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Abstract 
Background.   Effective control of brain metastasis remains an urgent clinical need due a limited understanding of 
the mechanisms driving it. Although the gain of neuro-adaptive attributes in breast-to-brain metastases (BBMs) 
has been described, the mechanisms that govern this neural acclimation and the resulting brain metastasis compe-
tency are poorly understood. Herein, we define the role of neural-specific splicing factor Serine/Arginine Repetitive 
Matrix Protein 4 (SRRM4) in regulating microenvironmental adaptation and brain metastasis colonization in breast 
cancer cells.
Methods.   Utilizing pure neuronal cultures and brain-naive and patient-derived BM tumor cells, along with in vivo 
tumor modeling, we surveyed the early induction of mediators of neural acclimation in tumor cells.
Results.   When SRRM4 is overexpressed in systemic breast cancer cells, there is enhanced BBM leading to poorer 
overall survival in vivo. Concomitantly, SRRM4 knockdown expression does not provide any advantage in central 
nervous system metastasis. In addition, reducing SRRM4 expression in breast cancer cells slows down prolif-
eration and increases resistance to chemotherapy. Conversely, when SRRM4/REST4 levels are elevated, tumor 
cell growth is maintained even in nutrient-deprived conditions. In neuronal coculture, decreasing SRRM4 expres-
sion in breast cancer cells impairs their ability to adapt to the brain microenvironment, while increasing SRRM4/
RE-1 Silencing Transcription Factor (REST4) levels leads to greater expression of neurotransmitter and synaptic 
signaling mediators and a significant colonization advantage.
Conclusions.   Collectively, our findings identify SRRM4 as a regulator of brain metastasis colonization, and a po-
tential therapeutic target in breast cancer.

Key Points

•	 Serine/Arginine Repetitive Matrix Protein 4 (SRRM4) regulates central nervous system 
(CNS) metastatic potential in breast cancer.

•	 Elevated SRRM4/RE-1 Silencing Transcription Factor (REST4) augments proliferation and 
CNS microenvironmental acclimation.

•	 Reduced SRRM4/REST4 confers quiescence, chemoresistance in breast cancer cells.

SRRM4-mediated REST to REST4 dysregulation 
promotes tumor growth and neural adaptation in breast 
cancer leading to brain metastasis  
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Brain metastases (BMs) are the main cause of intracra-
nial neoplasms in adults with invasive cancers.1 Although 
progress has been made in understanding the molecular 
factors that drive metastasis, the mechanisms responsible 
for microenvironmental adaptation and colonization, espe-
cially in brain metastasis, are not well understood.

Breast cancer (BC) is unique in its longer latency in 
forming BMs2,3 indicating that tumor cells, which suc-
cessfully form detectable metastases within the central 
nervous system (CNS), are able to overcome dormancy, 
immune clearance, and cell death and can acclimate to 
the neural microenvironment.4 Moreover, adaptation to 
the CNS microenvironment appears to be requisite for 
successful breast-to-brain metastasis (BBM). Specifically, 
previous studies have reported acquisition of neu-
ronal characteristics in BBMs,5,6 and enhanced expres-
sion of neurotransmitter (NT) receptors in aggressive 
breast cancers that prime them to successfully metas-
tasize to the brain.7 The gain of CNS-specific attributes 
in BBMs indicates that neural regulatory pathways may 
be activated in these tumor cells. However, up to now, 
there are no studies investigating the contribution of 

neurodevelopmental programs in promoting BM compe-
tency in breast cancer.

RE-1 Silencing Transcription Factor (REST) is a regulator 
of neuronal development, homeostasis, and response to 
cellular stress, which represses target genes by binding to 
the Neuron Restrictive Silencer Element (RE-1 element).8 
It inhibits the expression of neural genes in nonneuronal 
cells9 and regulates neuronal differentiation in CNS-
progenitor cells.10,11 Owing to its dual functions, REST is an 
oncogene in primary brain tumors like medulloblastoma 
and glioblastoma,12,13 but a tumor suppressor in epithelial 
cancers, where loss of REST function promotes invasive-
ness in breast, lung, and colon cancer.14 However, the role 
of REST dysregulation remains uncharacterized in brain 
metastasis, particularly in breast cancer.

Serine/Arginine Repetitive Matrix Protein 4 (SRRM4), a 
neural-specific RNA splicing factor, regulates REST ex-
pression by inserting neural exon “N” into the REST tran-
script, resulting in alternative splice variants including 
truncated isoform REST4.15 REST4, although able to enter 
the nucleus like REST, shows weak binding to the RE-1 ele-
ment, and is able to competitively reverse REST-mediated 

Importance of the Study

This study highlights the dual role of Serine/Arginine 
Repetitive Matrix Protein 4 (SRRM4) in breast cancer 
progression; where high SRRM4 levels in breast cancer 
promote brain metastasis through upregulation of RE-1 
Silencing Transcription Factor leading to gain of neural 
characteristics in tumor cells, while low SRRM4 levels 
result in slower-growing tumor cells with diminished 

central nervous system metastatic advantage. The find-
ings identify SRRM4 as a potential therapeutic target 
in advanced breast cancer, due to its role in promoting 
neurotransmitter and synaptic signaling mediators 
in epithelial tumors and regulating brain metastasis 
colonization.
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repression of target genes.16 SRRM4-mediated REST-to-
REST4 splicing is crucial in the developing brain allowing 
progenitor cells to differentiate into functional neurons by 
enabling the expression of neuronal genes.15,17,18

