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Abstract

Mammalian cells, including cancer cells, are covered by a surface layer containing cell bound proteogly-
cans, glycoproteins, associated glycosaminoglycans and bound proteins that is commonly referred to as
the glycocalyx. Solid tumors also have a dynamic fluid microenvironment with elevated interstitial flow. In
the present work we further investigate the hypothesis that interstitial flow is sensed by the tumor glyco-
calyx leading to activation of cell motility and metastasis. Using a highly metastatic renal carcinoma cell
line (SN12L1) and its low metastatic counterpart (SN12C) we demonstrate in vitro that the small molecule
Suberoylanilide Hydroxamic Acid (SAHA) inhibits the heparan sulfate synthesis enzyme N-deacetylase-
N-sulfotransferase-1, reduces heparan sulfate in the glycocalyx and suppresses SN12L1 motility in
response to interstitial flow. SN12L1 cells implanted in the kidney capsule of SCID mice formed large pri-
mary tumors and metastasized to distant organs, but when treated with SAHA metastases were not
detected. In another set of experiments, the role of hyaluronic acid was investigated. Hyaluronan synthase
1, a critical enzyme in the synthetic pathway for hyaluronic acid, was knocked down in SN12L1 cells and
in vitro experiments revealed inhibition of interstitial flow induced migration. Subsequently these cells were
implanted in mouse kidneys and no distant metastases were detected. These findings suggest new ther-
apeutic approaches to the treatment of kidney carcinoma metastasis.
� 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CCBY-NC-ND license (http://crea-

tivecommons.org/licenses/by-nc-nd/4.0/).
Introduction

The incidence of kidney cancer has increased in
the past 30 years, with about 76,080 new cases in
2021. More than 13,000 of these patients will die
from the disease, and the five year survival rate
for patients with metastatic disease is only 13%
(cancer.org). Because the kidneys function as a
filter to remove wastes from blood and maintain
fluid and chemical homeostasis, renal cells are
(s). Published by Elsevier B.V.This is an open ac
continuously exposed to dynamic fluid forces. The
fluid dynamic environment is further exacerbated
in tumors, where leaky blood vessels expose
cancer cells to high levels of interstitial fluid flow
[1]. Our previous work has suggested that these
forces may enhance mechanobiological pathways
to enhance cancer cell metastasis [2,3].
The surface of mammalian cells is coated with a

layer of proteoglycans, glycoproteins,
glycosaminoglycans (GAGs) and bound proteins
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known as the glycocalyx [4,5]. The glycocalyx forms
a mechanical interface with the cell microenviron-
ment, and has been implicated in mechanotrans-
duction, most notably in endothelial cells that line
blood vessels [3–8]. Studies using vascular smooth
muscle cells and fibroblasts demonstrated that
interstitial flow through tissue matrix is also sensed
by the glycocalyx, leading to enhanced cell migra-
tion [6]. Tumors have a dynamic microenvironment
characterized by spatially and temporally heteroge-
neous interstitial flow caused by blood vessels that
are highly permeable compared to normal vascula-
ture [1,7,8]. This results in high interstitial fluid pres-
sure and elevated interstitial flow velocities that may
play a role in angiogenesis, lymphangiogenesis and
fibroblast differentiation [8–11]. It has also been
observed that high peritumoral interstitial flow veloc-
ity is associated with poor survival in humans with
cervical carcinoma [12]. Several studies have
demonstrated that metastatic cells increase their
migration rates in response to flow [2,13,14]. In vitro
studies that examined the effects of fluid flow on
metastatic cells found that they can utilize flow-
induced chemokine gradients to direct migration
either away from or towards the main tumor mass
[15,16]. Furthermore, several computational stud-
ies predict that bulky glycoproteins may enhance
the clustering of integrins and other transmembrane
proteins at adhesion sites, thus facilitating assem-
bly of adhesion complexes and enhanced growth
factor signaling – phenotypes associated with can-
cer [17–19].
The primary hypothesis of our work is that the

