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ABSTRACT
The leading FDA-approved drugs for epigenetic cancer therapy are small molecule compounds
that activate silenced tumor suppressors by inhibiting enzymes that generate aberrant
repressive chromatin. Although promising, this approach is limited because chromatin-modifying
enzymes often target non-chromatin proteins and can serve dual functions as gene repressors
and activators. Previously, we have demonstrated that a transgenically expressed synthetic
polycomb-derived transcription factor (PcTF) could activate genes in silenced chromatin via
specific interactions with histone H3 trimethylated at lysine 27 (H3K27me3). Efficient non-viral
intracellular delivery remains a challenge for protein-based biologics. Herein, we report the
delivery of cell-penetrating PcTF (CP-PcTF) to cultured cells. We expressed and purified
recombinant PcTF that was fused in frame with a nuclear localization signal and a cell
penetrating peptide tag (TAT). We demonstrated rapid and efficient uptake of soluble CP-PcTF
by osteosarcoma U-2 OS cells grown in 2-D monolayers and 3-D spheroids. However, CP-PcTF
had a modest effect on gene expression and cell proliferation compared to
transgenically-expressed PcTF from our previous work. Overall, these results suggest that TAT
is a very effective delivery vehicle for the recombinant transcriptional regulator PcTF, and that
further technical development is needed to deliver functional PcTF into cell nuclei.
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INTRODUCTION
Molecular pathways that support healthy and diseased cell states are in large part driven by
proteins that act outside and within cells. Therefore, protein-based therapeutics (biologics) offer
potential advantages over small molecule drugs and gene therapy, such as high specificity,
potency, and lower likelihood to induce immune responses [1,2]. Recombinant protein delivery
avoids nucleic acid induced cytotoxicity and off target effects from viral or DNA particles. In
addition, nucleic acid based delivery can be cytotoxic and induce recombination with the
endogenous genome. Recombinant protein delivery avoids these caveats and has been shown
to enhance the specificity of targeted interventions. For instance, a Cas9 base editor (HF-BE3)
delivered to HEK293 cells as ribonucleoproteins specifically edited target cytosines, whereas
delivery of HF-BE3-expressing plasmid DNA led to off target editing [3].
Clinical biologics such as antibodies [4] and insulin [5] interact with the exterior of the cell or
act within the cytoplasm. However, many critical targets, such as genes and epigenetic factors,
lie within the nucleus. Pre-clinical, basic research has demonstrated nuclear delivery of
Cas9/gRNA gene-editing complexes in cultured animal cells via cationic lipids [6] or
nucleofection [7], in tissues in vivo via cationic lipids [6] or local injection [7], and in plant cells
via PEG-calcium [8]. Additionally, fusions of protein cargos with cell penetrating peptides (CPPs)
have been successfully used to deliver metalloenzymes to catalyze the release of small
molecules in cells [9], transcription factor HOXB4 to expand stem cells [10], and p53 to inhibit
cancer cell growth [11]. The CPP induces endocytosis when the fusion molecule reaches the
cell membrane [12]. CPPs such as TAT from HIV are small (11 amino acids), are unlikely to
interfere with protein function [13,14], and therefore could be used for a variety of biologics,
including genome- and epigenome-targeting proteins.
We are interested in developing cell-penetrating protein biologics for epigenetic therapy.
Currently, the leading epigenetic drugs are small molecule compounds that block enzymes that
modify chromatin, and can result in undesired effects, such as oncogene activation [15].
Engineered chromatin proteins could provide greater target specificity. For instance, epigenome
editing proteins have been used to alter disease-associated histone post-translational marks
and DNA methylation at specific genes and enhancers (reviewed in [16,17]). We have
previously designed chromatin sensor-actuator proteins that bind histone post-translational
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modifications and co-activate groups of repressed genes. We demonstrated that a
H3K27me3-specific sensor-actuator called PcTF activates epigenetically repressed tumor
suppressor genes in several cancer cell lines [18,19]. However, experiments with epigenome
editors and sensor-actuators have relied heavily on the delivery and overexpression of
fusion-encoding transgenes. Having recently demonstrated that purified recombinant PcTF
specifically binds its target H3K27me3 in vitro [20], we set out to determine if purified PcTF
proteins maintain their function as potent gene activators after they are delivered directly to
cells.
