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Abstract

HMG box protein 1 (HBP1) is a transcription factor and a potent cell cycle inhibitor in normal and cancer
cells. HBP1 activates or represses the expression of different cell cycle genes (such as CDKN2A,
CDKN1A, and CCND1) through direct DNA binding, cofactor recruitment, chromatin remodeling, or
neutralization of other transcription factors. Among these are LEF1, TCF4, and MYC in the WNT/beta-
catenin pathway. HBP1 also contributes to oncogenic RAS-induced senescence and terminal cell
differentiation. Collectively, these activities suggest a tumor suppressor function. However, HBP1 is
not listed among frequently mutated cancer driver genes. Nevertheless, HBP1 expression is lower in
several tumor types relative to matched normal tissues. Several micro-RNAs, such as miR-155, miR-17-
92, and miR-29a, dampen HBP1 expression in cancer cells of various origins. The phosphatidylinositol-
3 kinase (P13K)/AKT pathway also inhibits HBP1 transcription by preventing FOXO binding to the HBP1
promoter. In addition, AKT directly phosphorylates HBP1, thereby inhibiting its transcriptional activity.
Taken together, these findings place HBP1 at the center of a network of micro-RNAs and oncoproteins
that control cell proliferation. In this review, we discuss our current understanding of HBP1 function in

human physiology and diseases.
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Introduction

The high-mobility group (HMG) box protein 1 (HBP1) cDNA was cloned serendipitously in 1994 in an
effort to identify potassium channels by complementation of a mutant yeast strain [1]. HBP1 was
devoid of transporter activity but had a predicted HMG box DNA-binding domain, suggesting a
transcription factor function. Three years later, two independent groups identified mouse HBP1 in two-
hybrid screens using pocket proteins of the retinoblastoma (RB) family as baits, suggesting for the first
time a role for HBP1 in the cell cycle [2, 3]. Since then, a large number of studies have confirmed that
HBP1 acts as a cell cycle inhibitor in cell culture and mouse models. Because it also promotes growth
arrest in cancer cells, HBP1 has drawn much attention as a putative tumor suppressor. In this respect,
HBP1 is part of an oncoprotein network that includes AKT, MYC, RAS, RB and B-catenin. HBP1 primarily
functions as a transcriptional repressor, although activation of target genes has also been reported.
This review will highlight recent progress in understanding the role of HBP1, as well as remaining

guestions regarding its mechanism of action and implication in human diseases.

HBP1 structure and transcriptional activity

The human HBP1 gene encodes a 514-amino-acid protein, which is highly conserved in vertebrates [4].
HBP1 protein architecture is uniqgue among human proteins, combining an ataxin homology (AXH)
domain and the C-terminal HMG-box (Fig. 1). In addition, two nuclear localization signals (NLS) are

present in the C-terminus.

The HMG box is a basic DNA-binding domain of 75 amino acid residues, which are +30%
identical in members of the T-cell specific transcription factor-lymphoid enhancer factor (TCF/LEF) and
the SRY-related HMG box (SOX) families [5]. The HMG box of HBP1 is more distantly related to that of
the HMGB1 family of alarmins. An analysis of HBP1 binding sites in several target gene promoters
identified unrelated DNA sequences (Fig. 2). Several reports have suggested that HBP1 binds with a
low affinity to the 5’-(A/T)(G/C)AATGGG-3’ sequence, which is related to classical HMG-box binding

sites, and with a higher affinity to 5’-TTCATTCATTCA-3’ [2, 6].



In addition to its DNA-binding domain, HBP1 features a well-characterized transcriptional
repressor region, which includes the AXH domain. This domain is also present in ataxin-1, a protein
that interacts with chromatin modifiers and can aggregate, which plays a role in human
neurodegenerative disorders [7]. De Chiara and colleagues solved the structure of HBP1 AXH in
solution and showed that it adopts an alternative fold compared with that of ataxin-1 [8]. As a result,
HBP1 does not form aggregates but retains the ability to bind to RNA homopolymers. This intriguing
capacity of HBP1 to bind to RNA has not been further investigated. This region also interacts with
histone deacetylases (HDACs), such as HDAC4, which contributes to HBP1 repressor activity (Fig. 1) [9].
In addition to the AXH domain, several other motifs play roles in gene repression by HBP1. The
corepressor Sin3 binds to a region located close to the AXH domain [10]. Sin3 functions as a molecular
scaffold that recruits multiple chromatin-modifying enzymes, including HDACs. HBP1 also represses

gene expression by neutralizing other transcription factors, such as LEF1, TCF4 or MYC (Fig. 1 & 2).

