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ABSTRACT
Anti-silencing function 1 (ASF1) is a histone H3-H4 chaperone involved in DNA replication and repair, and
transcriptional regulation. Here, we identify ASF1B, the mammalian paralog to ASF1, as a proliferation-
inducing histone chaperone in human b-cells. Overexpression of ASF1B led to distinct transcriptional
signatures consistent with increased cellular proliferation and reduced cellular death. Using multiple
methods of monitoring proliferation and mitotic progression, we show that overexpression of ASF1B is
sufficient to induce human b-cell proliferation. Co-expression of histone H3.3 further augmented b-cell
proliferation, whereas suppression of endogenous H3.3 attenuated the stimulatory effect of ASF1B. Using
the histone binding-deficient mutant of ASF1B (V94R), we show that histone binding to ASF1B is required
for the induction of b-cell proliferation. In contrast to H3.3, overexpression of histone H3 variants H3.1 and
H3.2 did not have an impact on ASF1B-mediated induction of proliferation. Our findings reveal a novel
role of ASF1B in human b-cell replication and show that ASF1B and histone H3.3A synergistically stimulate
human b-cell proliferation.
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Introduction

The replicative capacity of adult b-cells is very limited, and
sharply declines with age. In adult humans, <0.5% of the
b-cells replicate, vs. »3% during neo- or perinatal stages.1 Simi-
larly, in older mice, b-cells replicate at <0.2%, vs. »2.5% in
young mice.2,3 However, impaired glucose tolerance, preg-
nancy, dietary challenge, and peripheral insulin resistance have
been shown to induce b-cell expansion.4-6 This metabolic
stress-induced increase in b-cell mass most likely reflects the
replication of existing b-cells, rather than differentiation of
stem cells or other progenitor cell types.5,7 Further, it suggests
that the physiological triggers that stimulate b-cell proliferation
are present and functional in adult humans. Failure to compen-
sate with increased b-cell proliferation in response to these
physiological stimuli leads to a loss in functional b-cell mass
and ultimately, type 2 diabetes. Therefore, a major focus in the
field is to identify these physiological triggers and determine if
they can be exploited to enhance b-cell proliferation and
restore b-cell mass in diabetes.1,8,9

Several signaling pathways have been linked to b-cell prolifera-
tion in rodents. However, much less is known about the control of
b-cell proliferation in human islets.8-10 Glucokinase signaling, car-
bohydrate response element-binding protein (ChREBP), nuclear

factor of activated T-cells (NFAT), platelet-derived growth factor
(PDGF), CDK4 and TCF7L2 have all been reported to stimulate
human b-cell proliferation.11-16 In addition, Cdk6 and other regu-
lators of the G1/S transition have been shown to promote prolifer-
ation in human b-cells.17 These observations, coupled with the
high levels of expression of numerous key cell-cycle molecules in
human islets, indicate that it is likely a failure to activate the cell
cycle in response to upstream signals that impairs human b-cell
proliferation under physiological conditions.

Histones play a critical role in chromatin regulation and
gene expression.18 Histone chaperones orchestrate nucleosome
assembly in several DNA-dependent processes. However, their
role in cell proliferation has only recently been investigated.19,20

Anti-silencing function 1 (ASF1) is a conserved histone chaper-
one. Originally identified in budding yeast, ASF1 regulates
transcription by de-repressing (i.e., anti-silencing) silent mat-
ing-type loci.21 Its function as a transcriptional regulator is evo-
lutionarily conserved and has been reported in several
organisms.22-27 In addition, ASF1 chaperones have also been
reported to play crucial roles in regulation of cell cycle progres-
sion in yeast strains, C. elegans and mammalian cell lines.28-31

In mammals, ASF1 exists as 2 paralogs, ASF1A and
ASF1B,31 that share »70% sequence identity, but are not
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functionally equivalent. Studies on their functional specializa-
tion suggest that ASF1A also participates in pathways that are
not exclusive to S-phase (including DNA-damage repair path-
ways), whereas ASF1B is involved in cell proliferation.29,32 The
functional specification between ASF1 paralogs is also sug-
gested by their distinct expression pattern. In mammals,
ASF1A is ubiquitously expressed, whereas ASF1B is limited to
proliferating tissue, and is greatly reduced in terminally
differentiated and quiescent cells.33 ASF1 paralogs interact with
secondary chaperones, chromatin assembly factor 1 (CAF-1)
and histone regulator A (HIRA), which bind to the histone
variants H3.1 and H3.3, respectively. In the replication-coupled
(RC) pathway, H3.1 and H3.2 are incorporated into nucleo-
somes during S-phase of the cell cycle. In contrast, H3.3 is
incorporated during replication-independent (RI) nucleosome
assembly.34 These interactions are well-established for
ASF1A,35 however little is known about interactions of ASF1B
and its preferential involvement in RC vs. RI nucleosome
assembly. Interestingly, among ASF1 paralogs, secondary
chaperones and histones required for RC or RI nucleosome
assembly, only the expression of ASF1B gene is greatly reduced
in adult human b-cells.

We previously reported that obesity (Leptinob/ob) induced
the expression of a module of cell cycle regulatory genes in
islets from diabetes-resistant B6, but not diabetes-susceptible
BTBR mice; i.e., induction of the cell cycle genes correlated
with resistance to diabetes.36 b-cell proliferation showed the
same trend; obesity-dependent induction in B6 islets, but not
BTBR islets. In addition to core cell cycle genes (e.g., cyclins,
Cdk’s, E2Fs, etc.), the islet gene module also contained genes
not known to regulate cell cycle progression in islets, including
ASF1B. We hypothesized that one or more of these differen-
tially regulated genes may be novel mediators of b-cell prolifer-
ation in response to a physiological trigger.

