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JNK1 stress signaling is hyper-activated
in high breast density and the tumor stroma
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Mammography is an important screening modality for the early detection of DCIS and breast cancer lesions. More
specifically, high mammographic density is associated with an increased risk of breast cancer. However, the biological
processes underlying this phenomenon remain largely unknown. Here, we re-interrogated genome-wide transcriptional
profiling data obtained from low-density (LD) mammary fibroblasts (n = 6 patients) and high-density (HD) mammary
fibroblasts (n = 7 patients) derived from a series of 13 female patients. We used these raw data to generate a “breast
density” gene signature consisting of >1250 transcripts that were significantly increased in HD fibroblasts, relative to LD
fibroblasts. We then focused on the genes that were increased by >1.5-fold (P < 0.05) and performed gene set enrichment
analysis (GSEA), using the molecular signatures database (MSigDB). Our results indicate that HD fibroblasts show the
upregulation and/or hyperactivation of several key cellular processes, including the stress response, inflammation,
stemness, and signal transduction. The transcriptional profiles of HD fibroblasts also showed striking similarities to
human tumors, including head and neck, liver, thyroid, lung, and breast cancers. This may reflect functional similarities
between cancer-associated fibroblasts (CAFs) and HD fibroblasts. This is consistent with the idea that the presence of HD
fibroblasts may be a hallmark of a pre-cancerous phenotype. In these biological processes, GSEA predicts that several
key signaling pathways may be involved, including JNK1, iNOS, Rho GTPase(s), FGF-R, EGF-R, and PDGF-R-mediated signal
transduction, thereby creating a pro-inflammatory, pro-proliferative, cytokine, and chemokine-rich microenvironment.
HD fibroblasts also showed significant overlap with gene profiles derived from smooth muscle cells under stress
(JNK1) and activated/infected macrophages (iNOS). Thus, HD fibroblasts may behave like activated myofibroblasts and
macrophages, to create and maintain a fibrotic and inflammatory microenvironment. Finally, comparisons between the
HD fibroblast gene signature and breast cancer tumor stroma revealed that JNK1 stress signaling is the single most
significant biological process that is shared between these 2 data sets (with P values between 5.40E-09 and 1.02E-14), and
is specifically associated with tumor recurrence. These results implicate “stromal JNK1 signaling” in the pathogenesis of
human breast cancers and the transition to malignancy. Augmented TGF-8 signaling also emerged as a common feature
linking high breast density with tumor stroma and breast cancer recurrence (P = 5.23E-05). Similarities between the HD
fibroblast gene signature, wound healing, and the cancer-associated fibroblast phenotype were also noted. Thus, this
unbiased informatics analysis of high breast density provides a novel framework for additional experimental exploration
and new hypothesis-driven breast cancer research, with a focus on cancer prevention and personalized medicine.

Introduction breast cancer.! Only advanced age and BRCA1/2 mutations are

stronger risk factors. Women with >70% of the breast appearing
Apart from mutations in dominant breast cancer genes, high  dense have an increased relative risk of developing breast cancer
mammographic density is one of the strongest risk factors for  of 4—6-fold, compared with women with low density. From twin
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studies, it is estimated that about two-thirds of breast tissue is the
result of inheritance: the other third is modifiable.?

Density is increased in women with known risk factors
for breast cancer, such as a late first pregnancy and the use of
hormone replacement therapy, and is substantially decreased
in some women who take the anti-estrogen, Tamoxifen. Risk
of breast cancer is reduced in women who have a 10% or more
reduction of density over a period of a year or more.?

Tamoxifen’s effect on breast stroma was demonstrated
in mice, which showed a reduction of enzyme activity and of
fragmentation of stromal components, such a fibronectin and
collagen III. Whether this is a direct effect on the stroma or
indirect, by inhibition of epithelial cell activity, is not clear, but
this study indicates the marked activity of the stroma during
mouse cycles and reduction by Tamoxifen.*

REPORT

Dense tissue is mainly collagen associated, with increased
proteoglycan deposition and immunostaining for growth factors,
such as insulin type growth factor 1, whereas non-dense tissue
is largely fat’ Some studies indicate that dense tissue contains
a greater concentration of epithelial cells than non-dense tissue,
and this suggests one mechanism for increased risk.® Another is
that collagen increases the stiffness of the breast, inducing the
proliferation and expansion of normal and abnormal epithelial
cells, and there is evidence that this effect is increased by the
particular orientation and degree of cross-linking of collagen.”

There is not only a need to understand the mechanism(s) of
the effect of mammographic density on breast cancer risk, but
also to develop novel biomarkers which may indicate risk and
the response to therapies, such as Tamoxifen. Not all women
with high density develop breast cancer, and not all respond
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Figure 1. HeatMaps for HD fibroblast transcripts related to nasopharyngeal carcinoma. For more details, see DODD_NASOPHARYNGEAL_CARCINOMA _
UP listed in Table 1. This association has a P value of 8.21E-16. This association may be due to functional similarities between cancer-associated fibro-
blasts (CAFs) and HD fibroblasts; CAFs are relatively abundant in most solid tumors, where the tumor stroma can represent up to or greater than 50%
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Table 1. Gene set enrichment analysis (GSEA) for HD vs. LD breast fibroblasts

Genes involved in Signaling by Rho GTPase

Gene sets and description P value
1. Metastasis and cancer-related
DODD_NASOPHARYNGEAL_CARCINOMA_UP

. X . . 8.21E-16
Genes upregulated in nasopharyngeal carcinoma (NPC) compared with the normal tissue
LIAO_METASTASIS 6.69E-06
Genes upregulated in the samples with intrahepatic metastatic hepatocellular carcinoma (HCC) vs. primary HCC ’
DELYS_THYROID_CANCER_UP 1.67E-05
Genes upregulated in papillary thyroid carcinoma (PTC) compared with normal tissue ’
CHARAFE_BREAST_CANCER_LUMINAL_VS_BASAL_UP

. R . . . . 1.74E-05
Genes upregulated in luminal-like breast cancer cell lines compared with the basal-like ones
SMID_BREAST_CANCER_NORMAL_LIKE_UP

. K 2.89E-05
Genes upregulated in the normal-like subtype of breast cancer
2, Stress response and inflammation
YOSHIMURA_MAPK8_TARGETS_UP 5.20E-10
Genes upregulated in vascular smooth muscle cells (VSMC) by MAPK8 (JNKT) ’
MCLACHLAN_DENTAL_CARIES_UP

. X ) 5.16E-07
Genes upregulated in pulpal tissue extracted from carious teeth
ZHOU_INFLAMMATORY_RESPONSE_FIMA_UP

. PR 1.56E-06
Genes upregulated in macrophages by P.gingivalis FimA pathogen
ZHOU_INFLAMMATORY_RESPONSE_LIVE_UP

