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Network-based assessment of HDAC6  
activity predicts preclinical and clinical 
responses to the HDAC6 inhibitor 
ricolinostat in breast cancer
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Dawn L. Hershman9, Matthew Maurer11, Simon Jones12, Anthony High6, 
Junmin Peng    5,6, Andrea Califano    7, Kevin Kalinsky    9,14 , Jiyang Yu    2,14  & 
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Inhibiting individual histone deacetylase (HDAC) is emerging as well-tolerated 
anticancer strategy compared with pan-HDAC inhibitors. Through preclinical 
studies, we demonstrated that the sensitivity to the leading HDAC6 inhibitor 
(HDAC6i) ricolinstat can be predicted by a computational network-based 
algorithm (HDAC6 score). Analysis of ~3,000 human breast cancers (BCs) 
showed that ~30% of them could benefice from HDAC6i therapy. Thus, we 
designed a phase 1b dose-escalation clinical trial to evaluate the activity 
of ricolinostat plus nab-paclitaxel in patients with metastatic BC (MBC) 
(NCT02632071). Study results showed that the two agents can be safely 
combined, that clinical activity is identified in patients with HR+/HER2− 
disease and that the HDAC6 score has potential as predictive biomarker. 
Analysis of other tumor types also identified multiple cohorts with predicted 
sensitivity to HDAC6i’s. Mechanistically, we have linked the anticancer activity 
of HDAC6i’s to their ability to induce c-Myc hyperacetylation (ac-K148) 
promoting its proteasome-mediated degradation in sensitive cancer cells.

Homeostasis of cancer cells presents different oncogene and nonon-
cogene dependencies compared to nontransformed cells. Therapies 
aimed at targeting these dependencies represent more selective and 
less toxic anticancer strategies than standard chemotherapy1. Inhibi-
tion of HDACs using pan-inhibitors has proven anticancer activity, 
especially in hematopoietic malignancies2. However, toxicity associ-
ated with pleiotropic inhibition of multiple HDAC family members has 
limited their clinical use2. Thus, the interest has turned toward more 
selective inhibitors targeting specific HDACs.

HDAC6 is a class IIB deacetylase responsible for deacetylating 
a variety of substrates that is emerging as a promising therapeutic 
target. Anticancer activity of ricolinostat alone or in combination with 
additional drugs has been recently reported in preclinical models of 
multiple myeloma (MM)3, pancreatic and ovarian cancer4, esophageal 
cancer5, melanoma6 and lymphoma7. Recently, we reported that HDAC6 
function is essential for maintaining the viability of an aggressive BC 
subtype called inflammatory breast cancer (IBC; ~1–4% of all BC8) and 
demonstrated that the leading HDAC6i ricolinostat3 induces IBC cell 
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Overall, our studies support the coupling of ricolinostat in combi-
nation with cytotoxic treatment with HDAC6 score for treating multiple 
human cancers and support a mechanistic model based on c-Myc 
regulation explaining its anticancer activity.

Results
Next-generation HDAC6 score predicts response to an HDAC6i
Because our previous studies revealed that dependency on the HDAC6 
function was linked to a high HDAC6 score in IBCs, we decided to explore 
its utility as a biomarker of HDAC6i sensitivity. To accomplish this goal, 
we first assessed the fraction of breast tumor samples that would be 
predicted as HDAC6i based on the HDAC6 score analysis across both 
the BRCA-TCGA11 and METABRIC12 datasets (~3,000 primary tumors) as 
well as the set of BC lines available at the Cancer Cell Line Encyclopedia 
(CCLE; 47 lines)17 (Extended Data Fig. 1a).

Although the original HDAC6 regulon used to generate the HDAC6 
score was based on microarray-based gene expression profiling of 
359 BRCA-TCGA samples9, the inclusion of additional datasets includ-
ing a more heterogeneous set of tumors and different profiling tech-
nologies (that is, different gene expression microarray platforms and 
RNA sequencing (RNA-seq)) required the adaptation of the original 
HDAC6 score. Thus, we revised the original regulon used to compute 
the HDAC6 score (that is, its repertoire of positively regulated and 
repressed transcriptional targets) to make it consistent with these 
different technologies and tumor models. For this, we used the SJA-
RACNe18, an algorithm designed to reverse-engineer gene regulatory 
networks from a large number of transcriptomic profiles (n > 100). 
This approach generated a refined HDAC6 regulon specific to BC based 
on the integrative analysis of all available gene expression profiles 
from the BRCA-TCGA (RNA-seq, n = 1,221) and METABRIC (microarray, 
n = 1,904) cohorts. We also improved the HDAC6 score calculation by 
using the NetBID (data-driven network-based Bayesian inference of 
drivers) algorithm19. As expected, despite marked profiling technology 
and sample preparation protocol differences between these datasets, 
HDAC6 activity predicted by the original and updated HDAC6 regulon 
were strongly overlapping (P = 1.7 × 10−33; Extended Data Fig. 1b and Sup-
plementary Table 1). Additionally, they captured known functions of 
HDAC6 such as unfolded protein response (Extended Data Fig. 1c) and, 
consistent with previous findings, confirmed higher HDAC6 activity 
levels in IBCs9 (Extended Data Fig. 1d).

Using the updated regulon, we measured HDAC6 scores across all 
patient-derived samples and cell lines in the three datasets described 
above. Here, we observed that ~30% of all primary BCs had higher HDAC6 
scores than the median IBC HDAC6 score, suggesting potential sensitiv-
ity to HDAC6i’s (Extended Data Fig. 1d). Interestingly, high HDAC6 scores 
were not equally represented across BC subtypes but rather significantly 
enriched in the HR+ and HER2+ clinical subtypes (Fig. 1a) and the luminal 
B and HER2-enriched molecular subtypes (Extended Data Fig. 1e). This 
association was also evident in cell lines (Fig. 1b). We also wondered if 
the association of high HDAC6 scores with HR+ and HER2+ BC subtypes 
will be maintained in MBCs. There are no MBC samples in METABRIC12 
cohort and only 7 in TCGA11 cohort. Thus, we utilized the data available 

death in vitro and in vivo9. HDAC6 is rarely amplified or mutated and 
the expression level of HDAC6 is similar between IBCs and non-IBC. 
Remarkably, in our previous studies, we used a transcriptomic-based 
system biology analysis aimed at measuring protein activity9 and found 
marked higher HDAC6 activity in IBCs. In brief, we first used the Algo-
rithm for the Reconstruction of Accurate Cellular Networks (ARACNe)10 
to identify candidate HDAC6 transcriptional targets (that is, tran-
scripts whose expression is affected by HDAC6, HDAC6 regulon) from 
microarray-based transcriptome profiles of The Cancer Genome Atlas 
(TCGA) BC cohort (BRCA-TCGA11). Then, we integrated the expression of 
all transcripts of the HDAC6 regulon in a single score, termed as HDAC6 
score, by summarizing their expression values. Importantly, from these 
analyses, the HDAC6 score emerged as a candidate biomarker for the 
effective identification of tumors where HDAC6 behaves as a master 
regulator of tumor cell state, thus presenting a nononcogene depend-
ency essential for cancer cell viability9.

We thus reasoned that other BCs in addition to IBCs may present 
the same dependency and that the HDAC6 score can be used as a bio-
marker to identify patient populations that can benefit from HDAC6 
targeted therapy. In the new study reported here, we used the HDAC6 
score to analyze all the primary and metastatic tumors included in 
the TCGA11, the Molecular Taxonomy of Breast Cancer International 
Consortium (METABRIC)12, and MBC13 datasets (~3,000 primary and 
~270 MBCs). Interestingly, we found that a group of BCs (~30% of all 
BCs) that were enriched in hormone receptor-positive pathologi-
cal and molecular characteristics (HR+) present an HDAC6 score pre-
dictive of potential response to HDAC6i’s. Next, we used a variety of 
experimental models that include in vitro cultures as well as in vivo 
mouse models to confirm the correlation between the HDAC6 score 
and the anticancer response to HDAC6 inhibition in BC cells. Based on 
these results, we designed a phase 1b clinical trial in partnership with 
Acetylon/Celgene to investigate ricolinostat, the leading HDAC6i3 plus 
nab-paclitaxel as BC therapy (clinical trial ID NCT02632071). Paclitaxel 
was included based on preclinical data showing synergistic activity with 
ricolinostat, as well as for consistency with the standard of care treat-
ment in BC. Notably, we observed that ricolinostat plus nab-paclitaxel 
can be safely combined and that clinical activity is identified specifi-
cally in patients with HR+/HER2− disease. Furthermore, retrospective 
analysis that includes the New York Clinical Laboratory Improvement 
Amendments-certified OncoTarget test confirmed that the HDAC6 
score could successfully stratify patients based on clinical outcomes. 
To complement these studies, we also expanded these studies to all 
cancer cohorts in TCGA, using tumor type-specific HDAC6 scores, and 
confirmed their predictive values by dose–response studies in vitro.

Although some HDAC targets have been identified14–16, the full 
substrate repertoire is far from being fully characterized. To define 
the anticancer mechanism of HDAC6i’s, we combined comprehen-
sive proteomic with biochemical targeted studies and identified that 
c-Myc is a substrate for HDAC6 and that HDAC6-mediated acetylation 
promotes its stability. HDAC6 inhibition by genetic or pharmacologi-
cal approaches induces hyperacetylation and proteasome-mediated 
degradation of c-Myc, leading to reduced cell fitness.

Fig. 1 | HDAC6 score identifies BCs sensitive to the HDAC6i ricolinostat. 
a,b, HDAC6 scores of patients with BC from TCGA and METABRIC cohorts 
(a) and BC cell lines from CCLE database (b) are divided into subtypes. The 
red line represents the median of the HDAC6 scores in IBC samples, and the 
numbers under each whisker plot indicate the percentage of samples over 
this value in each clinical subtype. Sample size of each group was indicated in 
the axis labels. P value was estimated using two-tailed t test. The center line 
indicates the median value. The lower and upper hinges represent the 25th and 
75th percentiles, respectively, and whiskers denote 1.5× interquartile range. 
TNBC, triple-negative BC. c, Graphical representation showing the correlation 
between HDAC6 score and response to ricolinostat among 14 BC cell lines (n = 8 
independent experiments per ricolinostat concentration). The curve was fitted 
by stat_smooth algorithm using lm smoothing method and y~log2(x) formula. 

The correlation coefficient (R) and P value were estimated using the Spearman 
correlation test. d, Annexin-V/PE staining comparing the apoptotic response 
after ricolinostat treatment of sensitive (MDA-MB-453) versus resistant (MDA-
MB-436) BC cells. Quantification of alive, apoptotic and dead cells is provided 
and visualized in stacked bar plot at the bottom of the panel. e, Growth curves 
of sensitive (S) versus resistant (R) BC cells treated with four different HDAC6i’s 
(n = 3 independent experiments/per drug concentration). f, Normalized cell 
number 6 days after transfection with short interfering RNA (siRNAs) targeting 
HDAC6 or non-targeting control (NTC) (n = 3 independent experiments/siRNA). 
The western blots (WT-blots) show the silencing efficiency (WT-blot results were 
reproduced n = 3 times from independent experiments/siRNA). MW, molecular 
weight. All error bars represent mean ± standard deviation (s.d.). P value was 
estimated by two-tailed t test.
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in the Metastatic Breast Cancer Project (MBCP)13 to calculate the HDAC6 
score for all ductal MBCs containing both gene expression profiles and 
immunohistochemistry (IHC)-based subtyping information (n = 45). 
Notably, we observed the same pattern from these metastatic samples 
as observed in primary BCs (Extended Data Fig. 1f).

Next, we evaluated the correlation between the HDAC6 score 
and ricolinostat sensitivity in 14 BC lines representative of the major 
molecular subtypes20, covering the full spectrum of HDAC6 scores 
(inferred from RNA-seq data from the CCLE). Specifically, we gen-
erated dose–response curves (8 doses ranging from 0 to 30 μM) 

to measure cell line-specific half-maximum inhibitory concentra-
tion (IC50) values. The analysis revealed a strong inverse correla-
tion between HDAC6 score and sensitivity (R = −0.51, by Spearman’s 
correlation, P = 0.03), thus showing that cancer cell lines with high 
HDAC6 score present higher ricolinostat sensitivity on average  
(Fig. 1c and Supplementary Table 2).

We had previously shown that ricolinostat treatment induces 
apoptosis in sensitive IBC cancer cell lines9. Thus, we selected two lines 
with either low (MDA-MB-453) or high (MDA-MB-436) IC50 from the list 
to investigate if this alco occurs in non-IBC cells. For this selection, we 
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first identified the lowest concentration of ricolinostat that induces 
robust accumulation of acetylated α-tubulin, a well-known HDAC6 
substrate, without affecting accumulation of acetylated histones, 
established markers of pleiotropic class-I HDAC inhibition (that is, 
off-target effects) (Extended Data Fig. 2a). Annexin-V staining following 
ricolinostat treatment with that concentration of ricolinostat (2.5 μM) 
revealed progressive accumulation of apoptotic MDA-MB-453 cells 
(sensitive), with only very minor effects in MDA-MB-436 cells (resist-
ant) (Fig. 1d).