In this study, we investigated the role of SRRM4-
mediated REST dysregulation in driving CNS acclima-
tion, dormancy, and BM colonization in breast cancer 
cells. We show that SRRM4 expression predicts overall 
patient survival in advanced breast cancer and is ele-
vated in BBMs relative to brain-naive BC cells. This is 
accompanied by enhanced expression and nuclear lo-
calization of alternative splice form REST4, concurrent 
with reduced expression of full-length REST. SRRM4 
overexpression in BC cells significantly accelerates BM 
incidence and poor survival in vivo, while SRRM4 knock-
down reduces tumor burden and provides no CNS-
metastatic advantage. Mechanistically, elevated SRRM4 
in BC cells increases their proliferative potential through 
increased nuclear REST4 promoting CNS adaptation and 
colonization by inducing expression of neural-specific 
genes, many regulated by the SRRM4/REST axis. In con-
trast, SRRM4 depletion is consistent with slow-growing 
phenotype, increased chemoresistance, and suppressed 
neuronal pathway activation in BC cells. Collectively, 
our work shows that SRRM4-mediated REST-to-REST4 
splicing augments microenvironmental acclimation and 
BM colonization in breast cancer.

Materials and Methods

Cell Culture

Low-passage patient-derived BM breast (BBM 3.1), lung 
(LuBM5), and melanoma (MBM2) cells were propagated in 
our lab from surgically resected BM tissue from consenting 
patients. On receipt from USC Neurosurgery, tumor tissue 
was mechanically dissociated, trypsinized at 37°C for 10 
minutes, and triturated. The tissue was centrifuged (500g 
for 2 minutes) and resuspended in cell culture media (50% 
DMEM-F12, 50% Neurobasal-A, 5% FBS, 1% glutamine, 
1% Antibacterial-Antimycotic, 05.X B-27). For non-BM cells 
the following commercially available cell lines were used: 
breast cancer (SKBR3, BT474, MDA-MB-231), lung cancer 
(A549), and melanoma (A2058). All cell lines were main-
tained in DMEM-F12 (Thermo, 12634028) supplemented 
with 10% FBS, 1% Glutamine (Thermo, 35050061) and 1% 
Antibacterial-Antimycotic agent (Sigma, 15240062), and 
were tested for mycoplasma using the DAPI test before use.

Primary Neuron Cultures

Neural cells were isolated from whole brain tissue of post-
natal day 1–4 mice and in vitro cultured as previously 
described.19

Lentiviral Transduction

Lentivirus were constructed in 293T cells using SRRM4 
overexpression ORF cDNA clone (Genecopoeia 
EX-Y3278-Lv224), scrambled and SRRM4 knockdown 

shRNA clone set (Genecopoeia HSH114130-LVRU6GP). 
SKBR3 BC cells were transduced to stably overexpress 
(SRRM4OE) or knockdown (SRRM4KD) SRRM4 or scrambled. 
These cells were further lentiviral transduced to express 
GFP-FF Luciferase to facilitate bioluminescent imaging of 
tumors in vivo.

Establishment of Nutrient-Deficient Media-
Acclimated Breast Cancer Cells

SKBR3 (control, SRRM4OE and SRRM4KD) cells were grad-
ually acclimated to nutrient-deficient (ND) medium over 1 
week as in previous studies.6 Specifically, ND media com-
position was as follows: (DMEM with no glucose, no glu-
tamine, Thermo A1413004) supplemented with 5% Fetal 
Bovine Serum (FBS), and 1% Antibacterial-Antimycotic 
agent (Sigma, 15240062).

Tumor–Neuron Cocultures

Tumor cells were resuspended in complete neuron culture 
medium and seeded onto established neuronal cultures 
(1:60 tumor cell to neuron ratio) to model tumor–neuron 
interaction. Forty-eight hours postseeding, tumor cells 
were collected from cocultures for qPCR, or cocultures 
were fixed with 4% formaldehyde for immunofluores-
cence studies. For in vitro competitive colonization 
model, the following combinations of tumor cells were 
cocultured with neurons: (1) SKBR3 control scrambled 
(GFP) and SRRM4OE (mCherry), (2) SRRM4OE (mCherry) 
and SRRM4KD (GFP), or (3) SKBR3 (mCherry) and SRRM4KD 
(GFP). Thousand cells of each type were plated in all 
cocultures at day 0. Cultures were fixed every 24 hours up 
to 120 hours.