. R S 1.41E-05
Genes upregulated in macrophage by live P.gingivalis
MORF_NOS2A
Neighborhood of NOS2A (iNOS) 453805
3. Stemness
MIKKELSEN_MEF_HCP_WITH_H3K27ME3
Genes with high-CpG-density promoters (HCP) bearing histone H3 trimethylation mark at K27 (H3K27me3) in MEF cells (embryonic 1.76E-06
fibroblast)
CAGGTG_VSE12_Q6
Genes with promoter regions [-2kb,2kb] around transcription start site containing the motif CAGGTG which matches annotation 3.18E-06
for TCF3: transcription factor 3)
HELLER_HDAC_TARGETS_SILENCED_BY_METHYLATION_UP
Genes upregulated in multiple myeloma (MM) cell lines treated with both decitabine [PubChem = 451668] and TSA [PubChem = 2.81E-05
5562]
4, Signaling
SIGNAL_TRANSDUCTION
Genes annotated by the GO term GO:0007165. The cascade of processes by which a signal interacts with a receptor, causing 4.16E-07
a change in the level or activity of a second messenger or other downstream target, and ultimately effecting a change in the ’
functioning of the cell
PLASMA_MEMBRANE
Genes annotated by the GO term GO:0005886. The membrane surrounding a cell that separates the cell from its external 1.29E-06
environment. It consists of a phospholipid bilayer and associated proteins
MORF_FLT1
Neighborhood of FLT1 (VGFR1) 3.34E-06
INTRINSIC_TO_MEMBRANE
Genes annotated by the GO term GO:0031224. Located in a membrane such that some covalently attached portion of the gene 8.90E-06
product, for example part of a peptide sequence or some other covalently attached moiety such as a GPl anchor, spans or is ’
embedded in one or both leaflets of the membrane
REACTOME_PHOSPHOLIPASE_C_MEDIATED_CASCADE 2.34E-05
Genes involved in Phospholipase C-mediated cascade ’
REACTOME_SIGNALING_BY_RHO_GTPASES 592E-05
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to Tamoxifen. A potential marker of risk (CD36) was recently
reported by the Tlsty laboratory.®

Yang et al., 2010 and colleagues’ reported a reduction
in expression of the TGF-f gene and an increase in Cox-2 in
high-density tissue (with histologically normal epithelia) taken
5 cm or more away from an infiltrating carcinoma, compared
with low-density cancer-associated stroma. However, it remains
largely unknown what biological processes are involved in high
mammographic density and its effects on breast cancer risk.

Here, we present a new bioinformatics analysis suggesting that
high mammographic density fibroblasts promote breast cancer
by creating an inflammatory microenvironment, secondary to
activated JNKI stress kinase signaling.

These findings will now allow us to create: (1) new innovative
cellular models and (2) pre-clinical animal models of high
mammographic density, to mimic the behavior of HD fibroblasts,
and to explore their mechanistic role in breast cancer pathogenesis.

Metastatic HCC

Consistent with our current findings in the breast, the stroma
of human colonic adenomatous polyps shows the hyperactivation
of both JNK and NFkB," while adjacent intestinal epithelial
cells remain negative. These adenomatous polyps are thought to
represent pre-cancerous lesions.

Results

High mammographic density is associated with an increased
risk of breast cancer. Unfortunately, the biological processes
underlying  this
Understanding the biology underpinning high mammographic

phenomenon remain largely unknown.
density has important implications for both breast cancer
diagnosis and prevention.

Gene set enrichment analysis (GSEA) reveals the biological
processes activated in HD fibroblasts: The stress response,
inflammation, stemness, and growth factor signaling

To determine the biological processes that are activated in
HD fibroblasts, we re-interrogated genome-wide transcriptional
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Figure 2. HeatMaps for HD fibroblast transcripts related
to metastatic liver cancer. For more details, see LIAO_
METASTASIS listed in Table 1. This association has a P value
of 6.69E-06. HCC, hepatocellular carcinoma.

Figure 3. HeatMaps for HD fibroblast transcripts related to breast cancer sub-types.
For more details, see CHARAFE_BREAST_CANCER_LUMINAL_VS_BASAL_UP and
SMID_BREAST_CANCER_NORMAL_LIKE_UP listed in Table 1. These associations
have P values of 1.74E-05 and 2.89E-05, respectively.
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profiling data® obtained from LD mammary fibroblasts (n = 6
patients) and HD mammary fibroblasts (n = 7 patients) from
a series of 13 female patients (Table S1). These fibroblasts were
derived from disease-free breast biopsies. In these gene sets, we
focused on the gene transcripts that were increased by =1.5-fold
(P <0.05).

These up-genes (>1250 transcripts increased in HD
fibroblasts, relative to LD fibroblasts) were then used to conduct
gene set enrichment analysis (GSEA), to determine if there
is significant overlap with existing gene sets deposited in the
MSigDB (molecular signature database). HD fibroblast up-genes
showed strong associations with gene sets related to cancer, the
stress response, inflammation, stemness, and signal transduction
(summarized in Table 1).

Cancer and metastasis

TCEF3, a known stem cell transcription factor, related to Wnt/$3-
catenin signaling. Also, 2 gene sets that are normally silenced
by DNA methylation (which occurs during differentiation) are
similar to the genes that are upregulated in HD fibroblasts,
consistent with increased stemness. HeatMaps for the HD
fibroblast transcripts related to TCF3 signaling are shown in
Figure 7.

Signal transduction

Other signaling pathways also appeared to be activated,
including those related to FLT1 (VGFRI; angiogenesis), PLC,
and Rho GTPases. Similarities with GO TERM defined gene
sets provided additional validation (Table S2). For example,
HD fibroblast up-gene transcripts were associated with the
MAPKKK cascade, Rho GTPase activation (including CDC42),

HD fibroblasts bear a
resemblance to a number of human tumors, including

Interestingly, striking
head and neck (nasopharyngeal), liver, thyroid, and breast
cancers (luminal and/or normal-like subtype). Similarities
with metastatic liver cancer were also observed, relative to
the primary tumor. Thus, the presence of HD fibroblasts
may be a hallmark of a pre-cancerous phenotype, and this
is consistent with the known predictive value of high-
density areas on mammography. HeatMaps for the HD
fibroblast transcripts related to nasopharyngeal carcinoma,
metastatic liver cancer, and breast cancer sub-types are
shown in Figures 1-3. These results may reflect functional
similarities between cancer-associated fibroblasts (CAFs)
and HD fibroblasts; CAFs are a major part of the tumor
stroma in most solid tumors, including human breast
cancers, where the tumor stroma can represent 50% or
more of the tumor mass.

The stress response and inflammation

HD fibroblasts showed a strong association with the
activation of the “stress response” mediated by JNK1, also
known as MAPKS (P = 5.20E-10). Consistent with the
onset of a stress response, several gene sets associated with
inflammation (dental caries) and activated macrophages,
as well as iINOS (NOS2), showed striking similarities.
Thus, external stimuli (from adjacent cells, such as
abnormal breast epithelia or adipocytes) may induce a
stress response, creating the HD fibroblast phenotype,
leading to inflammation. Indeed, HD fibroblasts may
behave like macrophages, driving and propagating
inflammation via the secretion of cytokines/chemokines
and hydrogen peroxide, as well as via iNOS activation
and NO production. This would be likely to generate
an area or field of oxidative stress. HeatMaps for the
HD fibroblast transcripts related to JNKI signaling,
the inflammatory response, and iNOS are shown in
Figures 4-06.