glycocalyx is a mechanosenor for interstitial flow
that activates cell motility and metastasis. In
foundational work leading to the current study, we
found that interstitial flow-induced shear stress
can enhance the invasive potential of metastatic
renal cancer cells. Exposing cells suspended in a
3-dimensional collagen matrix to interstitial flow
in vitro, we showed that both short-term (1 or 4 h)
and long-term (24 h) exposure to interstitial flow
increased migration of highly metastatic SN12L1
cells but not low metastatic SN12C cells [2]. Fur-
thermore, it has been shown that orthotopically
implanted SN12L1 tumors are more invasive when
compared to SN12C tumors [20]. Importantly, enzy-
matic removal of the GAG flow sensors, heparan
sulfate (HS) or hyaluronic acid (HA) blocked intersti-
tial flow- induced migration. Building on these
in vitro observations, we genetically modified the
highly metastatic SN12L1 cell line by knocking
down the gene for N-Deacetylase N-
Sulfotransferase 1 (NDST1), one of a family of four
sulfotransferase enzymes in the synthetic pathway
for HS [21]. Previous studies in vascular smooth
muscle cells [22] and SN12L1 cells [3] showed that
knockdown of NDST1 suppressed HS expression
and strongly inhibited cell motility in response to
0022-2836/� 2022 The Author(s). Published by Elsevier B.V.This is an open ac
licenses/by-nc-nd/4.0/).
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interstitial flow in vitro. Metastasis was evaluated
in vivo by injecting the parental or knockdown cells
into the kidney capsules of SCID mice. Tumors
formed from the NDST1 knockdown cells were
characterized by a 95% reduction in metastasis
compared to control cells with intact HS. There
was also impairment in invasion to surrounding tis-
sue in the knockdown animals [3].
In the present study, we had two main objectives:

(1) To test a small molecule pharmaceutical that
might produce the effects we observed by the
genetic inhibition of NDST1 that greatly reduced
metastasis. (2) To extend the in vitro observation
that reduction of HA suppresses migration, to
metastasis in vivo, by genetically modifying
metastatic cells to reduce HA synthesis.
To address the first objective we used

Suberoylanilide Hydroxamiccomple Acid (SAHA),
a small molecule (264 Da) drug (Vorinostat) that,
in addition to functioning as a histone deacetylase
(HDAC) inhibitor [23], has been reported to inhibit
the HS synthetic enzyme NDST1 in primary skin
fibroblasts [24]. We hypothesized that SAHA can
recapitulate the decreases in cell migration and
metastasis we observed with the genetic suppres-
sion of HS [3]. We found that SAHA decreases
NDST1 expression in SN12L1 cells in vitro and sup-
presses interstitial flow–induced migration of
SN12L1 cells. Most significantly, it completely sup-
pressedmetastasis of SN12L1 cells in an orthotopic
mouse model of renal carcinoma. To address the
second objective, we genetically modified highly
metastatic SN12L1 cells to knock down the gene
for hyaluronan synthase 1 (HAS1), a critical
enzyme in the synthetic pathway for HA [25]. We
show that these cells have impaired response to
interstitial flow in vitro and undetectable metastasis
in the mouse model.
Results

SAHA treatment reduces NDST1 expression
and flow-induced migration in vitro

To investigate whether SAHA could
pharmacologically reduce the expression of
NDST1, we performed a dose response study
using SN12L1 cell lines treated with SAHA or
DMSO (vehicle control). The results (Fig. 1)
indicate that doses of 1.0 mM, 2.5 mM and 5.0 mM
for 4 days dramatically reduce NDST1 at both the
mRNA and protein levels.
Because the higher concentrations of SAHA (2.5

and 5.0 mM) decreased cell viability, we used 1.0 mM
for further experiments. SN12L1 cells treated with
1.0 mm SAHA displayed suppression of flow-
induced migration (Fig. 2), consistent with
previous results where NDST1 knockdown in
cess article under theCCBY-NC-ND license (http://creativecommons.org/
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Fig. 1. Effect of treatment with SAHA on (A) relative NDST1 mRNA expression and (B) NDST1 protein levels. Cells
were treated with 1.0, 2.5 and 5.0 lM SAHA, or DMSO (vehicle control) for 4 days. N = 9 for (A), n = 6 for (B). The data
are represented as mean value ± SEM; ****p < 0.0001.

