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Even though gene repression is a powerful approach to exogenously regulate cellular behavior,
developing a platform to effectively repress targeted genes, especially for stem cell applications,
remains elusive. Herein, we introduce a nanomaterial-based platform that is capable of mimicking
the function of transcription repressor proteins to downregulate gene expression at the
transcriptional level for enhancing stem cell differentiation. We developed the NanoScript platform
by integrating multiple gene repression molecules with a nanoparticle. First, we show a proof-of-
concept demonstration using a GFP-specific NanoScript to knockdown GFP expression in neural
stem cells (NSCs-GFP). Then, we show that a Sox9-specific NanoScript can repress Sox9
expression to initiate enhanced differentiation of NSCs into functional neurons. Overall, the
tunable properties and gene knockdown capabilities of NanoScript enables its utilization for gene-
repression applications in stem cell biology.

TOC image

It Will Knock You Down: A NanoScript-based platform is designed to knock down
transcriptional gene expression in stem cells. The tunable and non-viral NanoScript platform,
which is comprised of a nanoparticle functionalized with specific small molecules, has been
demonstrated to both effectively knock down GFP in GFP-labeled neural stem cells (NSCs), and
repress Sox9expression in NSCs to induce differentiation into functional neurons.
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Stem cell differentiation and cellular reprogramming is fundamentally regulated through a
process known as gene regulation.[!] Gene regulation is an inherent cellular mechanism
through which gene expression is either increased or decreased, and this has a direct impact
on cellular behavior such as proliferation, migration, and differentiation.[?] There are two
types of gene regulation: 1) gene activation, which refers to an increase in the expression
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levels of a targeted gene, and 2) gene repression, which refers to a decrease in the expression
levels of targeted genes.[3]

The complex process of gene regulation is intrinsically regulated by transcription factors
(TFs), which function by binding to specific gene sequences, thereby controlling the
initiation of transcription of genetic information.[4] Once TFs bind to their target gene, the
gene can either be activated or repressed, depending on which domains are present on the
TFs. A typical TF contains three fundamental domains: 1) a DNA-Binding Domain (DBD)
which is sequence-specific and binds to target sequences, 2) a nuclear localization domain to
enable the TF proteins entry inside the nucleus, and 3) either an activation domain or a
repression domain (RD). If an activation domain is present on the TF, then the targeted gene
will be transcribed and gene expression will be upregulated;®] and if a RD is present on the
TF, then the target gene will be repressed and gene expression will be downregulated.[6]

We recently developed a nanomaterial-based platform called NanoScript, which was
designed to mimic the fundamental structure and function of TF activator proteins.[’]
NanoScript was designed by attaching specific small molecules on a nanoparticle. These
small molecules emulate the function of individual domains on TF proteins, and when
multiple small molecules are assembled together on a single nanoparticle, the resulting
NanoScript platform can mimic the function and structure of natural TF proteins.
NanoScript is a platform with interchangeable components that can be modified depending
on the desired application. Our previous NanoScript included a series of small molecules to
mimic a subset of TF activator proteins. However, even though there are reports of small
molecule-based approaches for transcriptional gene knockdown in i vitro systems,[8] there
have been no previous reports to either demonstrate NanoScript’s capability to mimic TF
repressor proteins or to develop a nanomaterial-based platform that can effectively repress
genes at the transcriptional level. We speculate that by modifying our NanoScript platform
with repression-specific small molecules, we can design NanoScript to mimic transcriptional
repressor proteins for effectively downregulating genes to induce stem cell differentiation.

Herein, we developed the NanoScript platform to effectively mimic the fundamental
structure and gene-silencing function of TF repressor proteins. In order to emulate the
function of each domain on natural TF repressor proteins, NanoScript was constructed by
assembling multiple gene repression molecules, which function to inhibit and block the
recruitment of factors to the DNA binding site to prevent gene expression, together on a
multifunctional nanoparticle (Figure 1a, b). We performed a proof-of-concept experiment by
successfully repressing endogenous expression of green fluorescence protein (GFP) in
neural stem cells. Moreover, NanoScript was utilized to repress the neuro-specific gene Sox9
in neural stem cells which induced their differentiation into neurons (Figure 1c). The
primary advantage of our multifunctional NanoScript platform over conventional approaches
is its ability to tether multiple repressor molecules, which function through different
mechanisms, on a single nanoparticle to synergistically repress gene expression.

