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Hexim1, an RNA-controlled protein hub
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ABSTRACT

Hexim1 acts as a tumor suppressor and is involved in the regulation of innate immunity. It was
initially described as a non-coding RNA-dependent regulator of transcription. Here, we detail how
7SK RNA binds to Hexim1 and turns it into an inhibitor of the positive transcription elongation
factor (P-TEFb). In addition to its action on P-TEFb, it plays a role in a variety of different
mechanisms: it controls the stability of transcription factor components and assists binding of

transcription factors to their targets.

Introduction

Hexim stands for “HEXamethylene-bis-acetamide-
Inducible protein in vascular smooth Muscle cells”
[1]. Other names are Cardiac Lineage-associated Pro-
tein (CLP-1) [2], Ménage A Quatre (MAQ-1) [3] or
Estrogen Down-regulated Gene (EDG-1) [4]. Heximl
synthesis is induced by HEXamethylene-bis-acet-
amide (HMBA) and analogs [5], histone deacetylase
inhibitors [6] and nucleotide depletion [7]. Heximl is
degraded by autophagy in some circumstances [8].
Hexim proteins are evolutionarily conserved proteins
found in vertebrates, mollusks, insects and nematodes
[9]. Drosophila melanogaster has only one dHexim
gene. Its knock-down generates multiple developmen-
tal defects and homozygous knock-outs flies could not
be obtained [10]. Mammalian genomes generally, but
not always, have two adjacent genes coding for two
paralogue proteins, Hexim1 and Hexim2. In contrast
to Hexim2 genes, Hexim1 genes do not have introns.
Homozygous Heximl knock-out mouse embryos
develop but die at birth [11]. Hexim2 can compensate
for the loss of Hexim1 in knock-down cells [12]. These
proteins share similar properties with subtle variations
in affinity for partners [13]. Hexim1 regulates heart
physiology and has strong links to cancer, differentia-
tion, development and inflammation [14-18]. It acts
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as an anti-tumor and pro-differentiation factor. Most
studies are on human Heximl protein. This review
focuses on its biochemical properties. Amino acid
numbers refer to human Hexim1 (1 to 359).

Hexim1 domain architecture

Six regions can be distinguished in Hexim1 (Figure 1
(A)). An unstructured N-terminal domain (a.a. 1 to
255) comprises a poorly conserved sequence (a.a. 1 to
149) followed by a stretch of conserved basic amino
acids, mostly lysines and arginines (a.a. 150 to 163)
[19,20]. This basic region (BR) is sometimes called the
Arginine-Rich Motif (ARM) by analogy with a similar
motif in the HIV Tat protein. It overlaps a bipartite
nuclear localization sequence responsible for its
nuclear localization [3,21]. Heximl is sometimes
described as a cytoplasmic protein as it is present in
low salt “cytosolic” extracts [22]. However, many
nuclear proteins are found in such extracts, and locali-
zation cannot be deduced from biochemical extrac-
tions. As a matter of fact, immunofluorescence clearly
shows that Heximl is nuclear [3,21]. Furthermore,
Hexim1 binds strongly in vitro to Kpna2/Importin
alphal of the Ran-mediated nuclear import pathway
[13].
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Figure 1. — (A) Hexim domain architecture. Amino-acid numbers delimiting the basic region (BR), the central region (CR), the PYNT
motif, the acidic regions (AR1 and AR2) and the C-terminal helices (a1, @2 and «3) are indicated. (B) 3-D structure of Hexim1 C-terminal
coiled-coil domain deduced from NMR (pdb — 2gd7). Hexim1 forms dimers through its C-terminal domain. Helices @2 and «3 are sepa-
rated by a GGD a.a. sequence. (C) The basic region (BR), the PYNT motif and acidic regions (AR1 and AR2) are schematically positioned.
The BR and AR1 regions interact within “free” Hexim1 dimers. (D) Binding of Hexim1 to 7SK RNA releases the BR/AR interaction leading
to Hexim1 sequences between a.a. 260 and 310 binding to Cyclin T1 (CycT1) and the PYNT sequence binding to Cdk9 catalytic cleft.
resulting in inhibition of Cdk9/Cyclin T1 (P-TEFb) kinase activity. MePCE and LaRP7 proteins bind to 7SK 5" and 3" extremities, respec-
tively. The same color codes are used for Hexim 1 regions in A, B, C and D.

