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“The important thing is not to stop questioning. Curiosity has its own reason for 
existing. One cannot help but be in awe when one contemplates the mysteries of 

eternity, of life, of the marvelous structure of reality. It is enough if one tries to 

comprehend only a little of this mystery every day.” 
 

Albert Einstein 
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Summary 
 

KDM5B (also known as JARID1B or PLU-1) is a histone lysine demethylase involved 

in differentiation processes, gene expression regulation, DNA damage repair, cancer 

genesis, and drug resistance. Aberrant KDM5B expression has been observed in 

many human cancers. Intriguingly, growing evidence suggests that KDM5B can have 

a dual role, acting as an oncogene or as a tumor suppressor in a cell-specific context. 

KDM5B sustains cell proliferation in the luminal breast cancer cell line MCF7, while 

it inhibits cell migration and invasion in the basal breast cancer cell line MDA-MB- 

231. 

Recently, it has been reported that an isoform of KDM5B including the variant exon- 

6, namely RBP2H1, might contribute to tumor progression in melanoma. 

However, if different KDM5B isoforms could play a role in breast cancer subtypes it 

has not been investigated. 

In this study, we are reporting the characterization of a new KDM5B isoform which is 

N-terminal truncated (KDM5B-NTT) and catalytically inactive. KDM5B-NTT is a 

splicing variant having a transcriptional start site downstream to that known for the 

canonical PLU-1 isoform and including also 36 additional residues encoded by the 

variant exon-6, previously associated with the RBP2H1 isoform in melanoma. We 

observed that KDM5B-NTT accumulates in breast cancer cells due to higher protein 

stability compared to KDM5B-PLU-1 and appears relatively more expressed in MDA- 

MB-231 than in MCF7. The exogenous over-expression of KDM5B-NTT in MCF7 

cells correlates with a global increase of H3K4me3 levels and with the up-regulation 

of the tumor suppressor Caveolin-1 and genes related to the interferon-alpha and - 

gamma response. These results give rise to the possibility of further exploring the 

regulatory roles of KDM5B independent of its catalytic activity. 
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Synopsis of the whole work 
 

The histone demethylase KDM5B is a master regulator of H3K4 methylome and its 

aberrant expression correlates with many human cancers. KDM5B often behaves as 

an oncogene. However, its role in cancer seems multifaceted and complex, depending 

on the cellular context. A paradigm of this opposite behavior is highlighted by the 

different roles of KDM5B in gene expression regulation comparing the luminal breast 

cancer cell line MCF7 versus the basal breast cancer cell line MDA-MB-231. The 

complexity of KDM5B roles in cancer might be the result of the expression of different 

isoforms. So far, the expression of KDM5B isoforms in breast cancer cell lines was 

studied considering only the total pool of proteins, therefore we questioned the 

relevance of KDM5B isoforms in breast cancer. Recently, it has been proposed that 

the increase of a KDM5B isoform including the variant exon-6 drives the tumour 

progression in melanoma. Considering that, our investigation started by analyzing the 

inclusion frequency of this alternative exon-6 in KDM5B transcripts in breast cancer 

cell lines compared to melanoma cell lines. The bioinformatic analysis revealed a 

similar frequency of exon-6 inclusion in melanoma and breast cancer cell lines. RT- 

qPCR showed that, despite the higher level of total KDM5B transcripts in MCF7 cells 

than MDA-MB-231, the level of KDM5B transcripts with exon-6 compared with the total 

KDM5B transcripts level was similar in the two cell lines. Since transcription and 

translation don’t have a linear and simple relationship, we decided to explore the 

expression of KDM5B isoforms through Western blot analyses. Using two different 

primary antibodies (Ab1 for the C-terminal region present in all the isoforms of KDM5B 

and Ab2 specific for the exon-6 variant encoded residues), we identified two major 

isoforms of KDM5B in breast cancer cells. We observed the expression of an isoform 

with an apparent molecular weight of approximately 175kDa (corresponding to 

KDM5B-PLU-1, the canonical isoform) and another isoform at 162kDa, whereas no 

band was detected around 180kDa (corresponding to RBP2-H1 isoform with exon-6 

previously reported in melanoma). Surprisingly, the isoform with the apparent molecular 

weight of 162KDa is detected using both antibodies, indicating that this is smaller than 

PLU-1 and that includes the insertion of 36 residues encoded by the exon-6. Focusing 

our attention on the characterization of the transcriptional start site of KDM5B 

transcripts which include the exon-6, we found a new transcript compatible with the 
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expression of a shorter KDM5B isoform N-terminal truncated (hereafter called 

KDM5B-NTT). This isoform is very fascinating because could potentially act both as 

loss of function, being catalytically inactive, and as a gain of function, including the 

residues with still unknown function encoded by the exon-6. Questioning if the relative 

abundance of the two main KDM5B isoforms (PLU-1 and NTT) might correlate with 

tumour breast cancer progression, we analyze the relative ratio NTT/PLU-1 in different 

breast cancer cell lines. Although no clear correlation was found with the different 

cancer subtypes, the NTT/PLU-1 ratio was significantly higher in MDA-MB-231 cells 

than in MCF7 cells, suggesting a putative contributing to explain the divergent role of 

KDM5B previously observed in these two cell lines. Integrating the RT-qPCR and the 

Western blot analyses, we questioned how it was possible that a transcript 

representing less than 10% of the KDM5B total transcripts could generate a much 

higher percentage of protein (approximately 40% in MCF7 and 57% in MDA-MB-231). 

Testing the hypothesis of a different post-translational regulation of the two isoforms, 

we found that NTT isoform is much more stable than PLU-1 isoform in both the 

analyzed breast cancer cell lines. For time being, we don’t know why PLU-1 and NTT 

isoforms have so remarkably different stability. However, our hypothesis is that in the 

N-terminal region of PLU-1, missing in NTT, there could be a degron motif that targets 

PLU-1 to proteasome-mediated degradation. The faster turnover of PLU-1 compared 

to NTT, which is stable for at least 12 hours, suggests that KDM5B-NTT can 

accumulate in cells. To investigate the putative function of KDM5B-NTT in breast 

cancer cells we decided to use two complementary approaches: downregulate 

specifically KDM5B-NTT in MDA-MB-231 cells, where the NTT/PLU-1 ratio was greater 

than in MCF7 cells; at the opposite, over-express NTT in MCF7 cells, where the 

NTT/PLU-1 ratio was lower compared to MDA-MB-231 cells. Unfortunately, we 

observed that the interference was not specific for NTT, so we decided to temporarily 

pause the downregulation approach, meanwhile designing new strategies. The over- 

expression of NTT determined a significant increase of global H3K4 trimethylation 

level in MCF7, reaching the trimethylation basal level of MDA-MB-231 cells. Moreover, 

KDM5B-NTT overexpression modulated the genes belonging to the interferon-alpha 

and gamma response and inflammation in MCF7 cells. It is plausible that KDM5B-NTT 

could interfere with PLU-1 at some target genes, by competing with its repressive 

activity. Supporting this hypothesis, many of the induced genes upon KDM5B-NTT 

over-expression in MCF7 cells were previously shown regulated by the direct action 
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of PLU-1 in MCF7 or other breast cancer cell lines. However, on the putative dominant 

negative role of this isoform in breast cancer progression many questions are still open 

and further investigations about the mechanistic details are needed. 
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1. INTRODUCTION 
 

The wrapping of DNA around the octamer of histone proteins brings to the formation 

of the nucleosome, the structural unit of the chromatin in eukaryotic cells1. Post- 

translational modifications of histones modulate the accessibility to genetic 

information2, regulating many cellular processes highly influenced by the chromatin 

state, such as replication, transcription and genome stability. Epigenetic players 

include writers, readers and erasers which respectively add, recognize and remove 

epigenetic marks. Histone lysine methylation is a dynamic and reversible mark, 

mainly associated with gene expression regulation, and tightly controlled during early 

development and cellular differentiation states by the coordinated action of lysine 

methyltransferases and demethylases3–6. Histone lysine (K) demethylases (KDMs) 

can act as both readers and erasers7. In human, there are two enzymatic classes of 

histone demethylases: the flavin-adenine-dinucleotide (FAD) dependent amine 

oxidases, belonging to the Lysine Specific histone Demethylase (LSD) family (or 

KDM1 subfamily), and the Fe(II) and 2-oxoglutarate-dependent oxygenases with a 

conserved Jumonji C domain (JmjC), belonging to the Jumonji Histone 

Demethylases (JHDMs) family (or KDM2–KDM7 subfamilies). The reader domains 

confer the substrate specificity, recognizing specific lysine residues with different 

methylation degrees. Histone methylation may lead to different transcriptional 

outcomes, such as gene activation or repression, depending on the modified residue, 

the degree of methylation and the location of the mark in the genome10,11. Among 

KDMs, the KDM5 (or JARID1) enzymes remove di- and tri-methylation of lysine 4 of 

histone H3 (H3K4me2/me3), playing thus an important role in transcriptional 

regulation. The H3K4me3 mark in gene promoter regions furthers the recruitment of 

basal transcription factors12–14. Accordingly, KDM5 enzymes can act as epigenetic 

repressors in a demethylase-activity-dependent manner, by removing the H3K4me3 

at gene promoter regions15–17. The demethylase activity of KDM5s is also known to 

be involved in the mechanism of DNA double-strand breaks (DSBs) repair (DDR), by 

silencing transcription in cis to DNA DSBs and by favoring the recruitment of DNA 

repair factors (Fig.1)18–23. KDM5 proteins can also act as transcriptional repressors 

in a demethylase-activity-independent manner, by recruiting other repressive 

complexes24,25. Conversely, they can act as transcriptional activators by removing 

the H3K4me3 mark in non-promoter regions. The removal of H3K4me3 at the body 
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of actively transcribed genes supports productive transcriptional elongation through 

the repression of spurious intragenic transcription11. The conversion of H3K4me3 to 

H3K4me1, combined with acetylated H3K27, is predictive of active enhancers26. 
 

 

 
 

Fig.1 Roles of KDM5 demethylases in the DNA damage response. KDM5 enzymes can play 
different roles in the DNA Damage Response (DDR) depending on the genotoxic agent type. KDM5A 
and KDM5B are recruited on the DNA damage site upon ionizing radiation (IR) in a PARP1-dependent 
manner (as shown in (1), left panel). Their demethylase activity is involved in local transcription 
repression by lowering the H3K4me2/3 levels and by favoring the recruitment of repair factors, 
including BRCA1 and Ku70.On the other hand, in response to alkylation damage (as shown in (2), 
right panel) poly-SUMOylated KDM5B is poly-ubiquitylated by the E3 SUMO-dependent ubiquitin 
ligase RNF4 and targeted to proteasome degradation, while KDM5C is mono-SUMOylated and 
recruited to the chromatin to demethylate histone H3K4me2/3. (From Di Nisio et al. 2021)21. 

 

In human, the KDM5 subfamily consists of four proteins: KDM5A (also known as 

JARID1A or RBP2), KDM5B (also known as JARID1B or PLU1), KDM5C (alsoknown 

as JARID1C or SMCX), and KDM5D (also known as JARID1D or SMCY)27. The 

KDM5 members show a high degree of sequence homology and domain 

organization (Fig.2). 



11  

 
 
 

Fig.2 KDM5 demethylases family. Schematic representation of protein domains organization (not 
on scale) in the human KDM5 histone demethylases family members. Human KDM5 demethylases 
are highly similar in domain architecture. 

 

This is the only group of histone demethylases with an atypical insertion that 

separates the Jumonji (Jmj) catalytic domain into two regions (JmjN and JmjC). The 

inserted domains are the AT-rich interaction (ARID) domain and the plant 

homeodomain (PHD) finger 1 (PHD1). The ARID domain binds DNA sequences with 

CCGCCC or GCACA/C motif 17,28and the PHD1 recognizes the unmethylated H3K4 

histone tail29–31. The C5HC2 zinc finger domain is also required for efficient catalytic 

activity32. The PHD2 domain is present in all the members and its function is still 

unknown, whereas KDM5A and KDM5B contain also the PHD3 domain that binds 

the H3K4me329,33–35. 

Intriguingly, KDM5s can sometimes directly favor the transcription independently of 

their demethylase activity, functioning as a scaffold for transcription factors in specific 

cell contexts: KDM5A in a complex with CLOCK-BMAL can inhibit the activity of the 

histone deacetylase HDAC1, enhancing histone acetylation and transcriptional 

activation at the Per2 promoter; KDM5B orchestrates a biphasic regulation of retinoic 

acid (RA)-dependent genes. In absence of RA, KDM5B cooperates in complex with 

Polycom Repressive Complex 2 (PRC2) to repress transcription, whereas in 

presence of RA KDM5B mediates the PRC2 dissociation from chromatin and a 

consequent transcriptional activation36. Gene expression regulation by KDM5 

proteins plays a role in many cellular processes, such as the regulation of stem cell 

function, cell differentiation, early embryonic development, and pathological 

conditions, including cancer37–40. Aberrant expression of KDM5s contributes 

significantly to tumor initiation and progression in many human cancers. Specifically, 

KDM5B was initially identified as a markedly up-regulated gene in breast cancer42 

and later found over-expressed in prostate43, bladder and lung cancer44, and in stem- 
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like subpopulations in melanomas45. In normal adult tissues, KDM5B expression is 

mainly restricted to testis, where contributes to transcriptional control during 

spermatogenesis, suggesting it could belong to the testis/cancer antigens class. 

KDM5B shows a copy number gain associated with overexpression, especially in 

luminal breast cancer subtypes41. In the luminal MCF-7 (estrogen-responsive, ER+) 

breast cancer cell line, KDM5B favors cell proliferation and is involved in the 

repression of several tumor-suppressor genes such as BRCA1 and Caveolin-115. On 

the contrary, in triple-negative breast cancer cell line MDA-MB-231, KDM5B inhibits 

cell proliferation, inflammatory response, adhesion and migration through the 

interaction with LSD1/NuRD complex29. KDM5B plays a dual role also in melanoma: 

re-expression of KDM5B causes a decrease in the proliferative rate, suggesting it 

may act as a tumor suppressor48, however, a small subpopulation of slow-cycling 

cells retains the over-expression of KDM5B, which is necessary for the long-term 

tumour growth maintenance45. Recent observations show that the malignant 

transformation of melanocytes correlates with a change in the expression pattern of 

KDM5B isoforms49. A significantly increased expression of the RBP2-H1 isoform, 

which includes the alternative exon-6, was found in melanomas compared to naevi, 

suggesting a role of this isoform in tumor progression50. Exon-6 shows strong 

homology with Alu sequences, but its function is still unknown46. 