Fig. 2. Flow-induced migration in SN12L1 cells treated with DMSO (vehicle control) and 1.0 mM SAHA. Cells were
treated for 4 days before being exposed to flow for 6 h. Results were normalized to no-flow controls. The data are
represented as mean value ± SEM. N = 6; **p < 0.01, ns = not significant.
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SN12L1 cells blocked flow-induced migration
in vitro [3].
HAS1 deletion inhibits flow-induced migration
in vitro

We next investigated the role of HA in the
mechanotransduction of flow signals by knocking
down HAS1, an enzyme involved in the synthesis
of HA, using CRISPR/Cas9 (Fig. 3A). While there
are other HAS enzymes (HAS2 and HAS3), HAS1
has been shown to be associated with cell
migration and invasion in renal carcinoma cells
[26]. The cells were subcloned by serial dilution in
96-well plates, and single colonies were subcul-
tured. HAS1 mutant clones were identified by
PCR, and a suitable knockout clone was evaluated
3

for HAS1 protein expression by western blot
(Fig. 3C). Decreased HA expression was confirmed
by immunostaining with HA binding protein (HABP,
Fig. 3B). To facilitate identification of metastatic
cells in vivo, this clone was then transfected with a
lentiviral vector containing mCherry targeted to the
cell nucleus, and the cells were subcloned to obtain
a pure mCherry/HAS1�/� knockout cell line
(HAS1�/�, Fig. 3D).
To determine whether HAS1 is involved in flow

sensing, we performed flow-induced migration
experiments in SN12L1 and HAS1�/� cell lines.
We observed suppression of flow-induced
migration in HAS1�/� cells in comparison to
control cells (Fig. 4).
In previous work we showed that the hyaluronan

receptor CD44 binds HA and provides a link to the



Fig. 3. Establishment of HAS1 knockout cell line by CRISPR. (A) T7EI assay shows 21% gene modification in cells
transfected with HAS1-CR2; (B) top: representative images of HA binding protein immunostaining (green), cell nuclei
were counterstained with DAPI (blue), bottom: intensity measurements of immunostaining for HABP show a
significant decrease in coverage (n = 8, **p < 0.01); (C) top: western blot for HAS1, bottom: densitometry of western
blots shows significant knockdown of protein expression (n = 4, p < 0.0001); (D) HAS1�/� after transfection with
mCherry (red) targeted to cell nucleus, cell body shown in phase contrast. The data are presented as mean
value ± SEM. Scale bars are 20 lm in (B), and 50 lm in (D). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Fig. 4. Flow-induced migration response in of control SN12L1 cells and SN12L1 cells modified with CRISPR to
reduce HAS1 expression (HAS1�/�). Cells were exposed to flow for 6 h. Results were normalized to no-flow controls.
The data are presented as mean value ± SEM. N = 6 for SN12L1, n = 9 for HAS1�/�; ***p < 0.001, ns = not significant.
The baseline migration (no-flow condition) in control and HAS1�/� was 78.5 ± 18 vs 87.0 ± 32, respectively; p = 0.445.
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cell for mechanotransduction [2]. In the present
work we discovered that Receptor for Hyaluronan
Modulated Motility (RHAMM) also plays a role in
flow induced mechanotransduction through HA.
Supplementary data reveals that RHAMM knock-
down blocks flow induced migration (Figs. S1–S3).

HAS1 knockdown and SAHA administration
suppress renal carcinoma metastasis in an
orthotopic mouse model