A “central region” (a.a. 164 to 198) follows the BR
and continues with the so-called “PYNT” sequence.
This sequence (PVAPYNTTQFLM - a.a. 199 to 210) is
the most conserved one among all Hexim proteins [9].
The “PYNT” sequence is followed by two sequences
rich in aspartic and glutamic acids, the acidic regions,
ARI1 (a.a. 211 to 219) and AR2 (a.a. 234 to 249).

The Heximl C-terminal domain (a.a. 255 to 359)
folds into three alpha-helices as shown by NMR [23]
(Figure 1(B)). The first helix, a1 spans from a.a. 274 to
283. The two C-terminal alpha-helices, o2 (a.a. 284 to
313) and &3 (a.a. 319 to 348), are entangled in a
9.5 nm long bipartite coiled-coil leucine-zipper [24].
Hence, Heximl proteins form highly anisotropic
dimers [12,25-27]. Although the last helix is not
essential, the flexibility brought by a stretch of three
residues (GGD) between helices «2 and «3 is critical
for Heximl function [24]. Apart from its three C-
terminal helices, Hexim1 is poorly structured. It might
be speculated that it is structured upon interaction
with its binding partners, like p21 when associated to
Cdk2/Cyclin A [28].

7SK RNA binding turns Hexim1 into a P-TEFb
inhibitor

Hexim1 has been isolated from cell extracts bound to
the inactive positive transcription factor (P-TEFb)
complex and 7SK RNA [20]. P-TEFb is required to
release RNA polymerase II pausing to achieve produc-
tive transcription of most Pol II genes [29-31]. Hence,
Hexim1 and 7SK RNA act as transcription repressors.
Human 7SK RNA is a small (331 bases), abundant
nuclear RNA polymerase III transcript [29,32-34].
7SK RNA forms a stable core 7SK snRNP particle
with MePCE and LaRP7 proteins.

In vitro, full-length Hexim1 requires 7SK RNA to
associate with and inhibit P-TEFb, but MePCE and
LARP7 proteins are not necessary in this process
[19,20]. Drosophila dHexim also associates with the
fly 7SK RNA homologue to inactivate fly P-TEFb [35].
The C.elegans proteins, ceHexim, and cit-1.2 (cyclin
T1/T2 homologue) interact in a yeast two-hybrid
assay [36]. But, although a putative 7SK RNA homo-
logue has been identified in this species, its association
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with ceHexim and P-TEFb has not been demonstrated
[9].

A Hexim1 dimer binds a single 7SK RNA molecule.
Two Hexim1 binding sites have been identified in a
7SK 5 hairpin [37], one Hexim monomer for each
site [26,38]. The main Hexim1 binding site consists of
an inverted GAUC double-strand repeat within the
hairpin. Chemical foot printing data suggest that 7SK
RNA undergoes important conformational changes
when bound to Heximl and P-TEFb [39]. An NMR
study of the 7SK 5 hairpin shows that binding of a
peptide corresponding to the Hexim1 BR induces the
opening of a GAUC repeat as well as a hydrogen-
bond network involving two uridines next to the
GAUC repeat [40]. Interestingly, the crystal structure
of the 7SK 5 hairpin indicates that the same uridines
can adopt two very distinct conformations [41] and in
vivo RNA tethering assay suggests that these two uri-
dines indeed contribute to Hexim1 binding [42].

The Hexim1 basic region (BR) is involved in 7SK
RNA binding. Removal of 4 of its 12 basic residues
suppresses its binding capacity [20]. However, the BR
is unlikely involved in 7SK recognition due to the low
complexity of its amino-acid composition. Indeed, an
in vivo RNA tethering assay suggests that Heximl
sequences overlapping the “central region”, the
“PYNT” sequence and a small part of the acidic region
(AR1) (a.a. 178 to 220) are required for specific recog-
nition [42]. Furthermore, a 7SK 5 hairpin with a thio-
uridine substitution of uridine U30, cross-links to a
Heximl peptide positioned just after the “PYNT”
sequence, corresponding to the N-terminal acid region
(AR1) (a.a. 211-219) [43].

