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Abstract

MicroRNASs and chromatin remodeling complexes represent powerful epigenetic mechanisms that
regulate the pluripotent state. miR-302 is a strong inducer of pluripotency, which is characterized
by a distinct chromatin architecture. This suggests that miR-302 regulates global chromatin
structure; however, a direct relationship between miR-302 and chromatin remodelers has not been
established. Here, we provide data to show that miR-302 regulates Brg1 chromatin remodeling
complex composition in human embryonic stem (hESs) cells through direct repression of the
BAF53a and BAF170 subunits. With the subsequent overexpression of BAF170 in hESCs, we
show that miR-302’s inhibition of BAF170 protein levels can affect the expression of genes
involved in cell proliferation. Furthermore, miR-302-mediated repression of BAF170 regulates
pluripotency by positively influencing mesendodermal differentiation. Overexpression of BAF170
in hESCs led to biased differentiation toward the ectoderm lineage during EB formation and
severely hindered directed definitive endoderm differentiation. Taken together, these data uncover
a direct regulatory relationship between miR-302 and the Brgl chromatin remodeling complex
that controls gene expression and cell fate decisions in hESCs and suggests that similar
mechanisms are at play during early human development.
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Introduction

Embryonic stem (ES) cells hold great promise for regenerative medicine, drug screening,
and toxicity testing. A necessary prerequisite to realizing this potential is a sophisticated
understanding of human ES cell (hESC) biology and early cell fate decisions [1]. ES cells
are defined by their characteristics of self-renewal and pluripotency, which are maintained
by a complex regulatory network underlying a unique gene expression profile and chromatin
landscape [2-5]. This robust yet flexible network includes epigenetic regulators, such as
chromatin modifying complexes and microRNAs (miRNASs) [reviewed in 6, 7]. These
factors have well-defined relationships with the core transcriptional regulators responsible
for ES cell identity; however, little is known about direct regulation between miRNAs and
chromatin modifiers and how these relationships dictate cell fate decisions.

MiRNAS repress gene expression through base pairing with target mRNAs, generally within
the 3’ untranslated region (UTR), which leads to translational repression or mMRNA
destabilization. Many miRNAs are key regulators of the ES cell state [8]. For example, the
cluster of miRNAs containing miR-302, which is highly expressed in ES cells, controls ES
cell self-renewal and proliferation [9, 10] and acts by targeting cell cycle regulators [11, 12]
and critical signaling pathways [13, 14]. MiR-302 is directly regulated by the core
pluripotency factors Oct4 and Sox2 [11]. Interestingly, it has been shown that miR-302 itself
can reprogram fibroblasts to induced pluripotent stem cells (iPCs), even in the absence of
exogenous Oct4 and Sox2 [15, 16]. Both reprogramming and differentiation require
extensive changes in chromatin structure [17], suggesting that miR-302 expression leads to
large-scale chromatin changes. However, whether miR-302 directly regulates chromatin
modifiers or specific differentiation events remains unknown.

A number of chromatin modifiers are critical to ES cell biology, iPS formation, and lineage
commitment, including the Brgl ATP-dependent chromatin remodeling complex [reviewed
in 18]. This complex regulates gene expression through the opening of chromatin and
repositioning of nucleosomes [19]. It is comprised of a central ATPase (Brm or Brgl) and
multiple Brgl-associated factors (BAFs), which are assembled in a combinatorial fashion to
dictate functional specificity. Overall, complex stoichiometry is influenced by individual
BAFs that can regulate the expression of other subunits. For example, the core subunits
BAF155 and BAF170 dictate the incorporation and stability of BAF57 [20, 21]. BAFs
exhibit different expression patterns throughout development and across cell types [22, 23].
In mouse ES cells (MESCs), the Brgl complex, termed esBAF, is characterized by the
presence of Brgl and BAF155 and a lack of their respective homologs Brm and BAF170
[24, 25]. This complex regulates stem cell- and lineage-specific factors and is essential for
self-renewal and pluripotency [24, 26—28]. Until recently, most studies were performed in
mMESCs, and little was known of the Brg1 complex function in hESCs. Brgl and BAF170
have recently been implicated in self-renewal in hESCs [29]; however, the regulation and
roles of complex composition during early differentiation events remain unclear.

