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A regulatory circuit that involves HR23B and HDAC6
governs the biological response to HDAC inhibitors

M New'23, H Olzscha'?3, G Liu"?3, 0 Khan'??, L Stimson™?2, J McGouran', D Kerr?, A Coutts"?3, B Kessler', M Middleton®
and NB La Thangue*'*?

Histone deacetylase (HDAC) is an emergent anticancer target, and HR23B is a biomarker for response to HDAC inhibitors. We
show here that HR23B has impacts on two documented effects of HDAC inhibitors; HDAC inhibitors cause apoptosis in cells
expressing high levels of HR23B, whereas in cells with low level expression, HDAC inhibitor treatment is frequently associated
with autophagy. The mechanism responsible involves the interaction of HDAC6 with HR23B, which downregulates HR23B and
thereby reduces the level of ubiquitinated substrates targeted to the proteasome, ultimately desensitising cells to apoptosis.
Significantly, the ability of HDAC6 to downregulate HR23B occurs independently of its deacetylase activity. An analysis of the
HDACES interactome identified HSP90 as a key effector of HDAC6 on HR23B levels. Our results define a regulatory mechanism
that involves the interplay between HR23B and HDACEG that influences the biological outcome of HDAC inhibitor treatment.
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Histone deacetylase is a family of enzymes that control the
acetylation of chromatin." An increasingly large group of
proteins connected with different aspects of normal and
tumour cell biology are known to be influenced by acetyla-
tion.>™* As a consequence, the HDAC family has attracted
considerable attention as a therapeutic target.>*° Indeed,
inhibition of HDAC activity is strongly anti-proliferative on
tumour cells in vitro, and delays tumour growth in xenograft
models.>” An extensive number of clinical trials with HDAC
inhibitors in a variety of malignancies are underway, and two
HDAC inhibitors, SAHA/Vorinostat and FK228/Romidepsin,
have to date been approved for treating a human malignancy,
namely cutaneous T-cell lymphoma (CTCL'®~"%). However,
identifying other malignancies and disease types that are
likely to respond favourably to HDAC inhibitors has been
hampered, principally because knowledge of the key path-
ways through which HDAC inhibitors affect tumour cell growth
remains limited.*'"

In previous studies, we undertook through a genome-wide
loss-of-function screen to identify genes that have an impact
on the sensitivity of tumour cells to HDAC inhibitors.'® We
reasoned that genes identified in this way would not only
provide important information on key pathways affected by
HDAC inhibitors, but also identify potential biomarkers that
inform on the tumour response to HDAC inhibitor-based
therapies.""'? Through this analysis, we identified HR23B as
a protein that influences the response and sensitivity of
tumour cells to HDAC inhibitors. "> HR23B functions in at least

two pathways; nucleotide excision repair (NER) and protein
targeting to the proteasome.'®'® Further studies suggested
that the ability of HR23B to engage in proteasomal shuttling
underpins its role as a determinant of HDAC inhibitor
sensitivity, and it is consistent with this idea that aberrant
proteasome activity occurs in tumour cells treated with HDAC
inhibitors."®

The potential utility of HR23B as a predictive biomarker was
evaluated in the clinical setting by studying its expression in
biopsies taken from a group of patients suffering from CTCL
that had been treated with vorinostat,®'®'” where there was a
good coincidence between HR23B expression and therapeu-
tic response, '® suggesting that HR23B could provide a useful
predictive biomarker for identifying CTCL that responds
favourably to HDAC inhibitors. However, treating tumour cells
with HDAC inhibitors results in a number of different out-
comes, which includes apoptosis, senescence, autophagy
and cell cycle arrest.>'®2% Given the variability in cellular
response, and the potential utility of HR23B as a response-
specific biomarker, we were interested to evaluate whether
there was a role for HR23B in the diverse cellular outcomes of
HDAC inhibitor treatment.

With this objective in mind, we explored the mechanistic
role of HR23B in regulating the biological consequence of
HDAC inhibitor treatment. Our results indicate that HR23B
has impacts on two documented effects of HDAC inhibitors,
namely apoptosis and autophagy. Thus, HDAC inhibitors
cause apoptosis in cells expressing high levels of HR23B,
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whereas in cells with low levels of expression, HDAC inhibitor
treatment was frequently associated with autophagy. The
mechanism responsible involves the interplay between
HR23B and HDACS, and specifically the ability of HDAC6 to
counter-balance the pro-apoptotic effect of HR23B. This is
achieved through an interaction between HDAC6 and HR23B,
which downregulates HR23B, reducing the level of ubiquiti-
nated substrates targeted to the proteasome and ultimately
desensitising cells to apoptosis. Significantly, the ability of
HDACSG to downregulate HR23B occurred independently of its
deacetylase activity, and a proteomic analysis of the HDAC6
interactome revealed HSP90 as a key effector in the HDAC6-
mediated downregulation of HR23B. These results suggest
that the interplay between HR23B and HDACE is important in
regulating the biological outcome of HDAC inhibitor treatment.

