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ABSTRACT: Previous data obtained in our laboratory suggested that there may be constitutive signaling through the myeloid differentiation primary

response gene 88 (Myd88)-dependent signaling cascade in murine mammary carcinoma. Here, we extended these findings by showing that, in the absence

of an added Toll-like receptor (TLR) agonist, the myddosome complex was preformed in 4T1 tumor cells, and that Myd88 influenced cytoplasmic extra-

cellular signal-regulated kinase (Erk)1/Erk2 levels, nuclear levels of nuclear factor-kappaB (NF«B) and signal transducer and activator of transcription

5 (STATS), tumor-derived chemokine (C—C motif) ligand 2 (CCL2) expression, and in vitro and in vivo tumor growth. In addition, RNA-sequencing

revealed that Myd88-dependent signaling enhanced the expression of genes that could contribute to breast cancer progression and genes previously associ-

ated with poor outcome for patients with breast cancer, in addition to suppressing the expression of genes capable of inhibiting breast cancer progression.

Yet, Myd88-dependent signaling in tumor cells also suppressed expression of genes that could contribute to tumor progression. Collectively, these data

revealed a multifaceted role for Myd88-dependent signaling in murine mammary carcinoma.
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Introduction

Myeloid differentiation primary response gene 88 (Myd88)
is an adaptor protein for Toll-like receptor (TLR) signaling,
which most TLRs utilize for signal transduction.! Upon bind-
ing a TLR agonist, the Toll/interleukin (IL)-1R homology
(TIR) domain of the TLR interacts with the C-terminal
TIR domain of Myd88. The N-terminal death domain (DD)
of Myd88 then associates with the DD of IL-1 receptor-
associated kinase-2 (IRAK2) and IRAK4 molecules to form
a functional myddosome complex composed of multiple
molecules of Myd88, IRAK2, and IRAK4.?> Signaling
culminates in nuclear translocation of several transcriptional
factors, leading to expression of proinflammatory cytokines
and chemokines.!

Inflammation in the context of cancer is a double-edged
sword. While antitumor immunity has great potential for
prevention, diagnosis, and treatment of patients with cancer,
inflammation is also widely accepted as a contributing factor
for cancer initiation, progression, and dissemination.>* This
same dichotomy also applies to TLR signaling.” As a result,
it is not surprising to find a link between Myd88 and cancer
progression. Notably, there have been several reports that
expression of Myd88 may contribute to tumor progression.

For instance, Rakoff-Nahoum and Medzhitov® showed that
Myd88 played a role in tumor development in mice with muta-
tions in the adenomatous polyposis coli (4PC) gene, perhaps
by inducing expression of cyclooxygenase 2 (COX2), matrix
metalloproteinases 7 and 10 (MMP7 and MMP10), 1L-6,
and tumor necrosis factor alpha (7NF-¢r), among other genes.
Similar findings were obtained using a murine hepatocellular
carcinoma (HCC) model, where diethylnitrosamine-induced
HCC was shown to be related to IL-6 produced in a Myd88-
dependent manner.” Additionally, Chefetz et al,® revealed that
a Myd88-dependent pathway contributed to protumorigenic
inflammation as well as stem cell renewal in an ovarian cancer
model. Myd88 has also been shown to participate in signaling
that culminates in recurrence after radiotherapy. Gao et al,’
reported that factors released during tumor regression trig-
gered TLR9 signaling in myeloid cells, which could contrib-
ute to inflammation capable of promoting tumor recurrence.
Here, we were interested in the direct contribution of
Myd88-dependent signaling in the tumor cells themselves.
For this purpose, we used the 4T1 murine mammary
carcinoma, which is often used as a model for stage IV dis-
ease in patients with breast cancer.)® Our data revealed that
Myd88-dependent signaling affected 411 at several different
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levels, with changes evident in the cytoplasm (formation
of myddosome complex and elevated extracellular signal—
regulated kinase [Erk]1/Erk2 levels), nucleus (elevated lev-
els of nuclear factor-kappaB [NF«B] and chemokine (C-C
motif) ligand 2 [CCL2] transcription), and overall behavior
(increased growth). Yet, these data represent a small picture
of how Myd88-dependent signaling affects the tumor cells.
RNA sequencing (RNA-Seq) analysis revealed several pre-
viously unrecognized ways in which Myd88-dependent sig-
naling in the tumor cells themselves may contribute to breast
cancer progression. For instance, we found that Myd88 con-
tributed to expression of genes associated with breast cancer,
such as Cdh3 and Adra2a,'>'? and genes associated with poor
outcome for patients with breast cancer, such as Fo/r1 and
Aldh1a3,'3* in addition to suppressing the expression of genes
that encode proteins capable of inhibiting breast cancer, such
as Psd4 and Dmp1.1>1¢ Collectively, these data revealed several
previously unrecognized ways in which Myd88 may contrib-
ute to tumor progression.

While it is clear that targeting Myd88-dependent sig-
naling in tumor cells can significantly affect tumor growth,
caution is necessary when blocking this pathway in murine
mammary carcinoma because suppressing Myd88-dependent
signaling in the tumor cells also contributed to an increase
in expression of MMP9 and IL-1f genes, which are associ-

1718 QOverall, these data reveal

ated with disease progression.
a complex role for constitutive Myd88-dependent signaling
in murine mammary carcinoma and suggest that the conse-
quences of targeting Myd88 may not be as straightforward as

previously thought.