Here, we have identified BAF53a and BAF170 as developmentally regulated targets of
miR-302. We have also identified sites in the 3’UTR of the BAF53a and BAF170 genes that
are directly repressed by miR-302. Changes in BAF53a and BAF170 expression during in
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vitro differentiation mirrored changes in miR-302, suggesting that miR-302 regulates these
subunits in a developmental context. Furthermore, we explored the role of BAF170
repression in hESC gene expression and differentiation potential. Overexpression of
BAF170 revealed no obvious biological phenotype in hESCs; however, gene expression
changes suggested that miR-302-mediated BAF170 repression may contribute to miR-302-
dependent effects on cell cycle regulators and cell proliferation genes. Strikingly, we find
that BAF170 overexpression severely limited the ability of hESCs to induce mesodermal
and endodermal markers during EB formation and directed differentiation, suggesting that
miR-302-mediated BAF170 repression is critical for mesendodermal differentiation. Taken
together, these data provide mechanistic and biological insights into miR-302-mediated
chromatin regulation and reveal a complex relationship between miR-302 and the Brgl
complex that regulates hESC gene expression and early cell fate decisions.

Materials and Methods

ES cell growth and differentiation

H1 cells were maintained on Matrigel (BD Biosciences)-coated plates in mTeSR medium
(Stem Cell Technologies). Retinoic acid-induced differentiation was performed by addition
of 1 uM retinoic acid. Definitive endoderm differentiation was performed using the
STEM(diff Definitive Endoderm Differentiation Kit, with minor variations to the
manufacturer’s instructions (StemCell Technologies). Specifically, cells were plated as
aggregates without the use of ROCK inhibitor.

Luciferase reporter assays

Wild-type and mutant fragments of the BAF170 and BAF53a 3’UTR were cloned into the
pMIR-Report vector (Stratagene). The reporter was cotransfected with 20 nM pre-miR-302a
precursor or negative control precursor (Ambion) and pRL-CMV for normalization
(Promega) into HeLa cells using Lipofectamine 2000 (Invitrogen). Cells were harvested 48
hours after transfection, and luciferase activity was assayed with the Dual-Luciferase
Reporter Assay System (Promega) according to the manufacturer’s instructions. Luciferase
activity was calculated as firefly luciferase/Renilla luciferase and expressed relative to
controls.

Transfections

For ectopic miR-302 expression, HeLa cells were transfected using Lipofectamine 2000
(Invitrogen) with 50 nM negative control or pre-miR-302a (Ambion). H1 cells were
transfected using Dharmafect 1 (Thermo Scientific) with 100 nM total Miridian miR-302
hairpin inhibitors (25 nM each miR-302a, b, ¢ and d), 100nM BAF170 siRNA or 100 nM
NC1 inhibitors.

Western blot analysis

Cells were lysed for Western blotting in whole cell extract lysis buffer (100mM Tris-HCI,
250mM NaCl, ImM EDTA, 1% NP-40) containing protease inhibitor cocktail (Roche).
Proteins were separated by SDS-PAGE and subjected to western blotting with the following
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antibodies: BAF170 H-116 (Santa Cruz), BAF155 H-76 (Santa Cruz), BAF53a (Bethyl
Labs), BAF180 (Millipore), BAF60a (Transduction Labs), and Oct4 C-10 (Santa Cruz).

The Brgl polyclonal antibody was generated by injecting BRG1 fragments, aa437-678,
purified from E. coli into rabbits housed at Covance Laboratories and collecting serum at
intervals using standard methods. Serum was tested by western blot for detection of BRG1.
Antiserum was purified using Nab Protein A Spin purification Kit (Pierce). Protein
concentration of resulting fractions was determined by absorbance at 280 nm using a
standard curve of purified rabbit 1IgG (Santa Cruz) and pooled. Specificity was determined
using western blots of BRG1 protein expressed in SW-13 cells probed with antisera.

Quantitative RT-PCR

Total RNA was isolated using TRIzol reagent (Invitrogen) or a Total RNA Purification Plus
Kit (Norgen). For mRNA detection, cDNA was produced using the SuperScript 111 First
Strand Synthesis System (Invitrogen) or the iScript cDNA Synthesis Kit (BioRad). Real-
time PCR was performed using Brilliant 111 Ultra-Fast SYBR Green QPCR Mix (Agilent) or
SsoAdvanced™ Universal SYBR® Green Supermix (BioRad). Ct values were normalized to
the geometric mean of four control genes (GAPDH, ACTIN, 18S rRNA, and CYPBL1). For
miRNA detection, gRT-PCR was performed using TagMan MicroRNA Assays (Life
Technologies). Ct values were normalized to the geometric mean of two controls (U6
snoRNA and RPL21). Fold change was calculated relative to control samples. Statistical
analyses (Student’s T-tests) were performed on normalized Ct values from at least three
independent replicates.