Cell Viability Assay

SKBR3 cells (control, SRRM4 OE, SRRM4 KD) were treated 
with 20 µM Paclitaxel (Sigma, T7402-1MG), and 500 µM 
5-Fluorouracil (Sigma, 343922), and cell viability was 
measured using the Live/Dead Viability/Cytotoxicity kit 
(Thermo, L3224) at 48 hours posttreatment. DMSO (Sigma, 
D8418-100 mL) was used as vehicle. Percent viability data 
were normalized to vehicle (DMSO)-treated SKBR3ctrl cells.

Animals

Eleven-week-old adult female NSG mice on BalbC back-
ground were purchased from Jackson Laboratories and 
used for in vivo intracardiac injection experiments to 
model brain metastasis. Animal procedures were per-
formed under approved IACUC protocols and guidelines.

Intracardiac Injection of Tumor Cells and Animal 
Imaging

SKBR3 (control, SRRM4OE, and SRRM4KD) cells were in-
jected intracardiac into mice to evaluate the role of 
SRRM4 in the development of BBMs. Each mouse was 
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injected with 1 × 105 tumor cells in 100 µL of sterile 1X 
PBS, with a 25-gauge needle. Development of brain le-
sions and other distant metastases was monitored by 
optical imaging of injected animals. Luciferin (1 µL/gram 
bodyweight of animal) was injected into the tail vein of 
each mouse and bioluminescence was imaged (dorsal 
and ventral) 15 minutes after injection. Optical signal 
from BMs was quantified by measuring the same brain 
region of interest (ROI) for all experimental animals on 
all imaging days.

RNA Isolation and qPCR Analysis

Cells from various conditions were harvested by 
trypsinization for 3–5 minutes at 37 °C, followed by trypsin 
neutralization in FBS, and centrifugation at 1000 rpm for 
1 minute. Resulting pellet was processed immediately or 
frozen for subsequent use in qPCR (performed in triplicate 
per sample) as previously described.20 All primers used for 
qPCR analysis were purchased from IDT (Supplementary 
Table 1).

Immunofluorescence

Human primary tumor tissue microarrays were obtained 
from Biomax US (Breast PM2a-ER, Lung LC241l, 
Melanoma ME242c). Brain-metastatic tumor tissues from 
patients were acquired via USC Neurosurgery. These tis-
sues were formalin fixed, paraffin embedded, and pro-
cessed into 10 µm-thick sections by the histology core at 
USC. Immunofluorescence protocol on tissue and cells 
was performed as previously described.20 Primary anti-
bodies used were as follows: Rabbit Anti-REST (1:100, 
LSBio), Rabbit Anti-REST4 (1:300 IHC, 1:500 ICC, generous 
gift from Dr. Noel J. Buckley at Oxford University), Rabbit 
Anti-SRRM4 (1:500, Biorbyt), Rabbit Anti-RILP (1:500, 
Abcam), Goat Anti-SOX9 (1:500, Novus Biologicals), Rabbit 
Anti-Ki67 (1:500, Biocare Medical). Secondary antibodies 
used at 1:300 (Goat Anti-rabbit Cy3, Goat Anti-rabbit 647, 
Donkey Anti-Goat 647). Phalloidin (488 or 647 conjugated, 
Thermofisher) was used to stain cell membrane where 
necessary. Stained cells and tissue sections were mounted 
in Prolong Gold Antifade reagent with DAPI (Invitrogen) for 
imaging and long-term storage.

Microscopy and Imaging

Confocal imaging was performed using the Leica con-
focal SP8 LIAchroics CSU RGB HyD 405 FOV DMi8. Nuclear 
colocalization studies were performed by analyzing 
colocalization between protein of interest (REST, SRRM4, 
REST4) and DAPI, which stains cellular nuclei. Channel 
background and thresholds were set and normalized so 
that different groups could be compared to one another 
for statistical analysis. For quantification of SRRM4, mean 
intensity per cell was measured in ImageJ, by drawing a 
region of interest (ROI) around each cell. Light microscopy 
images (H&E) were obtained using Zeiss SN: 3834000524, 
Zen 2.3 imaging software version 2.3.69.1013.

Bioinformatics

Kaplan-Meier survival curve analyses for target genes were 
performed using UCSC Xena, an online exploration tool 
for public/private multiomic and clinical/phenotypic data. 
Publicly available TCGA data for breast cancer, lung cancer, 
and melanoma were analyzed using this open-source 
platform.21 Venn diagrams were constructed using a 
freely available web tool designed by the Bioinformatics 
and Evolutionary Genomics (BEG) department at Ghent 
University, Belgium.

Statistical Analysis

Statistics were performed using GraphPad Prism. t tests, 
1-way ANOVA, an2-way ANOVA were used to calculate sta-
tistical significance as appropriate throughout the study. 
All data were shown as mean and SEM. Statistical signif-
icance and Hazard Ratio for survival data from in vivo ex-
periments were calculated using Log-Rank Test.

Ethics Statement

The current investigation was carried out in adherence to 
the Declaration of Helsinki and in accordance with the regu-
lations of the institutional ethics committee at the University 
of Southern California, as well as the local ethical commit-
tees of the relevant hospitals. All patients and/or their legal 
representatives provided written informed consent.