Increased stemness

JNK1 (MAPKS) Signaling
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Mesenchymal stem cells (MSCs) can express all 3 NOS

isoforms, especially iNOS, under conditions of hypoxia.
Consistent with an increase in stemness, we observed the

genes upregulated in HD fibroblasts are closely related to

Figure 4. HeatMaps for HD fibroblast transcripts related to JNK1 (MAPKS) signal-
ing. For more details, see YOSHIMURA _MAPK8_TARGETS_UP listed in Table 1.
This association has a P value of 5.20E-10.

584 Cell Cycle

Volume 13 Issue 4

Do not distribute.

I0Science.

©2014 Landes B



cellular proliferation, extracellular matrix/secreted products, as
well as FGF and EGF-receptor signaling. HeatMaps for the HD
fibroblast transcripts related to various signaling pathways are
shown in Figures 6 and 8.

Cancer gene modules

The transcriptional profiles of HD fibroblasts also showed
similarities to 14 distinct cancer gene modules (Table S3),
including those related to signal transduction, the response to
stress, the immune system, and inflammation, secreted proteins/
extracellular space, liver cancer, and non-small cell lung cancer.
Surprisingly, similarities were also noted with neurogenesis,
which normally occurs during angiogenesis, as innervation
normally follows bloods vessels and the vasculature. Thus, the
similarities with various cancer gene modules provide further
validation that certain key biological processes are involved or
specifically activated in HD fibroblasts.

The HD fibroblast gene signature shows significant overlap
with stromal signatures for breast cancer and tumor recurrence:
Role of JNKI1 signaling

To determine if the HD fibroblast gene signature is related
to the pathogenesis of human breast cancers, we next intersected
the HD fibroblast signature with 2 gene signatures derived from
laser-captured tumor stroma, from a large series of human breast
cancer patients, as described by Finak et al., 2008.""* More
specifically, we re-interrogated the following 2 human breast
cancer stromal gene lists:

1) Tumor stroma vs. normal stroma list. This signature
compares the transcriptional profiles of tumor stroma (from
n = 53 patients) to normal stroma (from n = 38 patients). Genes
transcripts that were consistently upregulated in tumor stroma
were selected and assigned a P value, with a cut-off of P < 0.05
(contains 6777 genes).

Mo Inflammatory

Response Infection

RPS6KAS
TEAD2
SRC
HMGCLL1
GLYATL1
IL12B

CORO1A
SLC1A4
BCL3

associations have P values of 1.56E-06 and 5.16E-07, respectively.

2) Recurrence stroma list. This signature compares
the transcriptional profiles of tumor stroma obtained
from patients with tumor recurrence (n = 11) to the
tumor stroma of patients without tumor recurrence
(n = 42). Gene transcripts that were consistently
upregulated in the tumor stroma of patients with
recurrence were selected and assigned a P value, with
a cut-off of P < 0.05 (contains 3354 genes).

Remarkably, intersection of the HD fibroblast
gene signature with these 2 breast cancer stromal
The

resulting Venn diagrams are shown in Figure 9. Note

signatures reveals significant similarities.
that the HD fibroblast gene signature is more closely
related to breast cancer patients that undergo tumor
recurrence. Importantly, these data indicate that
certain key processes occurring in HD fibroblasts are
also relevant for the pathogenesis of human breast
cancers and for understanding the transition to
malignancy.

To better understand which biological processes
are common between HD fibroblasts and human
breast tumor stroma, we also performed gene set
enrichment analysis (GSEA) on the genes that are
common between the various signatures. The results
of this analysis are summarized in Tables 2 and 3.

Interestingly, biological processes that are
common between HD fibroblasts and breast
tumor stroma are: JNK1 stress signaling, stemness,
angiogenesis, cytokine signaling, NFkB activation,
and iNOS, as well as FGF- and TGF-f signaling
(Table 2).

Similarly, biological processes that are common
between HD fibroblasts and the stroma of breast
cancer patients with recurrence are: JNKI stress
signaling, stemness, angiogenesis, and aging, as well

as TGF-B, ErbB2/3 and CXCR4 signaling (Table 3).

It is of interest to note that aging is also one of the

Figure 5. HeatMaps for HD fibroblast transcripts related to the macrophage inflam-
matory response and infection. For more details, see ZHOU_INFLAMMATORY_
RESPONSE_FIMA_UP and MCLACHLAN_DENTAL_CARIES_UP listed in Table 1. These

most significant risk factors for the development
breast cancers, as well as many other types of human
cancers.
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Table 2. Biological processes that are common between HD fibroblasts and breast cancer tumor stroma

Gene sets and description

Pvalue

1.JNK1 and JUN signaling

YOSHIMURA_MAPK8_TARGETS_UP
Genes upregulated in vascular smooth muscle cells (VSMC) by MAPK8 (JNK1)

1.02E-14

JNK_DN.V1_DN
Genes downregulated in JNK inhibitor-treated (SP600125 [PubChem = 8515]) keratinocytes

8.42E-06

TGANTCA_VS$AP1_C
Genes with promoter regions [-2kb,2kb] around transcription start site containing the motif TGANTCA which matches annotation for
JUN: jun oncogene

9.79E-06

KEGG_MAPK_SIGNALING_PATHWAY
MAPK signaling pathway

1.28E-04

2. Stemness and DNA methylation

CAGGTG_VSE12_Q6
Genes with promoter regions [-2kb,2kb] around transcription start site containing the motif CAGGTG which matches annotation for
TCF3: transcription factor 3

1.04E-07

BENPORATH_ES_WITH_H3K27ME3
Set'H3K27 bound": genes posessing the trimethylated H3K27 (H3K27me3) mark in their promoters in human embryonic stem cells, as
identified by ChIP on chip

2.77E-07

MIKKELSEN_MEF_HCP_WITH_H3K27ME3
Genes with high-CpG-density promoters (HCP) bearing histone H3 trimethylation mark at K27 (H3K27me3) in MEF cells (embryonic
fibroblast)

1.50E-06

MEISSNER_NPC_HCP_WITH_H3K4ME2
Genes with high-CpG-density promoters (HCP) bearing histone H3 dimethylation mark at K4 (H3K4me2) in neural precursor cells
(NPQ).

2.88E-05

MIKKELSEN_MCV6_HCP_WITH_H3K27ME3
Genes with high-CpG-density promoters (HCP) bearing the tri-methylation mark at H3K27 (H3K27me3) in MCV6 cells (embryonic
fibroblasts trapped in a differentiated state).

3.19E-05

MEISSNER_BRAIN_HCP_WITH_H3K4ME3_AND_H3K27ME3
Genes with high-CpG-density promoters (HCP) bearing histone H3 dimethylation at K4 (H3K4me2) and trimethylation at K27
(H3K27me3) in brain.

7.32E-05

ACEVEDO_LIVER_CANCER_WITH_H3K9ME3_UP
Genes whose promoters display higher histone H3 trimethylation mark at K9 (H3K9me3) in hepatocellular carcinoma (HCC) compared
with normal liver.