Microarray analysis

Total RNA was isolated from biological triplicates of transfected H1 cells using the Qiagen
RNeasy kit with on-column DNase treatment. RNA quality was analyzed on a Bioanalyzer
(Agilent). Gene expression analysis was conducted using Affymetrix Human Genome U133
Plus 2.0 GeneChip® arrays in the NIEHS Microarray Core Laboratory. Briefly, 100 ng of
total RNA was amplified as directed in the Affymetrix 3’ IVT Express kit protocol.
Amplified biotin-aRNAs were fragmented and hybridized to arrays using the Affymetrix
Eukaryotic Target Hybridization Controls and protocol. Array slides were stained and
washed according to the GeneChip Hybridization, Wash and Stain Kit and user manual.
Arrays were scanned in an Affymetrix Scanner 3000, and data obtained using the
GeneChip® Command Console Software (AGCC; Version 1.1) using the MAS5 algorithm
to generate .CHP files.

The data were analyzed using Bioconductor in R. Probe set intensities were extracted and
normalized using the GCRMA method from Bioconductor R package ‘gcrma’ version
2.36.0. Gene annotations were assigned to probe sets using the Bioconductor R package
*hgul33plus2.db’ version 2.14.0, supplemented using the Bioconductor R package
‘org.Hs.eg.db’ version 2.14.0 to resolve accession numbers into corresponding Entrez genes,
where possible. Statistical comparisons were modeled and fit using the Bioconductor R
package ‘limma’ version 3.20.9, using n=3 biological replicates of miR-302-inhibitor or
BAF170 overexpression (BAF1700E) versus empty vector (EV) control samples for fold
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change calculations and Benjamini-Hochberg (BH) adjusted P-values for statistical
significance. Statistical hits were defined as probes having an adjusted P-value less than 0.05
and fold change magnitude greater than 1.5. For gene-wise comparisons, per-gene data were
generated by taking the mean log;g P-value and mean log, fold change for the representative
probe sets for each gene. For genes with multiple probe sets, probes with intensities at or
below the chip background were excluded. For genes with statistically significant probe sets,
only those with adjusted p-values < 0.05 were included. In cases of significant probes in
both directions for a given gene, the direction with the most statistical significance was used
and probes having that direction were used to define the representative probes. Functional
analysis was performed using the Ingenuity Pathway Analysis software.

Flow Cytometry

Undifferentiated H1 cells or Day 4 definitive endoderm-differentiated cells were washed in
PBS and treated with trypsin for 3-5 minutes. The cells were then resuspended and washed
three times in mTeSR to obtain single-cell suspensions. Live cells were stained with either a
PE-CXCR4 antibody or a FITC-TRA-1-60 antibody (BD Pharmingen) according to the
manufacturer’s instructions. Cells were treated with propidium iodide or Pacific Blue prior
to flow cytometry to identify viable cells. Stained cells were analyzed in the NIEHS Flow
Cytometry Center on a Becton Dickinson LSR Il Flow Cytometer.

Lentiviral expression

Results

The lentiviral construct used for overexpression of BAF170 was constructed by cloning the
SVIARCC?2 coding region into the pPCDH-EF1-MCS-IRES-Puro lentiviral expression vector
(System Biosciences) using standard molecular cloning techniques. The sequence of the
PCR-amplified SMARCC2 insert was confirmed by primer walking and Sanger sequencing
performed at Eton Bioscience. Empty pCDH-CMV-MCS-EF1-Puro vector was used a
control. The viral particles were produced at the NIEHS Viral Vector Core Laboratory
according to a previously established protocol[30]. The polyclonal BAF170-overexpressing
cell line and control cell line were produced by treating H1 hESCs with lentivirus at an MOI
of 50 and culturing the treated cells in mTeSR containing 1 pg/ml puromycin for 9 days to
select for cells with lentiviral integration.

MiR-302 directly represses BAF170 in hESCs

MiR-302 expression can direct reprogramming of human somatic cells to an ES cell state,
which requires changes in chromatin structure. We therefore sought to identify miR-302
targets in human cells that affect chromatin structure with a focus on a chromatin modifier
critical for self-renewal and pluripotency, the Brgl chromatin remodeling complex. We
searched for miR-302 binding sites in the 3’UTR of all known genes encoding BAF
subunits. MiR-302 seed site matches were discovered in genes encoding BAF53a, BAF170,
BAF45c and BAF180 (Table S1). Site prediction was confirmed by Miranda
(www.microrna.org), and two sites were found to be conserved in mouse -- BAF53a and
BAF170. A number of miRNAs share the miR-302 AAGUGC seed sequence, including
miR-372, miR-373, and the miR-520 family. It is likely that these miRs can target BAF53a
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and BAF170 as well; however, we focused our study on miR-302 because it is highly
expressed in both hESC and iPSC lines (Figure S1) [Figure S1; 10, 31] and is an important
factor in cellular reprogramming [15]. To evaluate the functionality of predicted sites, we
ectopically expressed miR-302a in HeLa cells, which lack endogenous miR-302, and
assayed BAF expression. Overexpression of miR-302a (Figure 1A) led to repression of
BAF53a at the protein level and BAF170 at both the protein and mRNA levels (Figure 1B
and C). However, miR-302a overexpression had no effect on BAF180 or other complex
members lacking target sites (Figure 1B and C). These data demonstrate that miR-302a can
repress BAF53a and BAF170 expression.