To further demonstrate the specificity of the effect, we gener-
ated IC50 values for three additional HDAC6 specific inhibitors in BC 
cells presenting the highest (MDA-MB-453 and SK-BR-3) and lowest 
(MDA-MB-436 and MDA-MB-468) sensitivity to ricolinostat. These 
inhibitors include citarinostat (a more soluble analog of ricolinostat4,9) 
and two next-generation inhibitors that are structurally unrelated 
to ricolinostat, ACY-738 (ref. 21) and CAY10603 (ref. 22) (Extended 
Data Fig. 2b). These analyses confirmed that all HDAC6i’s reduced 
the growth of ricolinostat-sensitive cell lines with only minor effects 
in ricolinostat-resistant ones, at the same doses (Fig. 1e). Finally, we 
also used RNA interference (RNAi) to inhibit the expression of HDAC6. 
Consistently with the results obtained with the small molecule inhibi-
tors, efficient RNAi-induced silencing of HDAC6 reduced the viability 
of ricolinostat-sensitive MDA-MB-453 and SK-BR-3 cells, but not in 
MDA-MB-436 or MDA-MB-468 cells (Fig. 1f and Extended Data Fig. 2c).

Ricolinostat shows activity in vivo in selected cells
Although the data described above show ricolinostat’s anticancer activ-
ity as a single agent, achieving a clinically relevant response in vivo 
generally requires combining targeted and standard chemotherapy. Pri-
mary chemotherapy for BCs typically includes the use of anthracyclines 
and taxanes23,24. Thus, we assessed the therapeutic value of combining 
paclitaxel and doxorubicin with ricolinostat. For this, we used two com-
monly used methods: the isobole curve25 and the combination index 
(by Chou-Talalay equation)26. These two analyses showed that both 
chemotoxic agents synergize with ricolinostat in ricolinostat-sensitive 
cells (Extended Data Fig. 2d), but not in ricolinostat-resistant cells 
(Extended Data Fig. 2d).

To transition our studies with MDA-MB-453 and MDA-MB-436 
to an in vivo context these cells were injected as mouse xenografts 
in the flanks of γ-SCID mice. After the tumors grew to ~100–150 mm3, 
they were randomly assigned to one of several therapeutic regimens, 
including ricolinostat and paclitaxel as single agents and ricolinostat 
plus paclitaxel in combination (combo). Paclitaxel was eventually 
selected over doxorubicin because it is widely used for BC standard 
of care. Confirming in vitro results, ricolinostat demonstrated sig-
nificant antitumor growth activity as a single agent in MDA-MB-453 
but not in MDA-MB-436 xenografts. WT-blot measuring Ac-α-tubulin 
and Ac-His-K27 in tumor extracts from treated animals confirmed 

that the effect was associated with specific HDAC6 inhibition, with 
minimal effect on other class-I HDACs. Interestingly, although a small 
tumor mass was still detectable in the sensitive cells at the end of the 
treatment period with ricolinostat (1 month), combination treat-
ment with paclitaxel-induced complete response (Fig. 2a). Intratu-
moral evaluation of the treated animals showed that the ricolinostat 
response in MDA-MB-453 tumors was associated with higher apop-
tosis levels (activated caspase-3), whereas no such effect was seen in 
ricolinostat-resistant MDA-MB-436 cells (Extended Data Fig. 2e).

To complement our preclinical in vivo studies with more patho-
physiologically relevant models, we evaluated response to ricolinostat 
in spontaneous tumors using transgenic mouse models. Numerous 
murine models of BC have been created to mimic the genetic aberra-
tions found in human tumors. In particular, gene expression profiles 
of 385 tumors representative of 27 different genetically engineered 
mouse models (GEMMs) of BC have been described and compared 
with human counterparts27 (Extended Data Fig. 2f). Consistent with 
the human tumor studies, HDAC6 score analysis using these murine 
gene expression profiles confirmed that mouse models recapitulat-
ing the molecular characteristics of human luminal BCs presented 
with the highest HDAC6 scores (Fig. 2b). Because MMTV-Neu mod-
els tend to generate a homogeneous group of luminal tumors27  
(Fig. 2c and Extended Data Fig. 2f), we investigated their response 
to the same ricolinostat regimens used to treat the MDA-MB-453 
xenografts. Remarkably, when comparing single-agent treatments, 
we observed that ricolinostat alone was more effective than chemo-
therapy in MMTV-Neu tumors (Fig. 2d and Extended Data Fig. 2g). 
However, as also seen in MDA-MB-453 xenografts, the combination of 
ricolinostat and paclitaxel produced the strongest antitumor effect. 
Consistently, intratumoral evaluation of treated animals showed that 
ricolinostat anticancer activity was associated with higher cell death 
levels with multiple areas of necrosis and apoptosis and that this effect 
was stronger in the tumors treated with the drug combination (Fig. 2e).

Phase 1b trial of ricolinostat combined with nab-paclitaxel
Taken together, these studies suggest a significant association of 
ricolinostat sensitivity in BC with a high HDAC6 score. To translate 
this hypothesis to a clinical context, we designed an open-label phase 1b 
trial using ricolinostat in combination with nab-paclitaxel for patients 
with MBC (Fig. 3a) who have progressed on multiple previous lines of 
therapy (Supplementary Table 3). The primary objective of this study 
was to establish the safety and tolerability and identify the maximum 
tolerated dose (MTD) and recommended phase 2 dose (RP2D) of ricolin-
ostat when combined with nab-paclitaxel. Additionally, the second-
ary objectives were to assess progression-free survival (PFS), overall 
response rate (ORR) and clinical benefit rate (CBR) and evaluate the 
HDAC6 score as a predictive biomarker by investigating the correlation 
between the HDAC6 score and clinical endpoints.

Fig. 2 | Anticancer activity of ricolinostat in vivo. a, Treatment of ricolinostat-
sensitive (MDA-MB-453) and resistant (MDA-MB-436) cells growing as xenografts 
in SCID mice. The cartoon illustrates the treatment regimen. The combinatorial 
effect with paclitaxel was also investigated in sensitive cells. On resistant cells, 
only ricolinostat was used, because no effect was observed with the combo in 
vitro. The western blots show the accumulation of acetylated tubulin (Ac-α-tub) 
in tumors treated with ricolinostat. Additionally, the absence of off-target effect 
in class I HDACs is shown by the minimum changes seen in the levels of acetylated 
Histone-3-K27 (Ac-H3K27) (two independent tumor samples are shown) (WT-blot 
results were reproduced n = 3 times from independent experiments). For the 
growth curve, n=number of tumors for each of the treatment cohorts. b, HDAC6 
scores in tumors emerging in transgenic mouse models that recapitulate the 
molecular characteristics of human BCs (the number of samples is shown for 
each group in the figure). c, HDAC6 scores in tumors emerging in 27 different 
transgenic mouse models of BC (with and without molecular characteristics 
of human BCs) (the number of samples is shown for each group in the figure). 

In panels c and d, the red line represents the mean of the HDAC6 scores in IBC 
samples, the center line indicates the median value, the lower and upper hinges 
represent the 25th and 75th percentiles, respectively, and whiskers denote 1.5× 
interquartile range. d, Treatment of BC tumors emerging in the MMTV_Neu 
transgenic mouse model. The beginning and end of treatment are indicated by 
the red arrows. P value was estimated by two-tailed t test. The cartoon illustrates 
the treatment regimen. The combinatorial effect of ricolinostat plus paclitaxel 
was also investigated. The western blots indicate the same that in panel b 
(WT-blot results were reproduced n = 3 times from independent experiment).  
For the growth curve, n is number of tumors for each of the treatment cohorts.  
e, Histological intratumor evaluation of hematoxylin and eosin H&E, caspase-3 
and Ki-67 in tumor samples from panel e. Quantification is also shown in bar 
graphs. Asterisks indicate necrotic areas, and arrows indicate caspase-3-positive 
stained cells. All error bars represent mean ± s.d., and P value was estimated by 
two-tailed t test. Pac, paclitaxel; Ric, ricolinostat.

http://www.nature.com/natcancer


Nature Cancer | Volume 4 | February 2023 | 257–275 261

Article https://doi.org/10.1038/s43018-022-00489-5

b

e

a

ThM T W F S

Ricolinostat

Paclitaxel Tumor growth

Vehicle

Paclitaxel 

Ricolinostat

Ric+Pac

H&E Caspase-3 Ki-67

100 µM 100 µM 100 µM

*
*

*

*
0

200
400
600
800

1,000
1,200
1,400
1,600
1,800
2,000

W
ee

k 
1

W
ee

k 
2

W
ee

k 
3

W
ee

k 
4

W
ee

k 
5

W
ee

k 
6

W
ee

k 
7

Control (n = 11)
Ricolinostat (n = 11)
Paclitaxel (n = 13)
Ric+Pac (n = 11)

Tu
m

or
 v

ol
um

e 
(m

m
3 )

Beginning 
of 

treatment

End of 
treatment P = 0.7 × 10–3

c Breast cancer transgenic mouse models

0

2

H
D

AC
6 

sc
or

e

0

2

Lu
m

in
al

 A
(n

 =
 3

6)

H
D

AC
6 

sc
or

e

H
er

2-
en

ric
he

d
(n

 =
 3

9)

Ba
sa

l-l
ik

e
(n

 =
 6

6)

C
la

ud
in

-lo
w

(n
 =

 2
5)

N
or

m
al

-li
ke

(n
 =

 4
8)

–2

77.8% 43.6% 36.4% 20.0% 27.1%

–2

55
.6

%

70
.6

%

72
.4

%

50
.0

%

71
.4

%

75
.0

%

57
.1%

60
.0

%

58
.3

%

50
.0

%

45
.5

%

40
.0

%

50
.0

%

0% 42
.9

%

20
.0

%

40
.0

%

40
.0

%

33
.3

%

40
.0

%

18
.8

%

13
.5

%

20
.0

%

37
.5

%

6.
25

%

0% 0% 8.
33

%

0%

Tg
W

AP
-In

t3
 (n

 =
 9

)

Tg
M

M
TV

-P
yM

T 
(n

 =
 17

)

Tg
M

M
TV

-N
eu

 (n
 =

 2
9)

Tg
W

AP
-T

12
1 (

n 
= 

6)

Br
ca

1+ /
– , T

rp
53

+ /
– , i

rr
ad

ia
te

d 
(n

 =
 7

)

Tg
M

M
TV

-W
nt

1,i
Fg

fr
 (n

 =
 12

)

Br
g1

+ /
–  (

n 
= 

14
)

Tg
M

M
TV

-A
tx

 (n
 =

 5
)

Pi
k3

ca
-H

10
47

R 
(n

 =
 12

)

Tg
W

AP
C

re
-E

tv
6 

(n
 =

 12
)

Tg
W

AP
-M

yc
 (n

 =
 2

2)

Rb
– /

–  (
n 

= 
10

)
Tg

M
M

TV
-C

re
 B

rc
a1

C
o/

C
o ,

 T
rp

53
+ /

–

(n
 =

 10
)

Tg
W

AP
-T

12
1, 

Tr
p5

3+ /
–  (

n 
= 

1)

St
at

1– /
–  (

n 
= 

7)

Tg
W

AP
-T

ag
 (n

 =
 5

)

Tr
p5

3+ /
– , i

rr
ad

ia
te

d 
(n

 =
 10

)

Tg
C

3(
1)

-T
ag

 (n
 =

 3
0)

p1
8– /

–  (
n 

= 
9)

Tg
M

M
TV

-W
nt

1 (
n 

= 
25

)

Tg
M

M
TV

-L
pa

 (n
 =

 16
)

Tr
p5

3– /
–  (

n 
= 

59
)

Tg
M

M
TV

-M
yc

 (n
=5

)

Tg
M

M
TV

-H
ra

s 
(n

 =
 8

)

N
or

m
al

 m
am

m
ar

y 
(n

 =
 16

)
N

or
m

al
 m

am
m

ar
y-

la
ct

at
in

g
(n

 =
 2

)
Tg

M
M

TV
-A

ib
1 (

n 
= 

9)

D
M

BA
-in

du
ce

d 
(n

 =
 12

)

Tg
M

M
TV

-F
gf

3 
(n

 =
 5

)

Tu
m

or
 v

ol
um

e 
(m

m
3 )

Tu
m

or
 v

ol
um

e 
(m

m
3 )

M T W Th F S

ACY-1215

Paclitaxel
Tumor growth

MDA-MB-453

TimeTime

MDA-MB-436

0

200

400

600

800

1,000

1,200

Week 1

Week 1

Week 2

Week 3

Week 2

Week 3

Week 4

Week 5

Control (n = 12)
Ricolinostat (n = 8)
Paclitaxel  (n = 8)
Ric+Pac (n = 6)

0

200

400

600

800

1,000

1,200

Control (n = 6)
Ricolinostat (n = 7)

Beginning of 
treatment

Beginning of
treatment

End of 
treatment

End of 
treatment

P < 0.001

P < 0.01

α-tub
Ac-H3K27

MDA-MB-453

Ac-α-tub
Paclitaxel

Ricolinostat
– – – – + +
– – + + – –

Vehicle + + – – – –

α-tub

MDA-MB-436

Ac-α-tub
Paclitaxel 

Ricolinostat
– – – –
– – + +

Vehicle + + – –

Ac-H3K27

α-tub
Ac-His K27

MMTV

α-Tubulin
Paclitaxel – – – – + +

– – + + + +
+ + – – – –

+ +
– –
– –

Tumor volume
Vehicle

0
25
50
75

100

0
2.5

5
7.5
10

%
 o

f p
os

iti
ve

ce
lls

%
 o

f p
os

iti
ve

ce
lls

Pac
.

