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Summary

The Calcyclin-Binding Protein/Siah-1-Interacting Protein (CacyBP/SIP) is highly expressed in the 

brain and was shown to regulate the β-catenin-driven transcription in thymocytes. Therefore, it 

was investigated whether in brain cells CacyBP/SIP might play a role as a transcriptional 

regulator. In BDNF- or forskolin-stimulated rat primary cortical neurons, overexpression of 

CacyBP/SIP enhanced transcriptional activity of the cAMP-response element (CRE). In addition, 

overexpressed CacyBP/SIP enhanced BDNF-mediated activation of the Nuclear Factor of 

Activated T-cells (NFAT) but not the Serum Response Element (SRE). These stimulatory effects 

required an intact C-terminal domain of CacyBP/SIP. Moreover, in C6 rat glioma cells, the 

overexpressed CacyBP/SIP enhanced activation of CRE- or NFAT- following forskolin- or serum 

stimulation, respectively. Conversely, knockdown of endogenous CacyBP/SIP reduced activation 

of CRE- and NFAT but not SRE. Taken together, these results indicate that CacyBP/SIP is a novel 

regulator of CRE- and NFAT-driven transcription.
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Introduction

Transcription factors are key mediators of long-term responses to a variety of extracellular 

signals. For instance, neurotransmitters and neurotrophins including glutamate and BDNF 

regulate brain neuron morphogenesis, survival and synaptic plasticity by activating 

Extracellular signal-Regulated Kinase-1/2 (ERK1/2) (Adams and Sweatt 2002; Hetman and 

Gozdz 2004; Miller and Kaplan 2003; Parrish et al. 2007). In turn, ERK1/2 carries out these 

long-term responses by stimulating such transcription factors as cAMP Response Element 

Binding protein (CREB), Serum Response Factor (SRF) and the Nuclear Factor of Activated 
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T-cells (NFAT) (Knoll and Nordheim 2009; Lonze and Ginty 2002; Vashishta et al. 2009). 

Although a great progress has been achieved in defining the mechanisms of ERK1/2-

dependent transcriptional activation, the negative regulation of ERK1/2-driven transcription 

has been relatively understudied.

CacyBP/SIP has been initially isolated as a protein that interacts with calcyclin/S100A6 

(Filipek and Kuznicki 1998) and later as a binding partner of a human Siah-1 (Matsuzawa 

and Reed 2001). Siah-1 is an E3 ubiquitin ligase that is induced by p53 in response to DNA 

damage (Amson et al. 1996; Matsuzawa et al. 1998). CacyBP/SIP helps to assemble 

multiprotein E3 ubiquitin ligase containing Siah-1, Skp1 and the F-box protein Ebi 

(Matsuzawa and Reed 2001). It has been proposed that the latter protein targets the complex 

towards β-catenin that is then polyubiquitinated and degraded. By inhibiting the pro-

proliferative transcription that is mediated by β-catenin, CacyBP/SIP contributes to the p53-

dependent cell cycle arrest following genotoxic stress and is essential for mouse thymocyte 

differentiation (Fukushima et al. 2006).

In addition to serving as an adaptor protein for the E3 ligase, CacyBP/SIP also exhibits 

phosphatase activity toward ERK1/2 and tau (Kilanczyk et al. 2011; Wasik and Filipek 

2013). Moreover, CacyBP/SIP directly bound to ERK2 (Kilanczyk et al. 2009). This 

interaction was mediated by the C-terminal domain of CacyBP/SIP. Within this domain, the 

conserved residue E217 (amino acid numbering for mouse CacyBP/SIP) was required for 

ERK2 binding. When overexpressed in NB2a cells, the wild type but not the E217K mutant 

variant of CacyBP/SIP reduced the ERK2-mediated activation of the transcription factor 

Elk1 (Kilanczyk et al. 2009). Together with the Serum Response Factor (SRF), Elk1 

activates the SRE-driven transcription in an ERK1/2-dependent manner (Knoll and 

Nordheim 2009). Therefore, in addition to inhibiting the β-catenin-mediated transcription, 

CacyBP/SIP may negatively regulate transcription factors that are activated by ERK1/2. 

Moreover, such an inhibitory interaction may require binding of CacyBP/SIP to ERK1/2.

Although CacyBP/SIP is abundantly expressed in the brain including forebrain neurons 

(Jastrzebska et al. 2000), its significance for brain development and/or function is unclear. 

Therefore, the current study has been initiated to evaluate whether CacyBP/SIP regulates 

ERK-dependent activation of transcription factors that have well established role in the 

brain.

