








PML bodies and formation of SAHF (Fig. 4H and I). We
conclude that ectopic expression of CABIN1 activates the HIRA-
driven SAHF assembly pathway and accelerates cell senescence.
In sum, these results show that, like its binding partner HIRA,
CABIN1 is recruited to PML bodies in both replicative and on-

cogene-induced senescent cells. HIRA localized to PML bodies is
implicated in formation of SAHF, and here we show that
CABIN1 similarly impinges on the SAHF assembly process.

CABIN1 and HIRA regulate many of the same genes. As
members of the same histone chaperone complex, HIRA and

FIG. 2. Mapping of CABIN1 interaction domain on HIRA. (A) U2OS cells were transiently transfected with the indicated plasmids and
immunoprecipitated (IP) with anti-HA. Lane 1, mock; lane 2, wild-type HA-HIRA and wild-type myc-CABIN1; lane 3, wild-type HA-HIRA only;
lane 4, wild-type myc-CABIN1 only; lanes 5 to 8, wild-type myc-CABIN1 and indicated HA-HIRA mutants [lane 5, HA-HIRA(del 439–475); lane
6, HA-HIRA(del520-1017); lane 7, HA-HIRA(421–729); lane 8, HA-HIRA(1–600)]. Schematics are color coded as follows: yellow bars, WD40
repeats; red bars, B domain; blue boxes, C domain. Ab, antibody. (B) U2OS cells were transiently transfected with the indicated plasmids and
immunoprecipitated with anti-HA. Lane 1, mock; lane 2, wild-type myc-CABIN1 and wild-type HA-HIRA; lane 3, wild-type myc-CABIN1 and
HA-HIRA(del737-963); lane 4, wild-type myc-ASF1a and wild-type HA-HIRA; lane 5, wild-type myc-ASF1a and HA-HIRA(del737-963).
Schematics are color coded as in panel A. (C) Insect Sf9 cells were infected with baculoviruses encoding the indicated proteins, and complexes were
purified by anti-Flag affinity chromatography. Shown is a Coomassie blue (R250) stain of recombinant proteins. Lanes correspond to following
proteins: 1, flag-UBN1; 2, Flag-UBN1 and His-HIRA; 3, Flag-UBN1, His-HIRA, and GST-ASF1a; 4, Flag-UBN1, His-HIRA, GST-ASF1a, and
myc-CABIN1; 5, Flag-UBN1, His-HIRA, and myc-CABIN1; 6, Flag-UBN1, HIRA(1–405), and myc-CABIN1. (D) Western blot analysis with
indicated antibodies of input lysate (IN), column flowthrough (FT), and elution (E) from panel C.
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CABIN1 ought to regulate many of the same genes. To test
this, we used siRNA to separately knockdown HIRA or
CABIN1 in HeLa cells (Fig. 5A) and then performed gene
microarray expression analysis on the Affymetrix platform.
Compared to control cells, cells lacking HIRA showed upregu-
lation of 2,086 probes and downregulation of 2,004 probes
(P � 0.05, fold change [FC] � 1.2) (Fig. 5B). Cells lacking
CABIN1 showed upregulation of 1,674 probes and downregu-
lation of 1,651 probes, by the same criteria (Fig. 5B). The
microarray results were validated using qRT-PCR; 9 out of 10
genes tested by qRT-PCR were confirmed to change signifi-

cantly after HIRA knockdown (Fig. 5C). Consistent with many
of the genes regulated by HIRA and CABIN1 being specific
targets of the HUCA complex (as opposed to off-target effects
of the siRNA), the overlapping set of genes regulated by both
HIRA and CABIN1 (1,613 probes) was 6.8-fold larger than
expected from chance overlap (P � 0.001) (Fig. 5D). Under-
scoring the significance of this overlap, 1,597 of the 1,613
probes changed in the same direction after HIRA or CABIN1
knockdown (770 increased and 827 decreased). The overlap of
HIRA- and CABIN1-regulated genes was also apparent from
hierarchical clustering (Fig. 5E). The set of genes regulated by