In this study, we examine the role of ASF1B in human b-cell
proliferation. We report that overexpression of ASF1B signifi-
cantly induces human b-cell proliferation by promoting
S-phase entry and mitotic progression. Importantly, we show
that ASF1B requires histone H3.3 to mediate its regulatory
effects. These findings identify ASF1B-histone H3.3 as a novel
gene-histone regulatory axis important for human b-cell
proliferation.

Results

We investigated Asf1b expression in pancreatic islets of our
BTBR-ob/ob mouse model of obesity-induced type 2 diabetes,
and in non-diabetic control mice, B6-ob/ob. Asf1b was
suppressed in response to age in both B6 and BTBR islets,36

consistent with other studies reporting a decline in b-cell prolif-
eration with age.2,3 In addition to an age-dependent suppres-
sion, the expression of Asf1b was induced by obesity in B6, but
not BTBR islets. Interestingly, the lack of obesity regulation in
BTBR mice occurred prior to the onset of diabetes (4 weeks),
suggesting that the lack of Asf1b induction is not a consequence
of diabetes.36 In parallel with Asf1b, obesity induced the
expression of Mki67 only in B6 mice. In contrast to Asf1b,
obesity resulted in the suppression of Asf1a equally in B6 and
BTBR islets (Fig. 1).

ASF1B transcriptionally regulates cellular proliferation
and apoptotic genes

ASF1 proteins have been implicated in transcriptional gene reg-
ulation in mouse, yeast and Drosophila.37-39 More specifically,
ASF1B has been identified as a cellular interaction partner of
transcriptional coactivator HCF-1 in yeast, which suggests that
ASF1B may also be involved in transcriptional regulation.40 We
used RNA sequencing to identify ASF1B-responsive genes in
human pancreatic islets. Human islets were transduced with
adenovirus containing ASF1B (Ad-ASF1B) and either GFP
(Ad-GFP) or LacZ (Ad-LacZ), as negative controls. After 48 hr,
whole islet RNA was isolated and used for RNA-sequencing. In
response to ASF1B overexpression, »460 genes were differen-
tially expressed (DE) (Fig. 2A and Table S2). Among the DE
genes, 286 were induced, while 179 were repressed.

ASF1B interacts with histones H3.1 and H3.3, suggesting its
possible role in both RC and RI histone management.19 Its inter-
action with the B-domain of secondary chaperone HIRA41 sug-
gests that ASF1B may also be involved in RI histone exchange
leading to transcriptional gene regulation. Therefore, some of the
DE genes are likely secondary transcriptional targets of ASF1B.
Several genes known to be involved in cellular proliferation were
induced, including CHEK1, CDKN1A, PCNA, as well as the
MCM and histone family genes. Expression of several genes
associated with transcriptional regulation were also induced,
including MECP2, MED21, GRHL3, SMAD4, POU4F1, HES6,
CUX1, and many of the ZNF family transcription factors.
Among repressed genes, a significant cluster consisted of genes
associated with apoptosis (BAX, BCL2L13, TCF7L2, TGM2, FAS,
CUL5, MDM2 and TNFRSF10 family). In addition to the

Figure 1. Expression of Asf1b, but not Asf1a, strongly correlates with Mki67 in
mouse islets. Obesity-dependent changes in the expression of Asf1a, Asf1b, and
Mki67 in islets from B6 or BTBR mice at 4 or 10 weeks of age (male, N D 5 each).
Gene expression values are log10-transformed ratios of individual measurements
vs. a strain-specific reference pool.36 *, P � 0.05 for obese (Leptinob/ob) vs. lean.
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expected genes, many not known to play a role in cellular prolif-
eration or survival were also differentially regulated, e.g., GPR87,
TRIAP1, TRIM40, NHLH2, NR1D1, ZNF556 and ZNF367 (Table
S2). We confirmed the gene expression results from the RNA-
sequencing, by qRT-PCR for several cell cycle genes, as well as
other genes that were highly induced or repressed in response to
ASF1B-overexpression (Fig. S1).

To identify functional categories of genes regulated by
ASF1B, we performed gene ontology (GO) analysis. There was
a significant enrichment for genes involved in cell cycle regula-
tion and mitotic progression, cell morphogenesis, chromatin
and histone modifications (Fig. 2B and Table S3). Interestingly,
among the repressed genes, a majority were enriched in apo-
ptosis and pathways related to cell death (e.g. the p53 signaling
pathway). In summary, ASF1B leads to the de-repression of
several cell cycle genes, and eventually induction in cellular
proliferation that could explain its strong correlation with
MKi67 expression in obese non-diabetic mice.