Methods

Cells and mice. The 4T1 murine mammary carcinoma
cells were maintained in complete RPMI (cRPMI)
(RPMI 1640, Lonza, Walkersville, MD, USA) supplemented
with 10% heat-inactivated fetal bovine serum (FBS; Lonza),
glutamine (2 mM; Lonza), penicillin (100 U/mL; Lonza),
streptomycin (100 pug/mL; Lonza), nonessential amino acids
(Sigma), 2-mercaptoethanol (5 x 10~ M; Sigma), and sodium
pyruvate (1 mM; Lonza). All other cell lines used in this
study were generated from 4T1. Constitutive Myd88!°™ cells
(o, Myd®™) expressing short hairpin RNA (shRNA) specific
for Myd88 were generated with the pPBLOCK-it DEST vec-
tor (Life Technologies, Carlsbad, CA, USA), as previously
reported,’”” and maintained in cRPMI with 800 pug/mL G418
(Life Technologies). 4T1 cells expressing /JacZ under con-
trol of the same shRNA expression vector’ and maintained
in 800 pg/mL G418 served as a control for the Myd""
cells. 4T1 cells expressing shRNA specific for Myd88 under
a tetracycline-inducible promoter (inducible Myd88"™ cells,
i d1\/Iyd1°w) were generated using the BLOCK-it Inducible
Polll miR RNAi Expression Vector Kit (Life Technologies)
and maintained in 800 pug/mL G418 and 2.5 uM blasticidin

(Life Technologies). Analysis of these cells in the absence of
tetracycline served as a control for the | d1\/IydIOW cells.

Six- to eight-week-old female BALB/c mice were bred
on site and housed in a Thoren caging system (Thoren Cag-
ing Systems Inc, Hazelton, PA, USA). Food and water were
provided ad libitum. All mice were used in accordance with a
protocol approved by the Institutional Animal Care and Use
Committee, following the guidelines for ethical conduct in
care and use of animals.

Growth kinetics. To determine in vitro growth rates,
tumor cells were plated at 1 x 10* cells per T25 cm? flask for
24 hours and 48 hours, or in a T'75 cm? flask for 72 hours.
Cells were trypsinized, washed, and counted at the specified
time points. Each cell count was performed in duplicate. For
studies with the Myd88 inhibitory peptide, 1 x 10* tumor cells
were cultured in 24-well tissue culture plates with the Myd88-
specific inhibitory peptide (MP) or a control peptide (CP)
lacking the Myd88-binding domain (Novus Biologicals). For
in vivo kinetics, after washing three times in Hanks’ balanced
salt solution (HBSS), 5 x 10* cells in 100 uL. HBSS were deliv-
ered subcutaneously to six- to eight-week-old female BALB/c
mice in the left hind flank. Starting at day six, and every two-
to-three days thereafter, tumors were measured using ver-
nier calipers, and tumor volume was calculated (L x W?/2).
Mice given the d1\/Iyd1°"” cells were started on doxycycline
(0.2-1.6 mg/mL) in drinking water (supplemented with 20%
sucrose) one week before tumor delivery and maintained on
doxycycline for the remainder of the experiment.

Quantitative reverse transcriptase—polymerase chain
reaction. Gene expression was analyzed by quantitative
reverse transcriptase—polymerase chain reaction (QRT-PCR).
For this purpose, RNA was isolated from 1 x 10° cells using
the Aurum Total RNA Mini Kit (Bio-Rad Laboratories)
according to manufacturer’s instructions. Briefly, the cells
were lysed, RNA was bound to the column, treated with
DNase, and following several washes, RNA was eluted and
stored at —20°C. Complementary DNA (cDNA) was gener-
ated using the iScript cDNA synthesis kit (Bio-Rad Labo-
ratories). For this purpose, 15 uL. RNA, 4 uL 5 x iScript
buffer and 1 pL iScript reverse transcriptase were combined
in a 0.5 mL microcentrifuge tube and placed in a thermal
cycler (MiniCycler; MJ Research Watertown). The reac-
tion conditions consisted of 25°C for five minutes, 42°C for
30 minutes, and then 85°C for five minutes. All samples
were stored at —20°C prior to PCR. An aliquot (0.5 uL)
of ¢cDNA was amplified in a reaction with 1 x iQ_SYBR
Green Supermix (Bio-Rad Laboratories) and 200 nM gene-
specific primers. The reaction conditions consisted of 40
cycles of a two-step PCR reaction with 94°C for 10 seconds
and 68°C for 30 seconds on an iQ5 Real Time PCR Detec-
tion System (Bio-Rad Laboratories). Gene-specific primers
used included glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) forward 5™-cttccgtgttectacceccaatgt-3', GAPDH
reverse 5™-gectgettcaccaccttettgatgt-3', Myd88 forward 5-cctg
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accccactegeagtttgt-3', Myd88 reverse 5-tgcgegacttcagetee
ttca-3’, CCL2 forward 5™-tcatgcttetggeectgetgt-3’, and CCL2
reverse 5'-ctcattgggatcatettgetggtg-3”. The primers were syn-
thesized by Integrated DNA Technologies and analyzed
for specificity with the National Center for Biotechnology
Information’s Basic Local Alignment Search Tool (BLAST)
program. Standard curves were used to examine effi-
ciency and reproducibility of each reaction, and melt curves
were used to validate amplification of single products. The
housekeeping gene GAPDH was used to establish normalized
expression (AAC.).