In addition to this well-described repressor activity, HBP1 can also stimulate the expression of
a few genes, such as CDKN2A, which encodes p16™“A (Fig. 2) [9, 11]. HBP1 can recruit p300/CBP
coactivators, which is consistent with its capacity to activate transcription [9]. In addition, Lavender et
al. suggested that HBP1 includes a transactivator domain in its N-terminus. However, this domain is
masked by two independent N- and C-terminal inhibitory regions, which must be deleted to identify

HBP1 transcriptional activator potential in a reporter assay [3].

As mentioned above, HBP1 was cloned as a partner of the retinoblastoma protein RB and the
related factor p130. Mutagenesis experiments identified two distinct RB binding sites within HBP1: a
high-affinity motif (LXCXE) in the N-terminal region and a low-affinity motif (IXCXE) in the repression
domain (Fig. 1) [2, 3]. Mutation of the high-affinity site does not affect HBP1 function, while mutation
of both sites prevents the regulation of several genes, including N-Myc and CDKN2A, suggesting that
RB is required for several HBP1 functions [2, 12]. However, the AXH structure suggests that the second

site is not accessible for direct binding by RB, questioning the interpretation of experiments performed



with the double HBP1 mutant [8]. In addition, overexpression of RB blunts the ability of HBP1 to
regulate transcription, suggesting that RB may also neutralize HBP1 [3, 13]. The mechanisms whereby

RB regulates HBP1 remain to be clarified.

Posttranslational modifications of HBP1

Multiple posttranslational modifications, including ubiquitination, phosphorylation and acetylation,
regulate HBP1 protein abundance and transcriptional activity (Fig. 1). HBP1 is polyubiquitinated by
ubiquitin ligases, which target it for degradation by proteasomes. This is mediated at least in part by
the cullin-RING ligases (CRL) 3 and 4, which were reported to interact with HBP1 and ubiquitinate Lys16
and Lys398 [14, 15]. Consequently, proteasome inhibitors, such as MG-132, and the CRL inhibitor
pevonedistat (MLN-4924) stabilize HBP1 in multiple cell types (reference [14] and our unpublished
observations). Recently, a large E3 ligase complex named human glucose-induced degradation
deficient (GID) or C-terminal to LisH (CTLH) was also shown to target HBP1 for degradation [16]. Taken
together, these observations indicate that HBP1 protein levels are tightly controlled by the ubiquitin-

proteasome pathway.

HBP1 phosphorylation on different sites also controls its degradation. The p38 mitogen-activated
protein kinase (MAPK) phosphorylates HBP1 at Ser402, inducing its stabilization and, subsequently, a
cell cycle arrest at the G1 phase. Phosphorylation at Ser402 protects HBP1 from proteasomal
degradation but has no effect on its intrinsic transcriptional activity. A specific binding site for p38
MAPK was identified in the N-terminal region of HBP1 (amino acids 135-152) [17]. Another kinase that
may prevent HBP1 degradation is PIM-1. Under oxidative stress, PIM-1 was shown to bind to HBP1 and
phosphorylate Ser372 and Ser380, promoting its accumulation and transcriptional activation [18]. By
contrast, phosphorylation by AKT on three sites, Ser380, Thr484 and Ser509, does not impact HBP1
expression but reduces its transcriptional activity [11]. The opposite effects of AKT and PIM-1 on HBP1
function are surprising because these two oncogenic kinases share a number of other substrates and

regulate them in a similar manner [19].



In addition to ubiquitination and phosphorylation, acetylation also modulates HBP1 function.
The acetyltransferase p300/CBP acetylates HBP1 on five lysine residues (Lys171, Lys297, Lys305,
Lys307 and Lys419), increasing its transcriptional activity [9]. Acetylation of Lys419 appears to be
essential for HBP1 transactivation, enhancing HBP1-mediated premature senescence. HDAC4 was

shown to reverse this process by deacetylating HBP1 [9].

