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Abstract: The high mobility group protein A1 (HMGA1) is a master regulator of chromatin 
structure mediating its major gene regulatory activity by direct interactions with A/T-rich 
DNA sequences located in the promoter and enhancer regions of a large variety of genes. 
HMGA1 DNA-binding through three AT-hook motifs results in an open chromatin structure 
and subsequently leads to changes in gene expression. Apart from its significant expression 
during development, HMGA1 is over-expressed in virtually every cancer, where HMGA1 
expression levels correlate with tumor malignancy. The exogenous overexpression of HMGA1 
can lead to malignant cell transformation, assigning the protein a key role during cancerogenesis. 
Recent studies have unveiled highly specific competitive interactions of HMGA1 with cellular 
and viral RNAs also through an AT-hook domain of the protein, significantly impacting the 
HMGA1-dependent gene expression. In this review, we discuss the structure and function of 
HMGA1-RNA complexes during transcription and epigenomic regulation and their implications 
in HMGA1-related diseases. 
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1. Introduction 

HMGA1 belongs to the high mobility group (HMG) protein family, comprising a variety of non-histone 
proteins involved in global chromatin remodeling [1]. Within this family, the HMGA proteins are 
characterized by the presence of three AT-hook DNA binding motifs containing the core peptide  
Pro-Arg-Gly-Arg-Pro (P-R-G-R-P), allowing them to preferentially bind to the minor groove of A/T-rich 
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B-form DNA sequences [2]. Though all three motifs synergize during target recognition, the first two 
AT-hooks contribute the majority of HMGA1’s DNA affinity [3]. HMGA1 proteins act as antagonists 
of the linker histone H1, which binds to the same DNA sequences and maintains chromatin in a tightly 
packed, transcription-inactive state [4]. Thus, HMGA1 proteins introduce major changes in DNA structure, 
resulting in a more open chromatin state, which facilitates gene transcription (Figure 1). Apart from this 
global role as master regulators of chromatin structure, HMGA1 proteins physically interact with a large 
variety of different transcription factors, such as Sp1, NF-�B, NF-Y, ATF-2, c-Jun, TAF3, p150 and 
others [5–8], orchestrating their assembly at gene promoter and enhancer regions, also assigning them 
important functions during gene-specific transcription regulation (Figure 1). The HMGA1 gene encodes for 
two alternatively spliced isoforms HMGA1a and HMGA1b, the latter one lacking 11 amino acids between 
the first and the second AT-hook motif [9,10] (Figure 2A). 

 

Figure 1. Chromatin- and gene expression regulation by HMGA1. HMGA1 binds to A/T-rich 
DNA sequences in gene promoter and enhancer regions. It acts as an antagonist of the linker 
histone H1, resulting in an open chromatin structure, permissive for gene transcription. 
Interacting with different transcription factors, HMGA1 is involved in enhanceosome formation, 
that way regulating gene-specific transcription. 

HMGA1 proteins are typically highly expressed during development where several studies assign them 
important roles in regulating normal cell proliferation, embryonic cell growth and cell differentiation [11–14]. 
However, after early embryonic development, HMGA1 expression drops to low or undetectable levels in 
differentiated adult tissues or non-proliferating cells [12,15]. Remarkably, HMGA1 proteins are over-expressed 
in virtually every type of cancer, where their expression levels correlate with tumor malignancy and a poor 
outcome for patients suffering from that particular type of tumor (reviewed in [16]). Moreover, the induced 
overexpression of HMGA1 in immune-inactivated nude mice leads to malignant tumor formation and 
HMGA1 expression also correlates with the metastatic potential of the tumor [17,18], making HMGA1 
a key player during cancerogenesis. Due to its reliably high expression in almost every type of malignant 
tumor, HMGA1 is increasingly put forward as a novel marker for medical prognosis. Apart from its roles 
during tumorigenesis, HMGA1 has been shown to be involved in gene expression regulation of several 
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types of viruses, including human papovavirus JC [8], Epstein-Barr Virus (EBV) [19], Herpes Simplex 
Virus (HSV-1) [20,21] and Human Immunodeficiency Virus (HIV-1) [22]. 

 

 

Figure 2. Schematic view of HMGA1 functional domains and RNA interfaces. (A) Schematic 
view of the HMGA1a/b functional domains. Interaction sites with transcription factors are 
labeled in black, the interface with 7SK and TAR RNA is depicted in blue/green; (B) Secondary 
structures of 7SK Loop2 (green) and HIV-1 TAR RNA (blue). The specific HMGA1-binding 
structures are highlighted in red. 