Pac
.+R

ic.

P = 4.45 × 10–3

Ki-67

Vehicle Ric.
Pac

.

Pac
.+R

ic.

Vehicle Ric.

Caspase-3

P = 3.73 × 10–7
P = 1.50 × 10–4

P = 0.90
P = 1.00

P = 0.74

d

MW (kDa)

55
25
15
55

MW (kDa)

55
25
15
55

MW (kDa)

55
25
15
55

P = 1.7 × 10–10

*
*

http://www.nature.com/natcancer


Nature Cancer | Volume 4 | February 2023 | 257–275 262

Article https://doi.org/10.1038/s43018-022-00489-5

In this trial, patients received ricolinostat orally (liquid) for 21 
consecutive days of each 28-day cycle with nab-paclitaxel dosed 
at 100 mg/m2 on days 1, 8 and 15 until progression of the disease or 
unacceptable toxicity. Entry criteria included men or women with 
any MBC subtype. Measurable disease was not required. The MTD 

of ricolinostat with nab-paclitaxel was estimated via dose-escalation 
using a time-to-event continual reassessment method (TITE-CRM)28. 
The MTD was defined as the dose combination associated with a tar-
get probability of dose-limiting toxicity (DLT) of 0.25. The TITE-CRM 
used an empirical dose-toxicity model (full description in Methods). 
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Fig. 3 | Phase 1b trial of ricolinostat combined with nab-paclitaxel in MBC.  
a, Graphical description of the clinical study. b, Waterfall plot showing the tumor 
best response for patients with measurable disease. Of the 16 patients, 3 had 
TNBC (1 showed SD and 2 showed PD) and 13 patients had the HR+/HER2− subtype 
(2 showed a partial response, 9 showed SD and 2 showed PD). Note that one 
evaluable patient with SD did not have measurable disease and is not included in 
the waterfall plot (n = 15). c, The bar graph shows HDAC6 scores in the patients in 
the trial (labeled in red) together with all the BC samples evaluated and separated 
by subtype. Labeled in blue are the IBC and the matched non-IBC series. The 
center line indicates the median value. The lower and upper hinges represent the 
25th and 75th percentiles, respectively, and whiskers denote 1.5× interquartile 
range. The red line represents the median of the HDAC6 scores in IBC samples, 
and the numbers above each whisker plot indicate the percentage of samples 

over this value in each clinical subtype. Sample size of each group was indicated 
in the axis labels. P values can be found in the Source Data and were estimated 
using a two-tailed t test. d, Receiver operating characteristic (ROC) curve plot 
for evaluation of HDAC6 score to predict the response of patients with BC to 
ricolinostat from the clinical trial. The recommended cutoff of the HDAC6 score 
and corresponding sensitivity, specificity and accuracy are shown inside the 
box (n = 2 independent HDAC6 score replicates per patient). e, Kaplan–Meier 
graphic showing the survival of the patients in the study separated by HDAC6 
score (high/low, higher and lower than −0.36, the cutoff HDAC6 score based on 
the ROC analysis in the study). In this study 10 out of 16 evaluable patients had 
tissue available for translational analyses. P value was estimated using two-tailed 
log-rank test.
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A total of five predefined doses of ricolinostat were selected for the 
dose-escalation process (Fig. 3a). Seventeen patients were accrued 
between March 2016 and February 2018. Of these, 16 patients had an 
evaluable disease, as one patient no longer wishing to participate in the 
trial dropped out at cycle 2 in the absence of any related toxicity. In the 
16 evaluable patients, the median age was 57.5 years (range: 41–78); 14 
were female (87.5%), 3 had triple-negative MBC and 13 had HR+/HER2− 
MBC. The median number of prior lines was 3 (range: 0–10) (Extended 
Data Fig. 3a). The first patient started at 120 mg/m2 daily, the second 
patient started at 180 mg/m2 daily and the remaining 14 patients were 
treated at 240 mg/m2 daily. No DLTs were seen in the DLT window of 8 
weeks (first two cycles) and thus the MTD was not reached. Grade III 
events related to nab-paclitaxel included neutropenia (n = 1), peripheral 
neuropathy (n = 1) and 1 grade IV neutropenia. Grade III syncope related 
to ricolinostat was observed in 2 patients (Supplementary Tables 4–6). 
All of these events occurred after the DLT window. In the 16 evaluable 
patients, the following were best responses: 2 partial response (PR), 
10 stable disease (SD), and 4 progressive disease (PD; 2 TNBC, 2 HR+/
HER2−) (Fig. 3b). All patients had measurable disease (Fig. 3b), except 
for one evaluable patient without target lesions who was reported to 
have SD for 9 months. Three patients who previously received a taxane 
for metastatic disease achieved SD with ricolinostat plus nab-paclitaxel. 
One patient with SD remains on treatment since Feb 2018 (17 months). 
The CBR was 31.25%: 5/16 patients (2 PR and 3 SD >6 months). All of these 
patients were diagnosed with HR+/HER2− MBC, except for one patient 
with TNBC and SD. Median PFS was 5.3 months (95% confidence interval 
(CI): 4.45–11.0) (Supplementary Tables 7–9).

We were able to obtain tumor specimens in the form of 
formalin-fixed paraffin-embedded (FFPE) sections with >50% in 
tumor content for 10 of the 16 evaluable patients (3 achieving PD and 
7 showing SD or PR). RNA was obtained from these samples, subject 
to genome-wide RNA-seq, and the expression profiles obtained were 
used to calculate the HDAC6 scores. Interestingly, when we compared 
the HDCA6 scores between patients showing PD (nonresponders) and 
those with either SD or PR (responders), a statistically significant higher 
HDAC6 score was seen in responder patients (P = 2.1 × 10−3; Extended 
Data Fig. 4a). HDAC6 score analysis integrating our clinical study with 
TCGA, METABRIC and IBC cohorts confirmed our previous hypothesis 
that patients with HR+/HER2− BC respond better than those with TNBC 
(Fig. 3c). Further, we used receiver operating characteristic (ROC) 
curves29 to characterize the sensitivity/specificity of the HDAC6 score 
using the trial data. Briefly, ROC curve analysis is a graphical plot that 
illustrates the diagnostic ability of a binary classifier system as its dis-
crimination threshold is varied. The best cutoff value can be calculated 
by ROC analysis for continuous variables to predict dichotomous vari-
ables with the best sensitivity and specificity. In this analysis, the ROC 
curve analysis for the HDAC6 score achieved an area under the curve 
(AUC) of 1.0 (Fig. 3d). Although the perfect AUC was likely influenced 
by the small number of patients, at a cutoff value of −0.36, the HDAC6 
score gave rise to a clear separation between responders and nonre-
sponders with 100% accuracy, and it outperformed the subtype (HR+/
HER2− or TNBC) that had an accuracy of 80% (2 out of 10 patients were 
mispredicted, including 1 with HR+/HER2− and 1 with TNBC). Finally, 
we examined the predictive power of the HDAC6 score for patient 
prognosis, measured by PFS. We classified the patients into low and 
high HDAC6 score groups using the cutoff of −0.36 calculated by ROC 
analysis. Patients with a high HDAC6 score had a median PFS of 6.51 
months (95% CI: 5.19–NA (NA= not enough events to calculate)), which 
was significantly better (P = 8.0 × 10−4; Fig. 3e) than patients with low 
HDAC6 score who had a median PFS of 1.84 months (95% CI, 1.08–NA).

Transitioning any molecular biomarker to the clinic requires a 
Clinical Laboratory Improvement Amendments (CLIA)-certified test. 
The Darwin OncoTarget test, which is based on the VIPER (Virtual Infer-
ence of Protein-activity by Enriched Regulon analysis) algorithm30, was 
developed precisely to compute the activity of druggable proteins in 

cancer patients, based on the expression of their ARACNe-inferred 
transcriptional targets. The test has recently received CLIA certification 
from the New York State Department of Health31. As a result, we assessed 
whether HDAC6 activity measured via this clinical-grade test was also 
predictive of patient sensitivity to the ricolinostat/nab-paclitaxel com-
bination therapy in the phase 1b study. Consistent with the results 
discussed in the previous sections, the HDAC6 score measured by Dar-
win OncoTarget was equally effective in stratifying patient sensitivity 
(P = 9.4 × 10−3; Extended Data Fig. 4b), achieving a classification of the 
seven responders and three nonresponders with an AUC of 0.9 (95% CI: 
0.68–1.0) based on ROC analysis (Extended Data Fig. 4c).

Because of the nature of the phase 1b trials, our study did not 
include a paclitaxel-only control group. Thus, to investigate if the cor-
relation between the HDAC6 score and the response to ricolinostat plus 
nab-paclitaxel in the trial was influenced by taxanes, we investigated a 
publicly available series of BCs (n = 106) treated only with paclitaxel32. 
As expected, the distribution of the HDAC6 scores in the series mim-
icked the results described for TCGA and METABRIC, and the HR+/
HER2− and luminal B subtypes had the highest values, whereas the 
triple-negative and basal subtypes showed the lowest ones (Extended 
Data Fig. 5a,b). Importantly the HDAC6 scores showed no correlation 
with pathologic response to paclitaxel (Extended Data Fig. 5c) or with 
the patient survival (Extended Data Fig. 5d). Thus, these results demon-
strate that the correlation between the HDAC6 score and the response 
to treatment is linked to the use of ricolinostat.

High HDAC6 scores are found in a variety of human cancers
Because our studies confirmed the prognostic value of the HDAC6 
score in human patients, we decided to systematically assess the HDAC6 
scores across a large repertoire of human primary malignancies and 
cancer cell lines. Specifically, we analyzed >10,000 gene expression 
profiles, representing 32 molecularly distinct human malignancies 
represented in the TCGA database (https://www.cancer.gov/tcga). First, 
we generated tumor-specific HDAC6 regulons using the same approach 
successfully tested in BC and used them to calculate the HDAC6 scores 
for all TCGA samples in a cancer-type-specific manner. As expected, the 
number of genes that overlapped among the different tumor types was 
highly significant, although tumor-type-specific differences were also 
noticeable (Extended Data Fig. 6a and Supplementary Tables 10 and 11). 
Next, we aimed to investigate whether a correlation exists between the 
HDAC6 scores and the response to therapy in other tumor types. For 
this, we performed dose–response studies to assess ricolinostat IC50 in 
58 additional cancer lines, representing 11 different tumor types. Nota-
bly, confirming the BC-specific findings, a significant anticorrelation 
was detected between HDAC6 score and IC50 (R = −0.44, P = 5.2 × 10−5) 
(Fig. 4a, Extended Data Fig. 6b,c and Supplementary Table 12). Finally, 
we assessed the HDAC6 scores in 1,156 different cancer cell lines avail-
able in the CCLE cohort, representing 20 tumor types17, as well as in 32 
primary tumors (TCGA database) (Fig. 4b,c and Supplementary Table 
13). We also compared the HDAC6 score in cancer cell lines and primary 
tumors. We used the 20 cancer types with data for both cohorts and 
reranked each cancer type by HDAC6 score in each cohort separately. 
Then, we visualized the ranks of the 20 cancer types in a scatter plot 
and used the Spearman method to calculate the correlation (Fig. 4d). 
Notably, we observed a strong correlation of the ranks between cell 
lines and primary samples, showing the consistency of HDAC6 score 
distribution in these two cohorts and supporting the use of cell lines 
to investigate the response to an HDAC6i.