Materials and Methods

Materials

All reagents were obtained from Sigma, EMD or other vendors, as indicated. The following 

plasmids have been previously described: CRE-Luc (CRE-luciferase reporter) and 

EF1αLacZ (expression vector for β-galatosidase, β-gal) (Impey et al. 1998), NFAT-Luc 

(NFAT-luciferase reporter) (Vashishta et al. 2009), SRE-Luc (SRE- luciferase reporter) 

(Wang and Prywes 2000), expression vectors for CacyBP/SIP-EGFP, CacyBP/SIP-E217K-

EGFP and their empty cloning vector (pEGFP-C1) (Wolozin 2014); pSuper-based small 

hairpin RNA (shRNA) construct targeting GFP (Boehrs et al. 2007).
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Cell Culture and Transfection

Cortical neurons were prepared from newborn Sprague-Dawley rats at postnatal day 1 as 

previously described (Habas et al. 2006). Briefly, the culture medium was Basal Medium 

Eagle (BME) supplemented with 10% heat-inactivated bovine calf serum (Hyclone, Logan, 

UT), 35 mM glucose, 1 mM L-glutamine, 100 U/mL of penicillin and 0.1 mg/mL 

streptomycin. Cytosine arabinoside (2.5 μM) was added on the second day after seeding 

(day in vitro 2, DIV2) to inhibit proliferation of non-neuronal cells. Neurons were 

transfected on DIV4 using Lipofectamine2000 (Invitrogen) as described previously (Hetman 

et al. 2002). Two days after transfections neurons were treated with 10 ng/ml BDNF diluted 

in phosphate-buffered saline (PBS) containing 0.1% bovine serum albumin (BSA) or 10 μM 

forskolin diluted in water. C6 astrocytic glioma cells were cultured in growth medium 

containing DMEM, 10% FBS, 1 mM L-glutamine, 100 U/mL of penicillin and 0.1 mg/mL 

streptomycin. C6 cells were transfected using the Lipofectamine2000 reagent according to 

the manufacturer's protocol. One day after transfection cells were placed in serum-free 

media for 12h and then stimulated by adding medium containing 10% fetal bovine serum 

(FBS) with or without 10 μM forskolin.

Immunocytochemistry

For GFP immunostaining a standard immunofluorescence protocol was followed using a 

rabbit anti-GFP antibody (MBL) diluted 1:500 (Hetman et al. 1999).

Luciferase reporter gene assays

Luciferase and β-gal activities were assayed using standard kits (Promega). Transcriptional 

activity was determined as a luciferase activity normalized to β-gal activity. For each 

condition, three sister cultures were used per experiment. The baseline activities were 

determined for each transfection condition in non-stimulated cells. In each experiment, 

stimulation responses were calculated as fold of the baseline for each plasmid combination. 

Such baseline-normalized values from at least three independent experiments were then 

compared using ANOVA and posthoc tests.

Generation of shRNA expression constructs

To generate CacyBP/SIP shRNA constructs, the rat CacyBP/SIP mRNA (gene bank 

accession Number NP_001004208.1) sequence was analyzed using shRNA design software 

(http://www.genelink.com/sirna/shrnai.asp/). One sequence corresponding to nucleotides 

280-299 was selected. Oligonucleotide sequence: 

GATCCCCGGAACAAGATGCAGCAGAATTCAAGAGATTCTGCTGCATCTTGTTCC

TTTTTA was designed together with their complementary counterparts, annealed and 

subcloned into a pSUPER vector digested with BglII and HindIII (OligoEngine, Seattle, 

WA, USA).

SDS-PAGE and Western blotting

A standard protocol for both SDS-PAGE and Western blot was applied. Mouse anti-

CacyBP/SIP (Abcam) and mouse anti-GAPDH antibody (Alexis Biochemicals) were used at 
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1:1000 and 1:3000 dilutions, respectively. Densitometry analysis was used to evaluate the 

relative expression of CacyBP/SIP.

Results

Transcription modulation by CacyBP/SIP in primary neurons

In BDNF- or forskolin-treated rat cortical neurons, activation of CRE-driven transcription 

requires ERK1/2 (D'Amico et al. 2000). To determine effects of CacyBP/SIP overexpression 

on transcriptional responses downstream of ERK1/2, neurons were transfected with 

expression vectors for CacyBP/SIP-EGFP or CacyBP/SIP-E217K-EGFP together with a 

CRE-driven luciferase reporter construct. In initial experiments, equal expression and 

similar cellular localization of CacyBP/SIP-EGFP and CacyBP/SIP-E217K-EGFP was 

confirmed by immunofluorescence study. Both proteins appeared to accumulate in the 

perikarial cytosol and neurites resembling neuronal distribution of endogenous CacyBP/SIP 

(Fig. 1A, upper panel). Such a pattern did not change in response to BDNF stimulation (Fig. 