We next tested whether the reduction of HA on
the cancer cell surface secondary to HAS1
deletion or administration of SAHA can decrease
metastasis in a mouse model of renal carcinoma.
Parental SN12L1 tumors were implanted under
the kidney capsule of SCID mice and allowed to
grow before being treated with SAHA or vehicle
control. Treatment with the SAHA (40 mg/ml in
drinking water) was started two weeks after tumor
implantation. Because the SAHA needed to be
dissolved in ethanol before mixing with water, we
also included a group with 2% ethanol (EtOH) in
the drinking water. After 30 days of primary tumor
growth, the kidneys, along with the primary
tumors, were resected and processed for
histological analysis (Fig. 6). At this time, the
tumors were �120 mm3 by caliper measurement.
After another six weeks (to allow any seeded
metastases to develop), we sacrificed the mice,
performed necropsy and harvested the lungs,
liver, contralateral kidney and spleen. In another
group of mice, we implanted SN12L1 cells with
HAS1 knocked down (HAS1�/�). These were
allowed to grow for 30 days and then removed
Fig. 5. Primary tumors and gross appearance of metasta
from mice (H&E stain; total mice per group: untreated: 8; EtO
� tumors or treated with vehicle control (2% EtOH) or SA
morphology to untreated mice. (B) Examples of metastatic
Lung; L1: Liver; In: Intenstines. Scale Bars = 1 mm.
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with the kidney. After six weeks, they were
sacrificed, and the organs were harvested, as
previously described.
Analysis of the primary tumors showed no

difference in tumor size or morphology (Fig. 5A).
The tumor generally replaced most of the normal
kidney, often producing a large fluid-filled structure
within the kidney, resembling hydronephrosis
(swelling of the kidney due to urine accumulation).
This was likely due to blockage of the ureter by
tumor growth. Primary tumors were observed in all
the treatment groups, and no toxicity was
observed due to HAS1�/� tumor growth or the
SAHA or EtOH treatments.
Upon sacrifice and organ harvesting, metastases

were evident in the untreated and EtOH control
mice (Fig. 5B). Analyzing the endogenous
fluorescence from the cancer cells, we detected
many large metastatic colonies in the control and
EtOH treated mice, but cancer cells were not
detectable in the SAHA treated group, or in the
mice implanted with HAS1�/� cells (Fig. 6).
Automated image analysis confirmed this result
(Fig. 7).
Discussion

This study further advances the hypothesis that
interstitial flow shear stress is sensed by cancer
cells through the glycocalyx, inducing cell motility
and metastasis [12]. Tumor interstitial flow rates
measured in vivo are elevated significantly depend-
ing on the tumor type [27,28]. In vitromodels using a
variety of cell lines have demonstrated that fluid
tic colonies. (A) Typical tumor-bearing kidneys resected
H: 6; SAHA: 4; HAS1�/�: 4). Mice implanted with HAS1�/

HA had primary tumors that were similar in size and
colonization in the control mice. S: spleen; T: Tumor; L:



Fig. 6. Fluorescence imaging of histological sections in control and treated mice. Six weeks after primary tumor
resection, mice were sacrificed and the organs were harvested. Vehicle control (EtOH) and untreated mice had
metastatic colonies in multiple organs, while no metastases were detected in mice implanted with HAS1�/� cells or
SAHA treated mice. The cancer cells are detected via the fluorescence of an intravital reporter, shown in red. Blue:
dapi; green: tissue autofluorescence. L: Lung; Li: Liver; K: Kidney; In: Intestines. Scale bars: 0.5 mm. Asterisks
highlight some of the metastatic colonies. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
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shear stress associated with interstitial flow acts on
tumor cells affecting focal adhesions, stromal cell
recruitment, integrin expression, MMP expression
and activation, and invasion rates [3,14,29]. In the
present study we demonstrated that reduction of
NDST1 and HS with the small molecule HDAC inhi-
bitor SAHA blocked metastasis of highly metastatic
renal carcinoma cells (SN12L1) in a mouse model.
While the reduction of NDST1 by SAHA in renal

carcinoma cells is a novel finding and potentially
important for mechanotransduction pathways,
HDAC inhibitors can affect cell biology in multiple
ways by changing the acetylation state of histones
and modulating gene transcription [30]. Because of
this, there has been much basic research and many
clinical trials investigating the effects of SAHA on
cancer cells and tumors. SAHA inhibits class I, II
and IVHDACs and has been approved for treatment
of T-cell lymphoma (brand name: Zolinza; Merck)
6