FIG. 3. Mapping of HIRA interaction domain on CABIN1. (A) U2OS cells were transiently transfected with the indicated plasmids and
immunoprecipitated with anti-myc. Lane 1, wild-type myc-CABIN1 and wild-type HA-HIRA; lane 2, wild-type myc-CABIN1; lane 3, wild-type
HA-HIRA; lane 4, myc-CABIN1(1–941) and wild-type HA-HIRA; lane 5, myc-CABIN1(942–2220) and wild-type HA-HIRA; lane 6, myc-
CABIN1(401–2220) and wild-type HA-HIRA. (B) Insect Sf9 cells were infected with baculoviruses encoding His-HIRA, GST-UBN1(1–175), and
Flag-ASF1a, and recombinant complex was purified by nickel affinity chromatography. Shown in the figure is a Coomassie blue (R250) stain of
recombinant proteins. (C) Western blot of complex from panel B with indicated antibodies. (D) The trimeric protein complex from panel B was
incubated with lysates from U2OS cells transfected with wild-type myc-CABIN1, myc-CABIN1(1–941), or myc-CABIN1(1–400), as indicated.
Bound proteins were Western blotted as indicated. (E) Schematic of the HUCA complex based upon binding studies reported here and previously
published literature.
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both HIRA and CABIN1 included up- and downregulated
genes in approximately equal proportions (data not shown).
Consistent with many of these genes being direct targets of the
HUCA complex, endogenous HIRA in HeLa cells was de-

tected at the TSS of 6 out of 6 of these genes analyzed by ChIP
assay (Fig. 5F, P � 0.05). In this analysis, we specifically
chose to analyze TSS because HIRA has previously been
shown to be required for recruitment of histone H3.3 at

FIG. 4. CABIN1 regulates senescence. (A) PD 30 and PD 88 IMR90 fibroblasts stained for markers of senescence, SA �-Gal and SAHF. (B) Cells
from panel A were scored for the percentage of cells expressing SA �-Gal, cyclin A, SAHF, HIRA foci, and CABIN1 foci. Values are means 	 standard
errors of the means (SEM) of three independent experiments. (C) Cells from panel A stained with antibodies to HIRA, PML bodies, and CABIN1 and
with DAPI to visualize SAHF. (D) Relative intensity of DAPI, PML body, and CABIN1 fluorescence along a straight line through the CABIN1/PML
focus. (E) Western blot showing expression of oncogenic H-RasG12V in IMR90 cells. (F) H-RasG12V-expressing cells stained with antibodies to PML
bodies, CABIN1, and with DAPI (4�,6-diamidino-2-phenylindole). (G) IMR90 cells were infected with pLXSN or pLXSN-myc-CABIN1, and lysates
were Western blotted with the indicated antibodies. (H) Cells from panel G were scored for SA �-Gal, cyclin A, HIRA foci, and SAHF. Values are
means 	 SEM of three independent experiments. (I) Cells from panel G stained to detect SA �-Gal and with DAPI to detect SAHF.
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these regions in mouse embryonic stem (ES) cells (although
in this study, inactivation of HIRA did not affect gene ex-
pression) (12). In sum, regulation of a common set of genes
by HIRA and CABIN1 supports our hypothesis that both

proteins are functional members of the same gene regula-
tory complex.

HIRA- and CABIN1-regulated genes are both enriched in
histone H3.3. If HIRA and CABIN1 both regulate gene ex-

FIG. 5. HIRA and CABIN1 regulate overlapping sets of genes. (A) HeLa cells were nucleofected with siRNAs to HIRA, CABIN1, or the
nontargeting (NTG) control as indicated. Three independent nucleofections were preformed with Smartpool siRNAs to HIRA or CABIN1.
Lysates were Western blotted to detect HIRA, CABIN1, and �-actin as indicated. (B) Pie charts showing significantly upregulated and
downregulated probes after HIRA or CABIN1 knockdown. Green indicates upregulated probes, and red indicates downregulated probes.
(C) qRT-PCR analysis to confirm expression changes detected by microarray after siHIRA knockdown. Fold change is calculated by dividing
normalized (to housekeeping gene) expression in siHIRA cells by normalized (to housekeeping gene) expression in siNTG cells. *, P 
 0.05. P �
0.05 for the other 9 genes. Values are means 	 SEM of four independent experiments. (D) Table showing overlap of changing probes after HIRA
and CABIN1 knockdown. (E) Heat maps showing hierarchical clustering of genes whose expression changes after three independent siHIRA or
siCABIN1 knockdowns, compared to three independent siNTG nucleofections. Green indicates upregulated probes, and red indicates downregu-
lated probes. (F) Sonicated chromatin from HeLa cells was immunoprecipitated with antibodies to GFP or HIRA, and the indicated target genes
were detected by qPCR. Expression of HPD and MALL increased on HIRA knockdown, while expression of all others decreased. Genes were
selected at random from a list of genes with a fold change (FC) of 
1.2-fold and P � 0.05 from siHIRA knockdown cells. Values are means 	
SEM of three independent ChIP experiments. P � 0.05 for all comparisons.
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pression through deposition of histone H3.3, then the genes
that they each regulate should be enriched in histone H3.3. To
test this, we used the publically available ChIP-chip data set
from Jin et al. (20), describing the genomic distribution of
histone H3.3 in HeLa cells.

