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Human HDAC6 senses valine abundancy to 
regulate DNA damage

Jiali Jin1,11, Tong Meng1,2,11, Yuanyuan Yu3,11, Shuheng Wu4,11, Chen-Chen Jiao1, Sihui Song1, 
Ya-Xu Li1, Yu Zhang1, Yuan-Yuan Zhao1, Xinran Li1, Zixin Wang5, Yu-Fan Liu1, Runzhi Huang1, 
Jieling Qin1, Yihua Chen6,7, Hao Cao8, Xiao Tan1, Xin Ge1, Cong Jiang1, Jianhuang Xue5, 
Jian Yuan9, Dianqing Wu10, Wei Wu4, Ci-Zhong Jiang3 & Ping Wang1 ✉

As an essential branched amino acid, valine is pivotal for protein synthesis, neurological 
behaviour, haematopoiesis and leukaemia progression1–3. However, the mechanism by 
which cellular valine abundancy is sensed for subsequent cellular functions remains 
undefined. Here we identify that human histone deacetylase 6 (HDAC6) serves as a 
valine sensor by directly binding valine through a primate-specific SE14 repeat domain. 
The nucleus and cytoplasm shuttling of human, but not mouse, HDAC6 is tightly 
controlled by the intracellular levels of valine. Valine deprivation leads to HDAC6 
retention in the nucleus and induces DNA damage. Mechanistically, nuclear-localized 
HDAC6 binds and deacetylates ten-eleven translocation 2 (TET2) to initiate active DNA 
demethylation, which promotes DNA damage through thymine DNA glycosylase- 
driven excision. Dietary valine restriction inhibits tumour growth in xenograft and 
patient-derived xenograft models, and enhances the therapeutic efficacy of PARP 
inhibitors. Collectively, our study identifies human HDAC6 as a valine sensor that 
mediates active DNA demethylation and DNA damage in response to valine deprivation, 
and highlights the potential of dietary valine restriction for cancer treatment.

The abundance of intracellular amino acids is precisely sensed by a 
complex apparatus to regulate various cellular signalling pathways and 
functions4,5. Insufficient intracellular amino acid levels may block the 
release of tRNA molecules from general control non-derepressible 2 
(GCN2) and consequently activate the GCN2–ATF4 pathway, which is 
an indirect mechanism for sensing amino acid levels6. Additionally, the 
intracellular levels of some amino acids are sensed by the mechanistic 
target of rapamycin complex 1 (mTORC1) by directly binding to specific 
sensors7–10. Species-specific sensors for amino acids have been identi-
fied11–13. However, it remains unclear whether amino acids can also be 
directly sensed in a tRNA-independent and mTORC1-independent 
manner. Notably, epigenetics is regulated by the metabolism of amino 
acids14,15, but the underlying mechanisms remain elusive. Here we pre-
sent evidence that human HDAC6 is a valine sensor for regulating DNA 
damage by dictating TET2-mediated DNA demethylation.

Valine binds to the SE14 domain of HDAC6
To identify the potential sensor for valine, we conjugated biotin to the 
amino group of valine and affinity-purified potential valine-binding 
proteins. Identification of valyl-tRNA synthetase validated our pull-down 

assay (Fig. 1a, Extended Data Fig. 1a and Supplementary Table 1). HDAC6, 
a microtubule-associated deacetylase16,17, was identified as a top hit 
(Fig. 1a, Extended Data Fig. 1a and Supplementary Table 1). We confirmed 
that valine directly binds to purified recombinant HDAC6 using equi-
librium binding assays (Fig. 1b and Extended Data Fig. 1b) and thermal 
shift assays (Extended Data Fig. 1c,d). Radiolabelled valine also bound to 
purified HDAC6, which was outcompeted by an excess of non-radioactive 
valine (Fig. 1b,c and Extended Data Fig. 1b). The dissociation constant (Kd) 
for the valine–HDAC6 interaction was around 1.95 μM, as determined 
by a competition binding assay (Fig. 1c). The specific binding between 
HDAC6 and valine was also confirmed using a biotin pull-down assay 
(Fig. 1d). Collectively, we conclude that HDAC6 selectively binds valine.

We subsequently examined the structural features of valine binding 
to HDAC6 by analysing the interaction of several analogues of valine to 
HDAC6. Modification of the carboxyl group and side chain of valine, 
but not its N-terminal group, blocked its binding to HDAC6 (Fig. 1e and 
Extended Data Fig. 1g), To map the valine-binding domain of HDAC6, the 
Ser-Glu-containing tetradecapeptide (SE14) repeat domain was identi-
fied, and its deletion abolished the binding of HDAC6 to valine (Fig. 1f 
and Extended Data Fig. 1h,i). Isothermal titration calorimetry assays 
showed that this domain bound to valine with a Kd of around 26.5 μM 
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(Fig. 1g). The SE14 repeat domain possesses seven SE14 repeats with 
the consensus sequence XLXQTXSEXAXGGA (where X represents any 
amino acid residue), which were categorized into 3 types of peptides 
with conserved sequences (residues 919–932, 933–946 and 960–974) 
(Extended Data Fig. 1j). We therefore synthesized these three peptides 
and investigated their interaction with valine using a competition assay 
based on biotin pull-down. The SE14-4 peptide (residues 960–974) had 
the highest binding affinity to valine (Fig. 1h), a result that was further 
confirmed in an electrochemical assay (Extended Data Fig. 1k).

In a homology modelling analysis of HDAC6 and valine, valine bound 
to a certain extent to a hydrophobic pocket of the SE14 repeat domain, 
directly interacting with Ala946, Thr989 and Ala991 (Extended Data 
Fig. 1l,m). The HDAC6-3M mutant (A946D, T989A and A991D) con-
struct had markedly weakened interactions with valine (Extended Data 
Fig. 1n). As human HDAC6 possesses seven consecutive SE14 repeats 
and each may bind to valine (Extended Data Fig. 1o), we mutated all the 
conserved sites in SE14 repeats (marked in red in Extended Data Fig. 1j), 
and this HDAC6 mutant (SE-Mut HDAC6) was unable to bind valine 
(Extended Data Fig. 1p). Together, these data validate the essential role 
of the SE14 repeat domain in valine binding.

Valine dictates the localization of HDAC6
HDAC6, a class IIb histone deacetylase, is mainly localized in the cyto-
plasm to regulate tubulin acetylation and mTOR signalling18,19. However, 

valine deprivation led to negligible effects on tubulin acetylation and 
mTORC1 regulation (Extended Data Fig. 2a,b). As HDAC6 is also found 
in the nucleus20,21 and the SE14 repeat domain stably retains human 
HDAC6 in the cytoplasm22, we examined whether valine binding affects 
the subcellular localization of HDAC6. HDAC6 was predominantly 
cytosolic in HCT116 cells cultured in normal medium, whereas dep-
rivation of valine, but not leucine or isoleucine, induced the nuclear 
localization of the majority of HDAC6 (Fig. 2a and Extended Data Fig. 2c). 
Re-supplementation of valine restored the cytoplasmic localization of 
HDAC6 in a dosage-dependent and time-dependent manner (Extended 
Data Fig. 2d and Fig. 2b–d). The half-maximal concentration of valine to 
retain HDAC6 in the cytosol was about 15 μM, whereas valine deprivation 
reduced cellular valine to 1 μM (Extended Data Fig. 2e–g). This result 
indicated that valine deprivation-induced HDAC6 nuclear transloca-
tion may be due to the loss of valine binding to HDAC6. As extracel-
lular valine is transported into the cytosol through SLC7A5 (ref. 3), we 
blocked SLC7A5 through genetic knockout or by using a specific inhibi-
tor ( JPH203). Both approaches promoted the nuclear translocation 
of HDAC6, which was rescued by N-methyl-l-valine (in which a methyl 
group is attached to the N terminus of valine), but not by l-valine-OMe 
(in which a methyl group is attached to the C terminus of valine) (Fig. 2e 
and Extended Data Fig. 2h,i). This result confirms that nuclear localiza-
tion of HDAC6 is modulated by the intracellular level of valine.