ASF1B overexpression induces proliferation of human
b-cells

Human islet cells are primarily post-mitotic, undergoing very lit-
tle replication when maintained in culture. The induction of cell
cycle regulatory genes in response to ASF1B suggested that the
cell cycle was activated, leading to increased cellular proliferation.
To directly evaluate a role for ASF1B in islet cell proliferation, we
transduced intact human islets with Ad-ASF1B for 12 hr, fol-
lowed by a post-transduction recovery period of 24 hr, during
which islets were pulsed with BrdU to mark actively proliferating
cells. We observed a significant increase in ASF1B protein abun-
dance in Ad-ASF1B treated islets by immunohistochemistry
(Fig. S2A) and by western blot analysis (Fig. 6B, top panel). Beta-
cells were identified by co-staining transduced islet sections for
insulin (Fig. 3A; see also Fig. S3 for enlarged images). The number

of BrdUC b-cells was >4-fold higher in islets overexpressing
ASF1B than in control islets. Ad-ASF1B transduction effectively
induced expression of ASF1B in both a-cells and b-cells, however,
it did not significantly induce proliferation of non-b-cells, sug-
gesting its mitogenic influence is specific to b-cells (Fig. S2B, C).
To provide additional evidence that ASF1B promotes cellular
division in human islets, we measured the incorporation of [3H]-
thymidine into newly-synthesized DNA in Ad-ASF1B vs. Ad-
GFP treated islets. ASF1B induced »1.5-fold more [3H]-thymi-
dine incorporation (»120 CPM/mg protein) vs. the Ad-GFP con-
trol virus (70 CPM/mg protein) in human islets (Fig. 3B). ASF1B
did not affect glucose-stimulated insulin secretion (GSIS) or insu-
lin content, suggesting that overexpression of ASF1B was not det-
rimental for b-cell function (Fig. S4).

Our transcriptomic data showed a significant induction in
genes that are known to regulate the G1/S transition of the cell
cycle. To provide direct evidence that ASF1B regulates the G1/S
checkpoint of the cell cycle, we quantified islet cellular DNA
content by flow cytometry (Fig. 3C). Compared to control
islets, ASF1B overexpression resulted in a >20-fold increase in
the population of cells in S phase (from »0.5% to »13%).
ASF1B induced a corresponding decrease in the cellular popu-
lation in the G1 phase; 97% in control vs. 77% in ASF1B-
transduced cells (Fig. 3D). In summary, our multiple measures
of cellular proliferation (BrdU and [3H]-thymidine incorpo-
ration into islet DNA, and FACS-based DNA content in differ-
ent phases of the cell cycle) provide strong evidence that
ASF1B promotes proliferation of human b-cells.

While our data strongly suggests that ASF1B induces b-cell
proliferation, it does not conclusively rule out the possibility of
other DNA-dependent processes (e.g., DNA damage repair
pathways) that may have contributed to BrdU or [3H]-
thymidine incorporation into islet DNA. To further validate
our observations that ASF1B induces bona-fidemitotic progres-
sion, we evaluated human islets for expression of additional

Figure 2. ASF1B modulates genes regulating cell proliferation and apoptosis in human b-cells. (A) Heat map illustrating differentially expressed (DE) genes in response to
Ad-ASF1B overexpression in 10 human islet samples. Color corresponds to Z-score (decreased, blue; increased, red) relative to Ad-GFP treated islets. (B) Gene Ontology
(GO) analysis of DE genes in response to ASF1B. Pie charts represent the number of genes for significant categories (Z > 2.0). A complete listing of all enriched terms is
provided in Table S3.
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markers of proliferation, and a well-characterized marker of
DNA damage. In ASF1B-transduced islets, several b-cells were
positive for the nuclear antigen Ki67, which marks all phases of
the cell cycle, and for pHH3 (S10), a phosphorylated core his-
tone protein that selectively marks cells undergoing mitosis
(Fig 4A). None of the b-cells in control islets were positive for
either Ki67 or pHH3 (S10), consistent with their quiescent
state. 53BP1-positive nuclear foci, an indicator of DNA damage
response,42 were not significantly different between islets
treated with either Ad-LacZ or Ad-ASF1B (Fig 4A). Parallel
studies were conducted on dispersed human islet prepara-
tions (Fig 4B), and yielded the same results as that observed
for intact islets (Fig 4A). Similar observations were made
using a different marker of DNA damage, gH2AX
(Fig. S5C), providing further evidence that ASF1B promotes
cellular proliferation and not DNA damage pathways, con-
sistent with our FACS-based analysis of cell cycle progres-
sion illustrated in Fig 3C. Relative to Ad-LacZ, Ad-ASF1B
caused a significant increase in the number of Ki67 and
pHH3-positive nuclei (Fig. S5A), whereas the number of
53BP1 or gH2AX-positive foci were not different between
Ad-LacZ and Ad-ASF1B (Fig. S5B). In summary, our data
demonstrates that human b-cells expressing ASF1B undergo
proliferation and exit mitosis successfully without
experiencing any significant DNA damage.

The histone binding capability of ASF1B is required
to promote b-cell proliferation

We next investigated whether the histone-binding capacity of
ASF1B is required for it to induce b-cell proliferation. A single
amino acid substitution, valine-94 to arginine-94 (V94R), has
been shown to abolish histone binding38 (Fig. 5A).