Results

Breast-to-Brain Metastases Show Reduced 
Expression and Nuclear Localization of REST

Previous studies have demonstrated the gain of neu-
ronal cell characteristics in BBMs.5,7 Of these, several 
genes (BDNF, RELN, GABBR1, GRIN2B) are normally re-
pressed by REST.22,23 We hypothesized that REST would 
be downregulated in BBMs, allowing for the expression of 
CNS-specific genes. First, we examined whether REST ex-
pression in tumors was associated with overall patient sur-
vival. Kaplan-Meier survival analysis from TCGA datasets 
shows REST was not prognostic in breast and lung cancer, 
or in melanoma (Supplementary Figure S1A–C). In vitro 
REST expression was reduced in BM cells compared to 
non-BM cells in melanoma, and in BM cells compared to 
2 out of 3 non-BM cells in breast cancer (Supplementary 
Figure S1D; Figure 1A), but not in lung cancer cells 
(Supplementary Figure S1E). Patient tissues revealed re-
duced levels of REST protein in BM breast cancer and mel-
anoma, compared to their non-BM counterparts (Figure 
1B; Supplementary Figure S1F). This difference was not ob-
served in lung cancer (Supplementary Figure S1G).

Moreover, REST acts as a transcriptional repressor in 
cellular nucleus; with loss of nuclear REST promoting the 
expression of its target genes.24 We thus evaluated nuclear 
REST in non-BM and BM tumor cells. Nuclear REST localiza-
tion levels measured in patient tissues were heterogenous 

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad175#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad175#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad175#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad175#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad175#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad175#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad175#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad175#supplementary-data
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in primary breast cancer (n = 3), but uniformly diminished in 
BMs (n = 6) (Figure 1C), indicating the importance of reduced 
REST activity in CNS adaptation and colonization potential 
in breast cancer. Correspondingly, in vitro, nuclear REST 
was significantly reduced in BBM 3.1 cells derived from a 
breast tumor that had successfully colonized the brain, com-
pared to 3 different nonbrain trophic breast cancer cell lines 
(Figure 1D). In contrast, nuclear REST remained unchanged 
between BM versus non-BM cells in lung cancer and mela-
noma (Supplementary Figure S1H and I). These results sug-
gest that REST is dysregulated at posttranscriptional and 
nuclear-localization level in BBMs.

REST Dysregulation in BBMs Is Mediated by 
SRRM4, Resulting in Alternative Splice Product 
REST4

REST expression is regulated by 2 mediators: REST/NRSF-
Interacting LIM Domain Protein (RILP),25 or SRRM4.26 
RILP has been shown to bind to REST and facilitate its 

function as a transcription factor by importing it into the 
nucleus.27 Our results show that ratio of REST/RILP nuclear 
colocalization remained unchanged between BM versus 
non-BM cells in breast and lung cancer, and melanoma 
(Supplementary Figure S2A–C). This suggests that reduced 
nuclear import of REST in BBMs is not mediated by RILP.

Thus, we next investigated the involvement of SRRM4, 
which regulates the alternative splicing of REST into its 
truncated isoform REST4, which in turn reverses REST-
mediated repression of target genes15,16,28 (Figure 2A). Loss 
of REST concomitant with REST4 upregulation has been 
associated with increased breast cancer invasiveness.29 
However, the mechanisms regulating REST-to-REST4 
dysregulation in BC and its role in promoting BBMs were 
heretofore unknown.

We first evaluated whether SRRM4 expression in tu-
mors was associated with overall survival (OS). Kaplan-
Meier survival analysis from TCGA datasets showed that 
although not prognostic in lung cancer or melanoma 
(Supplementary Figure S3A and B), high SRRM4 expres-
sion was significantly associated with worse OS in patients 
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Figure 1.  BBMs show reduced nuclear REST. (A) Relative REST mRNA expression in brain-metastatic (BM) breast BBM 3.1 cancer cells, rel-
ative to their primary (non-BM) counterparts (mean and SEM, n = 3 per sample) (B) Representative immunofluorescence (IF) images comparing 
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with breast cancer (Figure 2B). Furthermore, the dichotomy 
between high and low expression of SRRM4 and OS in 
breast cancer patients becomes larger later in the course 
of the disease (>6 years of follow-up), suggesting a role for 
SRRM4 in advanced breast cancer, and potentially brain 
metastasis.

Given the association of SRRM4 with poor survival, 
and the reduced expression and nuclear localization of 
REST in BBMs as shown previously, we postulated that 
SRRM4 expression would be enhanced in BBMs, accom-
panied by increased expression of REST4. Results show 
that total SRRM4 and REST4 expression were enhanced 
in BBM tissues compared to non-BM breast cancer (Figure 
2C and D). Quantification of nuclear SRRM4 did not show 
statistically significant increase in BBMs compared to pri-
mary breast cancer tissues (Figure 2C). However, nuclear 

REST4 was significantly increased in BBMs, indicating en-
hanced SRRM4 expression may mediate increased REST4 
functionality in these tumors (Figure 2D). Expression 
and nuclear localization of SRRM4 remained unchanged, 
while REST4 reduced in BM and non-BM lung cancer 
(Supplementary Figure S3C and D). Moreover, nuclear 
SRRM4 and REST4 were significantly reduced in BM mel-
anoma (Supplementary Figure S3E and F) patient tissues.

