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The Gag/phospholipase C-B (PLCB) signaling system mediates calcium responses to a variety of hormones and neurotransmitters.
Recent studies suggest that PLC1 expression plays a role in the differentiation of two types of cultured neuronal cells (PC12 and
SK-N-SH) through a mechanism independent of Ga,. Here, we show that, similar to that observed in PC12 and SK-N-SH cells, PLCB1
expression increases when human NT2 cells are induced to differentiate either through cytosine-B-D-arabinofuranoside or retinoic
acid. Preventing this increase, abolishes differentiation, and down-regulating PLCB1 in rat primary astrocytes causes cells to adapt
an undifferentiated morphology. Surprisingly, transfecting PLCB1 into undifferentiated PC12 or NT2 cells induces differentiation
without the need for differentiating agents. Studies to uncover the underlying mechanism focused on the transcription factor early
growth response 1 (Egr-1) which mediates PLCB1 expression early in differentiation. Over-expressing PLCB1 in HEK293 cells
enhances Egr-1 expression and induces morphological changes. We show that increased levels of cytosolic PLCB1 in
undifferentiated PC12 cells disrupts the association between Egr-1 and its cytosolic binding partner (Tar RNA binding protein),
promoting relocalization of Egr-1 to the nucleus, which promotes transcription of proteins needed for differentiation. These studies

show a novel mechanism through which differentiation can be modulated.
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INTRODUCTION

The ability of stem cells to differentiate into a neuronal phenotype
offers promise for therapies to replace damaged neural tissue, and
thus, understanding the parameters that control differentiation
would help develop more effective methods. Cultured cell models,
such as PC12, have been invaluable in delineating differentiation
pathways. Although not neuronal in origin, PC12 cells can be
induced to differentiate into cells that are morphologically and
functionally similar to neuroendocrine cells [1]. PC12 cells are an
attractive model for neuronal cell development because their
differentiation occurs over a short period of time (i.e., ~36 h) as
compared to other cell lines such as NTERA2/D1 (NT2) cells that
take from one to more than 4 weeks depending on the inducing
agent used [2, 3]. Like PC12, NT2 are not neuronal in origin but
have similar properties to human embryonic cells and been used
as models for embryonic neurogenesis. NT2 cells can be
differentiated by treatment with retinoic acid (RA) during relatively
long periods (more than 4 weeks) to produce cells with neuronal
characteristics [4] along with a smaller population of glial-like cells
[5, 6]. It is noteworthy that terminally differentiated NT2-derived
neurons (NT2N) maintain their neuronal phenotype after engraft-
ment in the rodent brain and spinal cord [7, 8], and have been
shown to ameliorate motor deficits in animal models of stroke [9]

and Huntington’s disease [10]. Moreover, NT2N neurons have
been proposed as a platform for ex vivo gene and cell
replacement therapies of neurological disorders [7, 11-13], as
clinical trials have demonstrated their integration in human brain
tissue for prolonged periods without tumourigenicity
[11, 12, 14, 15]. In addition, NT2 cells can also differentiate within
a shorter period of approximately one week into post-mitotic
NT2N neurons by exposure to cytosine-B-D-arabinofuranoside
(AraC) [3] through a mechanism involving degradation of stem
cell-specific proteins by caspases [6], thus providing a versatile cell
model for time-scale studies compatible with transient over-
expression or gene silencing.

Many differentiation agents work by activating the inducible
transcription factor early growth response-1 protein (Egr-1). Egr-1
is @ member of the Egr family of immediate early genes (IEGs),
whose mRNA levels rapidly and transiently increase in response to
a variety of environmental stimuli (for review see [16]). Egr-1 is a
general transcription factor and the induction of EGRT transcrip-
tion depends on the nature of the tissue and growth factor. Egr-1
is induced by many different mitogens including growth factors
(e.g., NGF), serum and cytokines (see [17, 18]), and has been
shown to be responsible for 3D matrix mechanosensitive neural
stem cell fate [19].
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Exposure of PC12 cells to nerve growth factor (NGF) and NT2
cells to RA to induce neuronal differentiation activate Egr-1, which
in turn stimulates the production of proteins required for
differentiated, non-proliferative cells such as phospholipase C-p1
(PLCB1) and Gagq [20, 21].

PLCB enzymes are one of the six mammalian classes of the
large family of inositol-specific PLCs (PtdIns-PLCs) that hydrolyze
the signaling lipid phosphoinositol-4,5-bisphosphate (PIP,) to
generate the second messengers, inositol 1,4,5 trisphosphate
(Ins 1,4,5-P3 or IP3) and diacylglycerol (DAG), leading to an
increase in intracellular calcium and activation of protein kinase
C [22-24]. In the brain, the most prominent PtdIns-PLCs are
PLCBs, which are activated by Gag in response to neurotrans-
mitter such as serotonin and acetylcholine, and PLCys, which are
activated by receptor tyrosine kinases in response to growth
factors such as brain-derived growth factor (BNDF) and nerve
growth factor (NGF) [25].

Our labs study PLC[3 enzymes, which are uniquely activated by
the Gag family of G proteins [22-24, 26]. Gag is coupled to
receptors that bind to neurotransmitters such as acetylcholine and
serotonin [27]. There are four known PLC@3s and PLC(1 is the main
PLCPB in neuronal cells [28, 29]. PLCB1 exists as two variants, the
more prevalent PLCB1a form and the PLCB1b form, in which the
75 C-terminal residues of PLCR1a are replaced by 32 residues [30].
While both variants have identical Ga, activation profiles, the
unigue amino acids in PLCB1b can result in its membrane versus
cytosolic localization and its specific activation by a;-adrengeric
receptors in cardiomyocytes [31]. However, as shown here, both
variants are hihgly expressed in the cytosol of neuronal cells lines.

The major pool of PLCB1 localizes on the plasma membrane
where it associates with Gag (e.g. [32]), and additionally, both
variants can be found in the cytosol. This cytosolic population can
bind to the component 3 promoter of RNA-induced silencing
complex (C3PO) and inhibit its activity [33, 34]. Further, this
inhibition of C3PO activity can reverse mRNA silencing induced by
treatment with siRNAs, and shift the populations of microRNAs
(miRs) associated with cell proliferation and differentiation [35, 36]
through a mechanism independent of its catalytic activity. It is
notable that both variants of PLCB1 have nuclear localization
signals [37] and catalytically active PLCB1s have been reported in
rat brain [38] as well several cell lines where they can modulate
cell cycle and may be linked to differentiation and cancer [39-42].

