
ll
OPEN ACCESS
iScience

Article
Calpain-mediated cleavage generates a ZBTB18
N-terminal product that regulates HIF1A signaling
and glioblastoma metabolism
Anie P.

Masilamani, Rana

Schulzki, Shuai

Yuan, ..., Oliver

Schilling, Roberto

Ferrarese, Maria S.

Carro

maria.carro@

uniklinik-freiburg.de

Highlights
Calpain mediates ZBTB18

cleavage in GBM cells

ZBTB18 SF-Nte localizes

in the cytoplasm and

interacts with CTBP1/2

ZBTB18 SF-Nte regulates

the expression of HIF

targets

ZBTB18 SF-Nte regulates

lipid uptake

Masilamani et al., iScience 25,
104625
July 15, 2022 ª 2022 The
Author(s).

https://doi.org/10.1016/

j.isci.2022.104625

mailto:maria.carro@uniklinik-freiburg.de
mailto:maria.carro@uniklinik-freiburg.de
https://doi.org/10.1016/j.isci.2022.104625
https://doi.org/10.1016/j.isci.2022.104625
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2022.104625&domain=pdf


iScience

Article

Calpain-mediated cleavage generates a ZBTB18
N-terminal product that regulates HIF1A signaling
and glioblastoma metabolism

Anie P. Masilamani,1,6 Rana Schulzki,1,6 Shuai Yuan,1,5,6 Ira V. Haase,1 Eva Kling,1 Franziska Dewes,1

Geoffroy Andrieux,2,3 Melanie Börries,2,3 Oliver Schnell,1 Dieter H. Heiland,1,3 Oliver Schilling,3,4

Roberto Ferrarese,1 and Maria S. Carro1,7,*

SUMMARY

Proteolytic cleavage is an important post-translational mechanism to increase
protein variability and functionality. In cancer, this process can be deregulated
to shut off tumor-suppressive functions. Here, we report that in glioblastoma
(GBM), the tumor suppressor ZBTB18 is targeted for protein cleavage by the
intracellular protease calpain. The N-terminal (Nte) ZBTB18 cleaved fragment lo-
calizes to the cytoplasm and thus, is unable to exert the gene expression repres-
sive function of the uncleaved protein. Mass spectrometry (MS) analysis indicates
that the Nte ZBTB18 short form (SF) interacts with C-terminal (Cte) binding pro-
teins 1 and 2 (CTBP1/2), which appear to be involved in HIF1A signaling activa-
tion. In fact, we show that the new ZBTB18 product activates HIF1A-regulated
genes, which in turn lead to increased lipid uptake, lipid droplets (LD) accumula-
tion, and enhanced metabolic activity. We propose that calpain-mediated
ZBTB18 cleavage represents a new mechanism to counteract ZBTB18 tumor sup-
pression and increase tumor-promoting functions in GBM cells.

INTRODUCTION

Glioblastoma (GBM) is the most aggressive type of brain tumor with a median survival time of 12–

15 months. Former studies have highlighted the existence of gene expression subtypes associated with

different patient prognoses (Phillips et al., 2006; Wang et al., 2017). In particular, the mesenchymal subtype

appears to be associated with the most aggressive features and the worst tumor outcome (Phillips et al.,

2006; Wang et al., 2017). Previously others and we have identified Zinc Finger And BTB Domain Containing

18 protein (ZBTB18) as a transcriptional repressor of mesenchymal genes and showed that ZBTB18 plays a

tumor-suppressive role in GBM (Carro et al., 2010; Fedele et al., 2017; Tatard et al., 2010; Xiang et al., 2021).

Proteolytic cleavage plays an important role in many biological processes. In addition to protein degrada-

tion, which regulates protein turnover, the targeted cleavage of key protein substrates has proven to be

crucial for many biological functions. This activity produces cleaved N- or C-terminal protein products

which are often stable and functional (Klein et al., 2018). Calpains are intracellular Ca2+-dependent cysteine

proteases that cleave specific substrates giving rise to new proteolytic products (Ono and Sorimachi, 2012;

Storr et al., 2011). In particular, CAPN1 and CAPN2 are ubiquitous calpains that are activated by mM or mM

Ca2+ concentration, respectively; their activity is tightly controlled by a natural common inhibitor, calpas-

tatin (CAST), which binds only in the presence of calcium (Wendt et al., 2004).

Hypoxia plays an important role in tumorigenesis as it regulates several features that are considered hall-

marks of human cancer, such as angiogenesis and metabolic reprogramming (Hanahan and Weinberg,

2011; Ruan et al., 2009). Hypoxia-inducible factor-1a (HIF1A) is stabilized in the hypoxic environment and

leads to the activation of glycolytic enzymes and glucose transporters (Lum et al., 2007). In addition, it

has been demonstrated that hypoxia induces a HIF1A-dependent accumulation of lipid droplets (LD)

through the induction of fatty acid-binding protein 3 and 7 (FABP3 and FABP7), involved in the uptake

of fatty acids from the extracellular environment (Bensaad et al., 2014). LD are storage organelles made

by a layer of phospholipids coated with proteins that surround a hydrophobic core of neutral lipids. In
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GBM, LD play a crucial role in supporting cancer cell metabolism. LD are hydrolyzed by autophagy to

release free fatty acids that undergo b-oxidation in the mitochondria for energy production (Wu et al.,

2020). Interestingly, FABP7 is highly expressed in the brain and is implicated in the transport and uptake

of long-chain fatty acids (Xu et al., 1996); moreover, it is associated with the worst properties of GBM

and with poor patients’ outcome (Kaloshi et al., 2007).

Recently, we have identified a short ZBTB18 protein product (around 30-35kDa) that is specifically ex-

pressed in GBM cell lines but not in normal cortical tissues (Fedele et al., 2017). Here, we report that

ZBTB18 short forms (SF-Nte and SF-Cte) are the products of ZBTB18 proteolytic cleavage mediated by

the intracellular protease family of calpains; in particular calpain 2 (CAPN2) expression appears to correlate

with the presence of ZBTB18 cleaved form in GBM cells. We provide evidence that ZBTB18 SF-Nte posi-

tively affects HIF1A target gene expression and consequent fatty acids uptake and LD accumulation in

the cytoplasm.

RESULTS

N- terminal or C-terminal truncated forms of ZBTB18 are expressed in glioblastoma samples

and glioblastoma-derived cell lines

While studying ZBTB18 function in GBM we previously reported that, on FLAG-ZBTB18 overexpression, a

truncated Nte form of ZBTB18 is consistently detected byWestern blot using an FLAG antibody directed to

the Nte portion of the ectopic protein (Fedele et al., 2017) (Figure 1A). Western blot analysis of GBM and

GBM-derived primary cells (brain tumor stem-like cells, BTSC, Table 1 and Table S1), using an antibody

directed against ZBTB18 amino acid sequence between position 228 and 498 (Abcam ZBTB18 total anti-

body, Figure 1B), also evidenced the presence of an endogenous shorter ZBTB18 product (30-35kDa),

which is specifically expressed in a subset of GBMs and in BTSCs but not in normal cortical tissues (normal

brain, NB) (Fedele et al., 2017) (Figures 1C–1E and S1A–S1C). Of note, ZBTB18 SF expression pattern in

GBMbiopsies BT611, BT349, and BT348matchedwith that of the corresponding derived BTSCs (Figure 1E).

As the ZBTB18 total antibody (Abcam) used in our analysis recognizes a portion of the target protein that

overlaps with both the putative Nte and C-terminal (Cte) fragments, we sought to clarify whether two

distinct truncated ZBTB18 forms existed. Therefore, we performed immunoprecipitation experiments in

U3082, which express ZBTB18 SF (Figures 1C and Table 1), by using two different ZBTB18 antibodies: (1)

a ZBTB18 polyclonal antibody directed to the Cte region (Proteintech) and 2) the ZBTB18 total antibody

(Abcam) (Figures 1B and 1F). The gel regions, in which ZBTB18 full length (FL, above 40 kDa) and

ZBTB18 short form (SF, below 40 kDa) were expected to be found, underwent mass spectrometry (MS) (Fig-

ure 1F). Peptide mass analysis indicated that, when the antibody directed to the Cte region was used, only

peptides corresponding to the Cte region of ZBTB18 were detected in the gel region below 40 kDa (Fig-

ure 1F). This suggests that a ZBTB18 Cte short peptide is expressed in U3082. Both cleaved forms were

instead present with a 1:1 ratio when the antibody directed to both the Nte and Cte regions was used.

Therefore, both ZBTB18 Nte and Cte short forms (SF) (from now on ZBTB18 SF-Nte and -Cte) are present

in U3082. As the two protein products are supposed to be similar in size (30kDa), it is possible that they are

not resolved in the gel and are, therefore, detected as a single band by Western blot when using an anti-

body that recognizes both forms. Overall, these experiments confirm the presence of the ZBTB18 SF in

GBM biopsies and GBM-derived cells.

ZBTB18 short forms are generated by CAPN-mediated proteolytic cleavage

As ZBTB18 coding sequence is enclosed in a single exon, we hypothesized that the identified SF might be

the result of proteolytic cleavage. Therefore, we treated the ZBTB18-short-form expressing primary GBM

cell line, U3082, with various protease inhibitors (Figure S2A). Specifically, we tested E64D, a cysteine pep-

tidases inhibitor, QVDOPH, a potent pan-caspase inhibitor, and leupeptin, which inhibits serine and

cysteine proteases. However, none of these inhibitors clearly affected ZBTB18 cleavage (Figure S2A).

As a parallel approach, we performed a significance analysis for microarray (SAM) to detect differences in

proteases expression in a set of 8 BTSCs samples (3 expressing ZBTB18 SF and 5 expressing only the full-

length form), which revealed that CAPN2 is significantly more expressed in the short-form (SF) group

(Figures 2A and 2B and Table 1). CAPN1, another ubiquitous member of the calpain family, did not appear

to be differentially expressed (Figure S2B). qPCR confirmed this difference and showed that CAPN2 RNA

levels are higher in BTSCs expressing ZBTB18 SF (Figures 2C and Table 1). In addition, Western blot anal-

ysis correlated CAPN2 expression with BTSC cell lines expressing ZBTB18 SF (Figures 2D and 2E). Calpains
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Figure 1. Short ZBTB18 protein products are expressed in GBM

(A) Western blot analysis of BTSC233 on ectopic expression of ZBTB18 FL, using a FLAG antibody (mouse, Sigma)

directed to the N-terminal region of the ectopic protein. Both a full length (FL, double band) and an N-terminal truncated

protein (short form, SF) are detected.