In addition to their direct effect on cancer cells, HDAC6i’s may have 
additional effects on the tumor microenvironment. Thus, we evaluated 
the expression profiles of the TCGA-BRCA samples using the algorithm 
ESTIMATE33 to predict infiltration of immune cells. Here, we found a 
negative correlation between immune infiltration and HDAC6 score 
(Extended Data Fig. 7a). Although this correlation is not surprising due 
to the association of higher HDAC6 scores and lower immune scores 
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Fig. 4 | HDAC6 score correlates with the response to ricolinostat in other 
cancer types. a, Graphic showing the correlation between HDAC6 score and 
response to ricolinostat in 72 human cancer cell lines. The curve was fitted by 
stat_smooth algorithm using lm smoothing method and y~log2(x) formula. 
The correlation coefficient (R) and P value were estimated using two-tailed 
Spearman correlation test. N = 6 independent experiments per cell line and 
ricolinostat dose. b,c, HDAC6 scores were calculated for 1,156 different cancer 
cell lines available in the CCLE database representing 20 different human cancers 
(b) and for over 10,000 molecular profiles representing 32 different types of 
human cancer that have been collected in the TCGA database (c). For panels b 
and c, the number of cell line/patient samples is shown for each group on the 
figure. The center line indicates the median value. The lower and upper hinges 
represent the 25th and 75th percentiles, respectively, and whiskers denote 1.5× 
interquartile range. N = all independent replicates available in the CCLE and 
TCGA datasets; precise information for each sample is available in CCLE and 
TCGA. LAML, acute myeloid leukemia; LIHC, liver hepatocellular carcinoma; 
UVM, uveal melanoma; KIRP, kidney renal papillary cell carcinoma; PCPG, 
pheochromocytoma and paraganglioma; DLBC, diffuse large B-cell lymphoma; 

ACC, adrenocortical carcinoma; UCS, uterine carcinosarcoma; KIRC, kidney 
renal clear cell carcinoma; THYM, thymoma; CHOL, cholangiocarcinoma; 
SKCM, skin cutaneous melanoma; CRC, colorectal carcinoma; LGG, brain lower 
grade glioma; UCEC, uterine corpus endometrial carcinoma; KICH, kidney 
chromophobe; MESO, mesothelioma; TGCT, testicular germ cell tumors; GBM, 
glioblastoma; PRAD, prostate adenocarcinoma; CESC, cervical squamous 
cell carcinoma and endocervical adenocarcinoma; BLCA, bladder urothelial 
carcinoma; SARC, sarcoma; OV: ovarian serous cystadenocarcinoma; THCA, 
thyroid carcinoma; ESCA, esophageal carcinoma; BRCA, breast cancer; LUAD: 
lung adenocarcinoma; HNSC, head and neck squamous cell carcinoma; PAAD, 
pancreatic adenocarcinoma; STAD, stomach adenocarcinoma; LUSC, lung 
squamous cell carcinoma. d, Correlation of ranks of HDAC6 score among 22 
cancer types between cancer cell lines from CCLE and patient cancer samples 
from TCGA. The cell lines used for this comparison were the same used in panels 
b and c (n = patients and cancer lines used in those panels). The curve was fitted 
by stat_smooth algorithm using lm smoothing method and y~x formula, and the 
95% CI of the regression line is displayed as shaded. The correlation coefficient 
(R) and P value were estimated using a two-tailed Spearman correlation test.
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with HR+ and HER2+ BC tumors compared with TNBCs (Extended Data 
Fig. 7b), it warrants additional studies on how HDAC6i’s may impact 
immune response.

Overall, our analyses showed that most human cancer types pre-
sent a wide distribution of HDCA6 scores. Because of the correla-
tion between the HDAC6 score and the response to ricolinostat, these 
results suggest that a significant subset of patients, across multiple 
tumor types, may benefit from treatment with this HDAC6i.

The response to ricolinostat is linked to reduction of c-MYC
To investigate the molecular mechanism involved in the response 
to ricolinostat, we compared the transcriptional profiling of three 
ricolinostat-sensitive cell lines as well as MMTV-Neu tumors treated 
with ricolinostat for 12 h with control counterparts. Interestingly, gene 
set enrichment analysis (GSEA) revealed that hallmark signatures asso-
ciated with MYC activity were the topmost downregulated signatures 
in cells treated with ricolinostat (Extended Data Fig. 8a). Based on this 
result, we expanded our studies by profiling ricolinostat-sensitive 
cell lines treated with ricolinostat at earlier (6 h) and later (24 h) time 
points and looking in greater detail in all the signatures associated 

with MYC networks. Here, we found a strong and robust loss of MYC 
activity across the vast majority of MYC signatures that was evident in 
all the sensitive cells even at the earliest time point (Fig. 5a). To com-
plete these studies, we also used the ARACNe algorithm described 
above to infer MYC activity during treatment. In agreement with 
the GSEA studies, we found a strong reduction of MYC activity in 
ricolinostat-sensitive cells (Extended Data Fig. 8b). Prompted by these 
results, we compared the MYC expression at a protein level between 
a series of ricolinostat-resistant and sensitive cell lines (Fig. 5b). This 
study revealed a strong reduction in MYC protein and MYC activity in 
ricolinostat-sensitive cell lines while these were basically unchanged in 
resistant cells (Fig. 5b and Extended Data Fig. 8c). Loss of MYC activity 
and protein expression was associated with a mild reduction in MYC 
mRNA in some cell lines, but not in others (Extended Data Fig. 8d,e). 
As expected, the same specific loss of protein was observed when the 
cells were treated with other HDAC6i’s or when HDAC6 was silenced 
by RNAi (Fig. 5c).

Genome-wide CRISPR screens have indicated that a large majority 
of BC cells depend on MYC expression34 and we validated this depend-
ency on ricolinostat-sensitive cells using RNAi (Fig. 5d). Based on these 
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Fig. 5 | Treatment with ricolinostat induces a robust reduction of MYC 
expression and activity. a, Bubble plot representing GSEA analysis of MYC 
signatures during ricolinostat exposure in sensitive BC cells. The size and 
intensity of the bubble indicate the statistical significance. n = 2 independent 
experiments for each time point of each BC cell line or mouse model. P value 
was estimated by two-tailed t test. The Z-scores were transformed from these 
P values and further combined using Stouffer’s method. b, The upper panel 
(WT-blots) shows the reduction of MYC protein expression after ricolinostat 
treatment (2.5 μM) in sensitive, but not resistant, cancer cells. WT-blot results 
were reproduced n = 3 times from independent experiments. The lower panel 
shows the summarized Z-scores, comparing ricolinostat treated (6 h) and 

untreated, in the same cell lines shown in the upper panel. The Z-score was 
transformed from the P value estimated by two-tailed t test. c, WT-blots showing 
the reduction of MYC in sensitive cell lines when HDAC6 was inhibited by the 
small molecule inhibitor CAY10603 (1 μM, upper panel) or RNAi (100 nM, lower 
panel) (c, non-targeting siRNA control; H6, siRNA targeting HDAC6; M, siRNA 
targeting MYC). WT-blot results were reproduced n = 3 times from independent 
experiments. (d) Cell viability (cell number) after MYC is silenced by siRNA in 
ricolinostat-sensitive cell lines (note that the western blot showing efficient 
silencing of MYC is shown in panel c). n = 3 independent experiments per siRNA 
and cell line. Data are presented as mean values ± s.d. P values were estimated by 
two-tailed t test.

http://www.nature.com/natcancer


Nature Cancer | Volume 4 | February 2023 | 257–275 266

Article https://doi.org/10.1038/s43018-022-00489-5

data, we conclude that the loss of viability seen in ricolinostat-sensitive 
cells is linked to the loss of MYC expression induced by ricolinostat 
treatment (Fig. 5d).

Finally, we also wondered whether the different responses to 
ricolinostat between sensitive and resistant cells could be due to a lack 
of HDAC6 inhibition in resistance cells. To check this, we calculated the 
HDAC6 score before and after treatment with ricolinostat to estimate 
the HDAC6 activity. We found that this was not the case and in both, 
sensitive and resistant cells, ricolinostat clearly reduced the HDAC6 
score (Extended Data Fig. 8f).

c-MYC is a substrate of HDAC6
Only a handful of HDAC6 substrates have been identified and vali-
dated14–16. Acetylation levels of these substrates can influence protein 
stability, activity or both15,35. Thus, we decided to further investigate 
whether c-Myc could be a substrate of HDAC6.

First, we performed co-immunoprecipitation (co-IP) to study if 
there is a physical interaction between c-Myc and HDAC6. Briefly, given 
the short half-life of c-Myc (~30 min.)36, we transduced HEK-293T cells 
with a construct expressing a more stable form of c-Myc (with a mutated 
degron domain37) under doxycycline (dox) inducible conditions. Upon 
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replicates. e, Mechanistic model of the effect of HDAC6 inhibition on MYC 
expression. C-MYC stability is influenced by posttranslational modification. 
Acetylation of K148 promotes degradation by the proteasome and it is prevented  
by HDAC6. Thus, HDAC6 inhibition leads to hyperacetylation of MYC, leading  
to its degradation.
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induction with dox, a clear direct interaction between HDAC6 and 
c-Myc was detected, and we observed both co-IP of c-Myc when using 
HDAC6 antibodies and co-IP of HDAC6 using c-Myc antibodies (Fig. 6a). 
To complement our studies and obtain information regarding potential 
amino acids (aa/s) residues influenced by HDAC6 we performed tandem 
mass tag (TMT) proteomics to compare the spectrum of acetylated 
proteins before and after inactivating HDAC6. For this, we first gen-
erated both knockout (KO) and HDAC6 mutant (H651A) variants of 
HAP1 cells using CRISPR technology (see Methods). This cell line was 
selected as it is a haploid model that facilitates the generation of point 
mutants by homolog recombination (Fig. 6b). Mutation of histidine 
651 was selected as it has been shown to present a 150-fold diminished 
affinity for ligand binding38. As expected for HDAC6 deficient cells, 
HDAC6 mutants presented elevated levels of acetylated α-Tubulin than 
control WT counterparts (Fig. 6b). For TMT studies, HAP1 variants were 
processed to obtain protein extracts. Then acetylated proteins were 
extracted by IP before being finally quantified (Fig. 6b). This study was 
able to quantify 3,359 acetylation sites in 1,618 proteins (Supplemen-
tary Table 14). Of those, 57 sites presented a statistically significant 
increase in acetylation (false discovery rate (FDR) < 0.05; fold change 
>1.5) in HDAC6-KO cells; 49 of them (86%) were also found significantly 
increased in H651A mutant (FDR > 0.05). Interestingly, acetylation of 
c-Myc in the Lys148 (K148) was also one of the top putative sites on this 
list showing a significant increase ((FDR < 0.05; fold change >1.5) in both 
HDAC6-KO and -mutant (Fig. 6b and Extended Data Fig. 9a). Remark-
ably, acetylation of this site by TTC539 and EP30040 acetyltransferases 
have been linked to c-Myc degradation mediated by the proteasome36,41.

Thus, next, we used c-Myc ac-K148 specific antibodies and 
confirmed that ricolinostat treatment in MDA-MB-453 and SK-BR-3 
BC cells induces the accumulation of acetylated c-Myc (Fig. 6c and 
Extended Data Fig. 9b). Finally, we reasoned that if the accumula-
tion of Ac-K148-cMyc and degradation of c-Myc were linked to 
proteasomal-mediated degradation then proteasomal inhibition will 
restore its protein levels. In fact, this was the case, and treating cells with 
bortezomib completely block c-Myc reduction induced by ricolinostat 
(Fig. 6d).

Discussion
There are several key points related to the study presented in this arti-
cle that warrant further discussion. First, thanks to the development 
of specific small molecule inhibitors, such as ricolinostat, HDAC6 is 
emerging as a promising therapeutic target. Anticancer activity of 
ricolinostat alone or in combination with additional drugs has been 
recently reported in preclinical models of MM3, pancreatic and ovarian 
cancer4, esophageal cancer5, melanoma6 and lymphoma7. Our studies 
presented here showed that ricolinostat is also active in a variety of 
BCs enriched in HR+ and HER2+ characteristics. Our clinical study is an 
early-phase trial, and the enrolled patients had shown disease progres-
sion through multiple lines of therapy before starting the treatment. 
Despite being a heavily pretreated cohort, the CBR in our patients was 
31.25%. Thus, our study provides initial evidence supporting the use of 
ricolinostat plus nab-paclitaxel for patients who have already exhausted 
their standard-of-care options. Remarkably, the activity of the combo 
was also observed in patients who had previously progressed after 
taxane-based therapy (Fig. 3b).