We next evaluated the effect of miR-302 on BAF expression in H1 hESCs. MiR-302 is a
family of miRNAs consisting of miR-302a, b, ¢ and d. We inhibited the entire miR-302
family by cotransfecting miRNA inhibitors against miR-302a, b, ¢ and d into H1 cells.
Sequestration of the miRs was evident by the inability to amplify the mature forms, with
50% of miR-302a and c, 30% of miR-302b, and only 5% of miR-302d available for
amplification in the gRT-PCR reaction (Figure 2A). Other miRs that share a seed sequence
with miR-302 were largely unaffected by these inhibitors, except for miR-373, which also
showed a 75% decrease in mature levels by gRT-PCR (Figure S1B). We consider it unlikely
that the loss of miR-373 expression is responsible for the observed effects given its very low
expression level (Fig. S1B), although we cannot rule out this possibility. Loss of miR-302
function was confirmed by increased expression of known miR-302 targets TWF1 and p21
(Figure S2). MiR-302 inhibition had no effect on other BAF subunits but led to increased
expression of both BAF53a and BAF170 (Figure 2B and C). We confirmed that
derepression was not due to differentiation given that Oct4 and Sox2 expression remained at
baseline levels (Figure S2). As with ectopic expression in HeLa cells, repression occurred
only at the protein level for BAF53a and at both the mRNA and protein level for BAF170
(Figure 2B and C). These data show that miR-302 represses both BAF53a and BAF170 in
hESCs. Furthermore, the differential effects on BAF53a and BAF170 protein and mRNA
levels observed in both the loss-of-function and gain-of-function experiments suggest
distinct mechanisms of regulation by miR-302.

The presence of miR-302 target sites within the 3UTRs of BAF170 and BAF53a suggested
direct regulation by miR-302. To test this hypothesis, luciferase reporter constructs were
generated with a fragment of the BAF53a or BAF170 3’UTR harboring the miR-302 binding
site (Figure S3). Reporter constructs were cotransfected into HelLa cells along with
miR-302a or a negative control miR. MiR-302a repressed the luciferase activity of both the
BAF53a and BAF170 constructs (Figure 2D and E). Importantly, repression was relieved by
mutation of the miR-302 binding site (Figure 2D and E). These results confirm that miR-302
can directly regulate BAF53a and BAF170 through the identified sites in their respective
3'UTRs.

Changes in BAF expression mirror miR-302 repression during differentiation

To put this regulatory event into a biological context, we characterized changes in miR-302
and BAF expression during retinoic acid (RA)-induced differentiation of H1 hESCs. After
six days of RA treatment, differentiation was evident from the loss of Oct4, Sox2, Nanog
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and miR-302 expression (Figure 3). To determine which lineage our RA-treated cells
acquired, we analyzed the expression of differentiation markers. As expected based on
previous literature[32], the neuroectodermal marker Pax6 was strongly up-regulated,
whereas the endodermal marker Cerl was down-regulated; mesodermal markers showed a
mixed response, with Nodal being down-regulated and Brachyury up-regulated (Figure 3C).
The decrease observed in miR-302 expression occurred at the same time as an increase in
both BAF53a and BAF170 at the protein level (Figure 3B). BAF170 was regulated at the
mRNA level, as well (Figure 3A). The change in BAF170, but not BAF53a, mRNA is in
agreement with the miR-302 inhibition data and further supports differential mechanisms of
regulation. Expression of Brgl and other BAFs remained unchanged (Figure 3A and B).
Unexpectedly, an increase of BAF170 mRNA occurred prior to miR-302 repression,
suggesting a role for additional transcriptional regulatory mechanisms during differentiation.
Importantly, the increase in BAF170 and BAF53a protein occurred later and kinetically
mirrored repression of miR-302 levels (Figure 3A and B). These results further support
miR-302-mediated regulation of BAF170 and BAF53a translation and suggest that this
regulation is important for developmentally relevant changes in Brgl complex composition.

As mentioned above, we observed upregulation of BAF170 mRNA prior to miR-302
repression during RA-induced differentiation (Figure 3A), suggesting additional
mechanisms of transcriptional regulation for BAF170. Given the pleiotropic nature of RA-
induced differentiation, it is unlikely that miR-302 is the only factor impinging on Brgl
complex composition; however, it may influence the kinetics of BAF170 protein induction.
To test this hypothesis, we assayed BAF170 levels during RA-induced differentiation while
overexpressing miR-302. Transient transfection of H1 cells with miR-302a led to a 16-fold
increase in expression over the endogenous miR-302a levels. Although the overall levels
decreased at a rate similar to the endogenous miR-302a gene, levels of miR-302a expression
remained higher in the miR-302a-transfected cells than in negative controls throughout the
differentiation process (Figure S4A). No effect on BAF170 mRNA was observed (Figure
S4B), yet BAF170 protein expression was significantly decreased at 0, 3 and 6 days of RA
treatment in miR-302 overexpressing cells compared to the negative control (Figure SAC).
This result is consistent with the view that miR-302 regulates the kinetics of BAF170
induction during differentiation.

