize in the cytoplasm (Zhou et al., 2004).
GSK3p controls both the stability and transcription of Snail whereby GSK3p inhibition results in

the up-regulation of Snail (Zhou et al., 2004; Yook et al., 2007; Zheng et al., 2013; Liu et al., 2014).

The regulation of GSK3p activity occurs via many signaling pathways. In our study, we chose two
crucial signaling pathways, that is, protein kinase B (PKB/AKT) signaling pathway and the
extracellular signal-regulated kinase (ERK) signaling pathway. In our study, we demonstrated that
AKT (but not ERK) is the upstream regulator of GSK3p that controls Snail degradation/

transcription and mediates cell migration in luminal A subtype breast cancer. However, AKT and

This article is protected by copyright. All rights reserved.



ERK phosphorylate GSK3p at different sites to inactivate GSK3p. In this regard, AKT
phosphorylates GSK3p at Ser9 whereas ERK phosphorylates GSK3B at Thr43. ERK
phosphorylation of GSK3p at Thr43 primes GSK3p for its subsequent phosphorylation at Ser9
which results in GSK3p inactivation (Ding et al., 2005). This study provides evidence for a novel
role of RHAMM in regards to cell migration in luminal A subtype breast cancer. Furthermore, this
study implies that therapeutic cancer strategies involving RHAMM should consider the various

subtypes of breast cancer.
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FIGURE LEGENDS

Figurel. RHAMM shows high expression levels in malignant breast cancer tissue and low

expression levels in luminal A subtype breast cancer.

(A) The representative micrographs of RHAMM immunocytochemical staining in human
breast tissue microarrays (including 124 human breast cancer tissue samples and 31
normal/cancer adjacent tissue samples). The lower panel micrograph shows increased RHAMM
immunocytochemical staining in human breast cancer samples. The upper panel micrograph shows
decreased RHAMM immunocytochemical staining in normal/cancer adjacent tissue samples.
Upper panel= normal/cancer adjacent tissue (CAT); lower panel= breast cancer tissue. Scale bar=
50um. (B) Quantification of RHAMM immunocytochemical staining in human breast tissue
microarrays (from 1A). This bar graph shows that RHAMM immunocytochemical staining
significantly increases in human breast cancer tissue samples versus normal/cancer adjacent tissue
samples (6.1+0.3 vs 2.23+0.3, respectively;***p<0.001). Data are shown as mean + SEM.
Student’s t-test was used for statistical analysis. (C) Western blot analysis of RHAMM
expression in 6 pairs of cancer tissue and matched CAT of breast cancer patients. This

Western blot qualitatively indicates that RHAMM shows high expression levels in breast cancer
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samples versus CAT samples. B-actin serves as a loading control. D) ggplot2 graph of TCGA
breast invasive carcinoma RNA seq dataset. This graph illustrates that RHAMM shows low
expression levels in the luminal A subtype (blue) versus the basal (orange), her2 (green), and

luminal B (purple) subtypes. Y-axis = RHAMM expression level; X= subtypes of breast cancer.

Figure 2. RHAMM inhibits cell migration in luminal A subtype breast cancer.

(A) Wound healing assay in luminal A human breast cancer T47D cells. The representative
micrographs of 3 independent wound healing assays show that RHAMM knockdown (i.e.,
shRHAMM-1; shRHAMM-2) increases cell migration after 24 hours in luminal A breast cancer
T47D cells versus the sc control group.

(B) Wound healing assay in luminal A human breast cancer MCF7 cells. The representative
micrographs of 3 independent wound healing assays show that RHAMM knockdown (i.e.,
shRHAMM-1; shRHAMM-2) increases cell migration after 48 hours in luminal A human breast
cancer MCF7 cells versus the sc control group. (C) Quantification of the wound healing assay
in luminal A human breast cancer T47D cells. This bar graph shows that RHAMM
knockdown (i.e., ShRHAMM-1; shRHAMM-2) increases cell migration after 24 hours in luminal