Hexim1 dimerization is essential for P-TEFb bind-
ing and inhibition [26,27]. One Hexim1 dimer binds
one 7SK RNA molecule and two core P-TEFb mod-
ules. 7SK binding to Hexim1 triggers formation of an
inactive P-TEFb/Hexim1/7SK complex. However,
RNA binding to Hexim1 per se is not required in this
process. When the N-terminal part of Hexim1 lacking
the BR but keeping the PYNT sequence is deleted, the
resulting truncated protein binds to and inhibits
P-TEFDb in absence of RNA [20,44]. According to a
very elegant model proposed by the Peterlin lab and
confirmed by others, including the Geyer lab, the posi-
tive charges of the BR (a.a. 150-164) attract the nega-
tive charges of the acidic region (AR1) (a.a. 211-219)
[21,44] (Figure 1(C)). 7SK RNA neutralizes the posi-
tive charges of the BR that subsequently releases the

ARI. The likely resulting Heximl conformational
change unmasks a P-TEFb binding surface (Figure 1

D).

The Hexim1 “PYNT” sequence masks the Cdk9
catalytic site and inhibits its kinase activity

Core P-TEFb comprises two subunits, Cdk9 and
Cyclin T1 or T2. Yeast two-hybrid and in vitro bind-
ing assays demonstrate that Heximl C-terminal
domain contacts Cyclin T1 or T2 cyclin box
[20,36,45]. Several point mutations (F262L, F267L,
H275, E295A) disrupt Hexim1-Cyclin T1 binding in
vitro or in yeast two hybrid assays and Hexim1-P-
TEFb binding in vivo. These conserved residues are
localized next or within helices a1 and o2 in the C-ter-
minal domain (between a.a. 262 and 300) (Figure 1
(B)). NMR data further support the identification of
this region as the Cyclin T binding domain (TBD)
[23]. Homozygous mice expressing a Hexim1 protein
lacking helix «3 are viable thereby indicating that it
has little functional importance [46].

A C-terminal Hexim1 fragment (255 to 359) binds
Cyclin T1 in vitro but does not inhibit P-TEFb. In
contrast, a longer Hexim1 fragment (200 to 359) is
almost as efficient as the wild-type full-length protein
in inhibiting P-TEFb in vitro [20,44]. Importantly,
7SK RNA is required for binding and inhibition by
the full-length Hexim1 but not by the (200 to 359)
fragment. Furthermore, removing just the PYNT
sequence as in the (207 to 359) fragment, generates a
protein that is inactive for P-TEFb inhibition,
although it still binds P-TEFb. Mutations in residues
of the “PYNT” sequence (Pro202, Thr205 or Phe208)
in a full-length Heximl abolish P-TEFb binding
in vivo and in vitro [20,47]. Photocross-linking experi-
ments suggest close contacts between Cdk9 and resi-
dues Trpl64, Tyrl67, Phel78 and Phel94 in the
Heximl central region, Phe208 in the “PYNT”
sequence and residues Phe267, Tyr271 and Tyr274 in
helix «1 that precedes the coiled-coil leucine zipper
[47]. Mass spectrometry of cross-links further demon-
strates that residue Phe208 in the “PYNT” sequence
contacts a Cdk9 peptide at the border of its catalytic
cleft. This peptide is nearby the “T-loop” that controls
access to the Cdk9 catalytic site. By homology with
the 3-D structure of Cdk2/Cyclin A, this Cdk9 peptide
likely contacts its peptide substrate. Like all Cyclin
Kinases, Cdk9 activity
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phosphorylation of its T-loop threonine Thr186. In
Cdk2/Cyclin A, the homologous T-loop phospho-
threonine interacts with a model peptide substrate
[47]. As Cdk9 Thr186 phosphorylation is required for
P-TEFb-Hexim1 binding [26,48], it might be hypothe-
sized that phospho-Thr186 is directly involved in
Cdk9/Hexim1 interaction. In conclusion, the Hexim1
“PYNT” sequence masks the Cdk9 catalytic site and
occupies the substrate-binding site, resulting in Cdk9
inactivation. These findings confirm initial observa-
tions of the importance of the “PYNT” sequence for
P-TEFb inhibition [20].