So far, the expression of KDM5B isoforms in breast cancer cell lines was studied 

considering only the total pool of proteins, thus we questioned the relevance of 

KDM5B isoforms in different breast cancer lines. The history of KDM5B isoforms 

begins in 199942,51,52, but no clarity has been made yet, and their functional relevance 

is largely unknown. 

Four KDM5B transcripts are reported in NCBI Reference Sequence (RefSeq) 

database (Fig.3A). They differ for the 5’-end and the inclusion of exon-5 and exon-6. 

RBP2-H1 is the longest transcript and includes the alternative exon-6, absent in PLU- 

1, KDM5B-215 and KDM5B-240. KDM5B-215 uses an alternative splice site in exon- 

1 and KDM5B-240 doesn’t include exon-5. The resulting reported protein isoforms 

are the following: RBP2-H1 (1580 aa, 179.44 kDa) having 36 additional residues 

(encoded by the variant exon-6) after the Glu237 of PLU-1 isoform (1544 aa, 175.14 

kDa), isoform-3 (1499 aa, 170.45 kDa) lacking residues encoding by exon-5 and 

exon-6 (from KDM5B-240 transcript) and isoform-4 (1539 aa, 175.14 kDa), that 

differs from PLU-1 for the lacking of 5 residues after Lys63 (Fig.3B). 
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Fig.3 Schematic of KDM5B transcript variants and protein isoforms. A. KDM5B transcripts as 
reported in RefSeq NCBI database. RBP2-H1, PLU-1, KDM5B-215 and KDM5B-240 are the reported 
(NM) variants; X1 and X2 are the predicted (XM) variants. Transcripts differ for the 5′-end and the 
presence of alternative exons. RBP2-H1 represents the longest transcript and includes the exon-6 (in 
red). The arrows indicate the translation start site (ATG site); the translation of reported variants starts 
in exon-1; the translation of the predicted variants starts instead in exon-4. B Protein domains of 
human KDM5B protein isoforms that arise from the translation of the reported transcript variants are 
shown; PLU-1 is the canonical isoform. RBP2-H1 is the longest isoform with exon-6 (dark pink). The 
antibodies used to study the KDM5B isoforms are represented as Ab1 and Ab2. The Ab1 primary 
antibody detects the C-terminal region present in all the isoforms; the Ab2 primary antibody is specific 
for the region of the residues encoded by exon-6. 

 

Here we describe a previously predicted KDM5B isoform that is N-Terminal 

Truncated (KDM5B-NTT) and catalytically inactive, includes the variant exon-6 and 

appears expressed in different breast cancer cell lines. The endogenous expression 

of KDM5B-NTT compared to KDM5B-PLU-1 is significantly lower in the luminal 

breast cancer cell line MCF7 versus the basal breast cancer cell line MDA-MB-231. 
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This different relative abundance seems related to the higher protein stability of 

KDM5B-NTT compared to PLU-1, combined with the faster turnover of KDM5B-PLU- 

1 in MDA-MB-231. Over-expressing KDM5B-NTT in MCF7 cells, we observed a 

global increase of H3K4me3 and significant transcriptomic changes, supporting the 

hypothesis this newly characterized isoform may have regulatory roles in breast 

cancer cells, independently of its catalytic activity. 
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2. AIM OF THE WORK 
 

The histone demethylase KDM5B is a master regulator of H3K4 methylome and its 

aberrant expression correlates with many human cancers, behaving usually as an 

oncogene. Although growing evidence of the involvement of KDM5B in oncogenesis, 

its role in cancer seems multifaceted and complex, depending on the cellular context. 

A paradigm of the opposite behavior of KDM5B in breast cancer is highlighted by its 

antagonistic role in gene expression regulation comparing luminal versus basal breast 

cancers. Elsewhere, conflicting roles have been reported also in melanoma. However, 

recently it has been proposed that the complexity of KDM5B roles in melanoma may 

be the result of a different relative expression of its isoforms. The KDM5B splicing 

variant 1 (RBP2-H1) with the alternative exon-6 correlates to tumour progression in 

melanoma, and the variant 2 (PLU-1) without the alternative exon-6 contributes to 

long-time tumour maintenance in a slow-cycling subpopulation of melanoma cells. 

KDM5B is a known luminal-driven oncogene in breast cancer, but so far, the relevance 

of KDM5B isoforms in breast cancer remains elusive. Therefore, the aim of this study 

is to explore the putative role of KDM5B isoforms in breast tumour progression. 
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3. RESULTS AND DISCUSSION 
 

Part 1 - Characterization of a new KDM5B isoform including exon-6 
 
 

3.1. The frequency of exon-6 inclusion in KDM5B splicing variants is similar 

in melanoma and breast cancer cell lines 

 
KDM5B is up-regulated in many cancers and is a luminal lineage-driving oncogene 

in breast cancer41,53. However, KDM5B acts apparently as a tumor suppressor in 

basal breast cancer cell lines29,33. Recent research suggested the expression of a 

KDM5B isoform (RBP2-H1), which includes the alternative exon-6, correlates with 

the malignant transformation of melanocytes49. Therefore, we started studying the 

inclusion frequency of this alternative exon-6 in KDM5B transcripts in breast cancer 

cell lines compared to melanoma cell lines. We performed a computational analysis 

of transcriptomic data from a set of 49 melanoma cell lines and a set of 56 breast 

cancer cell lines, retrieved from the Cancer Cell Line Encyclopedia (CCLE) 

database. Although the exon-6 read counts are relatively lower compared to other 

side exons, indicating this exon is generally skipped, the analysis revealed a similar 

frequency of exon-6 inclusion in melanoma and breast cancer cell lines. As shown 

in the Sashimi plot (Fig.4), about 12% of transcripts in breast cancer cell lines and 

13% of transcripts in melanoma cell lines include the exon-6. This analysis suggests 

the existence of KDM5B variants with exon-6 also in breast cancer cells, as already 

observed in melanoma cells50. 

To detect splicing variants of KDM5B in breast cancer cells, we performed RT-PCR 

experiments using a primer pair (NM primers in Table S1) to amplify the region 

between exon-4 and exon-7. In that way, PCR fragments of different lengths are 

generated depending on the inclusion of exon-5 and exon-6 (Fig.S1, panel A). We 

compared the pattern of KDM5B variants in luminal and basal breast cancer cell 

lines to other reference and normal-control cell lines, respectively SK-MEL-28 

melanoma cell line and Epstein-Barr virus (EBV) immortalized lymphocytes and 

peripheral blood mononuclear cells (PBMC). RT-PCR results confirm the existence 

of different KDM5B splicing variants and suggest that a similar expression pattern 

characterizes both the melanoma cell line and the three analyzed breast cancer cell 

lines (Fig.S1, panel B). KDM5B transcripts including exon-6 were detected in all the 
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analyzed cancer cell lines and appeared barely detectable in human PMBC or EBV- 

immortalized lymphocytes. 

 
 
 
 

 

Fig.4 Sashimi plot. Sashimi plot showing the average level of exon-6 inclusion in KDM5B transcripts 
in 49 melanoma cell lines (purple) and 56 breast cancer cell lines (red). The General Feature Format 
(GFF) annotation of the alternative exon-6 splicing variants is shown below the sashimi plot. 
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3.2. Although the KDM5B transcripts level is significantly higher in MCF7 

compared to MDA-MB-231, the fraction of exon-6 including transcripts 

is similar in the two cell lines 

 
Previous research demonstrated KDM5B transcripts level was lower in MDA-MB- 

231 triple-negative breast cancer cells, compared to luminal breast cancer cells 

MCF720,29. However, only the total level of KDM5B transcripts was considered. 

Thus, we quantified through RT-qPCR the level of KDM5B transcripts with exon-6 

by comparing it with the total KDM5B transcripts level. Using a primer pair spanning 

in the region of exon-8 and exon-9 (ALL KDM5B primers in Table S1), we 

determined the total KDM5B transcripts level. Using a primer pair with a forward 

primer on exon-5 and a reverse primer specific for exon-6 (KDM5B Exon-6 primer 

pair in Table S1), we quantified the subgroup of KDM5B transcripts with exon-6. In 

line with Klein et al. (2014)29, we found a significantly increased level of total KDM5B 

mRNAs in MCF7 versus MDA-MB-231 (Fig.5A), supporting the idea of KDM5B as 

a driver oncogene in the expression programs of luminal cells15,41. On the contrary, 

no significative difference was found in the level of KDM5B transcripts with exon-6 

between these two cell lines (Fig.5B), and the percentage of the KDM5B transcripts 

including the exon-6 was approximately 4-9%. A large-scale bioinformatic analysis 

on publicly available data from the Cancer Cell Line Encyclopedia project (CCLE, 

Broad Institute) and The Cancer Genome Atlas (TCGA) confirmed the level of 

KDM5B transcripts which include the exon-6 is relatively low (<10%) and constant 

in all the analyzed cancer cell lines and patients’ samples with few exceptions 

(Fig.S2). 
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Fig.5 RT-qPCR KDM5B transcript levels in MCF7 and MDA-MB-231. A. The total KDM5B 
transcripts level in MCF7 is significantly higher compared to MDA-MB-231. B. The fraction of KDM5B 
transcripts including the exon-6 is similar in MCF7 and MDA-MB-231 cells. ns: p > 0.05, * p <= 0.05 

 
 

3.3. Western blot analyses suggest that a predicted N-terminal truncated 

KDM5B isoform including exon-6 is expressed in breast cancer cell lines 

 
A comparable level of KDM5B transcripts with exon-6 was detected in MCF7 and 

MDA-MB-231, despite the considerably different levels of total KDM5B transcripts. 

However, transcription and translation don’t have a linear and simple relationship 

and the existence of a transcript doesn’t guarantee the expression of the 

corresponding protein product54. In light of that, we performed an explorative 

Western blot in MCF7 cells, using two different primary antibodies previously 

described by Kuźbicki et al. (2016)49. The first antibody (Ab1) allows the detection 

of all the possible KDM5B isoforms; the second one (Ab2) detects the KDM5B 

isoforms which include the exon-6 encoded residues; indeed, Ab1 binds the C- 

terminal portion of KDM5B that is included in all the isoforms, whereas Ab2 is 

specific for the residues encoded by exon-6 (Fig.3B). Interestingly, using the primary 

antibody against the C-terminal region of KDM5B isoforms (Ab1) we found two main 

bands, with an apparent molecular weight of approximately 175kDa (corresponding 

to KDM5B-PLU-1) and 162kDa, whereas no band was detected around 180kDa 

(corresponding to RBP2-H1 isoform with exon-6, the isoform previously reported in 

melanoma50,55). Using instead the antibody specific for the exon-6 region (Ab2) we 

found the same band at 162kDa; once again no band was 
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detected around 180kDa (Fig.6A), as expected for RBP2-H1 (Fig.6B). 

A 

 
 
 
 
 
 
 

B 
 

 
Fig.6 KDM5B isoforms in MCF7 cells. A. WB of KDM5B isoforms in MCF7 cells confirm the 
expression of PLU-1 (175kDa) and NTT (162kDa). On the left, the detection using Ab1 against the 
C-terminal region shows both the isoforms; on the right, the blot done after stripping, using Ab2, 
specific for the residues encoded by the exon-6, shows only the band at 162kDa. B. Schematic of 
KDM5B protein domains and comparison of RBP2-H1, PLU-1 and KDM5B-NTT isoforms. The band 
detected at 162kDa using both the antibodies (Ab1 and Ab2) corresponds to the predicted N-terminal 
truncated isoform of KDM5B including the alternative exon-6 encoded residues. 

 

Both the antibodies recognized the same band at 162kDa, thus the corresponding 

KDM5B isoform includes both the exon-6 encoded residues and the C-terminal 

region but seems to be smaller than KDM5B-PLU1 (175kDa), despite the insertion 

of additional residues. According to the NCBI Reference Sequence database, the 

protein we detected at 162kDa may correspond to a predicted KDM5B isoform that 

is N-terminal truncated and with the exon-6 encoded residues (Fig.6B), (hereafter 

called KDM5B-NTT). To verify if the expression of this putative isoform interested 

other cancer cells, we extended the explorative western blot analysis to other cell 

lines, such as the luminal T47D and the triple-negative MDA-MB-231 breast cancer 
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cell lines, and the SK-MEL-28 human melanoma cell line, compared to the testis, 

as a normal adult tissue reference control. We found that all tumor cell lines express 

both KDM5B isoforms (PLU-1 and NTT), with the MDA-MB-231 cell line which 

seems predominantly express KDM5B-NTT, that was instead barely detected in 

testis (Fig.7, upper panel, Ab1). Once again, hybridization using Ab2 after 

membrane stripping proved that the exon-6 encoded residues are included in the 

smaller isoform (Fig.7, lower panel, Ab2). 
 
 

 

Fig.7 Western blot KDM5B isoforms. Preliminary investigation of KDM5B isoforms in different 
human cancer cell lines, compared to the testis, the only normal adult tissue showing a high 
expression level of KDM5B. Ab2 (lower panel) was used after the stripping of the membrane 
hybridized with Ab1 (upper panel). All tumor cell lines express both KDM5B isoforms (PLU-1 and 
NTT), with the MDA-MB-231 cell line which seems predominantly express KDM5B-NTT, that was 
instead barely detected in testis. 

 
 
 

3.4. 5’-RLM-RACE demonstrates the presence of a new downstream 

transcriptional start site, compatible with the expression of a truncated 

and catalytically inactive isoform of KDM5B 

 
A recent analysis of full-length mRNAs in the breast cancer MCF-7 cell line suggests 

that transcription start site and splicing pattern may be coordinated: it is indeed 

becoming increasingly clear how splicing and transcription influence each other56–58. 

According to the NCBI Reference Sequence database, the truncated KDM5B isoform 

including exon-6 might be generated by two predicted transcripts of KDM5B, namely 

X1 and X2. It is particularly noteworthy these predicted variants differ from the PLU-

1 mRNA for the transcriptional start site and for the inclusion of the exon-6 (Fig.3A). 