HBP1 target genes and cellular functions

HBP1 can regulate gene transcription by multiple mechanisms summarized in Figure 2. We already
mentioned direct binding to gene promoters and interaction with other transcription factors, such as
MYC or TCF4. HBP1 also regulates chromatin remodeling, which may amplify its effects on the
transcription of other target genes. For instance, HBP1 represses the expression of DNA
methyltransferase 1 (DNMT1), leading to global DNA hypomethylation in some cell lines [20]. HBP1
also down-regulates EZH2 expression and histone methylation during senescence [20, 21].
Furthermore, HBP1 promotes the expression of histone H1° which is a specific chromatin-associated

protein [22]. The full list of reported HBP1 target genes is presented in Figure 3.

Cell cycle and WNT signaling

HBP1 inhibits the progression from G1 to S phase of the cell cycle by regulating several key genes
involved in cell proliferation (Fig. 3). HBP1 was shown to bind to the promoter of N-Myc and repress
its expression (Fig. 2) [2]. HBP1 prevents c-Myc binding to the promoter of its target genes, such as
E2F2 (Fig. 2) [23]. HBP1 also represses the promoter of the NCF1 gene, which encodes the NADPH
oxidase p47phox, regulating reactive oxygen species (ROS) levels and response to growth factors [24].
Finally, HBP1 induces the expression of two cyclin-dependent kinase inhibitors, CDKN2A (p16™***) and
CDKN1A (p21971) [11, 21, 25]. The coordinated regulation of these genes by HBP1 produces cell growth

arrest in many cell types (Fig. 4).



In addition to direct gene regulation, HBP1 also inhibits the WNT/B-catenin pathway, which plays a
particularly important role in the cell cycle (Fig. 5) [26]. This signaling pathway leads to the nuclear
accumulation of B-catenin, which binds to TCF/LEF factors and subsequently activates genes such as c-
Myc and cyclin D1. HBP1 binds to TCF4 and prevents the regulation of WNT target genes [27]. Multiple
studies have confirmed that WNT pathway inhibition by HBP1 results in c-Myc downregulation. In
addition, HBP1 can directly interact with the c-Myc and N-Myc proteins and inhibit their transcriptional

activity (Fig. 2) [23, 28].

Oncogene-induced senescence

Several studies have suggested a role for HBP1 in RAS-induced premature senescence, which prevents
early tumorigenic transition [12, 20, 25]. Oncogenic RAS activation triggers premature senescence in
normal primary cells partly through the activation of p38 MAPK, which phosphorylates and stabilizes
HBP1 [17]. This process depends on the association of HBP1 with RB [29] and allows HBP1 to directly
regulate two target genes involved in premature senescence. First, HBP1 enhances the expression of
CDKN2A (p16™*44) [9, 25]. This process is facilitated by recruitment of HAT to the CDKN2A promoter
and acetylation of HBP1 at Lys419 [9]. Second, as mentioned above, HBP1 downregulates DNMT1
expression, inducing global DNA hypomethylation, which is a critical process during cell senescence
[20]. CDKN2A promoter demethylation was also suggested to facilitate HBP1 recruitment. In addition
to the direct regulation of CDKN2A/p16™** and DNMT1, HBP1 contributes to cellular senescence by
upregulating the expression of CDKN1A (p21“"1) through indirect mechanisms (Fig. 2 and 4): (1) HBP1
can stabilize p53, a direct activator of CDKN1A, by inhibiting its ubiquitination by MDMZ2; and (2) HBP1
reduces the methylation of the CDKN1A promoter by preventing TCF4-induced expression of the
histone methyltransferase EZH2 and by directly repressing the expression of DNMT1 [20, 21]. In
conclusion, HBP1 contributes to oncogene-induced senescence by multiple mechanisms, supporting a

tumor suppressor function.

Cell differentiation



Lesage and colleagues had already noticed in 1994 that HBP1 expression increased during the
differentiation of myogenic C2C12 cells and Ob1771 preadipocytes [1]. A number of additional reports
have linked HBP1 to the differentiation of several cell lines (Fig. 3). As mentioned above, HBP1
positively regulates the transcription of histone H1°, which is associated with terminal differentiation
[22]. HBP1 also directly induces the expression of myeloperoxidase (MPQO), a marker of myeloid
differentiation, in the leukemic myeloid cell line K562 [30]. The same research group demonstrated
that overexpression of HBP1 also increases the expression of megakaryocytic and erythroid markers,
such as RUNX1 and GATA-1, respectively [31]. Similarly, HBP1 induces terminal adipocyte
differentiation by regulating C/EBPa expression [32]. In contrast, overexpression of HBP1 prevents
terminal differentiation of muscle C2C12 cells. In these cells, HBP1 inhibits the activity of the MyoD
family of transcription factors [13]. Interestingly, this could be reverted by RB overexpression. Because
these observations are mostly based on cell line studies, their physiological relevance remains to be
established. More convincing is the report by Borrelli and colleagues, who showed that HBP1
contributes to the control of skin differentiation and stratification by p63, a transcription factor of the
p53 family. HBP1 expression, which is repressed by p63, correlates with keratinocyte differentiation
and cell cycle arrest in organotypic skin cultures [33]. This is also consistent with the higher expression