Results

HR23B influences autophagy. We evaluated the effect of
HDAC inhibitor treatment on the level of markers for
autophagy in different cell types. The HDAC inhibitor SAHA
caused LC3 cleavage as well as the appearance of LAMP1
and cathepsin D in diverse tumour cell lines, for example
HUT78, MYLA (CTCL), A2058, A375 (melanoma), HCT116
and HCT15 (CRC; Figure 1a and Supplementary Figure 1a-d).
Treatment with other HDAC inhibitors, including valproic
acid (VPA), resulted in similar effects (Figure 1a and
Supplementary Figure 1a-d), and the increase in autophagy
markers coincided with the visual appearance of autophago-
somes in cells (for example shown for SAHA; Figures 1a, v).
Significantly, when cells were co-treated with the inhibitor of
autophagy 3-methyladenine (3-MA);?'2% and SAHA, an
enhanced level of apoptosis was apparent (Figure 1b),
suggesting that under these experimental conditions, apop-
tosis and autophagy are separate outcomes of HDAC
inhibitor treatment. These results are consistent with
previous reports that document the induction of autophagy
by HDAC inhibitors at similar concentrations.'82°

We noted however that the appearance of autophagocytic
markers frequently coincided with decreased levels of HR23B
(Figure 1a and Supplementary Figure 1a-d), and surmised
that a relationship might exist between HR23B and autop-
hagy. As previous studies established that high levels of
HR23B sensitise cells to apoptosis in response to HDAC
inhibitor treatment,'®>'® we examined the influence that
different levels of HR23B had on cellular outcome. Thus, we
altered the level of HR23B, either by expressing high levels of
ectopic HR23B protein in stable cell lines or depleting
endogenous HR23B with siRNA, and thereafter assessed
the impact on autophagy. Reduced levels of LC3 cleavage
and enhanced PARP cleavage occurred in cells expressing
ectopic HR23B (Figures 1ci, ii and dii), and decreased levels
of HR23B resulted in reduced apoptosis (Figure 1biii and
Supplementary Figure 1e). Increased levels of autophagy
(measured as the appearance of cleaved LC3) were also
apparent in HR23B siRNA-treated cells compared with the
control treatment (Supplementary Figure 1f and g), and by
immunostaining, the autophagosomes apparent in SAHA-
treated cells were less evident when ectopic HR23B was
expressed (Figure 1d, quantitated in iii). We further evaluated
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the role of HR23B by measuring its effect in cell colony
formation assays, in the presence and absence of SAHA. The
expression of ectopic HR23B (in the stable cell line; + Dox)
caused a markedly enhanced growth inhibitory effect of the
drug compared with uninduced (— Dox) cells, reflected as a
reduction in cell colony formation number (Figure 1e; quanti-
tated below). Thus, HR23B has the ability to influence the
biological outcome of SAHA treatment.

HR23B influences the level of ubiquitinated proteins and
proteasome activity. HR23B binds and shuttles ubiquiti-
nated cargo proteins to the proteasome,’®'* and protea-
some targeting by HR23B is likely to be important for its role
as an HDAC inhibitor sensitivity determinant.'®'® We
evaluated this possibility by studying the level of global
ubiquitination in HDAC inhibitor-treated cells, and then the
impact of HR23B on ubiquitination and directly on protea-
some activity. We expressed His-tagged ubiquitin in trans-
fected cells and assessed the level of ubiquitin-conjugated
proteins by immunoblotting with anti-His antibodies®*
under conditions of drug treatment that causes growth
inhibition.'*'®

The global ubiquitination pattern in SAHA-treated (for 20 h)
cells was similar to control untreated cells (Figure 2a). An
increase in ubiquitination was apparent when the ubiquitin
proteasome system (UPS) was directly impaired by treating
cells with MG132, and cells treated with both SAHA and
MG132 had an even greater level of ubiquitination (Figures 2a
and b, quantitation of ubiquitin signal shown below; ii). Upon
the expression of ectopic HR23B (+ Dox) in the stable cells
and treatment with either agent alone or combined, a higher
level of global ubiquitination was apparent when compared
with the uninduced (— Dox) cells (Figure 2a). Thus, a greater
amount of ubiquitinated protein was present in cells under
conditions of increased HR23B expression. The increased
global ubiquitination pattern evident upon expressing HR23B
contrasted with the effect of depleting HR23B with siRNA,
where a reduced level of ubiquitinated protein was apparent
under single or combined drug treatment conditions
(Figure 2b). These results indicate that HR23B has an impact
on the amount of ubiquitinated protein present in cells, and
further that this coincides with the apoptotic effect of HDAC
inhibitors (for example, Figure 1cii).