The translation of these predicted transcript variants does not start from the first exon, 

but from the fourth, producing the predicted isoform N-terminal truncated 
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(KDM5B-NTT in Fig.6B). X1 and X2 transcripts differ from each other only at the 5’- 

untranslated region (5’UTR), therefore we used the RNA Ligase Mediated Rapid 

Amplification of 5’ cDNA Ends (5’-RLM-RACE) method in MCF7 cells to verify the 

existence of a downstream transcriptional start site (TSS) which could generate 

transcripts able to code for the predicted protein isoform. This 5’RACE method is 

designed to amplify cDNA only from full-length capped mRNA: indeed, Calf Intestine 

Alkaline Phosphatase (CIP) removes free 5'-phosphates from molecules such as 

ribosomal RNAs, fragmented mRNAs, tRNAs, and contaminating genomic DNA; the 

Tobacco Acid Pyro-phosphatase (TAP) removes the cap structure from full- length 

mRNA, leaving a 5'-monophosphate; after de-capping reaction, an RNA Adapter 

Oligonucleotide is ligated to the 5’-end of the mRNAs population using T4 RNA 

Ligase, excluding the dephosphorylated RNA molecules which lack the 5'-phosphate 

necessary for ligation; after a random-primed reverse transcription reaction, two 

nested PCR amplifies the 5' end of a specific transcript. In the nested PCRs the 

forward primers are always complementary to the 5’-anchor region, while the reverse 

primers are specific for the target transcripts (see Table S1 for primer sequences). 

Since western blot results showed two predominant bands (around 175kDa, 

corresponding to the well-known canonical PLU-1 isoform and around 162kDa, 

corresponding to the predicted isoform including the exon-6), we decided to focus 

our investigation on transcript variants with exon-6. Therefore, in the first nested PCR 

we used a reverse primer on exon-6 (Reverse Ex-6) and in the second nested PCRs 

we used reverse primers (either Reverse 1 or Reverse 2) as described in Fig.8A. The 

final PCR products produced using the two different reverse primers (Reverse 1 for 

PCR1 and Reverse 2 for PCR2) are shown in Fig.8B. The sequencing of both PCR 

products revealed a new transcriptional start site (TSS), specifically 369 nucleotides 

before the second translation start site. We found a perfect match with the sequence 

of KDM5B (see complete alignment in Supplementary File S1), surprisingly starting 

at exon-1 (Fig.8C-D) instead of intron-1, as expected for the KDM5B predicted 

transcripts. Nevertheless, this new TSS skips the first ATG in exon-1 and is 

compatible with the expression of KDM5B-NTT isoform translated by the second 

ATG in the exon-4 (Fig.8C). By integrating the 5'RACE results and the Western blot 

data, we found a new KDM5B transcript variant that correlates with the expression 

of the N-terminal truncated isoform of KDM5B (KDM5B-NTT) which includes the 

insertion of 36 residues encoded by the exon-6 after the Glu237 of PLU-1 isoform 
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(Fig.6B). Supporting this finding, a putative active promoter between the first and the 

second ATG was found using a bioinformatic tool based on ChIP-Seq data of 

transcription factors occupancy and histone modifications (Fig.S3)33,41. 
 
 
 

 
Fig.8 5’RLM-RACE of KDM5B transcripts. A. Schematic representation of reverse primers used for 
the nested PCRs of 5’RLM-RACE. Primer-binding nucleotides are indicated underneath the RBP2- 
H1 transcript. In the first nested PCR, a forward primer (not shown) complementary to the 5’-anchor 
region was used together with the reverse primer on the exon-6 region (Reverse Ex-6). In the second 
nested PCRs, an inner forward primer (not shown) complementary to the 5’-anchor region was used 
together with either Reverse 1 (PCR1) or Reverse 2 (PCR2). B. PCR products of PCR1 and PCR2 
are shown. After purification, both PCR products were sequenced. C. Schematic of the 5’ end of the 
KDM5B-NTT transcript compared to the 5’ end of the KDM5B-PLU1 transcript. We found a new 
transcriptional start site 222 nucleotides downstream of the canonical one. The position of the 
translation start sites (ATG) in exon-1 and exon-4 are shown. D. Partial alignment sequences of the 
two PCR products, using the PLU-1 sequence (NM_006618.5) as a reference. For a complete 
alignment see Supplemental File 1. 
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3.5. MCF7 and MDA-MB-231 breast cancer cell lines show a different relative 

amount of KDM5B-NTT with respect to the PLU-1 isoform 

 
The preliminary western blot analyses (Fig.7) suggested differences in KDM5B-PLU- 

1 and KDM5B-NTT expression in different breast cancer cell lines. As previously 

demonstrated32,35, the catalytic core formation of KDM5B requires the tight 

association between the JmjN domain and jmjC domain, together with seven 

residues of the ARID domain (residues 94–100)35. The demethylase function of 

KDM5B is noted to regulate transcription in luminal breast cancer cell lines, acting as 

a driver oncogene41. KDM5B negatively regulates the levels of many tumour 

suppressor genes, such as BRCA1 and Cav-1 17. This demethylase is indeed a 

therapeutic target and many small anti-cancer molecules targeting KDM5B were 

identified so far59. KDM5B inhibitors are especially used as a therapeutic treatment 

in luminal breast cancer 22. In this regard, the KDM5B-NTT isoform is interesting 

because doesn’t include the whole JmjN domain and part of the ARID domain 

(Fig.6B), resulting in a catalytically inactive protein. Therefore, we questioned the 

potential relevance of the expression of this catalytic domain-lacking protein in 

different breast cancer subtypes. 

Analyzing all the molecular features of currently available breast cancer cell lines, 

Dai et al. (2017)60 found a correspondence with breast cancer tumours. Luminal 

tumors have a better prognosis and luminal cell lines are less aggressive, while triple- 

negative tumors have poor prognoses and basal breast cancer cell lines are more 

aggressive (Fig.S4). To test the expression of these two isoforms in different subtypes 

of breast cancer, we analyzed the relative abundance of NTT/PLU-1 in breast cancer 

cell lines classified as luminal, HER2+, triple negative A (TNA) and triple negative B 

(TNB). Fig.9A shows that all the breast cancer cell lines express KDM5B-NTT, 

detected using both Ab1 and Ab2, and KDM5B-PLU1, without a clear correlation with 

the cancer subtype classification (Fig.9B). However, KDM5B-NTT is significantly 

higher expresses in MDA-MB-231 (0.57 average) than in MCF7 (0.40 average) 

(Fig.9B; Fig.10; Fig.S5). The significative increased expression of KDM5B- NTT 

isoform compared to PLU-1 in MDA-MB-231 versus MCF7 cells (Fig.10) is interesting 

because of the different functional roles of KDM5B in these cell lines29. In MDA-MB-

231 KDM5B inhibits cell growth and metastatic and angiogenic capability33, whereas in 

MCF7 it enhances cell proliferation15,41. 
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Fig.9 KDM5B isoforms expression in different breast cancer subtypes. A. In all the analyzed 
breast cancer cell lines we found the expression of KDM5B-PLU-1 and KDM5B-NTT isoforms. 
(MCF7 and MDA-MB-231 blots are shown if Fig.S5) B. No clear association between breast cancer 
subtypes and relative KDM5B-NTT expression was highlighted. The relative NTT abundance was 
calculated as NTT/PLU1 ratio of densitometric values of the hybridization with the anti-C-terminal 
primary antibody (Ab1). 

 

 

 
 

Fig.10 Relative expression of KDM5B-NTT in MCF7 and MDA-MB-231 cells. Direct comparison 
with the data reported in Fig.S5. The NTT/PLU-1 ratio is higher in MDA-MB231 versus MCF7, around 50-
60% and 30-40% respectively. ** p <= 0.01 
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Although the total KDM5B transcripts level was significantly higher in MCF7 

compared with MDA-MB-231 cells (Fig.5A), we found a similar percentage fraction 

of KDM5B transcripts with exon-6 over the total pool of KDM5B transcripts in these 

two cell lines (Fig.5B). Moreover, the KDM5B-NTT expression quantified by western 

blot analyses showed a significant higher relative abundance in MDA-MB-231 cells 

(Fig.10). Therefore, we raised two questions: 

 
1) how a subgroup representing less than 10% of the total transcripts (Fig.5B) can 

produce a much higher protein product (around 40% in MCF7 and 57% in MDA- 

MB-231) (Fig.10); 

 
2) why the relative abundance of the KDM5B-NTT isoform is different in the two 

cell lines if the transcripts that generate this isoform represent a similar fraction 

of the total transcripts in both cell lines (Fig.5B and Fig.10); 

 
We reasoned that the different relative amounts of KDM5B-PLU-1 and KDM5B-NTT 

isoforms may be not related to transcriptional regulation, but rather to post- 

translational regulation. 

 
3.6. Cycloheximide treatment highlighted the greater instability of PLU-1 

compared to the KDM5B-NTT isoform 

 
No correspondence between the relative expression of KDM5B-NTT (compared to 

KDM5B-PLU-1) and the level of exon-6 including transcripts was found. Often the 

individual half-life of proteins is the major factor that regulates the relationship between 

mRNA molecules and protein expression levels 54, therefore we decided to investigate 

a possible regulation at the protein stability level of the two isoforms. The rates of 

protein synthesis and protein degradation determine cellular protein abundance and 

many factors can influence the lifetime of a protein, such as intrinsic protein stability, 

post-translational modifications (like phosphorylation and ubiquitination), subcellular 

localization and the first amino-terminal residue (N-end rule)54,61. We analyzed the 

protein stability of KDM5B-PLU-1 and KDM5B-NTT using a cycloheximide (CHX) 

assay to block the protein synthesis 62. Upon the CHX treatment, we used the Ab1 

(anti-C-term antibody) to compare the stability of the two isoforms in a time course of 
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12 hours (0h - 12h, every two hours). The results of the time course of CHX treatment 

show clearly that the NTT isoform is much more stable than the PLU-1 isoform in both 

the analyzed breast cancer cell lines (Fig.11). As shown in Fig.11C-D, at 12h upon 

CHX treatment, in both cell lines KDM5B-PLU-1 level is less than 20%, whereas 

KDM5B-NTT rises more than 60%, compared to control (DMSO-treated cells). 

KDM5B-NTT is very stable for at least 12 hours, as confirmed using the antibody Ab2 

(Fig.11B). Hence, the observed discrepancy between the expression of KDM5B-NTT 

at the protein level and the low level of exon-6 including transcripts may be explained 

by considering that the NTT isoform is highly stable. Moreover, the rate of PLU-1 

degradation is faster in MDA-MB-231, with a half-life of around two hours (Fig11D and 

Fig.12), rather than in MCF7 cells, with a half-life of about four hours (Fig.11C and 

Fig.12). Overall, these results show that the different relative amount NTT/PLU-1 in 

MCF7 and MDA-MB-231 depends on different protein stability and turn-over rate of 

these two isoforms. 

 
 

 
Fig.11. Protein stability of KDM5B isoforms. A. After CHX treatment, the KDM5B-NTT results more 
stable than KDM5B-PLU-1 in both MCF7 and MDA-MB-231, as shown in the blots using the anti-C- 
terminal KDM5B. B. The hybridization with Ab2 shows that KDM5B-NTT is highly stable in both cell 
lines for at least 12 hours. C. Degradation kinetics of KDM5B isoforms in a time course in MCF7 cells; 
(n = 3 for each time point). D. Degradation kinetics of KDM5B isoforms in a time course in MDA-MB- 
231 cells; (n = 3 for each time point).   ns: p > 0.05, *p < = 0.05, **p < = 0.01, ***p < = 0.001; Statistics by 
unpaired Welch’s t-test. 
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Fig.12. Direct comparison of PLU-1 degradation kinetics in MCF7 and MDA-MB-132 cells. By 
comparing the degradation curves of PLU-1 isoform in the two analyzed breast cancer cell lines, it was 
found a different rate of degradation, that is significantly faster in MDA-MB-231, where the mean half 
lifetime of the PLU-1 is of about 2h, versus MCF7, where instead it is around 4h; (n = 3 for each time 
point). ns: p > 0.05, *p < = 0.05, **p < = 0.01, ***p < = 0.001; Statistics by unpaired Welch’s t-test. 

 
 

3.7. The proteasomal degradation activity regulates PLU-1 turn-over 
 
 

To verify whether the proteasomal degradation was the cause of PLU-1 turn-over, we 

performed experiments with the 26S proteasome inhibitor MG13263. This inhibitor 

considerably counteracted protein degradation following CHX treatment, 

demonstrating that the proteasomal activity regulates PLU-1 stability in both cell lines 

(Fig.13). 

 
 
 

Fig.13. Proteasomal regulation of KDM5B-PLU-1. The cycloheximide (CHX) treatment highlights the 
PLU-1 instability, which is instead rescued by MG132 treatment, demonstrating that the proteasomal 
activity regulates the turn-over of PLU-1 isoform in both cell lines. 



29  

Indeed, previous observations suggested that the triple-negative breast cancer cells 

MDA-MB-231 might be particularly addicted to the 26S proteasome level64. The 

greater proteasomal activity in MDA-MB-231, combined with the lower PLU-1 

expression in MDA-MB-231 compared to MCF7, and with the higher stability of NTT 

compared to PLU-1 may explain the significantly higher relative abundance ratio 

NTT/PLU-1 in MDA-MB-231 cells. For time being, we don’t know why PLU-1 and NTT 

isoforms have so remarkably different stability. However, our hypothesis is that PLU- 

1 should have something that is missing in NTT and that specifically induces its 

proteasomal degradation. Reasoning on the possibility of determinants in the first 158 

residues at the N-terminal of PLU-1, that are missing in the shorter NTT isoform, we 

found a bona fide degron protein motif (Fig.14 and Fig.S6). Moreover, Bueno et al. 