Western blot and coimmunoprecipitation. To analyze
protein expression, 5 X 10° cells were washed three times with
ice-cold phosphate-buffered saline (PBS), resuspended in
150 uL of buffer A (10 mM Hepes, 10 mM KCl, 0.1 mM
EDTA, and 0.1 mM EGTA [all from Sigma]), supplemented
with the protease inhibitors aprotinin, leupeptin, chymostatin,
and pefabloc (Roche Molecular Biochemicals) and placed on
ice. Following 15 minutes’ incubation, 10 uL of 10% Non-
idet P-40 (Sigma) was added. The samples were vortexed for
10 seconds and centrifuged at 15,000 X g at 4°C for 1 minute.
NuPAGE LDS sample buffer (Life Technologies) was added,
and the supernatants containing the cytoplasmic proteins
were stored at —20°C. The pellets were washed one time with
buffer A, then resuspended in 75 uL buffer B (25% glycerol,
20 mM Hepes, 0.4 M NaCl, 1 mM EDTA, and 1 mM EGTA
[all from Sigma]) supplemented with the protease inhibitors
aprotinin, leupeptin, chymostatin, and pefabloc, and then
sonicated for 30 seconds. After 10 minutes’ centrifugation at
15,000 x g, the supernatants containing the nuclear proteins
were transferred to new tubes, NuPAGE LDS sample buffer
was added, and the samples were stored at —20°C. For coim-
munoprecipitation, proteins were isolated from 2 x 107 cells
and the Immunocruz IP/WB Optima System (Santa Cruz
Biotechnology) was used. For analysis using sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE), gels
(12.5%; Life Technologies) were loaded with 15 pL of pro-
teins, electrophoresed, and transferred to polyvinylidene diflu-
oride membranes (Life Technologies). The membranes were
blocked at room temperature in PBS with 5% powdered milk
(Carnation) and 0.05% Tween 20 (Sigma) for two hours. Pri-
mary antibodies (10 pg) specific for Myd88, IRAK2, IRAKA4,
Erk1/2, pErk1/2, p50, p52, p65, RelB, cRel, STATS, and
activating transcription factor (ATF2) (Santa Cruz Biotech-
nology) were added, and the blots were incubated at room
temperature for one hour, followed by overnight incubation at
4°C. After washing four times with blocking buffer, a horse-
radish peroxidase-conjugated secondary antibody (Santa Cruz
Biotechnology) was added, and the blots were incubated for
two hours at room temperature. Following four washes, pro-
teins were visualized by enhanced chemiluminesence on an
Alpha Innotech Gel Documentation System (Alpha Innotech
Corp). Densitometry data were normalized to actin and
nuclear histone 3 levels, which showed similar patterns.

Viability and cell cycle analysis. The impact of Myd88
levels on cell viability was determined using trypan blue
exclusion following study of the in vitro growth kinetics.
To determine whether Myd88 affected the progression of
cells through the cell cycle, propidium iodide (PI) stain-
ing was used. To synchronize the cell cycle, 1 x 10° cells
were cultured in T75 cm? tissue culture flasks in cRPMI
minus FBS. After 24 hours, the medium was replaced with
cRPMI, and the cells were harvested 48 hours later for cell
cycle analysis. Following a wash with 10 mL cold PBS, the
cells were resuspended in 200 puL cold PBS and then slowly
added to 4 mL cold 70% ethanol while vortexing. Follow-
ing 90 minutes’ incubation on ice, the cells were centrifuged
at 450 X g, resuspended in 500 uL. PI/RNase solution (BD
Biosciences), and sent to Hershey Medical Center (Hershey,
PA, USA) for analysis.

RNA-Seq. For RNA-Seq analysis, RNA was isolated
from CO"SMydl"W, . C[1\/Iyd1°"", and the appropriate controls for
each line using the Aurum Total RNA Mini Kit (Bio-Rad
Laboratories) according to manufacturer’s instructions.
After quantifying the RNA and checking the purity, RNA
was shipped to GENEWIZ (South Plainfield, NJ, USA)
for next-generation sequencing and RNA-Seq analysis.
Following next-generation sequencing, the Fastq files were
used to trim the ends to remove low-quality bases. After
mapping to the mouse genome and calculating hit counts
and expression values (reads per kilobase of exon per mil-
lion) for each gene, differential analysis was conducted using
CLC Genomics to identify genes that were up- or down-
regulated when Myd88 was inhibited in the tumor cells.
The number of reads for Cons1\/Iydl°w, control for Cons1\/chll°w,
indMydl"w, and control for indMydIOW were 72,624,237,
95,204,904, 86,891,625, and 92,649,213, respectively.
Mean Q_Scores for all these groups were 35, and the per-
centage of Q_Scores =30 was >90.