To determine which peptides would enable delivery of PcTF, we tested CPPs with different
cellular trafficking properties, and analyzed mCherry-tagged PcTF uptake in cultured
osteosarcoma U-2 OS with fluorescence microscopy and flow cytometry. In this report, we
describe the results of co-delivery of purified PcTF with one of four CPPs: HA2 [21], E5 [22],
TAT [1], L17E [23]. TAT and L17E peptides showed the highest levels of cellular mCherry signal
after 24 hours of treatment. In order to streamline protein delivery and reduce excess unbound
CPP’s, we fused a C-terminal TAT peptide in-frame with PcTF to produce CP-PcTF. We
observed that CP-PcTF accumulates in cells in a dose and time-dependent manner. Changes in
gene expression in CP-PcTF-treated cells suggest that the protein remains active after it enters
the cytoplasm, and eventually the nucleus. In addition, we show that CP-PcTF slows the growth
of U-2 OS spheroids, suggesting that Cp-PcTF-mediated gene regulation is sufficient to affect
the phenotype of these cells. These results represent important progress towards the nuclear
delivery of recombinant chromatin proteins to cells in 2D and 3D models.
RESULTS
Identification of cell-penetrating peptides that support PcTF delivery
In order to identify an effective protein delivery vehicle for PcTF, we tested four different
CPPs (Figure 1; Supplemental Table S1, Figure S1). TAT is a peptide fragment from the human
immunodeficiency virus 1 (HIV-1) that induces pinocytosis and shows robust cell penetrating
ability [21]. Cargo delivered by pinocytosis can become trapped in endosomes, leading to loss
of protein function [24] and failure to enter the nucleus. Therefore, we also tested two TAT
hybrid peptides that carry signals to support endosomal escape. TAT-HA2 includes the N
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terminal 20 amino acids of the influenza virus hemagglutinin protein [21]. E5-TAT includes an
enhanced HA2 with increased membrane disruption activity [22]. We also tested an engineered
membrane-lytic peptide called L17E, which was previously shown to enable delivery of protein
cargo [23]. We hypothesized that PcTF would enter the cell through macropinocytosis along
with the CPP’s, which contain positively charged residues that interact with the negatively
charged cell membrane to induce cell entry. We presumed that once in the cell, PcTF would
escape the endosome and be imported into the nucleus where it can bind to H3K27me3 sites
and upregulate epigenetically repressed genes (Figure 1).

Figure 1. Schematic for the delivery and cellular transport of the fusion chromatin protein PcTF. Purified
PcTF is incubated with a small cell-penetrating peptide (TAT, TAT-HA2, E5-TAT, or L17E) and added
directly to the growth media in a well of cultured U-2 OS cells. PcTF enters the cell through
macropinocytosis, followed by endosomal escape into the cytoplasm. PcTF is then imported into the
nucleus where it activates H3K27me3-silenced genes.

We performed co-delivery of purified PcTF and each cell-penetrating peptide. First, we
incubated each peptide (5.0 μM) with a high concentration (1.0 μM) of recombinant PcTF for 24
hours at 37°C. We added these preparations to U-2 OS cells that were grown to 60%
confluency and allowed protein uptake to occur for 24 hours. Red fluorescent protein (RFP)
signal from the mCherry domain within the PcTF fusion protein allowed us to visualize cellular
uptake. Cells were washed three times with PBS before imaging with fluorescent microscopy.
PcTF without cell-penetrating peptide showed very little detectable RFP compared to untreated
cells. In contrast, PcTF that was incubated with TAT or L17E showed strong RFP signal within
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the boundaries of the cell cytoplasm (Supplemental Figure S1). Most of the RFP signal from the
PcTF/TAT-HA2 and PcTF/E5-TAT-treated samples appeared as extracellular aggregates that
did not coincide with individual cells. These PcTF complexes may have aggregated before
entering the cells, or induced lysis of PcTF-containing cells. Next, we set out to determine if
cell-penetrating activity could be integrated into the PcTF protein by fusing TAT or L17E
peptides to the C-terminus of PcTF.