of HBP1 in the upper layers of human skin.

Role of HBP1 in cancer

The role of HBP1 in cell cycle arrest and senescence supports the hypothesis that HBP1 acts as a tumor
suppressor. However, the types of cancer gene alterations that are associated with bona fide tumor
suppressors, such as TP53 and RB, have not been reported for the HBP1 gene. Paulson et al. described
HBP1 mRNA variants that have lost part of the repression domain and the HMG-box in invasive breast
cancer samples, but this observation has not been confirmed yet in large breast cancer genomics
studies [34]. Nevertheless, the HBP1 chromosomal region (7922-31) is frequently lost in breast cancer

and myeloid leukemia [35-37]. Loss of heterozygosity at 7931 has also been reported in ovarian,



prostate and colon carcinomas [38-40]. However, one should bear in mind that other candidate tumor
suppressor genes are present in this region. In addition to the deletion of the HBP1 locus, HBP1 mRNA
expression is down-regulated in human samples of different origins, including breast, prostate,
colorectal and nonsmall cell lung cancers as well as myeloid leukemia, which is consistent with a tumor
suppressor role [34, 41-43]. Lower HBP1 expression in human cancer tissues relative to normal ones

may result from multiple processes that are described below.

Downregulation of HBP1 expression in cancer

Reduced expression of HBP1 was observed in invasive breast tumor samples and correlated with a
poor prognosis [34]. In a separate study on breast cancer, Li and colleagues ascribed the decrease in
HBP1 expression to miR-17-5p upregulation, promoting cell proliferation, invasion and migration [44].
We also observed a decrease in HBP1 expression in samples of breast cancers, as well as cervix cancers,
relative to normal tissues, and we proposed an alternative mechanism involving FOXO transcription
factor inhibition by the PI3K-AKT pathway [45]. A similar dual regulation of HBP1 by a micro-RNA (miR-
17-92) and the PI3K pathway was reported in neuroblastoma [28]. In these tumors, low HBP1 level
correlates with shorter patient survival. Additionally, reduced expression of HBP1 was reported in
human prostate cancer samples relative to normal tissues. In these tumors, down-regulation of HBP1
leads to higher levels of macrophage migration inhibitory factor (MIF), which may contribute to tumor
progression [41]. A recent study showed that HBP1 enhances radiosensitivity in prostate cancer cell
lines by inducing apoptosis, further supporting a role in this cancer type [46]. HBP1 expression was
reduced in approximately 30% of nonsmall cell lung cancer (NSCLC) samples owing to
hypermethylation of its promoter [42]. The study suggested that low HBP1 expression was one of the
major determinants of NSCLC prognosis. In addition, low expression of HBP1 in NSCLC correlates with
higher activity of B-catenin, which is associated with tumorigenesis [42]. Finally, lower expression of
HBP1 mRNA was found in limited numbers of acute myeloid leukemia (AML) samples relative to

hematopoietic stem cells and might be mediated by the overexpression of miR-29a [43]. HBP1



overexpression induces apoptosis and cell cycle arrest at the G1 phase in the K562 leukemic cell line
[31]. In addition to miR-29a and miR-17-5p, other micro-RNAs target HBP1 expression in various

models (Table 1).