Like other post-mitotic non-proliferating cells, primary
human b-cells also have little to no expression of ASF1B tran-
script or protein. However, the MIN6 b-cell line proliferates
and expresses high levels of ASF1B, thus providing us with a
good model system for testing the effect of the V94R mutation
in ASF1A and ASF1B variants. Therefore, we expressed wild-
type (WT) and the V94R mutant of ASF1A and ASF1B in
MIN6 b-cells. WT, but not the V94R ASF1B bound endoge-
nous histone H3.3, consistent with the non-histone binding
mutation (Fig. 5B). In contrast, both WT and V94R ASF1B
bound equally well the endogenous secondary histone chaper-
one, HIRA. These results suggest that ASF1B contains distinct
binding sites for histones and chaperones, in agreement with
previously published reports.41,43

Next, we asked whether loss of histone binding affected
nuclear localization of ASF1 proteins. Transient overexpression
of the WT and the V94R mutants for ASF1A and ASF1B
yielded »100-fold increase in mRNA; protein levels were

Figure 3. ASF1B overexpression induces proliferation of human b-cells. (A) Representative confocal images (60X) of intact human islets (ND 400) treated with Ad-LacZ or
Ad-ASF1B, and labeled with BrdU (white) to mark proliferating cells (48 h). b-cells are identified by insulin (red), a-cells by glucagon (green) and nuclei by DAPI (blue).
(B) [3H]-thymidine incorporation into human islet DNA measured 48 h after Ad-LacZ or Ad-ASF1B treatment (N D 10). (C) Flow cytometry quantitation of the % cells in
G0/G1, S and G2/M phases 48 h after Ad-LacZ or Ad-ASF1B treatment of dispersed human islet cells (N D 4). (D) Representative histograms of FACS-analyzed cell cycle
profiles of disrupted human islets. Data represent means § SEM, N D 3. *, P � 0.05. All comparisons are for Ad-LacZ or Ad-GFP vs. Ad-ASF1B.
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confirmed by western blot analysis (Fig. S6). Further, ASF1A
and ASF1B proteins, irrespective of the V94R mutation, were
localized almost exclusively to the nucleus, indicating that his-
tone binding is not required for nuclear localization (Fig. 5C).
Despite similar cellular distributions, the ASF1 proteins differ
significantly in their ability to promote cellular proliferation.
We monitored cell proliferation via FACS-based DNA quanti-
tation in cells transiently expressing WT or V94R versions of
both ASF1 proteins. WT ASF1B, but not WT ASF1A, strongly
promoted S-phase progression (Fig. 5D). The V94R ASF1B
mutant not only failed to induce proliferation but likely func-
tioned as a dominant–negative for endogenous ASF1B, as it sig-
nificantly reduced the population of cells in the S phase of the
cell cycle (Fig. 5D). Remarkably, ASF1A (both the WT and
V94R mutant) did not have any significant effect on prolifera-
tion in MIN6 b-cells. These data indicate that despite »82%
sequence homology, ASF1A and ASF1B are distinct in their
regulation of cell cycle checkpoints in MIN6 b-cells, and that
histone-binding is required for the effect of ASF1B on cellular
proliferation.

The ASF1B-histone 3.3 complex is required for stimulating
proliferation of human b-cells

Several studies have reported that the ASF1 proteins mediate
RC and RI histone deposition using all 3 histone variants, H3.1,
H3.2 and H3.3.19,43,44 In humans, only H3.1 and H3.2 are uti-
lized for RC deposition, leading to incorporation into nucleo-
somes during DNA synthesis.43,45 In contrast, H3.3 is not
utilized for RC deposition, yet is expressed in all phases of the

cell cycle, including quiescent cells,19,46,47 and is recruited for
transcription-dependent gene regulation.34

The WT version of ASF1B is capable of interacting with all
H3 histone variants.43,45 Therefore, we asked if one histone var-
iant was preferentially utilized by ASF1B while stimulating
b-cell proliferation in human islets. We transduced dispersed
human islet cells with Ad-ASF1B, and Lentivirus (Lenti) encod-
ing histones H3.1, H3.2, or H3.3A. Ad-GFP and control lentivi-
rus were used as negative controls. In addition, we employed
Lenti to overexpress a sh-RNA specific to human H3.3A to
evaluate the loss-of-function for H3.3A on the ability of ASF1B
to promote b-cell proliferation.

We first asked if modulating the histones yielded changes in
secondary chaperone expression. Overexpression of all 3
histone H3 variants did not affect CAF1 expression levels
(Fig. S7A). In contrast, the expression of HIRA mRNA was
induced »75 and »150-fold by H3.2 and H3.3A, respectively
(Fig. S7B). Surprisingly, suppression of endogenous H3.3A
expression by sh-RNA yielded a significant induction in CAF1
expression (»50-fold) and a small, but significant increase in
HIRA expression (»3-fold), suggesting that loss of H3.3A
elicits a compensatory response by inducing CAF1 and HIRA
expression.

Overexpression of H3.1 and H3.2 alone, or in combination
with ASF1B, did not alter the cell cycle profile of human b-cells
(Fig. 6A). In contrast, the stimulatory effect of ASF1B on
S-phase progression was augmented when coupled with the
overexpression of H3.3A. In control islets, »0.5% of the cells
were in S-phase. In response to ASF1B, this proportion
increased to »14%, and further increased to »16% when

Figure 4. ASF1B overexpression induces mitotic progression, but not DNA damage, in intact and dispersed human islets. Representative confocal images (60X) of (A)
intact human islets (N D 20) and (B) dispersed human islet cells treated with Ad-LacZ or Ad-ASF1B, and labeled with the proliferation markers Ki67 and phospho-histone
H3 (pHH3 S10) that mark cells through mitotic progression, and with the DNA damage marker, 53BP1 to mark nuclei undergoing DNA damage response (48 h). b-cells
are identified by insulin (red), nuclei by DAPI (blue).
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ASF1B was combined with H3.3A (Fig. 6A). The population of
cells in S-phase in ASF1B-expressing islets decreased signifi-
cantly in response to H3.3 suppression; from »14% to »2%.
A corresponding change in the population of cells in the G0/G1

and G2/M phases was also observed; ASF1B alone or in combi-
nation with H3.3A overexpression increased the number of
cells in the G2/M phase, whereas H3.3 suppression increased
accumulation of cells in the G0/G1 phase.