We next asked whether direct binding of valine is required for the 
cytosolic sequestration of HDAC6. Alteration of the carboxyl group and 
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Fig. 1 | Valine directly binds to the SE14 repeat domain of human HDAC6.  
a, Candidate valine-binding proteins with more than seven unique peptides 
identified by MS of biotin-labelled valine (mass spectral peptide counts 
shown). b, Binding of [3H]valine to GST–HDAC6 but not to the control GST 
produced from Escherichia coli. c, Flag–HDAC6 prepared from HCT116 cell 
extracts were used in binding assays with [3H]valine. HDAC6 binds [3H]valine 
with a Kd of about 1.95 μM. d, Immunoblot analysis of HDAC6 proteins pulled 
down from HCT116 cells using biotinylated amino acids and avidin-beads. WCE, 
whole cell extract. e, Immunoblot analysis of HDAC6 proteins incubated with 
valine (10 mM) or its analogue (10 mM) for 6 h with valine deprivation for 6 h 
(structures are in Extended Data Fig. 1g) pulled down from HCT116 cells 

through biotinylated valine. f, Binding of [3H]valine to full-length, but not to the 
SE14 repeat domain truncated, HDAC6 immunoprecipitated from HCT116 cell 
extracts, in which flag-tagged proteins were overexpressed. g, Binding of 
valine to the GST–SE14 repeat domain of HDAC6 produced in E. coli was 
measured by isothermal titration calorimetry. h, Effect of these SE14 peptides 
on the interaction between biotin–valine and HDAC6. Biotin pull-down was 
prepared from HCT116 cells incubated with the control or the TAT–SE14 
peptides of HDAC6 with valine deprivation for 6 h. For b, c and f, data are the 
mean ± s.d. (n = 3 independent experiments). Statistical analysis was 
performed using one-way analysis of variance (ANOVA); ****P < 0.0001.  
NS, not significant. For gel source data, see Supplementary Fig. 1.
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side chain of valine, but not its amino group, resulted in the disruption 
of its binding to HDAC6 and the capacity to restore the cytoplasmic 
localization of HDAC6 from the nucleus induced by valine deprivation 
(Extended Data Fig. 2k,l). Moreover, SE-Mut HDAC6 was largely local-
ized in the nucleus regardless of valine availability (Fig. 2g). Together, 
these data indicate that binding of valine to HDAC6 through the SE14 
repeat domain is required for its cytosolic localization of HDAC6.

We next examined the mechanism underlying valine deprivation- 
induced HDAC6 nuclear translocation. Valine deprivation did not 
affect the subcellular localization of HDAC4 or SIRT7, two nuclear–
cytoplasmic shuttling proteins, and had a minimal effect on the acety-
lation of HDAC6 (Extended Data Fig. 3a,b). As HDAC6 possesses one 
nuclear import sequence (NLS) and two nuclear export sequences 

(NESs)22, we examined their effects on valine deprivation-induced 
nuclear retention. Treatment with the importin inhibitor importa-
zole blocked valine deprivation-induced HDAC6 nuclear translocation 
(Extended Data Fig. 3c). Deletion of the NLS, but not the NESs, sup-
pressed HDAC6 nuclear translocation induced by either importazole 
or valine deprivation (Extended Data Fig. 3d). This result indicated that 
a classical, importin-mediated pathway is required for HDAC6 nuclear 
translocation. Consistently, binding of importin-α1 and importin-α7 to 
HDAC6 was readily detected after valine deprivation and was blocked 
by valine re-supplementation (Extended Data Fig. 3e–g). Deletion of 
either the NLS or the SE14 repeat domain disrupted the interaction 
between HDAC6 and importin-α1 after valine deprivation (Extended 
Data Fig. 3h).
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Fig. 2 | Intracellular valine abundancy dictates the subcellular localization 
of HDAC6. a, Immunofluorescence analysis of subcellular localization of 
human HDAC6 (hHDAC6) in HCT116 cells expressing Flag–HDAC6 after valine 
deprivation for 6 h. Con, control. b, Immunofluorescence analysis of cellular 
localization of HDAC6 in HCT116 cells expressing Flag–HDAC6 after amino  
acid deprivation for 6 h and supplemented with valine for the indicated times. 
c, Cell fractionation analysis of cellular localization of HDAC6 in HCT116 cells 
pretreated with or without valine for 6 h and supplemented with valine for 
different times. d, Cell fractionation analysis of cellular localization of HDAC6 
in HCT116 cells in valine-deprived medium for 6 h and supplemented with 

valine at the corresponding concentration gradient for 6 h. e, Effect of the 
branched amino acid transporter SLC7A5 on the subcellular localization of 
HDAC6. The cell fractionation assay was performed using HCT116 cells with 
SLC7A5 wild-type (WT) or knockdown (siSLC7A5) after valine deprivation for 
6 h, and rescued with N-methyl-l-valine (CH3-Val, 0.8 mM) for 6 h. NC, negative 
control. f, Immunofluorescence images indicating the functional importance 
of the SE14 repeat domain in valine sensing. g, The subcellular localization of 
HDAC6 WT and valine-binding-deficient mutant (SE-Mut) with or without 
valine deprivation for 6 h. Scale bar, 10 μm (a,b,f). For gel source data, see 
Supplementary Fig. 1.
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Primate-specific binding of valine to HDAC6
As the SE14 repeat domain is only found in HDAC6 proteins of primates 
(Extended Data Fig. 3i), we examined whether valine binds to HDAC6 
in a species-specific manner. Mouse HDAC6, which does not have the 
SE14 repeat domain, failed to bind valine, and the subcellular location 
of mouse HDAC6 was not affected by valine deprivation (Extended Data 
Fig. 3j,k). A chimera of human SE14 with mouse HDAC6 restored its 
binding to valine (Extended Data Fig. 3l). We generated chimeric mice in 
which the human SE14 repeat was knocked into mouse HDAC6, and the 
cytosolic localization of this chimeric protein was controlled by valine 
in mouse embryonic fibroblasts (MEFs) (Extended Data Fig. 3m–r). 
Furthermore, in primate Rhinopithecus bieti fibroblasts, the SE14 repeat 
domain of HDAC6 bound to valine, and valine deprivation increased 
the nuclear localization of HDAC6 (Extended Data Fig. 3s,t). Therefore, 
regulation of HDAC6 subcellular localization by valine binding requires 
the primate-specific SE14 repeat domain.

Nuclear HDAC6 promotes the activity of TET2
To investigate the biological function of valine deprivation-induced 
HDAC6 nuclear translocation, we examined the nuclear proteins 
that specifically bind HDAC6 in a valine-dependent manner. Using 
stable isotope labelling of amino acids in cell culture (SILAC) cou-
pled with mass spectrometry (MS), we identified 356 proteins that 
showed enhanced binding to HDAC6 after valine deprivation. TET2, 
one of the DNA dioxygenases that converts 5-methylcytosine (5mC) 
into 5-hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC) and 
5-carboxylcytosine (5caC) to reverse DNA methylation23, was one of 
the top ranked hits (Extended Data Fig. 4a, Fig. 3a and Supplementary 
Table 2). The intracellular interaction between HDAC6 and TET2 after 
valine deprivation was further confirmed by co-immunoprecipitation 
and data-independent acquisition-based MS (Extended Data Fig. 4b,c). 
However, addition of valine to cell extracts did not block the interaction 
between HDAC6 and TET2 (Extended Data Fig. 4d). This result indicated 
that the enhanced binding of HDAC6 to TET2 after valine deprivation 
is not a result of affecting its direct interaction but contingent on the 
nuclear translocation of HDAC6. Furthermore, HDAC6 bound to the 
C-terminal cysteine-rich dioxygenase domain of TET2 through its tan-
dem deacetylase domains (DAC1 and DAC2) (Extended Data Fig. 4e,f).