(B) Schematic representation of ZBTB18 protein structure, including the putative short form variants and the regions

detected by the different antibodies used for the experiments.

(C) Western blot analysis of different GBM-derived primary cell lines (BTSCs) and one normal cortical tissue sample (NB),

using a ZBTB18 total antibody (Abcam). The analysis shows the presence of ZBTB18 SF in a subset of cells (marked in

orange). BTSCs with no or low ZBTB18 SF are labeled in blue.

(D and E) Western blot analysis of different GBM samples (brain tumor, BTs), using a ZBTB18 total antibody (Abcam)

showing the presence of ZBTB18 SF in a subset of those. BT385R1 indicates a recurrent tumor. In Figure 1D, the ZBTB18

SF-expressing cell line BTSC349 (Figure 1C) is included as a positive control.

(F) Experimental flow chart of the IP-MS analysis. Different antibodies were used to immune-precipitate ZBTB18 and to

highlight the presence of both an N-terminal and C-terminal short form variants in U3082.

(G) Summarized results of peptide mapping of MS data. R1 and R2 refer to two independent experiments where 5 mg or

10 mg of ZBTB18 antibody were used, respectively. See also Figure S1, Table 1 and S1.
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Table .1. Summary of ZBTB18 SF and FL expression status in GBM cell lines, BTSCs and biopsies used for major analyses in the article

The orange label highlights cells and tumor samples with ZBTB18 SF, while the blue color labels those without ZBTB18 SF.
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Figure 2. ZBTB18 is cleaved by calpain

(A) List of protease coding genes, which are differentially expressed between BTSCs with or without ZBTB18 SF. CAPN2

appears to be significantly more expressed in BTSCs with ZBTB18 SF.

(B and C) Box-plot representation of CAPN2 expression extrapolated from RNAseq analysis (B) and from quantitative RT-

PCR (C) of BTSC lines with or without ZBTB18 SF. Center lines show the medians; box limits indicate the 25th and 75th

percentiles as determined by R software; whiskers extend 1.5 times the interquartile range from the 25th and 75th per-

centiles, outliers are represented by dots; crosses represent sample means; width of the boxes is proportional to the

square root of the sample size. n = 3, five sample points (B) and n = 4, five sample points (C).

(D and E) Western blot analysis (D) and relative quantification (E) of CAPN2 and ZBTB18 levels in LN229 GBM cells and

different BTSCs characterized by the presence (marked in orange) or absence (mrked in blue) of ZBTB18 SF. Both ZBTB18

FL and SF were detected with a ZBTB18 total antibody (Abcam).
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are intracellular proteases, which lead to substrate degradation or modulation and that are implicated in

cellular phenomena associated with tumor progression (Moretti et al., 2014). To test the potential involve-

ment of calpain in ZBTB18 cleavage, U3082 cells, which express ZBTB18 SF, were exposed to different

concentrations of the calpain inhibitor PD150606 (10 and 100 mM), or to vehicle, for 16 h (Figure 2F). Remark-

ably, the treatment completely abolished the expression of ZBTB18 short peptides (Figure 2F). The result

was corroborated in a time-course experiment, which showed that the PD150606 effect could be already

detected after 1 h (Figure 2G). To further verify the possible involvement of CAPN2 in ZBTB18 proteolytic

cleavage, we knocked down CAPN2 in U3082 with two different shRNAs; the observed ZBTB18 SF down-

regulation in association with the altered cell morphology (Figures 2H, S2C, and S2D), further reinforced

the notion that CAPN2 mediates ZBTB18 cleavage and induces physiological changes in the tumor cells.

The experiments presented so far clearly indicate that inhibiting or knocking down calpain reduces ZBTB18

cleavage. However, a corresponding increase in ZBTB18 FL level could not be detected. This suggests that

ZBTB18 might be degraded, providing an additional mechanism to turn off its tumor-suppressive function.

In line with this idea, we sought to analyze ZBTB18 FL stability in a cycloheximide experiment. SNB19 cells

were transduced with either EV or ZBTB18 FL for 72 h and further treated with cycloheximide for several

time points (Figures 2I and 2J). Ectopic ZBTB18 FL (lower band) expressed in SNB19 cells appeared to

have a shorter half-life compared to ZBTB18 SF (Figures 2I and 2J). We observed that the ZBTB18 FL top

band, which is likely a modified form of ZBTB18, appeared to be more stable, suggesting the existence

of additional mechanisms to regulate ZBTB18 half-life. Treatment of SNB19 cells, which have been trans-

duced with EV or ZBTB18 FL (72 h), with the proteasome inhibitor MG132 for 8 or 24 h, strongly increased

the level of ZBTB18 SF, while ZBTB18 FL level remained more stable (Figures 2K and 2L). These data sug-

gest that ZBTB18 FL, which is no longer degraded by the proteasome, would be rapidly cleaved and fail to

accumulate (Figure 2K). Therefore, both ZBTB18 cleavage and degradation by the proteasome seem to be

complementary mechanisms to reduce the level of ZBTB18 in tumor cells.

As calpains are known to be activated by calcium, we sought to treat U3047 cells, which do not express

ZBTB18 SF, with Ca2+-Ionophore A23187 (Ca-I), a highly selective calcium ionophore, which forms a stable

complex with Ca2+ and passes through the cell membrane increasing intracellular Ca2+ levels (Babcock

et al., 1976). Ca-I has been shown to consequently induce calpain activity (Kim et al., 2002). The cells

were incubated with Ca-I, alone or in combination with the calpain inhibitor PD150606. Interestingly, expo-

sure to Ca-I led to re-expression of the SF, which was counteracted by the addition of the calpain inhibitor

(Figure 3A). Calpains are known to be inhibited by the endogenous inhibitor CAST (Hanna et al., 2008);

while hypoxia has been shown to increase the intracellular concentration of Ca2+ and to induce calpain

(Toescu, 2004; Zheng et al., 2014). Therefore, we transduced BTSC233 cells, which lack ZBTB18 SF, with

shCtr or shCAST and further exposed them to Ca-I or CoCl2, which chemically mimics hypoxia (Piret

et al., 2002). Remarkably, CAST knockdown in combination with CoCl2 treatment led to a strong upregu-

lation of CAPN2 and ZBTB18 SF (Figures 3B and 3C). In these cells, Ca-I treatment produced amoremodest

effect, which became evident when used in combination with shCAST. This suggests that CAPN2 regula-

tion involves several mechanisms and at least some of them could be cell dependent. Consistent with this

hypothesis, we observed that the expression of CAST strongly varies among BTSCs and is particularly ex-

pressed in BTSC233 while is not detected in U3047 (Figure S3A). Thus, in cells where it is present, CAST

might counteract the calcium-induced calpain activation. Moreover, as CAST interaction with calpain

Figure 2. Continued

(F) Western blot analysis of ZBTB18 expression, using a ZBTB18 total antibody (Abcam) in U3082 cells treated with or

without different concentrations of calpain inhibitor (PD150606) for 16 h.

(G) Western blot analysis of ZBTB18 expression, detected with a ZBTB18 total antibody (Abcam), in U3082 cells treated

with the calpain inhibitor (PD150606, 100mM) in a time-course experiment.

(H) Western blot analysis of CAPN2 and ZBTB18 expression (FL and SF) in U3082 cells on CAPN2 knockdown with two

independent shRNAs. ZBTB18 was detected with a ZBTB18 total antibody (Abcam).

(I and J) Anti-FLAG (mouse, Sigma) Western blot analysis (I) and relative quantification (J) of ZBTB18 FL and SF expression

in SNB19 cells transduced with ZBTB18 FL, on treatment with cycloheximide (100 mg/mL) for several time points. The level

of individual ZBTB18 high and low bands was quantified using the ImageJ software (Bio-Rad) and normalized to aTubulin.

(K and L) Western blot analysis using anti-FLAG antibody (mouse, Sigma) (K) and relative quantification (L) of ZBTB18 FL

and SF expression in SNB19 cells transduced with empty vector (EV) or with ZBTB18 FL, and exposed to MG132 (5 mM) or

DMSO, for the indicated time points. The quantification of Western blot bands was performed using the ImageJ software

(Biorad) and normalized to aTubulin. Either individual ZBTB18 FL and SF (left panel) or total ZBTB18 levels (right panel)

were plotted. The asterisks indicate unspecific bands. See also Figure S2.
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also requires calcium (Hanna et al., 2008); it is possible that in presence of CAST, the wave of increased

intracellular calcium is rerouted toward calpain inhibition rather than toward its activation, as we observed

in BTSC233.

Our data and previous knowledge on calpain suggest that intracellular levels of calcium are important for

its function. Therefore, we transduced various BTSC cell lines with a calcium reporter lentiviral vector that

expresses GFP in response to a rise in intracellular levels of calcium. Abundant GFP was detected in cell

lines expressing ZBTB18 SF (Figures 3D and S3B) further indicating that Ca2+-dependent calpain activity

is important for ZBTB18 cleavage.

A PEST sequence is required for ZBTB18 cleavage by calpain

We then examined in ZBTB18 protein sequence for putative calpain cleavage sites by Calpain for Modula-

tory Proteolysis Database (CaMPDB) (duVerle et al., 2010; duVerle and Mamitsuka, 2019) and detected a

series of potential sites (Figure S4A). A cluster of sites was located close to the amino acid 268 (Asn/N fol-

lowed by Leu/L and Val/V), which corresponds to the end of the last peptide identified by our previous MS

analysis (Fedele et al., 2017). In addition, the predicted molecular weight of this peptide is consistent with

the size of the ZBTB18 SF (�30kDa). Therefore, we sought to determine whether ZBTB18 SF could be

blocked by altering the predicted calpain cleavage site. At first, site-directed mutagenesis was used to

introduce the desired mutations (N268F, L269W, V270W) to the predicted site based on FLAG/HA-tagged

wild-type ZBTB18 template (Figure 4A). Then, we overexpressed either the mutant or the wild-type form of

Figure 3. ZBTB18 cleavage is induced on calcium or calpastatin inactivation

(A) Western blot analysis of U3047 cells treated with the calpain inhibitor (PD150606, 100 mM for 24 h) and/or Ca2+-

Ionophore (Ca-I, 10 mM for 5 min). ZBTB18 was detected a ZBTB18 total antibody (Abcam).