In order to directly measure proteasomal activity under
different levels of HR23B expression, we studied in trans-
fected cells the level of GFPY, which is a derivative of GFP
protein that is targeted to the proteasome by virtue of the CI1
degron sequence and thus acts as a surrogate and
independent measure of proteasomal activity.'>2® In
untreated cells, the GFP" reporter was as expected consti-
tutively degraded, in contrast to the non-proteasome-targeted
GFP reporter (Figure 2c), reflecting GFP" targeting to the
proteasome.?® In the presence of an increased level of HR23B
(expressed in the stable inducible cell line; + Dox), the GFP"
level was higher, contrasting with the non-targeted GFP
where the level remained unchanged (Figure 2c; quantitation
of GFP level shown below). In the converse experiment,
depleting HR23B (with siRNA) decreased the level of GFPY, in
contrast to the minimal effect on the non-targeted GFP protein
that remained unchanged (Figure 2d), implying that reduced
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Figure 1 Autophagy and HR23B in cells treated with HDAC inhibitors. (a)HUT78(i) and MYLA(ii) (CTCL), and HCT116(jii) and HCT15(iv) (CRC) cells were each treated
with SAHA at the indicated (1:M) concentrations, extracts prepared at 18 h and immunoblotted with anti-HR23B, anti-LC3, anti-LAMP1, anti-cathepsin D or anti-actin antibody
as indicated; note that the appearance of the lower form (LC3-1l) and increased overall LC3 level is indicative of autophagy. Visualisation of autophagosomes in U20S cells by
immunostaining with anti-LC3 (in red) in SAHA (10 and 20 1:M) treated cells is also shown (v). Counter-stain with DAPI was superimposed for each image. (b) U20S cells were
treated with SAHA at the indicated (M) concentration together with 3-methyladenine (3-MA; 10 mM) for 18 h, when cell extracts were immunoblotted with the indicated
antibodies. (c) (i) U20S cells stably expressing inducible HR23B were either untreated or treated with SAHA as indicated (in M for 18 h) under non-induced ( — ) or induced
(4 ) doxycycline treatment conditions (1 xg/ml; induction for 72 h treatment). Cells were harvested and immunoblotted with anti-Flag (for ectopic HR23B), anti-LC3 or actin as
indicated. (i) U20S stable cells were treated as described in (i) with SAHA (at the indicated concentrations in uM) for 24 h, and the level of apoptosis analysed by
immunoblotting for PARP (cleaved (c) and uncleaved) under non-induced ( — ) orinduced ( + ) doxycycline treatment conditions as indicated. The level of ectopic HR23B and
actin is shown. (i) U20S cells were treated with HR23B or control (NT) siRNA (50 nM for 72 h) in the absence ( — ) or presence of SAHA (10 M) for the indicated times (in h)
and the level of PARP (cleaved (c) and uncleaved) measured. The level of HR23B and actin is shown. (d) (i) Autophagosomes in U20S cells visualised with anti-LC3 (red)
stably expressing inducible HR23B (visualised with anti-Flag; green) after treatment with SAHA (10 uM for 18 hr) in the absence (—) or presence (+) of doxycycline.
(—) shows the LC3 staining autophagosomes (red) under SAHA treatment, and (4 ) shows superimposed LC3 (red) and HR23B (green) images. (i) The levels of HR23B
and LC3 were analysed by immunoblotting with anti-Flag (ii), and quantitation of cells with autophagosomes after treatment with SAHA is presented in iii), in the absence ( —)
or presence ( -+ ) of doxycycline, which was performed in triplicate (error bars indicate S.E.M.). (e) (i) U20S cells stably expressing HR23B were grown in duplicate in the
absence ( — ) or presence (+ ) of doxycycline together with SAHA (indicated concentration in M) and, after 9 days, the number of viable cell colonies assessed by crystal
violet staining. The untreated control cells are shown for comparison. (i) Graphical representation of the data in (i), where values indicate mean + S.E.M; n=3;*P<0.05 and
**P<0.01 Student’s t-test
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Figure 2 HR23B has an impact on the ubiquitin proteasome system. (a) (i) U20S cells stably expressing inducible ectopic Flag-HR23B were transfected with
Hisg-ubiquitin (His-Ub; 2 ug), then treated with doxycycline (+ and —, 1 ug/ml) for 24 h following an additional 20 h treatment with SAHA (5 :M) and/or 4 h treatment with
MG132 (20 M) as indicated. Cell lysates and N2+ pull-down eluates were analysed by immunoblotting with anti-His as described. The input HR23B is shown underneath,
together with actin levels. (i) Quantitation of the ubiquitin signal. (b) (i) U20S cells were transfected with control (NT) or HR23B siRNA (50 nM) for 24 h, then transiently
transfected with Hisg-ubiquitin (His-Ub; 2 ug) for 24 h, following an additional 20 h treatment with SAHA (5 ;M) and/or 4 h treatment with MG132 (20 «M) as indicated. NiZ
pull-down eluates were analysed by immunoblotting with anti-His. The input HR23B level is shown undemeath, together with actin levels. (i) Quantitation of the ubiquitin signal.
(c) (i) U20S cells expressing inducible ectopic Flag-HR23B were transiently transfected with GFP or GFP (100 ng), then treated with or without doxycycline (+ or —, 1 ug/
ml) for 24 h as indicated. Cell lysates were analysed as described. Levels of GFP, HR23B and actin are shown. (ii) Quantitation of the GFP signal. (d) (i) U20S cells were
transfected with control (NT) or HR23B siRNA (50 nM) for 24 h, then transiently transfected with GFP or GFP* (100 ng) for 48 h as indicated. Cell lysates were analysed as
described above. Levels of GFP, HR23B and actin are shown. (i) Quantitation of the GFP signal
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levels of HR23B enhance protein degradation. Combined with
the previous results (Figures 2a and b), we conclude that
global ubiquitination and proteasomal activity is influenced by
HR23B, and that the high levels of ubiquitination that occur
upon increased HR23B expression most likely impair protea-
some function (and conversely low levels of ubiquitination
enhance proteasome activity).