Second, several early-stage clinical trials using ricolinostat in MM, 
lymphoid malignancies, leukemia and gynecological cancers, and 
our own study in BC, are currently being evaluated. Because these are 
early-stage studies they have been mainly focused on describing the 
MTD of this HDAC6i alone or in combination with other drugs. Overall, 
and in agreement with our results, the clinical data from these studies 
confirmed that, at the range of doses used in our clinical trial, ricolin-
ostat is safe, well tolerated and active42–44.

Third, targeted therapies like ricolinostat represent exciting new 
strategies to treat human cancers, as they do not have the general 

undesired toxicity that is commonly seen with standard chemo-
therapy. However, these therapies do not have the wide spectrum of 
anticancer activity of the former therapies and generally need to be 
delivered based on the assessment of predictive molecular markers45. 
In fact, multiple specific inhibitors that have demonstrated efficient 
anticancer activity in some contexts have shown disappointing clini-
cal results due to the lack of predictive biomarkers that can identify 
the correct patient population. Critically, the HDAC6 score devel-
oped in this manuscript provides an effective predictive biomarker 
to identify patients most likely to benefit from HDAC6i therapy. In 
terms of immediate clinical translation, we have shown that the New 
York CLIA-certified Darwin OncoTarget test produces HDAC6 scores 
that are highly predictive of patient sensitivity to ricolinostat plus 
nab-paclitaxel combination therapy.

Fourth, we have used the HDAC6 score to study a large variety of 
human cancer and found that cancer types such as AML46,47, lymphoma7 
and melanoma6, where ricolinostat and other HDAC6i’s have shown 
anticancer activity in preclinical models, present the highest HDAC6 
scores. Additionally, a fraction of the most common tumor types such 
as prostate cancer, colorectal cancer or B-cell lymphoma, and some 
of the deadliest cancers such as melanoma or glioblastoma, were also 
at the top of the list. This finding opens the exciting possibility to use 
HDAC6i’s such as ricolinostat beyond BC in a variety of other tumors.

Fifth, our mechanistic studies have linked the anticancer activity 
of ricolinostat with the reduction of c-MYC levels. MYC is one of the 
most potent oncogenes and is activated in more than half of human 
cancers. Importantly, MYC activation often results in the well-known 
phenomenon of oncogene addiction, and attenuation of MYC reduces 
tumor cell viability48. Although MYC inhibition has been proposed as 
a powerful therapeutic strategy for the treatment of many types of 
cancers, direct targeting of MYC remains a challenge49. Hence, the 
reduction of MYC expression through ricolinostat treatment repre-
sents an exciting alternative that can potentially impact a large variety 
of tumor types. How does HDAC6 inhibition modulate MYC expression? 
Our mechanistic studies support a model where MYC is a substrate of 
HDAC6 controlling the balance between the acetylated and deacety-
lated forms. HDAC6 inhibition shifts this balance and promotes the 
accumulation of acetylated MYC, which is rapidly degraded by the 
proteasome (Fig. 6e).

Our study has some limitations that are worth discussing. Although 
we have demonstrated that inhibition of HDAC6 induces accumulation 
of acetylated c-MYC leading to its degradation, we still do not know 
how HDAC6i-resistant cells prevent degradation of MYC. Multiple 
possibilities exist. Resistant cells may somehow prevent accumula-
tion of acetylated MYC. Alternatively, protein stability and function 
are often regulated by a compendium of posttranslational modifica-
tions (PTMs). In fact, several PTMs (Thr-58, Ser-62 and Lys-323) have 
been experimentally linked with c-Myc stability50,51. Thus, other PTMs 
in c-Myc may modify the response to HDAC6i’s, creating a ‘PTM MYC 
code’ that defines the response to an HDAC6i. We have observed that 
although accumulation of c-Myc ac-K148 acetylation is reduced in some 
HDAC6i-resistant cells, it is not fully abrogated (Extended Data Fig. 10). 
Additional studies are necessary to fully understand the regulation of 
MYC in HDAC6i-resistant cells.

Although there is no doubt that MYC levels influence the viability 
of cancer cells, it is unlikely that this is the only effect induced by HDAC6 
inhibition. For instance, HDAC6 is necessary for the formation of the 
aggresome and establishing an efficient protective response to the 
accumulation of misfolded intracellular protein14–16. Cells deficient 
in HDAC6 have a limited capacity for clearing toxic protein aggre-
gates14,15,52. Additionally, misfolded polypeptides can be corrected 
by chaperones35. Notably, the Hsp90 chaperone is a known substrate 
of HDAC6 whose activity is affected when HDAC6 is inhibited53. Dys-
functional mitochondria aggregate into aggresome-like structures 
also dependent on HDAC6 that are called the mitoaggresome35,54. 
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Accumulation of defective mitochondria also generates toxicity that 
compromises cell viability55–60.

Only a few bona fide HDAC6 substrates such as α-tubulin16 and 
Hsp9053 have been well validated, and over another half dozen have 
been reported in the literature only a few times. Although it is out of 
the scope of this report, our proteomic and genomic studies provide 
additional evidence of multiple putative substrates, other than c-Myc, 
that are worth investigating. The acetyltransferase EP300, one of the 
main regulators of gene transcription with an essential role in cell 
growth and proliferation was also found hyperacetylated in deficient 
HDAC6 cells (Supplementary Table 14). Remarkably, upregulation of 
the EP300 activity through acetylation is well known61. Because acety-
lation of c-MYC by EP300 is associated with increased turnover40, we 
speculate that the acetylation status of c-MYC is balanced by HDAC6 
through a multiple-layered regulation. Thus, HDAC6 can deacetylate 
c-MYC not only directly but also by deacetylating and reducing the 
activity of EP300. Although this idea remains highly speculative, it 
illustrates the potential relevance that other putative targets may 
have in the anticancer activity of HDAC6 inhibition and that their rel-
evance may differs among cancer cells. Finally, in our studies, we have 
used multiple specific HDAC6i’s as well as genetics (RNAi). Although 
these complementary approaches provide supporting evidence of the 
anticancer activity of HDAC6 blockage, we should consider that each 
of them may have unknown off-target effects.

A recent report has described a noncanonical role of HDAC6 in the 
regulation of the immune response showing that HDAC6i can improve 
immune checkpoint blockade62. Thus, the addition of immune check-
point blockade could be considered in future trials containing HDAC6i 
like ricolinostat. In this regard, it is worth mentioning that although it 
is not surprising that our study found a negative correlation between 
immune infiltration and the HDAC6 score due to the association of 
higher HDAC6 scores and lower immune scores with HR+ and HER2+ 
BC tumors compared with TNBCs, it warrants additional studies on 
how HDAC6i’s may impact immune response.

The ability to calculate the HDAC6 score for some of the patients 
recruited to our clinical trial study provides the first evidence that the 
HDAC6 score has predictive potential in the clinical setting. Because 
our study is a phase 1b, the number of patients is still limited. Addition-
ally, our trial cannot meaningfully distinguish which effects are simply 
from abraxane and which are from ricolinostat. New studies with larger 
cohorts are needed to further confirm these results and help precisely 
define a threshold of HDAC6 score for patient stratification.

Methods
All research complies with all relevant ethical regulations

Cell culture
All BC cell lines were obtained from the American Type Culture 
Collection.

Flow cytometry and cell viability
Cells were analyzed for phosphatidylserine exposure by annexin-V 
fluorescein isothiocyanate/propidium iodide double staining using BD 
fluorescein isothiocyanate Annexin-V Apoptosis Detection Kit (catalog 
no. 556547) according to the manufacturer’s instructions.

Cell viability. A total of 5,000 cells per well were seeded in a 96-well 
plates (white with a clear bottom) and treated with respective drugs 
for 72 h and quantified for viability using CellTiter-Glo Luminescent 
Cell Viability Assay (catalog no. G7571). After treatment with the drug 
was complete, media containing the drug was removed and washed 
once with 1× PBS and replaced with an equal volume of media and Cell 
Titer-Glo reagent and incubated for 5 min on a platform rocker. Plates 
were then read using a SpectraMax ′M5 microplate reader at the end-
point and luminescent setting.

Drug synergy. Using the same conditions and reagents as stated above, 
cells were treated with ricolinostat (0–20 μM), paclitaxel (0–437.5 nM) 
and doxorubicin (0–200 nM) for 72 h to determine the dose curves. 
After validating 2.5 μM ricolinostat as the lowest concentration of the 
drug that induces robust accumulation of acetylated α-tubulin, the cells 
were treated with a combination of ricolinostat at 2.5 μM and the same 
range of concentrations of paclitaxel and doxorubicin as indicated 
above for 72 h and quantified for viability. The synergistic activity 
between ricolinostat and paclitaxel or doxorubicin was evaluated 
using two approaches: isobole curves and combination index using 
the Chou-Talalay equation.

Cell viability by MTS. Cells were plated in 96-well plates with 150 μl 
culture media at an optimized cell density. Twenty-four hours later, 
testing compounds were added, and the time-zero plates were meas-
ured by MTS assay as G0 reference. Cell proliferation was measured by 
MTS assay after compound treatment for 3 days. Compounds dilution: 
20 mM stock solution of ACY-1215 in DMSO. On the day of treatment, 
compounds were freshly diluted from the stock solution to a working 
solution with 8 data points with final concentrations ranging from 0 
to 30 μM in culture medium.

Crystal violet staining. A total of 50,000 cells per well were seeded 
in a 24-well plate and treated with respective drugs for 72 h. All wells 
were then washed once with 1× PBS and stained with 0.5% crystal violet 
solution for 20 min while placed on a rocker. Plates were then washed 
three times with distilled water, dried overnight, resuspended with 
methanol and quantified with a plate reader at 540 nm wavelength.

RNAi. All siRNAs were purchased from Dharmacon as a pool of four 
siRNAs targeting HDAC6, MYC and non-targeting control. Cultured 
cells were plated at 70% confluence 24 h before transfection. The fol-
lowing day, the cells were supplied with fresh media and transfected 
with siRNA using the Lipofectamine RNAiMAX transfection reagent 
(catalog no. 13778075) according to the manufacturer’s protocol. 
Knock-down efficiency was evaluated 72 h after transfection using 
western blot.

CRISPR. All sgRNAs were cloned into the lentiCRISPR v2 vec-
tor backbone (Addgene, plasmid 52961) and were prepared using 
Qiagen Maxiprep Kit (catalog no. 12162). 3 μg plasmid was then 
transfected into the haploid cell line (HAP1) using JetPei DNA trans-
fection reagent (Polyplus, 101-10 N) overnight. sgRNA sequence 
H651A (5′-GCTGAGTTCCATTACCGTGGTGG-3′). For the genera-
tion of HDAC6 point mutants, the sgRNA was cotransfected with 
100 nM of an ssDNA oligo to promote homologous recombination 
(5′-CGCCATGCCCAGACTATCAGTGGGCATGCCCTACGGATCCTGAT 
TGTGGATTGGGATGTCCACCACGGTAATGGAACTCAGCACATGTTTG 
AGGATGACCCCAGTGTGCTATATGTGTCCCTGCACCGCTATGATC 
ATGG-3′). Individual cells were then plated into 96-well plates to grow 
single clones. After expansion, genomic DNA was extracted using a 
Qiagen kit (69504) and sequenced for verification of the presence of 
point mutations.

Clinical trial (NCT02632071)
This study was approved by the Columbia University Institutional 
Review Board (IRB-Q3709). This is an open-label phase 1b trial using 
ricolinostat in combination with nab-paclitaxel for patients with MBC 
(Fig. 3a) who have progressed on multiple previous lines of therapy 
(Supplementary Table 3). The primary objective of this study was to 
establish the safety and tolerability and identify the MTD and RP2D 
of ricolinostat when combined with nab-paclitaxel. Additionally, the 
secondary objectives were to assess PFS, ORR and CBR and evaluate the 
HDAC6 score as a predictive biomarker by investigating the correlation 
between the HDAC6 score and clinical endpoints.
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Definition of DLT. DLT was defined as (a) any grade 4 hematologic 
toxicity; (b) grade 3 thrombocytopenia associated with clinically sig-
nificant bleeding; (c) grade ≥3 nonhematologic toxicity and not related 
to underlying malignancy except the following: (1) nausea, vomiting or 
diarrhea lasting <72 h and controlled by optimal antiemetic/antidiar-
rheal therapy; (2) clinical laboratory abnormalities that are reversible 
to grade ≤1 or baseline status within 72 h with outpatient care and/
or monitoring or that are considered not clinically significant by the 
treating investigator; (3) grade 3 amylase and/or lipase elevation that 
is not associated with either clinical or radiographic evidence sugges-
tive of pancreatitis.

Definition of patient evaluability for toxicity. Patients were evaluable 
for toxicity from the time of their first treatment with ACY-1215 and 
nab-paclitaxel. To qualify as DLT evaluable, a minimum of 80% dose 
should be taken.