1A, lower panel).

In unstimulated neurons, overexpression of CacyBP/SIP significantly increased the basal 

acitivity of CRE as compared to empty vector-transfected cells (5.7±1.2 vs. 1.0±0.05, 

p<0.001); no significant effects on baseline CRE were observed with the E217K mutant. 

Moreover, the wild type by not the mutant CacyBP/SIP increased CRE activation in 

response to BDNF or forskolin (Fig. 1B, C). In empty vector-transfected neurons, an 8h 

treatment with 10 ng/ml BDNF or 10 μM forskolin increased CRE activity 3.9- or 8.5 fold 

of non-stimulated controls, respectively. In CacyBP/SIP overexpressing neurons, CRE 

activation by BDNF or forskolin increased to 12- or 30 fold of non-stimulated controls, 

respectively. In contrast, overexpression of the E217K mutant did not alter CRE responses 

to either stimulus. Similar effects of overexpressed CacyBP/SIP were observed on activation 

of NFAT-driven transcription in response to BDNF (Fig. 1D). However, basal activity of 

NFAT was not affected by the wild type or the E217K mutant form of CacyBP/SIP (2±0.61 

or 1.5±69 vs. 1±0.1, respectively, p>0.05). Thus, in neurons, the ERK1/2-dependent 

activation of CRE- or NFAT-driven transcription was enhanced by CacyBP/SIP. Such a 

modulation required intact C-terminal domain of CacyBP/SIP.

In addition to CRE or NFAT, SRE-mediated transcription is another well-established 

downstream target of the BDNF-ERK1/2 signaling pathway in neurons. However, 

overexpression of CacyBP/SIP or its E217K mutant did not modulate activation of SRE by 

BDNF (Fig. 1E). Likewise, in the absence of stimulation, baseline activity of SRE was 

unaffected by either construct (0.91±0.14 or 1.26±0.36 vs. 1±0.14, respectively, p>0.05). 

Importantly, similar requirement of ERK1/2 for stimulation of all three transcriptional 

systems was confirmed using the specific ERK1/2 inhibitor U0126 (data not shown) (Kalita 

et al., 2006; Vashishta et al. 2009). Therefore, CacyBP/SIP did not uniformly affect all 

ERK1/2-dependent transcription.
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Transcription modulation by CacyBP/SIP in C6 astrocytic glioma cells

To investigate whether regulatory influence of CacyBP/SIP over CRE and NFAT is present 

in proliferating cells of brain origin, rat C6 astrocytic glioma cells were used. In 

unstimulated C6 cells, overexpression of CacyBP/SIP or its E217K mutant had no 

significant effects on basal activities of CRE or NFAT. For instance, in CacyBP/SIP 

overexpressing cells, basal CRE or NFAT activity was 1.6±0.34- or 1.9±0.43 fold of vector 

controls, respectively (p>0.05). However, CacyBP/SIP enhanced CRE- and NFAT- 

responses to activating stimuli including serum+forskolin (CRE) or serum (NFAT) (Fig. 2A, 

B). Such a modulatory action was observed, similarly as it was for neurons, only for the wild 

type CacyBP/SIP but not for its E217K mutant. Conversely, neither basal SRE activity nor 

its stimulation by serum was significantly affected by CacyBP/SIP (Fig. 2C and data not 

shown).

To determine the role of endogenous CacyBP/SIP in transcriptional regulation, an shRNA 

expression vector was prepared to target rat CacyBP/SIP (shCacyBP/SIP). When transfected 

into the C6 cells the shCacyBP/SIP reduced expression of endogenous CacyBP/SIP (Fig. 

3A). In the absence of stimulation, knock down of CacyBP/SIP lowered basal activities of 

CRE and NFAT but not SRE as compared to control shRNA-transfected cells (Fig. 3B). 

Moreover, shCacyBP/SIP reduced activation of CRE- or NFAT-driven transcription in 

response to serum+forskolin or serum, respectively (Fig. 3C). However, it did not affect 

stimulation of SRE in response to serum (Fig. 3C). Taken together, these results indicate that 

both endogenous and overexpressed CacyBP/SIP regulate CRE and NFAT-driven 

transcription.