BAF170 repression contributes to miR-302-mediated changes in gene expression

While the role of BAF53a during early development has been studied previously [33], no
specific biological function in early development has been described for the BAF170 core
subunit. We therefore sought to determine the biological role of BAF170 repression in hESC
gene expression and pluripotency. To this end, we overexpressed BAF170 in H1 hESCs
using a lentiviral expression system. Polyclonal BAF170-overexpressing cell lines (OE) and
negative controls transduced with empty vector (EV) were isolated following puromycin
selection. Robust and stable overexpression of BAF170 was observed in the BAF170 OE
cell line (Figure 4A). No obvious difference in phenotype was observed between these cells
and EV cells. The cells retained their ES cell-like appearance, showed no signs of
differentiation and expressed normal levels of pluripotency genes such as Oct4, Sox2, and
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Nanog (Figure 4B and C). These results suggest that BAF170 repression is not required for
ES cell self-renewal.

Microarray analysis of the BAF170 OE cells revealed 744 genes that were misregulated
compared to controls (adjusted p-value < 0.05); however, only 169 genes exhibited fold
changes greater than 1.5 in the BAF170 OE cells compared with EV (Figure S5). This
represents relatively few genes compared to the gene expression changes that occur 48 hours
after inhibition of miR-302 in H1 cells, which led to greater than 1.5 fold misregulation of
2594 genes (Figure S5). This observation is not surprising, as miR-302 has potentially
hundreds of targets in hESCs and pleotropic effects on gene expression and cellular
processes. Nevertheless, given the direct regulation of BAF170 by miR-302, it is likely that
BAF170 repression contributes to the gene expression changes observed upon miR-302
inhibition. Indeed, almost half of the genes significantly affected by BAF170 overexpression
were also misregulated by miR-302 inhibition (Figure 4D). Although many genes affecting
the cell cycle and pluripotency are likely to be independently regulated by mir-302 or
BAF170, this observation suggests that miR-302-mediated BAF170 repression may
contribute somewhat to the gene expression changes observed upon miR-302 inhibition.
Furthermore, functional analysis of the genes misregulated by either miR-302 inhibition or
BAF170 overexpression revealed enrichment of very similar functional categories, including
cell proliferation, cell cycle regulation, cell death and apoptosis, and transcription (Figure 4E
and F). For example, cell cycle-related genes with significantly altered expression due to
both BAF170 overexpression and miR-302 inhibition included cyclins C and G2, cdc25a,
cdc27, and aurora kinase A, and many other cell cycle-related genes were significantly
regulated by either BAF170 or miR-302. The effects on cell cycle genes upon miR-302
inhibition corroborate the well-known role of miR-302 in cell cycle regulation and
proliferation in hESCs. These data further suggest that in addition to directly regulating cell
cycle regulators such as p21 and cyclin D1 [11, 12], miR-302 may also affect cell
proliferation indirectly through BAF170 repression.

BAF170 overexpression biases cells toward ectodermal differentiation

Because BAF170 OE cells exhibited no self-renewal defect, we next performed in vitro
differentiation experiments to assess the pluripotency of these cells. Embryoid bodies were
formed from EV and BAF170 OE cell lines and analyzed for gene expression on days 6 and
12. Sox2 expression was unaffected by BAF170 OE; however, the levels of OCT4 and
NANOG were lower in BAF170 OE EBs compared with controls (Figure 5). These results
indicate that BAF170 OE cells are capable of downregulating pluripotency markers during
EB formation. Expression of the neural progenitor markers NESTIN, PAX6 and SOX1 were
generally increased in day 6 & 12 BAF170 OE EBs compared with controls, with PAX6
expression showing a slight decline at day 12 (Figure 5B), suggesting that BAF170
overexpression does not impede ectodermal differentiation. On the other hand, the induction
of mesodermal (T, EOMES, GSC, and MIXL1) and endodermal markers (CER1, GATAGS,
CXCR4, and SOX17) was decreased by 50-90% in BAF170 OE EBs compared with
controls (Figure 5C and D). These results demonstrate that BAF170 overexpression biases
cells toward a neuroectodermal fate and may block mesendodermal differentiation. Oct4,
Sox2, and Nanog have differential roles in the differentiation of the three germ layers [34].