Definition of patient evaluability for the efficacy evaluation. Only 
those patients who have measurable disease present at baseline, 
have received at least one cycle of therapy and have had their disease 
re-evaluated will be considered evaluable for response.

Patients who have lesions present at baseline that are evaluable 
but do not meet the definitions of measurable disease, patients who 
have received at least one cycle of therapy and patients who have had 
their disease reevaluated will be considered evaluable for nontarget 
disease response.

TITE-CRM description. The TITE-CRM used an empirical dose-toxicity 
model with a prior distribution of the model parameter assumed to be 
normal with a mean of 0 and a variance of 1.34. The dose-toxicity model 
was calibrated such that the method will eventually select a dose that 
yields between 17% and 33% DLT63 and had good operating characteris-
tics across a wide range of potential scenarios of toxicity profiles. The 
proposed toxicity evaluation period for this study was set at 8 weeks 
with a minimum of 1 week of observation between two consecutive 
patients, which resulted in a maximum of four patients in the DLT win-
dow at any given time. A linear function was used to assign weights to 
patients according to their follow-up time and toxicity status. In this 
trial, we assumed that the weight given to a patient’s outcome increases 
at a constant rate while being monitored for DLT, with full weight being 
achieved at the end of the observation period. If a death unrelated 
to the study drug occurred within the observation window, then the 
model would take into consideration the time to death for that patient, 
and death (event) will be censored. The design did not allow for dose 
skipping during dose escalation or escalation immediately after a DLT.

Trial information. Seventeen patients were accrued between March 
2016 and February 2018. Of these, 16 patients had an evaluable disease, 
as one patient no longer wishing to participate in the trial dropped 
out at cycle 2 in the absence of any related toxicity. In the 16 evaluable 
patients, the median age was 57.5 years (range: 41–78), 14 were female 
(87.5%), 3 had triple-negative MBC and 13 were HR+/HER2− MBC. The 
median number of prior lines was 3 (range: 0–10). Detailed informa-
tion of each patient is given in extended data tables and source data.

Ages eligible for study: 18 years and older.
Inclusion criteria:
Patients 18 and older of all sexes were eligible for the study. The 

study did not accept healthy volunteers. The patients were recruited 
by personal interview with the oncologist. Subjects have histologically 
confirmed adenocarcinoma of the breast; all BC subtypes are allowed, 
including unresectable BC or MBC. Locally recurrent disease must not 
be amenable to any local treatment with curative intent. Metastatic 
disease must be demonstrated either radiographically or histologi-
cally. Patients may have measurable disease only, nonmeasurable 
disease only or both (RECIST 1.1) and Eastern Cooperative Oncology 

Group performance status of 0–1. Patients must have recovered from 
the acute toxic effects of all prior therapy before registration for this 
study to grade 1 or less.

Women and men of all races and ethnic groups are eligible for this 
trial. Minimum number of prior treatments required given standard 
nab-paclitaxel dosing:

If HER2−: none
If HER2+: two prior regimens containing HER2 targeted therapies 

in the inoperable locally advanced and/or metastatic setting. Prior 
therapy for inoperable locally advanced/metastatic disease should 
include trastuzumab plus pertuzumab as well as ado-trastuzumab. 
Pertuzumab and ado-trastuzumab must have been previously used, 
unless for reasons that include, but are not limited, to the following: 
intolerance to pertuzumab and/or ado-trastuzumab, medical contrain-
dication, regimen declined by patient, treating investigator discretion, 
or medical insurance coverage issues that prevented administration 
of pertuzumab or ado-trastuzumab. These reasons must be reviewed 
with the study chairs and documented in the medical record and care 
report form. Patients who relapse within 12 months of completing 
neoadjuvant/adjuvant pertuzumab or ado-trastuzumab would be 
considered as having progressed on that regimen.

There is no maximum number of prior treatments allowed in the 
metastatic setting.

Patients must have normal organ and marrow function as defined 
below:

leukocytes ≥3,000 μl−1

absolute neutrophil count ≥1,500 μl−1

platelets ≥100,000 μl−1

hemoglobin ≥9 g dl−1

total bilirubin ≤1.5× the upper limit of normal
Aspartate Aminotransferase/Alanine Transaminase test, 

AST(SGOT)/ALT(SGPT) ≤2.5× institutional upper limit of normal
Serum creatinine ≤1.5× upper limit of normal or calculated creati-

nine clearance ≥ 60 ml min−1

Subject is capable of understanding the informed consent process.
The effects of ACY-1215 on the developing human fetus are 

unknown. For this reason, and because the effects of chemotherapy 
are known to be teratogenic, women of childbearing potential and 
men must agree to use adequate contraception (hormonal or barrier 
method of birth control; abstinence) before study entry and for the 
duration of study participation. Should a woman become pregnant 
or suspect she is pregnant while she or her partner is participating in 
this study, she should inform her treating physician immediately. Men 
treated or enrolled on this protocol must also agree to use adequate 
contraception before the study, for the duration of study participation 
and 2 weeks after completion of ACY-1215 administration.

Exclusion criteria:
Patients who have had chemotherapy, hormonal therapy or radio-

therapy within 2 weeks before entering the study or those who have not 
recovered from adverse events due to agents administered more than 
2 weeks earlier. Concomitant treatment with bone-targeted therapies 
such as RANKL (Receptor activator of nuclear factor kappa-Β ligand) 
inhibitors or bisphosphonates is allowed.

Patients who are receiving any other investigational agents con-
currently or have received investigational agents within 2 weeks or 5 
half-lives of the compound or active metabolites, whichever is longer 
before the first dose of the study treatment.

Patients who have received HDAC inhibitors (including valproic 
acid, entinostat, vorinostat) are excluded

Subject is pregnant or nursing. Pregnant women are excluded 
from this study because ACY-1215 is an investigational therapy with 
unknown potential for teratogenic or abortifacient effects. Because 
there is an unknown but potential risk for adverse events in nursing 
infants secondary to treatment of the mother with ACY-1215, breast-
feeding should be discontinued if the mother is treated with ACY-1215.
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Symptomatic or unstable brain metastases. (Asymptomatic 
patients with metastatic brain disease who have been on a stable dose 
of corticosteroids for treatment of brain metastases for at least 14 days 
before registration are eligible to participate in the study.)

HIV+ patients with a CD4 count <200 are ineligible, because these 
patients are at increased risk of lethal infections when treated with 
marrow-suppressive therapy. Appropriate studies will be undertaken in 
patients receiving combination antiretroviral therapy when indicated.

Patients receiving any medications or substances that are strong 
inhibitors of CYP450 3A4 isoenzyme.

History of allergic reactions attributed to compounds of similar 
chemical or biologic composition to nab-paclitaxel.

Uncontrolled intercurrent illness including, but not limited to, 
ongoing or active infection, symptomatic congestive heart failure, 
unstable angina pectoris, cardiac arrhythmia or psychiatric illness/
social situations that would limit compliance with study requirements.

Corrected QT interval (QTc) value >480 ms at screening; fam-
ily or personal history of long QTc syndrome or ventricular arrhyth-
mias including ventricular bigeminy at screening; previous history of 
drug-induced QTc prolongation or the need for treatment with medi-
cations known or suspected of producing prolonged QTc intervals on 
electrocardiogram. If QTc prolongation on screening ECG is felt to be 
related to electrolyte imbalance, an electrocardiogram can be repeated 
after correction of electrolytes.

Primary outcome:
MTD of ACY-1215 (ricolinostat) (time frame: 28 days).
The MTD combination is defined as the dose combination associ-

ated with a target probability of a DLT of 0.25. DLT is defined as the MTD 
with DLTs defined as any grade 3 nonhematologic toxicities despite 
maximal supportive care or any grade 4 hematologic toxicity. The 
MTD will be estimated using the time to event continual reassessment 
method (TITE-CRM). The TITE-CRM will use an empirical dose-toxicity 
model, with a sample size of 24. The dose-toxicity model is calibrated 
such that the method will eventually select a dose that yields between 
17% and 33% DLT, which will be the RP2D.

Secondary outcome measures:
Number of adverse events related to ACY-1215 (ricolinostat) 

(time frame: up to 14 days following the last administration of study 
treatment).

All patients will be evaluable for toxicity from the time of their 
first treatment with the study drug. Toxicities will be graded based 
upon CTCAE v4.0.2.

Animal studies
All mouse experiments were conducted using protocols (IACUC-2014-
0104) approved by the Institutional Animal Care and Use Committee 
at the Icahn School of Medicine at Mount Sinai. The maximum tumor 
size allowed by the ethics committee was 1.5 ml. This limit was not 
exceeded in our studies.

Transgenic and xenograft mouse models .  FVB/N-Tg 
(MMTVneu)202Mul/J transgenic mice were purchased from Jack-
son Laboratory and bred; 6- to 8-week-old NOD.Cg-Prkdcscid 
Il2rgtm1Wjl/SzJ female mice were also obtained from Jackson Labora-
tory. Mice were subcutaneously injected under each flank at 3 months 
of age with 10 × 106 MDA-MB 453 and MDA-MB-436 cells resuspended 
in an equal volume of respective media and matrigel matrix (Corn-
ing, 354234). Treatment began when tumors reached a volume of 
100–150 mm3 for both transgenic and xenograft mice. A minimum of 
six mice per cohort were used in the study.

Drug administration. Ricolinostat, obtained from Acetylon Pharma-
ceuticals, was administered for 6 days a week at 50 mg kg−1. Paclitaxel 
was obtained from the Mount Sinai Hospital and administered at 6 mg 
kg−1 twice a week. Both treatments were given intraperitoneally at a 

volume of 200 μl. Tumors were measured twice a week for the duration 
of the experiment using the ellipsoid volume formula 1/2 × length × 
width × height. At the experimental endpoint, tumors were collected, 
formalin-fixed and flash frozen. Statistical differences were evaluated 
with one-tailed t-test (n ≥ 6 per cohort).

Immunohistochemistry
Immunohistochemistry was performed on FFPE tumor tissue sec-
tions by the Neuropathology Brain Bank Core at Mount Sinai. All slides 
were sectioned, mounted and stained for hematoxylin and eosin, 
Ki-67(Abcam, ab15580 1:200) and cleaved caspase-3 (Cell Signaling, 
9664 s at 1:50). All slides were processed using Ventana Benchmark 
XT machine by the core facility.

Statistical analysis of experimental data
Data on experimental graphs related to cell lines and animal studies 
are represented as mean ± s.d. unless specified otherwise. Results were 
analyzed by Student’s t-test, and a P value below 0.05 was considered 
statistically significant.

Statistics and reproducibility
All studies in the report were performed a minimum of three independ-
ent times if not otherwise described in the legends. No sample was 
excluded except when otherwise described in the text (for example, 
tumor samples with low tumor content). No statistical method was used 
to predetermine sample size. The experiments were not randomized. 
The investigators were not blinded to allocation during experiments 
and outcome assessment.

Transcriptomics data collection and processing
Cancer cell lines. The RNA-seq transcripts per million data of 1,165 cell 
lines representing 29 cancer types from the CCLE project, together with 
cell line annotations and gene dependency scores, were downloaded 
from the portal of the Dependency Map (DepMap) project (https:// 
depmap.org/portal, version: Public 19Q1).

Transgenic mouse models of BC. The gene expression profiles of 385 
samples from 27 GEMMs of BC and 2 normal mammary tissues were 
collected in a study by C. Perou and downloaded from the Gene Expres-
sion Omnibus (GEO) (GSE42640, Agilent Technology gene expression 
microarray platforms, 22 K, 4 × 44K or 4 × 180K).

TCGA. The TCGA RNA-seq data at both isoform and gene levels for 32 
human primary cancer types including BC were extracted from the 
QIAGEN OncoLand.

METABRIC. We downloaded the normalized METABRIC gene expres-
sion profiles (Illumina HT 12 arrays, N = 1,981) from Synapse (https:// 
www.synapse.org/#!Synapse:syn1757063).

IBC. The preprocessed gene expression profiles of 63 IBC samples 
and 134 non-IBC patient samples were collected by an IBC study and 
downloaded from the GEO (GSE23720, Affymetrix Human Genome 
U133 Plus 2.0). We normalized the data by quantile method and then 
removed probe sets with no EntrezGene IDs, resulting in 51,997 probe 
sets representing 20,517 genes. The gene-level expression values were 
estimated by taking average the expression of all probe sets for the 
same gene. The data quality control (QC) was assessed by the ‘draw.
eset.QC’ function in the NetBID software. Two outlier samples (T60 and 
T61) were identified and removed from subsequent analysis.

BC patient samples treated by paclitaxel only. The pre- 
processed gene expression profiles of 106 BC patient samples treated 
by paclitaxel only were collected from the GEO (GSE25066, Affymetrix 
Human Genome U133A Array). We removed probe sets with no gene 
symbols and estimated the gene-level expression values by taking 
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average of the expression of all probe sets for the same gene, resulting 
in 14,208 genes for subsequent analysis.