Here, we have studied the impact of PLCB1 on cell differentia-
tion. Differentiation of PC12 cells is associated with rapid increase
in PLCPB1 levels followed by increased Gag [35]. Differentiation of
NT2 progenitors into NT2N mature neurons is associated with
increased expression of Gag/q1, PLCBT and PLCB4, whereas PLC[33
and PLC-y1 is markedly reduced [43]. This same increase is seen in
PC12 cells induced to differentiate by activation of TrK receptors
and subsequent activation of PLCy [44]. However, as described
below, PLCB1 appears to play a unique role in differentiation.

PLCB1 is strongly regulated during development of human
cortex, being almost absent in fetal cerebral cortex and highly
expressed in adults [45], while PLCB1 knockout mice exhibit
developmental alterations in the formation of the so-called
“barrels” of the somatosensory cortex [46]. These data, together
with compelling evidence that PLC31 promotes differentiation in
different cell models [47], point to a key role for PLCB1 in neuronal
differentiation.

While the role of PLCB1 in cell differentiation is thought to be
due to its ability to hydrolyze PIP, on the plasma or nuclear
membranes, there is evidence that the cytosolic pool of PLCA1
impacts differentiation through a mechanism that is indepen-
dent of its lipase activity [35]. In PC12 cells induced to
differentiate by NGF treatment, PLCB1 expression rises sharply
in the first 12-24 h. In contrast, the rise in Ga, levels is delayed
until 36-48 h. During the first 24 hours, fluorescence studies
show a cytosolic population of PLCB1 that interacts with C3PO,
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and this population decreases as Gag rise, recruiting PLCB1 to the
plasma membrane. The importance of PLCB1/C3PO association
in PC12 and SK-N-SH cell differentiation has been noted in
studies where down-regulating PLCB1 or C3PO prevents
differentiation [36], and down-regulating PLCB1 or C3PO in
differentiated PC12 and SK-N-SH cells returns them to an
undifferentiated state as indicated by loss of neuronal morphol-
ogy and production of stem cell markers [45], as well as the
return of proliferation [21]. Complementary RNAseq studies
indicate that PLC1 down-regulation alters miRs associated with
proliferation and development [36], suggesting that the ability of
PLCB1 to inhibit C3PO impacts differentiation.

Here, we show that PLCB1 is a necessary and sufficient element
to induce differentiation of NT2 and PC12 cells potentially through
a mechanism that disrupts the association of Egr-1 with cytosolic
binding partners promoting its movement to the nucleus and the
expression of genes involved in differentiation. This novel
signaling pathway involving PLC31 may create new approaches
to modulate differentiation.

RESULTS

Differentiation of NT2 cells results in a large increase in PLCf31
expression

Previous studies showed that levels of PLCB1 are very low in
undifferentiated PC12 cells and increase dramatically (i.e., ~5 fold)
after treatment with NGF [35]. Here, we determined whether this
increase in PLCP1 also occurs during neuronal differentiation of
NT2 cells. We first followed levels of PLCB1 after treatment with
retinoic acid (RA) which promotes differentiation through PI3K/Akt
and ERK1/2 signaling cascades [48-50]. Following changes in
PLCP1 levels in NT2 cells after RA treatment, we observe a sharp
increase in PLCB1 expression after one week that remains
elevated (Fig. 1A). Because NT2 cells differentiate into neuronal
(NT2N) and non-neuronal (NT2A) phenotypes, we mechanically
separated the two phenotypes (see Methods) and found that
PLCB1 levels returns to basal in terminally differentiated NT2N
neurons but remains elevated in non-neuronal NT2A cells.
Repeating this study using AraC, which induces differentiation
over a much shorter duration than RA and through a distinct
mechanism [3, 4, 48] we found a similar, progressive increase in
PLCB1in the early stages of differentiation that returns to basal
levels in terminally differentiated NT2N neurons (Fig. 1B). It is
interesting to note that the peak expression of PLCB1 precedes
the neuronal phenotype markers neurofilament 200 (NF200) and
B-lll tubulin, (Fig. 1C) suggesting a role of PLCB1 early in the
differentiation processes.

PLCP1 exists as two splice variants PLCB1a and PLCB1b whose
localization may vary in different cell lines [24, 51]. Thus, we
analyzed the expression of these variants through the course of
RA- and AraC-induced differentiation. As expected from previous
studies (e.g., [30]), PLCB1a is more highly expressed than PLCB1b
but the PLCB1a/PLCB1b ratio does not vary during RA- or AraC-
induced differentiation (Fig. S1A, B), showing that the increase in
PLCB1 is not specific to one of the variants.

Next, we followed the localization of PLCB1 during differentia-
tion of NT2 cells by immunofluorescence. In RA-treated cells
(Fig. 2A-F), PLCB1 immunofluorescence increases around 48 h
when cells begin to express the neuronal marker NF200. After
7 days of RA exposure, PLCB1 immunofluorescence increases in all
cells, whereas NF200 increases in only a small proportion (Fig. 2C).
On day 28 of treatment, PLCA1 immunofluorescence remains
elevated in non-neuronal, NF200-negative cells (Fig. 2D). At the
end of RA treatment, neuronal NT2N neurons (Fig. 2E), purified
from non-neuronal NT2A cells by mechanical separation (Fig. 2F),
showed a reduction in PLCB1 expression coinciding with the
acquisition of a neuronal fate, which is a trend shared with PC12
cells [35]. Similarly, AraC treatment caused a sharp increase in
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Fig. 1 Changes in PLCB1 levels in NT2 cells during differentiation by RA and AraC. A NT2 cells progenitors were treated with RA and
immunoblotted with anti-PLCf1a and PLCB1b antibodies at various times (48 h, 7 d, 14 d, 28 d). Terminally differentiated NT2N cells were
isolated from cultures at 28 d of RA exposue by mechanical dislogding (see Methods). Equal amounts of total protein (12 pg) were loaded
(n =4). B Similar studies as in (A) except NT2 progenitors were treated with AraC at various times (12, 24, 48 and 72 h and 6 days -NT2N cells-)
where time points were chosen from previous studies [3]. Equal amounts of total protein (12 pg) were loaded. The optical density (OD) is
expressed as the percentage of immunoreactive signal found in NT2 progenitor cells (100%). Repeated measures one-way ANOVA followed by
Tukey’s post hoc test. Significant differences between the different samples with respect to NT2 progenitors are shown (*p < 0.05; **p < 0.01;
***p < 0.001). Data are mean + SEM (n = 4). C Immunoblots of PLCB1 on whole homogenates of NT2 progenitors, AraC-treated cells, and AraC/
NT2N cells and NF200 and flil-tubulin. Equal amounts of total protein (12 pg) were loaded.