The TAT peptide signal supports delivery of purified PcTF into U-2 OS cells in 2-D and
3-D cultures
We constructed two fusions for recombinant expression and purification: PcTF-TAT and
PcTF-L17E. We hypothesized that these fusion proteins, generally referred to here as
cell-penetrating PcTF (CP-PcTF), would enter the cell through macropinocytosis in a similar
manner as smaller cell-penetrating peptides (Figure 1). To obtain sufficient quantities of purified
protein for cell delivery, we added a 6-histidine tag to the N-terminus for nickel column
purification. We cloned each CP-PcTF open reading frame in frame with the 6-histidine
sequence in an isopropyl β-D-1-thiogalactopyranoside (IPTG) inducible pET28 vector and
transformed each recombinant plasmid into E. coli for IPTG-induced overexpression. Only the
TAT fused PcTF was fully expressed in E. coli, as indicated the presence of red color from
mCherry, and a prominent 46 kD band visualized by PAGE of whole-cell lysates (data not
shown). Therefore, we continued our study using only PcTF-TAT. Lysates from pelleted
PcTF-TAT-expressing cells were loaded into a Nickel-NTA binding column. The eluted proteins
were concentrated into phosphate buffered saline (PBS) and analyzed for purity by
polyacrylamide gel electrophoresis (PAGE) (Supplemental Figure S2) prior to cell treatments. In
addition to the expected product (~46.2 kDa), we observed two additional smaller bands
(Supplemental Figure S2) that suggested cleavage of a portion of the protein, which has been
observed for overexpressed recombinant proteins in certain E. coli strains [25]. Cultured U-2
OS cells treated with 0.2 μM purified CP-PcTF showed much stronger cellular red fluorescent
signal after 24 hours than cells treated with PcTF that lacked the TAT signal (Figure 2A). This
result indicated that TAT enabled more efficient protein uptake as a C-terminal signal fused to
PcTF.
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Figure 2. Uptake of soluble CP-PcTF by U-2 OS cells grown as two-dimensional (2-D) a monolayer. (A)
Comparison of uptake of 200 nM soluble PcTF versus CP-PcTF. Each fluorescence microscopy image
shows merged mCherry (red), Hoechst nuclear DNA stain (blue) and phase contrast channels. (B)
Fluorescence microscopy was used to observe cellular uptake of CP-PcTF over time. Cells were treated
with 200 nM of CP-PcTF for 15 minutes, 1 hour, 5 hours, or 24 hours, washed three times with PBS, and
imaged. The 24 hour sample was cultured for an additional two days after washout (dotted arrow), stained
with Hoechst nuclear dye, and imaged again. (C) Flow cytometry was used to quantify red fluorescent
protein (RFP) signal from U-2 OS cells treated with 0.1 - 1.0 μM CP-PcTF for 24 hours. The histogram
shows RFP signals from ~10,000 live cells (per sample) that were gated by forward and side scatter. The
x-y dot plot shows the mean RFP signal divided by the live cell count for each population.
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Next, we carried out a time-course treatment to determine the earliest point at which
CP-PcTF became completely internalized by the cells. U-2 OS cells were grown as a monolayer
to 75% confluency, treated with 0.2 μM soluble, purified CP-PcTF proteins for 15 minutes, 1
hour, 5 hours, or 24 hours. At the end of each time point, extracellular protein was washed away
with phosphate buffered saline (PBS), and cells were imaged via fluorescence microscopy
(Figure 2B). We observed the strongest mCherry signal at the edges of each cell (presumably
the cell membrane) in samples that had been treated for 15 minutes or 1 hour. In the sample
that was treated for 24 hours the strongest RFP signal appeared at the center of each cell. We
continued to culture the sample that was treated for 24 hours for an additional two days. Similar
levels of RFP signal persisted within the cells at the 72 hour time point. This result suggests that
CP-PcTF is taken up by cells through regulated endocytosis instead of diffusion (Figure 2B). To
determine the nuclear uptake of CP-PcTF, we repeated the 24 hour treatment, followed by two
days of growth after washout, and stained the cells with Hoechst (a DNA-specific dye) to image
the position of RFP signal relative to the nuclei. RFP signals appeared as discrete particles or
larger clusters in or near each nucleus.