In vitro, while SRRM4 and REST4 expression remained 
unchanged between primary and BM in lung cancer and 
melanoma cells (Supplementary Figure S3G and H), there 
was significant increase in the expression of both mRNAs 
in BBM 3.1 cells compared to 3 different non-BM breast 
cancer cell types (Figure 3A and B). SRRM4 regulates 
splicing in the cellular nucleus, and nuclear colocalization 
analysis revealed no difference in nuclear SRRM4 levels in 
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BM versus non-BM cells in lung cancer (Supplementary 
Figure S3I), while BM melanoma showed significant re-
duction of nuclear SRRM4 compared to its primary 
(Supplementary Figure 3J). However, nuclear SRRM4 
was significantly enhanced in BBM 3.1 cells compared to 
non-BM SKBR3 breast cancer cells (Figure 3C).

We next sought to determine a definitive role of SRRM4 
in REST-to-REST4 dysregulation and regulating potential 
brain tropism in breast cancer. To elucidate whether in-
creased SRRM4 promotes BM competency, we conducted 
our studies in nonbrain trophic SKBR3 cells, which showed 
high REST, and low endogenous SRRM4/REST4 expres-
sion. We first established stably transduced SKBR3 cells 
with SRRM4 overexpression (SRRM4OE) or knocked down 
using 3 different shRNA clones (SRRM4KD). SKBR3KD cells 
derived using shRNA clone B were used for knockdown 
studies, based on mitigated SRRM4 expression and nu-
clear localization in these cells (Supplementary Figure 3K). 

SRRM4 mRNA expression was significantly enhanced in 
SRRM4OE and reduced in SRRM4KD cells, compared to con-
trol (scrambled) SKBR3 cells (Figure 3D). Appropriately, 
REST4 analysis showed increase in SRRM4OE cells and di-
minished mRNA expression (Figure 3E) and nuclear locali-
zation in SRRM4KD cells (Figure 3F). Therefore, we conclude 
that SRRM4 mediates the dysregulation of REST to REST4 
in breast cancer.

Next, we elucidated the contribution of SRRM4 to BBM 
colonization in vivo. All SRRM4OE xenografted mice de-
veloped BMs by 98 days post-intracardiac injection, com-
pared to 2 mice from the SKBR3CTRL (control) group and 
only 1 from the SRRM4KD group (Figure 4A–C). Extracranial 
tumor load remained comparable between SKBR3CTRL and 
SRRM4OE xenografts, whereas SRRM4KD showed lower 
tumor load overall. Although 4 out of 5 mice in the control 
group developed BMs eventually, this was a delayed event 
compared to SRRM4OE group, while mice from SRRM4KD 
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Figure 3.  REST dysregulation in BBMs is mediated by SRRM4 and alternative splice isoform REST4. (A) Relative SRRM4 and (B) REST4 mRNA 
expression in BM BBM 3.1 breast cancer cells, relative to their non-BM counterparts (mean and SEM, n = 3 per sample). (C) Representative IF 
images, and quantification of nuclear SRRM4 localization in primary (non-BM; SKBR3) and patient-derived BM BBM 3.1 breast cancer cells. 
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SKBR3ctrl group (P > 0.05, HR = 2.45). (E) Kaplan-Meier survival analysis in SKBR3ctrl, SRRM4OE, and SRRM4KD xenografted mice (n = 5 per group). 
Mice in SRRM4OE group (blue line) showed significantly worse overall survival compared to SKBR3ctrl cells (P = 0.026, HR = 3.16), and SRRM4KD 
cells (P = 0.027, HR = 3.32) (Statistics—Log-Rank test). Representative IF images for expression and comparison of nuclear (F) SRRM4, (G) REST4, 
and (H) REST in brain-metastatic lesions from SKBR3ctrl and SRRM4OE xenografted mice (magnification ×40; scale 30 µm). Graphs show compar-
ison of percent nuclear SRRM4, REST4, and REST in individual cells for both groups. T = tumor, B = brain tissue.
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group remained BM-free significantly longer than SKBR3OE 
group (Figure 4D). Furthermore, SRRM4OE xenografted 
mice showed significantly worse OS compared to con-
trol (Figure 4E), suggesting that even in the presence of 
comparable extracranial tumor load, increased SRRM4 
expression in tumor cells contributes to worse prognosis 
by triggering enhanced BM competency in breast cancer. 
SRRM4OE xenografted mice also showed worse OS com-
pared to SRRM4KD group. Analysis of SKBR3CTRL xenografts 
showed areas of cells with high expression and nuclear 
localization of SRRM4 (Figure 4F) and REST4 (Figure 4G), 
and low REST (Figure 4H) in an otherwise heterogenous 
BM tumor population. In contrast, SRRM4OE BMs showed 
uniform and significantly higher nuclear localization of 
SRRM4 and REST4, concurrent with diminished REST ex-
pression. Overall, these results show increased SRRM4 
expression enhances brain-metastatic potential in breast 
cancer cells and contributes to worse OS in vivo.