The NanoScript platform was functionalized with multiple molecules in order to emulate the
function and structure TF repressor proteins. The first component of NanoScript is the
hairpin polyamide molecule, specific for the GFP and Sox9genes. The hairpin polyamide is
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a small molecule comprised of the pyrrole (Py) and imidazole (Im) groups which binds to A-
T and G-C base pairs on the DNA respectively with nanomolar affinity.[®] The binding of the
hairpin polyamide to the DNA sterically hinder the attachment of enzymes like RNA
Polymerase Il to the binding site, which in turn, prevents the gene from being
transcribed.[82] The GFP promoter sequence was obtained from the company from which
GFP-labeled rat neural stem cells (rNSCs) were purchased (Figure S1). A hairpin polyamide
with a sequence of PyPyPy-p-PyPylm-y-PyPyPy-p-PyImPy-B-Dp-NH2 (y is y-
aminobutyric acid, B is p-alanine, and Dp is dimethylaminopropylamide) that targets the
GFP promoter was synthesized using a previously established solid-phase synthesis protocol
(Figure S2a).[78l An in-vitro binding assay study was performed using surface plasmon
resonance (SPR) and revealed a high nanomolar binding affinity (Figure S2b). Moreover, we
synthesized a Sox9-specific hairpin polyamide with a sequence of PyPyPy-B-PylmPy-vy-
PyPyPy-p-PylmIm-B-Dp-NH2 that also showed nanomolar binding affinity to its target
sequence. (Figure $3).[10]

The second molecule is the corepressor peptide with a sequence of WRPW. The WRPW
peptide was specifically chosen because: 1) it has been demonstrated to induce gene
repression by preventing the formation of the basal transcriptional machinery at the binding
site, 2) it induces repression of genes via the Groucho family proteins, which have been
demonstrated to play a role in neurogenesis, and 3) it is a short tetrapeptide with only 4
amino acids, and hence it is readily soluble in physiological environments.[!] The third
molecule is the membrane penetrating peptide (MPP) which has been previously
demonstrated to effectively shuttle nanoparticles across the plasma and nuclear
membrane.[12]

These small molecules (hairpin polyamide, WRPW peptide, and MPP) were conjugated to
PEG-based linker molecules to enhance their solubility, with the PEG linker having with a
thiol terminus to enable functionalization onto the magnetic core-shell nanoparticles
(MCNPs).[131 MCNPs were chosen because of their high biocompatibility, inert properties,
ability to induce magnetofection by placing a magnet underneath the culture plate to attract
MCNP onto the cell surface, and multifunctional gold surface which enable attachment of
multiple molecules on a single nanoparticle.[}4] After the nanoparticles were functionalized
with the PEG-terminated small molecules (refer to methods in Sl for details), the resulting
platform was termed NanoScript (Figure 2a). Using a combination of dynamic light
scattering and transmission electron microscopy, we found the size of the MCNP to be 17.3
nm (Figure S4), and after functionalization, the size of both NanoScript-GFP and
NanoScript-Sox9 was found to be about 45 nm (Figure 2b). Through UV-vis absorption
spectroscopy, we observed a shift in the plasmon resonance which is indicative of surface
functionalization (Figure S5). Based on previously demonstrated studies which show that
there are approximately 4.3 ligands/nm?, we predict that there are approximately 3,902
ligands on the nanoparticle.[5] Moreover, the monodispersity of NanoScript was confirmed
through transmission electron microscopy, wherein we visualized well-rounded and
monodispersed sizes (Figure 2c¢). Furthermore, we tested if NanoScript can localize within
the nucleus by labeling NanoScript with an Alexa Flour 568 dye and transfecting them into
rat neural stem cells (rNSCs). After 24 hours, we performed fluorescence imaging and
NanoScript was detected within the nucleus (Figure 2d, Figure S6). We also performed
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transmission electron microscopy on cellular cross-sections and found that NanoScript was
distributed in the nucleus and cytoplasm (Figure S7). Moreover, we performed inductively
coupled plasma optical emission spectrometry (ICP-OES) and observed that NanoScript was
uptaken inside the cells (Figure S8).