[31,32]. In vitro, the combination of SAHA with
mTOR inhibition decreases cancer cell proliferation,
and treatment of subcutaneous renal carcinoma
tumors in vivo inhibits growth [33]. However, this
strategy showed limited efficacy in a phase I trial in
advanced renal cell carcinoma patients [34]. In
metastatic clear cell renal carcinoma, treatment with
the combination of SAHA and bevacizumab (anti-
vascular endothelial growth factor antibody) showed
some efficacy in improving objective response rate
and progression free survival [35]. The results of this
trial suggest that blocking class II HDACsdecreases
hypoxia-inducible factor activity, thus synergizing
with anti-VEGF treatment. Taken together, clinical
data and our results show that HDAC inhibition is a
potentially valid strategy to treat renal carcinoma,
especially early in disease progression.
In addition to altering gene transcription by

modifying acetylation status, there is evidence that
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HDAC inhibitors like SAHA exert other effects in
cells. For example, they can affect microtubule
assembly and cell migration [36–38], which may
be relevant for cancer metastasis. Furthermore,
treatment with SAHA has the potential to decrease
endothelial nitric oxide synthase (eNOS) expres-
sion [39]. eNOS is a major pathway affected by fluid
shear stress and could therefore be associated with
mechanotransduction in cancer cells. In previous
work, we found that endothelial morphogenesis is
HDAC1-dependent and that fluid flow increases
the phosphorylation of HDAC1, its activity, and its
export from the nucleus [11,38]. Furthermore,
HDAC1 inhibition decreased endothelial morpho-
genesis and matrix metalloproteinase-14 expres-
sion. The present studies suggest that similar
mechanisms may operate in renal carcinoma.
The GAGs HS and HA are believed to be the

sensors of interstitial flow shearing forces. It is
important to understand how the forces sensed by
the GAGs are transmitted to the cell. In a previous
in vitro study using the same kidney carcinoma
cells, it was demonstrated that the HS
proteoglycan core protein glypican 1, not syndecan
1, is the glycocalyx component that transmits the
force to the cell where mechanotransduction
proceeds [40]. This is consistent with a recent study
of shear stressonendothelial cells that showedglyp-
ican 1 to be the mechanotransmitter mediating
shear-induced nitric oxide production [41]. In [2] we
showed that the cancer cell surface receptor for
HA, CD44, is a transmitter of force sensed by HA
to the cell. In supplement Figs. S1–S3 we provide
evidence that the second major receptor for HA,
RHAMM, is also involved in transmitting the force
sensed by HA. In another study it has been noted
that extracellular RHAMM-CD44 partnering sus-
tains CD44 surface display and enhances CD44-
mediated signaling through ERK1/2 [42]. This sup-
ports a recent study of chondrosarcoma cell lines
that reported interstitial flow and fluid shear stress
induced MMP-7 expression and enhanced invasion
via an ERK1/2 signaling pathway [43], and the ear-
lier study by Qazi et al. [2] that showed suppression
of flow induced migration by an MMP inhibitor. The
interplay between these two receptors in mediating
metastasis has not been addressed in the current
study. Cell invasion may also be enhanced by other
effects of interstitial flow on cells including matrix
tethering, cytoskeletal polymerization, enhanced
integrin expression, enhanced normal stresses,
and focal adhesion formation, as well as glycocalyx
mediated mechanotransduction [14]. Further inves-
tigation into the role of thesemechanisms in putative
interstitial flow induced metastasis will be important
for the development of therapeutics to suppress
metastasis.
Our study has some notable limitations. Although

the in vitro results of the present study suggest that
the differences in metastasis between control cells
and cells with reduced HS or HA are the result of
7