Interplay between HR23B and HDAC6. To gather insight
on the mechanisms that influence HR23B activity and
thereby have an impact on the UPS and cellular outcome
of HDAC inhibitors, we considered a role for HDAC®6 given it
is established to control protein turnover and autophagy.2-28
We tested whether an interaction between HR23B and
HDAC6 was apparent and found in cells that HDAC6 and
HR23B interact (Figure 3a); a similar interaction was
apparent with ectopically expressed proteins (Figures 4a
and b). We then assessed whether HDAC6 was able to
influence HR23B protein levels by measuring HR23B in cells
stably expressing HDAC6 shRNA, where HDAC6 was
virtually undetectable (referred to as KD; Figure 3b). The
level of HR23B was markedly higher in the HDAC6-deficient
cells compared with the control cells (Figure 3b), contrasting
with HR23B RNA that remained similar (Supplementary
Figure 1h). Further, an increase in HR23B levels was
apparent when A549 cells were transfected with HDAC6
siRNA compared with the control NT siRNA treatment
(Figure 3c; compare HDAC6 to HR23B level), and in stable
inducible HDACB6-expressing cells, reduced levels of HR23B
were apparent upon the expression of HDAC6 (Figure 3d;
compare HDAC6 to HR23B level).

As the level of HR23B is influenced by HDACS (Figures 3b,
¢ and d), and as high levels of HR23B sensitise cells to
apoptosis (Figure 1c), we reasoned that the absence of
HDACG6 might have an impact on cell viability in response to
HDAC inhibitors. We evaluated this possibility in the control
and HDACG6-deficient (KD) A549 cells. In contrast to the
control cells, where a typical low level of apoptosis was
apparent and increased apoptosis occurred upon treatment
with HDAC inhibitors (about 40-fold), HDAC6-deficient cells
had an unusually high basal level of apoptosis (25-fold higher
than the control cells). Although a lower relative increase in
apoptosis (about two- to three-fold) occurred upon HDAC
inhibitor treatment, the absolute level of apoptosis reached
was similar to the control cells (Figure 3ei and ii; apoptosis
measured as the sub-G1 population by flow cytometry).

We evaluated the level of global ubiquitination in HDAC6
KD cells compared with their WT counterparts, and found that
ubiquitination was higher in the KD cells (Figure 3f). The
higher level of ubiquitination, and coincident increased level of
HR23B in the KD cells (Figure 3f), is compatible with the
earlier results describing the higher ubiquitination signal under
conditions of increased HR23B expression (Figure 2a). The
enhanced sensitivity to apoptosis upon HDAC inhibitor
treatment of the KD A549 cells compared with the control
cells (Figure 3e) is similarly compatible with the role of HR23B
as a positive regulator of HDAC inhibitor-induced apoptosis
(Figures 1c, d and e). Significantly, enhanced global
ubiquitination was also apparent when A549 cells were
treated with HDAC6 siRNA compared with the NT siRNA
control treatment (Figure 3g). Again, this agrees with the
earlier results (Figure 2a), as depleting HDAC6 caused an
increase in HR23B that coincided with higher levels of GFP",
but not the untagged GFP version (Figures 3c and g). Most
importantly, the increased level of HDAC6 (upon induction in
the HDACS stable cell line; + Dox) and coincidental decrease
in HR23B reflected a reduced level of GFP"Y, but not GFP
(Figure 3d). This was the expected outcome, based on the
increase in proteasomal activity and protein turnover (leading
to lower levels of GFP"Y), under conditions of increased
HDAC6 and the consequent reduced HR23B levels
(Figure 2d).

Autophagy was far more pronounced in the control A549
cells, and the level of autophagy markers reduced in the
HDACS6 KD cells compared with the control cells (Figure 3eiii).
This effect was also apparent when A549 cells were treated
with HDAC6 siRNA, whereupon the number of autophagocy-
tic cells was significantly reduced relative to the control NT
siRNA treatment, and contrasted with the number of apoptotic
cells that increased under the same HDACG6 siRNA treatment
conditions (Figures 3h and i). Overall, these results establish
that HDACS is a negative regulator of HR23B protein level,
which couples HDACS activity (via its interplay with HR23B) to
the apoptotic and autophagocytic outcome of treatment with
HDAC inhibitors.

Regulation of HR23B occurs independently of HDAC6
catalytic activity. We investigated the domains that are
required for the interaction between HR23B and HDACS.
Using a series of mutants derived from each protein that
were expressed ectopically in cells, the HDAC6 BUZ domain
was found to be responsible for the interaction with HR23B