SRRM4 Regulates Proliferative Capacity in Breast 
Cancer Cells

Clinically, breast cancer patients have longer latency to 
brain metastasis compared to more aggressive cancers 
like lung cancer, and BMs can occur following successful 
control of extracranial disease.30 This can be attributed 
partly to the presence of slow-growing tumor cells, that 
evade chemotherapy and cell death, and can eventually 
be reactivated for successful colonization and distant re-
lapse.31,32 Therefore, we wanted to determine whether the 
reduced metastatic competency we observed in vivo in 
SRRM4-low (SRRM4KD) breast cancer cells was because 
of a conferring of a slow-proliferating phenotype in these 
cells. Initial cellular-doubling time and BrDU incorpora-
tion analysis showed enhanced proliferation in SRRM4OE 
cells, but slower growth in SRRM4KD cells, relative to con-
trol SKBR3 cells (Figure 5A; Supplementary Figure S4A). 
This was further confirmed by the presence of significantly 
enhanced Ki67 positivity in SRRM4OE cells compared to 
SRRM4KD and control SKBR3 cells (Supplementary Figure 
S4B). These results indicate that low SRRM4 expression 
confers slower proliferative potential in breast cancer cells.

Next, SKBR3 were acclimated to ND media20 to recapit-
ulate the microenvironment encountered by metastatic 
tumor cells. SKBR3 control and SRRM4KD cells showed 
enhanced mRNA expression of previously validated dor-
mancy markers p53, SOX9, RARB, and TGFB333 compared 
to SRRM4OE cells (Figure 5B). Consistent with mRNA data, 
control and SRRM4KD cells showed enhanced SOX9 ex-
pression and nuclear localization compared to SRRM4OE 
cells in ND-conditions (Figure 5C), indicating propensity 
for metastatic dormancy in cells with low SRRM4/REST4 
expression. SRRM4OE cells showed sustained nuclear 
REST4, while control and SRRM4KD cells displayed dimin-
ished REST4 expression with significant loss of nuclear 
REST4 in ND-conditions (Supplementary Figure S4C).

Next, we treated SKBR3 cells with 5-Fluorouracil 
and Paclitaxel which are standard chemotherapeutic 
drugs used for breast cancer patients.34 Slower-growing 
SRRM4KD cells were significantly more resistant to both 
chemotherapies compared to control, whereas SRRM4OE 

cells showed significant enhanced sensitivity to Paclitaxel 
compared to control and SRRM4KD (Supplementary Figure 
S4D and E). Taken together, these results suggest low 
SRRM4 expression confers slower growth, whereas en-
hanced SRRM4 expression leading to REST4 activity in-
creases proliferative capacity and chemo-sensitization in 
breast cancer cells.

We next asked whether interaction with the neuronal 
niche along with enhanced SRRM4 in tumor cells provides 
a growth advantage and early colonization to breast cancer 
cells in the CNS-metastatic microenvironment. To deter-
mine this, we established a competitive in vitro colonization 
model where primary neurons were cocultured with com-
bination of either: (1) SKBR3 control and SRRM4OE (Figure 
5D), (2) SRRM4OE and SRRM4KD (Figure 5E), or (3) SKBR3 
control and SRRM4KD (Figure 5F) cells and then evaluated 
for growth. Results show SRRM4OE cells have significant 
proliferative advantage over both control and SRRM4KD 
cells (Figure 5D and E). Additionally, control SKBR3 cells 
have significant growth advantage compared to SRRM4KD 
cells (Figure 5F). Furthermore, SRRM4KD remained quies-
cent throughout the various competitive models (Figure 
5E and F). Taken together, increased SRRM4 promotes CNS 
acclimation in breast cancer cells resulting in proliferative 
advantage in the neuronal microenvironment.

SRRM4 Facilitates CNS Acclimation in BC Cells in 
the Neuronal Microenvironment

Since upregulation of SRRM4 provides a proclivity for 
breast cancer growth in the neural niche, we next asked 
whether this neuronal master regulator facilitates tumor-
CNS acclimation through enhanced tumor–neuron in-
teraction. We observed an increase in SRRM4 and REST4 
expression in control SKBR3 cells cultured with neu-
ronal conditioned media (Figure 6A), concomitant with 
a gain of nuclear SRRM4 in these cells when cocultured 
with neurons (Supplementary Figure 5A). Furthermore, 
SRRM4OE cells cocultured with neurons showed signifi-
cantly enhanced nuclear SRRM4 and REST4 (Figure 6B; 
Supplementary Figure 5B and C). These results indicate 
that exposure to the neuronal microenvironment promotes 
increased SRRM4 and REST4 activity in breast cancer cells. 
Furthermore, SRRM4OE cells maintained their inherently 
high expression of SRRM4 and REST4, while SRRM4KD 
cells were unable to upregulate the expression of either 
gene (Figure 6C) when exposed to neuron-conditioned 
media.