(2013)65 showed that the proteasomal-dependent degradation of KDM5B is mediated 

by the E3 SUMO-dependent ubiquitin ligase RNF4. RNF4 targets KDM5B to 

proteasomal degradation upon the SUMOylation at Lysine residues 242 and 278 

(K242 and K278) by the SUMO E3 ligase human polycomb protein 2 (hPC2) (also 

commonly referred to as CBX4)65. Strikingly, both K242 and K278 map to a disordered 

region of PLU-1, whereas in the predicted 3D protein structure of KDM5B-NTT the first 

one lysine (corresponding to K120 in NTT) appears less accessible as shown in 

Fig.14. To assess if the N-terminal residues which are missing in KDM5B-NTT play 

specifically a role in targeting PLU-1 to proteasomal degradation targeted experiments 

are needed. Therefore, we are currently working to the cloning of the first 158 residues 

of the N-terminal of PLU-1 at the N-term of the reporter gene GFP. Later new 

experiment with cycloheximide and MG132 will be performed using as a control the 

GFP without the N-terminal residues of PLU-1. 
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Fig.14. AlphaFold2 models of KDM5B-Plu1 (1-754; left) and the corresponding N-terminal region 
of KDM5B-NTT (1-631; right). The positions of the JmjN, ARID, PHD, JmjC and zf-C5HC2 domains 
were obtained by PFAM, mapped on the corresponding 3D-structures and colored according to the 
legend shown. The region 740-307, comprising the ubiquitinylated residues K242 and K278 (blue 
spheres) of KDM5B-Plu1, is predicted as intrinsically disordered and shown as dashed lines. The 
corresponding residues of NTT, K120 and K156, are predicted on a folded domain. In particular K120 
is predicted as buried and not accessible for ubiquitinoylation. Sequence analysis with the ELM server 
indicates that Plu-1 has an N-terminal Degron which is missing in NTT ("MEA"). These structural 
differences may help partly explain the increased stability of NTT over Plu-1. 
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Part 2 – Investigating the putative role of KDM5B-NTT isoform in breast 

cancer 

 
The results shown so far demonstrate that a new KDM5B isoform including exon-6, 

namely NTT, is expressed in breast cancer cells. KDM5B-NTT is a truncated and 

catalytically inactive isoform generated by an alternative transcript that includes the 

exon-6 and is translated from a downstream ATG. KDM5B-NTT is almost constantly 

expressed in different cancer cell lines and patients’ samples. No correlation between 

breast cancer subtypes and the expression of KDM5B-NTT was highlighted, 

however, the relative ratio NTT/PLU-1 resulted significantly higher in MDA-MB-231 

cells rather than MCF7 cells. The relative abundance of NTT over PLU-1 was higher 

in MDA-MB-231 than MCF7 despite the similar level of KDM5B-NTT transcripts 

compared to the total level of KDM5B transcripts in the two cell lines. We observed 

a different protein stability of PLU-1 and NTT isoforms, indicating that KDM5B-NTT 

is mainly regulated at the protein level and is much more stable than PLU-1, which is 

targeted by proteasomal degradation. This suggests that KDM5B-NTT can 

accumulate in cells. KDM5B-NTT is an interesting isoform because differs from PLU- 

1 for the presence of 36 additional residues and for the lack of 158 residues at the N- 

terminal, as shown in the sequence alignment in Fig.S6. KDM5B-NTT is a loss-of- 

function isoform because is a catalytic JmjN domain-lacking protein; however, at the 

same time, the NTT isoform may become a gain-of-function for the presence of 

additional residues not included in the canonical PLU-1 isoform (Fig.6B). To 

investigate the putative function of KDM5B-NTT in breast cancer cells we decided to 

use two complementary approaches: downregulate specifically KDM5B-NTT in MDA- 

MB-231 cells, where the NTT/PLU-1 ratio was greater than in MCF7 cells; on the 

opposite, over-express NTT in MCF7 cells, where the NTT/PLU-1 ratio was lower 

compared to MDA-MB-231 cells. 
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3.8. RNA interference and transient over-expression as tools to investigate 

the function of KDM5B-NTT in breast cancer cells 

 
To downregulate the KDM5B-NTT isoform in MDA-MB-231 cells we designed a 

customized siRNA specific for exon-6 containing transcripts (Fig.S7). A small 

fluorescent oligo RNA was used as a transfection indicator (Fig.S8). Performing RNAi 

experiments at different time points and using different final concentrations of siRNA, 

we, unfortunately, observed that the interference was reducing not only the level of 

NTT protein isoform (Fig.15) but also the level of PLU-1 (Fig.16). 
 
 

 

 

Fig.15. RNAi for the downregulation of KDM5B-NTT in MDA-MB-231 cells. Western blot of 
preliminary RNAi experiments showed that the siRNA reduced the level of NTT (detected using the Ab2 
specific for the exon-6 encoded residues), especially at 72h at the final concentrations of 10nM and 
15nM, as shown in the quantification at the bottom panel (direct comparison with the blot in the upper 
panel); the NTT expression level relative to tubulin of each final siRNA concentration (5nM, 10nM and 
15nM) was compared to the negative control condition (C-). N=1 for each different condition. 
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Fig.16. The siRNA used for the depletion of KDM5B-NTT affected PLU-1. Using the Ab1 against 
the C-terminal region we observed that the siRNA targeting the exon-6 region was also reducing the 
PLU-1 levels, as evident in the time point 72h* (where * indicates a double pulse of siRNA transfection; 
the first pulse was done 24h after the seeding of cells and the second pulse 24h after the first pulse) 

 
 

RT-qPCR confirmed that the interference severely reduces the exon-6 containing 

transcripts, but it affects the total mRNA level more than you would expect if the 

interference was limited to it (Fig.17). This effect may be due to the nuclear activity of 

our siRNA on mRNA precursor (pre-mRNA). Indeed, RNA interference can occur also 

in the nucleus of mammalian cells66. In light of these preliminary results, we decided 

to pause this path, focusing instead on the over-expression strategy. We’re working to 

make the downregulation more specific for NTT, designing two new siRNAs spanning 

the junctions between exon-5 and exon-6 and between exon-6 and exon-7, to act 

exclusively on already spliced transcripts. 

 

 

 
Fig.17. RT-qPCR analyses showed an effect on total KDM5B mRNA level larger than expected if 
the interference was limited to exon-containing transcripts. Upon three different conditions of 
RNAi, the reduction of the level of transcripts with the exon-6 (EXON-6 at 48h, 72h, and 72h*) was 
appreciable compared to the negative control (C-); however, the reduction level of the total KDM5B 
transcripts (ALL) was much more than expected in each RNAi condition considering that the percentage of 
spliced KDM5B mRNA with exon-6 is around 4-9% of the total KDM5B transcripts (see Fig.5B). 
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We continued the investigation of the potential role of NTT through the over- 

expression of NTT in both MCF7 and MDA-MB-231. Both cell lines were transiently 

transfected to over-express KDM5B-NTT. The transfection efficiency was determined 

in each experiment using as a positive transfection control the over-expression of GFP 

as shown in Fig.S9. NTT isoform was efficiently over-expressed in both cell lines, as 

visible by the increased signal of the 162kDa band at 24 or 48 hours after transfection 

(Fig.18 and Fig.S10). At 24h after transfection, KDM5B-NTT increased by 2-3 fold in 

MCF7 cells and 4-8 fold in MDA-MB-231 cells compared to the empty control vector. 

In the transfected cells, especially at 24h post-transfection, NTT became more 

prevalent than PLU-1, being approximately 2- or 5-fold more abundant than PLU-1 in 

MCF7 and MDA-MB-231 cells, respectively (Fig.S10). 
 
 

 

Fig.18. Over-expression of KDM5B-NTT. A. The over-expression of KDM5B-NTT (NTT) at 24h and 
48h after transient transfection in MCF7 cells, NT indicates not transfected cells; E indicated transfection 
using the empty vector as a negative control. B. The over-expression of KDM5B-NTT (NTT) at 24h and 
48h after transient transfection in MDA-MB-231 cells, NT indicates not transfected cells; E indicated 
transfection using the empty vector as a negative control. 
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Although catalytically inactive, KDM5B-NTT retains all the nuclear localization signals 

reported for PLU-1 (Fig.S11), therefore it should also maintain the ability to enter the 

nucleus and associate to chromatin by the PHD domains29,33–35. By analyzing the 

localization of PLU-1 and KDM5B-NTT in the nuclear and cytoplasmic fractions of 

MDA-MB-231 cells (Fig.19), we confirmed that both isoforms are highly enriched in 

the nuclear fraction. It is thus possible that KDM5B-NTT may interfere with the nuclear 

functions of KDM5B-PLU-1. For that reason, we tested the effect of KDM5B-NTT over-

expression on histone methylation. 
 

 
Fig.19. Nuclear localization of KDM5B-NTT. A. Coomassie blue after fractionation nucleus/cytoplasm 
in MDA-MB-231 cells and SDS-PAGE in 12% acrylamide gel. The same amount of nuclear and 
cytoplasmic lysates was loaded to verify the localization of KDM5B-NTT. B. Both NTT and PLU-1 are 
enriched in the nucleus. Lamin A/C, Tubulin and GAPDH were used as references for the nuclear and 
cytoplasmic proteins. The SDS-PAGE for the KDM5B isoforms was performed in a 5% gel (37.5:1 
Acrylamide - Bis-Acrylamide solution), while the SDS-PAGE to detect all the other targets was done 
using a 12% gel (29:1 Acrylamide - Bis-Acrylamide solution). 

 

3.9. KDM5B-NTT affects the global H3K4me3 level 
 
 

After NTT over-expression we performed a mass-spec analysis to quantify the H3K4 

mono-, di- and tri-methylation level (Fig.20) at 24h upon transfection when the level of 

KDM5B-NTT was generally higher (Fig.18 and S10). The basal H3K4 di- and tri- 

methylation level in not transfected cells (NT) was higher in MDA-MB-231 cells than in 

MCF7 cells (NT condition in Fig.20A). At 24h after NTT over-expression, we found a 

significant increase of H3K4me3 level in MCF7 cells (Fig.20C), that reached the level 
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quantified in MDA-MB-231 cells, where no significant changes in trimethylation of 

H3K4 were detected. In both cell lines, no significant change levels of H3K4me2 or 

H3K4me1 were observed (Fig.20A-B). The increased H3K4me3 level in MCF7 cells 

after KDM5B-NTT overexpression may be explained by a competition effect exerted 

by the catalytically inactive isoform on PLU-1 and eventually other KDM5 histone 

demethylase family members. In MDA-MB-231 cells no changes in H3K4me3 level 

were observed, probably because of the higher basal level of H3K4 tri-methylation, 

likely due to lower PLU1 abundance. 

 

 
Fig.20. MS-based analysis of H3K4 methylation levels in MCF7 and MDA-MB-231 cells upon 
KDM5B-NTT over-expression. A. Heatmap display of the log2 L/H ratios (where L is sample and H is 
internal standard) obtained for H3K4 mono-, di- and tri-methylation in MCF7 and MDA-MB-231 cells in 
three different conditions: not transfected (NT); transfected with empty vector (E); over-expressing 
KDM5B-NTT isoform (NTT). Data were normalized over the average value across all the samples. Six 
different biological replicates were considered. B. H3K4me2 and H3K4me3 levels (expressed as L/H 
ratios) in MCF7 and MDA-MB-231 cells overexpressing KDM5B-NTT, compared to the negative control 
(empty vector; E). Statistical analysis was performed by repeated measures ANOVA, followed by 
Tukey’s multiple comparison test. **p < 0.005, ***p < 0.001. 
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3.10. KDM5B-NTT regulates gene expression 
 
 

To evaluate the possible role of KDM5B-NTT in the general transcription profile, we 

performed RNA-Seq analysis after KDM5B-NTT transient over-expression in MCF7 

and MDA-MB-231 cells. RNA-Seq was performed on total RNA purified from four 

different   batches   of   MCF7   and   MDA-MB-231   cells   24 hours   after   NTT   over- 

expression. The empty vector transfection was used as a negative control. After batch 

effect correction, principal component analysis (PCA) showed a clear clustering of the 

KDM5B-NTT transfected samples compared to empty vector in both cell lines 

(Fig.S12). Data analysis of RNA-Seq showed that 123 transcripts were significantly 

(FDR < 0.1) regulated in MCF7 cells and only 47 in MDA-MB-231 cells. Moreover, the 

modulated genes in MCF7 cells were mostly induced (91), and the majority (66) were 

induced at least 2-fold (Fig.21A). On the opposite, in MDA-MB-231, only 7 genes were 

significantly induced and 8 repressed at least 2-fold (Fig.21B) Gene set enrichment 

analysis (GSEA) revealed that KDM5B-NTT over-expression modulated the genes 

belonging to the interferon-alpha and -gamma response and inflammation (Fig.22A) in 

MCF7 cells, but not in MDA-MB-231 cells. These genes play a role in tumour 

progression and regression and, as previously reported67, they can be induced in colon 

cancer cells by epigenetic drug treatment, leading to a decrease in H3K9 methylation 

and, at the same time, to an increase in H3K4 tri-methylation68. To evaluate whether 

the gene induction in MCF7 may be due to epigenetic de-repression by NTT, we used 

a comparison with the effect of two epigenetic drugs: PDCA, a selective KDM5 

inhibitor69, and MTA, a general DNA and histone methyltransferase inhibitor70, which 

has been previously shown to reactivate epigenetically silenced promoters. We noted 

that a cluster of KDM5B-NTT-derepressed genes was also significantly induced by 

one or both treatments and/or previously shown to be bound by KDM5B or by KDM1A 

(or LSD1), a known interactor of KDM5B, in ChIP experiments (Fig.20B)33,41,53 . These 

results suggested that these are good candidates for a direct competitive de- 

repression by KDM5B-NTT. 

https://www.nature.com/articles/s41417-022-00584-w#MOESM4
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Fig.21. KDM5B-NTT over-expression regulates gene expression. A. Volcano plot showing the 
differentially expressed genes (DEGs) in MCF7 cells upon KDM5B-NTT over-expression. Red dots 
indicate  DEGs  associated  with p < 0.1  and  log2(FC) < −1  or  log2(FC) > 1;  blue  dots  indicate  genes 
with p < 0.1  and  −1 < log2(FC) < 1;  green  dots  indicate  genes  with  log2(FC) < −1  or  log2(FC) > 1, 
and p > 0.1. B. Volcano plot showing the differentially expressed genes (DEGs) in MDA-MB-231 cells 
upon KDM5B-NTT over-expression. Red dots indicate DEGs associated with p < 0.1 and log2(FC) < −1 
or log2(FC) > 1; blue dots indicate genes with p < 0.1 and −1 < log2(FC) < 1; green dots indicate genes 
with log2(FC) < −1 or log2(FC) > 1, and p > 0.1. 
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Fig.22. Effects of KDM5B-NTT over-expression on the transcriptome. A. Heatmap showing in color 
scale the GSEA Normalized Enriched Score (NES) of gene expression profile resulting from over- 
expression of KDM5B-NTT in MCF7 and MDA-MB-231 cells in comparison with control cell samples. 
(White* = FDR < 0.01). B.  Cluster  of  KDM5B-NTT-deregulated  genes,  which  are  also  significantly 
induced by one or both epigenetic drug (PDCA and MTA) and/or previously shown to be bound by 
KDM5B in different ChIP experiments33,41,53. 