To extend our observations, we examined cell cycle progres-
sion by 2D FACS analysis using BrdU, as a fluorescent marker
of DNA synthesis, and propidium iodide (PI) to monitor cellu-
lar DNA content. The 2D FACS data confirms that ASF1B pro-
motes a significant increase in the proportion of cells in
S-phase; from »1% to »11% for Ad-LacZ vs. Ad-ASF1B
respectively. (Fig. S8A, B) In summary, our results demonstrate
that ASF1B overexpression promotes S-phase progression in
human b-cells.

To investigate whether modulated histone levels affect b-cell
proliferation through ASF1B, we assessed the effect of histone
overexpression and knock-down on ASF1B protein levels. Rela-
tive ASF1B protein abundance of islet cells overexpressing his-
tone variants in combination with ASF1B was lower than that
of ASF1B alone. However, ASF1B protein expression was not

different between cells overexpressing H3.1, H3.2 or H3.3A in
combination with ASF1B (Fig. 6B). While all H3 variants have
similar effect on ASF1B protein, the reduced ASF1B protein in
single vs. double transduction could be an artifact of gross
overexpression of 2 proteins simultaneously. In addition, the
relative abundance of endogenous histone H3.3 was greatly
reduced in response to sh-RNA H3.3A (Fig. 6B). To determine
if ASF1B-induced b-cell proliferation leads to a quantifiable
increase in the number of b-cells, we developed an assay to
determine cell number in response to Ad-LacZ vs. Ad-ASF1B.
ASF1B lead to »1.5-fold increase in the number of cells. Fur-
ther, the co-expression of histone H3.3A, augmented the effect
of ASF1B, whereas suppression of endogenous H3.3A (via
shRNA), abolished the effect of ASF1B (Fig. 6C). In summary,
our data indicates that ASF1B is a limiting factor in RI histone
management that works synergistically with histone H3.3A to
promote b-cell proliferation.

Discussion

Our study demonstrates that the histone chaperone ASF1B
mediates H3.3-dependent transcriptional gene regulation,
resulting in enhanced proliferation of human b-cells. ASF1 was

Figure 5. Histone-binding mutant of ASF1B fails to promote b-cell proliferation. (A) Crystal structure of yeast ASF1-H3-H4 complex (PDB 2HUE); V94 of ASF1 is highlighted
red. (B) Binding of HIRA and histone H3.3 was detected in anti-Twin-strep-tag (ASF1B) immunoprecipitates and total cell lysates from MIN6 cells transiently expressing
GFP, WT-ASF1B or ASF1B-V94R mutant proteins. (C) Representative images (100X) of MIN6 b-cells expressing ASF1A or ASF1B (green) for WT (top panels) or the V94R
mutants (bottom panels). Cells are co-stained for DAPI (nuclei, white), and insulin (red). (D) Flow cytometry analysis of cell cycle progression in MIN6 b-cells 48 h post-
transfection with indicated plasmid-based constructs. Data represent means § SEM, N D 3. *, GFP vs. ASF1B-WT and #, ASF1B-WT vs. ASF1B-V94R, P � 0.05.
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first identified in yeast48 where it was found to be essential for
normal cell cycle progression.31 We previously demonstrated
that islet expression of Asf1b strongly correlated with the
susceptibility of 2 mouse strains to obesity-induced diabetes36

and with b-cell proliferation, consistent with studies in
cancer showing that ASF1B plays a major role in cellular
proliferation.49

Our RNA-sequencing of human islets and gene ontology
analysis highlighted changes in gene regulation that supported a
role for ASF1B in b-cell proliferation. ASF1B overexpression
induced several genes involved in cell cycle regulation (see Table
S3), including genes that mediate the G1/S transition, M phase,
chromatin regulators, and cellular morphogenesis/organization.
In addition, ASF1B repressed several genes involved in the regu-
lation of apoptosis and programmed cell death. For example,
SAL like 3 (SALL3) was induced »15-fold and is reported to be
involved in cellular proliferation,50 and interacts with DNMT3A
to inhibit CpG island methylation in human cells. TRIAP1
(induced »4-fold) complexes with PRELI to prevent cellular
apoptosis.51 Gastrin-releasing peptide receptor (GRPR, induced
»6-fold) has been linked with cell proliferation52 and gastrin
itself can stimulate b-cell survival and/or proliferation, perhaps
through activation of the CCKB receptor.53 The nuclear receptor
NR1D1 was induced »2-fold upon ASF1B overexpression and is
involved in circadian clock regulation, which suppresses the cell
cycle inhibitory gene, p21WAF1/CIP1 in liver.54 Interestingly, global
(Clock) or pancreas-specific (Bmal1) disruption of key circadian
regulators leads to b-cell dysfunction, including diminished
b-cell proliferation.55 It remains to be determined if ASF1B’s
induction of NR1D1 links circadian regulation to improved

b-cell proliferation by relieving the brake imposed by p21 protein
levels in human islets. Overall, our transcriptomic analysis of
human islets shows that a majority of the ASF1B-responsive
genes fall in 2 distinct functional clusters; cellular proliferation
and anti-apoptosis, suggesting that ASF1B regulates b-cell mass
by a concerted stimulation of proliferation and suppression of
cell death.