We next investigated whether valine deprivation-induced nuclear 
localization of HDAC6 affects TET2 activity. As a dioxygenase, TET2 
converts 5mC into 5hmC to regulate gene expression, chromatin 
stability and tumorigenesis24–26. Valine deprivation significantly 
increased the cellular level of 5hmC in a HDAC6-dependent manner 
(Fig. 3b and Extended Data Fig. 4g–o). In addition, valine deprivation 
induced a genome-wide and loci-specific increase in 5hmC levels and 
a corresponding decrease in 5mC levels in wild-type cells but not in 
cells in which HDAC6 or TET2 was knocked down, as assessed using 
APOBEC-coupled epigenetic sequencing27 and whole-genome bisulfite 
sequencing (Fig. 3c,d, Extended Data Fig. 4o,p and Supplementary 
Table 3). Together, these data suggest that valine deprivation may pro-
mote TET2 activity to induce DNA demethylation in a HDAC6-depedent 
manner.

As TET2 may bind to DNA to promote DNA demethylation, we used 
chromatin immunoprecipitation with sequencing (ChIP–seq) to exam-
ine the DNA-binding sites of TET2 induced by valine deprivation. Prin-
cipal component analysis of TET2-binding signals was separated into 
four groups: wild-type with or without valine deprivation, and HDAC6 
knockdown with or without valine deprivation (Extended Data Fig. 4q). 
We identified 24,774 TET2-binding regions, and a subset of regions 
(about 3,932, cluster 1) had valine deprivation-increased TET2 binding 
under HDAC6 regulation (Fig. 3e, Extended Data Fig. 4r and Supple-
mentary Table 4). Furthermore, 5hmC, 5fC and 5caC levels in the valine 
deprivation-specific enhanced TET2-binding regions were increased 

after valine deprivation in a TET2-dependent manner (Extended Data 
Fig. 4s). These data suggest that valine deprivation induces chroma-
tin binding of TET2, which is associated with DNA demethylation and 
5hmC, 5fC and 5caC generation.

As HDAC6 is a deacetylase, we explored whether its enzymatic 
activity modulates TET2 activity. TET2 acetylation was detected in 
cells cultured with normal medium and was reduced by valine depri-
vation in a HDAC6-dependent and SE14 domain-dependent manner 
(Fig. 3f,g). We purified TET2 from HCT116 cells and incubated it with 
bacterially purified recombinant HDAC6. HDAC6 promoted TET2 dea-
cetylation and significantly increased its activity to generate 5hmC 
in vitro (Extended Data Fig. 4t,u). The deacetylase activity of HDAC6 
was essential for its effect on TET2 deacetylation and activity (Fig. 3h,i). 
Additionally, deletion of the SE14 repeat domain abolished the valine 
deprivation-enhanced 5hmC level without affecting HDAC6 deacetylase 
activity (Extended Data Fig. 4v). Furthermore, depletion of SIRT1, a 
deacetylase of TET2, had a minor effect on valine deprivation-induced 
TET2 deacetylation and DNA demethylation in HCT116 cells (Extended 
Data Fig. 4w–y). Collectively, these data indicate that valine deprivation 
promotes TET2 activity that depends on both the nuclear translocation 
of HDAC6 and its deacetylase activity.

TET2 is acetylated at three conserved lysine residues (K1472, 
K1473 and K1478), and lysine to arginine (KR) mutations increase 
TET2 catalytic activity28. Therefore, we transduced cells with the 
C-terminal catalytic domain (CD) of TET2 (TET2-CD), which contains 
a cysteine-rich dioxygenase domain and these acetylation sites. The 
activity of wild-type TET2-CD was enhanced by valine deprivation 
in a HDAC6-dependent manner, whereas the 3KR mutant generated 
increased levels of 5hmC independent of valine deprivation or HDAC6 
deletion (Fig. 3j,k). Additionally, re-expression of patient-derived cata-
lytic inactive mutants (H1881Q and R1896S) did not promote active DNA 
demethylation after valine deprivation. This result provides further 
support that valine deprivation increases DNA hydroxymethylation 
in a TET2 activity-dependent manner (Fig. 3l,m). Together, these data 
suggest that nuclear HDAC6 promotes TET2 activity by deacetylating 
TET2 after valine deprivation, probably at the three conserved sites 
(Extended Data Fig. 4z).

VR promotes DNA damage through HDAC6–TET2–TDG
Accumulating evidence has shown that TET2 activity has distinct roles 
in DNA damage29–32. Thus, we examined whether valine restriction (VR) 
promotes DNA damage through the HDAC6–TET2 axis. Valine depriva-
tion for 24 h significantly increased the levels of H2AX phosphorylation 
(γH2AX) and poly(ADP)-ribosylation (PAR), two well-characterized 
markers of DNA damage (Extended Data Fig. 5a–h). Deletion of TET2 
or HDAC6 blocked valine deprivation-induced DNA damage (Fig. 4a–c 
and Extended Data Fig. 5i).

We next examined how TET2-mediated DNA demethylation regulates 
DNA damage after valine deprivation. TET2-mediated DNA damage 
mainly depends on the formation of single-strand DNA breaks (SSBs) 
driven by thymine DNA glycosylase (TDG), an enzyme responsible 
for the recognition and excision of the oxidized methylcytosines 
5fC and 5caC26,29 (Extended Data Fig. 5j). Thus, we explored the role 
of TDG-mediated SSBs in valine deprivation-induced DNA damage. 
First, both valine deprivation and TDG knockdown upregulated 5fC and 
5caC levels, as assessed by UPLC–MS/MS and dot blot assays (Extended 
Data Fig. 5k,l). Additionally, valine deprivation induced the formation 
of SSBs, as assessed using ddC S1-END-seq (Extended Data Fig. 5m). 
Furthermore, TDG deficiency almost completely blocked valine 
deprivation-induced DNA damage (Fig. 4d–f). All these data confirm 
the crucial role of the TET2–TDG axis in valine deprivation-induced 
DNA damage.

Cancer cells exhibit both active and passive demethylation 
mechanisms. Active demethylation (replication-independent) 
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is orchestrated by TET methylcytosine dioxygenases and TDG, 
whereas passive demethylation is mediated by replication-dependent 
dilution33. To exclude the influence of cell replication-mediated 

passive DNA demethylation on DNA damage, we blocked the cell 
cycle with palbociclib (also known as PD0332991), an inhibitor of 
cyclin-dependent kinase 4 and cyclin-dependent kinase 6 (CDK4/6)34. 
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****P < 0.0001. NS, not significant. Vec, vector. For gel source data, see 
Supplementary Fig. 1.

5



6  |  Nature  |  www.nature.com

Article

We then evaluated the role of TDG-mediated active DNA demethyla-
tion in valine deprivation-induced DNA damage. Palbociclib arrested 
90% of cells in the G1 phase and increased the levels of 5hmC, 5fC 
and 5caC (Extended Data Fig. 5n,o). Notably, valine deprivation still 
induced DNA damage in a TDG-dependent manner when treated with 
palbociclib, as assessed by immunofluorescence staining and ddC S1 
END-seq analysis (Extended Data Fig. 5p,q and Fig. 4g). Collectively, 
these data provide further support that TET2-mediated active DNA 
demethylation has important roles in valine deprivation-induced 
DNA damage.