(B and C) Western blot analysis (B) and relative quantification (C) of BTSC233 cells on CAST knockdown and consequent

treatment with either Ca-I (10 mM for 5 min) or Cobalt Chloride (CoCl2, 200 mM for 48h). ZBTB18 was detected a ZBTB18

total antibody (Abcam).

(D) Microphotographs of BTSCs with high or low ZBTB18 SF levels, expressing a GFP reporter of Ca2+ (scale = 200mm). The

GFP signal is stronger in BTSC348, BTSC349, and BTSC380, which express high levels of ZBTB18 SF (Figure 1C and

Table 1). See also Figure S3.
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ZBTB18 in SNB19 cells and analyzed ZBTB18 ectopic expression by Western blot (Figures 4B and 4C). The

ratio between ZBTB18 SF/FL decreased, although the cleavage was not completely suppressed, suggest-

ing that, on the mutation, the calpain cleavage could shift to other progressively less likely sites, as previ-

ously proposed (Conacci-Sorrell et al., 2010). Interestingly, the level of ZBTB18 FL top band increased,

which advises that the suppression of the calpain cleavage site might favor a ZBTB18 post-translational

modification (i.e., phosphorylation), which seems to be associated with increased protein stability. Protein

sequence analysis using the EMBOSS program ePESTfind tool (http://emboss.bioinformatics.nl/cgi-bin/

emboss/epestfind) revealed the presence of two PEST sequences (Figures 4A and S4B). PEST regions

have been shown to be important for protein stability and calpain cleavage (Conacci-Sorrell et al., 2010;

Shumway et al., 1999; Wang et al., 2003); therefore, we attempted to delete the PEST sequence located

upstream of the putative cleavage site (PEST1) which had the higher score (15.06) (Figures 4A and S4B).

We observed that PEST1 deletion (DPEST1), alone or in combination with NLV mutation, strongly affected

the ratio of ZBTB18 SF/FL (Figures 4D and 4E). The concomitant mutation of the putative NLV cleavage site

(ZBTB18DPEST1-NLV) did not lead to an additional reduction, suggesting that the PEST1 sequence plays a

major role in calpain-mediated ZBTB18 cleavage.We also monitored ZBTB18 FL and ZBTB18 FLDPEST sta-

bility on cycloheximide treatment. The results further suggest that the PEST sequence in ZBTB18 is mostly

required for calpain-mediated cleavage and not for ZBTB18 degradation. In fact, the protein half-life is not

affected by the removal of the PEST sequence, which mostly impacts the ratio of ZBTB18 FL/SF

(Figures S5A and S5B). Overall, these data indicate that calpain-mediated ZBTB18 cleavage likely occurs

at/in proximity to the NLV sequence and requires a PEST domain.

ZBTB18 SF-Nte localizes to the cytoplasm and lacks ZBTB18 tumor-suppressive function

We then sought to characterize ZBTB18 SF-Nte function by performing overexpression studies in SNB19

and BTSC233 cells (Figure 5). We observed that ZBTB18 SF-Nte migrated on SDS-page similarly to the

Figure 4. ZBTB18 cleavage is regulated by a specific amino acidic sequence and requires a PEST sequence

(A) Schematic representation of ZBTB18 protein structure in correspondence to the CAPN cleavage site; amino acids in

red are those substituted by site-directed mutagenesis.

(B and C)Western blot analysis (B) and corresponding quantification (C) of SNB19 cells transduced with empty vector (EV),

wild-type ZBTB18 FL (ZBTB18 FL-wt), or ZBTB18 FL with mutated CAPN cleavage site (NLV-mut). ZBTB18 FL (wt or NLV-

mut) was detected with an anti-HA antibody. As the HA tag (at the Cte) is not retained in the cleaved form short form, an

anti-FLAG antibody (rabbit, Cell Signaling) was used to detect the cleaved fragment.

(D and E) Western blot analysis (D) and relative quantification (E) of SNB19 cells on ectopic expression of ZBTB18 FL,

ZBTB18 FL without the PEST1 sequence (FL-DPEST1), or ZBTB18 FL with mutated CAPN cleavage site and deleted PEST1

sequence (FL-DPEST1-NLV). Ectopic ZBTB18 variants were detected with an FLAG antibody (mouse, Sigma). The lower

molecular weight of FL and SF proteins from FL-DPEST1 and FL-DPEST1-NLV is owing to the absence of the PEST1 region.

See also Figure S4 and S5.
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Figure 5. ZBTB18 N-terminal short form localizes in the cytoplasm and no longer functions as a tumor suppressor

(A) Western blot analysis of GBM-derived BTSC233 (left) and SNB19 (right) cells on ectopic expression of ZBTB18 FL or

ZBTB18 SF-Nte. Ectopic proteins were detected with a total ZBTB18 antibody (Sigma).

(B and C)Western blot analysis, with anti-FLAG antibody (mouse, Sigma), of nuclear and cytoplasmic fractions of BTSC233

(B) and SNB19 cells (C) on ectopic expression of ZBTB18 FL or ZBTB18 SF-Nte.

(D) Microphotographs showing SNB19 cells labeled with Flag-ZBTB18 on ectopic expression of ZBTB18 FL or ZBTB18 SF-

Nte (scale = 100mm).

(E) Microphotographs showing the result of a migration assay in SNB19 cells on ectopic expression of ZBTB18 FL or

ZBTB18 SF-Nte (scale = 100mm).

(F) Caspase 3/7 cleavage assay showing apoptotic cells in SNB19 cells on ectopic expression of ZBTB18 FL or ZBTB18 SF-

Nte. Values represent mean G SD, n = 3; **p < 0.01, n.s. not significant, according to unpaired t-test.

(G) Boyden chamber invasion assay showing invading cells in SNB19 cells on ectopic expression of ZBTB18 FL or ZBTB18

SF-Nte. Values represent mean G SD, n = 4; **p < 0.01, n.s. not significant, according to unpaired t-test.
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ZBTB18 SF generated by cleavage of ZBTB18 full length (FL) (Figures 5A–5C). Moreover, differently from

the long form, ZBTB18 SF-Nte showed a cytoplasmic localization (Figures 5B–5D); this is probably caused

by the lack of a nuclear retention signal while a nuclear export signal (NES) is still present (Figure 1B). We

then compared the effects of ZBTB18 FL and SF-Nte on cell behavior. Contrary to what was observed with

ZBTB18 FL, ZBTB18 SF-Nte did not affect cell migration (Figure 5E). Previous studies from others and we

indicate that ZBTB18 can induce apoptosis (Fedele et al., 2017; Tatard et al., 2010). Therefore, wemeasured

casp3/7 cleavage and observed that ZBTB18 FL, but not ZBTB18 SF-Nte expression led to apoptosis (Fig-

ure 5F). In addition, ZBTB18 SF-Nte did not affect cell invasion and proliferation, suggesting that the tumor

suppressor function of the long-form protein is lost in the short variant (Figures 5G and 5H). Furthermore, in

light of the loss of nuclear localization and lack of zinc fingers domains, we hypothesized that ZBTB18 SF-

Nte could no longer regulate gene expression. In fact, while ZBTB18 FL overexpression in SNB19 led to the

downregulation of previously validated mesenchymal genes (Fedele et al., 2017), no repression was

observed on ZBTB18 SF-Nte expression (Figure 5I). Conversely, while ZBTB18 FL led to re-expression of

the epithelial marker MUC1, the SF had no effect (Figure 5I). Taken together, these data indicate

that the Nte ZBTB18 SF is no longer able to repress the expression of mesenchymal genes nor is able to

elicit the cellular alterations induced by the full-length protein, suggesting that ZBTB18 SF-Nte has lost

ZBTB18 FL functions as gene expression repressor and tumor suppressor.

ZBTB18 SF-Nte interacts with CTBP1/2 and mediates their partial translocation to the

cytoplasm

Calpains are peculiar compared to other proteases as they can generate truncated proteins that can acquire

new functions (Conacci-Sorrell et al., 2010; Cortesio et al., 2011). In order to get an insight into possible new

functions of ZBTB18 SF-Nte, we performed SILAC-based quantitative MS to identify proteins, specifically

interacting with ZBTB18 FL or SF-Nte. SNB19 cells were SILAC labeled using Arg0/Lys0 (low, L), Arg6/

Lys4 (medium, M), and Arg10/Lys8 (high, H) and afterward, respectively, transduced with pCHMWS-EV

(L) pCHMWS-FLAG-ZBTB18 FL (M) or pCHMWS-FLAG-ZBTB18 SF-Nte (H) lentiviral particles (Figure 6A). Re-

sults showed that both ZBTB18 FL and SF-Nte interact with the previously identified ZBTB18 partners CTBP2

and CTBP1 (Figure 6B) (Ferrarese et al., 2021). Surprisingly, ZBTB18 SF-Nte appeared to bind to CTBP1/2

even more strongly than ZBTB18 FL (CTBP2 M/L = 3.8, CTBP1 M/L = 2.4, CTBP2 H/L = 46.8, CTBP1 H/L =

46) (Figure 6B). Moreover, KPNB1, a well-known nuclear importin, which plays a role in nuclear localization

of multiple proteins, appeared to bind ZBTB18 FL but not ZBTB18 SF-Nte, suggesting that ZBTB18 interac-

tion with KPNB1 could be important for its nuclear localization. To characterize further the ZBTB18 SF-Nte

role, we investigated more in detail its interaction with CTBP1/2, which are known co-factors involved in

gene expression and therefore, supposed to have a nuclear function, opposed to ZBTB18 SF-Nte that local-

izes in the cytoplasm. Thus, we generated a mutant variant (ZBTB18 SF-mut) unable to bind to CTBP1/2

through site-directedmutagenesis of the previously validatedCTBP1/2 interactionmotif (VLDLS) (Ferrarese

R., 2021; Nibu and Levine, 2001), in which Leu/L240, Asp/D241, and Leu/L242 amino acids have been

substituted with Ser/S, Ala/A, Ser/S amino acids (Figure 6C). Co-immunoprecipitation experiments

confirmed the binding of ZBTB18 SF-Nte to CTBP2; on the other hand, the interaction was completely abol-

ished when ZBTB18 SF-mut was expressed (Figure 6D). In light of ZBTB18 SF-Nte localization in the cyto-

plasm, we examined whether CTBP1/2 resulted in similar compartmentalization. Western blot analysis of

CTBP1/2 in BTSC233 and SNB19 nuclear and cytoplasmic extracts showed a reduction of CTBP2 and

CTBP1 in the nucleus, suggesting that a fraction of the CTBP1/2 pool could be transferred to the cytoplasm

through the interaction with ZBTB18 SF-Nte (Figures 6E and 6F). Similarly, on ZBTB18 SF-Nte expression, an

increase in CTBP2 cytoplasmic localization was detected by immunostaining (Figures 6G and 6H), support-

ing the idea that CTBP1/2 could be retained in the cytoplasm by forming a complex with ZBTB18 SF-Nte.