In recent studies, we have identified highly specific interactions of HMGA1a protein with the nuclear 
non-coding 7SK RNA and the transactivating response element (TAR) located in the nascent transcript 
of HIV-1 [23–25]. 7SK RNA is a highly abundant RNA Polymerase III transcript in eukaryotic cells, 
which is a negative regulator of RNA Polymerase II transcription elongation by inactivating the Positive 
Transcription Elongation Factor b (P-TEFb) [26–29]. Thereby, 7SK RNA acts as a scaffold, which 
mediates the interaction of P-TEFb with its inhibitors HEXIM1 and CTIP2, resulting in P-TEFb 
inactivation [30,31]. HIV-1 TAR is a RNA secondary structure formed by the nascent viral transcript, 
which is involved in viral transcription activation by recruiting HIV-1 Tat-bound P-TEFb to the promoter 
proximal paused host cellular RNA Polymerase II. This review focusses on the structure and function of 
these HMGA1-RNA complexes as well as their implications in HMGA1-related diseases. 
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2. HMGA1-RNA Interactions from the Structural Point of View 

While the interaction of HMGA1 with DNA via its three AT-hook motifs has been extensively studied 
during the last decades [32,33], RNA-HMGA1 interactions have been identified only very recently and 
to date, detailed structural studies are still lacking. However, a reasonable number of analyses aimed at 
deciphering the RNA-HMGA1 interface, gaining insights into the structural basis of these interactions. 

In 2007, a study by Manabe and colleagues pointed at a role of HMGA1 during exon-skipping of 
presenilin-2 pre-mRNA, which results in the production of a deleterious protein isoform found in brains 
of patients suffering from Alzheimer’s disease, and thus provided first evidence for a specific RNA affinity 
of HMGA1 [34]. In more recent studies, we identified the RNA Polymerase III-transcribed non-coding 
7SK RNA as a novel HMGA1 binding partner [23,24]. 7SK RNA is a highly abundant housekeeping 
RNA located in the nucleus of eukaryotic cells [35]. It has been identified as a key negative regulator of 
global RNA Polymerase II transcription elongation reaction by inactivating the positive transcription 
elongation factor b (P-TEFb), whose active form phosphorylates the carboxy-terminal domain (CTD) of 
RNA Polymerase II in order to start the efficient transcription elongation reaction [26–29]. Thereby, 7SK 
RNA acts as a scaffold, which mediates close spatial proximity of the negative P-TEFb regulators HEXIM1 
and CTIP2 and P-TEFb itself, resulting in P-TEFb inactivation [30,31]. On demand (e.g., upon stress 
signaling), P-TEFb is released from this complex, becomes activated and thus is able to catalyze the 
transcription elongation reaction. The interaction of HMGA1 with 7SK RNA is highly specific for both sites: 
HMGA1 specifically recognizes the second major hairpin (loop 2) of 7SK RNA by its first, N-terminally 
located AT-hook motif [23] (Figure 2). Thereby, a stem structure of 7SK RNA consisting of three G-C base 
pairs and one A-U base pair following a bulge constitutes the core motif for HMGA1 binding (Figure 2B, 
left, red). Mutation studies point at the tertiary structure of this region to play a major role for HMGA1 
recognition rather than the secondary structure or RNA sequence itself [23]. 

Aside from the interaction with 7SK RNA, we have recently shown that HMGA1 also specifically 
binds a RNA structure located in the nascent transcript of the HIV-1 genome, known as the transactivating 
response element (HIV-1 TAR) [25]. HIV-1 transcription is regulated by promoter-proximal pausing of 
RNA Polymerase II and thus strongly depends on active P-TEFb (reviewed in [36]). HIV-1 TAR thereby 
is essential by mediating the recruitment of HIV-1 Tat-bound, active P-TEFb to the promoter proximal 
paused RNA Polymerase II. During this process, the secondary structure of HIV-1 TAR is recognized by the 
viral transactivator of transcription (Tat), which is able to eject P-TEFb from the inactive 7SK/HEXIM1 
complex, resulting in P-TEFb activation [37]. Also, in the case of HIV-1 TAR, HMGA1 recognizes a hairpin 
structure containing a stem of three G-C base pairs and one A-U base pair following a bulge structure 
(Figure 2B, right, red). Remarkably, this region overlaps with the binding interface for HIV-1 Tat [38] and 
competitive binding assays have proven incompatibility between HMGA1 and HIV-1 Tat for concomitant 
TAR binding [25]. Also, in the case of HIV-1 TAR recognition, the first, N-terminally located AT-hook 
motif of HMGA1 is the site of interaction. 