We also analysed the co-localization of SSBs with 5hmC and 5fC sites 
in the valine deprivation-specific enhanced TET2-binding regions. 
These DNA damage sites were predominantly located in enhancers 
(as defined by H3K4me1 peaks), a result that aligned with a previous 
report in which 5hmC and DNA damage were primarily localized at 
enhancer regions29 (Fig. 4h). These findings provide further support 
for our model that valine deprivation enhances TET2 activity, which 
in turn promotes active DNA demethylation that leads to SSBs and 
double-strand DNA breaks. A gene ontology (GO) analysis showed 
that genes annotated in these SSB-enriched regions were related to 

ba

****

–Val (h) 0 24 0 24 0 24 0 24
0

10

20

30

40

�H
2A

X
 fo

ci
+
 c

el
ls

 (%
)

NS NSNS

c

ed

h

f

–Val (h)

0

24

�H2AX Merge

sh
N

C

0

24

sh
H

d
ac

6

–Val (h)

0

24

�H2AX Merge

0

24

sh
Te

t2
sh

H
d

ac
6+

sh
Te

t2
–Val (h) 0 12 24 0 12 24

0

5

10

15

20

�H
2A

X
 fo

ci
+
 c

el
ls

 (%
)

shNC shTtdg

****
****

NS
**

�H2AX Merge–Val (h) �H2AX Merge–Val (h)

0

12

24

0

12

24

sh
N

C

sh
Td

g

shHdac6

�H2AX

PAR

shTet2

0 24 48 0 24 48 0 24 48 0 24 48 –Val (h)

– – – + + + – – – + + +

– – – – – – + + + + + +

Tubulin

HDAC6

TET2

MW
(kDa)

15

25

130

270

70

–Val (h)

�H2AX

PAR

GAPDH

0 12 24 0 12 24 0 12 24 0 12 24

NC 1 2 shTdg

TDG

3MW
(kDa)

15

25

55

35

Signal transduction

Actin cytoskeleton organization

Protein phosphorylation

Negative regulation of transcription,
DNA-templated

Regulation of cell cycle

Apoptotic process

Regulation of double-strand
break repair

0 2 4 6

–log10(P value)

Actin cytoskeleton reorganization

g
i

13.3%

13.25%

56.56%

14.8%

0.86%
0.18% 1.04%

–Val –ValCon Con

shNC shTdg

d
d

C
 S

1 
E

N
D

-s
eq

 s
ig

na
l (

R
P

M
)

0.14

0.08

0.02

0.14
0.08

0.06

–2 0 0–2 0 0 +2 (kb)

–2 0 +2 –2 +2 –2 +2 –20 0 0 +2(kb)

sh
NC

sh
Hdac

6

sh
Hdac

6+

sh
Te

t2

sh
Te

t2

Promoter

Enhancer

3′ UTR

5′ UTR

Exon

Intron

Intergenic

+2 –2+2 –2+2

Fig. 4 | Valine deprivation promotes the DNA damage response through the 
HDAC6–TET2 axis. a, Immunoblot of the DNA damage marker γH2AX and PAR 
in HDAC6 and TET2 knockdown HCT116 cells after valine deprivation at 
different time points. b,c, Representative images from three independent 
experiments for each group (b) and quantification (c) of immunofluorescence 
staining for γH2AX (red) in HDAC6 and TET2 knockdown HCT116 cells after 
valine deprivation for 24 h. n = 3 in each group. d, Immunoblot of DNA damage 
marker γH2AX and PAR in TDG knockdown (shTdg) HCT116 cells after valine 
deprivation at different time points. e,f, Representative images (e) and 
quantification (f) of immunofluorescence staining for γH2AX (red) in HDAC6 
and TET2 knockdown HCT116 cells after valine deprivation for 12 h and 24 h. 
n = 3 in each group. g, Average plots (top) and heatmaps (bottom) illustrate the 
enrichment of ddC S1-END-seq signals in both WT and TDG knockdown HCT116 

cells. These enrichments were observed after 24 h of valine deprivation, 
followed by 24 h of treatment with palbociclib, specifically at valine 
deprivation-specific enhanced TET2-binding regions. 0, peak centre. RPM, 
reads per million. h,i, Genomic distribution (h) and GO analysis (i) of valine 
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Supplementary Fig. 1.
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double-strand break repair, cell cycle regulation and apoptotic pro-
cesses (Fig. 4i and Supplementary Table 5). Consistently, valine depriva-
tion also downregulated the expression of genes related to functions 
such as base-excision repair, mismatch repair and DNA replication, 
and induced cell cycle arrest in the G1 phase in a TET2-dependent and 
HDAC6-dependent manner (Extended Data Fig. 5r–x and Supplemen-
tary Tables 6 and 7). Taken together, these data strongly implicate the 
crucial role of TET2–TDG-mediated active DNA demethylation in valine 
deprivation-induced DNA damage.

Investigation of the roles of binding between valine and HDAC6 in the 
induction of DNA damage after valine deprivation showed that the SE14 
repeat domain of HDAC6 is required for valine deprivation-induced 
DNA damage (Extended Data Fig. 6a–g). These results were further 
confirmed by examining the levels of γH2AX, PAR, tail moment, pole2, 
eme1 and lig1 in SE14 repeat domain knock-in MEFs (Extended Data 
Fig. 6h–r). Consistently, SE-MUT HDAC6, which does not bind to valine 
and is predominantly located in nucleus, induced DNA demethylation 
and DNA damage under normal conditions (Fig. 2g and Extended Data 
Fig. 6t,u).

To further confirm the specific role of HDAC6 nuclear localization in 
mediating valine deprivation-induced DNA damage, we constructed 
a nuclear-localized HDAC6 (nHDAC6) by adding six classical NLSs 
(6×NLS-HDAC6, which contains 2 NLSs of SV40 T antigen, 2 NLSs of 
MYC and 2 NLSs of HDAC6) to the HDAC6 N terminus and confirmed 
its nuclear location (Extended Data Fig. 7a–c). nHDAC6 enhanced DNA 
hydroxymethylation and induced DNA damage in a TET2-dependent 
manner (Extended Data Fig. 7d–g). ChIP–seq further confirmed the 
nHDAC6-enhanced genomic distribution of TET2 in HDAC6 knockout 
HCT116 cells (Extended Data Fig. 7h). These data support the important 
role of HDAC6 nuclear localization in valine deprivation-induced DNA 
hydroxymethylation and associated DNA damage.

Dietary VR inhibits cancer progression
Persistent DNA damage can inhibit tumour progression by promot-
ing programmed cell death35, DNA replication36 and antitumour 
immunity37. Given that valine deprivation promotes DNA dam-
age, we investigated whether VR could be a therapeutic option for 
cancer. Valine deprivation reduced the number and size of onco-
spheres in a HDAC6-dependent manner (Extended Data Fig. 7i,j). 
SE14 knock-in MEFs proliferated much slower than wild-type cells 
under valine-deficient conditions (Extended Data Fig. 7k–m). This 
result provides support for the idea that the SE14 domain has a role 
in orchestrating the valine-sensitive nuclear translocation of HDAC6 
and transmitting valine availability to cell proliferation. Moreover, 
TDG knockdown reduced the suppressive effect of valine deprivation 
on cell proliferation (Extended Data Fig. 7n–p), a result consistent 
with our data that TET–TDG mediates DNA demethylation in valine 
deprivation-induced DNA damage.