HBP1 as a target of the PI3K-AKT pathway

In addition to micro-RNAs, the phosphatidylinositol-3 kinase (PI13K) pathway can also downregulate
HBP1 expression by inhibiting FOXO transcription factors. We showed that FOXO stimulates HBP1
expression [45]. In line with this result, we observed a significant correlation between the mRNA levels
of FOXO1 and HBP1 in breast cancer samples. AKT, which phosphorylates and inactivates FOXO,
decreases HBP1 expression [47]. A similar mechanism was described in invasive oral cancer and in
neuroblastoma [28, 48]. In addition, we observed that AKT directly phosphorylates HBP1 on three
conserved sites, namely, Ser380, Thr484 and Ser509, inactivating HBP1 transcriptional activity (Fig. 1).
We showed that this process favors the proliferation of glioblastoma cell lines [11]. Altogether, the
PI3K-AKT pathway blocks HBP1 at the transcriptional and posttranslational levels. Since the PI3K
pathway is one of the most commonly activated signaling cascades in human cancer, this mechanism

may alleviate HBP1 cell cycle inhibitor activity in a broad spectrum of cancer types.

Is HBP1 a cancer driver gene?

Because systematic sequencing of human cancer genomes has not revealed a significant rate of HBP1
somatic gene alterations, HBP1 is not currently listed as a cancer driver gene [49]. Nevertheless, HBP1
may be subjected to a type of alteration that is missed by currently used methods (such as noncoding
variants for instance). Even if HBP1 is not directly targeted by mutations, the results described above
suggest that it plays an important role as a regulator of key oncogenic pathways, such as PI3K-AKT and
WNT. However, most experiments have been performed in cancer cell lines, and evidence from mouse

models is still lacking. The recent generation of various constitutive and conditional Hbp1-deficient
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mice will provide suitable models to support the HBP1 tumor suppressor hypothesis and open the

quest for anti-HBP1 treatments.

Paradoxical role of HBP1 in some cancer models

Contrasting with the ample amount of data showing that HBP1 dampens tumor cell growth, a
few studies recently reported that HBP1 may paradoxically promote tumor progression. For instance,
HBP1 may facilitate nasopharyngeal carcinoma (NPC) growth by inducing cyclin D1 and D3 expression.
High HBP1 expression correlates with the loss of miR-29¢ and poor overall survival rates of NPC
patients [50]. Expression of HBP1 is also higher in patient samples of T cell acute lymphoblastic
leukemia (T-ALL) and may be related to the decreased expression of several miRNAs, including miR-29,
miR-31 and miR-155 (Table 1). Consistently, overexpression of HBP1 in hematopoietic progenitor cells
accelerates the rate of Notchl-driven T-ALL development in transplanted recipient mice, reducing
survival [51]. These paradoxical results suggest a dual role of HBP1 in cancer development. Strikingly,
this is reminiscent of the HBP1 target gene CDKN1A, which encodes p21, a potent cell cycle inhibitor
and a mediator of p53 responses. P21 functions suggest a tumor suppressor role, but the gene is rarely
mutated in human cancer and may paradoxically promote tumor development in the absence of p53

[52].

Physiological roles of HBP1 based on mouse models

To investigate the physiological role of HBP1 in vivo, different research groups have generated HBP1-
deficient mice. Using a Hbp1-genetrap model, Spiller et al. demonstrated that C57BL/6 mice lacking
HBP1 are viable and fertile [53]. We observed that homozygous Hbp1-deficient mice carrying another
genetrap allele provided by the EUCOMM consortium on the CD-1 outbred background were also
viable and fertile. However, the same homozygous genetrap allele led to perinatal lethality on the

C57BL/6 background (Audrey de Rocca Serra, unpublished results). Future experiments will determine
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whether this discrepancy is due to differences in mouse strains or in gene targeting strategies.
Perinatal lethality may be related to the phenotype described by Watanabe et al. Conditional deletion
of HBP1 in neural stem cells of C57BL/6J/ICR mice leads to an impairment of cortical morphogenesis
characterized by telencephalic vesicle dilatations and thinner cortical plates containing reduced
numbers of neurons. In these mice, HBP1 was shown to control the duration of the neural stem cell
cycle during cortical development [54]. These experiments support the data obtained in cell culture

showing that HBP1 functions as a cell cycle inhibitor.

In accordance with its role in cell cycle progression in vivo, transgenic rat-HBP1 expression in
the livers of C57BL/6 mice delayed the G1/S transition of hepatocytes during liver regeneration
following partial hepatectomy [55]. Similarly, transgenic C57BL/10/CBA mice overexpressing HBP1 in
thymocytes exhibit lower thymus cellularity despite an increase in the number of CD8* T cells in the
thymus [56]. However, this phenotype has not been confirmed in HBP1-deficient mice. Interestingly,
in this study, HBP1 regulated the transcription of CD2 by binding to its T-cell specific locus control
region (LCR), which functions by recruiting chromatin-modifying and transcription complexes [6].