To test if NanoScript can repress gene expression, we performed a proof-of-concept
demonstration using a GFP-specific NanoScript (termed NanoScript-GFP) on GFP-labeled
rNSCs. These GFP-labeled rNSCs intrinsically express GFP, and its expression can easily be
detected through fluorescence imaging.[6] Hence, we can evaluate the gene repression
capability of NanoScript-GFP by observing GFP knockdown in rNSCs (Figure 3a). The
rNSCs were transfected with NanoScript-GFP and expression of GFP was evaluated at
different time points using fluorescence imaging. During the transfection, a magnet was
placed underneath the culture plate for 15 min to induce magnetically-facilitated delivery,
which is a technique to attract NanoScript onto the cellular surface, in a similar manner as
our previous paper.[14P] After 4 days, the GFP expression was significantly repressed as
compared to the control; and control conditions which included unconjugated GFP
polyamide, unconjugated WRPW peptide, nanoparticle with WRPW (MCNP-WRPW), and
nanoparticle with GFP polyamide only (MCNP-GFP), showed decreased GFP knockdown
(Figure 3b). In the control conditions, attachment of either WRPW or GFP polyamide to the
nanoparticle increased GFP knockdown as compared to unconjugated WRPW or GFP
polyamide. The same nanoparticle core was used for each condition. Moreover, the MPP
was shown to have almost no direct influence on GFP knockdown (Figure S9). The intensity
of GFP fluorescence expression in the images of all the conditions was quantified, and these
results not only confirmed the trend observed in the fluorescence images, but revealed a
time-dependent increase of GFP knockdown (Figure 3c). Finally, we tested GFP mRNA
levels using gPCR and observed a similar trend of decreasing GFP expression using
NanoScript (Figure S10). Collectively, these results suggest that NanoScript-GFP can not
only repress endogenous expression of GFP, but also that the cooperative function of the
polyamide and WRPW on the same nanoparticle enhances gene knockdown.

Although this proof-of-concept demonstration indicates that NanoScript can repress gene
expression, the real challenge and central goal is to translate the NanoScript-based gene
repression approach for stem cell differentiation applications. To this end, the Sox9gene has
been identified as a critical gene to regulate neuronal differentiation in stem cells. Studies
have shown that repression of Sox9in neural stem cells initiates a pathway to guide their
differentiation into neurons.[16-17] Hence, we developed a Sox9-specific NanoScript (termed
NanoScript-Sox9), and we predict that if NanoScript-Sox9 can effectively repress Sox9in
human neural stem cells (hNNSCs), enhanced differentiation into neurons can be observed
(Figure 4a).

To test this, we transfected NanoScript-Sox9 into hNSCs (refer to methods in Sl for
protocol) and then we evaluated the expression of neuronal markers through gPCR and
immunocytochemistry. Specifically, the expression of 7u/Z was evaluated because it is a
prominent marker for neurons.[18] We predict that the suppression of Sox9 by NanoScript-
Sox9 should lead to enhanced neuronal differentiation, and hence, an increase in 7uj1
expression. We fixed and stained for 7u/Z on Day 5, and the resulting fluorescence images
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indicated a greater expression of 7uj as compared to the control (Figure 4b). This was
further confirmed by testing gene expression through qPCR, wherein the expression levels
induced by NanoScript-Sox9 showed a decrease of Sox9 expression by 63% and a 5.7-fold
increase in 7uj/1 expression as compared to the control (Figure 4c). The expression levels of
other control conditions (nanoparticle with WPRW and nanoparticle with Sox9 polyamide)
were also able to induce Sox9 repression and 7u/Z expression, but not as strongly as
compared to the NanoScript-Sox9 conditions (Figure 4c). The expression levels of
additional control experiments including unconjugated Sox9 polyamide and WRPW showed
minimal changes as compared to the control (Figure S11). Expression of Sox9 protein levels
was further evaluated using immunostaining which revealed a similar decreasing trend in the
NanoScript-Sox9 condition (Figure S12). Moreover, by performing scanning electron
microscopy (SEM), we were able to visualize neurons in high resolution (Figure S13). High
cell survival was confirmed with a cell viability assay (Figure S14).