To evaluate the effect of dietary VR on tumour growth in vivo, 
HCT116 xenograft models were used. A previous study38 showed 
that complete valine depletion had obvious inhibitory effects on 
tumour growth, but led to serious side effects such as fatty liver and 
body weight loss. To identify an appropriate VR strategy, we switched 
the diet from normal chow (0.82% valine, w/w) gradually to VR diets 
(0.70%, 0.41% and 0.16% valine, w/w). This strategy selectively influ-
enced the concentration of valine with no discernible impact on other 
amino acids in plasma and tumour samples (Extended Data Fig. 8a–f). 
The effect of different VR concentrations in the diet on body weight 
and tumour growth were also examined. A dietary VR of 0.16% valine 
(w/w) induced tumour regression in mice but resulted in up to 50% 
loss of body weight. By contrast, a dietary VR of 0.70% valine (w/w) 
resulted in mild body weight loss but minor tumour regression. Nota-
bly, a VR diet of 0.41% valine (w/w) significantly inhibited tumour 
growth and had mild side effects on body weight (Extended Data 

Fig. 8g–j). This result is consistent with a previous study2 showing 
that partial VR was associated with no overt body weight loss. Com-
pared with normal chow, similar or higher amounts of food intake 
were observed in mice on VR diets (Extended Data Fig. 8k), which 
implied that inhibitory effects were not due to caloric restriction. To 
further confirm the therapeutic potential of VR in human cancer, a 
preclinical patient-derived xenograft (PDX) model of colorectal can-
cer was used (Fig. 5a). The 0.41% (w/w) VR diet significantly inhibited 
tumour growth in both prevention and treatment groups (Fig. 5b–e 
and Extended Data Fig. 8l,m).

The role of the HDAC6–TET2 axis in mediating dietary VR-suppressed 
tumour growth was explored. The concentration of valine was about 
40 μM in tumour tissue from mice fed a normal diet (0.82% valine) 
compared with about 3 μM in tumour tissue from mice fed the VR diet 
(0.41% valine) (Extended Data Fig. 8d), lower than the half-maximal 
concentration of valine (15 μM) to retain HDAC6 in the cytoplasm 
(Fig. 2d and Extended Data Fig. 2e). Notably, a progressive reduction 
in valine levels correlated with an incremental increase in the nuclear 
translocation of HDAC6, as well as the extent of DNA damage within 
samples (Extended Data Fig. 8n–p). These results further confirm that 
dietary VR (0.41% valine, 0.16% valine, w/w) can promote the nuclear 
translocation of HDAC6 in tumours.

In rescue assays performed in HCT116 cell-derived xenograft mod-
els, both TET2 and the SE14 repeat domain of HDAC6 played essential 
parts in inhibiting tumour growth by dietary VR (Fig. 5f,g and Extended 
Data Fig. 9a–f). Re-expressing human, but not mouse HDAC6, in 
HDAC6-deficient cells rescued the suppressive effect of dietary VR 
on tumour growth and DNA damage in tumour xenografts derived 
from HDAC6-deficient cells (Fig. 5h and Extended Data Fig. 9g–i). These 
findings indicate that VR inhibits tumour progression in a manner that 
depends on the SE14 repeat domain of HDAC6.

VR also significantly enhanced 5hmC levels in tumour tissues (Fig. 5i,j 
and Extended Data Fig. 9j,k), a result consistent with the role of VR in 
DNA damage (Extended Data Fig. 10a–d). Additionally, VR resulted in 
increased foci of γH2AX and PAR and higher levels of 5hmC in xeno-
grafts originating from wild-type cells compared with those derived 
from cells lacking the SE14 repeat domain in HDAC6 or with suppressed 
TET2 (Extended Data Fig. 10e–h). We observed that limiting valine had 
negligible effects on 5hmC levels, reduced γH2AX and PAR foci, and had 
minimal effects on tumour size in xenografts derived from cells express-
ing the 3KR TET2 mutant (Extended Data Fig. 10i–o). These findings 
further emphasize the crucial role of HDAC6-mediated deacetylation 
of TET2 in valine deprivation-induced DNA damage.

Increased DNA damage is a hallmark of tumorigenesis, and inducing 
DNA damage is an anticancer therapy. This effect can be achieved by 
inhibiting DNA repair using clinically used PAPR inhibitors39. We there-
fore used VR in combination with the PARP inhibitor talazoparib. VR 
significantly increased the effect of talazoparib both in vitro (Extended 
Data Fig. 7q–u) and in vivo (Fig. 5k–m and Extended Data Fig. 9l).

Discussion
Valine is an essential amino acid involved in protein synthesis, glu-
cose homeostasis and nutrient-sensitive signalling pathways14,40,41. 
In this study, we demonstrated that valine specifically binds to the 
primate-specific SE14 repeat domain of HDAC6 to retain HDAC6 in the 
cytoplasm, implying an evolutionary advance of HDAC6 in primates. 
Valine deprivation promotes the binding of HDAC6 to importin-α1, 
leading to the nuclear translocation of HDAC6. Nuclear HDAC6 in turn 
increases active DNA demethylation and DNA damage by deacetylat-
ing and activating TET2 (Extended Data Fig. 10p). We also noted that 
valine deprivation may affect the expression of genes related to DNA 
damage repair and promote the binding of HDAC6 to other DNA repair 
and replication-related proteins, which might also participate in the 
DNA damage. Together, our study unveils a previously unrecognized 
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function of valine in protecting cells from DNA damage and maintain-
ing cell homeostasis, suggesting that HDAC6–TET2 axis may function 
as a nutrient checkpoint in controlling cell fate by integrating nutrient 
stress, DNA demethylation and cell death.

The primate-specific regulation of HDAC6 by valine has intrigu-
ing evolutionary implication, especially considering that difference 
of rodents and primates in DNA damage response and repair has 
been previously reported42. Furthermore, branched amino acid lev-
els play essential roles in motor coordination3, neuronal metabolic 
state and survival43, and HDAC6 mitigates neurodegeneration in an 
autophagy-dependent manner16. As such, an evolutionary difference 
in amino acid sensing may play important roles in highly sophisti-
cated processes such as nervous function, distinguishing primates 
from other mammals. Our current study also suggests that primates 

may have evolutionarily developed a mechanism to survey valine 
deficiency.

Dietary restriction or deprivation of amino acids is emerging as a 
promising adjuvant therapy for patients with cancer2,44,45. The benefits 
of VR diet in T cell acute lymphoblastic leukaemia (T-ALL) have been 
reported1, but its therapeutic effect in solid tumour remains unclear. 
HDAC6 expression is upregulated in various cancer types, includ-
ing colon cancer, bladder cancer and lung cancer, and participates 
in tumorigenesis and development46. We speculate that increasing 
the HDAC6 nuclear localization through VR might be a potential anti-
cancer strategy. Dietary VR may also induce DNA damage and inhibit 
the growth and progression of colon cancer via regulating HDAC6 
nuclear entry and subsequent TET2-driven DNA demethylation to 
alter cancer epigenetics.
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volume of colorectal PDX in the prevention group. c, Tumour images and 
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NS, not significant. Schematic in a was created using BioRender (https://
BioRender.com). For gel source data, see Supplementary Fig. 1.

8

https://BioRender.com
https://BioRender.com


Nature  |  www.nature.com  |  9

Online content
Any methods, additional references, Nature Portfolio reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions 
and competing interests; and statements of data and code availability 
are available at https://doi.org/10.1038/s41586-024-08248-5.

1.	 Thandapani, P. et al. Valine tRNA levels and availability regulate complex I assembly in 
leukaemia. Nature 601, 428–433 (2022).

2.	 Taya, Y. et al. Depleting dietary valine permits nonmyeloablative mouse hematopoietic 
stem cell transplantation. Science 354, 1152–1155 (2016).

3.	 Tarlungeanu, D. C. et al. Impaired amino acid transport at the blood brain barrier is a 
cause of autism spectrum disorder. Cell 167, 1481–1494.e18 (2016).

4.	 Chantranupong, L., Wolfson, R. L. & Sabatini, D. M. Nutrient-sensing mechanisms across 
evolution. Cell 161, 67–83 (2015).