Sem Cells. Author manuscript; available in PMC 2016 October 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wade et al.

Page 9

Given that high levels of OCT4 and NANOG are associated with repression of ectodermal
differentiation, the decreased levels of OCT4 and NANOG in the BAF170 OE EBs are
consistent with the idea that these cells are biased toward ectodermal differentiation during
EB formation.

BAF170 repression is required for directed induction of mesendodermal differentiation

The observation that ectopic BAF170 expression biases cells toward an ectodermal fate is
consistent with the repression of miR-302 and upregulation of BAF170 observed during
RA-induced differentiation (see Figure 3). To determine if the opposite expression pattern
may occur during endodermal differentiation, we differentiated H1 hESCs using the
STEMdiff Definitive Endoderm Differentiation Kit (Stemcell Technologies), which leads to
a primitive streak-like mesendodermal intermediate state before inducing differentiation into
definitive endoderm. Protein and RNA changes were measured every day for four days of
differentiation. During this time, BAF170 exhibited biphasic repression and remained at
levels lower than those in hESCs throughout the differentiation process (Figure 6A).
Strikingly, miR-302 exhibited a parallel biphasic induction, consistent with the idea that
miR-302 is at least partially responsible for the repression of BAF170 during endodermal
differentiation (Figure 6B).

To determine if the observed repression of BAF170 is important for directed endodermal
differentiation, we subjected BAF170 OE and EV hESCs cells to the same definitive
endoderm differentiation protocol. BAF170 OE cells were unable to downregulate the
pluripotency factors OCT4, SOX2, and NANOG to the same degree as EV cells (Figure
7A), suggesting that BAF170 overexpression confers a differentiation defect. Further gene
expression analysis demonstrated that BAF170 OE cells were unable to fully induce either
mesodermal or endodermal markers during directed differentiation (Figure 7B and C,
respectively). The largest defects were observed for the mesodermal markers FOXF1, GSC,
and HAND1 and the endodermal markers CER1, LEFTY?2, and SOX17, which were
induced to less than 25% of control levels in the BAF170 OE cells. Approximately 30-50%
induction was observed in BAF170 OE cells for T, EOMES, CXCR4, and GATA4. These
results demonstrate that ectopic BAF170 expression inhibits the induction of mesodermal
and endodermal genes in response to differentiation cues.

To determine the percentage of cells that were able to successfully undergo differentiation to
definitive endoderm, pluripotency and endodermal surface markers were analyzed by flow
cytometry on day four of the differentiation protocol. Eighty percent of BAF170 OE cells
remained positive for the pluripotency cell surface marker TRA-1-60 after four days of
differentiation, a dramatic increase over the 17% of positive-staining cells observed in the
EV population. Conversely, only 40% of the BAF170 OE cells expressed the endodermal
marker CXCR4 after four days of differentiation, while 80% of the EV cells were CXCR4
positive. Together, these data suggest that BAF170 repression is critical for efficient
endodermal differentiation and required for induction of mesoderm- and endoderm-specific
gene expression programs.
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Discussion

It is well established that miRNAs and chromatin modifiers are critical for ES cell biology
and development; however, how these players interact remains largely unexplored. Here, we
have identified a novel regulatory mechanism between miR-302 and the Brg1l complex
subunits BAF53a and BAF170; specifically, our results indicate that miR-302 binds the
3’UTRs and directly regulates BAF53a and BAF170. Previous studies on murine neural
development have demonstrated regulation of BAF53a by other miRNAs during mouse
development [33]. Similarly, more recent work has revealed miRNA-mediated regulation of
BAF60 isoforms during myogenesis in chick embryos [35]. Our data from hESCs, models of
early human embryonic development, extend the miRNA-mediated regulation of BAF
subunits to an earlier developmental window and suggest that similar regulation occurs
during human development. Furthermore, these data provide, to our knowledge, the first
mechanistic insight into BAF regulation in ES cells. Combined with the additional recent
work in mouse and chick development, our data in hESCs suggests that miRNA-mediated
regulation may be a general mechanistic approach used during development to dictate
functional changes in multisubunit complexes such as the Brgl chromatin remodeling
complex. More in-depth studies matching tissue-specific miRNA expression with mMRNA
expression and miRNA target prediction of tissue-specific isoforms of dynamic multisubunit
complexes may reveal additional regulatory events important for development or other
cellular transformations.