3. HMGA1-Regulation by 7SK RNA 

The fact that one of the high-affinity DNA-binding domains of HMGA1 (the first AT-hook motif) is 
the binding site for 7SK RNA suggests a role of 7SK RNA as a competitive regulator of those HMGA1 
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functions necessitating a direct interaction of HMGA1 with DNA, such as chromatin regulation and 
enhanceosome formation (see Figure 1). 

Indeed, the overexpression of the 7SK loop 2 substructure as a chimera with the EBER2 RNA of 
Epstein-Barr Virus in a cell culture model, taking advantage of the strong EBER2 promoter [39,40], leads to 
changes in gene expression, which are almost identical to those upon a knockdown of HMGA1, supporting 
a negative regulatory effect of 7SK RNA on HMGA1 function [23]. Furthermore, 7SK RNA was proven to 
compete with DNA (e.g., the promoter sequence of the direct HMGA1 target IL-2R� [41,42]) for HMGA1 
binding [23], indicating 7SK RNA to primarily affect HMGA1 functions involving direct HMGA1/DNA 
interactions (Figure 3A, right arrow). The overexpression approach of the HMGA1-binding 7SK loop 2 
substructure has proven to efficiently target HMGA1-responsive genes, such as MAP2K2, IGFBP2, SOX4, 
GNAZ, STK6, CCND3, LAMA1, ACSL3, ARL3, COL6A1, COX2, IFNAR and HLA-A, making the 
EBER2-7SK L2 fusion construct a useful tool to regulate HMGA1 activity, when using the EBER2 backbone 
as a control [23]. Given the strong overexpression of HMGA1 in the vast majority of cancers and its causal 
effects during malignant transformation, the negative regulation of HMGA1 function by overexpressing 7SK 
Loop2 RNA or full length 7SK RNA might serve as a reasonable alternative or complement for 
HMGA1-targeting anticancer therapeutic approaches such as small interfering (si)RNA-mediated HMGA1 
knockdown [16]. 

 

Figure 3. Cellular functions of HMGA1-RNA complexes. (A) HMGA1 is involved in the 
recruitment of 7SK-inactivated P-TEFb to the HIV-1 and cellular core promoters. 7SK RNA 
acts as a negative regulator of HMGA1 DNA-binding, subsequently regulating HMGA1 
target gene expression; (B) The HMGA1/TAR interaction prevents Tat/TAR binding. HIV-1 
TAR might also negatively regulate HMGA1-dependent gene expression. 
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4. HMGA1 and 7SK-Dependent Transcription Elongation 

The first AT-hook motif of HMGA1 contributes the majority of HMGA1’s DNA binding capacity [3]. 
Binding of the 7SK Loop2 RNA to exactly this site competes with HMGA1 at its DNA target sites, resulting 
in strong changes in HMGA1-dependent gene expression [23,24]. However, to date, it remains elusive, 
whether the 7SK-HMGA1 interaction also impacts HMGA1’s binding to a large variety of transcription 
factors, but the interfaces for the majority of these factors do not overlap with the first AT-hook motif, 
suggesting that 7SK RNA does not directly influence their binding (Figure 2A). Even for those transcription 
factors whose HMGA1 interface includes the first AT-hook motif, it is not clear, whether 7SK RNA bound 
to HMGA1 enhances or decreases the binding, opening up the possibility that HMGA1 can recruit 7SK 
RNA and thereby the inactive P-TEFb complex to gene promoters via DNA-bound transcription factors (see 
Figure 3A, left). 

In fact, we have shown a gene-specific cooperation of HMGA1 and P-TEFb during gene expression 
regulation [43]. Importantly, two preconditions for a HMGA1-mediated P-TEFb recruitment are fulfilled: 
The interaction of 7SK RNA with P-TEFb is mediated by the Loop1, 3 and 4 substructures of the RNA, 
while HMGA1 specifically binds the Loop2 substructure and co-immunoprecipitation studies prove that 
P-TEFb co-purifies with HMGA1 in a RNA-dependent manner [43]. 

In the case of HIV-1 transcription, the 7SK/P-TEFb complex has been shown previously to be located in 
close proximity to the HIV-1 core promoter, but a mechanism for its recruitment remained unexplored [44]. 
Subsequently the viral transactivator of transcription (Tat) replaces the inactivating compounds HEXIM1 
and 7SK RNA and finally recruits the activated P-TEFb to the paused RNA Polymerase II by interacting 
with HIV-1 TAR (see Figure 3B, lower panel). In a recent study, we have uncovered a role of HMGA1 
during the recruitment of the inactive P-TEFb complex to the HIV-1 core promoter [44]. We have 
reported on an interaction of HMGA1 with the P-TEFb inactivator CTIP2. ChIP analyses have revealed 
that both proteins are important during P-TEFb recruitment to the HIV-1 core promoter and several 
cellular promoters [44]. Given the large number of viruses, whose transcription is responsive to HMGA1, 
future studies will be required in order to investigate, whether a similar mechanism applies to other 
viruses as well. 