5.	 Hu, X. & Guo, F. Amino acid sensing in metabolic homeostasis and health. Endocr. Rev. 
42, 56–76 (2021).

6.	 He, X. D. et al. Sensing and transmitting intracellular amino acid signals through 
reversible lysine aminoacylations. Cell Metab. 27, 151–166.e6 (2018).

7.	 Wang, S. et al. Lysosomal amino acid transporter SLC38A9 signals arginine sufficiency to 
mTORC1. Science 347, 188–194 (2015).

8.	 Wolfson, R. L. et al. Sestrin2 is a leucine sensor for the mTORC1 pathway. Science 351, 
43–48 (2016).

9.	 Wolfson, R. L. & Sabatini, D. M. The dawn of the age of amino acid sensors for the mTORC1 
pathway. Cell Metab. 26, 301–309 (2017).

10.	 Chen, J. et al. SAR1B senses leucine levels to regulate mTORC1 signalling. Nature 596, 
281–284 (2021).

11.	 Liu, G. Y., Jouandin, P., Bahng, R. E., Perrimon, N. & Sabatini, D. M. An evolutionary 
mechanism to assimilate new nutrient sensors into the mTORC1 pathway. Nat Commun. 
15, 2517 (2024).

12.	 Gu, X. et al. SAMTOR is an S-adenosylmethionine sensor for the mTORC1 pathway. 
Science 358, 813–818 (2017).

13.	 Jiang, C. et al. PRMT1 orchestrates with SAMTOR to govern mTORC1 methionine sensing 
via Arg-methylation of NPRL2. Cell Metab. 35, 2183–2199.e7 (2023).

14.	 Sivanand, S. & Vander Heiden, M. G. Emerging roles for branched-chain amino acid 
metabolism in cancer. Cancer Cell 37, 147–156 (2020).

15.	 Wang, Z. et al. Methionine is a metabolic dependency of tumor-initiating. cells. Nat. Med. 
25, 825–837 (2019).

16.	 Pandey, U. B. et al. HDAC6 rescues neurodegeneration and provides an essential link 
between autophagy and the UPS. Nature 447, 859–863 (2007).

17.	 Kawaguchi, Y. et al. The deacetylase HDAC6 regulates aggresome formation and cell 
viability in response to misfolded protein stress. Cell 115, 727–738 (2003).

18.	 Hubbert, C. et al. HDAC6 is a microtubule-associated deacetylase. Nature 417, 455–458 
(2002).

19.	 Zhang, T. et al. HDAC6 regulates primordial follicle activation through mTOR signaling 
pathway. Cell Death Dis. 12, 559 (2021).

20.	 Liu, Y., Peng, L., Seto, E., Huang, S. & Qiu, Y. Modulation of histone deacetylase 6 (HDAC6) 
nuclear import and tubulin deacetylase activity through acetylation. J. Biol. Chem. 287, 
29168–29174 (2012).

21.	 Wang, Z. et al. Genome-wide mapping of HATs and HDACs reveals distinct functions in 
active and inactive genes. Cell 138, 1019–1031 (2009).

22.	 Bertos, N. R. et al. Role of the tetradecapeptide repeat domain of human histone 
deacetylase 6 in cytoplasmic retention. J. Biol. Chem. 279, 48246–48254 (2004).

23.	 Jones, P. A. Functions of DNA methylation: islands, start sites, gene bodies and beyond. 
Nat. Rev. Genet. 13, 484–492 (2012).

24.	 Tahiliani, M. et al. Conversion of 5-methylcytosine to 5-hydroxymethylcytosine in 
mammalian DNA by MLL partner TET1. Science 324, 930–935 (2009).

25.	 Zhang, H. et al. TET1 is a DNA-binding protein that modulates DNA methylation and gene 
transcription via hydroxylation of 5-methylcytosine. Cell Res. 20, 1390–1393 (2010).

26.	 He, Y. F. et al. Tet-mediated formation of 5-carboxylcytosine and its excision by TDG in 
mammalian DNA. Science 333, 1303–1307 (2011).

27.	 Schutsky, E. K. et al. Nondestructive, base-resolution sequencing of 
5-hydroxymethylcytosine using a DNA deaminase. Nat. Biotechnol. https://doi.
org/10.1038/nbt.4204 (2018).

28.	 Sun, J. et al. SIRT1 activation disrupts maintenance of myelodysplastic syndrome stem 
and progenitor cells by restoring TET2 function. Cell Stem Cell 23, 355–369.e9 (2018).

29.	 Wang, D. et al. Active DNA demethylation promotes cell fate specification and the DNA 
damage response. Science 378, 983–989 (2022).

30.	 Shukla, V. et al. TET deficiency perturbs mature B cell homeostasis and promotes 
oncogenesis associated with accumulation of G-quadruplex and R-loop structures. 
Nat. Immunol. 23, 99–108 (2022).

31.	 An, J. et al. Acute loss of TET function results in aggressive myeloid cancer in mice. 
Nat. Commun. 6, 10071 (2015).

32.	 Kafer, G. R. et al. 5-Hydroxymethylcytosine marks sites of DNA damage and promotes 
genome stability. Cell Rep. 14, 1283–1292 (2016).

33.	 Oswald, J. et al. Active demethylation of the paternal genome in the mouse zygote. Curr. 
Biol. 10, 475–478 (2000).

34.	 Fry, D. W. et al. Specific inhibition of cyclin-dependent kinase 4/6 by PD 0332991 and 
associated antitumor activity in human tumor xenografts. Mol. Cancer Ther. 3, 1427–1438 
(2004).

35.	 Groelly, F. J., Fawkes, M., Dagg, R. A., Blackford, A. N. & Tarsounas, M. Targeting DNA 
damage response pathways in cancer. Nat. Rev. Cancer 23, 78–94 (2023).

36.	 Thomas, A. et al. Therapeutic targeting of ATR yields durable regressions in small cell 
lung cancers with high replication stress. Cancer Cell 39, 566–579.e7 (2021).

37.	 Harding, S. M. et al. Mitotic progression following DNA damage enables pattern 
recognition within micronuclei. Nature 548, 466–470 (2017).

38.	 Nishihira, T. et al. Anti-cancer therapy with valine-depleted amino acid imbalance 
solution. Tohoku J. Exp. Med. 156, 259–270 (1988).

39.	 Farmer, H. et al. Targeting the DNA repair defect in BRCA mutant cells as a therapeutic 
strategy. Nature 434, 917–921 (2005).

40.	 She, P. et al. Disruption of BCATm in mice leads to increased energy expenditure associated 
with the activation of a futile protein turnover cycle. Cell Metab. 6, 181–194 (2007).

41.	 Ananieva, E. A. & Wilkinson, A. C. Branched-chain amino acid metabolism in cancer. Curr. 
Opin. Clin. Nutr. Metab. Care 21, 64–70 (2018).

42.	 Jegga, A. G., Inga, A., Menendez, D., Aronow, B. J. & Resnick, M. A. Functional evolution of 
the p53 regulatory network through its target response elements. Proc. Natl Acad. Sci. 
USA 105, 944–949 (2008).

43.	 Knaus, L. S. et al. Large neutral amino acid levels tune perinatal neuronal excitability and 
survival. Cell 186, 1950–1967.e25 (2023).

44.	 Kanarek, N., Petrova, B. & Sabatini, D. M. Dietary modifications for enhanced cancer 
therapy. Nature 579, 507–517 (2020).

45.	 Gao, X. et al. Dietary methionine influences therapy in mouse cancer models and alters 
human metabolism. Nature 572, 397–401 (2019).

46.	 Li, T. et al. Histone deacetylase 6 in cancer. J. Hematol. Oncol. 11, 111 (2018).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds exclusive rights to this 
article under a publishing agreement with the author(s) or other rightsholder(s); author self-
archiving of the accepted manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.