HIV Tat and TAR RNA compete with Hexim1 and
7SK RNA for P-TEFb

Transcription of the human immunodeficiency viral
(HIV) genome is controlled by recognition by the viral
Tat protein of the TAR hairpin that forms at the 5
end of the viral transcript [49]. The TAR.Tat complex
recruits active P-TEFb to release RNA polymerase II
paused after an initial transcription of 50-80 nt. A
Tat.Cyclin T1 contact surface overlapping the two
cyclin box subdomains has been identified by X-ray
crystallography [50]. Cyclin T1 mutations abolishing
Heximl interaction have been identified in a yeast
two-hybrid screen [36]. They are located on the Tat.
Cyclin T1 contact surface, suggesting Hexim1 and Tat
bind to the same Cyclin T1 region. Importantly, a
Cyclin T1 point mutation in the middle of this surface
abolishes both Tat and Heximl binding to P-TEFb
without affecting P-TEFb activity. Not surprisingly,
Tat and Heximl binding to P-TEFb are mutually
exclusive [45]. Like Hexim1, Tat contacts Cdk9 [50] at
the T-loop but in contrast to Heximl, Tat does not
mask its catalytic site. Thus, in contrast to the Hex-
im1.7SK complex, Tat.TAR binding keeps P-TEFb in
an active state [44].

Tat’s TAR binding site is an arginine-rich motif
(ARM) that resembles the Heximl BR [19,20]. Like
7SK RNA, TAR RNA folds into a hairpin with a bulge
[51]. Not surprisingly, both Tat and Heximl bind
either 7SK or TAR RNA. Importantly, any RNA that
binds Heximl promotes P-TEFb inhibition [51,52].
Thus, Hexim1 binding to TAR recruits an inactive P-
TEFb.Hexim1 complex to the nascent viral transcript
[53]. Removal of Hexim1.7SK is required to activate
P-TEFb [54] and the Tat TAR RNA complex com-
petes out Heximl.7SK in a following step, thus
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activating P-TEFb and releasing paused RNA poly-
merase [51,55]. On the other hand, as Hexim]1 inacti-
vates P-TEFb when bound to TAR, it may contribute
to HIV silencing in absence of Tat through either P-
TEFDb or TAR hairpin trapping [56].

Post-translational modifications regulate
P-TEFb.Hexim1.7SK snRNP complex formation

Hexim1 inhibition of P-TEFb is regulated. Several
mechanisms concur to control Heximl inhibition of
P-TEFb. Other feed-back loops involving 7SK snRNP
trapping, RNA helicases targeting 7SK RNA have
been discussed [6,57-62]. Here, we focus on post-
translational modifications of Heximl or P-TEFb
subunits.

Protein kinase cascades control P-TEFb.Hex-
im1.7SK snRNP assembly. Cdk9 phosphorylation is
required for both P-TEFb activity and binding to
Heximl [26,48]. Thr186 dephosphorylation, for
example in response to UV irradiation, coincides with
dissociation from Heximl, at the same time, Cdk9
substrates cannot bind either. Cdk9 is rephosphory-
lated within a few hours after UV irradiation. When
CDKO9 is dephosphorylated, transient transcription
arrest takes place, suggesting that Cdk9 dephosphory-
lation might contribute to this process.

Phosphorylation is directly involved in P-TEFb.
Hexim1.7SK snRNP disruption. Indeed, mass spec-
trometry indicates that Heximl Thr270, Tyr271,
Tyr274 and Ser278, at the tip of helix o1 are phos-
phorylated [63,64]. The phosphomimetic mutations
T270D, S278D and Y271E/Y274E disrupt the assem-
bly of P-TEFb and Hexim1 into a 7SK snRNP com-
plex. By contrast, preventing phosphorylation of these
residues (in particular the Y271F mutation) impairs
release of active P-TEFb from the 7SK snRNP com-
plex in response to T-cell activating signals. Phosphor-
ylation of Thr270 and Ser278 relies on the PI3/Akt
pathway [63] and Tyr271 on the Erkl pathway [65].
PKC phosphorylates Ser158 in the middle of the basic
region (BR) and neutralizes one of the charges in this
region [66]. Serl58 phosphorylation impairs 7SK
RNA binding to Heximl, and therefore impairs
Hexim1 association with P-TEFb. Treatments leading
to heart hypertrophy promote dissociation of P-TEFb.
Hexim1.7SK snRNP [67]. The Jak/STAT signal trans-
duction pathway is involved.
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Several protein phosphatases have also been pro-
posed to control P-TEFb.Hexim1.7SK snRNP assem-
bly. Indeed, following stimulations such as UV
irradiation, the PPloe, PPM1A/PP2C« and PPM1G
phosphatases dephosphorylate CDK9 on Thr186 [68-
70], thus inactivating kinase activity. PP2B
(Ca*"-dependent, calmodulin-stimulated phospha-
tase) facilitates direct dephosphorylation of Cdk9
Thr186 by PP1lax [68].