RA/NT2N

! s
48 h AraC | 72hAraC | AraC/NT2N

Fig. 2 Visualization of PLCB1 and NF200 during RA and AraC differentiation of NT2 cells. Imnmunofluorescence images using anti-PLC(1
(red), NF200 (green) and Hoechst's chromatin staining (blue) of NT2 progenitors (A) and after treatment with RA (A-F) or AraC (G-I). Cells
treated with RA were fixed and immunostained at 48 h (B), 7 days (C), 28 days (D), and after isolation of terminally differentiated NT2N neurons
by mechanical dislodging (E). Non-neuronal cells (NT2A) that remained attached to the culture flask after the mechanical isolation of NT2N
neurons were also doubly immunostained for PLCS1 and NF200 (F). Cells treated with AraC were fixed at 48 h (G), 72 h (H) and 6 days, when
cells were differentiated into NT2N neurons (I). Images are maximum intensity projections of four consecutive optical sections separated by
0.24 ym and obtained using a structured illumination module. Scale bar in F = 20 pm (applies to A-F). Scale bar in I = 20 ym (applies to G-I).

PLCB1-immunofluorescence in neurites after 48 and 72 h treat- induced differentiation of PC12 cells [35] and suggest that this
ment (Fig. 2G, H) and was reduced in terminally differentiated phenomenon is general to neuronal differentiation and indepen-
NT2N neurons (Fig. 2I). Taken together, these studies show that dent of progenitor type.

differentiation of NT2 cells by RA or AraC is accompanied by an PLCP4 isoform has been reported to be up-regulated during RA-
initial increase in PLCP1 levels similar to that observed in NGF- induced neuronal differentiation of NT2 cells [43]. To rule out a

Cell Death Discovery (2024)10:250 SPRINGER NATURE
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Fig. 3 Down-regulation of PLCP1 reduces AraC-induced NT2 cell differentiation. Sample Western blot (A
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) and densitometric analysis (B) of

PLCB1, NF200 and Blll-tubulin expression in NT2 cells transfected either with scrambled off-target 5|RNA or siRNA targeting the PLCBT
transcript (PLCB1 siRNA) and treated with AraC for 72 h. Equal amounts of total protein (30 pg) were loaded on the same gel and run in
parallel. The y-axis of the graph shows the mean optical density (OD) as a percentage of that in NT2 cells (100%). One-way ANOVA followed by
post hoc Tukey’s test (*p < 0.05; **p < 0.01; ***p < 0.001). Data are mean + SEM (n = 4). C-D Immunofluorescence visualizing PLCB1 (red) and
Blll-tubulin (green) combined with Hoechst’s chromatin staining (blue) in NT2 cells after transfection with either scrambled siRNA (C) or
PLCB1 siRNA (D) and treated with AraC for 72 h. Scale bar =100 um (applies to C, D). E-N Immunofluorescence studies of primary rat
astrocytes under control conditions or treated with si(RNA)PLCB1a where NF-H refers to the heavy subunit of neurofilament. More images can

be found in Fig. S4G. Scale bar =50 pm.

possible cross-interaction with PLCB1-mediated signaling, we
analyzed the expression of PLCP4 in the AraC-induction model,
and could not detect significant changes during differentiation
supporting a direct correlation between PLCB1 levels and
differentiation (Fig. S2).

PLCB1 is necessary to transition and maintain normal
differentiation

We tested whether increased levels of PLC31 are essential for
neuronal differentiation of NT2 cells, as previously observed in
PC12 and SK-N-SH cells [45], and not an epiphenomenon of
differentiation. These studies were conducted by testing the
ability of AraC to induce neuronal differentiation of NT2 cells in
which PLCB1 was down-regulated by either double-stranded small
interfering RNAs (siRNAs) or small hairpin RNAs (shRNAs), whose
silencing efficiency was tested (Figs. S3A-C). NT2 cells were
transfected with mixtures of 4 siRNAs or 4 shRNAs targeting the
human PLCBT gene and treated with AraC to induce differentia-
tion. Western blot studies showed that down-regulating PLCf1 in
AraC-treated NT2 cells prevents both the up-regulation of the
neuronal markers NF200 and Blll-tubulin (Fig. 3A, B) and the
acquisition of neuronal morphology (Figs. 3C, S4A-F). These
results for NT2 progenitors, in addition to previous findings in
PC12 and SK-N-SH cells [45], confirm that increased PLCP1
expression is necessary for neuronal differentiation.

We have previously found that reducing the cytosolic level of
PLCB1a in differentiated PC12 or SK-N-SH cells returns cells to the
undifferentiated state as seen morphologically and by the
presence of stem cell markers [45]. We wondered whether the
same behavior could be seen in primary astrocytes. For these
studies, we treated cells with siRNA (PLCB1) and characterized
their morphology and changes in the levels of the neuronal
marker NF200. Unexpectedly, we found that the treated cells

SPRINGER NATURE

transition to a smaller elongated neuronal-like morphology unlike
the control cells (Fig. 3E-N; where an extended study is shown in
Fig. S4G). This result correlates to the low levels of PLCA1 found in
NT2 neurons and shows how PLCB1 levels may impart unique
morphologies in these primary cells.

PLCB1 over-expression promotes NT2 and PC12 cell
differentiation in the absence of differentiation inducers

The requirement of PLCP1 for transitioning to and maintaining
differentiation, and the observation that this elevation precedes
the increase of neuronal lineage markers (Fig. 1C) prompted us to
test the possibility that over-expression of PLCB1 can promote
differentiation in the absence of inducers. We tested this idea by
transfecting cells with PLCB1a and PLCB1b. In NT2 cells, we found
that increasing PLCB1a or PLCB1b led to the up-regulation of the
neuronal marker proteins NF200 and Blil-tubulin (Fig. 4A, B) and
caused the cells to adapt a neuronal morphology. (Fig. 4C—K)
correlating with the idea that PLCB1 induces differentiation.

We then tested the impact of PLCP1 on cell proliferation of NT2
cells. These studies were done by immunostaining with Ki67,
which is expressed during the cell cycle but not when cells exit
and go into the Go phase. We found that over-expression of
PLCB1a or PLCR1b led NT2 cells to exit the cell cycle. Specifically,
we found that over-expression of either PLCP1splice variant
resulted in a drastic decrease in the ratio of Ki67-positive cells
compared to control cells transfected with the empty vector
(control, 0.77 £ 0.01 SEM; PLC1a, 0.14 + 0.02; PLCB1b, 0.19 + 0.02)
(Fig. S6). Thus, increasing PLCB1a or PLCB1b stops the proliferation
of NT2 cells, as well as induces their neuronal differentiation
(Fig. S6).