8.41E-05

HATADA_METHYLATED_IN_LUNG_CANCER_UP
Genes with hypermethylated DNA in lung cancer samples

1.53E-04

CTTTGT_VSLEF1_Q2
Genes with promoter regions [-2kb,2kb] around transcription start site containing the motif CTTTGT which matches annotation for LEF1

2.62E-04

3. Cancer-related

DODD_NASOPHARYNGEAL_CARCINOMA_UP
Genes upregulated in nasopharyngeal carcinoma (NPC) compared with the normal tissue

2.17E-07

LIAO_METASTASIS
Genes upregulated in the samples with intrahepatic metastatic hepatocellular carcinoma (HCC) vs. primary HCC

9.87E-06

CHARAFE_BREAST_CANCER_LUMINAL_VS_MESENCHYMAL_UP
Genes upregulated in luminal-like breast cancer cell lines compared with the mesenchymal-like ones

1.51E-05

CHARAFE_BREAST_CANCER_LUMINAL_VS_BASAL_UP
Genes upregulated in luminal-like breast cancer cell lines compared with the basal-like ones

2.40E-04

4. Angiogensis

VART_KSHV_INFECTION_ANGIOGENIC_MARKERS_UP
Angiogenic markers upregulated in lymph endothelial cells upon infection with KSHV (Kaposi sarcoma herpes virus).

1.56E-06

MORF_FLT1
Neighborhood of FLT1 (VGFR1)

4.73E-05
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Table 2. Biological processes that are common between HD fibroblasts and breast cancer tumor stroma (continued)

Gene sets and description P value
5. NFkB activation and cytokine/chemokine signaling

MORF_MAP3K14

MAP3K14 6.32E:06
PID_CXCR4_PATHWAY

CXCR4-mediated signaling events 475805
MORF_TNFRSF25

Neighborhood of TNFRSF25 1.03E-04
MORF_IL9

Neighborhood of IL9 1:25E-04
MORF_NOS2A

Neighborhood of NOS2A (iNOS) 2.60E-04
6. FGFR signaling

PID_FGF_PATHWAY

FGF signaling pathway 1:55E-05
REACTOME_FGFR_LIGAND_BINDING_AND_ACTIVATION 7 03E-05
Genes involved in FGFR ligand binding and activation ’
REACTOME_SIGNALING_BY_FGFR 7 75E-05
Genes involved in Signaling by FGFR ’
REACTOME_FRS2_MEDIATED_CASCADE 8.36E-05
Genes involved in FRS2-mediated cascade ’
REACTOME_DOWNSTREAM_SIGNALING_OF_ACTIVATED_FGFR 1.73E-04
Genes involved in downstream signaling of activated FGFR ’
REACTOME_SIGNALING_BY_FGFR_IN_DISEASE 214E-04
Genes involved in Signaling by FGFR in disease ’
7.TGF-( signaling

LABBE_TGFB1_TARGETS_UP 4.75E-05
Upregulated genes in NMuMG cells (mammary epithelium) after stimulation with TGFB1 ’

8. Other related signaling pathways

REACTOME_PHOSPHOLIPASE_C_MEDIATED_CASCADE 0.99E-05
Genes involved in Phospholipase C-mediated cascade ’
REACTOME_PI_3K_CASCADE 113E-04
Genes involved in PI-3K cascade ’
REACTOME_SHC_MEDIATED_CASCADE 2.37E-04
Genes involved in SHC-mediated cascade ’

Thus, activated JNK1 signaling appears to be the single
most significant biological process that is common between
HD fibroblasts and the tumor stroma (with P values between
5.40E-09 and 1.02E-14) (Tables 2 and 3). In further support
of this notion, Table 4 lists the transcripts of JNK1 and other
JNKIl-interacting proteins that are upregulated in human tumor
stroma, along with their P values and associations with breast
cancer tumor recurrence.

Augmented TGF-f signaling also emerged as a common
feature linking high breast density, with tumor stroma and
breast cancer recurrence (Tables 2 and 3). Importantly, TGF-
B-mediated signal transduction is known to converge on
JNKI signaling, via the activation of FAK and TAKI, driving
the myofibroblast differentiation program and induction
of a-smooth muscle actin (a-SMA) during fibrosis (see the
“Discussion” section).

www.landesbioscience.com

A diagram summarizing our most salient findings is presented
in Figure 10. Interestingly, many of the key biological processes
that are common between HD fibroblasts and breast cancer
tumor stroma are also involved in wound healing, namely stress
signaling, stemness, angiogesis, inflammation, and fibrosis. This
is consistent with the concept that cancer behaves as a wound
that does not heal.

Interestingly, during wound healing, bFGF signaling activates
Rho GTPases (RhoA; Racl), which, in turn, activate PI3-kinase
and increase JNK activity. We see that all of the individual
components of this signaling network are represented in the
HD fibroblast gene signature'® (see Tables 1-3; Tables S1-3).
In addition, genetic ablation of JNK (-/-) or pharmacological
inhibition of JNK-activity (with SP-600125) are both sufficient
to dramatically impair wound closure by dermal fibroblasts by
inhibiting cell motility/migration."
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The HD fibroblast gene signature shares many
functional similarities with the cancer-associated -
fibroblast (CAF) phenotype L

Consistent with the idea that HD fibroblasts 9
may possess a CAF-like phenotype, HD fibroblasts
overexpress the same classes of markers that are found
in CAFs®?! (Table 5), including PDPN and CDHI1.
More specifically, many of these CAF-markers are
functionally related to matrix remodeling, autophagy,
senescence, ketone production, hypoxia, oxidative
stress, inflammation, DNA damage, and stemness,*
as well as FGF/EGF/PDGF-signaling.”*** These
similarities also include molecular markers of the
myofibroblast phenotype (such as, actin-binding
proteins, the myosins, and other muscle proteins)?
(Table 5).

Finally, HD fibroblast overexpression of glutamate
receptors and transporters may suggest similarities
with astrocytes, which are already known to share
properties with CAFs.'2%

Discussion

expression profiling data obtained from low-density
(LD) and high-density (HD) mammary fibroblasts,
derived from 13 female patients. Importantly, these
fibroblasts were derived from disease-free breast
biopsies. More specifically, we focused on the up-genes
that were transcriptionally increased by 21.5-fold (P
< 0.05) and performed gene-set enrichment analysis
(GSEA), using the molecular signatures database

Phospholipase C

. . . N T © T N T © P
Here, we re-interrogated previously published R
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MYT1 FUT6
RPS6KA5 TBX1
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TACC2 DAPK2
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AQP7 HTR4
FNTB MDM2
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ATP10B
L¥E58F25
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ABCB1
MDM2
TIE1
PaRY10
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ATP6VOA2 ARHGAP30
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555333 RHOD
LITIITI OBSCN
RASGRF1
SRGAP1
ARHGAP11A
ARHGEF12
ITSN1
ARHGAP8

HDAF,

(MSigDB). We now report that HD fibroblasts

show the upregulation and/or hyperactivation of
several key cellular processes, including the stress
response, inflammation, stemness, and various signal

Figure 6. HeatMaps for HD fibroblast transcripts related to iNOS. For more details,
see MORF_NOS2A listed in Table 1. This association has a P value of 4.53E-05. Other
HeatMaps related to FLT1, phospholipase C, and Rho GTPases are also shown.

transduction pathways. GSEA predicts that certain
stress and inflammation-related signaling networks
may be involved, including those related to JNK1 and iNOS,
as well as growth factor (FGF/EGF/PDGF)-mediated signal
transduction, driving an inflammatory, pro-proliferative, and
cytokine-rich environment. Transcriptional profiles of HD
fibroblasts showed significant overlap with the profiles derived
from smooth muscle cells under oxidative stress (JNK1) and
activated/infected macrophages (iNOS). As a consequence, HD
fibroblasts may mimic the behavior of activated myofibroblasts
and macrophages to generate a pro-fibroticand pro-inflammatory
microenvironment, thereby increasing the risk of developing
breast cancer. In addition, we compared the HD fibroblast
gene signature with transcriptional profiling data derived from
breast cancer tumor stroma. This analysis revealed that JNKI1
signaling is the single most significant biological process that is
common between these 2 data sets, and is associated with tumor
recurrence. These results implicate “stromal JNK1-signaling” in
disease pathogenesis and have important implications for breast
cancer prevention.