 

3.11. The putative regulatory action of KDM5B-NTT 

Recently, Jamshidi et al. (2021)71 described a strain of mice expressing a KDM5B 

splicing variant that lacks the ARID domain and five amino acids in the JmjN domain. 

Interestingly, unlike KDM5B knock-out mice which display an embryonic lethal 

phenotype, these mice were viable and fertile although the protein was catalytically 

inactive. Overall, these data strengthen many experimental observations regarding the 

biological effects of KDM5 demethylases, independently of their catalytic 

activity24,25,36,72,73. Our hypothesis is that KDM5B-NTT may be recruited to genomic 

sites through the PDH domains29–31,34,35 and keep some non-catalytic regulatory 

functions and/or act by competing with the catalytic function of the PLU-1 isoform. The 

over-expression of KDM5B-NTT positively correlates with a global increase of 

H3K4me3 and a modulation of genes, which were mostly induced, in MCF7 cells 

suggesting that NTT may have a functional role although being catalytically inactive. 

On the contrary, no significant changes in H3K4 tri-methylation level or gene 

expression were observed in the MDA-MB-231 cells, probably because the basal 

relative abundance of NTT is higher than in the MCF7 cells. These observations 

suggest a possible dominant-negative role of NTT in lowering PLU-1 activity in the 

basal cell lines where PLU-1 functions as a transcriptional repressor for genes involved 

in inflammatory responses, cell proliferation, adhesion, and migration29,33. It is 

plausible that KDM5B-NTT could interfere with PLU-1 at some target genes, by 

competing with its repressive activity. Supporting this hypothesis, many of the induced 

genes upon KDM5B-NTT over-expression in MCF7 cells were previously shown to be 

regulated by the direct action of PLU-1 in MCF7 or other breast cancer cell lines 15,33,41. 

Strikingly, KDM5B-NTT over-expression increased the level of Caveolin-1, a tumour 

suppressor gene known to be directly repressed by PLU-1 through the lowering of 

H3K4me3 at its promoter region17,53. The putative competing function of NTT in the 

regulation of H3K4me3 levels and in the following transcriptional regulation is 

described in Fig.23. However, it needs to be verified whether the truncated isoform 

KDM5B-NTT can directly associate with chromatin affecting the PLU-1 recruitment on 
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specific common targets. Moreover, it is not granted the causality relationship between 

the increase of H3K4me3 and the observed gene inductions. Therefore, to ascertain 

a direct correlation between transcriptomic changes and local increase of H3K4 tri- 

methylation upon NTT over-expression, we performed a Cleavage Under Targets & 

Release Using Nuclease (CUT&RUN) assay (CST, #86652) to define the spatial and 

temporal distribution of the H3K4me3 mark in the genome of MCF7 cells. However, 

data analysis is still ongoing, and we can’t rule out indirect effects on the significant 

observed transcriptomic changes. An alternative hypothesis is that the functions of 

KDM5B-NTT depend on its ability to locally recruit transcription and RNA-processing 

factors at specific genomic sites, independently of its demethylase activity. In this 

scenario, the putative role played by the additional residues encoded by the exon-6 is 

still unknown. To identify interactors of KDM5B-NTT, a total of four pull-down 

experiments using the anti-flag resin after the over-expression of the NTT and PLU-1 

isoforms (Fig.S13) have been done for the mass-spec analysis that is ongoing. In fact, 

it will be interesting to compare the NTT and PLU-1 interactomes to better understand 

if NTT could also regulate the PLU-1 functions by sequestering common interactors. 

Whether NTT may play a role in migration and invasiveness remains to be 

investigated. Preliminary results showed that NTT over-expression in MCF7 does not 

determine significant changes in proliferation or cell cycle dynamics (Fig.S14), leaving 

still many open questions about the functions of this new truncated and catalytically 

inactive isoform in breast cancer cells. 
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Fig.23. Diagram illustrating the proposed mechanism for the regulatory action of KDM5B-NTT. 
Transcription from Promoter 2 produces NTT mRNAs which include the exon-6; NTT mRNAs generate 
the expression of the KDM5B-NTT protein isoform. A second ATG (ATG2) is used for translation of NTT 
isoform, resulting in a KDM5B N-Terminal Truncated protein isoform including 36 more residues 
encoded by the exon-6 (in orange). Even though the NTT mRNAs are around 4-9% of the total KDM5B 
transcriptional events, the NTT protein isoform accumulates in cells because of its higher stability 
compared to PLU-1, which is targeted by the proteasome degradation system. NTT chromatin 
association can be driven by the PHD3 domain, which preferentially recognizes the trimethylated H3K4. 
This association may compete with the PLU-1 recruitment on common targets, preventing their 
demethylation and leading to an increase of H3K4me3 levels with a following gene induction. Created 
with BioRender.com. 
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4. CONCLUSIONS AND FUTURE PERSPECTIVES 
 
 

Understanding the biological relevance of different KDM5B isoforms in tumour 

progression might be essential for the identification of new combined therapeutic 

technologies in cancers where KDM5B targeting plays a key role, such as in breast 

cancer. In this study we found a new KDM5B isoform, N-terminal truncated and 

catalytically inactive, which include additional residues of still unknown function. On 

the putative role of this isoform in breast cancer progression many questions are still 

open. Indeed, the relative abundance of KDM5B-NTT isoform compared to PLU-1 in 

our preliminary analysis didn’t show a clear correlation with the molecular breast 

cancer subtype classification. NTT appears quite constantly expressed in all the 

analyzed cell lines and the variability in the relative ratio NTT/PLU-1 is likely being 

mainly affected by the balance of PLU-1 synthesis and degradation, tightly controlled 

by the proteasome activity. Considering that the level of proteasome activity may be 

different in each cell line and may be also influenced by the state of the cells, many 

variables can affect the outcome, adding higher levels of complexity. To fully 

understand the relevance of KDM5B-NTT in the fine-tuning regulation of KDM5B-PLU- 

1 activity, this heterogeneity should be considered. 

Although the NTT biological functions remain still elusive, this study highlights an 

interest aspect regarding the faster proteasomal degradation of PLU-1 compared to 

NTT, suggesting a role of the N-terminal portion of PLU-1, missing in the truncated 

isoform, in regulating the protein turnover. However, the residues involved in 

proteasomal targeting are still unknown and worth further investigation. A more 

complete understanding of the KDM5B-PLU-1 degradation could open the possibility 

of tuning the levels of the two isoforms by a combination of epigenetic drugs and 

proteasomal inhibitors. 

So far, KDM5B was known to act as an oncogene in luminal breast cancer cell lines, 

supporting high proliferation rates15,17,41, and as a tumour suppressor in triple-negative 

cell lines inhibiting angiogenesis, migration and metastatic potential29,33. The higher 

NTT/PLU-1 ratio observed in MDA-MB-231 than in MCF7 might contribute to the 

contraposing effects of KDM5B reported in these two cell lines. However, further 

investigations about the mechanistic details are needed. 



43  

It will be fascinating to assess the KDM5B-NTT level or the ratio between the two 

isoforms in different breast cancer subtypes, in both pre-clinical and clinical setups. 

Additionally, understanding cellular and tissue response to changes in this ratio could 

open new therapeutic approaches or biomarker studies. 

Moreover, considering that the inhibition of the demethylase activity of KDM5B helps 

to overcome radio resistance in cancer by changes in H3K4 methylation at DNA 

double strand breaks18,22, it will be interesting to understand the contribution of NTT 

isoform and/or of any alteration of the NTT/PLU-1 ratio upon DNA damage. 

Finally, it is still unknown, and deserving future understanding, if other non-catalytical 

isoforms of histone demethylases exist and whether they play a relevant role in cancer 

epigenomics. 
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5. MATERIAL AND METHODS 
 
 

Cell cultures 

 
Human breast cancer MCF7, T47D and MDA-MB-231 cells were a gift from Dr Lucia 

Gabriele (Istituto Superiore di Sanità, Rome, Italy), who purchased them from ATCC 

and maintained them in culture. Cells werecultured at 37°C in a 5% CO2 atmosphere 

for, at most, 10-12 passages, then replaced by cells from early passages, kept in liquid 

nitrogen since collection. The DU4475 cells and other T47D cells were obtained from 

the MRC-PPU, University of Dundee (Scotland, UK). The MCF10A, MDA-MB-415, 

MDA-MB-453, SKBR3, MDA-MB-436, MDA-MB-468, SUM-149-PT, and BT-549 were 

obtained from the European Institute of Oncology (IEO, Milan, Italy). Mycoplasma 

contamination was checked monthly (and before every freezing and after each 

thawing) using a Mycoplasma PCR Detection Kit (Abm). MCF7 and MDA-MB-231 cells 

were grown in high-glucose DMEM medium plus FBS 10%, 1 mmol L−1 L-glutamine, 

100 U/mL penicillin and 100 µg/mL streptomycin (Thermo Fisher Scientific, Waltham, 

MA, USA). T47D cells were grown in RPMI medium plus FBS 10%, 1 mmol L−1 L- 

glutamine, 1% insulin, 100 U/mL penicillin and 100 µg/mL streptomycin (Thermo 

Fisher Scientific, Waltham, MA, USA). DU4475 cells were grown in RPMI 1640 

medium (Gibco, UK) added with 10% FBS (Gibco, UK), 1 mmol/L L-glutamine (Gibco, 

UK), 100 U/mL penicillin (Gibco, UK), 100 µg/mL streptomycin (Gibco, UK) and 1 mM 

sodium pyruvate (Gibco, UK). MCF10A were cultured in Dulbecco’s modified Eagle’s 

medium (DMEM) (Euroclone) and Ham’s F12 (Gibco, UK) medium (1:1 v/v) with stable 

glutamine,  5%  Horse  Serum,  0.5 mg/mL  Hydrocortisone,  and  100 ng/mL  Cholera 

toxin, with the addition of 10 µg/mL EGF at each passage. SKBR3, MDA-MB-415, and 

MDA-MB-453 were grown in DMEM with stable glutamine supplemented with 10% 

North American FBS (HyClone). BT549 were grown in DMEM with stable glutamine 

supplemented with 10% South American FBS (Microgem). ZR-751 were grown in 

RPMI  1640  (Euroclone)  supplemented  with  10%  South  American  FBS,  2 mM  L- 

Glutamine, 1 mM Sodium Pyruvate, and 10 mM Hepes. MDA-MB-468 and MDA-MB- 

436 were cultured in DMEM and Ham’s F12 medium (1:1 v/v) with stable glutamine 

and supplemented with 10% South American FBS. SUM-149-PT were grown in Ham’s 

F12 media supplemented with 5% South American FBS, 2 mM L-Glutamine, 5 µg/mL 

insulin,  1 µg/mL  Hydrocortisone,  and  10 mM  Hepes.  All media  were  supplemented 
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with  penicillin  (100 µg/mL),  and  streptomycin  (100 mg/mL).  Cells  were  cultured  

at 37 °C in a 5% CO2 humidified atmosphere and passaged at 80% confluence. SUM- 

149-PT cell line was cultured at 37 °C in a 10% CO2 humidified atmosphere. Epstein– 

Barr virus-immortalized lymphocytes and peripheral blood mononuclear cells (PBMC) 

were kindly provided by Dr. Alessandra Fragale (Istituto Superiore di Sanità, Rome, 

Italy). Human testicular total protein lysates were purchased from Takara Bio (Shiga, 

US). 

 
Protein extraction and quantification 

 
The Procedure for lysis of adherent cells in RIPA Buffer with protease inhibitor 

cocktail (Complete, EDTA- free Protease Inhibitor Cocktail, Roche, Basel, 

Switzerland) was used for MCF7, T47D, MDA-MB-231 breast cancer cell lines 

according to producer’s protocol guidelines (Sigma-Aldrich); the procedure for lysis 

of suspension cultured cells in RIPA Buffer with protease inhibitor cocktail (Complete, 

EDTA-free Protease Inhibitor Cocktail, Roche, Basel, Switzerland) was used for the 

frozen cellular pellets, according to producer’s protocol guidelines (Sigma-Aldrich). 

Cell lysates were stored at −80°C. Proteins were quantified using the Pierce 

Detergent Compatible Bradford Assay Kit (ThermoFisher Scientific, US). The Human 

testis protein medley (catalog no. 635309 Lot number: 1602008A) was used as 

normal control adult tissue. Nuclear and cytoplasmic fractions of protein lysates of 

MDA-MB-231 cells were obtained using the NE-PER Nuclear and Cytoplasmic 

Extraction Reagents (ThermoFisher, cat.no.78833). 

 
Western blot 

 
Western blot analysis was used to evaluate the amount of KDM5B isoforms. For each 

sample, 30 µg of RIPA extracted total proteins were run on an 5% denaturing PAGE 

to resolve both PLU-1 (179kDa) and NTT (162kDa). The running was in TGS buffer 

(Biorad) at 80 V until the marker separation and at 100 V for two hours after the marker 

separation. Transfer efficiency was verified via ponceau staining Ponceau (Sigma, 

Cat#P7767). Filters were hybridized with α – C term KDM5B (Rabbit) 1:7000, (Atlas 

Antibodies HPA0217179) at 4°C over- night. The Restore Western blot Stripping 

Buffer (Termo Scientific #21059) was used according to the manufacturer guidelines 
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to restore the filters and the stripping efficiency was ever tested with a ChemiDoc XRS 

using the Clarity Western ECL Substrate Peroxide solution/Enhancer solution (BIO- 

RAD #1705061). After stripping, the filters were hybridized with α – esone 6 KDM5B 

(Mouse) 1:1.000, BIO- RAD (MCA4340Z). Goat anti-rabbit HRP conjugate (1:10 000, 

Thermo Fisher Scientific Cat#31460, RRID: AB_228341) and anti-mouse (1:10000, 

Cell Signaling Cat#7076) were used as a secondary antibodies. Anti-vinculin (Rabbit) 

1:1000 in 5% BSA-TBST (ab129002, Abcam) and anti-Tubulin (Mouse) 1:4000 in 5% 

MILK-TBST (T5168-100UL, Sigma) were used as protein loading controls. For 

quantitative analysis, western blots were analyzed with a ChemiDoc XRS+ Imaging 

System (Bio-Rad, Hercules, CA, USA). We used 5µL of Thermo Scientific Spectra 

Multicolor High Range Protein Ladder (Cat#26625) as marker. The molecular weights 

were calculated with MW analysis tool of the Image Lab 3.0 software. The signal for 

NTT isoform was normalized to PLU-1 signal detected on the same blot (hybridized 

with α – C term KDM5B) to evaluate the percentage fraction of NTT over PLU-1. 