We have previously found that in undifferentiated PC12 cells,
cytosolic PLCB1 can bind and inhibit cyclin-dependent kinase 16,
thereby inhibiting the progression of cells from the G1 to S

Cell Death Discovery (2024)10:250
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#x%%p < 000071,

phase [21]. Here, we complemented these studies showing that
transfecting PC12 cells with PLCB1a increases nuclear ERK1/2
levels, which consistent with a loss of proliferation (Fig. S5) [52].
Additionally, we found that over-expressing PLCB1a in undiffer-
entiated PC12 cells induces morphological differentiation
characterized by neurite outgrowth (Fig. 4L-P). Taken together,
our results show that increased PLC1 expression is necessary
and sufficient to promote neuronal differentiation of NT2 and
PC12 cells.

PLCB1 over-expression promotes Egr-1 localization into the
nucleus
We explored the mechanism that underlies the ability of PLCB1 to
induce differentiation. Egr-1 is one of the genes activated by NGF
and its protein product contributes to the preferential expression
of ERK signaling target genes in response to NGF [20, 53]. Egr-1
binds to the promoter of PLCBT, increasing its activity and thus the
synthesis of the PLCB1 transcript [20, 53]. Because Egr-1's role in
driving differentiation and increasing PLCB1 expression [20, 53],
we tested the possibility that transfection of cells with PLCB1 in
some way changes the ability of Egr-1 to promote differentiation.
Egr-1 levels are reported to initially increase at the beginning of
differentiation and decrease towards the end [53]. We followed
Egr-1 levels in NT2 cells after AraC treatment and found a large
increase (Fig. S7A) that precedes PLCPB1 up-regulation as seen in
Fig. 1 [20]. Interestingly, a second smaller increase in Egr-1 which
does not appear linked to PLC31 was observed (Fig. S7A). We then

Cell Death Discovery (2024)10:250

followed changes in Egr-1 levels when differentiation is induced
by increasing PLCB1. While Egr-1 decreased with PLCB1 over-
expression in both NT2 and PC12 cells (Fig. S7B, Q), its cellular
localization changed. Specifically, we found that a significant
population of Egr-1 moved from the cytosol to the nucleus with
increased PLCB1 expression in NT2 (Fig. 5A) and PC12 cells (Fig.
5B, C). Note that a similar shift in localization was seen when
undifferentiated PC12 cells were treated with NGF. From these
results, we speculate that PLCB1T may induce differentiation by
relocalizing Egr-1 to the nucleus where it can induce the
transcription of genes that encode proteins associated with
differentiation.

Cytosolic PLCB1 regulates Egr-1/TRBP association
To understand the mechanism that may underlie changes in Egr-1
localization with cytosolic PLCB1 levels, we considered several
factors. First, PLC1 can localize in the nucleus of NT2 cells (Fig. 2)
and it is possible that this nuclear population is linked to Egr-1
cellular localization. To investigate this idea, we transfected cells
with PLCB1a-M2b and PLCPB1b-M2b constructs that have a
reduced nuclear localization as previously reported [37, 40, 54]
and shown here (Figs. S8 and 9). However, we found that both
mutants were equally competent to induce early transit of Egr-1 to
the nucleus (Fig. 5A) suggesting that nuclear localization of PLCf1
does not impact nuclear localization of Egr-1.

Egr-1 has been found to bind to a population of TRBP
(transactivation response element RNA-binding protein) in the

SPRINGER NATURE
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cytosol [55]. Previous pull-down and mass spectrometry studies
indicate that neither Egr-1 or TRBP are direct or indirect binding
partners of PLCB1 [56]. However, TRBP is a component of
Ago2 stress granules that form when cytosolic levels of PLCR1
are lowered [57]. We tested the idea that cytosolic PLCP1
regulates the availability of TRBP for Egr-1 binding which may
stabilize the cytosolic localization of Egr-1. These studies were
done by pulling-down Egr-1 with a TRBP monoclonal antibody in
cytosolic extracts of wild type PC12 cells and PC12 cells over-
expressing eGFP-PLCB1. In Fig. 5D, we find that under basal
conditions, TRBP complexes with Egr-1 but reduction of PLCP1
disrupts these interactions.

In a second series of studies, we followed TRBP and Egr-1
colocalization with increased PLCB1 levels using HEK293 cells that
have been engineered to over-express PLCB1 when treated with
tetracycline (see [34]). Even though these cells are not expected to
adapt a neuronal phenotype, we find that PLCP1 over-expression
promotes the cells to adapt a neuronal-like morphology. These
changes are associated with increased Egr-1 levels and relocaliza-
tion of both TRBP and Egr-1 into the nucleus (Figs. 5E and S10).
These results suggest that cytosolic PLCB1 regulates Egr-1
localization indirectly through regulation TRBP / Egr-1 interactions
in the cytosol (see Discussion).

DISCUSSION

In this study, we have uncovered a novel pathway through which
the signaling enzyme PLCB1 modulates the differentiation of
cultured neuronal cells that may aid in understanding these
processes in organisms. This pathway is independent of its plasma
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membrane lipase activity since it occurs in the absence of agents
that stimulate Gag and occurs under conditions where Gag
expression is low (see [35]). This pathway relies on variations in the
level of the cytosolic population of PLCB1, which has been shown
to bind and inhibit the component 3 promoter of RNA-induced
silencing complex (i.e., C3PO) [34] and to modulate the aggrega-
tion of stress granule proteins [56]. These cytosolic functions of
PLCPB1 are distinct from the plasma membrane and nuclear PLCB1
populations which hydrolyze PIP, in response to environmental
stimulation [41].

Of the four known PLCP isozymes, PLCB1 is the prevalent form
in neuronal tissue, and has been shown to be important in
learning, memory and disease (e.g. [58-61]). Using cultured
neuronal cells to gain insight into PLCB1 function, we have found
a surge in PLCP levels during the initial phase of PC12 and SK-N-
SH differentiation. In this phase, PLCB1 localizes in the cytosol and
a portion will subsequently move to the plasma membrane as Ga,
expression later increases [35]. In this study, we show that
increased PLCP1 expression also occurs when NT2 cells differ-
entiate into neuronal cells either by the antimitotic AraC or the
signaling molecule retinoic acid. In PC12 and NT2 cells that take
on neuronal phenotypes, this initial increase is followed by a
reduction in PLCB1 levels, while in non-neuronal NT2 cells, PLC31
levels remain high. Because this initial PLCB1 expression is
required for differentiation in various cell lines, each with different
morphologies and differentiation methods, we conclude that
PLCR1 affects an important shared aspect in the early stages of the
differentiation process.