altered flow mechanosensing in the cells with
diminished glycocalyx, interstitial flow could not be
precisely controlled in the animal studies over the
long course of the experiments due to the lack of
current methodologies for monitoring or controlling
interstitial flow noninvasively. Future studies
should address whether mechanisms such as
growth factor presentation, receptor clustering, or
as we suggest, mechanotransduction, is the
primary function of cancer cell surface HS and HA
in metastasis in vivo. In addition, we found that
reduction of tumor cell HA through HAS1
knockdown can suppress metastasis in an
orthotopic model of renal carcinoma (Figs. 6 and
7). We did not consider other HAS enzymes that
might be effective, and we have not measured the
concentrations of glycosidase and hyaluronidase
enzymes that might degrade HA in our
experiments. However, our data show that the
parental cells have significant HA on their surface,
suggesting that any enzymes produced by the
cells are leaving abundant HA on the cell surface
(Fig. 3B), whereas the HAS1 knockdown cells
have significantly less HA. In addition, other
studies of metastatic renal carcinoma cells have
revealed an abundance of the HA receptors CD44
and RHAMM on the cells suggesting a significant
presence of HA on their surfaces [2,44]. Finally,
while inhibition of HA or NDST1 seems to be effec-
tive in our animal model, we did not pursue reduc-
tion of other HS synthetic enzymes that might also
be effective.
Taken together, previous work and the current

results suggest the mechanisms for flow-induced
invasion and metastasis summarized in Fig. 8.
Mechanical deformation of cell-surface GAGs
including HA and HS transduce signals through
heparan sulfate proteoglycans – glypicans,
syndecans [4,5,40], and HA receptors – CD44 and
RHAMM. HDACs can enhance HS expression
through NDST1, facilitating the mechanotransduc-
tion, and RHAMM associated with CD44 is likely
involved in the upstream response [42]. In addition
to regulation ofNDST1,HDACsare involved inmod-
ulation of multiple programs associated with cell
migration and MMP expression [45]. In the present
study, we have shown that interfering with HA pro-
duction, HS synthesis (through NDST1) or HDAC
activity can inhibit cell migration and metastasis.
These results suggest that therapies targeting HA,
HDACs or NDST1 should have efficacy in limiting
the progression and metastasis of renal carcinoma.

Methods

Cell culture

All chemicals were from Millipore Sigma (St.
Louis, MO) unless otherwise noted. Low (SN12C)
and high (SN12L1) metastatic human renal
carcinoma cell lines were obtained courtesy of Dr.
Isaiah Fidler, MD Anderson Cancer Center.



Fig. 7. Inhibition of metastasis in mice bearing SN12L1 HAS1�/� tumors and in mice bearing SN12L1 tumors
treated with SAHA. Six weeks after primary tumor resection, mice were sacrificed, and the organs were harvested.
Vehicle control (EtOH; n = 6) and untreated mice (n = 8) had metastatic colonies in multiple organs, while no
metastases were detected in mice implanted with HAS1�/� cells (n = 4; *p < 0.05) or SAHA treated mice (n = 4;
*p < 0.05).

Fig. 8. Putative mechanisms of flow-induced renal carcinoma invasion and metastasis.
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Following MD Anderson protocols [46], cells were
cultured in minimum essential medium (MEM) sup-
plemented with 10% fetal bovine serum (Atlanta
Biologicals, Flowery Branch, GA), 1% penicillin/
8

streptomycin, 1% L-glutamine, 2� Vitamin solution,
1� non-essential amino acids solution, and 1 mM
sodium pyruvate. Cultures were kept at 37 �C, 5%
CO2.
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Protein quantification

Cell lysis: Cells were rinsed 3 times in cold
phosphate buffered saline (PBS) and lysed in
RIPA buffer containing 0.1 mL Halt protease
inhibitor cocktail (Thermo Scientific, Rockford, IL)
and 0.1 mL Halt phosphatase inhibitor cocktail I
(Roche, Basel, Switzerland). Cells were then
scraped and sonicated 3 times for 10 s.
Western immuno-blotting: Cell extracts were

suspended in 2� Laemmli sample buffer (Bio-
Rad, Hercules, CA) and separated by 12% SDS-
PAGE. Proteins were electrophoretically
transferred to PVDF membranes. Membranes
were blocked in 5% nonfat dry milk at room
temperature for 1 hr before incubation in the
appropriate dilution of primary antibodies against
RHAMM, (1:500; Abcam), NDST1 (1:1000;
Proteintech), and b-Actin (1:5000;
ThermoScientific, Rockford, IL) in 5% nonfat dry
milk and 0.1% Tween-20 overnight at 4 �C. Blots
were washed three times for 15 min, followed by
incubation in HRP-conjugated secondary antibody
in 5% nonfat dry milk and 0.1% Tween-20 for 1hr
at room temperature. Visualization of bands was
achieved using the ECL kit (Thermo Scientific,
Rockford, IL). Protein bands were detected with
the ChemiDoc XRS system with Quantity One
software (Bio-Rad; Hercules, CA), and quantified
by densitometry using ImageJ.
siRNA transfection