Figure 3

>

Interplay between HDAC6 and HR23B. (a) Extracts prepared from U20S cells were immunoprecipitated with anti-HR23B anti-HDAC6 or control (C)

immunoglobulins, followed by immunoblotting with the indicated antibody. The levels of HR23B and HDAC6 are shown in the input (In), together with the control (C)
immunoprecipitation. HR23B and HDACS are indicated. (b) Extracts prepared from WT or HDACS stable shRNA-expressing (KD) A549 cells were immunoblotted with the indicated
antibodies. (c) U20S cells were transfected with control (NT) or HDAC6 siRNA (50 nM) for 24 h, then transfected with GFP or GFP* for 48 h as indicated. Cell lysates were analysed
as described. Levels of GFP, HR23B, HDAC6 and actin are shown. Quantification of the GFP signal is shown underneath. (d) U20S cells stably expressing inducible ectopic Flag-
HDACS were treated with doxycycline (+ and — ; 1 ug/ml) for 72 h, and transiently transfected with GFP* or GFP (100 ng) for 48 h as indicated. Cell lysates were analysed as
described. Quantification of the GFP signal is shown undemeath. (e) Either WT or HDAC stable shRNA-expressing (KD) A549 cells were treated with SAHA for 24 h as indicated
and thereafter the level of sub-G1 (apoptotic) cells measured by flow cytometry (i and ii; n=3, error bars indicate S.E.M.). Extracts were prepared and immunoblotted with
antibodies for LAMP1, cathepsin D and LC3 to assess the level of apoptosis and autophagy, in addition to HDAC6, HR23B and actin iii). (f and g) Lysates from WT and HDAC6
stable shRNA-expressing (KD) cells (f), or WT cells treated with HDAC6, HR23B or NT siRNA for 48h (g). Cell lysates were analysed by immunoblotting with anti-Ub for
endogenous ubiquitination (f and g). Input levels of HDAC6, HR23B and actin are shown underneath. Quantification of the ubiquitin signal is presented in the graph. (h and i) U20S
cells were transfected with control (NT) or HDAC6 siRNA for 48 h, and then immunostained in (h) for LC3 (red) and HDACS (green), and in (i) for cleaved PARP (red) and HDAC6
(green). Merged images are shown for each (h and i). Quantification performed by counting 500 cells under NT or HDAC6 siRNA treatment conditions is shown undemeath
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because the AN and BUZ mutant, both containing the BUZ
domain, could interact with HR23B whereas ABUZ showed a
diminished interaction (Figure 4aii and iii); note that the
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ABUZ-HR23B interaction was not completely abolished
most likely because of the high level of ectopic ABUZ.
Conversely, the UbL domain in HR23B was necessary for the
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Figure 4 Interaction between HR23B and HDACS. (a) U20S cells were transfected with Flag-HDAC8, ABUZ, 1-503, AN or BUZ (j). Cells were harvested and the HDAC6
mutants were immunoprecipitated with anti-Flag antibody 24 h after transfection and subsequently immunoblotted with anti-Flag or anti-HR23B antibody (i and iii); note that HR23B
is the endogenous protein. Input HDAC6 levels are shown together with actin as a loading control. The C-terminal BUZ region of HDAC6 was required for the interaction with
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immunoprecipitated with anti-Flag antibody 24 h after transfection and subsequently immunoblotted with anti-Flag (Flag IB) or anti-Myc antibody (for HR23B). The input level of
HDAC6 and HR23B mutants is shown. Only WT HR23B and AUbA were co-immunoprecipitated with HDAC (ii). Note that the enhanced level of AUbA compared with WT HR23B
in the immunoprecipitation reflects the increased expression level of the input AUbA. (c) Immunoblot (i) showing endogenous HR23B levels upon induction (Dox -+ treatment) of
Flag-HDACS in the stable inducible cell line over the indicated time course. (i) shows endogenous HR23B (red) in the Flag-HDACS (green) stable cell line in the same conditions, as
indicated at 72 and 96 h post induction (Dox + ). DAPI and the merged image is shown. (d and e) WT and HDAC6 stable shRNA-expressing (KD) cells were transfected with
HDACS6 (WT) or ABUZ (d; 1 and 2 1.g), and BUZ (e; 1, 2 and 3 ug) for 72 h as indicated. Cell lysates were analysed by immunoblotting as described with the indicated antibodies.
Note that ectopic full-length (WT) HDACS is poorly expressed compared to ABUZ in transfected cells and is indicated by the arrow (<) in (d). Endogenous HR23B levels decrease
upon expressing WT HDAC6 or BUZ domain, reduced by over 50% by the BUZ domain alone (e; 3 1g BUZ transfection treatment compared with KD treatment)

interaction with HDAC6 because the AUbA mutant, contain- HR23B (Figure 4d) contrasting with the expression of the BUZ

ing only the UbL domain, could interact with HDAC6 whereas
AUDbL could not (Figure 4bii).

As described earlier (Figure 3d), in cells stably expressing
HDACSG, the induction of HDAC6 coincided with reduced
levels of HR23B (Figure 4ci); a similar effect on HR23B was
evident by immunostaining (Figure 4cii). Moreover, ectopic
HDACG6 reduced the level of HR23B in transfected cells
(Figure 4d). Significantly, the BUZ domain was required to
downregulate HR23B because ABUZ failed to alter the level of
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mutant where downregulation of HR23B was evident
(Figure 4e). As the BUZ domain is sufficient to affect
HR23B, these results equally establish that the catalytic
activity of HDACS is dispensable for the downregulation of
HR23B.

Role of HDACS6 in the apoptosis—autophagy switch. As
HDACE is a positive regulator of autophagy,28 it appeared
possible that HDAC6 may prompt downregulation of HR23B



by an autophagocytic process. We therefore assessed the
impact of the autophagy inhibitor 3-MA, which failed to affect
downregulation of HR23B by HDAC6 (Figure 5a), thus
suggesting that HR23B downregulation did not occur through
an autophagocytic pathway. Similarly, HDAC6 did not
mediate its effects on HR23B via the proteasome, because
proteasome inhibitors did not affect the HDACG6-mediated
downregulation (Supplementary Figure 1i).