Here, we show that PLCP31 expression is necessary and sufficient
to induce NT2 and PC12 cell differentiation. Over-expression of
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PLCB1 in HEK293 cells also induces a shift in morphology. The
importance of PLCPB1 in differentiation has been shown in
previous and current studies where down-regulating PLCB1 in
undifferentiated cells prevents differentiation, and studies where
down-regulating PLCB1 in differentiated cells returns them to a
stem-like state [35, 36]. In primary astrocytes, knocking-down
PLCB1 does not reverse differentiation but results in profound
changes in morphology that resembles NT2 neurons, where we
find that levels of PLCB1 are low. Importantly, differentiation
appears to only depend on PLCB1 and not Gag, suggesting that
PLCB1 impacts differentiation, at least in part, by a mechanism
independent of its lipase activity. Our observation that we can
induce differentiation simply by over-expressing PLCB1 is surpris-
ing and supports the idea that PLC1 works through a key factor
in differentiation that can be by-passed when expressed at
elevated levels.

In trying to understand how PLCB1 impacts differentiation, we
noted that a significant population of the newly synthesized
PLCB1 in PC12 cells and NT2 cells localizes in the cytoplasm [35]
suggesting that PLC(31 is acting through its cytosolic partners. One
previously identified partner is C3PO, which promotes RNA-
induced silencing [33]. PLCB1 inhibits C3PO activity and can
reverse silencing by siRNAs, and down-regulating PLCB1 changes
the populations of miRs associated with proliferation and
differentiation [34, 36]. Thus, it is possible that PLCB1 over-
expression induces differentiation by changing the silencing of
gene populations. However, it is unclear whether changes in miR
populations could initiate the profound effects seen early in
differentiation in these different cell lines and, therefore, we
sought to identify the common key factor.

Egr-1 is a short-lived protein that initiates differentiation and its
activity can be induced by a variety of different environmental
factors [16]. Importantly, Egr-1 is responsible for the initial up-
regulation of PLCB1 [20] as well as its own rise in expression.
Therefore, we tested whether PLC31 acts through Egr-1. To initiate
differentiation, Egr-1 levels increase by both immediate non-
coding and subsequent coding mechanisms, and we note that
two miRs that regulate Egr-1 levels are connected to PLCR1
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expression (i.e, miR192 and miR146b) [36]. Thus, it is not
surprising that we observe a large increase in Egr-1 in NT2 cells
immediately after AraC treatment (Fig. S7), and that this increase
precedes the increase in PLCB1 (Fig. 1). It is notable that inducing
differentiation by increasing PLCB1 in both PC12 and NT2 cells
reduces the level of Egr-1 consistent with the reduction of Egr-1
levels normally seen towards the end of differentiation [53].

Our studies show that over-expressing PLCB1 causes a shift of
Egr-1 from the cytosol to the nucleus, presumably to induce the
transcription of proteins involved in differentiation. We note that
we tried to follow these changes in mCherry-Egr-1 in real time, but
the transfected cells showed different properties including cell
death. Based on our studies, we propose that PLCB1 induces
differentiation, at least in part, by changing the localization rather
than the level of Egr-1.

We propose a potential mechanism of how PLCB1 may mediate
Egr-1 localization and cell differentiation (Fig. 6). Egr-1 has been
shown to bind TRBP in the cytosol [55]. We have found that TRBP
is a protein component in Ago2 stress granules that form when
cytosolic PLCB1 is reduced by down-regulation or by activation of
Gaq to drive PLCB1 to the membrane (see [56, 57]). Alternately,
high levels of PLCB1 bind stress granule proteins preventing their
aggregation. We propose that when cytosolic PLCB1 levels are
low, such as in the undifferentiated state, TRBP sequesters in Ago2
complexes where it can associate with Egr-1. However, high levels
of PLCB1 help dissolve stress granules allowing Egr-1, and possibly
TRBP, to transit to the nucleus and promote the synthesis of
proteins required for differentiation including PLCB1, which in
turn further promotes Egr-1 localization to the nucleus. While we
believe that Egr-1 re-localization by PLCB1 is not the only factor
driving differentiation, we speculate that it may be a key
component.

Control of neuronal cell differentiation by agents based on
PLCB1 here may have impact for treatments for neuroblastomas
and diseases associated with neuronal de-differentiation. For
example, it has been proposed that the neuronal de-
differentiation and subsequent synapse loss plays a role in
neurodegenerative diseases such as Alzheimer's (see [62]).
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Additionally, neuronal levels of PLCB1 are negatively associated
with the presence and aggressiveness of gliomas [63]. Studies are
underway to better identify the role of PLCB1 in Egr-1 function to
develop tools to control differentiation.

MATERIALS AND METHODS

Cell culture and differentiation

Human teratocarcinoma NTERA-D1 cells (referred to as NT2 thereinafter)
from the American Type Culture Collection (ATCC®, CRL-1973TM) were
maintained in complete medium consisting of Dulbecco’s Modified Eagle
Medium (DMEM®, ATCC® 30-2002™) supplemented with 10% heat-
inactivated fetal bovine serum (FBS, Sigma-Aldrich, St Louis, MO, USA)
and antibiotics (100 U/mL penicillin and 100 pg/mL streptomycin) (Gibco,
Life Technologies S.A, Madrid Spain) at 37°C under a humidified
atmosphere containing 5% CO,. NT2 progenitors were treated as
previously described for neuronal differentiation with all-trans retinoic
acid (RA, Sigma-Aldrich) [3, 4] and cytosine-3-D-arabinofuranoside (AraC)
[6] with slight modifications and improvements for use in our laboratory
[3, 64]. Briefly, after 4 weeks of RA treatment, the cells were split at 1:6 ratio.
After 2 days, the cells were mechanically dislodged, i.e., the culture flasks
were struck 10 times on each side and the floating cells were washed with
5mL of culture medium and cultured on Matrigel Matrix Basement
Membrane (#354234, GIBCO) in medium containing 5% FBS and
antimitotics (1 mM cytosine B-D-arabinofuranoside, 10 uM uridine, and
10 uM 5-Fluoro-2'-deoxyuridine) for an additional two weeks. For AraC-
induced differentiation, NT2 cultures were treated for 6 days with 20 uM
AraC-containing complete medium for 6 days, which was replaced with
fresh complete medium supplemented with 20 uM AraC every 2 days. NT2
cells were routinely tested for mycoplasma contamination by PCR using
the primers described by Uphoff and Drexler [65]. Positive and negative
controls used for these tests were kindly donated by Dr. Uphoff (Leibniz-
Institute DSMZ, Department of Human and Animal Cell Lines, Virus
Diagnostics, Inhoffenstr. 7b, 38124 Braunschweig, Germany).