Results

The myddosome complex is preformed in 4T1 tumor
cells. We previously reported that in vitro growth of 411
could be decreased by treatment with blocking antibodies
specific for TLR2, TLR4, or the receptor for advanced gly-
cation end products, each of which is capable of signaling in
a Myd88-dependent manner,?® and that targeting Myd88
affected CCL2 expression.!? These data suggested that there
may be constitutive signaling through the Myd88 signaling
cascade. Because TLR signaling leads to formation of the
myddosome complex by bringing together Myd88, IRAK2,
and IRAK4,? we used coimmunoprecipitation to determine
whether the myddosome complex was preformed in the 4T1
tumor cells. The data showed that upon immunoprecipitation
of Myd88, both IRAK2 and IRAK4 coprecipitated (Fig. 1).
Likewise, immunoprecipitating IRAK2 led to coprecipitation
of Myd88 and IRAK4, and immunoprecipitating IRAK4 led
to coprecipitation of Myd88 and IRAK2 (Fig. 1). These data
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Figure 1. The myddosome complex is preformed in 4T1 murine
mammary carcinoma. Antibodies specific for Myd88, IRAK2, or IRAK4
were used for immunoprecipitation (ip), and then Western blots were used
to screen for association with the other components of the myddosome
complex using Myd88, IRAK2, or IRAK4 antibodies (blot). The data
represent one of three separate experiments. Baseline levels of Myd88,
IRAK4, and IRAK2 (tot lysate cntrl) and isotype controls are also shown.

support the contention that the myddosome complex was
preformed in 4T1 tumor cells and therefore may be capable of
constitutive Myd88-dependent signaling.

Decreasing Myd88 levels affect cytoplasmic Erk1/
Erk2 levels and nuclear levels of NFkB and STATS5. Down-
stream of Myd88 lie several signaling pathways, including the
Ras/mitogen-activated protein kinase and NFxB pathways.
To begin to examine constitutive Myd88-dependent signaling
in the tumor cells, we looked at some of these downstream

effects, including cytoplasmic levels of Erk1/Erk2 and nuclear
levels of several transcriptional factors. Examining the cyto-
plasmic levels of Erk1/Erk2 revealed that the tumor cells with
decreased levels of Myd88 also exhibited decreased levels of
Erkl and Erk2. Both |  Myd"" and , ;Myd"" cells showed a
significant decrease in Erkl and Erk2 levels (Fig. 2A and B).
Phosphorylated Erk1/Erk2 levels were also decreased in the
COHSMYdIOW and dMydlow cells, although the decrease was only
significant for phosphorylated Erk2 in one of the cell lines
(,,Myd""; Fig. 2A and B). Next, to investigate other signal-
ing pathways downstream of Myd88, we examined several
transcriptional factors including NFxB, STATS, and ATF2.
The data revealed that decreasing Myd88 levels affected the
nuclear levels of these transcriptional factors, with a significant
decrease in the levels of NFkB p50, NFxB p52, and STATS in
both , Myd" and . Myd"" cells (Fig. 2C and D). Because
modulating Myd88 levels influenced downstream signaling,
these data support the contention that there was constitutive
Myd88-dependent signaling in 411 tumor cells.
Tumor-derived CCL2 is produced in a Myd88-
dependent manner. If constitutive Myd88-dependent sig-
naling contributed to elevated levels of transcriptional factors
in the nucleus, then changes in gene expression should also
be evident. We previously reported that CCL2 was pro-
duced in a Myd88-dependent manner.” Here, we validated
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Erk2 S L Erk2 ‘ “
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il RReel B
Actin - ‘ Actin e
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Figure 2. Constitutive Myd88-dependent signaling contributes to Erk1/Erk2 levels and nuclear levels of NFkB and STAT5. Cytoplasmic (A, B) and nuclear

(C, D) proteins were isolated from 4T1 cells expressing shRNA specific for Myd88 (

Myd'*¥), a cell line expressing shRNA specific for Myd88 under a

cons

tetracycline-inducible promoter and treated with tetracycline (, ,Myd"*), or the appropriate controls (cntrl). A representative blot and densitometry data from
the average and standard error of at least three separate experiments are shown. Where indicated (*), P < 0.05 using Student’s t-test relative to control.
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and extended these findings using three different methods to
target Myd88 in the tumor cells. For this purpose, we exam-
ined CCL2 gene expression using cells with reduced Myd88
levels as well as a Myd88-specific inhibitory peptide (IMP)
that would affect the function, but not the Myd88 protein or
RNA expression. As expected, the Cons1\/Iydl°“’ cells exhibited
reduced Myd88 and CCL2 levels (Fig. 3A), and the | d1\/Iyd1°""
cells exhibited a dose-dependent decrease in CCL2, which
paralleled the decrease in Myd88 upon treatment with tet-
racycline (Fig. 3B). 4T1 cells treated with MP also exhibited
decreased CCL2 expression in a time- and dose-dependent
manner (Fig. 3C and D). Collectively, these data revealed a
direct correlation between Myd88-dependent signaling and
CCL2 gene expression in the tumor cells.