To evaluate if the induced neurons have spontaneous neuronal activity, we monitored
changes in intracellular calcium levels. Functionally active neurons are known to
spontaneously fire action potentials that allow influx of cations including calcium.X®] Using
a commercially available calcium indicator dye, Fluo4, changes in intracellular calcium
concentrations were visualized and its fluorescence intensity was quantified. After 7 days
post-transfection, we performed calcium imaging using Fluo4 and observed changes in
fluorescence levels in the induced neurons (Figure 4d, Video S1). Furthermore, we
quantified the fluorescence changes and observed spontaneous fluctuations of calcium ions
in the active neuron over a 60 second period while the control inactive neuron did not show
any changes in fluorescence (Figure 4e). These results suggest that the induced neurons
show functional activity.

In summary, the overall goal of introducing a tunable and efficient platform that can mimic
TF repressor proteins for effectively repressing genes to induce stem cell differentiation was
achieved. As a result, this is the first-ever demonstration of utilizing a nanomaterial-based
platform for emulating the function of TF repressor proteins to downregulate gene
expression at the transcriptional level for inducing stem cell differentiation. We developed
the NanoScript platform by functionalizing a nanoparticle with multiple gene repression
molecules such as gene-specific polyamides and the WRPW peptide. We first show a proof-
of-concept demonstration that utilizes a GFP-specific NanoScript to knockdown GFP
expression in GFP-labeled rNSCs. Then we show that a Sox9-specific NanoScript can
repress Sox9expression in hNSCs to initiate enhanced differentiation into functional
neurons. The only difference between these two demonstrations is the gene-specific
polyamide, thus highlighting the versatility and tunability of the NanoScript platform.

Furthermore, the results from both demonstrations (GFP knockdown and Sox9 repression)
suggested that the synergistic effect of the polyamide and WRPW peptide on the NanoScript
is needed for enhanced gene repression. One hypothesis for this result is that the two
molecules contribute to gene repression through two different mechanisms. Previously
reported mechanistic studies have shown that the binding of the polyamide to the target
DNA sequence sterically occlude factors like RNA polymerase 1l for assembling on the
DNA;[85] and the WRPW peptide is known to initiate the Groucho family proteins which are
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well-established corepressor factors that prevents the formation of the transcriptional basal
complex.[110] By assembling both molecules on the NanoScript, we not only synergistically
enhance gene repression, but enable NanoScript to more closely mimic the structure of TF
repressor proteins.

While NanoScript does not completely knockdown GFP, its knockdown level is comparable
to other nanomaterial-based methods that regulate GFP knockdown at the translational
level.[18] Other methods for inducing neuronal differentiation such as viral vectors, small
molecules, and nanomaterial-based platforms have been developed,[16: 201 but because of
NanoScript unique features including its non-viral gene regulation and interchangeable
components, we are further investigating to optimize and evaluate NanoScript against
current methods. Furthermore, previous studies have shown that the extra cellular matrix
plays a role in inducing neuronal differentiation,[21] and so, the effect of ECM on assisting in
NanoScript-based differentiation may require further investigation. Thus far, the current
NanoScript platform is primarily applicable for gene regulation in adherent cells, but when
NanoScript was evaluated for gene regulation in hNSCs cultured in suspension, we observed
knockdown of the Sox9 gene (Figure S15); however, we are further optimizing and
investigating the potential of applying NanoScript for other cell types, such as those in
suspension.