Rat PC12 cells (ATCC®, CRL-1721) of no more than 8 passages were
grown in complete PC12 medium consisting of DMEM supplemented with
10% heat-inactivated horse serum (Thermo Fisher Scientific), 5% FBS and
antibiotics at 37 °C under 5% CO,. NGF-induced neuronal was carried out
on cells that had reached ~ 80% confluency. Briefly, complete PC12
medium was replaced with PC12 differentiation medium consisting of
DMEM supplemented with 1% heat-inactivated horse serum, 0.1 pg/ml
recombinant B-NGF (Bio-Techne, 256-GF-100/CF, Minneapolis USA) and
antibiotics and incubated for 72 h. Cells treated identically but incubated in
P12 differentiation medium without NGF were used as control.

Rat brain hippocampus astrocytes were purchased from Lonza
Bioscience (Catalog #: R-HIAS-521) and were cultured at 37°C, 5% CO,
incubator. Culture medium used is the AGM™ Astrocyte Growth Medium
BulletKit™ (Lonza Bioscience, catalog #: CC-3186). Astrocytes were placed
onto 6 35 mm glass bottom dishes (MatTek P35GC-1.5-14-C) for adherent
cell culture and imaging. After culturing ~4 h, the medium was replaced,
and the cells cultured for two days.

Human embryonic kidney HEK293-TAP-PLCB1 cell is a generous gift
from Loren Runnels (Rutgers University). This modified cell line was
prepared by introducing PLCB1 tagged with a 38-aa streptavidin-binding
peptide on the N-terminus (Sigma, St. Louis, MO, USA) using the Flp-In
system (Invitrogen, Carlsbad, CA, USA)". Cells were cultured at 37°C, 5%
CO,. in the complete HEK-293 medium consisting of DMEM supplemented
with 10% FBS and antibiotics. HEK293-TAP-PLCB1 cells were evenly split
into seven 35mm glass bottom dishes (MatTek P35GC-1.5-14-C) for
adherent cell culture and imaging.

Molecular cloning

Five double-stranded DNA sequences coding for short-hairpin RNAs
(shRNAs), including four encoding siRNAs targeting the human PLCB1
transcript (shRNA-PLCB1-87, 89, 97, 99) and one non-target scrambled-
base DNA (shRNA-Scrmbl-01) (Table S3) were inserted into the Bglll/Hindlll
cloning site of pSuperior.gfp/neo mammalian expression vector (Oligoen-
gine, #VEC-IND-0007, Seattle, WA, USA) downstream the RNA polymerase
Il H1-RNA gene promoter.

Cloning of the DNA sequences encoding the human mRNA splice
variants of PLC31a and PLCB1b and their corresponding bipartite nuclear
localization signal (NLS) mutants PLCB1a-M2b and PLCB1b-M2b into the
mammalian expression vectors pCDNA3 and pIRES-EGFP-puro (#45567,
Addgene; kindly deposited by Prof. Michael McVoy, Virginia
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Commonwealth University School of Medicine, Richmond, VA) was
performed from the commercial plasmids pCMV6-XL6-PLCbla
(#5C126664, OriGene Technologies, Inc, Rockville, USA. USA) and pCMV6-
XL6-PLCb1b (#SC309945, OriGene Technologies, Inc.) using molecular
biology approaches including conventional PCR, overlap extension PCR
and annealing of custom-designed complementary oligonucleotide pairs
followed by restriction/ligation-based cloning. Before being subcloned into
the multiple cloning site (MCS) of pCDNA3 plasmid, the original inserts
containing the open reading frames (ORFs) for PLC1a and PLCB1b in the
pCMV6-XL6 vector were modified [i] to remove long fragments correspond-
ing to the 5" and 3’ UTR regions of the mature mRNAs, [ii] to replace the
native translation initiation site with the Kozak consensus sequence (GCC
ACC ATG G) and [iii] to add Agel and Notl unique restriction sites and at the
5" and 3’ ends, respectively, for subsequent subcloning. In addition, site-
directed mutagenesis by PCR was used to reverse a C > T single nucleotide
discrepancy (TCA to TTA) detected in commercial plasmids and leading to a
S1156L substitution in the protein sequence of human PLCB1a and PLCB1b
(NCB1 accession, NP_056007.1 and NP_877398.1, respectively). The pcDNA-
PLCbla and pcDNA-PLCb1b constructs thus obtained were used for
overlapping PCR mutation of the bipartite nuclear localization signal
spanning residues 1055-1071 of both splice variants, thus generating the
constructs pcDNA-PLCb1a-M2b and pcDNA-PLCb1b-M2b encoding the
PLCB1a-M2b and PLCB1b-M2b mutant variants in which three lysine
residues of the NLS were replaced by isoleucine (K1056l, K1063l and
K1070I), preventing their nuclear localization [37, 40, 54]. Final PLCB1a,
PLCB1b, PLCB1a-M2b and PLCB1b-M2b constructs in pCDNA3 vector were
subcloned by restriction/ligation into the MCS of pIRES-EGFP-puro down-
stream of the cytomegalovirus promoter. Details of molecular cloning are
provided in the Supplementary Materials and Methods, Figs. S11-18, Tables
S3 and 4 and Additional files 1-4.

Transfection of plasmids and siRNAs

NT2 cells at ~70% confluence were transfected with DNA inserts of PLC31
constructs into pDCNA3 or in the pIRES-EGFP-puro, which allows the
synthesis of two proteins from a single bicistronic mRNA translated
through the cap-independent internal ribosome entry site (IRES)-mediated
mechanism for the simultaneous and separate expression. Transfection
with PLCB1 shRNAs cloned downstream of the H1 promoter in the
pSuperior.gfp/neo plasmid (encoding eGFP under the control of a separate
PGK promoter) was performed identically, except that a cocktail prepared
by mixing equimolar concentrations four different custom-designed
shRNAs targeting different regions of the human PLCB1 transcript was
used. Transfection was carried out with Lipofectamine® 2000 (Invitrogen™)
in Opti-MEM™ | Reduced Serum Medium (Thermo Fisher Scientific) without
antibiotics according to the manufacturer’s instructions, using a ratio of
2 yl Lipofectamine to 1 ug DNA, using 0.5, 1 and 2.5 ug for 24-, 12- and
6-well plates, respectively. 6 h after transfection, the medium was replaced
with complete medium.