© The Author(s), under exclusive licence to Springer Nature Limited 2024

9

https://doi.org/10.1038/s41586-024-08248-5
https://doi.org/10.1038/nbt.4204
https://doi.org/10.1038/nbt.4204


Article
Methods

Ethics statement
This study was approved by the institutional review board of Shanghai 
Tenth People’s Hospital (approval number: 2020-KN171-01). Written 
informed consent for tissue and clinical data collection was signed by 
patients or their legal guardians. All mouse experiments were adminis-
tered based on the guidelines of the Institutional Animal Institutional 
Animal Care and Use Committees, and all the protocols were approved 
by Tongji University with approval number TJAA07121103.

Materials
Reagents were obtained from the following sources: HRP-labelled 
anti-mouse and anti-rabbit secondary antibodies from Beijing Bio-
dragon Immunotechnologies; antibodies against HDAC6 (for western 
blotting (WB) and immunofluorescence, rabbit isotype), anti-tubulin, 
Ac-anti-tubulin, GAPDH, TDG, SIRT1, sestrin 2, MYC, HA and Flag epitope 
from Proteintech; antibodies against 5hmC and 5mC from Active Motif; 
antibodies against HDAC6 (for immunofluorescence, mouse isotype) 
from Abcam; antibodies against H3, SLC7A5, acetylated-lysine, TET2 
(for WB and immunoprecipitation), γH2AX from Cell Signaling Tech-
nology; antibody against TET2 (for ChIP) from Diagenode; antibody 
against PAR from R&D Systems; antibody against GST prepared by 
our own laboratory; HA beads and MYC beads from Abmart; Flag M2 
affinity gel, EGF, amino acids and amino acid derivatives from Sigma 
Aldrich; l-valine-OMe and N-methyl-l-valine from Bidepharm; palbo-
ciclib (PD0332991, S4482) from Selleck; 2′,3′-dideoxycytidine (ddC, 
D5782) from Sigma-Aldrich; valine-free and amino acid-free DMEM 
custom made by Shang Zhi Company; DMEM, RPMI, B27, Lipofectamine 
2000, Sypro orange dye and DMEM for SILAC from Thermo Fisher; FBS 
and dialysed (USA) FBS from Thermo Fisher; BCA Protein Quantification 
kit and GSTSep glutathione agarose resin from Yeasen Biotechnol-
ogy; [3H]-labelled amino acids from Amersham Life Science; SLC7A5 
inhibitor JPH203 from Selleck; importin inhibitor importazole from 
MedChemExpress; and nuclear export inhibitor leptomycin B from 
Beyotime Biotechnology.

Animals, diets and tissue collection
Animals were caged in groups of five in a laminar airflow cabinet under 
specific pathogen-free conditions, fed with sterilized food and water, 
and kept on a 12-h light–dark cycle. Blinding and randomization were 
used in the mouse experiments. The mouse HDAC6 with human SE14 
knock-in mice on the C57BL6/J background were generated by Shanghai 
Model Organisms Center. Th primers for genotype identification are 
provided in Supplementary Table 8.

The special diets with defined valine levels were purchased from 
Trophic Animal Feed High-Tech. The control diet contained 0.82% 
methionine (w/w, TP01A0701), and the VR diet contained 0.70%, 0.41% 
or 0.16% valine (w/w, TP01A0701-15, TP01A0701-50, TP01A0701-80, 
respectively). Two mouse models were used and are described in the 
sections ‘PDX models of colorectal cancer’ and ‘Xenograft for colorectal 
cancer’. For all animal studies, mice were randomized to the control or 
VR diet, and investigators were blinded to allocation during experi-
ments or outcome assessment. For the VR time-course study in healthy 
mice, male BALB/c nude mice (Shanghai SLAC Laboratory Animal) 
were subjected to either the control or the VR diet. At the end point, all 
mice were euthanized for tissue collection, and plasma samples were 
collected for amino acid targeted metabolomics.

PDX models of colorectal cancer
In brief, CRC 2019-42252H tumours (ethics code 2020-KN171-01) was 
resected, washed and minced, and then passaged through nude mice 
one time. For the dietary studies, CRC 2019-42252H PDX tumours were 
minced in PBS at 150 mg ml−1, and 200 μl of tumour suspension was 
subcutaneously injected into the flanks of nude mice obtained from 

the Shanghai SLAC Laboratory Animal. Mice were subjected to the 
control or VR diet (0.41% valine) either 2 weeks before the tumour injec-
tion or from when the tumour was palpable (when tumours reached 
approximately 100 mm3) until the end point (a tumour volume of about 
1,500 mm3). Tumour size was monitored once per week until the end 
point.

Xenograft for colorectal cancer
HDAC6 WT, HDAC6 knockdown HCT116 cells were infected with lenti-
virus expressing vector, Flag-human HDAC6 and SE14 repeat domain 
truncation Flag–HDAC6 ΔSE14. TET2 WT or TET2 knockdown in HDAC6 
WT or HDAC6 ΔSE14 were stably expressed in HCT116 cells. HDAC6 
WT, HDAC6 knockdown HCT116 cells were infected with lentivirus 
expressing vector, Flag–human HDAC6 and Flag–mouse HDAC6. Sta-
ble expressing or knockdown HCT116 cell lines were trypsinized into 
single-cell suspensions and resuspended in PBS. Approximately 5 × 106 
HCT116 cells in 100 μl were subcutaneously injected into the flanks 
of nude mice obtained from the Shanghai SLAC Laboratory Animal. 
Mice were subjected to either the control or VR diet before tumour 
injection or when the tumour was palpable (when tumours reached 
approximately 100 mm3) until the end point (a tumour volume of 
about 1,500 mm3). Tumour volume was calculated using the formula: 
width2 × length × 0.5.

Combination of valine deprivation and PARP inhibitors to treat 
tumours
Approximately 5 × 106 HCT116 cells in 100 μl were subcutaneously 
injected into the flanks of nude mice obtained from the Shanghai SLAC 
Laboratory Animal. One week after injection, tumours were measured 
using callipers. Tumour volumes were calculated using the formula: 
width2 × length × 0.5. When tumours reached approximately 100 mm3, 
mice were randomly assigned to treatment with vehicle, VR diet (0.41% 
valine), talazoparib (a PARP inhibitor, 0.33 mg kg–1) or a combination of 
VR diet (0.41% valine) and talazoparib (0.33 mg kg–1). Talazoparib was 
diluted in diluent (10% DMAC and 6% Solutol in PBS) and administered 
by oral gavage every other day. For vehicle, an equivalent volume of 
DMSO was diluted as above. Mouse weight and tumour volume were 
recorded weekly. After nearly 4 weeks of treatment, mice were eutha-
nized and the tumour weight was measured.

Cell culture and derivation of MEFs
Human embryonic kidney 293T cells (American Type Culture Collec-
tion), HCT116 cells (American Type Culture Collection) and MEF cells 
were cultured in DMEM supplemented with 10% heat-inactivated FBS 
at 37 °C in 5% CO2. Rhinopithecus bieti fibroblast cells were cultured in 
DMEM supplemented with 10% heat-inactivated FBS and 0.1 mM NEAA. 
MEFs were isolated from embryonic day 12.5 embryos. Gonads and 
internal organs were removed before MEF isolation. The MEFs were 
grown in DMEM supplemented with 10% (v/v) FBS, 2 mM l-glutamax, 
0.1 mM NEAA, 100 U ml−1 penicillin and 100 mg ml−1 streptomycin. 
Isolated MEFs in passage 1 were used for further experiments. All of 
these cell lines have been tested for mycoplasma contamination at 
regular intervals.