RNA-seq analysis of the clinical trial
FFPE sample collection. Out of 16 evaluable patients in our clinical 
trial, we were able to obtain 11 FFPE biopsy samples before entering 
the clinical trial.

Data generation. RNA samples were isolated using the RNeasy Mini Kit 
(QIAGEN) and subjected to RNA-seq. The sequencing was performed 
by Illumina HiSeq 2500 with ~25 million SE-100 reads at the Genomics 
Core Facility at Mount Sinai.

Data QC and processing. Raw fastq data were assessed by FastQC 
(v0.11.5). Salmon (v0.9.1)64 was used to quantify the expression of 
transcripts and genes based on the reference genome hg38 (GRCh38) 
with gene annotation from GENCODE (release 28). Data have been 
deposited in the GEO portal (GSE148623).

Batch effect removal. The RNA-seq experiments were performed 
in three batches based on sample received time. We then used the 
‘removeBatchEffect’ function in the limma R package (v3.42.2) to 
remove the batch effects.

RNA-seq analysis of two sensitive and two resistant cell lines
RNA samples of two sensitive cell lines (MDA-MB-453 and SK-BR-3) and 
two resistant cell lines (MDA-MB-436 and MDA-MB-468) were isolated 
using the RNeasy Mini Kit (QIAGEN) and subjected to RNA-seq, which 
was performed by Illumina NovaSeq 6000 with ~100 million PE-150 
reads in the CMPB Genomics Laboratory at St Jude Children’s Research 
Hospital. Raw fastq data was assessed by FastQC (v0.11.5) and trimmed 
by cutadapt (v2.10) under default parameters. Salmon (v0.9.1)64 was 
used to quantify the expression of transcripts and genes based on the 
reference genome hg38 (GRCh38) with gene annotation from GENCODE 
(release 28). Data have been deposited in the GEO portal (GSE148623).

Microarray analysis of BC cell lines and mouse models
RNA samples of three sensitive cell lines (MDA-MB-453, SK-BR-3 and 
SUM-149) and a mouse model (MMTV-Neu) were extracted using the 
RNAeasy Kit (Qiagen). The amount and quality of RNA were assessed with 
the DU-640 UV Spectrophotometer. The samples with the optical density 
260/280 ratio greater than 1.8 and the total RNA yield greater than 1 μg 
were considered qualified and further profiled on the Agilent sure printG3 
Human gene expression V3 and mouse gene expression V2 chip following 
the standard protocol. Agilent Feature Extraction software was used to 
generate probe-level intensities and quality measures including median 
intensity, percent of probe set outliers, and percent of single probe out-
liers for each chip. The data normalization was performed by limma R 
package (v3.42.2) with ‘loess’ method within array and ‘quantile’ between 
arrays. The probe sets mapping to protein-coding genes were selected 
for subsequent analysis, resulting in 27,726 probes/18,498 genes for cell 
lines and 38,143 probes/20,051 genes for the mouse model. The data 
QC was assessed using the ‘draw.eset.QC’ function in NetBID software.

Integration of human BC transcriptomics data from different 
sources
Gene expression profiles from four datasets of human BC, including 
TCGA, METABRIC, IBC and RNA-seq data from our clinical trial, were 
merged by using the genes shared across all four datasets. Batch effects 
were detected by NetBID QC and removed by limma as described in the 
batch removal of clinical trial RNA-seq data.

Protein extraction and protein quantification
A total of 12 million cells from each sample were lysed in 8 M urea as pre-
viously described65. Briefly, the frozen cell pellets were homogenized 

in the lysis buffer (50 mM HEPES, pH 8.5, 8 M urea and 0.5% sodium 
deoxycholate) with 1× PhosSTOP phosphatase inhibitor cocktail 
(Sigma-Aldrich). Protein concentration was measured by the BCA 
assay (Thermo Fisher) and then confirmed by Coomassie-stained 
short SDS gels.

Protein digestion and TMT labeling
The analysis was performed with a previously optimized protocol66. 
For acetylome profiling, quantified protein samples (~1 mg in the lysis 
buffer with 8 M urea) for each TMT channel were proteolyzed with Lys-C 
(Wako, 1:100 w/w) at 21 °C for 2 h, diluted with 50 mM HEPES (pH 8.5) by 
fourfold to reduce urea to 2 M before the addition of trypsin (Promega, 
1:50 w/w) to continue the digestion at room temperature overnight. 
The digestion was terminated by the addition of 1% trifluoroacetic acid. 
After centrifugation, the supernatant was desalted with the Sep-Pak 
C18 cartridge (Waters) and then dried by Speedvac. Each sample was 
resuspended in 50 mM HEPES (pH 8.5) for TMT labeling and then mixed 
equally, followed by desalting for the subsequent fractionation. Sam-
ples were labeled with 11-plex TMTs from Thermo Fisher according to 
the manufacturer’s recommendations.

Two-dimensional liquid chromatography-tandem mass 
spectrometry and acetylated peptide enrichment
The TMT-labeled samples were fractionated by offline basic pH 
reverse-phase liquid chromatography during a 50-min gradient on 
an XBridge C18 column (3.5 μm particle size, 4.6 mm × 25 cm, Waters; 
buffer A: 10 mM ammonium formate, pH 8.0; buffer B: 95% acetonitrile, 
10 mM ammonium formate, pH 8.0)66. Eighty fractions were collected 
and concatenated into ten fractions. Each of the ten fractions was sub-
jected to enrichment by PTMScan Acetyl-Lysine Motif (Cell Signaling 
Technology) antibody. Briefly, tryptic peptides dissolved in 1× IPA 
buffer (50 mM MOPS/NaOH, pH 7.2 and 10 mM Na2HPO4) were incu-
bated with prewashed antibody beads at 4 °C for 2 h with gentle shak-
ing. The beads were then washed two times with cold 1× PBS. The bound 
peptides were eluted with 0.15% trifluoroacetic acid and desalted on 
C18 StageTip and died. Each concatenated fraction was depleted 3 
times with antibody. The resulting peptides were resuspended in 2 μl 
5% formic acid. In the acidic pH liquid chromatography-tandem mass 
spectrometry analysis, each fraction was run sequentially on a column 
(75 μm × 25 cm for the acetylome proteome, 1.9 μm C18 resin from 
Dr. Maisch, 65 °C to reduce backpressure) interfaced with an Q Exactive 
HF Orbitrap or Fusion MS (Thermo Fisher). Peptides were eluted by an 
80-min gradient (buffer A: 0.2% formic acid, 5% DMSO; buffer B: buffer 
A plus 65% acetonitrile). Mass spectrometry settings included the MS1 
scan (410–1,600 m/z, 60,000 resolution, 1 × 106 AGC and 50 ms maximal 
ion time) and 20 data-dependent MS2 scans (fixed first mass of 120 m/z, 
60,000 resolution, 1 × 105 AGC, 100–150 ms maximal ion time, HCD, 
35–38% normalized collision energy, ~1.5 m/z isolation window with 
0.3 m/z offset, and ~15 s dynamic exclusion).

Data analysis (proteomics)
Raw mass spectra were pre-processed by the JUMP program67, searched 
using SEQUEST engine68 against UniProt human database and concat-
enated with a reversed protein sequence decoy database. Searches were 
performed with a mass tolerance of 25 ppm for precursor ions and 15 
ppm mass tolerance for fragment ions, fully tryptic restriction with two 
maximum missed cleavages, three maximum modification sites, and 
assignment of the a, b and y ions. TMT (tandem mass tag) tags on lysine 
residues and N-termini (+229.162932 Da) and the carbamidomethyla-
tion of cysteine residues (+57.021 Da) were used for determining static 
modifications, and methionine oxidation (+15.99492 Da) and lysine 
acetylation (+42.01056) was considered a dynamic modification. Mass 
spectra were filtered by mass accuracy and matching scores to reduce 
the FDR to approximately 1%. The lysine-acetylated peptides were quan-
tified by summarizing reporter ion counts across all matched peptide 
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spectrums with the JUMP software suite69, followed by differential 
expression analysis using the limma R package (v3.42.2) [https://doi. 
org/10.1007/0-387-29362-0_23].

Next-generation HDAC6 BC regulon inference
To reconstruct HDAC6 regulon with high accuracy and applicabil-
ity across all BC subtypes, gene expression profiles were extracted 
from each of the nine BC subtypes, including three (HR+/HER2−, 
HER2+ (HR+ and HR−), TNBC) defined by IHC assays of HR and HER2, 
and six (luminal A, luminal B, HER2overexpressed, claudinlow, basal-like and 
normal-like) defined by PAM50 (prediction analysis of microarray 
50), from over 3,000 primary BC samples from TCGA and METABRIC. 
We then used SJARACNe, a scalable software tool for gene network 
reverse-engineering from big data, to reconstruct signaling networks 
for each of the 9 BC subtypes.

HDAC6 cancer-type-specific regulon inference
TCGA dataset included RNA-seq profiles representing 32 human pri-
mary cancer types. In addition to the updated HDAC6 regulon for BC as 
described above, we used TCGA RNA-seq data as detailed in the previ-
ous section and reconstructed HDAC6 regulons for each of the other 31 
cancer types by using the SJARACNe algorithm. The parameters were 
the same as those used to generate HDAC6 BC regulons.

HDAC6 score inference by NetBID
Given a gene expression profile in a cohort of study, we calculated the 
raw HDAC6 score that summarized the activity of the HDAC6 regulon 
by using the ‘cal.Activity’ function with the method of ‘mean’ in Net-
BID software. For the HDAC6 score of human BC samples, we used the 
updated HDAC6 regulon for BC. For HDAC6 score across the 31 TCGA 
cancer types, we used the cancer-type-matched HDAC6 regulon. To 
calculate the HDAC6 score in GEMMs of mouse BC, we used the human 
gene IDs transferred based on the human/mouse homology map that 
was done in the BC GEMM study. For graphical representation, all 
HDAC6 scores in a study were normalized considering all the samples 
in that specific series of samples.

HDAC6 score inference by VIPER
HDAC6 relative protein activity based on our next-generation HDAC6 
BC regulon was inferred by the VIPER algorithm implemented in the 
Darwin OncoTarget test, which has been approved by the NYS Depart-
ment of Health CLIA/CLEP Validation Unit as an offering in the category 
of ‘Molecular and Cellular Tumor Markers for Oncology’ (Neal, Michael, 
Assay Validation Review, Wadsworth Center, NY State Department of 
Health, PFI: 7313, Project ID: 63859, March 8, 2019).

Overlaps of cancer-type-specific HDAC6 regulons
The HDAC6 regulons of 32 TCGA cancer types inferred by SJARACNe, as 
described above, were summarized in Supplementary Table 10. The regu-
lon overlapping statistics, including the size of overlapped regulon genes 
and the P value of Fisher’s exact test, was summarized in Supplementary 
Table 11. The scatter plot was made by R package ggplot2 (v3.3.0).

PFS analysis against HDAC6 score in the clinical trial
The PFS in month was calculated from the dates of the trial assignment 
and disease progression or last follow-up by the ‘difftime’ function in lubri-
date (v1.7.8). The PFS analysis of the clinical trial against HDAC6 score, 
including the Cox model fitting and Kaplan–Meier plot, was performed 
by using the R package survminer (v0.4.6). The HDAC6 score ‘high’ and 
‘low’ patients were defined at the cutoff of the mean of HDAC6 scores.

ROC curve analysis of HDAC6 score in the clinical trial
The ROC curve analysis to evaluate the performance of HDAC6 score in 
predicting clinical response of patients, including statistics and plot, 
was performed with the R package pROC (v1.6.2)70. We used −0.36 as 

the cutoff HDAC6 score from the ROC analysis to define HDAC6-high 
and HDAC6-low patients.

Data analysis (statistics)
Multiple testing correction was not applied otherwise unless specified 
in the figure legends.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
The gene expression profile data are available at GEO under acces-
sion number GSE180607. The data include two subseries, one for the 
RNA-seq data of clinical trial samples and four BC cell lines (GSE128623), 
and another for the microarray data of three cell lines and one mouse 
model (GSE180606). The acetylomics data, including raw files and pep-
XML files for each sample, can be accessed at PRIDE under accession 
number PXD026010. Source data have been provided as Source Data 
files. All other data supporting the findings of this study are available 
from the corresponding author on reasonable request.
Previously published transcriptomic data that were reanalyzed here 
are available:
•Cancer cell lines. The RNA-seq transcripts per million data of 1,165 cell 
lines representing 29 cancer types from the CCLE project, together with 
cell line annotations and gene dependency scores, were downloaded 
from the portal of the Dependency Map (DepMap) project (https://
depmap.org/portal, release: Public 19Q1).
•TCGA. The TCGA RNA-seq data at both isoform and gene levels for 32 
human primary cancer types including BC were extracted from the 
QIAGEN OncoLand release TCGA_B38 2020v1.
•METABRIC. The human BC microarray data (Illumina HT 12 arrays, 
N = 1,981) were downloaded from Synapse (https://www.synapse.
org/#!Synapse:syn1757063, version syn1757063).
•BCs treated only with paclitaxel GSE25066. Source data are provided 
with this paper.