In conclusion, the introduction of NanoScript platform as an approach to repress gene
expression will significant impact the field of stem cell biology. First, because NanoScript
regulates gene repression in a non-viral manner, it can be a candidate for stem cell-based
research and potential therapies. Second, the high cell viability of NanoScript-transfected rat
and human NSCs ensures the potential applicability of NanoScript for other stem cells lines.
Third, by simply redesigning the polyamide sequence to complement a targeted gene, it is
possibly to modify NanoScript to target and repress almost any gene of interest. We are
confident that the versatility, effectiveness, and tunable properties of NanoScript will give
scientists a new tool for gene-regulating applications such as stem cell biology and cellular
reprogramming.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Schematic Representation of NanoScript-based Gene Repression
(a) When components of the transcriptional basal complex assemble on a target DNA

sequence, such as the Sox9promoter sequence, the corresponding gene is transcribed. (b)
NanoScript-based gene expression is based on the synergistic effect of the DNA Binding
Domain molecule for steric hindrance and the co-repressor molecule to disrupt the formation
of the transcriptional basal complex on the target DNA sequence. (c) To demonstrate
NanoScript-based repression in neural stem cells (NSCs), a GFP-specific NanoScript
silences expression of GFP and a Sox9-specific NanoScript represses Sox9 to induce
neuronal differentiation.
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Figure 2. Construction and Characterization of NanoScript

(a) The magnetic core-shell nanoparticle (MCNP) was functionalized with PEG-terminated
biomolecules, through thiol-gold interactions, to develop the NanoScript platform specific
for either GFP or Sox9. (b) The hydrodynamic diameter and (c) transmission electron
micrographs of NanoScript (scale bar = 20 nm). (d) A dye-labeled NanoScript (red) was
transfected into rat NSCs and NanoScript was detected within the nucleus (blue) (scale bar =

20 pm).
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Figure 3. NanoScript-GFP Effectively Silences GFP Expression
(&) Schematic representation of NanoScript-GFP downregulating GFP expression (/.e.

reduction in green fluorescence from the cell) in GFP-labeled rat NSCs. (b) Fluorescence
images of GFP-labeled rNSCs 4 days post transfection showing a maximal decrease in GFP
expression (green) when NanoScript-GFP is transfected (scale bar = 20 pym). A 1 nM
concentration of MCNPs was applied during the transfection. (c) Quantification of GFP
expression in the fluorescence images corroborates the trend in the images and reveals that
NanoScript-GFP has the highest GFP knockdown as compared to the controls.
Quantification of GFP knockdown is an average from 6 images and standard error is from
three independent trials.

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2017 August 23.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Patel et al. Page 12

a) b) o hase Tujl

Repression of Sox9

using NanoScript-Sox9
NSCs Enhances Neuronal AN,
Differentiation Functional

Neurons

S—

[ Sox9 Expression
I Tuj1 Expression

2 >
n pio4) uoissaidxg Ling

Sox9 Expression (% Downregulation) €

{uon

NanoScript-Sox9

Au-WRPW ) Au-Sox2 'NanuScriptASoxg

—— Active Neuron
Inactive Meuron (Control)

15 30 45 60
Time (seconds)

Figure 4. NanoScript-Sox9 Represses Sox9 to | nduce Functional Neuronal Differentiation
(a) Schematic representation of Sox9 repression in human NSCs by NanoScript-Sox9

induces enhanced neuronal differentiation. (b) Fluorescence images of hNSC stained with
Tuf15 days post-transfection shows greater 7uyZ expression (red) when NanoScript-Sox9 is
transfected. (Scale bar = 20 um). (c) Gene expression analysis using gPCR in hNSCs reveals
that repression of Sox9 correlates with an upregualtion of 7uj/1. (Percent down-regulation of
Sox9and fold up-regulation of 7u/7 was calculated by normalizing to the housekeep gene,
GAPDH, from the control) Standard error is from three independent trials (" = £< 0.05). (d)
Spontaneous calcium fluctuations via Fluo4 fluorescence (orange/yellow color) for an active
neuron (white circle) during 18 seconds of imaging (scale bar = 20 um). (e) Traces for the
normalized fluorescence change (AF/Fg) representing spontaneous calcium ion influx for an
active neuron (red line) and an inactive neuron (black line). Decreasing trend of the
fluorescence is due to mild photobleaching.
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