Thus, in order to explore the mechanism through which
HDACG6 downregulates HR23B, we considered the possibility
that HDAC6 might mediate its effects by interacting with and
perhaps regulating additional proteins. To address this idea,
we took a proteomic approach and immunoprecipitated
HDAC6 from the induced stable cells (Figure 5b) and
analysed the interacting proteome. A variety of proteins were
immunoprecipitated with HDAC6 compared with the control
treatment (Figure 5c), and subsequently identified by mass
spectrometry (presented as protein clusters in Figure 5d and
each identified protein detailed in Supplementary Table 1).
Some of the proteins had been previously shown to interact
with HDACS, such as f tubulin and its network®® and the
molecular chaperones HSP90 and GRP78/HSPA5.%° Other
components of the HDAC6 interactome that were newly
characterised in this study and occurred repeatedly across
different mass spectrometry analyses included the chaper-
onin TCP1 complex,®' DNA repair proteins like Ku80/XRCCS5,
PCNA, and MSH2,%? components of the proteasome like
PSMD1 (26S proteasome regulatory subunit 1) and metabolic
enzymes, like PCK1 (phosphoenolpyruvate carboxykinase 1),
suggesting that HDAC6 has the potential to influence a
number of different protein networks, and perhaps DNA repair
(Figure 5d). These interactions were similarly evident in the
inducible HDAC6 stable cells under immunoprecipitation
conditions, for example, between HDAC6 and HSP90,
GRP78 and Ku80 (Figures 5e and f).

The ability of HDAC6 to bind to interacting partners,
like HSP90, suggested the alternative possibility, namely
that HDACG6 influences HR23B by targeting this network.
Indeed, previous reports have established HDAC6 as an
activator of HSP90 chaperone activity.*® Consequently, we
evaluated the role of HSP90 in the HDAC6-dependent
downregulation of HR23B using the HSP90 inhibitor 17-
AAG.*® Notably, HDACS failed to downregulate HR23B when
HSP90 chaperone activity was inhibited with 17-AAG
(Figure 5g). Moreover, the inhibition of apoptosis that
occurred upon the expression of HDAC6 (caspase 3
cleavage; Figure 5g) was overcome when HDACG6-induced
cells were treated with 17-AAG, which therefore paralled the
increase in HR23B levels (Figure 5g). Importantly, although
inhibiting HDAC6 catalytic activity (with tubastatin) did not
have an impact on the HDAC6-dependent downregulation of
HR23B, it did prevent the increase in HR23B upon 17-AAG
treatment (Figure 5g), confirming the catalytic independent
role of HDACS in the downregulation of HR23B, but equally
suggesting a role for HDAC6 enzyme activity in the reactiva-
tion of HR23B upon treatment with 17-AAG. Thus, HDAC6 is a
negative regulator of HDAC inhibitor induced apoptosis
through its ability to downregulate HR23B, and further that
HDAC6 prompts the downregulation of HR23B through the
HSP90 chaperone network.
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Discussion

There is increasing evidence that tumour cells evade cell
death through autophagy.®**® For example, autophagy is
initiated by chemotherapy and radiation, where it is believed to
represent a tumour cell survival mechanism against stressful
agents that induce apoptosis.®”®® The fact that therapy-
induced autophagy provides a survival advantage is sup-
ported from studies where pharmacological inhibition of
autophagy enhanced the therapeutic effects of drugs in
tumour regression models.®*™*' Consequently, autophagy
has emerged as a potential tumour cell survival mechanism.
Inhibition of HDAC activity has profound anti-proliferative
effects, and HDAC inhibitors have different outcomes on cells
including induction of apoptosis, cell cycle arrest, senes-
cence, differentiation and, more recently, autophagy.?5¢2°
However, the mechanisms through which HDAC inhibitors
give rise to different biological consequences remain to be
determined. Our previous studies identified HR23B as a
determinant that enhanced the cellular response to HDAC
inhibitors, although it remained unclear whether HR23B could
influence the biological outcome of HDAC inhibitor treat-
ment.'? Here, we have established that HR23B has impacts
on the outcome of HDAC inhibitor treatment by regulating the
switch between apoptosis and autophagy. Within the cell
types and systems studied, high levels of HR23B sensitive
cells to HDAC inhibitor-induced apoptosis.

HR23B targets the UPS where it shuttles ubiquitinated
cargo that are destined for subsequent proteasomal degrada-
tion."®'* Proteasomal degradation represents one of the most
important pathways for regulating proteostasis,** and one that
is well documented as an anticancer mechanism.*® Its
integration with other levels of protein turnover, for example,
autophagosomal degradation, is also becoming increasingly
evident. #2447 Qur results suggest that the ability of HR23B
to target the proteasome leads to aberrant proteasome
activity that in turn sensitises tumour cells to apoptosis. We
identified HDACB as a negative regulator of HR23B, defining a
mechanism that allows HDAC6 to impinge (via HR23B) on
proteasomal activity. As HR23B sensitises tumour cells to
apoptosis,'#'® HDACS by virtue of its ability to downregulate
HR23B acts to counter-balance the pro-apoptotic activity of
HR23B. It is consistent with this idea that HDAC6-deficient
cells exhibit higher levels of HR23B, which coincides with
increased levels of apoptosis and reduced susceptibility to
autophagy. Thus, our results describe a novel level of
interplay between HR23B and HDAC6, where the balance
between HR23B and HDACS6 is important in dictating the
tumour cell effect of HDAC inhibitors.