Discussion

In this work we demonstrate that in rat primary cortical neurons and C6 astrocytic glioma 

cells, CacyBP/SIP does not uniformly affect transcription factors that are targets of ERK1/2 

signaling. CRE- and NFAT-driven transcription was enhanced while SRE-driven 

transcription was unaffected. In addition, in C6 cells, an shRNA-based evidence was 

obtained that endogenous CacyBP/SIP is required for CRE-and NFAT activation by 

forskolin and/or serum. Finally, effects on CRE- and NFAT-driven transcription were 

dependent on the intact C-terminal domain of CacyBP/SIP.

All findings presented in this work suggest that CacyBP/SIP may work as a positive 

regulator of some but not all ERK1/2-driven transcription pathways including CRE and 

NFAT. Such effects may be mediated by either direct or indirect interactions between 

CacyBP/SIP and the components of the affected transcriptional systems. In the case of β-

catenin-driven transcription, CacyBP/SIP is as an adaptor protein that facilitates β-catenin 

degradation by its Siah-1-mediated ubiquitination (Matsuzawa and Reed 2001). A similar 

mechanism that operates by destabilizing transcriptional activators or repressors may 

modulate CRE- and/or NFAT-driven transcription (Healey et al. 2013; Liu et al. 2009; Sen 

and Snyder 2011). Alternatively, CacyBP/SIP-facilitated degradation of β-catenin may 

affect CRE and/or NFAT. Finally, one can also consider a possibility that the adaptor 

functions of CacyBP/SIP may be used not only for the regulated proteasomal degradation 

but also for assembly of signaling complexes transducing extracellular signals into the 
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nucleus in a proteasome-independent manner. Additional studies are needed to define 

mechanisms of transcriptional effects of CacyBP/SIP.

We report that overexpression or knockdown of CacyBP/SIP does not affect SRE. Our prior 

observations in neuroblastoma cells suggested that overexpressed CacyBP/SIP antagonized 

ERK1/2-dependent transcriptional activity of the overexpressed Gal4-Elk1 fusion 

transcription factor on the Gal4-luciferase reporter construct (Kilanczyk et al. 2009). As 

Elk1 contributes to regulation of SRE our current findings appear to contradict those initial 

observations. However, SRE is also regulated by SRF and the SRF interacting factors 

including MKL1 and MKL2 (Knoll and Nordheim 2009). In addition, the Gal4-Elk1/Gal4-

luciferase system that was used in our previous work was designed to probe the 

transactivation capacity of Elk1 without taking into account modulation of its DNA binding 

or activity of other factors that co- regulate SRE. Hence, even if Elk-1-mediated 

transactivation is reduced by CacyBP/SIP, increased activity of other SRE regulators such 

SRF or MKL1/2 may result in normal SRE activity.

In our hands, integrity of the C-terminal domain of CacyBP/SIP, which was shown to 

interact with ERK2, was essential for transcriptional effects of CacyBP/SIP since its E217K 

mutant had no effect on CRE- or NFAT-driven transcription. Such a mutation was also 

shown to prevent effects of CacyBP/SIP on β-catenin levels (Kilanczyk et al. 2009; 

Matsuzawa and Reed 2001). While these interactions may contribute to the observed effects 

on the ERK1/2-regulated transcriptional pathways one can also consider alternative 

interactions with the C-terminal domain of CacyBP/SIP or structural changes within this 

domain that may contribute to these effects.

Findings presented in this work suggest that CacyBP/SIP is a novel regulator of NFAT. 

Critical involvement of NFAT in development and functions of the immune system is well 

established (Muller and Rao 2010). In addition, NFAT-driven transcription is required for 

heart development, angiogenesis, axonal growth, peripheral nerve myelination, and 

glutamate-mediated neuronal survival (Graef et al. 2003; Kao et al. 2009; Nilsson et al. 

2008; Schulz and Yutzey 2004; Vashishta et al. 2009). NFAT also contributes to pathologies 

such as heart hypertrophy, cancer metastases or astroglia re-activation in degenerating brain 

(Abdul et al. 2009; Muller and Rao 2010; Nilsson et al. 2008; Sama et al. 2008). As a new 

addition to the list of NFAT regulators, CacyBP/SIP may affect these important processes. 

Such a claim is supported by overlapping effects of CacyBP/SIP- and NFATc3- gene knock 

outs on mouse thymocyte development (Cante-Barrett et al. 2007; Fukushima et al. 2006). 