To further investigate the kinetics of CP-PcTF uptake, we treated cells with increasing
concentrations of CP-PcTF. Since TAT-stimulated macropinocytosis is a continual non-selective
process, we expected that the amount of internalized CP-PcTF would scale with extracellular
concentration (dose). We used a concentration range based on other reports that demonstrated
successful delivery of 2.0 nM to 5.0 μM TAT-fused proteins to cultured cells [10,13,14,26]. We
treated U-2 OS cells with 100 nM to 1.0 μM CP-PcTF for 24 hours, washed out excess
extracellular protein, and harvested the cells for flow cytometry. We observed a unimodal
distribution of live, RFP-positive cells for all treatments, with a clear shift in signal intensity at
least one order of magnitude higher than the untreated control sample (Figure 2A). The mean
RFP signal intensity increased linearly with CP-PcTF dose concentration (R2 = 0.99). These
results demonstrate that the amount of intracellular CP-PcTF can be regulated by the
concentration of CP-PcTF that is added to the media during a 24-hour treatment.
U-2 OS spheroids show delayed growth after treatment with CP-PcTF
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The spatial organization of cells in three dimensional (3-D) tumor models or “spheroids”
more closely reflect cancerous tissues than 2-D cultures [27], and are therefore important for
understanding the activity of potential therapeutics. We set out to investigate the uptake of
CP-PcTF in U-2 OS spheroids, and to determine the impact of CP-PcTF treatment on cell
proliferation. We generated spheroids by culturing cells in low attachment plates with constant,
gentle rotation for three days. We treated the spheroids with CP-PcTF for 24 hours and used
fluorescent microscopy to visualize cellular uptake of the protein (Figure 3). We observed a
general overlap of RFP signal from CP-PcTF with DNA stain (Hoechst) in spheroids (Figure 3A),
as we had observed in the 2-D cultured cells (Figure 2B). To quantify CP-PcTF uptake, we
dissociated the spheroids and measured RFP in single cells via flow cytometry. In contrast to
the 2-D cell cultures, cells from spheroids showed a broad range of no signal to high levels of
RFP signal, indicating greater variability of CP-PcTF uptake by individual cells (Figure 3B). For
the highest concentration of CP-PcTF (1.0 µM), we observed 45.4% RFP-positive cells from
spheroids, versus 100% from 2-D cultures. Our results suggest that CP-PcTF does not
completely penetrate all cells within spheroids after 24 hours of treatment. Uptake appeared to
scale linearly (R2 = 0.92) with CP-PcTF concentration, indicating that delivery might be improved
with higher doses.

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.28.969907; this version posted March 2, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Figure 3. Uptake of CP-PcTF in U-2 OS spheroids. (A) U-2 OS spheroids were grown up to 40 µm in
diameter before treatment with CP-PcTF for 24 hours. Wide field fluorescence microscopy showed
general overlap of RFP signal from CP-PcTF with DNA stain (Hoescht). A representative spheroid is
shown here. (B) Spheroids were treated with 0.1 to 1.0 µM CP-PcTF for 24 hours, collected and
dissociated with accutase, and resuspended in 1x PBS for flow cytometry analysis. The histogram shows
RFP signals from ~10,000 live cells (per sample) that were gated by forward and side scatter. The x-y dot
plot shows the the percentage of RFP-positive cells for each sample.

To investigate how CP-PcTF might affect the proliferation of cells within tumor tissue, we
measured spheroid growth following treatment with CP-PcTF. In a previous study, we observed
that over-expression of PcTF in U-2 OS cells increased senescence-associated
beta-galactosidase levels and reduced cell proliferation (colony size) in 2-D U-2 OS cultures
[28]. Therefore, we hypothesized that CP-PcTF might inhibit the growth of U-2 OS spheroids.
We treated spheroids with 1.0 μM CP-PcTF for 24 hours, washed away excess protein,
incubated the spheroids in fresh growth medium, and measured the diameters of 100 spheroids
per sample for up to 10 days. These and subsequent experiments included CP-mut, which
carries a deletion of the N-terminal H3K27me3-targeting domain (PCD), as a negative control.