ZBTB18 SF-Nte affects the expression of hypoxia genes and HIF targets

To investigate the function of ZBTB18 SF-Nte, we performed RNAseq analysis 72 h on overexpression of

ZBTB18 FL and SF-Nte, with or without the CTBP-binding-site mutation in SNB19 cells (Figure S6A). Gene

Figure 5. Continued

(H) Proliferation assay (EdU labeling) in SNB19 cells on ectopic expression of ZBTB18 FL or ZBTB18 SF-Nte. Values

represent mean G SD, n = 4; **p < 0.01, ***p < 0.001, according to unpaired t-test.

(I) Real-time qPCR of selected genes in SNB19 cells on ectopic expression of ZBTB18 FL or ZBTB18 SF-Nte. Cells were

harvested 72 h on transduction. 18S was used as a housekeeping gene. Values represent mean G SD, n = 3; *p < 0.05,

**p < 0.01, according to unpaired t-test.
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Figure 6. ZBTB18 SF-Nte retains the ability to bind CTBP1/2, preventing them to enter the nucleus

(A) Experimental flow chart of the SILAC-based quantitative MS analysis on SNB19 cells labeled using Arg0/Lys0 (low, L),

Arg6/Lys4 (medium, M), and Arg10/Lys8 (high, H) and transduced with pCHMWS-EV, pCHMWS-FLAG-ZBTB18 FL, or

pCHMWS-FLAG-ZBTB18 SF-Nte, respectively.

(B) Summarizing table showing the results of the SILAC MS.

(C) Schematic representation of ZBTB18 SF-Nte; in the highlighted CTBP1/2 binding site, amino acids in red are those

substituted by site directed mutagenesis.

(D) Western blot analysis of CTBP2-ZBTB18 co-immunoprecipitation experiments using a FLAG (rabbit, Cell Signaling)

antibody in SNB19 cells expressing ZBTB18 SF-Nte, or ZBTB18 SF-mut. Western blots were performed with mouse anti-

CTBP2 or mouse anti-FLAG antibodies (mouse, Sigma).

(E) Western blot analysis of nuclear and cytoplasmic fractions of BTSC233 cells on ectopic expression of ZBTB18 FL or

ZBTB18 SF-Nte. ZBTB18 FL and SF were detected with anti-FLAG antibodies (mouse, Sigma).

(F) Western blot analysis of nuclear and cytoplasmic fractions of SNB19 cells on ectopic expression of ZBTB18 FL, ZBTB18

SF-Nte, ZBTB18 FL-mut, or ZBTB18 SF-mut. ZBTB18 FL and SF were detected with anti-FLAG antibodies (mouse, Sigma).

(G and H) Microphotographs (G) and relative quantification (H) showing CTBP2 immunolocalization in SNB19 cells on

ectopic expression of ZBTB18 FL or ZBTB18 SF-Nte. Values represent meanG SD, n = 5; ***p < 0.001, n.s. not significant,

according to unpaired t-test. Scale bar = 100mm.
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expression changes induced by ZBTB18 forms, which do not bind CTBP1/2 (ZBTB18 FL-mut and ZBTB18

SF-mut) were also examined. Several differently regulated genes on ZBTB18 SF-Nte and ZBTB18 SF-mut

were identified (Figure 7A). Given their cytoplasmic localization, ZBTB18 SF-Nte and ZBTB18 SF-mut are

likely to affect gene expression through indirect mechanisms. Gene Set Enrichment Analysis (GSEA) indi-

cated that many genes upregulated by ZBTB18 SF-Nte and SF-mut are hypoxia genes and HIF1A/HIF2A

targets (Figure S6B). When looking at specific genes (CA9, INSIG2, and HILPDA), we observed that

ZBTB18 SF-Nte, but not ZBTB18 FL, and ZBTB18 forms that lack CTBP1/2 interaction (ZBTB18 FL-mut

and ZBTB18 SF-mut) caused their upregulation (Figure 7B). Expression analysis in BTSC475 confirmed

the activating role of ZBTB18 SF-Nte on HIFs targets. Here, ZBTB18 SF-mut also appeared to mediate

gene upregulation although less efficiently compared to ZBTB18 SF-Nte (Figures 7C and S6C). To further

confirm the role of ZBTB18 SF-Nte in the regulation of HIF targets, we treated U3082 with the calpain in-

hibitor PD150606 (Figure 2F). Consistent with our model, we observed that preventing ZBTB18 cleavage

through the inhibition of calpain, led to the downregulation of CA9, NDRG1, and EGLN3 under both the

tested concentrations of PD150606 (Figure 7D).

ZBTB18 SF-Nte affects lipid uptake, lipid droplet accumulation, and cell metabolic activity

HIF1A has been shown to induce fatty acid uptake and lipid storage through the regulation of FABP3/7,

which mediate fatty acid uptake (Bensaad et al., 2014). Interestingly, we observed that FABP7 is upregu-

lated by ZBTB18 SF-Nte but not by ZBTB18 SF-mut (Figure 8A and S6D). This suggest that ZBTB18 SF-

Nte could play a role in lipid uptake. To clarify whether ZBTB18 SF-Nte could drive phenotypic changes

associated with deregulated fatty acid uptake, we measured the uptake capability of BTSC475 on

ZBTB18 SF-Nte overexpression using Bodipy-C12, a fluorescent lauric acid compound. Cells expressing

ZBTB18 SF-Nte incorporated significantly more Bodipy-C12, compared to EV controls and ZBTB18 SF-

mut expressing cells (Figures 8B and 8C). In addition, BTSC475 cells expressing ZBTB18 SF-Nte, and to

a lesser extent those with SF-mut, were characterized by a more abundant presence of LD in their cyto-

plasm, compared to EV controls (Figures 8D and 8E). In SNB19 cells, we observed a marked increase of

LD, which were completely lost when cells were grown in lipid-depleted serum (Figures S7A and S7B).

In order to get an insight into the metabolism of these cells, we then performed real-time metabolic anal-

ysis using the Seahorse XF96 Extracellular Flux analyzer. Interestingly, overexpression of ZBTB18 SF-Nte in

SNB19 cells increased both mitochondrial respiration and glycolysis; conversely, especially the glycolytic

function was reduced when ZBTB18 FL was overexpressed (Figures S7C and D). In a second test to measure

the ATP production rate, ZBTB18 FL overexpression confirmed reduced metabolic capabilities, even

though in this assay the mitochondrial respiration seemed more affected than the glycolysis

(Figures S7E and S7F). On the other hand, the overexpression of both ZBTB18 SF-Nte and SF-mut showed

an increased metabolism compared to the EV control, with a particularly strong enhancement of the glyco-

lytic activity (Figures S7E and S7F). Overall, these data hint at the idea that ZBTB18 SF-Nte enhances the

metabolism of tumor cells, possibly implying a role in tumor progression. Moreover, the observed

increased glycolytic activity is consistent with the hypothesis that ZBTB18 SF-Nte activates the HIF pathway.

ZBTB18 SF-Nte affects lipid uptake through HIF1A

To confirm whether HIF1A is involved in ZBTB18 SF-mediated transcriptional and phenotypic changes, we

treated BTSC475 transduced with either ZBTB18 SF-Nte or ZBTB18 SF-mut with the HIF1A inhibitor (LW6)

which upregulates VHL and consequently leads to HIF1A degradation (Lee et al., 2010). Real-time PCR ex-

periments conducted 72 after transduction showed that LW6-mediated HIF pathway blockade halted the

ZBTB18 SF-Nte-induced upregulation of FABP7 and EGLN3 (Figure 8F). Of note, as previously observed,

overexpression of ZBTB18 SF-mut in these cells did not elicit the same gene upregulation as ZBTB18 SF-

Nte and the effect of LW6 produced an effect similar to that on EV controls. Similarly, the treatment of

BTSC475 with LW6 reduced the uptake of Bodipy-C12 from the culture medium in ZBTB18 SF-Nte express-

ing cells, in fact restoring the level to that of the control cells (Figures 8G and 8H). Finally, the ATP produc-

tion rate assay showed that in presence of LW6 inhibitor, the glycolytic activity of both control and ZBTB18

SF-mut expressing cells was starkly reduced and a mild reduction in the mitochondrial respiration was also

observed (Figures 8I and 8J). Conversely, cells expressing ZBTB18 SF-Nte, which already showed the high-

est metabolic activity compared to the other samples, were only modestly affected by LW6 treatment and

showed only aminor shift in their energetic metabolism (Figures 8I and 8J). Thus, according to these results,

ZBTB18 SF-Nte seems to exert its role in controlling fatty acid mobilization upstream and at least partially

through the HIF pathway. However, ZBTB18 SF-Nte seemed to be able to enhance the cellular metabolism
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regardless of HIF pathway blockade, suggesting that its role in tumor progression may be more complex.