These results support the notion that HBP1 regulates chromatin remodeling.

HBP1 is highly expressed in the embryonic mouse testis from approximately 12.5 days post
coitum, which corresponds to the embryonic cell cycle arrest of germ cells [53]. However, Hbp1-
deficient germ cells proliferate correctly throughout development. In females, conditional ablation
of Hbp1 in granulosa cells of C57BL/6 mice promotes follicle growth and oocyte production, suggesting
that HBP1 prevents the early depletion of follicles and protects ovarian reserve in mice [57]. The
opposite phenotype was observed in HBP1 transgenic mice. This effect was ascribed to the regulation
of apoptosis and mitochondrial function by HBP1. In granulosa cells, HBP1 limits mitochondrial
biogenesis and reduces oxygen consumption and respiration [57].

In conclusion, the available in vivo data confirm that HBP1 is a cell cycle inhibitor, but much

more work is needed to understand the physiological function of this gene in detail.
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Potential role of HBP1 in other human diseases

The human HBP1 gene is located within the locus 7922-31, which is altered in rare cases of
osteoarthritis, glaucoma, cardiovascular diseases and neurologic disorders. An analysis of
osteoarthritis patients in particular revealed a significant reduction in HBP1 expression in cartilage and
synovium associated with HBP1 allelic expression imbalance [58]. Multiple congenital anomalies,
including severe glaucoma, were also reported to be associated with deletion encompassing the
7921.3-q31.1 region, causing the codeletion of TAC1, HBP1 and a cytochrome P450 gene [59].
Recently, single-variant analysis of cardiovascular disease specimens associated genetic susceptibility
of the 7922 locus with atherosclerotic plague characteristics. One variant (rs12539895), which
correlates with a fat reduction in carotid plaques, alters COG5 and HBP1 expression in relevant cardiac
tissues [60]. In addition, diverse alterations within the 7q21-q32 segment have often been associated
with multiple clinical features, including developmental delay, mental retardation, microcephaly,
palate defects, as well as ear and eye abnormalities [61-64]. Whether some of these features are

related to HBP1 gene alteration remains to be established.

Conclusion

Experiments based on cell culture and mouse models have clearly established that HBP1 is a negative
regulator of the cell cycle in multiple cell types. In this respect, the suggested roles of HBP1 in cell
growth arrest associated with senescence and terminal cell differentiation make sense, even though
the importance of HBP1 in this context has not yet been confirmed in vivo. HBP1 capacity to blunt the
proliferation of cancer cell lines is also demonstrated by numerous reports and matches the lower
HBP1 expression observed in cancer samples relative to normal tissues. HBP1 involvement in the

WNT/B-catenin and PI3K pathways also supports a tumor suppressor function. However, recent results
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in specific cancer models suggest that HBP1 may play a dual role in tumorigenesis. Clearly, more work
is needed to confirm whether alterations of the HBP1 gene drive cancer development in mice and
patients. The recent development of mouse strains with conditional deletion of Hbpl will provide

better models to clarify the roles of this transcription factor in physiology and diseases.
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Context miRNA Impact on HBP1 expression References
Invasive breast cancer 21 miR-17-5p d (in cell lines) [44]
Myc-induced lymphoma 21 miR-17-92 { (in mouse model) [65]
Friend erythroleukemia d (in cell lines) [66]
Neuroblastoma d (in cell lines) [28]
Hepatocellular carcinoma 21 miR-21 ¢ (in HepG2 cell line) [67]
Acute myeloid leukemia 21 miR-29a { (in primary granulocytes) [43]
Glioma 21 miR-96 { (in glioma specimens, [68]
primary astrocytes, and cell
lines)
Colorectal carcinoma 21 miR-155 d (in cell lines) [69]
Osteosarcoma [70]
Glioma [71]
Nasopharyngeal carcinoma NI miR-29c¢ N (in NPC specimens, mouse | [50]
model, and cell lines)
T cell acute lymphoblastic leukemia | N miR-29a M (in mouse model) [51]
N miR-31
N miR-155
Endothelial cells miR-29a { (in HUVEC) [72]
Atherosclerosis 21 miR-155 { (in RAW264 macrophages) | [73]
7 miR-19 J [74]

Table 1. Regulation of HBP1 expression by miRNAs.