On day four, we observed a significant reduction in the spheroid diameters for the CP-PcTF
treated sample compared to the untreated sample (p = 8.3E-10) and the sample treated with
CP-mut (negative control protein) (p = 1.6E-13) (Figure 4A). RFP signal remained visible

throughout the spheroids (Figure 4B), indicating that at least some portion of the cells retained
PcTF after cell division. On days five, six, and ten, the mean diameter of CP-PcTF-treated
spheroids continued to increase relative to day four, but remained significantly lower than the
two negative control samples (p < 0.001). Therefore, a transient 24-hour treatment with
CP-PcTF (followed by washout) might temporarily hinder overall spheroid growth, while some of
the cells within each spheroid might continue to proliferate. We consider possible underlying
causes of this outcome in the Discussion.
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Figure 4. Comparisons of spheroid growth over time in CP-PcTF-treated samples versus controls. (A)
The boxplot shows spheroid diameter values (center line, median; lower and upper boxes, 25th and 75th
percentiles; lower and upper whiskers, minimum and maximum) for n = 100 spheroids per condition. Data
were collected prior to treatment (day 0) and each day after treatment (days 1, 2, 3, and 4). (B)
Representative images of U-2 OS spheroids used to generate the data shown in panel A. (C) The bar
chart includes median values and standard deviations (thin bars) for the data from panel A (days 0 - 4)
and additional time points (days 5, 6, and 10). Asterisks (*) denote p values < 0.001.

RNA-seq analysis of CP-PcTF-treated cells showed modest effects on gene regulation
The imaging and flow cytometry results suggested highly efficient (> 86%) uptake of
CP-PcTF in 2-D cultures. However, the RFP signal from the fusion protein was granular and not
entirely within the nucleus. In our previous work, transgenically-expressed PcTF showed a
homogeneous distribution of RFP signal entirely within the nucleus [18,28] (Figure 5A). These
differences in subcellular distribution might affect the gene-regulating activity of the PcTF
protein. Furthermore, PAGE analysis of purified CP-PcTF showed that at least half of the total
protein may have been cleaved by endogenous protease activity in E. coli, [25]. Therefore, a
substantial portion of CP-PcTF may have been truncated prior to delivery. To determine if the
amount of CP-PcTF that may have entered the nucleus was sufficient to activate epigenetically
repressed genes in the same manner as transgene-expressed PcTF, we treated 2-D U-2 OS
cells with CP-PcTF or CP-mut (negative control protein) for 24 hours and harvested the RNA for
next generation sequencing (RNA-seq).
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Figure 5. Gene expression changes in CP-PcTF-treated cells compared to transgenic PcTF-expressing
cells. (A) Overview of TAT-mediated delivery of PcTF and the truncated negative control (mut) compared
to dox-induced expression of the same fusion proteins (without TAT) from a stably integrated transgene
(TG-PcTF or TG-mut). Images show RFP signals from the fusion proteins in U-2 OS cells stained with
Hoescht (blue) DNA dye. (B) The Venn diagram shows shared and distinct genes with significant
upregulation (fold change ≥ 2, p < 0.05, TPM > 0.5) for cells treated with CP-PcTF or the truncated control
CP-mut. The heat maps compare log2 fold change values of genes in U-2 OS cells treated with
cell-penetrating proteins (left), transgenic U-2 OS cells that express the fusion proteins (upper right), and
U-2 OS versus non-cancer fibroblasts treated with cell-penetrating proteins (lower right). White boxes
indicate p > 0.05 and/or TPM < 0.5.

Our RNA-seq analysis identified 28 genes that were significantly upregulated (fold change ≥
2.0, p < 0.05) in CP-PcTF-treated versus untreated cells, and were expressed above the
baseline value of 0.5 transcripts per kilobase million for both treated cell replicates (TPM > 0.5,
see Methods for determination of threshold). Of these genes, 23 (92%) were upregulated by
CP-PcTF and not by the negative control protein CP-mut (Figure 5B). Nine genes were
exclusively upregulated in CP-mut, which lacks a targeting domain and is not expected to
interact with genes. Three of the CP-PcTF-responsive genes, including AC002398.9 ( a locus
that contains PSENEN and LIN37), ADORA2A, and PALD1 were upregulated 3.7, 1.6, and

1.7-fold respectively by transgenic PcTF (TG-PcTF) and not by the TG-mut negative control in
our previous RNA-seq study [18].