Recent work has shown that Brgl and BAF170 are important for self-renewal in hESCs
[29]. Specifically, knock down of Brgl or BAF170, but not BAF155, led to loss of the stem
cell-like phenotype in hESCs. Given that BAF170 is required for self-renewal, it is perhaps
not surprising that we observed no loss of self-renewal in BAF170 OE cells. In hESCs,
BAF170 overexpression does not appear to vitally affect complex function; i.e., whereas too
little BAF170 impairs self-renewal [29], too much BAF170 has no affect in this context
(Figure 4B and C). On the other hand, Zhang et al., also showed that embryoid bodies
formed from Brgl-deficient cells are biased toward ectodermal differentiation and impaired
for mesendodermal differentiation. These results are similar to those seen here for BAF170-
overexpressing embryoid bodies, suggesting that overexpression of BAF170 negatively
impacts the overall function of the Brgl complex in the context of embryoid body formation
and mesendodermal differentiation. This seemingly paradoxical result is not surprising given
the dual role of the complex in both stem cell self-renewal and lineage determination.
Overall, these results support a role for BAF170 in dictating context-dependent Brgl
complex function.

Interestingly, BAF170 and its homolog BAF155 are core subunits of the Brgl complex that
are generally thought to be involved solely in scaffolding and complex stoichiometry[36].
The importance of BAF170 regulation in development described here suggests that BAF170
may have more specific roles and play a larger part in dictating functional specificity of the
complex than previously appreciated. Some evidence of this exists from work on mESCs
[24] and murine neural development [37], which has shown distinct expression patterns of
BAF170 and BAF155 in specific cell types during development. Interestingly, recent results
showed that manipulation of BAF170 levels affected chromatin regulation and

Sem Cells. Author manuscript; available in PMC 2016 October 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wade et al.

Summary

Page 11

differentiation patterns in neocortex development[37]. In this context, BAF170
overexpression led to decreased neocortical volume and changes in cellular differentiation
patterns. Along with the data presented here, these results suggest that Brgl core subunits
such as BAF170 and BAF155 play complex roles in regulating cellular differentiation at
many levels of development and have distinct functions that are dependent on the cellular
and developmental context.

The context-dependent roles of different core subunits may also be integral to species-
specific differences in ES cell biology. Our current data support a Brgl core complex
composition in hESCs that is distinct from that observed in mESCs, as recently reported
[29], [24, 25]. Most notably, compared with mESCs, we observed significant expression of
BAF170 in hESCs (Figure S6), which we have demonstrated to have a key biological role in
hESC pluripotency and differentiation. Given the potentially far-reaching applications of ES
cell-derived technologies for clinical biology, it is critical to fully understand the differences
between mESCs and hESCs. There is currently a large body of work outlining many of the
intricacies of the networks controlling mESC function; however, applying this knowledge to
clinically relevant hESCs remains a challenge given the differences between these cell types.
The present work provides additional insight into those differences and elucidates
mechanisms that can be further explored and exploited to understand the complexities of
both mouse and human embryonic stem cell biology.

While miR-302 has largely been studied for its role in ES cell self-renewal and somatic cell
reprogramming, evidence suggests that it also has a role in early differentiation events.
Previous studies have implicated the miR-302 family and the related miR-373 in
mesendodermal differentiation [38, 39]. These findings are consistent with the increase in
miR-302 observed in the present study during definitive endoderm differentiation. This role
of miR-302 and miR-373, however, has until now largely been attributed to direct repression
of the TGFB/Nodal inhibitor Lefty [13, 38, 39]. While Lefty repression is undoubtedly
important in this process, our work has identified an additional novel target of miR-302
whose repression is required for endodermal differentiation — the Brgl complex subunit
BAF170. Importantly, this finding may provide clues regarding, and direct further studies to
elucidate, the role of miRNAs, such as miR-302, and chromatin remodeling complex
composition in the genome-wide chromatin changes that occur during differentiation or
cellular reprogramming.

By identifying BAF170 as a miR-302 target required for mesendodermal differentiation, we
have expanded the role of the Brgl complex, and BAF170 in particular, in critical aspects of
hESC biology and differentiation. The Brgl complex is among a number of chromatin
modifiers critical to maintain the distinct chromatin architecture of ES cells [23, 40]. These
chromatin modifiers, along with core transcription factors like Oct4 and Sox2, miRNAs and
signaling pathways, are critical components of the core regulatory circuitry underlying ES
cell self-renewal and pluripotency [41]. This work contributes substantially to our
understanding of the network of chromatin modifiers, miRNAs, transcription factors and
signaling pathways underlying hESC self-renewal and pluripotency. Importantly, it
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underscores the critical nature of interplay between epigenetic factors such as miRNAs and
chromatin remodeling complexes in driving cell fate decisions in hESCs and suggests that
similar mechanisms are at play in human embryonic development.
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SIGNIFICANCE STATEMENT