588 Cell Cycle

JNKI activation and inflammation in high breast density
and the tumor stroma: Associations with myofibroblast
differentiation, TGF-{ signaling, and fibrosis

The stress-activated protein kinase/c-Jun N-terminal kinase
(SAP/JNK) signaling network functions to regulate a diverse
array of biological processes, including proliferation, programmed
cell death, inflammation, and cellular metabolism, among
others.”® Extracellular stressors (such as hydrogen peroxide and
ROS), pro-inflammatory cytokines, and/or even physical stress
(including UV light) all activate JNK signaling.?”? The JNK
pathway mediates the immediate-early response to a wide variety
of cellular perturbations or stressors.*

Two dual-specificity kinases, namely MKK4 and MKK7,
phosphorylate and activate JNK1 (also known as MAPKS).3"%
Then, activated JNKI1 phosphorylates a number of key
transcription factors, such as JUN, JDP2, and ATF2, thus
regulating the activity of the AP-1 transcription complex. JNK1
also has a number of other targets, which it phosphorylates or
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Table 3. Biological processes that are common between HD fibroblasts and breast cancer stroma, and are associated with tumor recurrence

Gene sets and description

P value

1.JNK1 signaling

YOSHIMURA_MAPK8_TARGETS_UP
Genes upregulated in vascular smooth muscle cells (VSMC) by MAPK8 (JNK1)

5.40E-09

2. Stemness and DNA methylation

BENPORATH_ES_WITH_H3K27ME3
Set'H3K27 bound": genes posessing the trimethylated H3K27 (H3K27me3) mark in their promoters in human embryonic stem cells, as
identified by ChIP on chip

1.65E-05

MIKKELSEN_MEF_HCP_WITH_H3K27ME3
Genes with high-CpG-density promoters (HCP) bearing histone H3 trimethylation mark at K27 (H3K27me3) in MEF cells (embryonic
fibroblast)

1.24E-04

3. Cancer related

LIAO_METASTASIS
Genes upregulated in the samples with intrahepatic metastatic hepatocellular carcinoma (HCC) vs. primary HCC

2.33E-05

DODD_NASOPHARYNGEAL_CARCINOMA_UP
Genes upregulated in nasopharyngeal carcinoma (NPC) compared with the normal tissue

1.21E-04

4.TGF-( signaling

TGFB_UPV1_UP
Genes upregulated in a panel of epithelial cell lines by TGFB1

5.23E-05

LABBE_TGFB1_TARGETS_UP
Upregulated genes in NMuMG cells (mammary epithelium) after stimulation with TGFB1

1.53E-04

5. Angiogenesis

MORF_FLT1
Neighborhood of FLT1 (VGFR1)

7.58E-05

VART_KSHV_INFECTION_ANGIOGENIC_MARKERS_UP
Angiogenic markers upregulated in lymph endothelial cells upon infection with KSHV (Kaposi's sarcoma herpes virus).

1.02E-04

6. Aging

LEE_AGING_MUSCLE_UP
Upregulated in the gastrocnemius muscle of aged adult mice (30-mo) vs. young adult (5-mo)

1.44E-04

7. Other signaling pathways

PID_ERBB2ERBB3PATHWAY
ErbB2/ErbB3 signaling events

1.29E-04

PID_CXCR4_PATHWAY
CXCR4-mediated signaling events

1.53E-04

Table 4. JNK1 (MAPKS) in breast cancer derived tumor stroma

P values are as shown.
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activates, that control survival and cell metabolism, including

Gene symbol Gene description Tumor | Recurrence | P53 EAPI, BCLE, and NFkB. JNKl—actiYazi:)n can induce
stroma stroma autophagy, mitophagy, and aerobic glycolysis,*® which are all
catabolic survival pathways.>**> JNKI1 also controls mitophagy

Mapk8 MitOge.n'a.Ctivated 8.09E-15 3.08E-04 by modulating FOXO3A and BNIP3 expression.“’
protein kinase 8 JNKI1 has been implicated in initiating the fibroblast-to-
Mitogen-activated myofibrobast differentiation program during fibrosis”’ and
Mapk8ip1 protein kinase 8 1.22E-14 2.05E-02 controls the expression of a-smooth-muscle actin (a-SMA).%*
interacting protein 1 In this context, TGF-B and CTGF signaling converge on
Mitogen-activated JNKI signaling via the activation of FAK and TAKI,* which,
Mapk8ip2 protein kinase 8 3.83E-14 2.20E-02 in turn, activate JNK1.#* Thus, several JNK1 inhibitors (e.g.,
interacting protein 2 Leflunomide, CC-401, CC-930, XG-102, Bentamapimod)*' are
Mitogen-activated being developed clinically for the treatment and prevention of
Mapk8ip3 protein kinase 8 7.00E-21 various fibrotic and inflammatory disorders, such as idiopathic
interacting protein 3 pulmonary fibrosis (IPF), and dermal scarring (keloids), as

well as cardiac fibrosis/heart failure and inflammatory bowel
disease (IBD).*> Other clinical uses for JNK1 inhibitors include
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has a P value of 3.18E-06.

Figure 7. HeatMaps for HD fibroblast transcripts related to TCF3 signaling. For more details, see CAGGTG_V$E12_Q6 listed in Table 1. This association

the treatment of many other stress-related, aging-associated,
and degenerative diseases,” such as hearing loss, ischemic
brain disease (stroke), retinal neo-vascularization, uveitis, and
metabolic syndrome, as well as diabetes.*

Matrix stiffness has been implicated in the disease pathogenesis
underlying high mammographic density.** Interestingly,
JNKI signaling also senses and effectively responds to changes
in matrix stiffness, as well as many other mechanical changes or
stressors in the cellular microenvironment.*°

Recently, we and others have demonstrated that cancer-
associated fibroblasts (CAFs) have a myofibroblastic phenotype
and are characterized by the activation of a number of catabolic
cellular processes, such as oxidative stress, autophagy, mitophagy,

glycolysis, inflammation, and senescence.” Cancer cells induce

590 Cell Cycle

this CAF phenotype in normal stromal cells by producing and
secretingROS/H202and cytokines/chemokines.”>* Thus, JNK1
activation in HD fibroblasts and the stromal microenvironment
may confer a very similar “stress-response phenotype”, with many
of the same biological features that are characteristic of the CAF
phenotype (Table 5). This could mechanistically explain the
predictive value of high mammographic density for detecting
human breast cancers, and suggests that JNKI inhibitors may
be useful for cancer prevention as well, in patients with high
mammographic density. New JNKI-based stromal models that
mimic high mammographic density and the CAF phenotype will
be necessary to test this hypothesis experimentally.