siRNA oligonucleotides were purchased from
Integrated DNA Technologies (Skokie, IL).
SN12L1 cells were seeded at a density of
2.4 � 106 cells in six-well plates, grown for 24 h,
and transfected with siRNA oligos targeting
RHAMM (siRHAMM) using Lipofectamine
RNAiMAX (ThermoFisher, Waltham, MA)
according to the manufacturer’s instructions. As a
negative control, cells were transfected with
scrambled RNA oligos. siRHAMM oligos were: 50-
GUCAAGAAUCAUGGAAGUAAACATC30 and
30CACAGUUCUUAGUACCUUCAUUUGUAG-50.
RNA quantification

Total RNA was extracted using the RNeasy Mini
kit (Qiagen, Hilden, Germany) and immediately
treated with DNase I (New England BioLabs,
Ipswich, MA) to remove possible DNA
contamination. 1 mg of RNA was reverse
transcribed to cDNA using the High-Capacity
cDNA Reverse Transcription kit (ThermoFisher,
Waltham, MA). Quantitative real time RT-PCR
was performed on the 7000 Real Time PCR
System (Applied Biosystems, Foster City, CA).
The primers used were the following: RHAMM
Forward-50-tgg aag caa ggc taa atg ct-30 and
Reverse-50-acc tgc agc ttc atc tcc at-30, NDST1
Forward-50- atg gca tca tgg ttc tcc ca-30 and
9

Reverse-50-gcc agg gta ctc gtt gta ga-30, b-Actin
Forward-50-cct gac ctg ccg tct aga aa-30 and
Reverse-50-tta ctc ctt gga ggc cat gt-30.
Cell migration assay

For the migration assay, 50,000 SN12L1 or
SN12C cells were suspended in 2 mg/ml type I
collagen and immediately incubated in type I
collagen pre-coated culture inserts (8 mm pores) in
12-well plates. The Cell/collagen suspension
inserts were incubated for 16 h with 800 ll of
serum-containing MEM media to allow cell
spreading. The collagen gels containing SN12L1,
SN12C, or modified cells were exposed to 10 min
of interstitial flow to compact the gels. No-flow
control gels were placed in the incubator while
flow gels were exposed to 6 h of interstitial fluid
flow as previously described [2,14]. After flow, the
migration assay was performed by incubating the
suspensions with 1 nM TFG-a in the companion
well for 48 h of migration (without flow). At the end
of the migration assay, cells that migrated to the
underside of the filter were fixed and stained using
Diff-Quick (Siemens, Munich, Germany). Cells
were visualized and counted as a quantitative mea-
sure of invasion using a bright field microscope.
These methods have been described in great detail
in Qazi et al. [2,14].
SAHA treatment in cell cultures

SN12L1 cells were treated with SAHA 1 mM,
2.5 mM, or 5 mM for 4 days. For migration assays,
SN12L1 cells were treated with 1 mM SAHA for
4 days prior to static or flow conditions. The SAHA
concentration was maintained throughout the flow
period. Controls were treated with appropriate
concentrations of DMSO.
Establishment of HAS1 knockout cell line

To establish a HAS1 knockout cell line, we
randomly chose three guide RNA (gRNA)
sequences from GeCKOv2 Human Library (http://
genomeengineering.org/gecko/?page_id=15)
targeting HAS1 gene. The gRNA sequences were
cloned into the pX330 vector (http://www.
addgene.org/42230/) containing Cas9. The
plasmids were transfected into the SN12L1 cells
using Lipofectamine 3000 (Invitrogen). Genomic
DNA was isolated using the DNeasy Blood &
Tissue kit (Qiagen, Hilden, Germany) and
targeting efficiency was evaluated by T7
endonuclease I assay (T7EI; New England
Biolabs). The target sequence for HAS1-CR2 was
CACCGCCGCGAGGTCTTCGCTGACG. Primers
for T7EI assay were HAS1-forward
TCTGTACATTGAAGGAAAGACC and HAS1-
reverse GCAGTGTGGCGCTGA. PCR was
performed in a thermal cycler (Biorad, Hercules,
CA), the products run on a 1.5% agarose gel, and