Code availability
The codes for the HDAC6 score calculation and other analyses are freely 
available at https://github.com/jyyulab/HDAC6-score
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | HDAC6 score in BC. (a) The number of samples and 
dataset of origin used to evaluate the HDAC6 regulon. (b) Overlap of the original 
and updated HDAC6 regulons. P value was estimated using two-tailed Fisher’s 
exact test. N was determined by the total number of genes for network inference. 
(c) The network plot of HDAC6 and updated HDAC6 regulon. Edge width is 
corresponding to the correlation strength measured by mutual information. Red 
and blue edges indicate positive and negative correlations between HDAC6 and 
each of the regulon genes. The table below shows the pathway enrichment of the 
genes in the regulon, showing its association with unfolded protein response. 
P value was estimated using two-tailed Fisher’s exact test. (d) New HDAC6 

score comparing IBCs vs non-IBCs. (e) HDAC6 scores of all BCs from TCGA and 
METABRIC are divided into molecular subtypes. (f) HDAC6 scores in 45 ductal 
metastatic breast cancer samples from the MBC Project divided into histological 
molecular subtypes. In d, e and f, the center line indicates the median value. The 
lower and upper hinges represent the 25th and 75th percentiles, respectively, 
and whiskers denote 1.5x interquartile range; the red line represents the median 
of the HDAC6 scores in IBC samples and the numbers over each whisker plot 
indicate the percentage of samples over this value in each clinical subtype. 
Sample size (n = number of samples) of each group was indicated in the axis 
labels. P value was estimated using two-tailed t test.
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | Anticancer activity of HDAC6 inhibitors. (a) The 
western blot shows the titration of ricolinostat to identify an effective dose 
(accumulation of Ac-α-Tubulin) without off-target effects in class-I HDACs 
(accumulation of Ac-H3K27). SAHA is used as a control Pan-HDAC inhibitor. 
WT-blot results were reproduced n = 3 times from independent experiments. 
(b) Chemical structure of the different HDAC6 inhibitors used in Fig. 1e. (c) 
Normalized cell number 6 days after transfection with individualized siRNAs 
targeting HDAC6 or non-targeting control (NTC) (n = 3 independent independent 
experiments per siRNA). The WT-blots show the silencing efficiency. WT-blot 
results were reproduced n = 3 times from independent experiments. All error 
bars represent Mean±SD. P value was estimated by two-tailed t test. (d) The 
graphic shows the lack of synergistic activity between ricolinostat and commonly 
used chemotherapy (paclitaxel and doxorubicin) in MDA-MB-436 cells. In 
contrast, cells sensitive to ricolinostat MDA-MB-453, SK-BR-3 and MDA-MB-474 

show synergistic activity between ricolinostat and chemotherapy. R and S 
indicate ricolinostat resistance and sensitivity respectively. N = 3 independent 
replicate experiments per drug combination and concentration. (e) Histological 
intratumoral evaluation of H&E, Caspase-3, and Ki-67 in tumor samples from Fig. 
1b. Quantification is also shown in bar graphs. Notice that the combo treatment 
(Pac+Ric) is not shown because all tumors regressed with this treatment. The 
white asterisks indicate necrotic areas and the white arrows indicate Caspase-3 
positive stained cells. All error bars represent Mean±SD. P value was estimated 
by two-tailed t test. N = 6 samples from individual tumors. (f) The list shows all 
the transgenic mouse models evaluated by the HDAC6 score in Fig. 2c, d and 
indicates their correlation with human BCs. (g) Kaplan–Meier graphic showing 
the survival of the MMTV tumors in Fig. 2e. Control n = 7; ricolinostat (Ric) n = 8; 
paclitaxel (Pac) n = 8; Ric+Pac n = 8. P value was estimated using two-tailed Log-
Rank test.
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Extended Data Fig. 3 | Characteristics of the evaluable patients enrolled in the clinical trial.
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Extended Data Fig. 4 | Biomarker evaluation of HDAC6 score calculated 
by using the NetBID and VIPER algorithms in the phase Ib trial. The 
Supplementary Extended Data Fig. shows the similarities between the HDAC6 
scores inferred by NetBID (a) and VIPER (b) in responders and non-responders, 
and (c) ROC curve plot of HDAC6 score inferred by VIPER (similar plot for NetBID 

is in Fig. 3d). In a and b, one dot represents one patient sample and the center line 
indicates the median value. The lower and upper hinges represent the 25th and 
75th percentiles, respectively, and whiskers denote 1.5x interquartile range. P 
value was estimated by two-tailed t test. For all panels n = 3 non-responders and 
n = 7 responders.
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Extended Data Fig. 5 | The HDAC6 score does not correlate with the response 
in paclitaxel-only treated patients. The Supplementary Extended Data Fig. 
shows the HDAC6 scores of all BCs from Hatzis et al. ( JAMA, 2011) divided into 
clinical (a) and molecular (b) subtypes. (c) HDAC6 scores of patients divided 
by response to paclitaxel, Residual Disease (CD) and Pathological Complete 
Response (pCR), showing the lack of correlation between the HDAC6 score and 
the response to paclitaxel. In a, b and c the number of patient samples is indicate 
as (n). d, Kaplan–Meier graphic showing the survival of breast cancer patients 
treated exclusively with paclitaxel in the neoadjuvant setting separated by 
HDAC6 score (high/low=higher and lower −0.36, based on the ROC analysis in 

our clinical trial). N = 35 patient samples for HDAC6 score-low and N = 71 patient 
samples for HDAC6 score-high group. P value was estimated using two-tailed 
Log-Rank test. The 95% confidence interval of the regression lines were displayed. 
In a, b and c, the center line indicates the median value. The lower and upper 
hinges represent the 25th and 75th percentiles, respectively, and whiskers denote 
1.5x interquartile range; the red line represents the median of the HDAC6 scores 
in IBC samples and the numbers under each whisker plot indicate the percentage 
of samples over this value in each clinical subtype. Sample size of each group was 
indicated in the axis labels. P value was estimated using two-tailed t test.
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Extended Data Fig. 6 | HDAC6 scores in other human cancers. (a) Correlation 
between HDAC6 regulon in different tumor types. The tumors sets are the 
same as in Fig. 4c. The number of patient sample for each set is indicated 
there. LAML: Acute Myeloid Leukemia; LIHC: Liver Hepatocellular Carcinoma; 
UVM: Uveal Melanoma; KIRP: Kidney Renal Papillary Cell Carcinoma; PCPG: 
Pheochromocytoma and Paraganglioma; DLBC: Diffuse Large B-Cell Lymphoma; 
ACC: Adrenocortical Carcinoma; UCS: Uterine Carcinosarcoma; KIRC: Kidney 
Renal Clear Cell Carcinoma; THYM: Thymoma; CHOL: Cholangiocarcinoma; 
SKCM: Skin Cutaneous Melanoma; CRC: Colorectal Carcinoma; LGG: Brain Lower 
Grade Glioma; UCEC: Uterine Corpus Endometrial Carcinoma; KICH: Kidney 
Chromophobe; MESO: Mesothelioma; TGCT: Testicular Germ Cell Tumors; 
GBM: Glioblastoma; PRAD: Prostate Adenocarcinoma; CESC: Cervical Squamous 
Cell Carcinoma and Endocervical Adenocarcinoma; BLCA: Bladder Urothelial 

Carcinoma; SARC: Sarcoma; OV: Ovarian Serous Cystadenocarcinoma; THCA: 
Thyroid Carcinoma; ESCA: Esophageal Carcinoma; BRCA: BC; LUAD: Lung 
Adenocarcinoma; HNSC: Head and Neck Squamous Cell Carcinoma; PAAD: 
Pancreatic Adenocarcinoma; STAD: Stomach Adenocarcinoma; LUSC: Lung 
Squamous Cell Carcinoma. P value was estimated by two-tailed Fisher’s exact 
test. (b) List with all the cell lines evaluated by dose–response to ricolinostat 
and HDAC6 scores. The correlation (R) and P value between the response 
to ricolinostat and HDAC6 scores were estimated by two-tailed Spearman 
correlation test. (c) Graphic showing the correlation between the HDAC6 score 
and the response to ricolinostat in individual cell types (only tumor types with 
more than 6 cell lines are shown). N = 8 individual independent experiments for 
each ricolinostat dose. The curve was fitted by stat_smooth algorithsm using lm 
smoothing method and y~log2(x) formula.
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Extended Data Fig. 7 | The correlation of HDAC6 score with immune 
infiltrates. (a) Scatter plot showing the correlation between HDAC6 score and 
immune score by ESTIMATE in TCGA-BRCA primary patient samples (n = 1109). 
The correlation coefficient (R) and P value were estimated using Spearman 
correlation test. (b), Violin plot showing the distribution of immune score across 

IHC-based breast cancer subtypes. Sample size of each group was indicated in the 
axis labels. P value was estimated using two-tailed t test. The center line indicates 
the median value. The lower and upper hinges represent the 25th and 75th 
percentiles, respectively, and whiskers denote 1.5x interquartile range.
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Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | Ricolinostat treatment reduces the expression of 
c-MYC in sensitive cell lines. (a) Heatmap representing GSEA analysis of 
hallmark signatures during ricolinostat exposure in sensitive breast cancer cell 
lines and TgMMTV-Neu model. P value was estimated by two-tailed t test. The 
Z-scores were transformed from these P values and further combined using 
Stouffer’s method. Only significant (combined Z > 1.96 or <−1.96) sets are shown. 
(b) The graphic shows summarized z-scores in cell lines and TgMMTV-Neu 
sensitive to ricolinostat during a time curse treatment (6, 12, 24 hours and 4 
weeks). For a and b N = 2 individual independent experiments for cell lines and 
N = 3 individual tumors for TgMMTV-Neu. P value was estimated using two-tailed 
t test. (c) Bubble plot representing GSEA analysis of multiple MYC-associated 
signatures after ricolinostat in sensitive and resistant cells. N = 3 independent 

experiments per cell line. P value was estimated by two-tailed t test. The Z-score 
was transformed from the P values and further combined by Stouffer’s method. 
(d) QRT-PCR of c-Myc mRNA expression after 6 hours of exposure to ricolinostat. 
N = 3 independent experiments for each time point All effort bars represent 
Mean±SD. P value was estimated by two-tailed t test. (e) The WT-blot shows the 
changes in the protein expression of c-Myc and ac-Tubulin in SUM-149 cells after 
ricolinostat is added to the culture media. WT-blot results were reproduced n = 3 
times from independent experiments. (f) Graphic showing an efficient reduction 
in the HDAC6 score after treatment with ricolinostat in multiple cell lines, n ≥ 2 
independent experiments per time point. The center line indicates the median 
value. The lower and upper hinges represent the 25th and 75th percentiles, 
respectively, and whiskers denote 1.5x interquartile range.
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Extended Data Fig. 9 | Acetylation of c-Myc in Lys148 after inhibition of 
HDAC6. a) MA plots showing the peptides upregulated upon HDAC6 knockout 
(above) and HDAC6 catalytic domain 2 mutants (below). In the MA plots, each dot 
represents a peptide. The significantly upregulated peptides were identified by 
fold change > 1.5 and p-value < 0.05 and highlighted in red. P value was estimated 
by two-tailed t test. (b) Scatter plot showing the correlation of the Z-score of 
the comparison between HDAC6 KO and wild type with that of the comparison 
between HDAC6 mutant and wild type. The curve was fitted by stat_smooth 

algorithm using lm smoothing method and y~x formula. The correlation 
coefficient (R) and P value were estimated using two-tailed Spearman correlation 
test. Each dot represents a peptide. For a and b the N = 2 independent proteomic 
replica studies per cell line. c) The western blot shows the accumulation of 
ac-K148-c-Myc after HDAC6 is inhibited by ricolinostat in MDA-MB-453 and 
SK-BR-3 BC lines. WT-blot results were reproduced n = 3 times from independent 
experiments.
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Extended Data Fig. 10 | Acetylation of c-Myc in Lys148 after inhibition of HDAC6 in sensitive and resistant BC cancer cells. The western blot shows the 
accumulation of ac-K148-c-Myc after HDAC6 is inhibited by ricolinostat in MDA-MB-453 (sensitive) and MDA-MB-436 (resistant) lines. WT-blot results were reproduced 
n = 3 times from independent experiments.
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