Cdk9 and Cyclin T1 acetylation play a role in P-
TEFb.Hexim1.7SK snRNP assembly. Deacetylation of
Cdk9 Lys48 by the sirtuin deacetylases SIRT2 [71] or
SIRT7 [72] promotes P-TEFb release from Hex-
im1.7SK. Hexim1 associates with the MyoD transcrip-
tion factor and Histone deacetylases HDAC1, HDAC3
and HDACS to inhibit MyoD-dependent gene expres-
sion, suggesting that Heximl might as well recruit
deacetylases to P-TEFb [73].

In conclusion, major signaling pathways affecting
global gene activity converge on P-TEFb.Hexim1.7SK
RNP and play a role in its activity.

Hexim1 partners recruit P-TEFb on target genes

Transcription factor-assisted recruitment of P-TEFb.
Hexim1.7SK snRNP and subsequent disassembly of
the complex at promoters might be a general mecha-
nism [74-76]. The KAP1/TRIM28/TIF1B transcrip-
tion intermediary factor recruits P-TEFb.Hexim1.7SK
snRNP on promoters through binding of the Larp7
core 7SK snRNP subunit [76]. The RNA binding pro-
tein SR protein SRSF2/SC35 also binds and recruits
the P-TEFb.Hexim1.7SK RNP complex to promoters
[77]. Transcription factor NF-«B recruits P-TEFb to
activate elongation at inflammatory-responsive genes.
NF-«B interacts with both Heximl and P-TEFb
[74,78]. PPM1G/PP2Cy phosphatase might further
assist in recruitment as it is recruited to promoters
and interacts directly with NF-«B, Hexim1 and 7SK
RNA [70]. PPM1G binds both 7SK RNA and Hexim]l.
PPM1G binds Heximl through the C-terminal
helix o2 (a.a. 286-314) that has also P-TEFb binding
sites. Thus, binding of PPM1G and P-TEFb to Hexim1
is mutually exclusive. It is proposed that PPM1G
dephosphorylates Thr186 in the CDK9 T-loop leading
to P-TEFb.Heximl.7SK disassembly. Furthermore,
PPM1G would trap Hexim1.7SK RNA while Thr186
would be rephosphorylated later for in situ
reactivation.

Steroid receptors directly recruit active P-TEFb on
their target genes [79-82]. They interact with Hexim1
basic region (BR). Thus, they compete with 7SK RNA
and favor formation of the active P-TEFb form. The
androgen receptor recruits PPl phosphatase, also
resulting in P-TEFb detachment from Heximl and
7SK RNA, though, it is not known whether Thr186
dephosphorylation is involved in this event [83]. Nev-
ertheless, Hexim1 acts as tumor suppressor for breast
and prostate cancers [84]. Overexpression of full-
length wild-type Hexim1 in mice represses estrogen
receptor recruitment to a target promoter, whereas
overexpression of a truncated protein lacking helix o3
(313 to 359 deletion) leads to an increased recruitment
[46]. This finding is a rare example that proposes a
function for this helix.

Transcription of many genes involves a competi-
tion mechanism by chromatin-associated proteins.
Brd4 is a histone-associated protein that interacts with
active P-TEFb and might contribute in its recruitment
to promoters [15,85]. Yet, a recent study suggests that
Brd4 might not be directly involved in the recruitment
of P-TEFb [86]. Anyhow, Brd4 directly interacts with
Cyclin T1 through two binding domains [87].
Although such competition was not observed in an in
vitro assay [88], the Brd4 C-terminal domain might
compete out Heximl binding for P-TEFb in living
cells. Furthermore, Hexim1 expression enhances Brd4
sensitivity to its inhibitor, JQ1 [8]. In contrast to Brd4,
Hexim1 antagonizes cancer progression and stem cell
reprogramming [15,89].