http://genomeengineering.org/gecko/?page_id=15
http://genomeengineering.org/gecko/?page_id=15
http://www.addgene.org/42230/
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imaged in the ChemiDoc XRS system with Quantity
One software (Bio-Rad, Hercules, CA).
Immunofluorescence staining and
quantification of HA

SN12L1 and HAS1�/� cells were immunostained
for HABP as previously described [47]. Briefly, cells
were fixed with 2% paraformaldehyde/0.1% glu-
taraldehyde for 30 min at room temperature and
blocked with 2% goat serum for 30 min. Cells were
then incubated overnight at 4 �C with biotinylated
HABP. After washing 3� in PBS, cells were incu-
bated with Alexa Fluor 488 anti-Biotin (Jackson
ImmunoResearch Lab, West Grove, PA) and coun-
terstained with DAPI. Cells were imaged with a
Zeiss LSM 800 laser scanning microscope. HA cov-
erage was determined using ImageJ software, as
previously described [47].
Mouse metastasis model

All animal protocols were approved by the
Institutional Animal Care and Use Committee
(IACUC) of the Massachusetts General Hospital
(protocol #2004N000091). All experiments were
performed in accordance with relevant guidelines
and regulations, and reporting follows the
recommendations in the ARRIVE guidelines.
HAS1�/� model: SN12L1 HAS1�/� cells were

transfected with the intravital reporter mCherry to
facilitate identification of metastatic cells. One
million SN12L1 or SN12L1 HAS1�/� mCherry
cells were implanted under the left kidney capsule
of SCID mice. Primary tumors were allowed to
grow for 30 days, and then the left kidneys, with
the primary tumors, were removed. After six
weeks more days, the mice were sacrificed, and
organs were harvested for analysis of metastases.
SAHA treatment: SN12L1 cells were infected

with Orange viral particles (pWPXL-Orange, gift
from Dr. Danwei Huangfu) to facilitate
identification of metastatic cells. One million cells
were implanted under the left kidney capsule of
SCID mice. Primary tumors were allowed to grow
for two weeks, and then treatment was started.
Groups were 1) untreated, 2) 2% ethanol in
drinking water and 3) treatment with SAHA
(dissolved in ethanol and added to drinking water;
final concentration = 40 mg/ml). On day 30 after
tumor implantation, the left kidney and primary
tumor were resected and processed for
histological analysis. After another six weeks (to
allow any seeded metastases to develop), we
sacrificed the mice, performed necropsy and
harvested the lungs, liver, contralateral kidney and
spleen.
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Tissue processing and image analysis

The harvested tissues were embedded in OCT
medium and sectioned to the center of the tissue.
Then 200 mm (thick) sections were collected and
stained with Dapi for fluorescence microscopy. The
sections were scanned using a Zeiss Axioscan
slide scanner to collect three color channels and
the CZI were opened and analyzed using FIJI
image analysis software (https://imagej.
net/software/fiji/).
The raw CZI files were converted to 8-bit TIF files

and the auto contrast command adjusted the image
contrast of all three channels. The Dapi channel
was segmented using the auto segment function,
and then was subjected to a series of binary
dilations and erosions to enlarge the nuclei so the
resulting image approximated the total tissue area.
This image was then measured and the number of
positive pixels was recorded and used as an
estimate of the total tissue area. The red channel
was manually thresholded to create the binary
image, and then this image was measured to
record the number of cancer cell pixels in the
image. The ratio of cancer to total pixels was
calculated and compared between groups.

Data analysis

GraphPad Prism was used to perform statistical
analysis. Results are presented as mean ± SEM
and differences were considered significant when
p < 0.05. When comparing two groups, statistical
analyses were performed using unpaired two-
tailed student’s t-test.
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