Since SRRM4 regulates the expression of CNS-specific 
genes, we next determined which targets in tumors 
are regulated by SRRM4 augmentation in presence of 
neurons to promote brain metastasis competency. To 
investigate this, we interrogated the expression of 153 
CNS-specific mediators of NT signaling and synaptic 
plasticity in SKBR3 cells (control, SRRM4OE, SRRM4KD) 
cultured in the neuronal microenvironment (Figure 
6D). Of these 153 targets, 45 were determined to be di-
rectly SRRM4-dependent based on association overlap 
of tumor-inherent SRRM4-regulated genes and neural 
microenvironment-induced SRRM4-regulated genes 
(Supplementary Figure 5D). We then focused on targets 
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in breast cancer cells that would be critical in allowing 
them to mimic neuron-like synaptic plasticity function. 
SKBR3ctrl cells showed an increase in the expression 
of presynaptic regulator cannabinoid receptor CNR135 
on exposure to the neuronal microenvironment, while 
SRRM4KD cells did not respond (Figure 6E). Overall, 
SKBR3ctrl and SRRM4OE cells showed upregulation of 
BDNF, a neurotrophin involved in regulating long-term 

synaptic plasticity36 (Figure 6F). SKBR3ctrl cells also 
upregulated vesicular trafficking protein RAB3A in-
volved in regulating BDNF-mediated plasticity37 (Figure 
6G), GRIN2B, an NMDAR-type glutamate receptor38 
(Figure 6H), and TACR3 a receptor for neurokinins39 
(Figure 6I). Specifically, SRRM4OE cells showed inher-
ently enhanced expression of these genes, and thus re-
tained the expression of most genes within the neuronal 
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Figure 5.  Enhanced SRRM4 expression confers more proliferative phenotype to breast cancer cells: (A) relative BrdU incorporation (lumines-
cence) in SKBR3 control scramble, SRRM4OE, SRRM4KD cells (n = 2 per sample, 3 wells per experiment). (B) Relative mRNA expression of dor-
mancy markers p53, SOX9, RARB, TGFB3 in SKBR3, SRRM4OE, SRRM4KD cells acclimated to nutrient-deficient media (mean and SEM, n = 
3 per sample). (C) Representative IF images and comparison of nuclear colocalization of SOX9 in SKBR3 scramble SRRM4OE, SRRM4KD cells in 
control (CC) and nutrient-deficient (NDC) conditions, respectively. Data presented as percent nuclear colocalization per cell in both conditions. 
(D–F) In vitro competitive colonization model. Representative IF images and quantification of total cell numbers for each tumor cell type in 3 dif-
ferent combination cocultures with primary neurons: (D) SKBR3 (GFP)/SRRM4OE (mCherry), (E) SRRM4OE (mCherry)/SRRM4KD (GFP), (F) SKBR3 
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Figure 6.  SRRM4 facilitates CNS acclimation in breast cancer cells in the neuronal microenvironment: (A) SRRM4 and REST4 expression 
in SKBR3ctrl cells in neuron-conditioned media (NCM). Data represented as fold change in expression relative to untreated SKBR3 cells. (B) 
Comparison of nuclear SRRM4 and REST4 in SRRM4OE cells in 2 conditions (tumor only, tumor–neuron coculture). Data represented in graph as 
percent nuclear colocalization per cell for both conditions (3 images per sample, 4 tumor cells per image). (C) Relative expression of SRRM4 
and REST4 in SRRM4OE and SRRM4KD cells in 2 conditions (cells only, cells treated with NCM for 48 hours). Red bars (plain, striped) represent 
SRRM4OE cells; blue bars (plain, striped) represent SRRM4KD cells (3 wells/sample/condition). (D) Clustergram representing differential mRNA 
expression of CNS-specific (neurotransmitter receptors and synaptic plasticity mediators) in SKBR3 cells (control, SRRM4OE, and SRRM4KD) in 2 
conditions (tumor cells only, tumor cells grown in neuron-conditioned media). qPCR target validation for relative expression of SRRM4-dependent 
target genes (E) CNR1, (F) BDNF, (G) RAB3A, (H) GRIN2B, (I) TACR3, (J) RELN, and (K) GRM8 in tumor cells in 2 conditions (tumor only, 
tumor cells treated with NCM, 3 wells/sample/condition).
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microenvironment. Furthermore, only SKBR3OE cells 
showed upregulation of synaptic master regulator 
RELN40 and metabotropic glutamate receptor GRM8 
(Figure 6J and K) with exposure to the neuronal microen-
vironment. In contrast, SRRM4KD were unable to respond 
to the neuronal exposure and did not show upregulation 
of any CNS acclimatory genes mentioned above.

Discussion

Brain metastases are a significant cause of mortality in 
individuals with advanced breast cancer.41 Therefore, 
elucidating the mechanisms driving initial BM competency 
is imperative in improving patient outcomes. Our study 
sought to determine the regulators of neural acclimation 
and CNS colonization in brain-seeking BC cells. We un-
covered enhanced expression of neural-specific splicing 
regulator SRRM4 in BBMs, concomitant with reduced func-
tionality of REST, and increased expression and nuclear 
localization of REST4. SRRM4-mediated REST to REST4 
splicing is critical in the brain for normal neuronal devel-
opment, maturation, and maintenance,15 indicating that 
breast cancer cells co-opt neurodevelopmental pathways 
to successfully adapt to the CNS-metastatic niche.