Constitutive Myd88-dependent signaling contributes
to tumor growth, but not viability or cell cycle progres-
sion. To further examine the biological effects of Myd88-
dependent signaling in the tumor cells, we next examined in
vitro and in vivo growth using all three methods to inhibit
Myd88-dependent signaling. ‘The stable cell line expressing
shRNA specific for Myd88 (. Myd"") exhibited a significant

reduction in the in vitro and in vivo growth (Fig. 4A and B).
Likewise, the . dMyd1°W line exhibited a significant reduction
in the in vitro growth when treated with tetracycline and in
the in vivo growth when the mice were treated with doxycy-
cline (Fig. 4C and D). We examined several different levels of
tetracycline in vitro (0.25 to 2 ug/mL) and doxycycline in vivo
(0.2 to 1.6 mg/mL) and found 2 pug/mL and 0.2 mg/mL had
the most significant and reproducible effects respectively.
4T1 cells with normal Myd88 levels, but treated with MP
also showed a significant reduction in the in vitro and in
vivo growth (Fig. 4E and F). We examined several different
doses of the inhibitory peptide (50 uM, 100 pM, 200 uM,
and 1 mM) and found that 100 uM delivered into the tumor
cells had the most significant and reproducible effects in vivo.
Thus, in addition to modulating gene expression, decreasing
Myd88-dependent signaling significantly reduced in vitro and
in vivo growth of the tumor cells.

To begin to delineate a possible reason for the impact on
growth, we next evaluated viability and cell cycle progression.
Surprisingly, targeting Myd88 levels did not affect the viability
of the tumor cells or the ability of the cells to progress through

A |l Cntrl
1.2

O Oonsledlow

0.8

0.6 *

0.4

0.2

Relative expression

Myd8s8 CCL2

(@)

1.2

Relative expression
CCL2

Cntrl 24 48 72
Hours

B mCntl B025ug @05 g
1.2 O1.0ug 0O2.0pug
c
2
0
0
e
o
X
(]
(] *
2
)
o
[]
4
Mydss ccL2
D m5.M E10pM @20 M
1.8 E40uM D80 pM 01100 uM
1.6

1.4
1.2

0.8
0.6
0.4
0.2

Relative expression
CCL2

cP ' MP

Figure 3. CCL2 expression is regulated by constitutive Myd88-dependent signaling. (A) Myd88 was decreased in a stable cell line expressing shRNA
specific for Myd88 (.., .,Myd"*) and assessed for Myd88 and CCL2 expression by qRT-PCR relative to a cell line expressing shRNA specific for lacZ as
a control (cntrl). (B) Myd88 and CCL2 expressions were assessed by gRT-PCR in a cell line expressing shRNA specific for Myd88 under a tetracycline-
inducible promoter upon no treatment (cntrl) or treatment with different doses of tetracycline (, ,Myd'") for 48 hours. (C) 4T1 cells were treated with

100 uM control peptide (cntrl) or Myd88-specific inhibitory peptide for 24—72 hours and examined for CCL2 expression by gqRT-PCR. (D) 4T1 cells were
treated with different doses of the control peptide (CP) and Myd88-specific inhibitory peptide (MP) for 72 hours and examined for CCL2 expression

by qRT-PCR. Data were normalized to GAPDH and expressed relative to the control. All experiments were repeated at least three times, and where
indicated (*), P < 0.05 using Student’s t-test relative to control.
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Figure 4. Constitutive Myd88-dependent signaling contributes to tumor growth. In vitro and in vivo growth were examined over time using a stable cell

line expressing shRNA specific for Myd88 (

sonsMyd®; A, B). Growth was also examined for a cell line expressing shRNA specific for Myd88 under a
tetracycline-inducible promoter upon treatment with 2 ug/mL tetracycline in vitro (, ,Myd"", C) or with 0.2 mg/mL doxycycline in vivo (

Mydo¥, D). 4T1

ind

cells treated with 100 uM of a Myd88-specific inhibitory peptide (MP) was also followed for growth over time in vitro (E) and in vivo (F). All data are
presented with the appropriate controls (cntrl) and represent the average and standard error of at least three separate experiments. For in vitro growth,
where indicated (*), P < 0.05 using Student’s t-test relative to control at the 72-hour time point. For in vivo studies, at least five mice per group were used

for each experiment, and where indicated (*), P < 0.05 using two-way ANOVA.

the cell cycle. Viability of all cells was similar at 72 hours,
indicating that decreased growth was not attributable to cell
death.  _Myd"™, Myd"",and cells treated with MP exhibited
96%, 99%, and 94% viability compared to the controls, which
showed 97%, 99%, and 96% viability, respectively (Fig. SA).
Although the percentage of cells in the G1, S, and G2 phases
of the cell cycle were slightly different between the controls and
the cells with reduced levels of Myd88, there were no consistent
differences, indicating that Myd88 levels did not affect progres-
sion through the cell cycle (Fig. 5B). For instance, compared to

their respective controls, more cons1\/Iyd881‘”" cells were in the S
phase and fewer in the G1 and G2 phases of the cell cycle, while
fewer . Myd™" cells were in the S phase and more were in the
G1 and G2 phases of the cell cycle (Fig. 5B). These data sug-
gested that factors other than viability or cell cycle progression
influenced growth of the tumor cells when Myd88 was targeted.

RNA-Seq analysis revealed a multifaceted role for
Myd88-dependent signaling in the tumor cells. Finally,
we used RNA-Seq in order to gain better understanding of
how modulating Myd88 levels in the tumor cells affected cell
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Figure 5. Myd88 does not directly affect tumor cell viability or cell cycle progression.

Myd™¥ cells and .