List of micro-RNAs that are up () or down (\) regulated in various model systems and target HBP1

transcripts.
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Figure 1. HBP1 structure, posttranslational modifications and interactions.

The HBP1 protein comprises three major domains: a transcriptional activation domain (in green), a

transcriptional repression domain (in red), and an HMG-box DNA-binding domain (in blue). The

activation and repression domains of HBP1 were defined by Lavender et al. and Sampson et al.,

respectively [3, 26]. Posttranslational modification sites of HBP1 are indicated below the HBP1

structure: Ac, acetylation (in orange); P, phosphorylation (in blue, by PIM-1, in green by p38; in

Bordeaux by AKT); Ub, ubiquitination (in gray). Proteins that directly interact with HBP1 are

represented above HBP1 at their described binding site. See text for details.
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Figure 2. Mechanisms of transcriptional regulation by HBP1.

HBP1 is mainly characterized as a transcriptional repressor, which sequesters other transcription
factors, such as LEF, TCF4 or MYC (A), or directly represses gene expression by recruiting cofactors such
as HDAC or Sin3 (B). HBP1 can also directly activate the transcription of genes, for instance CDKN2A,
by recruiting CBP/p300 (C). HBP1 was reported to stabilize p53 by preventing its degradation by the

MDM?2 ligase, resulting in upregulation of the p53 target gene CDKN1A (D). Finally, by lowering the
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expression of DNMT1 and EZH2, HBP1 prevents the deposition of repressive epigenetic marks

(methylation of DNA and histone H3K27, respectively), thereby increasing the expression of target

genes (E). See text for details.

Function Target

cyclin D1

c-Myc

Cell cycle
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p47phox
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p53
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EZH2
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CcDh2

remodeling / epigenetic

Chromatin

MPO
C/EBPu
MyoD

MIF

Figure 3. HBP1 target genes.

Regulation by HBP1

e preventing transcriptional activation by TCF4

preventing transcriptional activation by TCF4
inhibiting activity by protein-protein interaction

e transcriptional repression

transcriptional repression

e transcriptional activation

indirect transcriptional activation via p53
stabilization and EZH2/DNMT1 repression

» prospective transcriptional activation
protein stabilization

e transcriptional repression
« preventing transcriptional activation by TCF4
® transcriptional activation

 transcriptional activation
* transcriptional activation

e transcriptional activation

e indirect transcriptional repression via Myf5 inhibition

® transcriptional repression

DNA-binding sequence

TCAATGGG, CCCATTCT, CCCATTTT
TTCATTCATTCA
GGGTAGGG

/
Not determined

TTCATTCATTCATTCTTTCA
/
TCCTCACCGCGGTCCG

TTCATTCATTCA

GCAGATTGAGCT

Not determined

/

TTCATTCATTCATTCTTCA

HBP1 target genes are classified according to their function (left). Reported direct HBP1 binding sites

are indicated on the right side. Some target genes are regulated in an indirect manner through

interactions with transcription factors or cofactors.
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Figure 4. Cell cycle regulation by HBP1.

HBP1 inhibits G1 to S-phase progression in many cell types. HBP1 upregulates the transcription of the
cyclin-dependent kinase inhibitors p21 and p16 and represses the expression of cyclin D1. In addition,
HBP1 prevents gene regulation by MYC. HBP1 was shown to interact with the retinoblastoma protein
RB, another key cell cycle regulator. Activation (arrows) and inhibition (crosshead arrows) are

indicated. Dashed lines represent indirect regulation. P, phosphorylation.
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Figure 5. Interaction of HBP1 with the WNT/B-catenin and PI3K/AKT pathways.

Activation of the WNT signaling pathway prevents B-catenin (B-cat) phosphorylation by GSK3p and
degradation. In the nucleus, B-catenin binds to TCF/LEF factors and activates genes, including c-Myc
and cyclin D1. HBP1 interacts with TCF and prevents TCF binding to WNT target genes. In addition,
activation of the PI3K pathway by receptor tyrosine kinases (RTK) leads to AKT activation. AKT
phosphorylates and inhibits GSK3B, FOXO transcription factors and HBP1. By doing so, AKT prevents
FOXO binding to the HBP1 promoter, leading to a decrease in HBP1 expression, and blunts HBP1
activity by direct phosphorylation (P). Activation and inhibition are depicted by arrows and crosshead

arrows, respectively, while cytosol/nuclear shuttling is represented by dashed lines.
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