A breast cancer T47D cells versus the sc control group (164.64+13.9%, 191.71+9.9%, versus
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100+15.4%, respectively; ** p<0.01, *** p<0.001). (D) Quantification of the wound healing
assay in luminal A human breast cancer MCF7 cells. This bar graph shows that RHAMM
knockdown (i.e., ShRHAMM-1; shRHAMM-2) increases cell migration after 48 hours in luminal
A breast cancer MCF7 cells versus the sc control group (148.36+19.3%, 190.16+17.3%, versus
100+5.7%,, respectively; * p<0.05, *** p<0.001). (E) Transwell assay in luminal A human
breast cancer T47D cells. This bar graph shows that RHAMM knockdown (i.e., ShRHAMM-1,
shRHAMMS-2) increases cell migration in luminal A breast cancer T47D cells versus the sc control
group (493.33+18.1, 762.67+33.3, versus 206.33+29.8, respectively; ***p<0.001). Representative
micrographs of 3 independent transwell assays are shown beneath the bar graph. (F) Transwell
assay in luminal A human breast cancer MCF7 cells. This bar graph shows that RHAMM
knockdown (i.e., sShRHAMM-1; shRHAMM-2) increases cell migration in luminal A breast cancer
MCF7 cells versus the sc control group (56+5.3, 85.67+6.0, versus 39.67+8.0, respectively;
*p<0.05, ***p<0.001). Representative micrographs of 3 independent transwell assays are shown
beneath the bar graph. (G) Wound healing assay in basal-like human breast cancer MDA-MB-
231 cells. The representative micrographs of 3 independent wound healing assays show that
RHAMM knockdown (i.e., ShRHAMM-1; shRHAMM-2) decreases cell migration after 8 hours
in basal-like human breast cancer MDA-MB-231 cells versus the sc control group. (H) Wound

healing assay in basal-like human breast cancer SUM159 cells. The representative micrographs
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of 3 independent wound healing assays show that RHAMM knockdown (i.e., SARHAMM-1;
shRHAMM-2) decreases cell migration after 24 hours in basal-like human breast cancer SUM159
cells versus the sc control group. (I) Quantification of the wound healing assay in basal-like
human breast cancer MDA-MB-231 cells. This bar graph shows that RHAMM knockdown (i.e.,
shRHAMM-1; shRHAMM-2) decreases cell migration after 8 hours in basal-like human breast
cancer MDA-MB-231 cells versus the sc control group (66.43+15.5%, 45.80+6.8%, versus
100+31.8%, respectively; not significant, * p<0.05). (J) Quantification of the wound healing
assay in basal-like human breast cancer SUM159 cells. This bar graph shows that RHAMM
knockdown (i.e., sShRHAMM-1; shRHAMM-2) decreases cell migration after 24 hours in basal-
like human breast cancer SUM159 cells versus the sc control group (47.62+6.1%, 44.24+7.8%,
versus 100+15.6%, respectively; ** p<0.01). (K) Transwell assay in basal-like human breast
cancer MDA-MB-231 cells. This bar graph shows that RHAMM knockdown (i.e., ShRHAMM-
1; shRHAMM-2) decreases cell migration in basal-like human breast cancer MDA-MB-231 cells
versus sc control group (609.67+157.7, 413.33+92.7, versus 1288+81.2, respectively; **p<0.01,
*** p<0.001). Representative micrographs of 3 independent transwell assays are shown beneath
the bar graph. (L) Transwell assay in basal-like human breast cancer SUM159 cells. This bar
graph shows that RHAMM knockdown (i.e., sShRHAMM-1; shRHAMM-2) decreases cell

migration in basal-like human breast cancer SUM159 cells versus sc control group (289.33+45.2,
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137.78+17.5, versus 128+22.6, respectively; **p<0.01, ** p<0.001). Representative micrographs
of 3 independent transwell assays are shown beneath the bar graph. (M) Western blot analysis of
E-cadherin expression in luminal A human breast cancer T47D and MCF7 cells. This Western
blot qualitatively indicates that RHAMM knockdown (i.e., shRHAMM-1; shRHAMM-2)
decreases E-cadherin expression levels in both luminal A human breast cancer T47D and MCF7
cells. B-actin serves as a loading control. (N) Western blot analysis of vimentin expression in
basal-like human breast cancer MDA-MB-231 and SUM159 cells. This Western blot
qualitatively indicates that RHAMM knockdown (i.e., ShRHAMM-1; shRHAMM-2) decreases
vimentin expression levels in both basal-like human breast cancer MDA-MB-231 and SUM159

cells. B-actin serves as a loading control.

Figure 3. RHAMM ectopic expression reverses RHAMM deficiency-induced cell migration

in luminal A subtype breast cancer.

(A) Wound healing assay and quantification in luminal A human breast cancer T47D cells.