Notes: (A) Following 72 hours of in vitro growth ind

’ cons

Myd'¥ cells treated with 2 ug/mL tetracycline or 4T1 cells treated with 100 uM of a

Myd88-specific inhibitory peptide (MP) were assessed for viability by trypan blue exclusion. (B) Following 72 hours of in vitro growth, the same cell lines
were assessed for cell cycle progression. Comparisons were made to each of the appropriate controls (cntrl). All data represent the average and standard

error of at least three separate experiments.

signaling and growth. The number of reads for each sample
ranged from 72 million to 95 million. For _ Myd"" cells,
there were 3,955 differentially expressed genes (more than
or less than a twofold change in gene expression) relative to
its control, with 2,379 upregulated and 1,576 downregulated
genes. For the . Myd"" cells, there were 1,969 differentially
expressed genes relative to its control, with 652 upregulated
and 1,317 downregulated genes. We identified a total of 116
genes that were jointly upregulated and 137 genes that were
jointly downregulated in both lines with reduced Myd88 levels.

The downregulated genes represent those that were
normally expressed downstream of the Myd88-dependent
signaling cascade in the tumor cells. Among others, we found
39 genes associated with cancer, 11 genes involved in adhesion,
nine genes encoding solute carriers, and three genes involved
in lipid metabolism. Downregulation of some of these genes
upon inhibition of Myd88-dependent signaling in the tumor
cells may help explain the decreased growth of the  _Myd!"
and dMydl""" lines. Table 1 shows some of the downregulated
genes that are associated with breast cancer. Among these

Table 1. Genes expressed in a Myd88-dependent manner in 4T1 cells.

2 nMyd'ov b Myd'w °RELEVANT ASSOCIATED FUNCTION(S) REFS
Krt14 -6.76 -8.26 Associated with a migratory phenotype in breast cancer. 55
Dnajc6 -6.28 -7.56 Associated with progression of hepatocellular carcinoma. 27
Adra2a -3.27 -4.32 Associated with breast cancer proliferation and tumor growth. 12
Fam83c -2.48 -3.88 Associated with mammary epithelial cell transformation. 56
Vipr1 -2.50 -3.14 Expressed by breast cancer. 63
Cdh3 -8.87 -2.07 Associated with breast cancer invasion and metastasis. 1
Slco5a1 -2.08 -7.31 Associated with the uptake of hormones during breast cancer development. 57
Fgd5 -2.29 -3.92 Amplified in breast cancer and associated with cell proliferation. 23
Rab3b -3.55 -2.09 Associated with breast cancer proliferation and invasion. 24
Folr1 -2.04 -3.31 Expressed by double and triple negative breast cancers and associated 13
with poor outcome for patients with breast cancer.
Aldh1a3 -2.05 -3.33 Correlated with tumor stage for patients with triple negative breast cancer. 14
Ccdc170 -2.24 -2.64 Associated with genetic rearrangements in ER+ breast cancer. 64
Lgals4 -2.66 -2.13 Considered an angiogenesis and metastasis factor. 21
Anxa8 -2.59 -2.13 Predicts poor survival for patients with breast cancer. 25
Tspyl5 -2.18 -2.12 Predictor of poor outcome in patients with breast cancer. 26
Vidir -2.07 -2.85 Associated with metastasis in breast cancer. 22
Ppp1r16b -2.02 -2.39 Contributes to angiogenesis by decreasing PTEN. 65

Notes: “Relative downregulation of genes in ., Myd" cells relative to control. °Relative downregulation of genes in , ;Myd¥ cells relative to control.

cSelect functions that have been attributed to the downregulated genes.
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Table 2. Genes repressed by Myd88-dependent signaling in 4T1 cells.

aco"sMyd'°‘” bi"dMyd'°‘” ‘RELEVANT ASSOCIATED FUNCTION(S) REFS
Sifn2 352.58 3.89 Considered a negative regulator of growth. 58
Sectmia 6.49 11.34 May function as a T cell co-stimulatory ligand. 36
Dapk2 6.80 3.53 Can function as a pro-apoptotic protein kinase. 33
Psd4 4.97 3.44 Can function as an antagonist for breast cancer. 15
NIrp10 6.78 2.90 Associated with dendritic cells and innate and adaptive immunity. 37
Rnf125 3.25 2.96 Positive regulator of T cell activation. 38
1di1 2.21 3.20 Associated with breast cancer growth inhibition. 35
Creb3I3 5.98 212 Growth suppressor for hepatocellular carcinoma. 59
Arl11 418 212 May function as a tumor suppressor in lung cancer. 32
Dmp1 2.16 2.69 May be considered a tumor suppressor in breast cancer. 16
Gng7 2.06 2.34 Candidate tumor suppressor in Hodgkin lymphoma. 60
Usp17la 2.06 2.00 Can function as a pro-apoptotic factor and growth suppressor. 34

Notes: “Relative upregulation of genes in ., Myd'¥ cells relative to control. *Relative upregulation of genes in, ;Myd'* cells relative to control. °Select functions

that have been attributed to the upregulated genes.

are genes associated with metastasis (Cdh3, Aldhla3, Lgals4,
and VIdlr), proliferation (Fgd5 and Rab3b), and poor outcome
for patients with breast cancer (Fo/rl, Anxa8, and Tipyl5)
(Table 1).1113142126 Some of these genes have also been asso-
ciated with other types of cancer, such as hepatocellular car-
cinoma (Dnajc6 and Lgals4), colorectal cancer (Lgals4), and
ovarian cancer (Cdh3 and Folr1).27-3!