In addition to the genes discussed above, ASF1B overexpres-
sion caused a large change in the expression of several other
genes. Myosin heavy chain gene (MYH8), a class II protein
involved in regeneration and stem cell activation was induced
»7-fold. Similarly, MLC1 (regulates leukoencephalopathy),
POU4F1 (transcription factor associated with growth of cervical
tumors) and NTS (regulates fat metabolism) were induced
»5-fold. DNA binding protein NHLH2 that plays a role in cell
differentiation was also induced »5-fold. Genes related to
regulation of apoptosis and programmed cell death constituted
a large cluster among the repressed genes. Other genes, such as
heat shock protein HSPA6 and TP53TG3 (p53 target protein
3), were significantly repressed by ASF1B (»4-fold and 3-fold
respectively). CDON, a pro-apoptotic sonic hedgehog (shh)
receptor and piggybac transposase PGBD4 were also downre-
gulated by »2.5-fold. Expression of nuclear protein MDM1
which interacts with p53 was reduced by »2-fold in response
to ASF1B overexpression. These gene expression changes may
constitute downstream effects of ASF1B-induced b-cell
proliferation.

The lack of a stimulatory effect of ASF1B on glucose-
regulated insulin secretion or insulin content could be attrib-
uted to several factors. We believe that 48 - 72 hrs post-

Figure 6. An interaction with H3.3 is necessary for ASF1B to induce human b-cell proliferation. (A) Flow cytometry analysis of cell cycle progression in disrupted human
islets 48 h after indicated viral-mediated transductions. (B) Western blot illustrating relative protein abundance of ASF1B in islet cells expressing histone H3.1, H3.2 or
H3.3 alone or in combination with Ad-LacZ (control) or ASF1B (upper panel); reduced protein abundance of histone H3.3 in response to sh-RNA mediated suppression
(lower panel) N = 4 human donors. (C) Quantitation of change in cell number after ASF1B-mediated induction in human b-cell proliferation. Changes are measured using
CyQuant assay and compared to control (no treatment, NT), N = 2 human donors.
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transduction is too short for newly formed b-cells to become
fully functional b-cells. Similarly, Nkx6.1 has been shown to
induce b-cell proliferation in human islets without positively
effecting insulin secretion.56 A recent review by Y. Liu et al.
suggests that b-cells may not retain a differentiated phenotype
necessary for regulated insulin secretion while replicating in-
vitro.57 Finally, the significant, but relatively small proportion
of b-cells that are induced to replicate may not be sufficient to
have an overall influence on insulin secretion when measured
from the whole islet.

The ASF1B-evoked changes in the expression of cell cycle
regulatory genes suggest that ASF1B promotes cellular prolifer-
ation. We demonstrated that ASF1B overexpression drives
proliferation of human b-cells as judged by multiple measure-
ments of islet cell proliferation. Interestingly, among the 2
paralogs of ASF1, ASF1A is expressed equally in replicating
and quiescent cells, whereas ASF1B is expressed in proliferative
tissues, but is essentially undetectable in quiescent cells.58

A direct interaction between histones and ASF1 is required
for histone transfer and nucleosome assembly during DNA
replication and gene regulation.59 ASF1A and ASF1B share a
conserved N-terminal domain (residues 1-155), whereas their
C-terminal regions are divergent.60 The N-terminal domain
includes the binding sites for histone H3-H4 dimer. Conse-
quently, the histone-binding mutants of ASF1 (V94R),38 as well
as mutated histones that fail to bind ASF1,43 lead to inefficient
nucleosome assembly.

We examined the histone-binding requirements of ASF1B to
promote b-cell proliferation. Whereas WT ASF1B was effective
to promote b-cell proliferation, the V94R histone-binding
mutant of ASF1B was unable to trigger proliferation, and func-
tioned as dominant-negative for endogenous ASF1B function.
While previous studies43,44 have suggested that ASF1 paralogs
can share functional redundancy, the failure of ASF1A to influ-
ence b-cell proliferation highlights an interesting functional
specialization between ASF1A and ASF1B in pancreatic b-cells.
Our studies demonstrate that ASF1B, but not ASF1A, is capable
of promoting b-cell proliferation, and that this capacity
requires histone binding to ASF1B.

Ablation of ASF1 proteins, or loss of their histone-binding
capacity, leads to mitotic and meiotic defects, and altered gene
regulation.43,49,61 Initially, ASF1 proteins were implicated in the
formation of replication-coupling assembly factor (RCAF).62

However, more recent reports show that ASF1B can directly
interact with the B-domain of HIRA, suggesting that it may
play a role in RI histone deposition.41

Yeast ASF1 has been shown to bind all histone H3 var-
iants.19 H3.1 and H3.2 are expressed during the S phase of the
cell cycle and deposited in a RC manner.43 In contrast, H3.3 is
ubiquitously expressed in all phases of the cell cycle and depos-
ited in a RI manner.47 Intriguingly, in HeLa cells, ASF1-HIRA
interaction is not required for RI H3.3 deposition.43 It is possi-
ble that other, yet to be identified factors require ASF1B and
mediate RI deposition of H3.3 at target genes that lead to
enhanced proliferation of human b-cells.