The representative photomicrographs of 3 independent wound healing assays show that RHAMM

ectopic expression (i.e., sShARHAMM2-RHAMM1; shRHAMM2-RHAMM?2) decreases cell
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migration after 24 hours versus the ShARHAMM2-MCS group. The bar graph shows that RHAMM
ectopic expression (i.e., ShARHAMMZ2-RHAMM1; shRHAMM2-RHAMM?2) decreases cell
migration after 24 hours versus the sSARHAMM2-MCS group (111.49+18.2%, 101.15+12.1%,
versus 234.77+34.7%, respectively; **p<0.01). The wound healing assay and the quantification
also reaffirm our previous finding that RHAMM knockdown (i.e., ShARHAMM-2) increases cell
migration after 24 hours in luminal A breast cancer T47D cells versus the sc group (181.18+45%
versus 100+15.3%, respectively; * p<0.05). MCS= multiple cloning site (B) Wound healing assay
and quantification in basal-like human breast cancer MDA-MB-231 cells. The representative
photomicrographs of 3 independent wound healing assays show that RHAMM ectopic expression
(i.e., SARHAMM2-RHAMM1; shRHAMMZ2-RHAMM?2) increases cell migration after 8 hours
versus the SARHAMMZ2-MCS group. The bar graph shows that RHAMM ectopic expression (i.e.,
shRHAMM2-RHAMML; shRHAMM2-RHAMM?) increases cell migration after 8 hours versus
the sShRHAMM2-MCS group (80.09+15.1%, 104.5+30.4%, versus 51.68+5.1%, respectively;
**p<0.01). The wound healing assay and the quantification also reaffirm our previous finding that
RHAMM knockdown (i.e., ShARHAMM-2) decreases cell migration after 8 hours in basal-like
human breast cancer MDA-MB-231 cells versus the sc group (52.90+7.0% versus 100+20.3%,
respectively; * p<0.05). (C) Transwell assay in luminal A human breast cancer T47D cells.

This bar graph shows that RHAMM ectopic expression (i.e., sShRHAMM2-RHAMMI;
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shRHAMM2-RHAMMZ2) decreases cell migration versus the shRHAMM2-MCS group
(214.3+16.9, 152.3+6.8, versus 263+17.6, respectively; *p<0.01, ***p<0.001). This bar graph also
reaffirms our previous finding that RHAMM knockdown (i.e., SARHAMM-2) increases cell
migration in luminal A breast cancer T47D cells versus the sc group (266+14.4 versus 126+15.1,
respectively; *** p<0.001). Representative micrographs of 3 independent transwell assays are
shown beneath the bar graph. (D) Transwell assay in basal-like human breast cancer MDA-
MB-231 cells. This bar graph shows the RHAMM ectopic expression (i.e., ShARHAMM?2-
RHAMML1; shRHAMM2-RHAMM?2) increases cell migration versus the shRHAMM2-MCS
group (738.67+40.1, 920+105.8, versus 506.67+40.4, respectively; **p<0.01, ***p<0.001). This
bar graph also reaffirms our previous finding that RHAMM knockdown (i.e., sShARHAMM-2)
decreases cell migration in basal-like human breast cancer MDA-MB-231 cells versus sc control
group (483.33+47.3 versus 824.33+75.5, respectively; ***p<0.001). Representative micrographs
of 3 independent transwell assays are shown beneath the bar graph. (E) Western blot analysis of
cadherin expression in luminal A human breast cancer T47D cells. This Western blot
qualitatively indicates that RHAMM ectopic expression (i.e., ShRHAMM2-RHAMMLI;
shRHAMM2-RHAMM?2) increases E-cadherin expression levels versus the sShARHAMM2-MCS
group. This Western blot also reaffirms our previous finding that RHAMM knockdown (i.e.,

shRHAMMS-2) decreases E-cadherin expression levels in luminal A human breast cancer T47D
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cells versus the sc control group. -actin serves as a loading control. (F) Western blot analysis of
vimentin expression in basal-like human breast cancer MDA-MB-231 cells. This Western blot
qualitatively indicates that RHAMM ectopic expression (i.e., ShRHAMM2-RHAMMLI;
shRHAMM2-RHAMM?2) increases vimentin expression levels versus the shRHAMM2-MCS
group. This Western blot also reaffirms our previous finding that RHAMM knockdown (i.e.,
shRHAMM-2) decreases vimentin expression levels in basal-like human breast cancer MDA-MB-

231 cells. B-actin serves as a loading control.

Figure 4. RHAMM knockdown promotes luminal A subtype breast cancer T47D cell

metastasis to the lung.