 
RNA extraction, RT-PCR and RT-qPCR 

 
Total RNA extraction from MCF7, T47D and MDA-MB-231 cells was performed using 

RNeasy mini kit (Qiagen, US) or miRNeasy Mini kit with DNase on column digestion 

(Qiagen, US) according to the manufacturer’s protocol. The RNA quality was tested 

by electrophoresis gel 1% TBE 0.5x after the RNA extraction. Retro-transcription of 

mRNAs was performed using sensiFAST cDNA synthesis kit, according to producer’s 

protocol guidelines (Bioline). PCR amplification was performed using DeamTaq 

Polymerase according to producer’s protocol guidelines (Thermo Fisher Scientific), 

as described in the table below. RT-qPCR was performed using a SensiFAST SYBR 

Hi-ROX Kit ((Meridian, US). PrimerBlast and Primer3 software were used for primer 

design. The primers used for RT-PCR and RT-qPCR are listed in Supplementary 

Table S1. RT-PCR was run as follows: 95 °C for 3 min, 95 °C for 30 s, 55 °C for 30 

s, and 72 °C for 1 min for 35 cycles, with a final elongation at 72°C for 7 min. RT- 

qPCR was run in a two-step cycle at 95°C for 2 min, then 95 °C for 5 s, and 60 °C for 

30 s for 40 cycles. Relative quantification of gene expression was conducted using 

the Applied Biosystems Step One Plus PCR System and data analysis was 

performed using the comparative ΔΔCt method. Actin was used as an endogenous 

reference gene. For the electrophoresis of the RT-PCR products we used 2% 
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agarose gel TBE 1x, at 100 V; as DNA Ladder markers we used 5 µL of Thermo 

Scientific O'GeneRuler DNA Ladder Mix, ready to use (SM1173) or 5 µL of Thermo 

Scientific O’RangeRuler 100+500 bp DNA Ladder, ready-to-use (SM0653). 

 

5′RLM-RACE 

 
The 5′RACE assay was performed using the FirstChoice RLM-RACE Kit 

(ThermoFisher Scientific, US). RNA ligase-mediated rapid amplification of cDNA 

ends (RLM-RACE) was designed to amplify cDNA only from full-length capped 

mRNA. Briefly, total RNA from MCF7 cells was treated with CIP phosphatase to 

dephosphorylate uncapped RNAs and then de-capped using the TAP enzyme. After 

the de-capping reaction, an RNA adapter oligonucleotide was ligated to the residual 

phosphorylated 5′-end from the capped-mRNAs using T4 RNA ligase (see schematic 

below, from datasheet of FirstChoice RLM-RACE Kit, AM1700, Invitrogen). RNA 

quality was checked after each enzymatic reaction, before RT. After a random-primed 

RT  reaction,  allowing  the  production  of  a  cDNA  population  encompassing  the  

5′- initiation sites fused to the anchor, two nested PCR amplified the 5′-end of a 

specific transcript. As a negative control, total dephosphorylated RNA, untreated with 

TAP de- capping enzyme (negative TAP-control), was used in the PCR reactions. 

Both nested PCRs gave rise to a dominant product, which was purified and 

sequenced, whereas non-specific products were obtained using a Minus-TAP control 

reaction as a template (data not shown). Platinum Taq DNA Polymerase, High 

Fidelity (ThermoFisher Scientific, US) was used for PCR reactions. The primer 

sequences used for the 5′RACE PCR reactions are listed in Supplementary Table1. 

In the first 5′RACE PCR, a Reverse Ex-6 primer and the 5′RACE Outer Fw primer 

were used; in the second nested 5′RACE PCR, the downstream 5′RACE Inner Fw 

primer was used together with the reverse primer 1 (PCR1) or the reverse primer 2 

(PCR2); both Fw primers were  complementary to  the  5′-anchor sequence  and  

provided  with the  kit.  For the electrophoresis of the 5’RACE-PCR products we used 

1,5% agarose gel TBE 1x, at 100 V; as DNA Ladder markers we used 5 µL of Thermo 

Scientific O’RangeRuler 100+500 bp DNA Ladder, ready-to-use (SM0653). The 

images were acquired using a Typhoon 9300 scanning instrument. The purified PCR 

products were analyzed by Sanger sequencing. Here the table of the PCR setting 

and the general workflow (schematic workflow from the Invitrogen kit datasheet): 
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Step Cycles Temp Time 

Initial denaturation 1 94°C 2 min 

Denaturation  
35 

94°C 15 sec 

Annealing 56°C 30 sec 

Extension 68°C 1 min 40 sec 

Hold 1 4°C indefinitely 

 
 
 

 
 
 

 
Cycloheximide assay and proteasome inhibitor 

 
MCF7 and MDA-MB-231 cells were seeded on 6-well plates at a density of 30x103 

cells/cm2 and 25x103 cells/cm2 respectively. After 24h from cell seeding, the cells 

were treated with cycloheximide (CHX, 50 μg/ml) (Sigma, C-6255, Lot 122H1110), 

using DMSO (Sigma, S-D2438-5X10ML) as a mock negative control, or CHX (50 

μg/ml) and (R)-MG132 (10μM) (Sigma-Aldrich, M8699-1MG); RIPA cell lysates were 

prepared every two hours (from 0 hours to 12 hours).



49  

 
Cell Transfection 

 
MCF7 and MDA-MB-231 cells were cultured in high-glucose DMEM with 1% L-Glut 

and 10% FBS without P/S at 37°C in 5% CO2. 30 x103 cells/cm2 and MCF7 cells and 

25 x103 cells/cm2 of MDA-MB-231 cells were seeded the day before transfection. 

Transfection using LIPO3000 (ThermoScientific, US) and Opti-MEM I Reduced Serum 

Medium (Gibco, ThermoFisher Scientific, US) was performed in 60-mm plates, using 

9 μg of NTT overexpression plasmid or empty plasmids according to the 

manufacturer’s protocol, and cell lysates were prepared 24 and 48 hours after plasmid 

transfection for subsequent analysis. For MDA-MB-231 transfection 25’000 cells/cm2 

were seeded in 6-well plate and transfected with RNAiMAX (Invitrogen, 

cat.no.13778150) to deliver exon-6 custom siRNA (5nM, 10nM, 15nM, 20nM or double 

transfection pulse 20nM+10nM) into cells following the manufacturer's recommended 

protocol. Cell lysates were prepared at 48 and 72 hours after siRNA transfections for 

subsequent analysis. The fluorescent oligonucleotide duplex siGLO green 

Transfection Indicator was used as a positive control of siRNA transfection 

(Darmachon Reagents, cat.no. D-001630-01-05). 

 
Plasmids 

 
KDM5B-NTT isoform over-expression plasmid (KDM5B_OHu64359D_pcDNA3.1+/C- 

(K)-DYK, Cat. OHu64359D), KDM5B-PLU-1 isoform over-expression plasmid 

(KDM5B_OHu27995D_pcDNA3.1+/C-(K)-DYK), empty vector (pcDNA3.1(+)-C-DYK) 

as a negative control, and GFP plasmid (pcDNA3.1(+)-C-eGFP) as transfection control 

were purchased from GenScript (US) and amplified in DH5α competent cells 

(ThermoFisher Scientific, US). The heat-shock was used for the transformation of 

competent cells, which were selected in LB-agar plates with Ampicillin (100µg/mL). 

Plasmids were extracted using the Qiagen plasmid MIDI kit (Qiagen, US). The detailed 

maps of all the used plasmids are shown below. 

https://www.thermofisher.com/order/catalog/product/13778150
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Protein structure analysis 

 
The crystal structure of the catalytic domain of PLU-1 in complex with N-oxalylglycine 

was retrieved from Protein Data Bank (www.rcsb.org; PDB: 5A1F). KDM5B-NTT 

(residues 1-631) and the first 25 residues that were missing in Plu1 were ab initio 

modeled using the official release of the neural network implemented in AlphaFold2 

(version 2.0.1). PFAM was used to map the positions of the JmjN, ARID, PHD, JmjC 

and zf-C5HC2 domains on the three-dimensional structures. The ELM server was 

used to identify potential degradation signals on the sequences of PLU1 and KDM5B- 

NTT Protein sequences and structures analysis was carried out using PyMod 3. See 

Supplementary references for details. 

 
Mass spectrometry (MS) analysis 

 
Histones were enriched from 1x106 breast cancer cells (MDA-MB-231 and MCF7) in 

6 biological replicates for each condition (NT, E, and KDM5B-NTT), as previously 

described. Prior to digestion, approximately 3 µg of histone octamer were mixed with 

an equal amount of heavy-isotope labelled histones, which were used as an internal 

standard for quantification, and were separated on a 17% SDS-PAGE gel. Histone 

bands were excised, chemically acylated with propionic anhydride and in-gel digested 

with trypsin, followed by peptide N-terminal derivatization with phenyl isocyanate 

(PIC). Peptide mixtures were separated by reversed-phase liquid chromatography 

(RP-LC) on an EASY-Spray column (ThermoFisher Scientific, US), 25-cm long (inner 

diameter 75 µm, PepMap C18, 2 µm particles), which was connected online to a Q 

Exactive Plus instrument (Thermo Fisher Scientific) through an EASY-Spray™ Ion 

Source (ThermoFisher Scientific, US). 

The differentially modified peptides containing H3K4 were quantified manually using 

QualBrowser version 2.0.7 (ThermoFisher Scientific, US), as previously described. For 

each histone modified peptide, the light (sample) and heavy (internal standard) 

percentage relative abundances (%RAs) were estimated by dividing the area under 

the curve (AUC) of each modified peptide for the sum of the areas corresponding to 

all the observed forms of that peptide. Light/Heavy (L/H) ratios of %RA were then 

calculated (Table S2). The mass spectrometry proteomics data have been deposited 

to the ProteomeXchange Consortium (11) via the PRIDE partner repository with the 
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dataset identifier PXD033337. Data display and statistical analysis were carried out 

using GraphPad Prism 9.3.1 (GraphPad). Changes in single histone modifications 

among groups were analyzed by one-way ANOVA, followed by Tukey's multiple 

comparisons test performed on log2 transformed L/H ratios. See Supplementary 

references for details. 

 
Computational analysis of breast cancer and melanoma cell lines 

 
Gene expression data was obtained for the CCLE database. For this research, 

datasets of RNA-Seq from 49 melanoma cell lines and 56 breast cancer cell lines 

were used. Computational analysis was performed using R version 3.4.3. in 

collaboration with the CINECA Institute. The reads were aligned to the human 

genome (GRCh38) using STAR (Spliced Transcripts Alignment to a Reference) 

(v2.6.1c)44 and the rMATS tool v4.0.2 (turbo) was used to evaluate the frequency of 

inclusion of the exon-6 in the alternative splice variants of KDM5B. See 

Supplementary references for details. 

 
RNA-Sequencing 

 
Data for estimation of exon-1 and exon-6 containing transcripts of KDM5B are taken 

from the CCLE repository for tumour cell lines related data and from TCGA BRCA 

project for patients affected by breast cancer related data. 

For RNA-Sequencing (RNA-Seq), total RNA was extracted from purified from cell 

pellets of control and KDM5B-NTT-overexpressing cultures using Qiagen RNeasy kits. 

RNA-Seq libraries from total RNA (1 µg) from each sample were prepared using the 

Illumina TruSeq Stranded mRNA Kit (Illumina, San Diego, CA) according to 

manufacturer’s instructions. The amplified fragmented cDNA of 300 bp in size were 

sequenced in paired-end mode using a NovaSeq6000 (Illumina) sequencer with a read 

length of 150 bp. Processing raw data for both format conversion and de- multiplexing 

were performed by Bcl2Fastq version 2.20 of the Illumina pipeline. Sequence reads 

quality was evaluated using FastQC (version 0.11.8, Babraham Institute Cambridge, 

UK) tool then adapter sequences were masked with Cutadapt version 1.11 from raw 

fastq data using the following parameters: --anywhere --overlap 5 --times 2 --minimum-

length 35 --mask-adapter. 
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Then reads were mapped to the mouse Ensembl GRCh38 build reference genome 

using HISAT2 version 2.2.0 using Gene annotations according to the Ensembl 

database. Gene-level quantification was performed using salmon version 1.8.0. See 

Supplementary references for details. 

 
 

Differential gene expression analysis 

 
To identify differentially expressed genes (DEGs) data was filtered to remove from the 

analysis the genes having < 10 counts per million across all replicates for each 

comparison. DEGs were assessed with a comparison of MCF7 and MDA-MB-231 cell 

lines with constitutive expression of KDM5B-NTT over control cell lines, using a Wald’s 

test with a false discovery rate threshold of (FDR) < 0.1. The data normalization and 

differential analysis for gene expression were performed using Bioconductor R 

package DESeq2 version 1.34 accounting for the presence of batch effects. The 

figures were obtained using the R environment with base plot functions and from 

package ggplot2 version 3.3.6. Volcano plots were created using Bioconductor R 

package EnhancedVolcano version 1.12.0. See Supplementary references for details. 

 
Gene set enrichment analysis (GSEA) 

 
Broad Institute’s Gene Set Enrichment Analysis (GSEA) method was used to assess 

the enrichment of the ranked list of DEGs of the KDM5B-NTT unique gene expression 

signatures of MCF7 and MDA-MB-231 samples versus the curated “Hallmark” gene 

set collections from the BROAD molecular signature database (MSigDb version 7.4.1). 