In exploring the mechanism through which HDAC6 down-
regulates HR23B, we identified a series of protein networks
that potentially could be subject to control by HDACS.
Networks involving tubulins and chaperones were evident,
as were others connected with DNA repair and cell metabo-
lism. Indeed, HSP90 was a key effector in the HDACS6-
dependent downregulation of HR23B, because the ability of
HDACS6 to downregulate HR23B was overcome by treating
cells with the HSP90 inhibitor 17-AAG. Itis noteworthy that the
HSP90 network is responsible for regulating HR23B, because
HDACS is established to control HSP90 chaperone activity,
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through a deacetylation event that regulates client protein and
chaperone binding.2*® We envisage that HDAC6 couples
proteasome and chaperone activity, which facilitates its
influence on HR23B levels described in this study (Figure 5h).

In conclusion, our studies highlight HR23B as a key
regulator of the cellular response to HDAC inhibitors. Given
the potential importance of apoptosis and autophagy in cancer
and, particularly, the outcome of disease progression, it is
clearly possible that HR23B, perhaps in conjunction with
HDACS6 and HSP90, provides a biomarker signature with the
ability to differentiate between tumours that have differing
prognosis (Figure 5h). This information provides a powerful
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step forward in developing approaches that aim to align the
most effective cancer treatment with clinical disease.

Materials and Methods

Cell culture. Cells were cultured at 37 °C in a humidified 5% CO, incubator in
DMEM (Invitrogen, Paisley, Scotland) containing 10% FCS (U20S, A2058, A375,
HCT116, HCT15, WT and shRNA HDAC6 A549 cells), or RPMI containing 20%
FCS (HUT78, MYLA). All media contained 1% penicillin/streptomycin (Invitrogen).
U20S-TET-Flag-HR23B and HDACE6 inducible cell lines were grown in DMEM
containing 10% tetracycline-negative FCS (PAA Laboratories, GE Healthcare Bio-
Sciences Corp., Piscataway, NJ, USA), hygromycin (Invitrogen), G418 (Promega,
Southampton, UK) and 1% penicillin/streptomycin (Invitrogen). Flag-HR23B and Flag-
HDAC6 was induced by the addition of 1 ig/ml doxycycline to culture media. A U20S-
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Figure 5 Analysis of HDACB interacting proteins. (a) The stable Flag-HDACS cell line was treated with ( + ) or without ( — ) doxyclycline, and the autophagy inhibitor 3-MA
(5and 10 mM), or SAHA (10 M) as indicated. (b) Both control cells expressing the vector only (TRE) and stable cells expressing Flag-HDAC6 were induced with doxycyclin
(+; 1 uM) for 60 h or left uninduced. Extracts were immunoprecipitated with anti-Flag antibody and subsequently immunoblotted with anti-Flag antibody. Input levels are
shown together with actin as loading control, and note under these conditions low level expression of HR23B (a). (¢) Co-immunoprecipitation of the Flag-HDAC6 and the
empty vector TRE control were stained with a colloidal blue. Dots indicate specific bands in the HDAC6 co-immunoprecipite which were excised and analysed by mass
spectrometry. The prominent band around 150 kDa (indicated by the bracket) is the immuno-enriched Flag-HDAC6. Supplementary Table 1 provides further details of the
interacting proteins. (d) In silico analysis of HDACB interacting proteins found by mass spectrometry are shown for which experimental data have been annotated in STRING.*
The proteins were clustered by the Markov Cluster Algorithm (MCL) and every colour corresponds to one protein cluster. The diameter of the circle represents the
betweenness centrality (calculated by the programme Gephi) and is a measure of the importance of the protein in the analysed network. (e) The stable Flag-HDACS cell line
was treated with (+ ) or without ( — ) doxycycline. Extracts were immunoprecipitated with anti-Flag followed by immunoblotting with anti-HSP90. (f) The stable Flag-HDAC6
cell line was treated with ( + ) or without ( — ) doxycycline. Extracts were immunoprecipitated with anti-Flag followed by immunoblotting with anti-Ku80/XRCC5 or anti-GRP78/
HSPAS. (g) The immunoblot shows the endogenous levels of HR23B upon induction (Dox treatment) of the Flag-HDACS stable inducible cell line. Two days after the induction,
the HDACS specific inhibitor tubastatin and/or (10 M) the HSP90 specific inhibitor 17-AAG (0.1 or 1 M) were added and the cells were harvested 2 days later. Acetylated
tubulin provides a control for the tubastatin treatment. Extracts were immunoblotted with anti-HSP90, anti-HR23B, anti-tubulin, anti-acetylated tubulin, anti-caspase 3
(cleaved) and anti-actin, as indicated. (h)Model for interplay between HR23B and HDACS in regulating the cellular response to HDAC inhibitors. It is envisaged that the level of
HR23B and HDAC6 has an impact on the response to HDAC inhibitors, reflected as apoptotic or autophagocytic outcomes of drug treatment (i). The mechanism which
underpins HDACS and its effect on HR23B does not require catalytic activity but involves the interplay with the HSP90 (via HDAC6 BUZ domain interacting with HR23B UbL

domain; (ii). Note that HDAC6 has an established role in activating HSP90 chaperone function through its catalytic (CAT) domain