Hexim1 and NEAT1 ncRNA contribute to the
innate immune response

Although P-TEFb and 7SK RNP are major Heximl
partners, both have independent functions on their
own. Several papers have reviewed the involvement
of 7SK RNA in transcription control [29,33,34,90].
Here we focus on Heximl binding to other proteins
and other RNAs with important physiological
consequences.

For example, Heximl binds nucleophosmin, a
nucleolar phosphoprotein involved in ribosome bio-
genesis and acting as a proto-oncogene [91]. Nucleo-
phosmin stimulates Hexim1 degradation and might
lead to its cytoplasmic mislocalization in some leuke-
mias. Hexim1 also binds and stabilizes the p53 tumor
suppressor protein preventing its degradation by the



ubiquitination pathway [92]. In contrast, Heximl
with the
(HIF-1o) and stimulates its degradation through a

interacts hypoxia-inducible factor «
ubiquitination pathway [93]. Both effects may contrib-
ute to Hexim1’s anti oncogenic properties.

A series of cellular mRNAs that bind Hexim1 and
are stabilized as such have been identified by RNA UV
cross-linking (eCLIP) [7]. Some of these mRNAs code
for antitumor proteins and may contribute to the
tumor suppressor function of Hexim1, for example in
melanomas that respond to nucleotide stress. A
SELEX study also identified three mRNAs (coding for
Cad, Brd4 and Tcf3) binding to Heximl [94]. The
presence of a bulge within a double-stranded structure
is required for their affinity for Hexim1. Noteworthy,
Cad and Brd4 mRNAs also came out in the above-
mentioned eCLIP screen.

Hexim1 was recently shown to bind the NEAT1
non-coding nuclear RNA [95]. NEAT1 is a long
(22 kb) abundant nuclear RNA polymerase II tran-
script required for the formation of nuclear para-
speckles [96]. Hexim1 associated with NEAT1 serves
as a scaffold for a multiprotein complex involved in
innate immunity signaling [95]. This complex com-
prises two protein kinases, DNA-PKc and TBKI,
among other components and has been named
Hexim1-DNA-PK-paraspeckle components-ribonu-
cleoprotein complex (HDP-RNP). The NEAT1 RNA
anchors this complex within the paraspeckles. Upon
DNA-dependent activation of DNA-PK and cGAMP
synthesis, the NEAT1-containing HDP-RNP complex
detaches from paraspeckles. The STING transcription
factor is released from the endoplasmic reticulum and
recruited onto HDP-RNP to promoters to activate
innate immunity response genes [97]. There might be
cooperation with NF-«B, as mentioned above, to
recruit Hexim1 and P-TEFb and activate elongation at
inflammatory-responsive genes in a stimulus-depen-
dent manner [74]. The Heximl BR sequence is
involved in HDP-RNP assembly [95]. The HDP-RNP
binding sites are located in the “central region” (CR)
of Hexim1. This is in contrast with the major P-TEFb
binding sites that are located in the “PYNT” sequence
and in the C-terminal helices [32,47]. Although dis-
tinct binding sites are involved, P-TEFb and HDP-
RNP binding is mutually exclusive [95]. The Heximl
BR sequence is involved in NEAT1 RNA recognition.
However, the NEAT1 elements targeted by Heximl
are unknown. NEAT] is essential for formation of the
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HDP-RNP complex. 7SK RNA promotes P-TEFb
binding to Heximl1; it is remarkable that the RNA spe-
cies that binds Hexim1 determines the complex that
assembles on it. It will be highly interesting to identify
other RNA-Heximl complexes and unravel their
functions.

Concluding remarks

There is no protein family related to Heximl, the
Hexim family is unique. Heximl combines an
extended coiled-coil C-terminal domain responsible
for its anisotropy with the capacity to specifically bind
some non-coding RNAs, thus forming different RNA.
Hexim.protein complexes with different functions. At
least one of these complexes, P-TEFb.Hexim1.7SK
snRNP, is dynamic and its activity is fine tuned in
response to the environment. Remarkably, the RNA
species that binds Heximl determines the protein
complex that assembles on it. Therefore, Heximl
serves as an RNA-dependent regulatory protein hub.
Single mutations due to single nucleotide variations in
Heximl and in Hexim2 are associated with human
cancers (High-performance Integrated Virtual Envi-
ronment (HIVE) at George Washington University).
It is so far unknown whether some of these mutations
affect Hexim1 functions.
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