The human version of the MSigDb “Hallmark” gene set collections were obtained from 

the msigdbr R package version 7.4.1. 

This ES of GSEA is calculated by walking down the ranked list of genes, increasing a 

running-sum statistic when a gene is in the gene set and decreasing it when it is not. 

A normalized enrichment score (NES) is also calculated by GSEA in which differences 

in pathway size (i.e., gene set size) are considered, allowing for comparisons between 

pathways within the analysis. The enrichments were considered significant when FDR 

< 0.01. See Supplementary references for details. 
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Transcriptome of MCF7 cells treated with epigenetic drugs 

 
MCF7 cells were treated with 60 μM 5′-deoxy-5′-methylthioadenosine (MTA) or with 

300 μM 2,4-pyridine-dicarboxylic acid (PDCA) and 0.6% DMSO for negative controls. 

After 24h cells were harvested, and total RNA purified. The transcriptomes of MTA or 

PDCA treated cells were compared with DMSO treated cells. 

 
Cell Proliferation Assay 

 
Cell proliferation assay was performed with Cell Counting Kit-8 (Sigma-Aldrich), 

according to the manufacturer’s instructions. MCF7 cells were seeded in a 96-well 

plate at a density of 104cells/well the day before transfection. The transfection was 

performed with KDM5B-NTT over-expression or empty vectors as described in the 

‘Cell Transfection’ paragraph. At indicated time of cells growth a volume of 10 μL of 

CCK-8 solution was added to each well and plate incubated for 3 hours at 37°C in a 

5% CO2 atmosphere. The absorbance at 450 nm was read using a Clariostar 

microplate reader (BMG Labtech). 

 
Flow-cytometry 

 
Flow-cytometry analysis of DNA content was performed using an EPICS xl flow- 

cytometer (Beckman-Coulter). At the indicated times from transfection, MCF7 cells 

were trypsinized, pelleted, washed with PBS and, finally, resuspended in PBS 

containing 1% Triton- X-100 and 40 μg/mL propidium iodide (Sigma-Aldrich). Samples 

were incubated for 20 min at 37°C and then analyzed, acquiring 10 000 events for 

each sample. Acquired data were analyzed using the WinMDI software by Joe Trotter, 

available at http:// facs.scripps.edu. 

 

Co-Immunoprecipitation 

 
For Co-IP experiments MCF7 cells were cultured in high-glucose DMEM with 1% L- 

Glut (Gibco), 10% FBS (Gibco), 1% NEAA (Gibco), 1% Sodium Pyruvate (Gibco) 

without P/S at 37°C in 5% CO2. The day before transfection, 50 x103 cells/cm2 of MCF7 

cells were seeded in 150mm dishes (using the automated cell counter, DeNovix 

CellDrop FL Fluorescence Cell Counting). 
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Transfection using PEI (Sigma) and Opti-MEM I Reduced Serum Medium (Gibco) was 

performed with 72 μg of NTT-flag or PLU-1-flag overexpression plasmids or empty- 

flag plasmid using a ratio 1:3 of DNA:PEI. The over-expression of the GFP plasmid 

was used as a positive control of transfection. Cell lysates were prepared 24 after 

plasmid transfection for subsequent Co-IP experiments. Cells were washed twice 

using cold PBS, then harvested and lysed using the cell scraper and 800 µL of cell 

lysis buffer containing 50 mM Tris-HCl pH 7.5, 250 mM NaCl, 0.5% Triton X-100, 5% 

glycerol and proteases and phosphatases inhibitors (Roche). The lysates were 

quantified using Bradford Coomassie reagent (Pierce). Anti-FLAG M2-conjugated 

agarose beads (Sigma) were washed three times using 700 µL of cold PBS and four 

times using 700 µL of the complete cell-lysis buffer. Between each wash, the beads 

were centrifuged for 1 min at 4°C, 2500 g, and kept on ice for 2 min before removing 

the supernatant washing buffer. 20 µL of 50% slurry (10 µL of resin bed volume for 

each IP) were incubated with 1mg of each lysate (up to a final volume of 500 µL) 

overnight at 4°C. The beads were then washed 6 times with 800 µL cold cell-lysis 

buffer, and the bound proteins were eluted in 20 µL of 10% SDS buffer. The samples 

were cleaned using Spin-X columns (0.45 µm) (Costar – Corning) by centrifugation for 

1 min at RT, 8000 g. The eluted samples were analyzed using Western blotting or 

processed for the ongoing mass-spec analysis using the S-Trap micro-columns 

(ProtiFi) according to the manufacturer’s protocol. 

 
Statistical analysis 

 
Data were analyzed using R version 4.2, Prism (version 6.0; GraphPad Software Inc.) 

and Microsoft Excel version 16. Statistical analysis was conducted using unpaired two- 

sided Welch’s t-test when the variances of experimental groups were not similar, or 

one-way ANOVA for normal distributed values, as indicated in the figure legends. p- 

value of less than 0.05 was considered statistically significant. Error bars reported in 

graphs as S.D. Sample size (n) values are indicated on the corresponding graphs or 

in the legend. All replicates in every experiment were collected independently. 
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Key Resources table. 
 
 

REAGENT or RESOURCE SOURCE IDENTIFIER 
Antibodies 
Rabbit polyclonal anti-KDM5B Atlas Antibodies Cat#HPA027179 
Mouse monoclonal anti-Human JARID1B BIORAD Cat#MCA430Z 
Goat anti-Rabbit IgG (H+L) Secondary Antibody, HRP Invitrogen Cat#31460 
Goat anti-Mouse IgG (H+L) Secondary Antibody, HRP Invitrogen Cat# 31430 
Chemicals, Peptides, and Recombinant Proteins 
Dulbecco Modified Eagle Medium (DMEM) high glucose w/o sodium pyruvate and w/o L-glutamine)  

Corning 
 

Cat#15-013-CV 
 

RPMI 1640 without L-glutamine 
 

Corning 
 

Cat#15-040-CV 
Penicillin-Streptomycin, with 10,000 units penicillin and 10 mg streptomycin per mL in 0.9% NaCl, 
sterile- filtered, BioReagent, suitable for cell culture  

Sigma-Aldrich 
 

Cat#S-P0781-100ML 

L-Glutamine solution, 200 mM, solution, sterile-filtered, BioXtra, suitable for cell culture 
 

Sigma-Aldrich 
 

Cat#S-G7513-100ML 
Fetal Bovine Serum, South American sourced Corning Cat#35-079-CV 
PBS w/o calcium and w/o magnesium Corning Cat#21-040-CV 
Trypsin/EDTA Sigma-Aldrich Cat#T4299-100ML 
Incuwater-Clean 100 ml PanReac 

AppliChem Cat#A5219,0100 

Aquabator-CleanT (100X) 
PanReac 
AppliChem Cat#A9390,0250 

RIPA buffer Sigma-Aldrich Cat#R0278-50ML 
Protease inhibitcOmplete(TM), Mini, EDTA-free Protease Inhibitor Cocktail, Tablets  

Roche 
 

Cat#S-4693159001 
Ponceau Sigma-Aldrich Cat#P7767 
Bovine Serum Albumin Sigma-Aldrich Cat#A3069 
2-β-mercaptoethanol Sigma-Aldrich Cat#63689 

2-Propanol, BioReagent, for molecular biology, >=99.5% Sigma-Aldrich Cat#S-I9516-500ML 
Clarity Western ECL Substrate BIORAD Cat#170-5061 
Tris-Glycine buffer BIORAD Cat#1610734 
Tris-Glycine-SDS buffer BIORAD Cat#161-0771 
Sodium Dodecyl Sulfate solution 10% Sigma-Aldrich Cat#71736 
Resolving Gel Buffer for PAGE BIORAD Cat#161-0798 
Stacking Gel Buffer for PAGE BIORAD Cat#161-0799 
Acrylamide/Bis Solution, 37.5:1 SERVA Cat#10688.01 
Ammonium persulfate BIORAD Cat#161-0700 
N,N,N′,N′-Tetramethylethylenediamine Sigma-Aldrich Cat# T9281 
Spectra Multicolor High Range Protein Ladder (40 to 300kDa) 2 x 250 µl  

Thermo Scientific 
 

Cat#26625 
RestoreTM Western Blot Stripping Buffer Thermo Fisher 

Scientific Cat#21059 

DAPI Sigma-Aldrich Cat#D9542-1MG 

VECTASHIELD® Antifade Mounting Medium Maravai 
LifeScience Cat#H-1000 

Platinum Taq High Fidelity 
LIFE 
TECHNOLOGIES Cat#11304011 

DreamTaq DNA Polymerase 
LIFE 
TECHNOLOGIES Cat#11304011 

UltraPureTM DNase/RNase-Free Distilled Water Invitrogen Cat#10977035 
RNase AWAY, decontamination reagent for RNase Sigma-Aldrich Cat#S-83931-250ML 

O'Gene Ruler 100bp+500bp, Ready to use 
LIFE 
TECHNOLOGIES Cat#SM0653 

RNase-Free DNase Set (50) 
Qiagen Cat#79254 

Poly-L-lysine solution, 0.01%, sterile-filtered, BioReagent, suitable for cell culture (50ml) 
 

Sigma-Aldrich 
 

Cat#P4707-50ML 
Critical Commercial Assays 
RNeasy mini kit (50) Qiagen Cat#74104 
SensiFAST cDNA synthesys kit Bioline Cat#BIO-65053:50 

RLM-RACE KIT 
LIFE 
TECHNOLOGIES Cat#AM1700 

High Pure PCR Product Purification Kit Roche Cat#11 732 668 001 
PCR Mycoplasma Detection Kit 100 rxn 

ABM Cat#G238 

Biological samples 

 
Human testis protein medley 

 
Takara Bio Cat#635309 Lot number: 

1602008A 
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Experimental Models: Cell Lines 
MCF7 ATCC HTB-22 
T47D ATCC HTB-133 
MDA-MB-231 ATCC HTB-26 
SK-MEL-28 ATCC HTB-72TM 
Databases 
The Cancer Genome Atlas (TCGA) Database  

Broad Institute 
 

https://www.cancer.gov/tcga 

Cancer Cell Line Encyclopedia (CCLE) Database 
Broad Institute 

https://portals.broadinstitute. 
org/ccle 

UniProt database UniProt 
Consortium https://www.uniprot.org/ 

Reference Sequence (RefSeq) Database 
NCBI 

https://www.ncbi.nlm.nih.go 
v/refseq/ 

Software and Algorithms 
STAR (Spliced Transcripts Alignment to a Reference)(v2.6.1c) Dobin et al. 2013 http://code.google.com/ p/rna- 

star/. 

rMATS v4.0.2 (turbo) Shen et al. 2014 rnaseq-mats.sourceforge. 
net/ 

http://www.cancer.gov/tcga
http://www.cancer.gov/tcga
http://www.uniprot.org/
http://www.uniprot.org/
http://www.ncbi.nlm.nih.go/
http://www.ncbi.nlm.nih.go/
http://code.google.com/
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7. SUMMPLEMENTAL FILES 
 

FileS1. 
 
CLUSTAL O(1.2.4) multiple sequence alignment 
 
PCR1_oligoRev      ------------------------------------------------------------ 0 
PCR2_oligoRev      ------------------------------------------------------------ 0 
PCR1_oligoFw       ------------------------------------------------------------ 0 
NM_006618.5        GTACAACTCGGACTTGCTGTTGCTCGAGCCGCGTCTGCACGGGTCTCGGACCGAGCGGAG 60 
PCR2_oligoFw       ------------------------------------------------------------ 0 
                                                                                
 
PCR1_oligoRev      ------------------------------------------------------------ 0 
PCR2_oligoRev      ------------------------------------------------------------ 0 
PCR1_oligoFw       ------------------------------------------------------------ 0 
NM_006618.5        CTCGCAGCCTCGGTCCCGGAGCCCACCTTCGCCTCGCCCTTGCCCAGCCTGCGGTGATGG 120 
PCR2_oligoFw       ------------------------------------------------------------ 0 
                                                                                
 
PCR1_oligoRev      ------------------------------------------------------------ 0 
PCR2_oligoRev      ------------------------------------------------------------ 0 
PCR1_oligoFw       ------------------------------------------------------------ 0 
NM_006618.5        AGGCGGCCACCACACTGCACCCAGGCCCGCGCCCGGCGCTGCCCCTCGGGGGCCCGGGCC 180 
PCR2_oligoFw       ------------------------------------------------------------ 0 
                                                                                
 
PCR1_oligoRev      ---------TCGCGGATCCGAACACTGCGTTTGCTGGCTTCGAACCCAGCTGGGAAGAGT 51 
PCR2_oligoRev      ----------CGCGGATCCGAACACTGCGTTTGCTGGCTTCGAACCCAGCTGGGAAGAGT 50 
PCR1_oligoFw       -------------------------------------------GGCTGACAGCTGGGAGA 17 
NM_006618.5        CGCTGGGCGAGTTCCTGCCTCCACCCGAGTGCCCGGTCTTCGAACCCAGCTGGGAAGAGT 240 
PCR2_oligoFw       -----------------------------------CCCTTCGATCAGCTGTTCCAGAGTC 25 
                                                                                
 
PCR1_oligoRev      TCGCGGACCCCTTCGCTTTCATCCACAAGATCCGGCCCATAGCCGAGCAGACTGGCATCT 111 
PCR2_oligoRev      TCGCGGACCCCTTCGCTTTCATCCACAAGATCCGGCCCATAGCCGAGCAGACTGGCATCT 110 
PCR1_oligoFw       GTCGCGGACCCTTCGCTTTCATCCACAAGATCCGGCCCATAGCCGAGCAGACTGGCATCT 77 
NM_006618.5        TCGCGGACCCCTTCGCTTTCATCCACAAGATCCGGCCCATAGCCGAGCAGACTGGCATCT 300 
PCR2_oligoFw       GCGAGATGCTTCGACTTCTCATCCACAAGATCCGGCCCATAGCCGAGCAGACTGGCATCT 85 
                           *       * ****************************************** 
 