First we rank ordered all probes regulated by HUCA com-
plex according to fold change and then plotted the genomic
H3.3 distribution on each probe. The genes that are upregu-
lated after HIRA or CABIN1 knockdown are at the top of the
heat map, and the genes that are downregulated after HIRA or
CABIN1 knockdown are at the bottom (Fig. 6A). From the
heat maps, it is apparent that genes that are upregulated after
HIRA or CABIN1 knockdown are slightly enriched in H3.3 at
the TSS, compared to genes that don’t change. Most strikingly,
genes that are downregulated after HIRA or CABIN1 knock-
down are markedly enriched in histone H3.3 at the TSS, in the
gene body, and especially at the 3� end of the gene body (Fig.
6A). A similar distribution was observed when genes were rank
ordered according to the mean effect of HIRA and CABIN1
knockdown.

To perform a more quantitative analysis, composite histone
H3.3 profiles were plotted for the three gene sets identified by
microarray analysis (upregulated, downregulated, or un-
changed) (Fig. 6B to D). For each gene set, H3.3 island read
counts were summed in 1-kb windows, from 5 kb upstream of
the TSS to the TSS and from the transcription end site (TES)
to 5 kb downstream of the TES. Within the gene body, the
island read counts were summed in windows equal to 5% of the
gene length. Island read counts were normalized by the total
number of bases in the windows. Consistent with the analysis of
Jin et al. (20), we found that histone H3.3 is enriched around
the TSS and the 3� end of the gene body (Fig. 6B to D) of all
gene sets. Genes whose expression increased or did not change
after HIRA or CABIN1 knockdown showed comparable H3.3
distributions. However, genes whose expression decreased af-
ter HIRA or CABIN1 knockdown were even more enriched in
histone H3.3 around the TSS and in the gene body and toward
the 3� end of the gene (Fig. 6B and C). Again, a similar effect
was observed when H3.3 distribution was analyzed in the three
gene sets defined by the mean response to HIRA and CABIN1
knockdown (Fig. 6D). Taken together, these results indicate
that HIRA and CABIN1 both contribute to gene activation in
a manner that is linked to H3.3 deposition, consistent with
both of these proteins functioning in a histone H3.3 deposition
complex.

DISCUSSION

In this study, we have shown that CABIN1 is a functional
member of the HUCA histone chaperone complex. Our data
confirm CABIN1 as the human ortholog of the yeast Hir3p
protein.

To start, we have confirmed that CABIN1 physically inter-
acts with other members of the HUCA complex in cells. The
interaction with the complex is most likely direct, because we
have successfully reconstituted a quaternary complex com-
prised of HIRA, UBN1, CABIN1, and ASF1a. While there are
likely other proteins that interact with this complex in vivo,
based on previous complex purification studies (10, 27, 33) and

our own unpublished efforts in this regard, this quaternary
complex appears to be a particularly stable core entity.

We have defined the region of CABIN1 that interacts with
HIRA and vice versa. Specifically, HIRA binds to the con-
served N-terminal TPRs of CABIN1, and CABIN1 binds to
the conserved C domain of HIRA. The latter result is partic-
ularly significant in light of a previous analysis that highlighted
three conserved domains in HIRA: the N-terminal WD40 re-
peats, a central B domain, and a C-terminal C domain (22).
We now know that the N-terminal WD40 repeats bind to
UBN1 (5), the B domain binds to ASF1a (34, 47), and the C
domain binds to CABIN1. By this view, HIRA forms a scaffold
for the HUCA complex, acting as a binding platform to recruit
UBN1, ASF1a, and CABIN1. This model is supported by our
previous demonstration of heterodimeric complexes formed
between purified recombinant HIRA and UBN1 (5) and also
HIRA and ASF1a (34). While we have not yet achieved this for
HIRA and CABIN1, we have shown that the C-terminal C
domain of HIRA is required to recruit CABIN1 to the qua-
ternary complex. While HIRA is the scaffold for the complex,
UBN1, CABIN1, and ASF1a presumably have their own spe-
cialized functions. Indeed, ASF1a appears to be the primary
histone binding subunit of this histone chaperone complex (8).
In sum, HUCA is a four-member quaternary complex com-
prised of HIRA, UBN1, CABIN1, and ASF1a, in which HIRA
serves as a platform to bring the other members together.

Presumably, the other members of the complex, UBN1 and
CABIN1, bring specific functionalities to the complex. In this
regard, CABIN1 has been previously shown to facilitate tran-
scriptional repression by transcription factors, including MEF2
and p53, by recruiting histone-modifying enzymes, mSin3, his-
tone deacetylases (HDACs), and SUV39H1 (16–18, 43). These
enzymes modify chromatin to achieve a more transcriptionally
repressed state. Interestingly, CABIN1 is regulated by intra-
cellular calcium, to link calcium signaling to control of gene
expression (16). Whether or not CABIN1 serves to recruit
similar histone-modifying enzymes to the HUCA complex and
whether HUCA is also regulated by calcium signaling remain
to be established.