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The upregulation of genes involved in the immune response (CCL5, CCL2, MILR1) , and

tumor suppression (CLDN1, G0S2) suggests that CP-PcTF might activate anti-proliferative and
immunomodulatory gene expression in cancer cells. CP-PcTF might also affect gene expression
in non-cancer cells because the cell penetrating peptide TAT on CP-PcTF is not cell-type
specific, and the H3K27me3 mark (the binding target for PcTF) is virtually ubiquitous across cell
types. To investigate off-target effects on non-cancer cells, we measured changes in gene
expression in CP-protein-treated fibroblasts. Treatments with CP-PcTF and CP-mut were
performed as described for U-2 OS. In CP-PcTF-treated fibroblasts 431 genes became
significantly upregulated at least two-fold, and 187 (43%) of these were specifically activated
CP-PcTF and not the control protein CP-mut. Although many more genes responded
specifically to CP-PcTF in fibroblasts (187 in fibroblasts versus 23 in U-2 OS), 13 genes were
uniquely upregulated in U-2 OS (Figure 5B). Overall, these results suggest that the CP-proteins
used in this study might elicit a general, non-selective response, which underscores the
importance of developing CP-proteins for cell-type-specific delivery or intracellular activity.
DISCUSSION
This work represents the first characterization of a synthetic, cell penetrating chromatin
sensor-actuator protein. Our previous work demonstrated that transgenic PcTF, which binds
H3K27me3, activates epigenetically repressed genes in cancer cell lines including U-2 OS. In
our current study, we demonstrated that the addition of a TAT signal supports efficient DNA-free
delivery of purified PcTF protein to cells grown as monolayers and spheroids. We observed that
transient delivery of cell-penetrating PcTF (CP-PcTF) inhibits the growth of U-2 OS spheroids to
a modest but significant degree. CP-PcTF also has a modest effect on gene regulation
compared to transgenically expressed PcTF.
We demonstrated that inclusion of the TAT signal within PcTF (CP-PcTF) facilitates very
efficient uptake by U-2 OS cells in a concentration-dependent manner. Compared to 2-D
monolayers, delivery of 0.1 to 1.0 μM was less efficient in 3-D spheroids. In spheroids treated
with the highest concentration of CP-PcTF (1.0 μM), RFP signal was detected in only 45.4% of
the cells. Our observation that uptake increased linearly with CP-PcTF dose suggests that
delivery into spheroids could be improved, perhaps with prolonged or continuous treatment i.e.,
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no washout of excess protein. Therefore, in future experiments it will be important to measure
CP-PcTF uptake by individual cells in spheroids over time.
We showed that transient treatment with CP-PcTF temporarily inhibited the growth of U-2
OS spheroids. Spheroid size in CP-PcTF-treated samples was reduced four days after
treatment compared to untreated cells and cells treated with a truncated version of CP-PcTF.
From five to ten days, spheroid size continued to increase, but remained lower than the control
values. It is possible the CP-PcTF affected only a subpopulation of cells within each spheroid
since only 45.4% of the cells in spheroids treated with 1.0 μM CP-PcTF for 24 hours showed
CP-PcTF uptake (RFP signal) in flow cytometry assays. Incomplete penetration CP-PcTF into
each spheroid may have allowed unaffected cells to proliferate. Visualization of CP-PcTF
uptake and markers for cell viability (e.g. staining for apoptosis and necrosis) in single cells
within spheroids will help to determine the impact of CP-PcTF on cell proliferation.
Gene expression analysis revealed a modest level of gene activation in 2-D cultured cells
that were treated with CP-PcTF. Based on our previous results from overexpression of PcTF
from a transgene in U-2 OS cells [18,28], we expected CP-PcTF to enter the cell nucleus, bind
multiple H3K27me3-enriched sites, and co-activate many epigenetically-repressed genes. We
identified 103 genes that were upregulated specifically by CP-PcTF and not by the nonbinding
control protein (CP-mut). Three of these genes were also specifically activated by
transgene-expressed PcTF (TG-PcTF) in our previous study [18], which is just a small fraction
of the 3807 genes that responded TG-PcTF. Although we observed nearly 100% uptake of
CP-PcTF via flow cytometry at this concentration, high-resolution fluorescence microscopy
suggested that inefficient nuclear import might hinder gene-regulating activity of the protein.