PC12 cells at ~70% were transfected with mouse eGFP-PLC31a cloned in
pCDNA 2.0 plasmid (a gift from Dr. Catherine Berlot) using Lipofectamine™
3000 (Invitrogen™) as described for NT2 cells, and 6 h after transfection, the
medium was replaced. In all cases, the corresponding empty plasmid
(mock) was used as control.

For small interfering (siRNA)-mediated gene knockdown in human NT2
and rat PC12 cells, we used ON-TARGET plus SMART pool siRNAs, which
consist of species-specific mixture of four siRNAs targeting different
regions of the human (Dharmacon™, Cat. L-010280-00-0010) or rat
(Dharmacon™, Cat. L-092936-02-0010) PLCA1T mRNA. For control experi-
ments, we used ON-TARGETplus Non-targeting Control siRNA Pool
(Dharmacon™, Cat. D-001810-10-20), which consists of four small RNAs
designed for minimal targeting of human, mouse or rat genes and
modified to reduce potential off-targets. Transfection was done on cells at
~70% using DharmaFECT 1 Transfection Reagent (Dharmacon™, Cat. T-
2001-02) in antibiotic and serum-free medium at a ratio of 1L
DharmaFECT 1 to 2 nmol siRNA, using DharmaFECT 1. The transfection
mix was prepared according to the manufacturer’s protocol, using a ratio
using a ratio of 2.5 uL of DharmaFECT 1 Reagent for 5 nmol siRNA. 6 h after
transfection, the medium was replaced with complete medium and the
cells were allowed to grow until harvested or fixed for immunofluores-
cence staining and microscope analysis.

Western Blotting
NT2 cells were pelleted under different conditions as indicated in the text
and lysed in homogeneization buffer (10 mM Tris-HCl buffer, pH 7.4, 2 mM
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MgCl,, and 0.32M sucrose) containing protease inhibitors (0.5 mM
iodoacetamide and 1 mM phenylmethylsulfonyl fluoride, PMSF). Depend-
ing on the antigen to be analyzed, different amounts of denatured lysates
(5-30 ng) were loaded, resolved by SDS-polyacrylamide (SDS-PAGE) gels
and transferred to polyvinylidene fluoride membranes (PVDF, Bio-Rad,
Madrid, Spain). Specific protein bands were detected using conventional
inmunoblot protocols. Primary and secondary antibodies are described in
Table S1 and Table S2, respectively.

Western blotting to detect proteins in PC12 cells was carried out by
lysing cells in ice-cold NP40 buffer (pH = 8.0, 30 ml 5 M NacCl, 100 ml 10%
NP40, 50 ml 1 M Tris base, 820 ml diH,0) (pH = 8.0, 0.15 M NaCl, 1% NP40,
0.05M Tris base) for ~10 min at room temperature. To prevent protein
degradation, Pierce Protease Inhibitor Mini Tablets were added into NP40
lysis buffer (1 tablet per 10 ml solution, Thermo Fisher Scientific), and the
mixture was transferred into 1.5 ml Eppendorf tubes and incubated at 4 °C
for 30 min on a shaker. Tubes were centrifuged at 4 °C, 12,000 rpm (c.a.
17,000 RCM, VWR™ Galaxy 14D Digital Microcentrifuges) for 20 min. After
centrifugation, supernatant/lysate was transferred into new 1.5ml
Eppendorf tubes. Bradford protein assays were use to estimate protein
concentrations of each lysate. Denatured lysates were mixed with loading
buffer at 70 °C for 10 min. After denaturation, lysates, SeeBlue™ Plus2 Pre-
stained Protein Standard, and MagicMark™ XP Western Protein Standard
(Thermo Fisher Scientific) were loaded into 4-15% Mini-PROTEAN® TGX
Stain-Free™ Protein 10-well gels (Bio-Rad). Both gel electrophoresis and
wet-transfer were performed by employing Bio-Rad’s Mini-PROTEAN Tetra
Cell System. Electrophoresis was performed at room temperature, 100 V for
around 2 h. After electrophoresis, gels were imaged (Azure Biosystem
C600), at 302 nm UV override for 5min to stimulate trihalo compounds
reaction with tryptophan residues to produce fluorescence so that a total
protein gel image can be captured for normalization of immunoreactive
signal intensities to total protein. After imaging, slow wet-transfer (4 °C,
30V for 999 min) was performed to transfer proteins from gels to
nitrocellulose membranes for blotting. After transfer, membranes were
blocked by buffer (TBST buffer with 5% (m/v) nonfat milk powder) for 1 h
at 4°C. For blotting, indirect ECL method was performed for PLCB1
probing: the primary antibody used is Anti-PLC31 Antibody (D-8), and the
secondary antibody is m-IlgGk BP-HRP (Santa Cruz Biotechnologies, sc-5291
and sc-516102). EGR1 was probed by employing direct ECL method: the
antibody used is Anti-Egr-1 Antibody (B-6) HRP (Santa Cruz Biotechnolo-
gies sc-515830 HRP). Anti-PLCB1 Antibody (D-8) were removed from
membranes by incubating membranes with Restore™ PLUS Western Blot
Stripping Buffer (Thermo Fisher Scientific 46430) for 10 min at 37 °C after
PLCB1 probing and before EGR1 probing. Data and images were analyzed
and plotted on AzureSpot Analysis Software and GraphPad Prism
9 software.

TRBP immunoprecipitation

PC12 cells were cultured in 20 Nunc™ EasYDish™ Dishes (145 cm?, Thermo
Fisher Scientific) until around 70% confluence. 10 of the 20 dishes were
transfected with eGFP-PLC31 plasmid (checked for correct sequence by
Plasmidsaurus, Inc.) using Lipofectamine™ 3000 Transfection Reagent
(Thermo Fisher Scientific). Cells were incubated with the transfection
solution in an antibiotic-free culture medium for c.a. 60 h. Control dishes
used the same antibiotic-free culture medium. After incubation, cells were
lysed with NP40 lysis buffer (pH =8.0, 30 ml 5M NacCl, 100 ml 10% NP40,
50ml 1 M Tris base, 820 ml diH,0), loaded one tablet of Pierce™ Protease
Inhibitor Mini Tablets, EDTA-free (Thermo Fisher Scientific) per 10 mL
liquid.