In addition to showing that CABIN1 is a member of some
members of the HUCA complex, we have demonstrated that
CABIN1 shares functional outputs with other members of the
complex. Like other members of the complex, CABIN1 is
involved in chromatin heterochromatinization in senescent hu-
man cells (5, 47). Two lines of evidence show this. First,
CABIN1 is recruited to PML nuclear bodies, together with
HIRA and UBN1, in senescent cells. Second, ectopic expres-
sion of CABIN1 induces a senescent-like state, as indicated by
proliferation arrest, activation of the pRB tumor suppressor
pathway, expression of SA �-Gal, and formation of SAHF.
Previous studies from our lab have shown that recruitment of
some members of the HUCA complex to PML bodies is linked
to formation of SAHF (5, 47). While PML bodies and SAHF
do not colocalize, it is thought that PML bodies serve as sites
to modify or assemble the HUCA complex into higher-order
complexes prior to its role in SAHF formation.

HUCA’s role in formation of SAHF is likely to involve
histone deposition and nucleosome assembly. Specifically, the
HUCA complex is thought to preferentially deposit the histone
variant H3.3 into chromatin in a DNA replication-independent
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manner (33). Histone H3.3 is best viewed as a replacement
variant histone, whose incorporation into chromatin outside
DNA replication is associated with both transcription activa-
tion and repression (see the introduction). Here, we have un-

derscored the link between HIRA and histone H3.3 deposition
and similarly established a link between CABIN1 and histone
H3.3 deposition. siRNA-mediated knockdown of HIRA and
CABIN1 in HeLa cells modestly affects cellular gene expres-

FIG. 6. Genes activated by HIRA are enriched in histone H3.3. (A) Heat map showing H3.3 enrichment on genes ordered by fold change after HIRA
or CABIN1 knockdown versus siNTG and mean fold change of the two independent knockdowns versus siNTG. On the y axis, genes are rank ordered
by fold change; on the x axis, positions along the gene are shown in 1-kb windows from 5 kb upstream of the gene to the transcription start site (TSS)
and 1-kb windows from the transcription end site (TES) to 5 kb downstream of the gene. Within the gene bodies, windows of 5% of the length of the
gene were used. (B) Average histone H3.3 enrichment over three classes of genes, defined according to their response to HIRA knockdown. x axis,
position along the gene in 1-kb windows from 5 kb upstream of the gene to the transcription start site (TSS) and 1-kb windows from the TES to 5 kb
downstream of the gene. Within the gene bodies, windows of 5% of the length of the gene were used. (C) Average histone H3.3 enrichment over three
classes of genes, defined according to their response to CABIN1 knockdown. Results are color coded as in panel B. (D) Average histone H3.3 enrichment
over three classes of genes, defined according to their averaged response to HIRA and CABIN1 knockdown. Results are color coded as in panel B.
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sion (in terms of magnitude of the changes in RNA abun-
dance) programs in both cases. The relatively subtle effect of
HIRA and CABIN1 knockdown is in line with a previous study
that failed to identify a marked effect on global gene expres-
sion after HIRA inactivation in mouse embryonic stem (ES)
cells (12). Presumably, the function of the HUCA complex at
genes is redundant with other chromatin regulators. More im-
portant than the modest effect on gene expression, two results
point to the shared function of HIRA and CABIN1. First,
there is significant overlap of the genes regulated by HIRA and
CABIN1. Second, genes that are downregulated by inactiva-
tion of HIRA and CABIN1 are both especially enriched in
histone variant H3.3 at the TSS, gene body, and 3� end of gene
body, compared to genes that are upregulated or do not
change. This supports the role of histone H3.3 and HUCA in
gene activation. The presence of histone H3.3 at the gene’s
TSS is thought to promote gene expression, because nucleo-
somes containing histone H3.3 and variant H2AZ are more
labile than canonical nucleosomes (20). These labile nucleo-
somes are thought to facilitate access of transcription factors
and chromatin remodeling events associated with transcrip-
tion. Since HUCA is largely responsible for deposition of his-
tone H3.3 at the TSS (12), knockdown of HIRA or CABIN1 is
likely to repress transcription at these genes by generating a
more static, less transcriptionally permissive, and perhaps his-
tone H3.1-containing, nucleosome structure at the TSS. Re-
gardless of the precise mechanism, the similar link between
both HIRA and CABIN1 and histone H3.3 supports the notion
that CABIN1 is a functional member of the HUCA complex.
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