PCR1_oligoRev      GTAAGGTGCGGCCGCCGCCGGATTGGCAGCCACCATTTGCATGTGATGTTGAAAACTCAT 171 
PCR2_oligoRev      GTAAGGTGCGGCCGCCGCCGGATTGGCAGCCACCATTTGCATGTGATGTTGATAAACTTC 170 
PCR1_oligoFw       GTAAGGTGCGGCCGCCGCCGGATTGGCAGCCACCATTTGCATGTGATGTTGATAAACTTC 137 
NM_006618.5        GTAAGGTGCGGCCGCCGCCGGATTGGCAGCCACCATTTGCATGTGATGTTGATAAACTTC 360 
PCR2_oligoFw       GTAAGGTGCGGCCGCCGCCGGATTGGCAGCCACCATTTGCATGTGATGTTGATAAACTTC 145 
                   **************************************************** **      
 
PCR1_oligoRev      TACGCCAAGACACAGCCCTATAG------------------------------------- 194 
PCR2_oligoRev      ATTTTACGCCACGTATCCAGAGACTGAATGAATTGGAGGCCCAAACTCGTGTAAAATTGA 230 
PCR1_oligoFw       ATTTTACGCCACGTATCCAGAGACTGAATGAATTGGAGGCCCAAACTCGTGTAAAA---- 193 
NM_006618.5        ATTTTACGCCACGTATCCAGAGACTGAATGAATTGGAGGCCCAAACTCGTGTAAAATTGA 420 
PCR2_oligoFw       ATTTTACGCCACGTATCCAGAGACTGAATGAATTGGAGGCCCAAACTCGTGTAAAATTGA 205 
                                   **                                           
 
PCR1_oligoRev      ------------------------------------------------------------ 194 
PCR2_oligoRev      ATTTCTTGGACCAGATTGCAAAGTACTGGGAGTTACAGGGAAGTACTCTGAAAATTCCAC 290 
PCR1_oligoFw       ------------------------------------------------------------ 193 
NM_006618.5        ATTTCTTGGACCAGATTGCAAAGTACTGGGAGTTACAGGGAAGTACTCTGAAAATTCCAC 480 
PCR2_oligoFw       ATTTCTTGGACCAGATTGCAAAGTACTGGGAGTTACAGGGAAGTACTCTGAAAATTCCAC 265 
                                                                                
 
PCR1_oligoRev      ------------------------------------------------------------ 194 
PCR2_oligoRev      ATGTGGAGAGGAAGATCTTGGACTTATTTCAGCTTAATAAGTTAGTTGCAGAAGCAAGGT 350 
PCR1_oligoFw       ------------------------------------------------------------ 193 
NM_006618.5        ATGTGGAGAGGAAGATCTTGGACTTATTTCAGCTTAATAAGTTAGTTGCAGAAGAAGGTG 540 
PCR2_oligoFw       ATGTGGAGAGGAAGATCTTGGACTTATTTCAGCTTAATAAGTTAGTTGCAGAAGAAGGTG 325 
                                                                                
 
PCR1_oligoRev      ------------------------------------------------------------ 194 
PCR2_oligoRev      GGATTTGTCAGTTGTTGCAAGGATATAGTAGCCTTCTAAAG------------------- 391 
PCR1_oligoFw       ------------------------------------------------------------ 193 
NM_006618.5        GATTTGCAG-TTGTTTGCAAGGATAGAAAATGGACCAAAATTGCTACCAAGATGGGGTTT 599 
PCR2_oligoFw       GATTTGCAG-TTGTTTGCAAGGATAGAAAATGGACCAAAATTGCTACCAAGATGGGGTTT 384 
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PCR1_oligoRev      ------------------------------------------------------------ 194 
PCR2_oligoRev      ------------------------------------------------------------ 391 
PCR1_oligoFw       ------------------------------------------------------------ 193 
NM_006618.5        GCTCCTGGCAAAGCAGTGGGCTCACATATCAGAGGGCATTATGAACGAATTCTCAACCCC 659 
PCR2_oligoFw       GCTCCTGA---------------------------------------------------- 392 

 
 
FileS1. Sequence alignment of KDM5B-PLU-1 mRNA (NM_006618.5) and the PCR products obtained upon 
the 5’RLM-RACE. Both PCR products (PCR1 and PCR2) of 5’RACE were sequenced using the reverse and 
forward used in the relative nested PCR reactions. The first ATG in PLU-1 transcript is highlighted in heavenly; 
the second ATG used for the translation of the NTT transcript is highlighted in green. Anchor primer sequence 
and transcriptional start site of NTT transcript are highlighted respectively in grey and yellow. Direct comparison 
with Figure 8D. 

8. SUPPLEMENTAL TABLES AND FIGURES 

Table S1. Primer sequences 

RT-PCR Primers Primer Sequences 
NM Fw 5'-CCAAGATGGGGTTTGCTCCT-3' 
NM Rv 5'-CAGACATACAGGTCCACAGCA-3' 
RT-qPCR Primers Primer Sequences 
Actin Fw 5’-TCGTGCGTGACATTAAGGAG-3’ 
Actin Rv 5’-AGGAAGGAAGGCTGGAAGAG-3’ 
ALL KDM5B Fw 5’-TGCTTGATCCCACCTCTCCA-3’ 
ALL KDM5B Rv 5’-AACGCATCTGCCATTTCCCC-3’ 
KDM5B Exon-6 Fw 5’-CGAGCAAAACGCATGAGAGCA-3’ 
KDM5B Exon-6 Rv 5’-AGGCAGAAGAATTGCTGGAATCTA-3’ 
5’RLM-RACE Primers Primer Sequences 
5'RACE Outer Fw primer 5'-GCTGATGGCGATGAATGAACACTG-3' 
5'RACE Inner Fw primer 5'-CGCGGATCCGAACACTGCGTTTGCTGGCTTTGATG-3' 
Reverse Ex-6 5'-AGGCAGAAGAATTGCTGGAATCTA-3' 
Reverse 1 5'-TTTACACGAGTTTGGGCCTCC-3' 
Reverse 2 5'-AGGAGCAAACCCCATCTTGG-3' 
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Table S2. MS-based quantification of H3K4 methylations (L/H ratios) 
 

 

Fig.S1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure S1. KDM5B splicing variants. A. Schematic representation of NM primer pair used in the RT- 
PCR shown in panel B. The table under the scheme reports the amplicon length (bp) corresponding to 
the respective KDM5B splicing variants (Transcripts according to RefSeq in the table). Depending on 
the inclusion of exon-5 and exon-6, three different PCR products can be generated (a, b and c are the 
codes for these PCR products). B. The PCR using NM primer pair (left panel) produced all the expected 
amplicons (a, b and c), demonstrating the existence of different KDM5B splicing variants in breast 
cancer cell lines with a similar expression pattern to melanoma ones. In SK-MEL-28, MCF7, T47D, and 
MDA-MB-231 there are KDM5B transcripts that include the exon-6 (574 bp, product code = a) and 
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which are barely detected in the normal-control cell lines, such as Epstein-Barr virus (EBV) immortalized 
lymphocytes (Linfo. EBV) and peripheral blood mononuclear cells (PBMC). Actin was used as a internal 
control (panel right). 

 
Fig.S2 
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Fig.S2. Large scale data analysis on publicly available data on KDM5B transcripts expression. A, Dot 
plots show the expression levels quantified by RNA-Seq of the KDM5B exon-1 and exon-6 for all the 
cell lines of Breast, Lung and Skin analyzed by the Cancer Cell Line Encyclopedia project (CCLE, Broad 
Institute, https://sites.broadinstitute.org/ccle/datasets). Data are reported in normalized count levels. B, 
Summaries of the data showed in (A) represented with boxplots and density curves. C, Boxplots 
showing the expression levels of the KDM5B exon-1 and exon-6 containing transcripts of Breast cancer 
cell lines of (A) grouped by tumor subtypes. D, Boxplots showing the expression levels of the KDM5B 
exon-1 and exon-6 containing transcripts in Breast Cancer samples of patients collected in TCGA 
project. The data are from 7 metastatic samples, 1127 primary tumors and 112 normal breast tissues 
samples. E, Summaries of the data showed in (D) stratified by histological breast cancer subtypes. 

 
 

Fig.S3 
 
 

 
 
 

Fig.S3. Promoter region of KDM5B gene using the UCSC genome browser. The figure shows the TSS 
region and the 5’ end of KDM5B transcripts with curated (NM) and predicted (XM) RefSeq gene 
annotation (the last version of RefSeq available on UCSC genome browser is the 109.20211119 of 
2021-11-23), followed by track with the ENCODE Registry of candidate cis-Regulatory Elements 
(cCREs) in the human genome. The red boxes of this track represent the cCREs with promoter-like 
signatures (cCRE-PLS) provided by the SCREEN (Search Candidate cis-Regulatory Elements) web 
tool. The green boxes represent prediction of two CpG islands. The last track shows the ReMap Atlas 
of regulatory regions, which consists of a large-scale integrative analysis of all Public ChIP-seq data for 
transcriptional regulators from GEO, ArrayExpress, and ENCODE. In particular here there are two 
ReMap subtracks with the first one showing the whole ChIP-seq dataset in "dense” mode while the 
second one showing the ChIP-seq dataset filtered for “breast” keyword in the biotype field of the dataset 
in “full” mode, respectively. These data clearly supports the existence of two promoter regions which 
are highlighted in light green and light blue. The figure was created with UCSC genome browser. 

https://sites.broadinstitute.org/ccle/datasets
https://screen-v2.wenglab.org/
https://remap.univ-amu.fr/
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Fig.S4 
 
 
 

 
 
 

Fig.S4. Breast cancer cell lines as a model for breast tumour subtypes. The features of breast 
cancer cell lines recapitulate the features of breast tumour subtypes. Depending on the status of 
estrogen receptor (ER), progesterone receptor (PR) and human epidermal grow factor 2 receptor 
(HER2), breast cancers are classified as Luminal (A and B), HER2 positive and triple negative. MCF7 
are classified as luminal A (LA) and MDA-MB-231 are classified as triple negative B (TNB). From Dai 
et al., 201760. 

 
 
 

Fig.S5 
 
 

 
Fig.S5. Expression of KDM5B protein isoforms and transcripts in MCF7 and MDA-MB-231 cells. 
Western blot using the anti-C-terminal Ab showing the KDM5B-PLU-1 (175KDa) and the KDM5B-NTT 
(162KDa) bands in several cultures of MCF7 and MDA-MB-231. 
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Fig.S6. 
 
 

Fig.S6. Sequence alignment of KDM5B 
isoforms. RBP2-H1, PLU-1 and NTT are 
compared. The residues encoded by exon-6 
region (pink rectangle), the N-terminal region 
(yellow rectangle) missing in NTT and the 
putative N-terminal degron motif (orange) are 
highlighted. 
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Fig.S7. 
 
 

 

 

 
Fig.S7. Custom siRNA targeting exon-6 of KDM5B. A. The target sequence (exon-6 region of KDM5B 
transcripts) for the custom siRNA and the siRNA sequence are shown. B. The exon-6 sequence of KDM5B-
RBP2-H1 transcript variant) is reported according to RefSeq (NCBI). In yellow, the region targeted from 
the custom siRNA, that correspond to a region in the middle of the exon-6 sequence. 

 
 

Fig.S8 
 
 
 
 

 
Fig.S8. RNAi transfection efficiency. A fluorescent oligo RNA (siGLOgreen) was used to check the 
transfection efficiency of MDA-MB-231 cells. 
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Fig.S9 
 

 

Fig.S9. Post-transfection analysis of cells. Green fluorescence and brightfield images demonstrate 
about 60% and 50% transfection efficiency in MCF7 and MDA-MB-231. 

 
Fig.S10 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.S10. Quantification of NTT overexpression at 24h and 48h upon transfection. A. The 
overexpression of NTT compared to the control condition (E, Empty vector) was higher at 24 hours (OE 
24h) rather than at 48 hours (OE 48h) from transfection in MCF7 cells; the quantification using vinculin 
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as reference (upper panel) and the relative amount of NTT over PLU-1 (lower panel) are shown. B. The 
NTT protein was efficiently expressed also in MDA-MB-231, both at 24h and 48h after transfection; 
over-expression quantification relative to Empty control conditions is shown both using vinculin as a 
calibrator (upper panel) and using the relative amount of NTT over PLU-1 (lower panel). 

 
Fig.S11 

 

 
Fig.S11. Nuclear Localization Signals (NLSs) of PLU-1 according to Lu et al. 199942. All the NLSs 
of PLU-1 (sequence on the left) are also in the NTT isoform (sequence on the right) suggesting that it 
can localize into the nucleus. 

 

Fig.S12 
 

 
Fig.S12. PCA analysis upon NTT overexpression. The replicates (N=4 for each cell line) over- 
expressing NTT cluster differently from control replicates and most of the variance observed (explained 
by PC1) can be associated to the NTT over-expression, both in MCF7 cells (panel A) and MDA-MB- 
231 (panel B). 
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Fig.S13 
 
 

 
 

 
 

Figure S13. Co-IP experiments in MCF7 cells. A. Using the anti-flag resin, the two KDM5B isoforms 
(NTT and PLU-1) were immunoprecipitated to study the molecular interactors through mass- 
spectrometry. Here it is shown the blot upon two IP experiments done for the setting up of the Co-IP 
protocol. In each IP1, 20 µL of 50% slurry (10 µL of resin bed volume) was used; in each IP2 (40 µL of 
50% slurry (20 µL of resin bed volume) was used. The blots using the anti-C-terminal antibody (Ab1, 
see schematic in Fig.6B) are shown. B. Ponceau staining of the western blots shown in panel A. 
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Fig.S14 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure S14. NTT over-expression in MCF7 cells does not affect cell cycle. A. Examples of 
cytofluorimetric patterns obtained from control cells (CTRL) and PLU-1-NTT over-expressing cells 
(NTT). Cells were transfected with empty and PLU-1-NTT vectors, respectively. Flow-cytometry analysis 
of DNA content was done at 24 hours from transfection. Cell cycle phase distribution is reported as an 
inset in the figures. B. NTT over-expression in MCF7 cells does not affect cell proliferation. MCF7 cells 
were transfected with NTT over-expression vector or empty control vector. Cell proliferation were 
assayed by the WST-8 colorimetric assay. No significant differences were observed between control 
and NTT overexpressing cells. Each point represents the average of 8 replicates, vertical bars indicate 
standard deviation values. 
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