Overall, our data suggest that ZBTB18 cleavage could be a new mechanism to increase the metabolic ac-

tivity of GBM cells through ZBTB18 SF-mediated activation of HIF1a targets and lipid uptake.

Figure 7. ZBTB18 SF-Nte enhances the hypoxia pathway

(A) Volcano plots showing the statistical significance of ZBTB18 SF-Nte vs. EV (left panel) and ZBTB18 SF-mut vs. EV (right

panel). Top 20 UP and DOWN regulated genes are labeled. Color code represents the average normalized intensity

(log2). Dash line indicates the significance threshold at 0.05 adjusted p value.

(B) Box-plot representation of the expression of selected genes extrapolated from RNAseq analysis of SNB19 cell line on

ectopic expression of ZBTB18 FL, ZBTB18 FL-mut, ZBTB18 SF-Nte, or ZBTB18 SF-mut.

(C) Real-time qPCR of selected hypoxia genes in GBM-derived BTSC475 cells on ectopic expression of ZBTB18 SF-Nte or

ZBTB18 SF-mut for 72 h; 18S was used as a housekeeping gene. Values represent meanG SD, n = 3; *p < 0.05, **p < 0.01,

according to unpaired t-test.

(D) Real-time qPCR of selected hypoxia genes in GBM-derived U3082 cells treated with the calpain inhibitor PD150606 (10

or 25 mM) for 16 h. 18S was used as a housekeeping gene. See also Figure S6.
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Figure 8. ZBTB18 SF-Nte controls lipid uptake via hypoxia pathway and affects cellular metabolism

(A) Real-time qPCR of FABP7, an HIF1A target involved in lipid metabolism and trafficking, in GBM-derived BTSC233 cells

on ectopic expression of ZBTB18 SF-Nte or ZBTB18 SF-mut; 18S was used as a housekeeping gene. n = 3; *p < 0.05.

(B and C) Microphotographs (B) and relative quantification (C) showing the uptake of fluorescent lauric acid compound

(Bodipy-C12) by GBM-derived BTSC475 cells expressing ZBTB18 SF-Nte or ZBTB18 SF-mut. Values represent mean G

SD, n = 4; ***p < 0.001, n.s. not significant, according to unpaired t-test (scale bar = 100 mm).
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DISCUSSION

Here we report a new mechanism to regulate the tumor suppression function of ZBTB18 in GBM. Our data

show that calpains mediate ZBTB18 cleavage in GBM and that this activity generates an Nte and a Cte pro-

tein product.

While the role of ZBTB18 SF-Cte has yet to be defined, our results show that ZBTB18 SF-Nte is stable and

with functional traits that seemingly support GBM cell tumorigenic activity. Similar to our observation, a

previous study has shown that MYC cleavage by CAPN2 generates a new functional protein (MYC-Nick),

which localizes in the cytoplasm and plays a role in cell differentiation (Conacci-Sorrell et al., 2010). Impor-

tantly, this study also points toward a role of an upstream PEST sequence (PEST1) in calpain-mediated

cleavage. ZBTB18 protein half-life is not affected by the removal of PEST1 sequence, which instead shows

an effect on the ZBTB18 FL/SF ratio, indicating that it is specifically involved in ZBTB18 cleavage rather than

in ZBTB18 degradation. We also identified amino acids Asn/N268 and Leu/L269 as the putative ZBTB18

cleavage site; interestingly, the same sequence was shown to be the cleavage site of CAMK IV, a well-char-

acterized substrate of CAPN2 (McGinnis et al., 1998; Piatkov et al., 2014). Mutagenesis of these amino

acids, however, did not completely abolish the cleavage site, consistent with the fact that calpain can

use slightly different cleavage sites as they mostly recognize the three-dimensional structure of their pro-

tein substrates. Of note, mutagenesis of the NLV putative cleavage site caused the increase of ZBTB18 FL

high band, suggesting that when cleavage is inhibited, more ZBTB18 FL accumulates and subsequently,

becomes available for post-translational modification. However, another possibility is that a modified

form of ZBTB18 (i.e. phosphorylated) is preferentially targeted by calpain and therefore it increases

when calpain cleavage is blocked. In the future, further investigation of ZBTB18 post-translational modifi-

cation, also in relation to calpain cleavage, should be implemented.

Our significance analysis of microarray indicates that CAPN2 is highly expressed in BTSCs with ZBTB18 SF

and suggests its major role in ZBTB18 cleavage. However, our experimental validation with the calpain in-

hibitor PD150606 does not allow us to discriminate between CAPN1 and CAPN2 functions. Therefore, we

cannot exclude that also CAPN1, perhaps regulated through different mechanisms other than gene

expression, could also be involved in ZBTB18 cleavage. We also observed that, when calpain is inhibited

by PD150606, ZBTB18 FL levels do not concomitantly increase, probably as a consequence of proteasomal

degradation. Therefore, both ZBTB18 cleavage and degradation by the proteasome seem to be comple-

mentary mechanisms to reduce the level of ZBTB18 in tumor cells.

Functional analysis of ZBTB18 SF-Nte revealed that this cleaved product interacts with CTBP1/2 and causes

their partial translocation in the cytoplasm. Our data indicate that while ZBTB18 SF-Nte positively regulates

HIF1A target expression and lipid uptake, this effect is partially lost in the mutated counterpart, which is no

longer able to interact with CTBPs, suggesting that the interaction with these co-factors is important for

ZBTB18 SF-Nte function. Notably, CTBP2 has been shown to play a role in the metabolic reprogramming

of cancer cells (Wang et al., 2015). Recently, we have reported that ZBTB18 FL interacts with CTBPs by inter-

fering with CTBP-mediated regulation of fatty acid synthesis (Ferrarese R., 2021). In addition, ZBTB18 FL

Figure 8. Continued

(D and E) Microphotographs (D) and relative quantification (E) of LD labeled with Bodipy TMR-X in GBM-derived BTSC475

cells expressing ZBTB18 SF-Nte or ZBTB18 SF-mut. Values represent mean G SD, n = 4; ***p < 0.001, according to un-

paired t-test (scale bar = 100 mm).

(F)Real-time qPCR of FABP7 and EGLN3 in GBM-derived BTSC475 cells on ectopic expression of ZBTB18 SF-Nte or

ZBTB18 SF-mut, with or without treatment with hypoxia pathway inhibitor, LW6. 72 h on transduction cells were treated

with LW6 for an additional 16 h before harvesting. TBP was used as a housekeeping gene. Representative experiment,

number of repetitions: 3.

(G and H) Microphotographs (G) and relative quantification (H) showing the uptake of fluorescent lauric acid compound

(Bodipy-C12) by GBM-derived BTSC475 cells expressing ZBTB18 SF-Nte or ZBTB18 SF-mut, with or without treatment

with hypoxia pathway inhibitor, LW6 (scale bar = 100 mm). Cells were treated as in (F). Values represent meanG SD, n = 4;

***p < 0.001, n.s. not significant, according to unpaired t-test.

(I) ATP production rate in GBM-derived BTSC475 cells expressing ZBTB18 SF-Nte or ZBTB18 SF-mut, with or without

treatment with hypoxia pathway inhibitor, LW6. Cells were treated as in (F). Values represent mean G SD, n = 5.

(J) Energetic map based on the ATP production basal rates of GBM-derived BTSC475 cells expressing ZBTB18 SF-Nte or

ZBTB18 SF-mut, with or without treatment with hypoxia pathway inhibitor, LW6. Cells were treated as in (F). Values

represent mean G SD, n = 5. See also Figure S7.
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favors CTBP interaction with corepressors and recruits a repressive complex to SREBP gene promoters

(Ferrarese R., 2021). Therefore, it is possible that ZBTB18 SF-Nte impairs CTBP1/2 function forcing their

translocation to the cytoplasm. In the future, further studies will be required to clarify the role of CTBPs

in ZBTB18 SF-Nte functions.

Our data indicate that ZBTB18 SF-Nte activates HIF1A leading to the activation of its downstream targets

and HIF1A-mediated functions such as lipid uptake, LD accumulation, and enhanced metabolic activity.

The regulation of FABP7 by the ZBTB18 SF-Nte-HIF1A axis is particularly important considering FABP7

role in the uptake of lipids from the extracellular environment (Bensaad et al., 2014). In addition, FABP7

has been associated with low overall survival of patients with GBM (Lewis et al., 2015).

Treatment of GBM cells with hypoxia pathway inhibitor LW6 reduces ZBTB18 SF-Nte effects on gene

expression, lipid uptake, and LD, further suggesting that ZBTB18 SF-Nte acts upstream HIF1A. The inhib-

itor treatment only mildly affected cells expressing ZBTB18 SF-mut, unable to bind to CTBP1/2, thus con-

firming the involvement of CTBPs in ZBTB18 SF-Nte functions, albeit through yet-to-be elucidated

mechanisms.

Metabolic reprogramming of cancer plays an important role in cancer progression, including GBM. The

increased lipid uptake together with the observed higher metabolic function is consistent with idea that

ZBTB18 SF-Nte promotes tumorigenic activity in GBM cells.

Interestingly, our data suggest the existence of a link between ZBTB18 SF-Nte and hypoxia; in fact, hypoxia

plays a role in CAPN2-mediated ZBTB18 cleavage and ZBTB18 SF-Nte consequently promotes HIF1A

signaling. Therefore, ZBTB18 SF-Nte could be important to maintain the HIF1A pathway through a positive

feedback mechanism. Similar to our proposedmodel, a previous study has shown that hypoxia induces cal-

pain-mediated cleavage of filamin A (FLNA) and that the resulting FLNA Cte cleavage product positively

regulates HIF1A-dependent transcription and function (Zheng et al., 2014).

In conclusion, we describe a new mechanism of calpain-mediated cleavage occurring in GBM, which leads

to the expression of ZBTB18 SF products. We have investigated the function of ZBTB18 SF-Nte and shown

that it has lost ZBTB18 FL tumor-suppressive functions, acquiring instead a previously unexpected tumor-

promoting role. As such, ZBTB18 cleavage could be a novel mechanism to increase the oncogenic activity

of GBM cells.