Aggregates of RFP signal appeared near, and perhaps outside the nuclei of CP-PcTF-treated
cells. Modifications to the fusion protein such as the addition of an endosomal escape signal
and additional NLS tags (as recently demonstrated for Cas-based gene regulators proteins [7])
might improve nucleosomal import. Even if nuclear import were optimized, differences between
transgene expression and protein delivery could influence PcTF’s gene-regulating activity.
Continuous expression from TG-PcTF might produce steady state levels of PcTF, and therefore
sustain transcriptional activation of H3K27me3-enriched target genes over time. In contrast, the
delivery of a large concentration of CP-PcTF could result in a single, strong burst of transcription
that becomes diminished as the CP-PcTF proteins are degraded or depleted during cell division.
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Transcription profiling by RNA-seq or RT-qPCR at additional time points after treatment would
provide a clearer understanding of the dynamics of TG-PcTF and CP-PcTF-mediated gene
regulation. Our gene profiling experiments also indicate that cell-specific targeting may be
needed to prevent off-target effects of CP-PcTF. We observed that hundreds of genes became
upregulated in non-cancer fibroblasts that were treated with CP-PcTF. The use of selective cell
surface receptor-binding nanoparticles or protein ligands could help to avoid off-target toxicity.
In conclusion, this early demonstration of chromatin sensor-actuator proteins delivery into
cells shows that the TAT signal can be used as a fusion protein module to support quick and
robust protein uptake by U-2 OS cells in 2-D and 3-D cultures. Additional work is needed to
optimize the yield of full-length TAT-tagged fusion proteins, and to achieve efficient endosomal
escape and nuclear import of these proteins. Achieving these benchmarks might enable more
robust CP-PcTF-mediated gene regulation in cancer cells, and enable the eventual
development of a cancer-selective CP-PcTF.
METHODS
Construction of Plasmids for Recombinant Protein Expression
A recombinant plasmid insert encoding CP-PcTF was generated by consecutive PCRs using
KAH87_MV10 as a template
(https://benchling.com/hayneslab/f_/rmSYkAAU-synthetic-chromatinactuators2-0). First, an amplicon that included the PcTF open reading frame (ORF) and a C-terminal
nuclear localization signal (NLS), added a BamHI site (5’-GGATCC) to the 5’ end, and added a
partial TAT signal (shown in brackets) to the 3’ end was generated via PCR using the following
primers. The template-binding regions are underscored:
PcTF.BamHI.For: 5’-ATCAGGATCCATGGAGCTTTCAGCGG
TAT.Rev.1: 5’-[CGTTTTTTACGACC]ATATACCTTGCGCTTTTTC
The amplicon from this reaction was used as a template in a subsequent PCR reaction
where the complete C-terminal TAT signal and a HindIII site (5’-AAGCTT) was added to the 3’
end of the PcTF-NLS ORF with the following primers. The TAT sequence is shown in brackets:
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PcTF.BamHI.For: 5’-ATCAGGATCCATGGAGCTTTCAGCGG
TAT.Rev.2: 5’-ATGCTAAGCTTCTA[ACGACGACGCTGACGACGTTTTTTACGACC]A
The PCR product was digested with BamHI and HindIII, purified on a PCR cleanup column
(Qiagen 28106), and ligated into BamHI/ HindIII-linearized and gel-purified pET28. CP-mut was
cloned by PCR amplification of CP-PcTF with the following primers:
McVP64.BamHI.For: 5’-GGTCGCGGATCCGTGAGCAAGGGCGAGGAG
TAT.Rev.2: 5’-ATGCTAAGCTTCTA[ACGACGACGCTGACGACGTTTTTTACGACC]A
The CP-mut amplicon was digested and ligated into pET28 as described for CP-PcTF.
Expression and Purification of Recombinant Proteins
Proteins were expressed, purified, and quantified as described in Tekel et. al. 2018 [20].