In neurogenesis, inducible REST deletion triggers exit of 
neural stem cells from quiescence and increases prolifer-
ative potential,42 while REST4 is critical for inducing and 
maintaining a differentiated phenotype.43 Additionally, 
in tumor progression, recent evidence shows SRRM4-
induced accelerated proliferation and neuroendocrine 
trans-differentiation in castrate-resistant prostate cancer.44 
Correspondingly, we found that while SRRM4low cells ex-
hibit a quiescent phenotype with reduced nuclear REST4, 
enhanced SRRM4 expression confers proliferative advan-
tage to BC cells in normal and nutrient-deprived conditions 
through maintenance of elevated nuclear REST4. Owing 
to tumor heterogeneity, a subpopulation of BC cells may 
increase SRRM4 expression before extravasating into the 
CNS, which then allows them to successfully traverse the 
brain-metastatic cascade. This is evidenced by our results 
showing superior CNS-metastatic competency in BC cells 
transduced to endogenously overexpress SRRM4 that 
show depleted nuclear REST expression within the CNS. 
Thus, successful BMs are eventually established by tumor 
cells that can overcome nutritional stress and dormancy as 
they disseminate through the circulation.31,45 Our findings 
substantiate these observations and show that although 
SRRM4low BC cells persist for extended periods of time in 
vivo, only cells that upregulate SRRM4 activity ultimately 
colonize the brain contributing to overt brain metastasis 
and worse OS.

Moreover, since SRRM4 regulates neuronal gene activa-
tion, we hypothesized that its increased expression would 
facilitate BC colonization of the neuronal niche. Our find-
ings demonstrate enhanced SRRM4/REST4 expression 
and nuclear localization, alongside REST loss in BC cells 
exposed to the neuronal microenvironment. Moreover, BC 
cells with higher SRRM4/REST4 activity within this niche 
showed improved colonization through increased expres-
sion of CNS-specific mediators involved in NT and synaptic 

response. In contrast, cells unable to upregulate SRRM4 
remained quiescent and could not adapt to the neural en-
vironment. This SRRM4 upregulation can be attributed to 
feedback loop, which releases REST-mediated repression 
of the SRRM4 promoter.46 Potential regulators of SRRM4 
expression and activity, particularly in metastatic progres-
sion, remain unexplored.

Our xenograft model shows faster CNS metastasis de-
velopment and lower survival in mice implanted with 
SRRM4OE cells. This indicates that these breast cancer cells 
can successfully thrive in a CNS microenvironment with 
glia/neurons/oligodendrocyte populations intact.

Patient tumor analyses from multiple studies have shown 
reduced immune infiltration and enhanced protumoral 
microglial polarization in breast cancer brain metastases 
(BCBMs) compared to primary tumors.47,48 These changes, 
mediated by CNS-infiltrating tumor cells aid in brain colo-
nization and establishing clinical metastasis. Furthermore, 
BCBMs interact with astrocytes in pseudosynapses 
facilitating nutrient utilization and NT-mediated signaling 
using GRIN2B7. Correspondingly, we show that SRRM4OE 
breast cancer cells upregulate neuro-adaptive genes, in-
cluding GRIN2B, CNR1, and TACR3. Thus, it is likely that 
SRRM4 which provides early CNS-metastatic advantage to 
breast cancer cells, does so by stimulating the expression 
of mediators that allow BCBMs to influence the glial and 
immune microenvironment. Although beyond the scope of 
the current study, it would be meaningful to conduct prote-
omic and genomic analysis to determine cytokine expres-
sion and signaling pathways that are altered in SRRM4OE 
cells. This would shed light on their potential effects on 
the CNS glial/immune microenvironment during tumor 
colonization.

Targeting SRRM4 in brain metastases would be of im-
mediate benefit to the patient since it would eliminate the 
SRRM4high proliferative tumor population and limit imme-
diate progression. For the SRRM4low quiescent tumor pop-
ulation, which would be resistant to conventional cell-cycle 
targeted therapy, alternate cell-cycle independent targeted 
strategies would have to be utilized. Several avenues that 
target chemo-resistant dormant tumor cells (DCCs) to prevent 
relapse are currently under consideration.49These include 
combination strategies using conventional and targeted ther-
apies, maintaining quiescence, or reactivation of DCCs and 
subsequent sensitization to anti-proliferative chemotherapy.

We thus show a dichotomy of SRRM4 in breast cancer 
progression, where enhanced SRRM4 and REST4 expres-
sion results in gain of proliferative capacity and neural 
attributes leading to increased BM; while loss of SRRM4 re-
sults in slower-growing tumor cells with diminished CNS-
metastatic advantage. The findings presented in our study 
expand on the emerging role of SRRM4 as a promoter of 
neural characteristics in epithelial tumors and identify it 
as a regulator of BBM colonization, and a potential thera-
peutic target in advanced breast cancer.
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