Limitations of the study

Our study reveals that the activity of the transcriptional repressor and tumor suppressor ZBTB18 is impaired

in GBM through the activity of calpain. Calpain mediates ZBTB18 proteolytic cleavage, which leads to the

reduction of the full-length protein and expression of ZBTB18-cleaved products. Here, we have investi-

gated the role of the Nte cleaved product, which has acquired new oncogenic properties and regulates

lipid uptake and metabolism. Our proposed model of ZBTB18 cleavage by calpain has some limitations.

In particular, the lack of re-expression of ZBTB18 full length on calpain inhibition could not be fully ex-

plained. Our data suggest that ZBTB18 FL is unstable compared to the Nte short product; therefore, we

hypothesize that when calpain is inhibited more ZBTB18 FL protein is degraded by the proteasome, as a

mechanism to maintain the level of ZBTB18 low. Another aspect is represented by the role of CAPN1 in

ZBTB18 cleavage. Although our gene expression analysis identified CAPN2 as the most prominent candi-

date protease implicated in ZBTB18 cleavage, the experiments using the calpain inhibitor PD150606 do not

allow for discrimination between CAPN1 and CAPN2 function. Therefore, CAPN1 could also be involved

and perhaps, regulated through other mechanisms.
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RT-PCR

Thermo Fisher Scientific Cat#18080-051

Kapa SYBR Fast Sigma Cat#KK4618

Caspase-Glo� 3/7 assay Promega Cat#G8090

EdU-Click-549 Baseclick Cat# BCK-EdU594

Culture-Inserts 2 well Ibidi Cat#80209

BioCoat Matrigel Invasion Chambers Cornig Cat#54480
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Depleted)

Biowest Cat#S181L-100
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Seahorse XF Real-Time ATP Rate Assay Agilent Cat#103592-100

Deposited data

Raw and analyzed gene expression data

(RNAseq)

This paper GEO:GSE184890

https://doi.org/10.17632/gm8322zc72.1

Protein interaction data This paper IMEX: IM-29234

Western blots This paper; Mendeley data https://doi.org/10.17632/gm8322zc72.1

Experimental models: Cell lines

SNB19 Carro lab stock NCI-DTP Cat# SNB-19, RRID:CVCL_0535
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BTSC380 This paper N/A

BTSC268 This paper N/A

BTSC232 Fedele et al. (2017) N/A

BTSC422 This paper N/A

U3047 Xie et al. (2015) N/A

BTSC611 This paper N/A

BTSC168 Kling et al. (2016) N/A

BTSC407 This paper N/A

BTSC482 This paper N/A

BTSC637 This paper N/A

BTSC475 This paper N/A

Oligonucleotides

BstXI-flag-hZBTB18v1-for:

CAAGGCCCACAACCATGGATGGAC

TACAAGGACGACGATGACAAGTGT

CCTAAAGGTTATGAAGACAG

This paper N/A

PmeI-His-hZBTB18-SF-Nte-antisense:

GCCTTGGTTTAAACTTAGTGAT

GGTGGTGATGGTGTTTCCAAAGTT

CTTGAGAGCTA

This paper N/A

PmeI-HA-hZBTB18-antisense:

GCCTTGGTTTAAACTTAAGCGTAATC

TGGAACATCGTATGGGTATTTCCAAA

GTTCTTGAGAGCTA

This paper N/A

ZBTB18-NLVmut_for:

CTGAAAGGCTGGACTTGACAGACGA

GGCCGACACACAGTCAACATCTGC

CGAAT

This paper N/A

ZBTB18-NLVmut_rev:

ATTCGGCAGATGTTGACTGTGTGTC

GGCCTCGTCTGTCAAGTCCAGCC

TTTCAG

This paper N/A

ZBTB18_NLVmut F:

CCTCTTTCTCCACCTTCACCTGCCA

CCAGAAGCTTCTCAGCACGTCCTG

TGAAG;

This paper N/A

ZBTB18_NLVmut R:

CTTCACAGGACGTGCTGAGAAGCT

TCTGGTGGCAGGTGAAGGTGGA

GAAAGAGG

This paper N/A

BstXI-flag-hZBTB18v1-for:

CAAGGCCCACAACCATGGATGGA

CTACAAGGACGACGATGACAAGT

GTCCTAAAGGTTATGAAGACAG

This paper N/A

ZBTB18-delPEST-NcoI-rev:

CAAGGTCCATGGGTGGCTGCTG

CCATCGGAGAG

This paper N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

ZNF238-delPEST-for:

GCCTTGCCATGGAAATTGAACAT

CCTGCCCAGC

This paper N/A

NCOI and PmeI-His-hZBTB18-antisense:

GCCTTGGTTTAAACTTAGTGATGGTGGT

GATGGTGTTTCCAAAGTTCTTGAGAGCTA.

This paper N/A

CA9-for: GGATCTACCTACTGTTGAGGCT This paper N/A

CA9-rev: CATAGCGCCAATGACTCTGGT This paper N/A

NDRG1-for: GTCCTTATCAACGTGAACCCTT This paper N/A

NDRG1-rev: GCATTGGTCGCTCAATCTCCA This paper N/A

EGLN3-for: CTGGGCAAATACTACGTC

AAGG

This paper N/A

EGLN3-rev: GACCATCACCGTTGGGGTT This paper N/A

FABP7-for: GGCTTTGCCACTAGGCAGG This paper N/A

FABP7-rev: TGACACTTTGTCTCCTTCTTGA; This paper N/A

TBP-for: GAGCTGTGATGTGAAGTTTCC This paper N/A

TBP-rev: TCTGGGTTTGATCATTCTGTAG. This paper N/A

18s-for: CGCCGCTAGAGGTGAAATTC Fedele et al. (2017) N/A

18s-rev: CTTTCGCTCTGGTCCGTCTT Fedele et al. (2017) N/A

SERPINE-for: ATTCAAGCAGCTATGGG

ATTCAA

Fedele et al. (2017) N/A

SERPINE-rev CTGGACGAAGATCGCGTCTG Fedele et al. (2017) N/A

TNFAIP6-for: TTTCTCTTGCTATGGGA

AGACAC

Fedele et al. (2017) N/A

TNFAIP6-rev: GAGCTTGTATTTGCCA

GACCG

Fedele et al. (2017) N/A

S100A6-for: GGGAGGGTGACAAGCACAC Fedele et al. (2017) N/A

S100A6-rev: AGCTTCGAGCCAATGGTGAG Fedele et al. (2017) N/A

LGALS1-for:TCGCCAGCAACCTGAATCTC Fedele et al. (2017) N/A

LGALS1-rev:GCACGAAGCTCTTAGCGTCA Fedele et al. (2017) N/A

MUC1-for: TGCCGCCGAAAGAACTACG Fedele et al. (2017) N/A

MUC1-rev: TGGGGTACTCGCTCATAGGAT Fedele et al. (2017) N/A

Recombinant DNA

pLKO-shCAPN2#1 Sigma Aldricht #TRCN0000003543

pLKO-shCAPN2#2 Sigma Aldricht #TRCN0000003540

pLKO-CAST Sigma Aldricht TRCN0000073638

pLKO-shCtr Sigma Aldricht SHC002

PCHMWS Ibrahimi et al. (2009) N/A

pCHMWS-ZBTB18 This paper N/A

pCHMWS-ZBTB18-SF This paper N/A

pCHMWS-ZBTB18-SFmut This paper N/A

pCHMWS-ZBTB18-mut Ferrarese et al. (2021) N/A

pCHMWS-ZBTB18-NLV-mut This paper N/A

pCHMWS-ZBTB18-DPEST This paper N/A

pCHMWS-ZBTB18-DPEST-NLV-mut This paper N/A

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Maria Stella Carro (maria.carro@uniklinik-freiburg.de).

Materials availability

Plasmids generated in this study are available upon request.

Data and code availability

d Single-cell RNA-seq data have been deposited at GEO and are publicly available as of the date of

publication. The protein interactions from this publication have been submitted to the IMEx (www.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

limma-voom Ritchie eta l., 2015 limma-voom

MSigDB Luo et al. (2009); Subramanian et al. (2005) MSigDB

NanoPoreSeq pipeline Heiland et al., 2018 https://github.com/heilandd/NanoPoreSeq

VisaLab Heiland et al., 2018 https://github.com/-heilandd/Vis_Lab1.5

EPESTfind EMBOSS Explorer https://emboss.bioinformatics.nl/cgi-bin/

emboss/epestfind

CaMPDB duVerle et al., 2009 http://calpain.org/index.rb?cls=about

MinKNOW Oxford nanopore technologies https://nanoporetech.com/about-us/news/

introducing-new-minknow-app

Xcalibur Thermo Scientific https://www.thermofisher.com/de/de/home/

industrial/mass-spectrometry/liquid-

chromatography-mass-spectrometry-lc-ms/lc-

ms-software/lc-ms-data-acquisition-software/

xcalibur-data-acquisition-interpretation-

software.html

MaxQuant 1.4.1.2 https://www.maxquant.org/

Other

Seahorse XFe 96 Extraflux Analyzer Agilent https://www.agilent.com/en/product/cell-

analysis/real-time-cell-metabolic-analysis/xf-

analyzers/seahorse-xfe96-analyzer-

740879#specifications

MinION Sequencing Device Oxford nanopore technologies https://nanoporetech.com/products/minion

SpotON Flow Cell Oxford nanopore technologies https://store.nanoporetech.com/eu/flow-cell-

r9-4-1.html

LTQ Orbitrap XL Thermo Scientific https://www.thermofisher.com/de/de/home/

industrial/mass-spectrometry/liquid-

chromatography-mass-spectrometry-lc-ms/lc-

ms-systems/orbitrap-lc-ms.html

Leica SP8 confocal microscope Leica https://www.leica-microsystems.com/

products/confocal-microscopes/p/leica-tcs-

sp8/

Axiovert Fluorescent microscope Zeiss https://www.zeiss.com/microscopy/int/

products/light-microscopes/axio-vert-a1-for-

biology.html

FV10i Confocal microscope Olympus https://www.olympus-lifescience.com/en/

laser-scanning/fv10i-liv/
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imexconsortium.org) consortium through IntAct. (Orchard et al., 2014). Accession numbers are listed in

the key resources table. Original western blot images have been deposited at Mendeley and are publicly

available as of the date of publication. The DOI is listed in the key resources table. Microscopy data re-

ported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human tissue samples

GBM biopsies and cortical samples from epilepsy surgery were collected at the Department of Neurosur-

gery of the University Medical Center Freiburg (Freiburg, Germany) in accordance with an Institutional Re-

view Board–approved protocol. Informed consent was obtained from all patients, in accordance with the

declaration of Helsinki. Information about GBM biopsies are listed in Table 1 and Table S1.