Importantly, JNK inhibitors have been shown experimentally
to ablate tumor growth in pre-clinical animal models,” where
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they also effectively reduce tumor angiogenesis.’® FGF-R Signaling

Because JNK inhibitors have significant anti-
angiogenic effects, this provides an indication they
are also directly or indirectly targeting components
of the tumor stroma, such as endothelial cells and/
or cancer-associated fibroblasts. Thus, a JNK-based
therapeutic strategy undoubtedly deserves further
attention for targeting the tumor stroma in breast
cancer patients. Our findings would also suggest that
a new JNK-based strategy could be used as an early
intervention and/or for cancer prevention, especially
in patients with high mammographic density. As
JNK inhibitors behave both as anti-inflammatories
and anti-fibrotics, this strategy would also prevent
and/or ameliorate the pro-tumorigenic effects
of cancer-associated inflammation in the tumor
stroma.

High-density regions of the breast functionally
show increased PET avidity

18F-FDG-PET is another important imaging
modality that is often used in breast cancer diagnosis
and to follow the response to therapy in patients.
FDG-PET avidity functionally measures glucose
uptake and is thought to reflect a shift toward
glycolysis. FDG-PET avidity also has been shown to
be especially concentrated in areas of tissue fibrosis
and inflammation in a diverse array of human
diseases. This is consistent with recent observations
demonstrating that cancer-associated fibroblasts
(CAFs) undergo myofibroblastic differentiation,
are pro-inflammatory due to NFkB-activation, and
show a metabolic shift toward aerobic glycolysis with

EGF-R Signaling

Small GTPases

PREX1
ARHGEF7
ARHGAP30
ARHGAP28
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ARHGAP44
RHOD
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MAPKKK Cascade

RPS6KAS
PIK3C2A

HIF1-stabilization.>” Thus, it has been proposed

that cancer-associated fibroblasts®® are the preferred
site of FDG-uptake in human tumors.”
Interestingly, areas of high mammographic

Figure 8. HeatMaps for HD fibroblast transcripts related to FGF-R and EGF-R signaling.
For more details, see the GO TERMS listed in Table S2. These associations have P values
ranging from 2.22E-04 to 9.18E-06.

density also show significantly increased FDG-
PET avidity.®®* These findings suggest that high
mammographic density may also functionally represent areas
of fibrosis, inflammation, and high glycolytic metabolism in
stromal tissues. This interpretation would be consistent with our
current bioinformatics analysis of HD breast fibroblasts, which
provides transcriptional evidence of significant similarities with
the CAF phenotype (Table 5).

Dual role of JNK1/2 signaling in epithelial cancer cells and
the tumor microenvironment

Recent studies from Roger Davis’s laboratory directly support
a dual role for JNK1/2 activation in tumor growth. For example,
epithelial-specific deletion of JNK1/2 selectively in hepatocytes
was sufficient to promote the development of hepatocellular
carcinoma (HCC).® Conversely, simultaneous deletion of
JNK1/2 in both parenchymal and non-parenchymal liver cells
dramatically inhibited tumor growth.® Based on these results,
Davis and colleagues concluded that JNK1/2 activation in the
stromal microenvironment normally promotes carcinogenesis
and tumor growth by creating a pro-inflammatory niche.®

www.landesbioscience.com

Interestingly, based on these genetic studies, inhibition of
JNK1/2 in the tumor microenvironment appears to be dominant
over loss of JNK1/2 in epithelial cancer cells.

Thus, systemic administration of JNK1/2 inhibitors would
be predicted to prevent tumor growth, by inhibiting JNK1/2 in
the tumor microenvironment. In support of this notion, systemic
treatment with SP-600125 (a JNK1/2 inhibitor) experimentally
suppresses tumor growth in several different pre-clinical xenograft
models,”° likely by affecting the tumor microenvironment.

Similar conclusions were also reached using Drosophila as a
genetic system, where the proliferation and metastasis of Ras-
(G12V)-transformed cells was supported by JNK activation in
adjacent neighboring cells, either via genetic manipulations or
tissue injury.*t

As such, we should consider using JNK1/2 inhibitors to
clinically target myofibroblasts in (1) high breast density and (2)
the tumor microenvironment, in a variety of different epithelial
cancer types (Fig. 11).
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HD Fibroblasts Tumor Stroma
(1,273) (6,777)

p = 6.69E-04

HD Fibroblasts Recurrence Stroma
(1,273) (3,354)
p = 7.42E-05

Figure 9. Venn diagrams for the intersection of HD fibroblast transcripts
with tumor stroma from breast cancer patients. Intersection of the HD
fibroblast gene signature with tumor stroma yields 471 common gene
transcripts, with a P value of 6.69E-04. Intersection of the HD fibroblast
gene signature with recurrence stroma yields 257 common gene tran-
scripts, with a P value of 7.42E-05.
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Figure 10. Biological processes that are shared between HD breast
fibroblasts and the tumor stroma: Similarities to wound healing. These
5 shared biological processes include stress signaling, stemness, angio-
genesis, inflammation, and fibrosis. Many of these processes also
commonly occur during wound healing. However, JNK1 stress kinase
signaling is the single most significant signal transduction network that
is activated (P = 1.02E-14; Table 2).

Materials and Methods

Bioinformatics and data mining

Gene set enrichment analysis (GSEA)

For the gene set enrichment analysis we used MSigDB
v3.1,% after converting all the gene names in the database
into RefSeq gene IDs. For each pair of gene sets X (e.g., set of
upregulated genes) and Y (e.g., set of cell cycle genes according
to MSigDB), we computed the probability (P value) that the
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Stromal JNK1
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Cancer
l I Prevention
Myofibroblast Phenotype
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.
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Figure 11. Understanding the role of JNK1 stress signaling in high mam-
mographic density and breast cancer risk. Here, we postulate that micro-
enviornmental stressors (ROS, hydrogen peroxide, acidic pH), TGF-B,
and FGF signaling networks all converge on the JNK1 stress kinase, in
mammary stromal fibroblasts. Then, hyperactivated JNK signaling drives
the onset of a myofibroblastic phenotype, characterized by chronic
inflammation, stemness, and catabolic metabolism. This, in turn, leads
to local fibrosis and high mammographic density. As such, HD fibro-
blasts with activated JNK1 signaling would generate a pro-tumorigenic
environment, similar to what is currently observed in cancer-associated
fibroblasts (CAFs) and the tumor stroma. HD fibroblasts would provide
a “pre-fertilized” local microenvironment (the soil), for the successful
engraftment and expansion of epithelial cancer cells (the seeds). Thus,
“stromal” cancer prevention would involve the use of available JNK-
inhibitors in new clinical trials, to reverse or prevent the HD fibroblast
phenotype. The clinical response to JNK therapy could be monitored
by using FDG-PET imaging, which allows the functional visualization of
fibrotic and inflammatory areas of dense breast tissue.

observed overlap between sets X and Y is less than or equal to
the overlap between set X and a randomly chosen set of size
equal to the size of set Y. This probability was calculated by
applying the cumulative density function of the hypergeometric
distribution on the size of set X, the size of set Y, the observed
overlap between X and Y, and the total number of available genes.
All computations, including correction for multiple hypothesis
testing using the false discovery rate (FDR) were performed
with the permutation test tool (permutation_test -kmin 5 -S
n -p 1000 - -a) included in the GenomicTools open-source
package.*