'The upregulated genes included those that were normally
repressed by Myd88-dependent signaling in the tumor cells.
Among others, we found 18 genes that could function as tumor
suppressors or help fight cancer, three genes involved in adhe-
sion, one gene that encodes a solute carrier, and seven genes
involved in lipid metabolism. Upregulation of some of these
genes upon inhibition of Myd88-dependent signaling in the
tumor cells may help explain the decreased growth of the
woneMyd™ and . Myd"" lines. Among this cohort of upregu-
lated genes, we found several that have been reported to func-
tion as tumor suppressors (A4r/11 and Dmpl) and proapoptotic
factors (Dapk2 and UspI7/a), in addition to a couple of genes

that have been associated with inhibition of breast cancer (Psd4
and IdiI) and few involved in initiation of adaptive immune
responses (Sectmla, Nirp10, and Rnf125) (Table 2).15:16:32-38
However, not all of the RNA-Seq data could help to
explain the decreased tumor growth evident when Myd88 was
inhibited. For instance, in addition to the genes mentioned
above, there was upregulation in the expression of some genes
that would be expected to favor tumor growth, such as Prz,
Tslp, 116, Mmp9, MMP13, Fos, and Hsd1757, and downregu-
lation of a few genes that would be expected to favor tumor
growth, such as Psd3 and T3hz2 (Table 3).171839-45 Collec-
tively, these data revealed a multifaceted role for constitutive
Myd88-dependent signaling in murine mammary carcinoma.

Discussion

We focused here on the Myd88-dependent signaling cas-
cade exclusively in the tumor cells themselves. Previously, we
described how 4T1 responded to TLR agonist treatment*®+
and showed that inhibiting TLR4 or Myd88 could affect the

Table 3. Additional genes influenced by Myd88-dependent signaling in 4T1 cells.

"co"sMydIOW bindMyd""” °RELEVANT ASSOCIATED FUNCTION(S) REFS
Ptn 3.33 2217 May contribute to angiogenesis in breast cancer. 39
Tslp 15.61 3.10 Correlated with growth and metastasis of 4T1 tumors. 40
Mmp13 3.55 2.45 Associated with breast cancer invasion and metastasis. 41
1M1b 8.27 2.20 Associated with breast cancer progression. 18
Fos 2.55 2.10 May contribute to tumor growth. 42
Mmp9 2.99 2.07 Associated with breast cancer metastasis. 17
Hsd17b7 2.06 215 Associated with estradiol synthesis in breast cancer. 43
Psd3 -15.15 -2.81 Breast cancer candidate metastasis suppressor gene. 44
Tshz2 -2.57 -4.07 May function as a tumor suppressor in breast and prostate cancer. 45

Notes: @Relative up- or downregulated genes in _, _Myd"" cells relative to control. "Relative up- or downregulated genes in , ;Myd"" cells relative to control.

cSelect functions that have been attributed to the genes.
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growth of tumor cells."” In this study, we showed that Myd88-
dependent signaling was present in 4T1 in the absence of
TLR agonist treatment and that targeting this pathway was
sufficient to inhibit in vitro and in vivo growth.

One of the first components of the Myd88-dependent
signaling cascade is formation of the myddosome com-
plex, and the presence of this complex in the tumor cells
without addition of TLR agonists suggested constitutive
signaling through Myd88. We also found evidence of Myd88-
dependent signaling downstream of the myddosome complex,
with altered Erk1/Erk2 protein levels. These data partially
agree with another study that examined the role of Myd88
in tumor cells. Coste et al*® reported that Myd88 contributed
to proliferation and cell cycle progression through the Ras/
Erk signaling pathway. They found that blocking Myd88
decreased the number of cells in the S phase of the cell cycle,
suggesting fewer cells were escaping G1.*¥ Although we also
found a relationship between Myd88, growth, and Erk levels
in the tumor cells, we did not find an alteration in cell cycle
progression. One possible explanation for altered in vitro and
in vivo growth in absence of a change in viability or cell cycle
control is that there could be a change in Myd88-driven para-
crine growth factors, which results in slowing of the cell cycle
rather than causing disruption in progression through one of
the checkpoints. It also appears as though a certain level of
autocrine signaling through Myd88 is necessary for growth
of the tumor cells because we have been unable to generate a
tumor cell line that completely lacks Myd88-dependent sig-
naling. Indeed, this was one of the main reasons we generated
the tetracycline-inducible cell line.

For downstream signaling, we focused on transcrip-
tional factors. Although there are several transcriptional
factors downstream of the Myd88 signaling cascade, we
investigated the ones that could drive CCL2 expression. Our
data showed that Myd88-dependent signaling influenced
nuclear levels of NFkB p50, p52, p65, cRel, RelB, STATS,
and ATF2. In addition to these, we looked at other CCL2
transcriptional factors such as ETS-1, which was present at
below-detection levels, and C/EPB, which was not consis-
tently modulated by Myd88 (data not shown). Nevertheless,
the NF«xB, STATS, and ATF2 data provided additional evi-
dence for constitutive Myd88-dependent signaling in 4T1
cells and helps explain the direct relationship between Myd88
and CCL2 expression. These data are particularly interest-
ing considering the well-established relationship between
breast cancer progression and CCL2.#7! Qur interest in
CCL2 began with the finding that 4T1 constitutively pro-
duced this chemokine, that tumor-bearing mice possessed
T-cells with desensitized CCL2 receptors, and that exposure
to tumor-derived or recombinant CCL2 could negatively
influence T-cell effector function.’>3 Perhaps more impor-
tantly, CCL2 participates in recruiting suppressor cells such
as tumor-associated macrophages and myeloid-derived sup-
pressor cells.”* Thus, there are several different ways through

which Myd88-driven CCL2 expression could contribute to
tumor progression in vivo.