Primary glioblastoma cell lines

Primary glioblastoma stem cells-like (BTSCs) were generated in our laboratory in accordance with an Insti-

tutional Review Board-approved protocol (Fedele et al., 2017) (Kling et al., 2016). U3082, U3021 and U3047

were generated at the University of Uppsala (Xie et al., 2015) and kindly provided by Dr. Nelander. For

BTSCs, for which the gender of the patient is known, we have added this information in the Table 1 and

Table S1. All BTSCs were grown in Neurobasal medium (Life Technologies) containing B27 and N2 supple-

ment (Life Technologies), FGF (20 ng/ml, R&D Systems), EGF (20 ng/ml, R&D Systems), LIF (20 ng/ml,

Genaxxon Biosciences), Heparin (2 mg/ml, Sigma), and Glutamax (Invitrogen). U3082 were grown adherent

on dishes previously coated with laminin (Life Technologies).

Cell lines

Glioblastoma cell lines (LN229, SNB19) and HEK293T cells were cultured in DMEM plus 10% FBS. For lipid

starvation, SNB19 cells were grown in DMEM supplemented with 10% lipid-depleted FBS (Biowest). All

cells were mycoplasma-free. LN229 and SNB19 have been authenticated on 3/2/2017 and on 11/26/19

(SNB19 and HEK293T) by PCR-single-locus-technology (Eurofins Medigenomix).

METHOD DETAILS

Reagents

For inhibition of HIF1A, the LW6 inhibitor (Axon Medchem # 2480) was diluted in DMSO and added to cells

at a concentration of 20mM. The calpain inhibitor PD150606 was purchased fromCalbiochem (#CAS426821-

41-2) and diluted in the dark with DMSO at a stock concentration of 32.6 mM. Calcium Ionophore was pur-

chased from Sigma (#A23187) and dissolved in DMSO at 10mM. CoCl2 was purchased from Sigma

(#232696) and used at 200 mM (dissolved in water). E64D (#E8640), Q-VD-OPh (#SML0063) and Leupeptin

(#L2884) were purchased from Sigma.

Vectors and viral infection

To produce FLAG-ZBTB18 SF-Nte-His, and FLAG-ZBTB18-HA, ZBTB18 was PCR amplified from the previ-

ously described pCHWMS-eGFP-ZBTB18 lentiviral vector (Fedele et al., 2017) using primers containing a

BstXI and PmeI restriction sites. The pCHMWS lentiviral vector has been previously described (Ibrahimi

et al., 2009). The following primers were used:

BstXI-flag-hZBTB18v1-for:

CAAGGCCCACAACCATGGATGGACTACAAGGACGACGATGACAAGTGTCCTAAAGGTTATGAAG

ACAG;

PmeI-His-hZBTB18- SF-Nte-antisense:

GCCTTGGTTTAAACTTAGTGATGGTGGTGATGGTGTTTCCAAAGTTCTTGAGAGCTA.
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PmeI-HA-hZBTB18-antisense:

GCCTTGGTTTAAACTTAAGCGTAATCTGGAACATCGTATGGGTATTTCCAAAGTTCTTGAGAGCTA

The reverse primer was designed based on the previous proteomic analysis which defined ZBTB18 SF-Nte

(Fedele et al., 2017). Upon restriction digestion the ZBTB18 fragment was cloned into BstXI and PmeI sites

by removing the LUC region of the PCHMWS-eGFP-IRES vector. ZBTB18 LDL-mut which no longer interacts

with CTBP was obtained by site-directed mutagenesis using pCHWMS-eGFP-FLAG-ZBTB18 SF-Nte-His as

template and the QuikChange II XL Site-Directed Mutagenesis kit (Agilent), according to the manufac-

turer’s instructions. All constructs were sequence validated. The following primers were used:

ZBTB18-LDLmut_for:

CTGAAAGGCTGGACTTGACAGACGAGGCCGACACACAGTCAACATCTGCCGAAT; ZBTB18-LDLmut_

rev:

ATTCGGCAGATGTTGACTGTGTGTCGGCCTCGTCTGTCAAGTCCAGCCTTTCAG.

Site-DirectedMutagenesis of the putative calpain cleavage site NLV was carried out using Agilent Technol-

ogies QuikChange II XL Site-Directed Mutagenesis Kit.

Lentiviral stocks production and cell infection were performed as previously described (Fedele et al., 2017).

Ectopic protein expression was determined by immunoblotting with an anti-Flag M2 antibody (Sigma).

Alternatively, rabbit anti-Flag (#14793, Cell Signaling) or anti-HA (#18181, Abcam) were used. For

CAPN2 knockdown, the following short hairpins RNA cloned in the pLKO lentiviral vector (Sigma Aldrich)

were used: shCAPN2-#1(TRCN0000003543), shCAPN2#2 (#TRCN0000003540). CAST silencing was

achieved by lentiviral transfection with pLKO lentiviral vector (Sigma Aldrich) harboring the sequence tar-

geting human CAST (TRCN0000073638). As control a non-targeting shRNA (SHC002, here shCtr) was used.

To observe calcium abundance in different BTSC lines, the lentiviral Calcium reporter LV-CAG-GCaMP6f

(SignaGen Laboratories #SL100321) was used. BTSCs were seeded on laminin-coated 6-well plates and in-

fected with 1.5mL of the virus and 2mL of Polybrene. After 3–5 days, images were taken using a live cell im-

aging confocal microscope (Leica SP8).

Co-immunoprecipitation, mass spectrometry and SILAC

GBM cells were lysed in 1mL of co-IP buffer (150mMNaCl, 50mM TrisHCl pH 7.5, 10% glycerol, 0.2% Igepal,

1mM EDTA) supplemented with HaltTM protease and phosphatase inhibitor cocktail (1mM, Thermo Scien-

tific), and PMSF (1mM, Sigma), vortexed for 30 seconds and kept on ice for 30 minutes. After centrifugation

at 13,200 rpm for 20 minutes at 4 �C a pre-clearing step was performed by adding 25 L of Protein A/G PLUS-

Agarose beads (Santa Cruz) and incubating the samples for 1 hour at 4 �C in rotation. The supernatant was

incubated overnight with anti-FLAG M2 antibodies (Sigma). For ZBTB18 co-IP in U3082, lysates were incu-

bated overnight with rabbit anti-ZBTB18 (Proteintech #12714-1-AP) or rabbit anti-ZBTB18 (Abcam

#ab118471) A fraction of the lysate (input) were removed andmixed with equal volume of 2X laemmli buffer

for western blot analysis. 20 mL of equilibrated protein A/G beads were added to each lysates and incu-

bated for 2 hours at 4 �C. The beads were then washed for 4 times with 1 mL of co-IP buffer before eluting

the co-precipitated proteins with 20 mL of 2X laemmli buffer. Samples were stored at �20 �C or directly

analyzed by western blot. and co-IP was performed using For mass spectrometry (MS) analysis, the eluted

co-precipitated proteins were separated by gel electrophoresis and gel fragments were processed as

described in (Tucci et al., 2018) and then measured on a LTQ Orbitrap XL (Thermo Scientific) instrument.

Data acquisition and analysis was performed using Xcalibur (Thermo Scientific, Germany) and MaxQuant

1.4.1.2 software. To investigate and visualize protein domain coverage (e.g. for ZBTB18), tryptic peptide

sequences were manually mapped to full-length protein sequences.

For quantitative proteomics, we used SILAC. SNB19 cells were labeled using Arg0/Lys0 (low, L), Arg6/Lys4

(medium, M) and Arg10/Lys8 (high, H) (Silantes). Afterwards cells were transduced with pCHMWS-EV (L),

pCHMWS-FLAG-ZBTB18 FL (M) or pCHMWS-FLAG-ZBTB18 SF-Nte (H) lentiviral particles. Transduced

SNB19 were mixed and lysed as described above. Total protein extracts were incubated with anti-FLAG

M2 antibody (Sigma) and the precipitated fraction subjected to MS to identify interacting proteins and
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calculate H/L ratios. All measurements and analysis were performed at the Core Facility Proteomics of the

Center for Biological System Analysis (ZBSA) at the University of Freiburg, Germany. The protein interac-

tions from this publication have been submitted to the IMEx (www.imexconsortium.org) consortium

through IntAct (Orchard et al., 2014) and assigned the identification number IMEX: IM-29234.

RNA extraction and quantitative real-time PCR

Total RNA was extracted from cell culture using miRNeasy Mini Kit (Qiagen) according to the manufac-

turer’s instructions. First strand cDNA synthesis was generated using the Superscript III First-Strand Synthe-

sis System for RT-PCR (Life Technologies) following the manufacture’s protocol. Quantitative RT-PCR was

performed using Kapa SYBR Fast (Sigma). The following primers were used:

CA9-for: GGATCTACCTACTGTTGAGGCT;

CA9-rev: CATAGCGCCAATGACTCTGGT;

NDRG1-for: GTCCTTATCAACGTGAACCCTT;

NDRG1-rev: GCATTGGTCGCTCAATCTCCA;

EGLN3-for: CTGGGCAAATACTACGTCAAGG;

EGLN3-rev: GACCATCACCGTTGGGGTT;

FABP7-for: GGCTTTGCCACTAGGCAGG;

FABP7-rev: TGACCACTTTGTCTCCTTCTTGA;

TBP-for: GAGCTGTGATGTGAAGTTTCC;

TBP-rev: TCTGGGTTTGATCATTCTGTAG.

Primers for SERPINE1, TNFAIP6, S100A6, LGALS1, MUC1 and 18s have been described before (Fedele

et al., 2017).

CAPN2 gene expression analysis in BTSCs

Gene expression analysis of BTSCs was described before (Marques et al., 2021). Box plots showing com-

parison of CAPN2 gene expression levels (from microarray and qPCR analysis) in BTSCs with and without

ZBTB18 SF was performed using BoxPlotR (Spitzer et al., 2014).