For immunoprecipitation, Pierce™ Gentle Ag/Ab Binding Buffer (pH =
8.0, Thermo Fisher Scientific) was used for the wash and binding steps.
TRBP Monoclonal Antibody (OTI2C12, Invitrogen™) was combined with
Dynabeads™ Protein G (Invitrogen™). Two cell lysates were separately
incubated with antibody-conjugated beads on a 3D shaker at room
temperature for 1h to allow TRBP in cell lysates bind with beads.
Subsequently, the antigen-antibody complexes were isolated using a
magnetic stand and washed thoroughly. Beads were incubated with
Pierce™ Gentle Ag/Ab Elution Buffer (pH = 6.6, Thermo Fisher Scientific) at
room temperature for 15 min on a 3D shaker and the eluates collected.
Spin filters were used to replace the elution buffer with TBS and
concentrate the immunoprecipitate. Protein concentrations were deter-
mined by bicinchoninic acid assay (BCA) and subjected to gel electro-
phoresis, followed by transfer to PVDF membranes, immunoblotting with
anti-TRBP (OTI2C12, Invitrogen™) antibody, stripping and reprobing with
anti-Egr-1 antibody as described above.

Cell Death Discovery (2024)10:250

|. Gonzalez-Burguera et al.

Data were analyzed using Fiji-imageJ) (NIH, Bethesda, MA, USA). TRBP
bands were selected by same rectangle ROl to determine the gross band
mean gray value, and backgrounds of each lane. The net intensity of each
TRBP band was the difference of gross band mean gray value and
background mean gray value (Eq. 1). For EGR1, bands were similarly
selected and analyzed. After obtaining the net intensities of TRBP and
EGR1 bands, the relative expression level of EGR1 was calculated by
dividing each EGR1 net intensity with their corresponding TRBP net
intensity (Eq. 2) for the TRBP band from the same lane. Control samples
were used to calculate the normalized fold expression level by dividing
relative EGR1 expression level of each data point with the mean value of
relative EGR1 expression level of all lanes from control sample (Eq. 3).
Normalized fold expression levels of EGR1 in two different treatments
(Control and PLCB1+) were analyzed and plotted by using GraphPad Prism
10 software. Unpaired t test comparison was performed to show the
significance of differences: ns (P>0.05), * (P<0.05), ** (P<0.01), ***
(P<0.001), and **** (P <0.0001).

Net Intensity = Gross Band Mean Gray Value — Background Mean Gray Value
M

EGR1Net Intensity

Relative EGR1Expression Level = m

2

Normalized Fold Expression Level
B Relative EGR1Expression Level
" mean value of relative EGR1expression level of all lanes from control sample

3)

Immunofluorescence

NT2 cells were fixed in buffered 4% paraformaldehyde for 4 min, both at
20-25 °C. After blocking for 1 h with gelatin-histology buffer (0.1 M PBS, pH
7.4, containing 0.22% gelatin (Panreac, Barcelona, Spain), 0.05% saponin
(Sigma-Aldrich), and 1% serum albumin bovine (BSA, Sigma-Aldrich), cells
were incubated with primary antibodies (Table S1, for details) at 4°C
overnight. Then, the appropriate fluorescent dye-conjugated secondary
antibodies (Table S2 for details) were applied and nuclei were counter-
stained with Hoechst 33,342 (Sigma-Aldrich, diluted to 0.1 pg/mL in gelatin
histology buffer).

PC12 cells from different dishes were transfected with PLCB1-eGFP
plasmid, pcDNA-PLCB1 plasmid, rat PLCB1 siRNA, and/or treated with NGF.
Controls included cells cultured in antibiotic-free medium, PC12 differ-
entiation medium and complete PC12 medium. After specific times, cells
were fixed by 3.7% formaldehyde/DPBS solution (Sigma Aldrich or Thermo
Fisher Scientific) for 10 min at room temperature. Formaldehyde was
discarded, and cell dishes were rinsed by DPBS several times. Fixed cells
were rinsed by MSM pipes buffer (0.4% (v/v) Triton X-100 in DPBS, Sigma
Aldrich or Thermo Fisher Scientific) 3 times, 10 min each, and then
incubated with blocking buffer (5% (v/v) goat serum, 1% (m/v) BSA, and
50mM glycine) for 30 min at room temperature to prevent unspecific
binding. Cells were then stained by DAPI (Roche Life Science) as per
manufacturer’s instructions. For PLCB1-EGR1 co-localization analysis, cells
transfected with rat PLC1 siRNA or induced by NGF, and control cells were
immunostained with anti-PLCB1 (1:50 dilution, Santa Cruz Biotechnologies,
sc-5291) and then Alexa Fluor™ Plus 488-conjugated goat anti-mouse
secondary antibody (1:200 dilution, Thermo Fisher Scientific, # A32723).
After immunostaining, cell were rinsed with DPBS several times to
completely remove unbound antibodies and prevent cross-staining. Then,
cells were immunostained with Alexa Fluor® 647-conjugated anti-Egr-1
antibody (1:50 dilution, Santa Cruz Biotechnologies, sc-515830 AF647).
Unbound antibodies were washed away by DPBS. For ERK 1/2 localization
study, cells transfected by pcDNA PLCB1 or rat PLCB1 siRNA, and control
cells were immunostained with anti-ERK 1/2 Antibody (1:200 dilution,
Santa Cruz Biotechnologies, sc-292838) and then Alexa Fluor™ 488-
conjugated chicken anti-rabbit secondary antibody (1:400 dilution, Thermo
Fisher Scientific, # A-21441).

Cells were imaged on a Nikon Eclipse TI-FLBW-E using 60x objective and
NIS-Elements AR software. Images were collected at DAPI, FITC (for eGFP
and Alexa 488) and TRITC (for Alexa 647) channels for every captured cell.
Cell images were analyzed on Imagel. The freehand selection tool was
used to circle cells and their nuclei. Each cell was circled on the merged
images, and their nucleus were circled in blue channel images. The mean
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gray values in every cell and nucleus were measured in red channel images
and green channel images. Nuclear Intensity/Cellular Intensity values were
calculated by using Eq. (4) to quantify the nuclear aggregations of target
proteins in cells which were treated with different conditions. Data from
images were analyzed and plotted on GraphPad Prism 9 software ****

Nuclear Intensity/cellular Intensity =

Mean Gray Value of Target Protein in Nuclei
Mean Gray Value of Target Protein in Cell

(4)

Statistical analysis

Results were statistically analyzed in GraphPad Prism (version 5.0,
GraphPad Software Inc., San Diego, CA) and analyzed using the packages
as indicated in the figure legends. Samples sizes were chosen based on the
type of experiment and are given in the figure legends.

DATA AVAILABILITY

All primary data will be freely available upon request to sfscarlata@wpi.edu.
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