In order to gain insight into the additional mechanisms by
which Myd88-dependent signaling could contribute to tumor
progression, we turned to RNA-Seq. To reduce the likelihood
of identifying genes unique to a particular cell line and to
increase the likelihood of identifying genes related to Myd88-
dependent signaling, we focused on genes that were up- or
Myd" and o dMydI"W lines.
The downregulated genes represent those normally expressed

downregulated in both the _
in a Myd88-dependent manner by the tumor cells. We were
particularly interested in genes that may contribute to tumor
progression. Of the 137 genes that were jointly downregulated
in both lines, we found 39 genes that were associated with
cancer, and most of the genes shown in Table 1 have been
known to be associated with breast cancer. In addition to the
genes mentioned herein, we also found K7#74 (which has been
shown to be associated with a migratory phenotype in breast
cancer)® Fam&83c (which has been shown to be associated with
mammary epithelial cell transformation),’® and S/o5a1, which
may be associated with the uptake of hormones during breast
cancer development.’’

Genes upregulated during Myd88 suppression represent
those normally suppressed in a Myd88-dependent manner by
the tumor cells. We were particularly interested in genes that
may help slow tumor progression if expression was increased.
Of the 116 genes that were jointly upregulated in both lines,
we found 12 genes that may fulfill this criteria. In addition to
the genes mentioned, we found §//»2 (which may be a nega-
tive regulator of growth),”® Creb3/3 (which may function as a
growth suppressor for hepatocellular carcinoma),” and Gng7
(which may be considered a candidate tumor suppressor in
Hodgkin’s lymphoma.®°

Although we are yet to decide which genes to pursue
further, one approach is to rely upon the analysis conducted
by the Database for Annotation, Visualization and Integrated
Discovery (DAVID). Annotation clusters from the DAVID
analysis of upregulated genes included several recurring
terms, most notably cholesterol, sterol, and lipid biosynthesis,
while downregulated genes included terms such as transmem-
brane, glycoprotein, and glycosylation. These data suggest that
in murine mammary carcinoma, Myd88-dependent signaling
may normally suppress genes related to cholesterol biosynthe-
sis while upregulating the expression of genes that contribute
to glycosylation and localization of transmembrane proteins.
Thus, on the whole, the data support the contention that
Myd88-dependent signaling in the tumor cell itself plays an
important role in tumor progression.

One concern with respect to targeting Myd88 is the
increased expression of Mmp9, Mmp13, and 115, as well as the
decreased expression of Psd3 and 73hz2, which could exac-
erbate tumor growth.1”1841:4445 However, because inhibiting
Myd88 in the tumor cells resulted in decreased tumor growth,
it is likely that slower tumor growth was associated with one
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or more of the genes indicated in Tables 1 and 2 and that the
effects of these genes outweigh the effects of genes that could
exacerbate growth such as those indicated in Table 3.

Finally, in this study, we did not address what may be
contributing to the Myd88-dependent signaling in the tumor
cells. While mutations in Myd88 can drive TLR signaling

61 we found no mutations in Myd88 in the tumor

and cancer,
cells (data not shown); yet, we did previously report on a possi-
ble autocrine mechanism of signaling. Tumor cells are known
to secrete a range of damage-associated molecular pattern
molecules (DAMPs), which are capable of mediating effects
in a TLR-dependent manner.®> We found that high mobil-
ity group box 1 protein (HMGB1) was produced by 411 in a
Myd88-dependent manner and that neutralizing extracellular
HMGB1 resulted in 50% decrease in growth of the tumor
cells.?® Though there are probably numerous other factors
present in the serum in vivo and in the tissue culture medium
in vitro, these data support the contention that there is at least
one tumor-derived DAMP capable of mediating the effects in
a TLR-dependent autocrine manner in the tumor cells.

Collectively, we believe the focus of this study is impor-
tant because it concentrates on TLR-driven inflammation in
a mouse model for stage IV breast cancer. Several previously
unrecognized consequences of Myd88-dependent signaling
have been revealed, and results from this study provide impor-
tant information about how Myd88-dependent signaling in
the tumor cells themselves may contribute to tumor progres-
sion. Ultimately, the main message from this study is that the
consequence of Myd88-dependent signaling in cancer is not
only very important but more complicated than is currently
understood. While this study has generated more questions
than it answered, we feel our results are important to recog-
nize and justify further investigations due to the increasing
interest in using TLR agonists in a tumor setting. While a few
seminal papers®™® have reported some now-well-established
roles for Myd88-dependent signaling in a tumor setting,
neither the importance nor the consequences of autocrine
Myd88-dependent signaling in breast cancer cells themselves
have been sufficiently delineated.
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