The 7SK/HMGA1 interaction not only regulates HMGA1 function, but is also essential for the 
recruitment of 7SK-bound P-TEFb to cellular and viral promoters, establishing plasticity between 
HMGA1-dependent chromatin remodeling and P-TEFb-dependent transcription elongation regulation. 

5. HMGA1-RNA Complexes during HIV-1 Transcription 

HMGA1 has been previously implicated in HIV-1 infection as a host cellular co-factor recruiting the 
nucleosome remodeling complex SWI/SNF to the HIV-1 LTR, being involved in HIV-1 splice site 
regulation and contributing to the HIV-1 pre-integration complex [45–50]. Our findings of a specific 
interaction of HMGA1 with HIV-1 TAR, thereby competing with HIV-1 Tat for TAR-binding, add 
another facet to viral transcription regulation [25] (Figure 3B). While the Tat/TAR interaction is prerequisite 
for efficient viral transcription elongation, assigning HMGA1 a silencing role in HIV-1 gene expression, 
HIV-1 TAR might also function as a negative regulator of HMGA1 function, similar to 7SK Loop2 
RNA, thereby regulating the expression of HMGA1 target genes. 
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Interestingly, our recent findings of HMGA1 being a recruiting factor for CTIP2-inactivated P-TEFb to 
the HIV-1 core promoter constitute another mechanism of HMGA1-mediated HIV-1 silencing [46,47]. 
Whether a similar pathway may also be involved in HMGA1-mediated gene expression regulation of the 
human papovavirus JC, EBV and HSV-1 will need to be addressed in future research. Note that apparent 
contradictions in the role of HMGA1 during HIV-1 transcription regulation such as the fact that HMGA1 
complexes facilitate HIV-1 transcription through the recruitment of chromatin modifiers but also prevent 
HIV-1 reactivation through the inhibition of the elongation complex P-TEFb should be seen in light of 
the time, cell-specificity (e.g., co-factor expression), and multiple possibilities for post-translational 
modifications [47]. 

Taken together, HMGA1 depicts a host cellular co-factor involved in a large variety of aspects during 
HIV-1 infection, some of which may synergize, especially those involved in HIV-1 transcription regulation. 

6. Conclusions 

Abnormally high expression rates of HMGA1 constitute a hallmark for the vast majority of cancers 
(see Table 1) and generally correlate with a poor outcome [51]. Recent studies provide evidence for HMGA1 
being a driving force during cancer growth and tumor progression [52,53]. By epigenetic reprogramming 
and regulation of gene networks—comprising OCT4 and cMYC—HMGA1 has been shown to maintain 
a pluripotent, undifferentiated state in embryonic stem cells, a mechanism by which the protein likely 
also contributes to cancerogenesis and tumor growth [53]. 

Table 1. HMGA1 association with human diseases.  

Disease HMGA1 Expression/Function References 
Bladder cancer Overexpression [54] 
Breast cancer Overexpression [55–57] 

Colorectal cancer Overexpression; positively regulates Wnt/�-catenin signaling [52,58] 
Head and neck cancer Overexpression [59] 

Leukemia Overexpression; Cmyc target [17,60,61] 
Kidney cancer Overexpression [62] 
Liver cancer Overexpression [63] 
Lung cancer Overexpression; promotes transformation [64,65] 

Glioblastoma/Neuroblastoma Overexpression [66–69] 

Pancreatic cancer 
Overexpression; promotes cellular invasiveness and 

metastatic potential 
[70–72] 

Prostate cancer Overexpression; involved in chromosomal re-arrangements [73,74] 
Gastric cancer Overexpression; let7-downregulation [75,76] 

Thyroid cancer 
Overexpression; regulates expression of miR-603  

and miR-10b 
[77,78] 

Cervix cancer Overexpression [79] 
HIV infection Co-factor for integration, transcription and spli-cing [25,45–50] 

Human papovavirus JC infection Co-factor for transcription [8] 
Epstein Barr virus infection Co-factor for transcription [19] 