TET-Flag-HDACS inducible cell line was created by selecting cells transfected with
Flag-HDACS inserted in a TET-ON gene expression system (Clontech, Oxford, UK).
The control shRNA A549 and HDAC6 KD cells were a kind gift from TP Yao.* Note
that the control A549 cells contain the pSuper plasmid.*®

Plasmids. pcDNA-Flag-HDAC6, ABUZ, AN (439-1215) and 1-503 were a
kind gift from TPYao,*® pCMV-GFP-LC3 was from Cell Biolabs Inc. (Cambridge,
UK) BUZ was amplified from wild-type pcDNA-Flag-HDAC6 with the following
primer combination: forward: 5'-CTACTAGCGGCCGCAATGACCTCAACACGC-3'
and reverse: 5'-TAGTAGGCGGCCGCTTATTTATCATCATC-3', and then inserted
into the pcDNA3.1 vector. pcDNA3.1a-ubiquitin (Hiss-tagged) was a gift from Dr.
Dimitris Xirodimas (CRBM, Montpellier, France). HR23B wild-type and the truncated
derivatives AUbA and AUbL were amplified from wild-type HR23B with the following
primer combinations: HR23B wild-type with UbL forward: 5'-GTGGTGGAATTCATG
CAGGTCACCCTGAAGACCC-3 and UbA reverse: 5'-TCTAGACTCGAGATC
TTCATCAAAGTTCTGCTGTAG-3'; AUbA with UbL forward: 5'-GTGGTGGAATT
CATGCAGGTCACCCTGAAGACCC-3' and UbL reverse: 5'-TCTAGACTCGAGAG
ACTGACCCGTCACAAGTGC-3; AUbL with UbA forward: 5'-GTGGTGGAATT
CATGGCAGTGTCCACACCAGCACCAG-3 and UbA reverse: 5-TCTAGAC
TCGAGATCTTCATCAAAGTTCTGCTGTAG-3'. The PCR products of HR23B wild-
type and AUbA and AUbL mutants were inserted into the pcDNA3.1 (4 )/Myc-His
vector (Invitrogen) via the restriction sites EcoRI and Xhol using the Liga Fast rapid
DNA ligation system (Promega) in order to create myc/is-tagged constructs.

Transfection, siRNA and compound treatment. Cells were trans-
fected with siRNAs against HR23B P (5-GAUGCAACGAGUGCACUUG-3),
HDACS6 (00349900; Dharmacon, Loughborough, UK) or non-targeting control #2
(Dharmacon, Perbio) as indicated using oligofectamine (Invitrogen) to a final
concentration of 50nM before harvesting. Plasmids were transfected using
Genejuice (Merck, Feltham, UK) according to manufacturer instructions. Cells
were treated with superoylanilide hydroxamic acid (SAHA), valproic acid, 17-AAG,
3-MA or MG132 (Chemietek, Indianapolis, IN, USA) at the indicated concentra-
tions or conditions and for the indicated times before harvesting.

Purification of proteins modified by ubiquitin. Transfected cells in a
10cm dish were washed twice with ice-cold PBS and harvested into 1 ml of 8M
urea, 0.1M Na,HPO,NaH,PO,, 0.01M Tris-HCI, and pH 8.0. Lysates were
sheared by taking through 23-gauge needle to reduce viscosity. Protein
concentration was measured with Bradford (Bio-Rad, Hamel Hempstead, UK)
and normalised. About 100 z of lysate was mixed with 4 x SDS loading buffer for
input. Then 900 ul of lysate was incubated with 70 ul of a 50% slurry of nickel
(Ni?*-NTA)-agarose beads (Qiagen, Manchester, UK), 5mM imidazole and
10mM p-mercaptoethanol overnight at 4 °C. The beads were collected by 1 min
centrifugation at 8000 r.p.m. and washed with 750 ul of the following buffers with
5min mixing at room temperature for each washing step: twice with 8 M urea,
0.1M NayHPO,/NaH,PO,, 0.01 M Tris-HCI, pH 8.0, 10mM fS-mercaptoethanol
and 0.1% Triton X-100; three times with 8 M urea, 0.1 M Na,HPO,/NaH,PO,,
0.01M Tris-HCI, pH 6.3, 10mM f-mercaptoethanol and 0.1% Triton X-100. The

bound proteins were then eluted with 100 ul of elution buffer (200mM imidazole,
5% SDS, 150mM Tris-HCI pH6.8, 30% glycerol, 720mM f-mercaptoethanol,
0.005% bromophenol blue) for 30 min incubation followed by 10min spin at
13000r.p.m. Samples were heated to 95°C for 5min, cooled, and a typical
volume of 30 ul loaded on each lane for immunoblot analysis.
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