Replication-dependent and independent deposition of his-
tone H3.1/H3.2 vs. H3.3 has been extensively studied,19,35,43,63

but comparatively little is known about the chaperones that
mediate this process. Our data suggest that in human b-cells,

H3.3 is a major histone partner for ASF1B, and that overex-
pression of either protein is sufficient to stimulate b-cell prolif-
eration. Interestingly, other H3 variants were ineffective in
promoting proliferation, demonstrating a unique role for H3.3
in human b-cells. This may be explained in part by the fact that
in terminally differentiated human b-cells, genes required for
cell cycle activation are repressed. Therefore, the RC nucleo-
some assembly of constituent histones is a consequence rather
than a cause of active proliferation.

In conclusion, we show that overexpression of ASF1B is suf-
ficient to induce human b-cells to proliferate. While the capac-
ity to bind histones is required for ASF1B, only histone H3.3
appears to be the required variant for its effect on cell cycle pro-
gression. This study is the first demonstration that a histone
chaperone, along with a histone H3 variant, mediates transcrip-
tional gene regulation and enhances proliferation of human
b-cells.

Methods

Adenoviral construction

Human cDNA for ASF1B (Origene, SC113719, accession num-
ber NM_018154.2) was ligated into a shuttle plasmid and
sequence-verified (Viraquest, VQ Ad5 CMV K-NpA). All
viruses were generated and amplified by Viraquest (»1010 pfu/
ml).

Cell lines and cell culture

MIN6 pancreatic b-cells were cultured in DMEM tissue culture
medium supplemented with 15% (v/v) fetal bovine serum
(Sigma), 100 units/ml penicillin, and 0.1 mg/ml streptomycin
at 37�C, 95/5% air/CO2.

Cell proliferation assay

In the CyQUANT assay 6£104 cells were seeded per well in
triplicate in 96-well plates. Twenty-four hours later, cells were
transduced with adenoviruses expressing LacZ, ASF1B or one
of the histone variants as indicated. Forty-eight hours after
infection, cells were harvested and the total DNA was quanti-
fied using the manufacturer’s instructions (CyQUANT, Ther-
moFisher Scientific,). Fluorescence (excitation 480 nm,
emission 520 nm) was measured on a TECAN microplate
reader. Similarly, a DNA standard curve was created by diluting
lambda-DNA in 1£ CyQUANT buffer to give a range covering
1 to10 ng of DNA in 100ml of buffer. The standards were also
processed and treated similarly to the test samples.

Flow cytometry

MIN6 b-cells or dispersed human islets were fixed with 100%
ethanol and stained with propidium iodide (PtdIns) to measure
cellular DNA content. Two-dimensional (2D) FACS assay was
performed on dispersed human islets transuded with Ad-LacZ
or Ad-ASF1B, alone or in combination with Lentiviruses
expressing various histones. Cells were fixed with 100% etha-
nol, nuclei were isolated by pepsin digestion and treated with
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HCl. Nuclei were stained with FITC Anti-BrdU (1:200, 364103,
Biolegend, CA) and propidium iodide (30 mg/ml, 81845,
Sigma). Cells or nuclei were filtered through 40-mm sieves, and
flow cytometry was performed on a 4-laser, LSRII (BD Bio-
sciences). Data were analyzed with FlowJo and ModFit
software.

[3H]-thymidine incorporation into DNA

48 hours after adenoviral infection, islets were incubated over-
night in RPMI with 3H-thymidine (1 mCi/ml). Islets were then
washed with ice-cold PBS. DNA and protein were precipitated
by 10% trichloroacetic acid. The precipitate was solubilized in
0.3 N NaOH, and the radioactivity was measured using a liquid
scintillation counter. A fraction of the solubilized protein was
used to measure total protein by the Bradford assay. Sample
radioactivity was normalized to protein content.

Human islet culture and dispersion

Islets from cadaveric human islets were obtained from the Inte-
grated Islet Distribution Program (IIDP). A brief description of
islet isolation procedure has been provided on IIDP website
(https://iidp.coh.org/docs/CountingBrochure.pdf). Islets were
cultured overnight in RPMI containing 8 mM glucose, 10%
heat-inactivated FBS, and penicillin/streptomycin. For FACS
analysis, islets were washed and digested with StemPro accutase
cell dissociation reagent (Life Technologies, A11105-01) at
37�C for 15 minutes, filtered through 40-mm sieves,
washed and cultured as indicated. See Table S1 for donor
demographics.

Immunohistochemistry, immunocytochemistry and
microscopy

Islets were washed in PBS, fixed in 10% formalin (3 hr, 4�C)
followed by overnight incubation in PBS (4�C). Bio-Rad Affi-
Gel Blue Gel beads (153-7301) were added to the islets to aid in
their visualization during histological preparation. The mixture
was fixed in 2% Agar/1% Formalin and then embedded in par-
affin. Sections were dewaxed in xylene-EtOH and treated with
an epitope retrieval solution (Vector Labs, H-3300). Sections
were blocked (Dako, X0909) for 30 min, washed with PBS and
probed with anti-insulin (1:500, I-8510, guinea pig, Sigma) and
anti-BrdU (1:200, NA-61, Mouse, Calbiochem) primary anti-
bodies. Secondary antibodies were Cy3-anti-guinea pig (1:500,
706-165-148, Jackson ImmunoResearch) and Alexafluor 488
anti-mouse (1:200, A11001, goat, Life Technologies). Staining
was preserved and nuclei identified by DAPI (H-1200, Vector
Labs). Images were acquired by EZ C1 software on Nikon A1R
confocal microscope (Nikon Corp., Japan). In total 400 islets
were evaluated for BrdU-positive cells/islet section. MIN6 b-cells
were cultured on PDL-coated glass coverslips. Post-treatment,
cells were washed with PBS and fixed in 4% PFA (30 minutes,
RT). Coverslips were then washed with PBS and blocked in
10% donkey-serum and probed with anti-insulin (1:1000, I-
8510, Sigma) and anti-Strep-Tag II (1:2000, 2-1507-001, IBA
Life Sciences) antibodies. Slides were washed with PBS and
stained with Cy3-anti-guinea pig (1:500, 706-165-148, Jackson