Cell Culture
U-2 OS cells (ATCC HTB-96) were maintained in McCoy's 5A (Modified) Medium
supplemented with 10% (v/v) fetal bovine serum (FBS) and 1% (v/v) penicillin-streptomycin (all
from ThermoFisher). Cells were maintained in a 37°C incubator with 5% CO2 and passaged
once ~80% confluent. 2-D cultures were seeded with 250,000 cells per well in a 6-well tissue
culture-treated plate and grown for 24 hours prior to treatment (About 30% confluency) . 3-D
spheroids were generated by seeding 2.0E6 cells per well of a 6-well cell repellent plate (VWR)
in a final volume of 4.0 mL complete media and placed on an orbital shaker at 95 RPM for 24
hours. Half media change was performed every 24 hours. Spheroids were cultured for a
minimum of 48 hours before treatment. BJ fibroblasts (ATCC CRL-2522) were maintained in
Dulbecco’s modified eagle medium supplemented with 10% (v/v) fetal bovine serum (FBS) and
1% (v/v) penicillin-streptomycin (ThermoFisher). Cells were maintained in a 37°C incubator with
5% CO2 and passaged once ~80% confluent.
Microscopy and Flow Cytometry
Fluorescent images of each well at 10x and 20x were obtained using an EVOS FL Cell
Imaging System (Invitrogen, model AMF4300) using the RFP channel (excitation/emission:
470/510 nm) with a 500 ms exposure time. Prior to flow cytometry, cells from 2-D or 3-D

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.28.969907; this version posted March 2, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

cultures were harvested from one well of a 6-well plate and dissociated with Accutase (Thermo
Fisher #A1110501), washed three times with 1x PBS, resuspended in 1x PBS, and analyzed
using a BD Accuri C6 cytometer (BD Biosciences). RFP-positive cells were measured using the
“FL-3” channel (excitation/emission: 488/670 nm) and gated using untreated cells as
background. Data was analyzed with FlowJo software (v10).
3-D Spheroid Growth Analysis
Five independent 10x phase contrast images were taken for each condition on each day
using an EVOS FL inverted fluorescence microscope (Invitrogen, model AMF4300). Cell
diameter (in points) was measured in Adobe Illustrator CS6 for 100 spheroids per condition per
day. P values were calculated using a Student’s two-tailed, homoscedastic t-test.
RNA-seq Assay and Data Analysis
Total RNA was extracted from duplicate samples (1.5 million cells per sample) for each
experimental condition. RNA extraction was performed using Nucleospin RNA (Macherey-Nagel
740955.250). RNA-seq was performed by the next generation sequencing core at Arizona State
University (ASU). Total RNA was ribo-depleted (KAPA Ribo-Zero RNA HyperPrep Kit with
RiboErase HMR, Roche #KK8560), sheared to roughly 250 bp, and then converted to cDNA.
Illumina-compatible adapters with unique indexes (IDT #00989130v2) was then ligated onto
each sample individually. The adapter ligated molecules were then cleaned using AMPure
beads (Agencourt Bioscience/Beckman Coulter, A63883), and amplified with Kapa’s HIFI
enzyme (KK2502). Each library was analyzed for fragment size on an Agilent Tapestation, and
quantified by qPCR (KAPA KK4835) on a Quantstudio 5 instrument (Thermo Fisher) before
multiplex pooling and single-end sequencing on a 1x75 flow cell on the NextSeq500 platform
(Illumina). Total reads were 33 to 65 million per sample.
Differential expression and normalization were performed with edgeR software [29].
Transcripts per kilobase million (TPM) for each gene was calculated as reads per kilobase gene
length (RPK) divided by a reads per million scaling factor (the sum of all RPK’s divided by
1.0E6) [30]. We selected 0.5 as the minimum TPM for gene expression, based on the default
threshold for the EMBL-EBI Expression Atlas (https://www.ebi.ac.uk/gxa/FAQ.html). TPM’s of
genes known to be silenced in U-2 OS [31] were consistently near or less than 0.5 in our
untreated U-2 OS sample duplicates: CDKN2A (0.04, 0.08), C
 DKN2B (0.50, 0.53), H
 IC1 (0.13,
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0.51), DLX5 (0.18, 0.13). The TPM’s of three active housekeeping genes [18] were above 0.5:
GAPDH (3951.50, 4692.36), CHMP2A (18.86, 20.16), ACTB (2938.25, 3612.29). The Venn
diagram was generated from gene symbol lists and the Venny 2.1 tool online
(http://bioinfogp.cnb.csic.es/tools/venny/) [32].
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