Comparison of HD fibroblasts with gene signatures derived from
the breast cancer tumor microenvironment

These comparisons were performed essentially as we have
described previously, for other related data sets."?
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Table 5. Selected gene transcripts upregulated in HD fibroblasts: Functional similarities with cancer-associated fibroblasts

Symbol P value Fold-change Gene description

1. Cancer-associated fibroblast markers

PDPN 4.54E-02 1.77 podoplanin

CDH11 4.57E-02 1.54 cadherin 11, type 2, OB-cadherin (osteoblast)

2. Collagen(s) and matrix remodeling

COL6A5 3.23E-03 3.03 collagen, type VI, a 5

IMPG1 2.81E-02 2.76 interphotoreceptor matrix proteoglycan 1

P4HA3 1.07E-02 244 prolyl 4-hydroxylase, a polypeptide IlI

ITGB1 3.14E-02 237 integrin, B 1 (fibronectin receptor, B polypeptide)
ADAMTS17 2.77E-02 235 ADAM metallopeptidase with thrombospondin type 1 motif, 17
ELFN2 2.12E-02 1.79 extracellular leucine-rich repeat and fibronectin type Ill domain containing 2
COL17A1 3.28E-02 1.87 collagen, type XVII, o 1

MMP24 7.22E-03 1.63 matrix metallopeptidase 24 (membrane-inserted)

THSD1 7.46E-03 1.61 thrombospondin, type |, domain containing 1

ECM1 5.09E-03 1.58 extracellular matrix protein 1

ADAMTSL4 4.45E-02 1.50 ADAMTS-like 4

3. Autophagy and lysosome-related proteins

BECN1 2.67E-02 2.99 beclin 1, autophagy related

ATP6V1E2 4.03E-04 2.01 ATPase, H* transporting, lysosomal 31kDa, V1 subunit E2
ATP6VOA2 5.00E-02 1.74 ATPase, H* transporting, lysosomal VO subunit a2

CTSC 4.73E-02 1.59 cathepsin C

4, Senescence-associated proteins

CDKN2D 2.18E-02 2.27 cyclin-dependent kinase inhibitor 2D (p19, inhibits CDK4)

5. Ketone production (indicative of mitochondrial dysfunction)

HMGCLL1

4.68E-03

2,63

3-hydroxymethyl-3-methylglutaryl-CoA lyase-like 1

BDH1

4.07E-02

1.58

3-hydroxybutyrate dehydrogenase, type 1

6. Antioxidants and/or proteins that protect against mitochondrial oxidative stress

MTFR1 3.36E-02 2.82 mitochondrial fission regulator 1

GSTA3 3.96E-02 2.55 glutathione S-transferase « 3

GLDC 1.45E-02 2.31 glycine dehydrogenase (decarboxylating)
SOD2 2.02E-02 2.12 superoxide dismutase 2, mitochondrial
G6PD 1.24E-03 1.88 glucose-6-phosphate dehydrogenase
HSPD1 2.17E-02 1.63 heat shock 60kDa protein 1 (chaperonin)

7. Hypoxia-related

proteins and glucose uptake

EPO 5.41E-03 3.80 erythropoietin
SLC5A9 2.16E-02 1.71 solute carrier family 5 (sodium/glucose cotransporter), member 9
HIGD1B 1.59E-02 1.86 HIG1 hypoxia inducible domain family, member 1B

8. Inflammatory molecules, cytokines, and chemokines

L4 2.23E-02 3.68 interleukin 4
CLNK 6.98E-03 3.58 cytokine-dependent hematopoietic cell linker
CCR1 4.68E-02 2.85 chemokine (C-C motif) receptor 1

www.landesbioscience.com
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Table 5. Selected gene transcripts upregulated in HD fibroblasts: Functional similarities with cancer-associated fibroblasts (continued)

Symbol P value Fold-change Gene description

S100A7 1.67E-02 3.07 S100A7 (a.k.a., psoriasin; interacts with Jab1, c-jun activation domain binding protein 1)
IL1R2 4.77E-02 2.79 interleukin 1 receptor, type Il

CCL13 2.11E-02 2.68 chemokine (C-C motif) ligand 13

IL20RA 4.38E-02 244 interleukin 20 receptor, a

XCL1 2.30E-02 2.18 chemokine (C motif) ligand 1

CCR8 4.96E-02 1.96 chemokine (C-C motif) receptor 8

DMKN 1.08E-02 1.92 dermokine

CXCL6 2.82E-02 1.86 chemokine (C-X-C motif) ligand 6 (granulocyte chemotactic protein 2)
1L411 4.46E-02 1.80 interleukin 4 induced 1

IL8 4.71E-02 1.76 interleukin 8

IL1RL1 3.62E-02 1.69 interleukin 1 receptor-like 1

CTF1 3.57E-02 1.57 cardiotrophin 1 (IL6-like cytokine associated with cardiac hypertrophy)
CSF2RA 3.92E-02 1.57 colony stimulating factor 2 receptor, «, low-affinity (granulocyte-macrophage)
CcCL17 3.38E-02 1.51 chemokine (C-C motif) ligand 17

GBP2 1.56E-02 1.50 guanylate binding protein 2, interferon-inducible

9.TNF-related genes

TNFAIP8L2 1.60E-02 2.30 tumor necrosis factor, a-induced protein 8-like 2

FBF1 2.34E-02 2.18 Fas (TNFRSF6) binding factor 1

CD40 2.03E-02 1.97 CD40 molecule, TNF receptor superfamily member 5

TNFRSF25 3.05E-02 1.88 tumor necrosis factor receptor superfamily, member 25

TRAF7 4.34E-02 1.87 TNF receptor-associated factor 7, E3 ubiquitin protein ligase

TNFSF13 4.79E-02 1.76 tumor necrosis factor (ligand) superfamily, member 13

TRAF4 1.52E-02 1.52 TNF receptor-associated factor 4

10. Components of the complement cascade

C4BPB 2.55E-02 2.70 complement component 4 binding protein, 3
c9 4.11E-02 2.69 complement component 9
a3 3.06E-02 2.69 complement component 3
C1RL 3.46E-02 1.79 complement component 1, r subcomponent-like
CFI 4.63E-02 1.71 complement factor |
11. Actin-binding proteins
CAPZA1 3.24E-02 3.64 capping protein (actin filament) muscle Z-line, o 1
TPM2 3.30E-02 243 tropomyosin 2 (B)
CORO1A 5.66E-04 2.74 coronin, actin binding protein, 1A
12. Myosin-related proteins
MYH7B 3.63E-02 3.53 heavy chain 7B, cardiac muscle, B
MYLK4 3.33E-02 3.28 myosin light chain kinase family, member 4
MYBPC2 1.09E-02 2.87 myosin binding protein C, fast type
MYH14 4.81E-04 2.16 myosin, heavy chain 14, non-muscle
MYO7A 1.44E-02 2.06 myosin VIIA
MYO78B 2.65E-02 1.59 myosin VIIB
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Table 5. Selected gene transcripts upregulated in HD fibroblasts: Functional similarities with cancer-associated fibroblasts (continued)