Taken together, our results identify CacyBP/SIP as a novel positive regulator of CRE- and 

NFAT-driven transcription. Several questions are raised by such a conclusion including 

those about (i) mechanism of the CacyBP/SIP-mediated transcriptional regulation, (ii) 

identity of the CRE- or NFAT target genes that are regulated by CacyBP/SIP, and, (iii) 

biological significance of this regulation. Given recognized importance of CRE or NFAT 

and scarcity of data on functions of CacyBP/SIP, future studies towards answering these 

questions will be of high significance.
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Abbreviations

BDNF Brain-Derived Neurotrophic Factor

CacyBP/SIP Calcyclin-binding protein/Siah-1-interacting protein

CRE cAMP Response Element

ERK1/2 Extracellular signal Regulated Kinases 1 and 2

NFAT Nuclear Factor of Activated T-cells

GAPDH Glyceraldehyde 3-Phosphate Dehydrogenase

PAGE Polyacrylamide Gel Electrophoresis

PBS Phosphate Buffered Saline

SDS Sodium Dodecyl Sulfate

SRF Serum Response Factor

Kilanczyk et al. Page 9

J Neurosci Res. Author manuscript; available in PMC 2016 January 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 1. Effects of CacyBP/SIP overexpression on ERK1/2-mediated transcriptional responses 
in primary neurons
DIV4 cortical neurons were transfected with the cDNA expression vector for CacyBP/SIP-

EGFP (WT) or its E217K mutant (E217K) together with the transfection marker plasmid 

EF1αLacZ (to express β-gal) and the luciferase reporter constructs as indicated (0.5μg

+0.2μg+0.2μg plasmid DNA/5×105 neurons, respectively). As a control an empty expression 

vector EGFP-C1 (Vector) was used. In A, neurons received only CacyBP/SIP-EGFP 

constructs as indicated. At 24h post transfection, neurons were stimulated with 10 ng/ml 

BDNF (A, B, D and E) or 10 μM forskolin (C) for 8h. A, Immunofluorescence using anti 

GFP antibody revealed similar expression levels and localization of CacyBP/SIP-GFP and 

its E217K mutant irrespective of BDNF stimulation; scale bar=20 μm. B-E, After 

stimulations, activities of luciferase and β-gal were determined and compared to 

unstimulated cells. CacyBP/SIP-EGFP selectively increased CRE- and NFAT- but not SRE-

mediated transcriptional responses despite their similarly high sensitivity to the ERK1/2 

pathway inhibitor U0126 (data not shown). Data represent 12 sister cultures from four 

independent experiments, error bars are SEM; ***p<0.001.
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Figure 2. Overexpression of CacyBP/SIP selectively enhances CRE- and NFAT–driven 
transcription in C6 astrocytic glioma cells
Cells were transfected as described for Figure 1. At 48h post transfection cell were placed 

for 12h in serum free media followed by 8h stimulations with 10% FBS±10μM forskolin as 

indicated. CacyBP/SIP-EGFP enhanced activation of CRE- (A) and NFAT- (B) but not 

SRE- (C) driven transcription. Data represent 9 sister cultures from three independent 

experiments, error bars are SEM; ***p<0.001, **p<0.01.
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Figure 3. Knockdown of CacyBP/SIP reduces stimulation of CRE- and NFAT-driven 
transcription
C6 cells were transfected with an expression vector for shRNA targeting rat CacyBP/SIP or 

a control shRNA against GFP (0.5 μg plasmid DNA/5×105 cells). In B-D, EF1αLacZ and 

the luciferase reporter constructs were also added as indicated (0.2μg+0.2μg plasmid DNA/

5×105 cells, respectively). A, Expression of endogenous CacyBP/SIP was determined by 

Western blotting. To monitor total protein content in each lane the blot was re-probed for 

GAPDH. The graph represents averages of optical density ratios of CacyBP/SIP to GAPDH 

bands from three independent experiments; error bars are SEM; ***, p<0.001. Note that as 

transfection efficiency was estimated at no more than 50%, the extent of the knockdown is 

underrepresented by these data. B-C, Effects of CacyBP/SIP knockdown on CRE-, NFAT- 

and SRE-driven transcription was determined by luciferase reporter assays as indicated. In 

B, effects on basal transcriptional activities are presented as folds of values from shGFP-
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transfected cells; in C, stimulations were as described for Fig. 2. Data represent 9 sister 

cultures from three independent experiments; error bars are SEM; ***p<0.001.
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