ImmunoResearch and FITC-anti-mouse (1:200, 715-095-150,
Jackson ImmunoResearch) antibodies. Nuclei were visualized by
DAPI (H-1200, Vector Labs), and acquired as described above.

Immunoprecipitation and western blotting analysis

Cell lysates were prepared using cell lysis buffer (9803, CST,
USA) containing protease inhibitor cocktail (469313200,
Roche, Basel, Switzerland) following the manufacturer’s
instructions. Immunoprecipitation and Western blotting analy-
sis were carried out as described previously.64

The following antibodies were used: Twin-Strep-Tag for Co-
IP (2-1507-001, IBA life sciences, Goettingen, Germany); ASF1B
for Western blotting (2902, CST); Histone H3.3 (09-838, EMD
Millipore); HIRA (04-1488, EMD Millipore); and b-actin
(3700S, Cell Signaling Technology, Danvers, MA, USA).

Isolation and quantitation of total RNA

RNA from dispersed human islets cells (transduced with Ad-
LacZ, Ad-ASF1B or lentiviruses for histone H3.1, H3.2, H3.3 or
sh-H3.3) was extracted using Qiagen RNeasy plus kit. Follow-
ing extraction, RNA was used for cDNA synthesis (Applied
Biosystems). The mRNA abundance was determined by quanti-
tative PCR using FastStart SYBR Green (Roche Applied Sci-
ence), and gene expression was calculated by comparative DCT
method.

Lentiviral vectors

Sequence information for the lentiviruses expressing human
histone H3.1, H3.2, H3.3A and sh-H3.3A/B are provided in
Table S4.

Mouse models

The expression of Asf1a/b and Mki67 presented in Fig. 1 was
determined by Keller et al., 2008.36 This study surveyed gene
expression in islets of lean and genetically obese (Leptinob/ob)
C57BL6 (B6) and BTBR mice at 4 or 10 weeks of age.
Co-expression gene modules were identified in 6 different tis-
sues, including pancreatic islets, across 3 contrast conditions;
obesity, strain and age. A key module was identified in islets
that was significantly enriched in cell cycle regulatory tran-
scripts that predicted diabetes susceptibility in BTBR mice.
Asf1b was included in this cell cycle module.

Plasmid transfection and viral transduction

MIN6 b-cell lines were transfected with Strep-tagged WT or
V94R mutant variants of ASF1A and ASF1B65 using Jetprime
transfection reagent (Polyplus, Ilkrich, France) following man-
ufacturer’s protocol.

Human islets were infected with adenovirus containing
ASF1B or GFP at 200 multiplicity of infection (MOI, assuming
1000 cells/islet). Prior to adenoviral infection, islets were pre-
treated in a Hanks Balanced Salt Solution without added cal-
cium or magnesium, plus 2 mM EGTA for 3 minutes at 37�C
to increase penetration and transduction efficiency. Islets were
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then treated with the adenovirus in 200 ml volume for 15
minutes, at 37�C, then cultured overnight in 3.5 ml RPMI with-
out FBS. The next day, the islets were transferred to standard
RPMI culture medium. Lentiviral transductions were per-
formed on dispersed human islet cells in presence of 8 mg/ml
polybrene (Hexadimethrine bromide – Sigma #H9268) for 12
hr. Forty-eight hours after transductions, cells were harvested
for different experimental procedures.

RNA-sequencing and transcriptomic data analysis

RNA was isolated from 10 separate human islet samples (9
individual donors). The RNA was sequenced by indexed
paired-end sequencing using an Illumina hi-seq 2500. Align-
ment was done using Bowtie66 and hg18 refseq annotations.
Expression estimates were obtained from RSEM67 with library
size factors estimated using median normalization.68 Differen-
tially expressed (DE) genes and isoforms were identified using
EBSeq.69 Bowtie, RSEM and EBSeq (ver 1.3.2)69 were ran using
default parameters. Quality control on sequences was per-
formed by FASTQC. Approximately 14.2 million aligned reads
were obtained for each sample. Aligned reads were not filtered,
however, “bad” reads were eliminated during alignment.
To control the overall false discovery rate (FDR) at 5%, we
defined a gene (isoform) as DE if its posterior probability
exceeded 0.95. Enrichment tests were conducted using Allez.70

All RNA-sequencing data has been deposited to NCBI GEO
database (GSE86611).

Statistical analysis

Data are expressed as means § SEM unless otherwise noted.
Statistical significance (P < 0.05) was determined by paired or
unpaired t-test as indicated (IGOR Pro version 6.3; WaveMet-
rics Inc., Lake Oswego, OR).
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