Symbol P value Fold-change Gene description

13. Other muscle proteins

SLMAP 9.48E-03 2.19 sarcolemma-associated protein

SMPX 1.76E-02 1.85 small muscle protein, X-linked

MBNL3 1.21E-02 1.64 muscleblind-like splicing regulator 3

CTF1 3.57E-02 1.57 cardiotrophin 1 (IL6-like cytokine associated with cardiac hypertrophy)
PHKA1 3.54E-02 1.53 phosphorylase kinase, a 1 (muscle)

14. Stem cell markers

SOX11 6.25E-03 431 SRY (sex determining region Y)-box 11

ALDH1A3 3.87E-02 3.21 aldehyde dehydrogenase 1 family, member A3

WNT8B 3.49E-02 2.80 wingless-type MMTV integration site family, member 8B
CD44 1.36E-02 2.66 CD44 molecule (Indian blood group)

SOX21 2.18E-02 2.36 SRY (sex determining region Y)-box 21

WNT2 3.95E-02 2.05 wingless-type MMTV integration site family member 2
POUS5F1 3.80E-02 2.05 POU class 5 homeobox 1 (OCT4)

SPRR1A 3.95E-02 1.97 small proline-rich protein 1A

GSK3B 2.03E-02 1.90 glycogen synthase kinase 3 B

SOX10 2.88E-02 1.70 SRY (sex determining region Y)-box 10

SOX8 1.97E-02 1.70 SRY (sex determining region Y)-box 8

WNT2B 3.91E-02 1.64 wingless-type MMTV integration site family, member 2B
KLF8 3.24E-03 1.60 Kruppel-like factor 8

15. FGF-R signaling

FGF6 1.60E-02 2.32 fibroblast growth factor 6

FGF9 4.10E-02 2.31 fibroblast growth factor 9 (glia-activating factor)

FGFR2 1.45E-02 2.12 fibroblast growth factor receptor 2

FGFR1 4.29E-03 1.59 fibroblast growth factor receptor 1

FGFRL1 4.58E-03 1.56 fibroblast growth factor receptor-like 1

16. EGF-R and PDGF-R signaling

EGFR 1.38E-02 261 epidermal growth factor receptor
PDGFB 4.53E-02 222 platelet-derived growth factor 8 polypeptide
PDGFRA 1.41E-02 2.11 platelet-derived growth factor receptor, a polypeptide

v-erb-b2 erythroblastic leukemia viral oncogene homolog 2, neuro/glioblastoma

ERBB2 452802 168 derived oncogene homolog (avian)

17.Kinases and kinase regulators

TTBK2 1.86E-02 4.16 tau tubulin kinase 2

TNK2 5.33E-03 4,00 tyrosine kinase, non-receptor, 2

JAK1 6.24E-03 3.60 Janus kinase 1

MYLK4 3.33E-02 3.28 myosin light chain kinase family, member 4

SRC 3.33E-02 3.06 v-src sarcoma (Schmidt-Ruppin A-2) viral oncogene homolog (avian)

CDK6 8.11E-04 297 cyclin-dependent kinase 6

MAST4 7.84E-03 2.75 microtubule-associated serine/threonine kinase family member 4

PRKARTA 2.11E-02 2.70 protein kinase, cAMP-dependent, regulatory, type |, a (tissue specific extinguisher 1)
KSR1 2.10E-02 2.70 kinase suppressor of ras 1
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Table 5. Selected gene transcripts upregulated in HD fibroblasts: Functional similarities with cancer-associated fibroblasts (continued)

Symbol P value Fold-change Gene description

BMX 3.92E-02 2.62 BMX non-receptor tyrosine kinase

MAP3K15 5.52E-03 2.55 mitogen-activated protein kinase kinase kinase 15

TEK 1.03E-02 242 TEK tyrosine kinase, endothelial

ADRBK1 2.50E-02 2.32 adrenergic, B, receptor kinase 1

AKAP14 4.25E-03 2.23 A kinase (PRKA) anchor protein 14

PNCK 1.98E-03 2.13 pregnancy upregulated non-ubiquitously expressed CaM kinase
TIET 4.04E-02 2.06 tyrosine kinase with immunoglobulin-like and EGF-like domains 1
TOB2 1.86E-02 2.07 transducer of ERBB2, 2

LCK 4.80E-02 2.01 lymphocyte-specific protein tyrosine kinase

ETNK1 1.11E-02 1.98 ethanolamine kinase 1

MAPKSIP1 1.79E-02 1.98 mitogen-activated protein kinase 8 interacting protein 1

IPMK 3.88E-02 1.92 inositol polyphosphate multikinase

STK19 4.69E-02 1.91 serine/threonine kinase 19

DCLK3 9.34E-03 1.81 doublecortin-like kinase 3

ACVR2B 9.09E-03 1.81 activin A receptor, type IIB

DAPK2 1.37E-02 1.78 death-associated protein kinase 2

PLK1S1 1.36E-02 1.73 polo-like kinase 1 substrate 1

AKAP9 2.00E-02 1.73 A kinase (PRKA) anchor protein (yotiao) 9

MAP3K13 4.84E-02 1.66 mitogen-activated protein kinase kinase kinase 13

18. DNA damage/repair and DNA binding proteins

CHD5 2.17E-03 3.08 chromodomain helicase DNA binding protein 5

PIF1 1.42E-02 2.74 PIF1 5’-to-3" DNA helicase homolog (S. cerevisiae)

RAD52 4.15E-02 2.58 RADS52 homolog (S. cerevisiae)

RAD54L 7.84E-03 2.06 RAD54-like (S. cerevisiae)

POLR2J 3.20E-02 1.96 polymerase (RNA) Il (DNA directed) polypeptide J, 13.3kDa

WDHD1 1.67E-02 1.72 WD repeat and HMG-box DNA binding protein 1

TOP3B 4.26E-02 1.66 topoisomerase (DNA) Ill B

PRIM2 5.87E-03 1.60 primase, DNA, polypeptide 2 (58kDa)

XRCC6 4.30E-02 1.60 X-ray repair complementing defective repair in Chinese hamster cells 6

19. Breast cancer, tamoxifen resistance,

or metastasis-associated genes

SNCG 5.10E-03 2.65 synuclein, gamma (breast cancer-specific protein 1)
CYP19A1 4.87E-02 217 cytochrome P450, family 19, subfamily A, polypeptide 1 (aromatase)
ESR2 1.46E-02 1.99 estrogen receptor 2 (ER B)
PRLR 3.61E-02 1.81 prolactin receptor
BCAS1 2.46E-02 1.78 breast carcinoma amplified sequence 1
TFF3 4.88E-02 1.76 trefoil factor 3
MACC1 2.56E-02 1.55 metastasis associated in colon cancer 1
20. Pregnancy-associated genes
PSG1 1.13E-02 5.16 pregnancy-specific 3-1-glycoprotein 1
PSG4 1.35E-02 2.92 pregnancy-specific 3-1-glycoprotein 4
PNCK 1.98E-03 213 pregnancy-upregulated non-ubiquitously expressed CaM kinase
PSG7 4.73E-02 2.05 pregnancy-specific -1-glycoprotein 7
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Table 5. Selected gene transcripts upregulated in HD fibroblasts: Functional similarities with cancer-associated fibroblasts (continued)
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