Herpes Simplex virus 1 infection Co-factor for transcription [20,21] 
Alzheimer’s disease Involved in presenilin-2 pre-mRNA exon-skipping [34] 
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Thus, targeting HMGA1 is increasingly gaining attention in the field of anti-cancer therapeutical 
approaches (reviewed in [16]). Recent studies aiming at silencing HMGA1 expression by delivery of short 
hairpin (sh)RNAs reported an attenuated growth and major changes in appearance of breast cancer cells 
upon HMGA1 knockdown [55]. In addition, tumorigenic properties such as cell mobility, invasion and 
anchorage-independent cell growth were diminished, making the HMGA1 knockdown a promising approach 
for fighting HMGA1-dependent cancer formation. A large variety of different compounds have been tested, 
which affect or inhibit HMGA1 binding to the minor groove of A/T-rich DNA regions. The crosslinking 
compounds FR900482 and FR66979 covalently link HMGA1 and its DNA target sequences, resulting in 
inhibited proliferation of T-cell acute lymphoblastic leukemia cells, but clinical trials had to be aborted due 
to unacceptable side effects [80–82]. The antibiotics distamycin and netropsin interfere with HMGA1-DNA 
binding by blocking the minor groove of A/T-rich DNA regions and are able to impact the expression of 
HMGA1 target genes [83,84]. However, minor groove DNA blocking agents do not specifically target 
HMGA1 function, as they also interfere with other minor groove binding factors. Another promising 
approach for targeting HMGA1 function is the use of A/T-rich oligonucleotides in order to sequester 
HMGA1 and prevent target binding, which resulted in tumor size reduction in xenograft tumors originating 
from cultured pancreatic adenocarcinoma cells [85,86]. 

Targeting HMGA1 function in gene expression regulation by 7SK Loop2 RNA, as demonstrated in our 
studies, may establish another promising approach for fighting HMGA1-dependent cancerogenesis [23,24]. 
The overexpression or delivery of a RNA structure originating from an endogenous housekeeping RNA 
thereby would likely minimize unwanted side effects. Though off-target effects induced by the Epstein-Barr 
viral EBER2 RNA backbone used here for 7SK Loop2 RNA overexpression will have to be considered 
carefully [87], recent RNA-based therapeutic approaches such as the targeted delivery of small RNA 
molecules or more stable locked nucleic acids (LNA) could allow the application of a backbone-free 
7SK Loop2 RNA [88,89]. Targeting HMGA1 function would also be an interesting scenario in other diseases 
HMGA1 has directly been implicated in, such as cardiac hypertrophy [90], sepsis [91,92], type-2 diabetes [93], 
and the inflammatory response [92]. 

In the case of HIV-1 infection, HMGA1 affects viral gene expression by at least two different mechanisms: 
A direct binding to HIV-1 TAR, preventing Tat-mediated transcription activation and the recruitment of 
CTIP2 and CTIP2-inactivated P-TEFb complex [25,45]. Both pathways result in HIV-1 silencing and may 
contribute to viral latency, which is a major obstacle during highly active anti-retroviral therapy (HAART), 
which only targets cells actively transcribing HIV (reviewed in [94–96]). Also a potential regulation of 
HMGA1 target genes by HIV-1 TAR—as it is the case for 7SK Loop2—will have to be taken into account 
as an additional mechanism of HIV-mediated reprogramming of the host cell. 7SK Loop2 RNA has been 
shown to compete with HIV-1 TAR for HMGA1 binding [25]. Thus, also in the case of HIV-1 infection, 
the targeting of HMGA1 function by 7SK Loop2 could contribute to the reactivation of latent HIV-1 
reservoirs, which could subsequently be eradicated by HAART. 

Targeting HMGA1 function is also challenged by the fact that HMGA1 asides from its crucial role 
during development also is responsible for gene regulatory activity on cellular promoters during homeostasis. 
Indeed, HMGA1 is required for physiological expression of the insulin receptor [97] and glucose-induced 
insulin transcription [98]. Protecting these physiological functions while fighting disease needs major 
attention during the development of HMGA1 targeting strategies. Such strategies might therefore need 
to involve concomitant targeting of other protein components of the HMGA1 complexes such as P-TEFb 
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or CTIP2 [99]. Yet, another complication to the targeting of HMGA1 function arises through the potential 
interference associated with the possible expression of HMGA1 pseudogenes [100]. 

Taken together, HMGA1 has been proven to be a key player during cancerogenesis and an important 
host cellular factor for the expression of a variety of viral genomes. Targeting HMGA1 function by an 
overexpression or delivery of the Loop2 region of its endogenous interaction partner 7SK RNA may thus 
add to a growing number of different approaches for fighting HMGA1-related diseases. 
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