This work establishes a regulatory connection between microRNAs and chromatin
remodeling protein complexes critical for pluripotency in human ES cells. Our data
demonstrate show that specific micro RNAs can regulate chromatin remodeling complex
composition in human embryonic stem cells through direct repression of the BAF53a and
BAF170 protein expression. We show that this altered protein expression contributes to
miR-302-mediated regulation of genes involved in cell proliferation. We are confident
that our identification of novel regulatory mechanisms involving key epigenetic factors in
embryonic stem cell biology may allow for the development of novel therapeutic
strategies for human diseases.
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Figurel.
Ectopic miR-302 expression leads to BAF170 and BAF53a repression. (A) Ectopic

expression of miR-302a in HeLa cells. (B) Protein levels of Brgl complex subunits in HeLa
cells transfected with pre-miR-302a or negative control (NC). B-actin was used as a loading
control. (C) mRNA levels of Brgl complex subunits measured by gRT-PCR. In all panels,
error bars represent standard deviation of at least three independent replicates. * p < 0.05
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Figure2.
miR-302 directly regulates BAF170 and BAF53a in hESCs. (A) Inhibition of the miR-302

family in H1 hESCs. Sequestration of mature miR-302 is evident by inability to amplify
miR-302a and miR-302c by gRT-PCR. (B) mRNA levels of Brgl subunits measured by
gRT-PCR following inhibition of miR-302 in hESCs compared to negative control. (C)
Protein level of Brgl complex subunits upon miR-302 inhibition in hRESCs compared to
negative control. (D) Luciferase activity of BAF170 WT and mutant 3’'UTR reporter
constructs cotransfected into HeLa cells with pre-miR-302a or negative control precursor.
(E) Luciferase activity of BAF53a WT and mutant 3’UTR reporter constructs cotransfected
into HeLa cells with pre-miR-302a or negative control precursor. In all panels, error bars
represent standard deviation of at least three independent replicates. * p < 0.001, ** p <
0.01, *** p < 0.05
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Differentiation-induced upregulation of BAF170 and BAF53a mirrors miR-302
downregulation. (A) mRNA levels of miR302a, Oct4 and Brgl complex subunits measured
by qRT-PCR in H1 hESCs treated with 1 uM retinoic acid for the indicated time periods. (B)
Protein levels of Brgl complex subunits and Oct4 during RA-induced differentiation. (C)
An assessment of the effects of RA-induced differentiation on H1 ESCs, using pluripotency
markers and lineage markers for each of the three germ layers. mRNA levels of the
indicated pluripotency genes and lineage markers were measured by gRT-PCR in H1 hESCs

treated with 1 UM retinoic acid for the indicated time periods.
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Figure4.
BAF170 overexpression and miR-302 inhibition both affect cell cycle and proliferation

genes. (A) Western blot of BAF170 levels in cells lines stably transduced with empty
lentiviral vector (EV) or lentiviral vector containing the BAF170 ORF (OE). Actin was used
as a loading control. (B) Phase contrast microscopy of EV and OE cell lines three days after
passaging showing characteristic hESC morphology. (C) mRNA levels of BAF170, OCT4,
SOX2, and NANOG in the EV and OE cell lines. (D) Venn diagram demonstrating the
overlap in gene sets misregulated upon miR-302 inhibition or BAF170 overexpression based
on microarray gene expression analysis. (E) Top ten functional categories enriched in the set
of genes misregulated in the BAF170 OE cell line. (F) Top ten functional categories
enriched in the set of miR-302-regulated genes.
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BAF170 overexpression biases EB differentiation toward the ectodermal lineage. (A-D)

mMRNA expression analysis of Day 6 and Day 12 embryoid bodies obtained from the EV and
BAF170 OE cell lines. The genes analyzed included typical pluripotency (A), ectoderm (B),
mesoderm (C), and endoderm (D) markers. The qRT-PCR data are expressed as the median-

centered normalized expression for each gene.
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Figure®6.
BAF170 is repressed as miR-302 is upregulated during definitive endoderm differentiation.

(A) Western blot analysis of BAF170 expression during definitive endoderm differentiation.
GAPDH was used as a loading control. (B) miRNA expression of miR-302a and miR-302c
during definitive endoderm differentiation.
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Figure7.
BAF170 overexpression blocks mesendodermal marker expression and definitive

endodermal differentiation. (A—C) mRNA expression of untreated BAF170 OE and EV
hESCs and cells undergoing definitive endoderm differentiation. Samples were taken on
days 1, 2, 3 and 4 during the differentiation process. The gRT-PCR data are expressed as
fold change over expression in untreated EV hESCs. (D) Flow cytometry showing the
percentage of BAF170 OE and EV cells expressing the pluripotency marker TRA-1-60 or
the endodermal marker CXCRA4 after 4 days of definitive endoderm differentiation. The data
shown are representative results from three independent replicates. (E) Histogram showing
collected data from at least three measurements of TRA-1-60 and CXCR4 expression in
both the EV and BAF170 OE cell lines following the directed definitive endoderm protocol.
*p<0.05
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