Long read RNA sequencing

We performed mRNA purification from total RNA samples using the Dynabeads mRNA Purification Kit

(Thermo Fisher Scientific, Carlsbad, USA). Reverse transcription reaction was performed using

SuperScript IV reverse transcriptase (Thermo Fisher Scientific, Carlsbad, USA). We prepared the libraries

using the Low Input by PCR Barcoding Kit and the cDNA-PCR Sequencing Kit (Oxford Nanopore Technol-

ogies, Oxford, United Kingdom) as recommended by the manufacturer. RNA sequencing was performed

using the MinION Sequencing Device, the SpotON Flow Cell and MinKNOW software (Oxford Nanopore

Technologies, Oxford, United Kingdom) according to the manufacturer’s instructions. Samples were

sequenced for 48h on two flow-cells. Basecalling was performed by Albacore implemented in the nanopore

software. Postprocessing was performed using the NanoPoreSeq pipeline, available at github (https://

github.com/heilandd/NanoPoreSeq) (Heiland et al., 2018). Analysis was performed by the VisLab a frame-

work for interactive analysis of RNA-seq data (https://github.com/-heilandd/Vis_Lab1.5). Read-per-gene

raw count were normalized to the library size and processed with the limma-voom (Ritchie et al., 2015) RNA-

seq pipeline to identify differentially expressed genes. Adjusted p value (Benjamini & Hochberg) below

0.05 was considered as significant.

A gene-sets enrichment analysis was performed using the Generally Applicable Gene-set Enrichment

(GAGE) R package on the MSigDB (Luo et al., 2009; Subramanian et al., 2005). Two-sample t-test with un-

paired design was used to test the differential expression of gene-sets. Significance threshold was set to

adjusted p value <0.05. GEO accession number GEO: GSE184890.
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Immunoblotting

Total protein extracts were prepared as previously described (Fedele et al., 2017). For lysates preparation

from frozen GBM samples, small pieces in the range of 0.02 to 0.05 grams were selected, washed with cold

PBS Buffer and then treated with RIPA buffer, containing Phosphatase/Protease Inhibitors and PMSF. The

tissues were disrupted using pestles and then processed according to our standard protocol (Fedele et al.,

2017). Cytoplasmic and nuclear extracts were prepared using a Nuclear Extract Kit (Active Motif) according

to the manufacturer’s instructions. Western blots were performed using the following antibodies: anti-

ZBTB18 (Abcam # ab118471); anti-ZNF238 (Sigma # SAB1406998); anti-FLAG M2 (Sigma #F1804); anti-

FLAG (Cell Signaling Technologies #14793), anti-HA (Abcam ##18181), anti-CTBP1 (BD Biosciences

#612042); anti-CTBP2 (BD Biosciences #612044); anti-CAPN2 (Cell Signaling Technologies #2539S); anti-

CAST (Cell Signaling #4146S) anti-alpha Tubulin (Abcam #ab7291) and anti-Laminin B (Santa Cruz #sc-

6216), anti Lamin A/C (Cell Signaling Technologies ##4777). The quantification of western blot bands

was performed using the ImageJ software (Biorad) and normalized to the level of aTubulin.

Identification of PEST site

Protein sequences were individually loaded in the EMBOSS program ePESTfind tool1using the standard

settings.

Site directed mutagenesis and cloning

Site-Directed Mutagenesis was carried out using Agilent Technologies QuikChange II XL Site-Directed

Mutagenesis Kit. Primers were designed according to the protocol. The following primers were used:

ZBTB18_NLVmut F:

CCTCTTTCTCCACCTTCACCTGCCACCAGAAGCTTCTCAGCACGTCCTGTGAAG; ZBTB18_NLVmut R:

CTTCACAGGACGTGCTGAGAAGCTTCTGGTGGCAGGTGAAGGTGGAGAAAGAGG.

Deletion of a PEST sequence located upstream the cleavage site was achieved as follows. The two regions

flanking the PEST sequence were amplified by PCR using specific primers containing suitable restrictions

enzymes. The following primers were used for fragment 1:

BstXI-flag-hZBTB18v1-for:

CAAGGCCCACAACCATGGATGGACTACAAGGACGACGATGACAAGTGTCCTAAAGGTTATGAAG

ACAG; ZBTB18-delPEST-NcoI-rev:

CAAGGTCCATGGGTGGCTGCTGCCATCGGAGAG.

For fragment 2 the following primers were used:

ZNF238-delPEST-for:

GCCTTGCCATGGAAATTGAACATCCTGCCCAGC; NCOI and PmeI-His-hZBTB18-antisense:

GCCTTGGTTTAAACTTAGTGATGGTGGTGATGGTGTTTCCAAAGTTCTTGAGAGCTA.

The PCR fragments were gel extracted, digested with BstXI and NcoI (fragment 1) or with NcoI and PmeI

(fragment 2) and used to perform a three fragments ligation with the pCHMWS vector previously linearized

with BstXI and PmeI. The deletion of the PEST sequence was verified by Sanger sequencing. For the PEST-

del-NLVmut vector, the ZBTB18-PESTdel construct was used as template for site directed mutagenesis us-

ing the NLV mut primers described above.

Invasion, migration, proliferation and apoptosis assay

For migration assay, laminin coated (Invitrogen, 4 mg/mL) 60mm dishes containing a culture insert (Ibidi)

were used. The assay was conducted according to the manufacturer’s instruction and images of migrating

cells were taken every 24 hours. Cell migration was calculated using the following formula: (Pre-Migration

Area – Migration Area)/Pre-Migration Area X100).
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For invasion assay, 2.5x104 SNB19 cells were seeded in triplicates in the upper compartment of BioCoat

Matrigel Invasion Chambers (Cornig). PDGF-BB (20 ng/mL, R&D) was used as a chemoattractant. Pictures

were acquired using an Axioimager 2 Microscope (Zeiss). The assays were validated in two independent

experiments.

Cell proliferation was assessed using a commercially available kit for EdU detection (EdU Cell proliferation

assay, base click). Cells were plated at a density of 2.0x104 per well in a 24 well microplates containing lam-

inin-coated coverslips. After 24 hours of seeding, cells were incubated with EdU solution overnight

following the manufacturer’s instructions. Upon EdU detection, images were acquired using a fluorescent

microscope (Axiovert, Zeiss).

For apoptosis assay, transduced SNB19 cells were seeded in a 96 well (dark plate) at a density of 1x103 per

well. The following day activity of caspases 3 and 7 wasmeasured using the Caspase-Glo� 3/7 Assay (Prom-

ega), according to the manufacturer’s instruction.

Immunostaining and lipid staining

SNB19 cells were grown in 4-well chamber slides either with 10% FBS DMEM or 10% lipid-depleted FBS

(Biowest) DMEM for 48 hours. BTSC cells were grown in 4-well chamber slides in complete Neurobasal me-

dium, as previously described. For lipid starvation SNB19 cells were kept for additional 2 hours either in

10% lipid-depleted FBS DMEM or in 10% FBS DMEM. All cells were then fixed with 4% paraformaldehyde

in PBS and processed for the staining. FLAG-ZBTB18 (FL or Nte) was labeled with anti-FLAG M2 mono-

clonal primary antibody (Sigma #F1804). CTBP2 was labeled with anti-CTBP2 mouse monoclonal antibody

(BD Biosciences # 612044). Lipid droplets were stained with anti-Perilipin-3 rabbit polyclonal antibody (Ab-

cam #ab47638) (SNB19 cells), or with 0.5mg/ml Bodipy TMR-X SE (Thermo Fisher Scientific, #D6117) in

150mM NaCl for 10 minutes at room temperature (BTSC475). Nuclei were counterstained with 40,6-diami-

dino-2-phenylindole (DAPI, Sigma-Aldrich). Pictures were acquired using a FSL confocal microscope

(Olympus).

Lipid uptake

BTSC475 cells were seeded in 4-well chamber slides and infected as described above. The cells were then

incubated with 50nM Bodipy-C12 (Thermo Fisher Scientific, #D3822) in PBS for 15 minutes at room temper-

ature. Subsequently, the samples were fixed with 4% paraformaldehyde in PBS, counterstained with DAPI

and imaged using a FSL confocal microscope (Olympus).

Metabolic assays

Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) were measured using the Sea-

horse XFe 96 Extraflux Analyzer (Agilent Technologies, Lexington, MA) to evaluate mitochondrial respira-

tion and glycolysis, respectively. The assays were carried on according to manufacturer’s instructions.

Briefly, the cells (SNB19 expressing EV, ZBTB18 FL, or ZBTB18 SF Nte) were plated at 50,000 cells/well

and allowed to adhere overnight. BTSC475 were seeded at 100,000 cells/well Then, the medium was

changed over to Seahorse XF DMEM base medium, without phenol red (Agilent) supplemented with

10 mM Glucose (omitted in ECAR samples), 2 mM Glutamine, and 1 mM Sodium Pyruvate pH 7.4. Then,

metabolic parameters were measured using the Seahorse XF Cell Mito Stress Test Kit (Agilent, #103015-

100), Seahorse XF Glycolysis Stress Test Kit (Agilent, #103020-100), and Seahorse XF Real-Time ATP Rate

Assay (Agilent, #103592-100). OCR analysis was performed recording the basal values and then the values

after each of the following injections: 3 mMoligomycin (final concentration), 0.5 mMCCCP (final), and 2.5 mM

rotenone/2mM antimycin (final). ECAR analysis was performed recording the basal values and then the

values after each of the following injections: 10mM glucose (final), 3 mM oligomycin (final), and 50mM

2-deoxy-D-glucose (final). ATP production rate assay was performed recording the basal values and

then the values after each of the following injections: 3 mM oligomycin (final concentration), and 2.5 mM

rotenone/2mM antimycin (final).

QUANTIFICATION AND STATISTICAL ANALYSIS

For the statistical analysis of the RT-qPCR data are judged to be statistically significant when p < 0.05 by

two-tailed Student’s t test. The number of replicates and the definition of biological versus technical rep-

licates is indicated in each Figure legends.
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