(A) Photographs of xenograft T47D tumors formed in NOD/SCID mice harvested on Day 40.
The photographs qualitatively indicate that T47D tumor size shows no apparent change in the
RHAMM knockdown group (i.e., ShARHAMM) versus the sc control group. (B) Growth curve
of xenograft T47D tumors formed in NOD/SCID mice. This graph demonstrates that T47D
tumor volume shows a similar growth pattern over a 40 day time period in the RHAMM
knockdown group (i.e., ShRHAMM) versus the sc control group. Tumor volume = length x

width?/2. (C) Representative photomicrographs of the lung parenchyma and quantification.
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The micrographs demonstrate that T47D metastatic loci to the lung are enhanced in the RHAMM
knockdown group (i.e., ShARHAMM) versus the sc control group harvested on day 40. The bar
graph demonstrates that T47D metastatic loci to the lung increase in the RHAMM knockdown
group (i.e., shRHAMM) versus the sc control group harvested on day 40 (3.5+0.96 versus
0.25+0.25, respectively; *p<0.05). Data are shown as mean £ SEM; Student’s t-test was used for

statistical analysis.

Figure 5. Snail contributes to RHAMM deficiency-induced migration and AKT-mediated
GSK3p phosphorylation is the upstream regulator of Snail in luminal A subtype breast

cancer.

(A) Western blot analysis of Snail, Zebl, and Twist expression in luminal A human breast
cancer T47D cells and basal-like human breast cancer MDA-MB-231 cells. This Western blot
indicates that EMT transcription factors Snail and Zeb1 expression levels increase in the RHAMM
knockdown (i.e., sSARHAMM) group versus the sc control group in luminal A human breast cancer
T47D cells. However, EMT transcription factors Snail, Zebl, and Twist expression levels remain
unchanged in the RHAMM knockdown (i.e., ShRHAMM) group versus the sc control group in

basal-like human breast cancer MDA-MB-231 cells. B-actin serves as a loading control. (B)
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Western blot analysis and quantification of Snail degradation in cyclohexamide-treated
luminal A human breast cancer T47D cells. This Western blot indicates that Snail degradation
decreases in the RHAMM knockdown (i.e., ShRHAMM) group versus the sc control group in
cyclohexamide-treated luminal A human breast cancer T47D cells from 0 to 300 minutes. The
graph also indicates that Snail degradation decreases in the RHAMM knockdown (i.e., ShRHAMM)
group versus the sc control group in cyclohexamide-treated luminal A human breast cancer T47D
cells from 0 to 300 minutes based on a quantification of the Western blot intensity. B-actin serves
as a loading control. CHX=cyclohexamide (C) Western blot analysis of GSK3p
phosphorylation (P- GSK3p) in luminal A human breast cancer T47D and MCF-7 cells and
basal-like human breast cancer MDA-MB-231 and SUM159 cells. This Western blot shows
that GSK3p phosphorylation (P- GSK3p) increases in the RHAMM knockdown (i.e., ShRHAMM)
group versus the sc control group in luminal A human breast cancer T47D and MCF-7 cells.
However, GSK3p phosphorylation (P- GSK3p) remains unchanged in the RHAMM knockdown
(i.e., shRHAMM) group versus the sc control group in basal-like human breast cancer MDA-MB-
231 and SUM159 cells. B-actin serves as a loading control. (D) Western blot analysis of Snail
degradation in IM-12 treated luminal A human breast cancer T47D cells. This Western blot
shows that Snail expression levels decrease in the IM-12 treated ShRHAMM group versus the

DMSO treated sSARHAMM group in luminal A human breast cancer T47D cells. f-actin serves as
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a loading control. (E) Western blot analysis of GSK3p phosphorylation (P- GSK3p) in
LY?294002 treated luminal A human breast cancer T47D cells. This Western blot shows that
GSK3p phosphorylation (P- GSK3p) decreases in the LY294002 treated ShRHAMM group versus
the DMSO treated sShRHAMM group in luminal A human breast cancer T47D cells. GSK3p, AKT,
and B-actin serves as a loading control. (F) Western blot analysis of GSK3p phosphorylation
(P- GSK3p) in PD98059 treated luminal A human breast cancer T47D cells. This Western blot
shows that GSK3p phosphorylation (P- GSK3B) remains unchanged in the PD98059 treated
shRHAMM group versus the DMSO treated ShRHAMM group in luminal A human breast cancer

T47D cells. GSK3p, ERK, and B-actin serves as a loading control.
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