Immunoblotting, IP and pull-down assays
For immunoblotting, whole cell lysates were prepared using SDS 
loading buffer (250 mM Tris-Cl, pH 6.8, 40% glycerol, 25% SDS, 4% 
β-mercaptoethanol and 4% bromophenol blue). Cell lysates were sepa-
rated by SDS–PAGE and proteins were visualized by enhanced chemi-
luminescence according to the manufacturer’s instructions (Chengdu 
Gezhi Biotechnology). For protein–protein interactions, cells were 
lysed using RIPA lysis buffer (50 mM Tris-Cl, pH 7.4, 0.5% NP-40, 150 mM 
NaCl, 1 mM EDTA, 10% glycerophosphate and a cocktail of proteinase 
inhibitors). Primary antibodies were incubated with protein agarose 
A/G beads for 30 min at room temperature, followed by incubating with 
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cell lysates for 3 h with rotation at 4 °C. The beads were washed four 
times with lysis buffer and analysed by immunoblotting. For biotin–
valine or other amino acid pull-down assays, streptavidin beads were 
preincubated with free biotin or biotin-labelled amino acids in bind-
ing buffer (20 mM HEPES, pH 7.9, 150 mM KCl, 1 mM DTT, 1 mM PMSF, 
10% glycerol, 0.1% NP-40 and other proteinase inhibitors) for 1 h at 
room temperature, and then incubated with cell lysates overnight with 
rotation at 4 °C. The beads were washed 4 times with washing buffer 
(20 mM HEPES, pH 7.9, 150 mM KCl, 1 mM DTT, 1 mM PMSF, 0.1% NP-40 
and other proteinase inhibitors) and analysed by immunoblotting.

Purification of proteins expressed in bacteria
For the purification of proteins expressed in bacteria, recombinant 
HDAC6 or the SE14 repeat domain of HDAC6 was expressed in E. coli 
(strain BL21 DE3 star) from GST–HDAC6 or GST–SE14 plasmids in 
pET28a or pGEX-4T-2 vectors, respectively. The bacterial cultures 
were grown at 37 °C to an optical density of 0.4, at which point the 
temperature was reduced to 18 °C. After 30 min at 18 °C, the cultures 
were induced overnight at 18 °C with 0.5 mM IPTG. The cells were sub-
sequently resuspended in lysis buffer (0.5% Triton X-100 in PBS). The 
cells underwent mechanical homogenization and the lysates were 
cleared by centrifugation and then loaded onto GST-Sep glutathione 
agarose resin. After incubation, the resin was washed 3 times with wash 
buffer (0.1% Triton X-100 in PBS). The proteins were eluted with elution 
buffer (50 mM Tris-Cl pH 7.4, 0.3% GSH). The GST tag was removed by 
using thrombin (100 U ml−1). The collected protein was concentrated 
and immediately used in binding assays or frozen at −80 °C.

Purification of proteins expressed in human cells
Around 5 × 107 HCT116 cells were plated in a 15 cm plate before the 
experiment. Each plate would produce the protein for one sample. At 
12 h after plating, cells were transfected with pCDNA3.1-Flag–HDAC6 
expression plasmids (20 µg). After 24 h of transfection, the cells were 
lysed as previously described47. Anti-Flag immunoprecipitates were 
prepared with the exception that before incubation with lysates, the 
beads were blocked by rotating in 1 µg µl−1 BSA for 20 min at 4 °C and 
subsequently washed twice in lysis buffer. Next, 30 µl of the 50/50 slurry 
of beads in lysis buffer was added to each of the clarified cell lysates 
and incubated as previously described47.

Equilibrium binding assay
For binding assays performed with bacterially produced proteins, 
30 µg HDAC6, or purification of protein expressed in human cells as 
mentioned as above, was diluted into 500 µl lysis buffer (50 mM Tris 
pH 7.4, 200 mM NaCl, 5 mM MgCl2 and 0.1% CHAPS) and incubated 
with 30 µl compact GST resin or Flag M2 affinity gel. The GST resin or 
Flag M2 affinity gel with bound proteins was washed once with lysis 
buffer and 3 times with lysis buffer supplemented with 300 mM NaCl. 
After washing, the liquid was aspirated and the protein bound to the 
resin or gel was incubated for 1 h on ice with the appropriate amount 
of [3H]-labelled amino acids and, where indicated, cold amino acids. 
The tubes were flicked every 5 min. The samples were subsequently 
washed 3 times after binding with wash buffer (lysis buffer with 300 mM 
additional NaCl). The resin or gel was aspirated dry and resuspended 
in 100 µl of wash buffer. The samples were then thoroughly mixed with 
a cut tip, and 10 µl of each sample was loaded into scintillation fluid in 
triplicate and quantified with a TriCarb scintillation counter.

Thermal shift assay
The thermal shift (protein melting) assays were performed according 
to the Bio-Rad CFX Manager instruction manual. In brief, for HDAC6, 
a combination of 5× Sypro orange dye and HDAC6 at a concentration 
of 10 µM were combined with or without valine or isoleucine, leu-
cine and arginine (at the indicated concentrations) in thermal shift 
buffer (100 mM HEPES pH 7.4, 3.4 mM EDTA, 150 mM NaCl and 0.005% 

Tween-20) to a final volume of up to 10 µl in a well of a genebrick 8-tube 
strip. Each condition was tested in triplicate. The plate was subjected 
to a protocol in which the temperature increased from 25 °C to 95 °C 
at 0.1 °C s–1. Fluorescence was recorded and plotted over time, and 
melting temperatures were calculated as described in the CFX Manager 
instruction manual. In brief, the negative first derivative of the curve 
shown (change in fluorescence/change in temperature) was plotted 
against the temperature. The peak (that is, lowest point on this curve) 
reflects the melting temperature. Each reported melting temperature 
represents the mean ± s.d. for three replicates from one experiment.

Generation of CRISPR–Cas9 genetically modified cells
For HDAC6, TET2 knockout HCT116 cell lines, sgRNAs targeting each 
gene were cloned into the pX330 vector. Guide RNA sequences were 
designed using the CRISPR design tool developed by the Zhang labora-
tory. The oligonucleotide sequences are provided in Supplementary 
Table 8.

To prepare lentivirus for the knockout experiments, On day one, 
2 × 106 HEK293T cells were seeded into 6 wells of a 6-well plate. At 
12 h after seeding, each well was transfected with 200 ng of PMD2G, 
800 ng of the pX458 guide construct and 400 ng of PSPAX2 using Lipo-
fectamine 2000. Medium containing the virus was collected 48 h after 
transfection. The HCT116 cells were cultured in the collected viral super-
natant in the presence of polybrene (8 µg ml−1). The following day, cells 
were trypsinized, pooled in a 10 cm dish and selected with puromycin to 
eliminate untransfected cells. At 48 h after selection, the medium was 
aspirated and replenished with fresh medium lacking puromycin. The 
following day, cells were single-cell sorted with a flow cytometer into 
the wells of a 96-well plate containing 200 µl of DMEM supplemented 
with 20% FBS. Cells were grown for 2 weeks and the resultant colonies 
were trypsinized and expanded. Clones were validated for loss of the 
relevant protein by immunoblotting.

RNA extraction and quantitative RT–PCR
Total RNA was extracted using TRIzol reagent (Vazyme R401-01). Total 
RNAs (0.5–1 µg) were subjected to reverse transcription with HiScript II 
Q Select RT SuperMix (Vazyme, R232-01). To determine relative mRNA 
level, qPCR was performed using universal SYBR qPCR master mix 
(Vazyme, Q711-02) and gene expression was normalized to that of actin. 
Primers used for qPCR are listed in Supplementary Table 8.

Immunofluorescence assays
Cells were seeded on fibronectin-coated glass coverslips in 24-well 
tissue culture plates. After transfection or infection, the cells were 
rinsed once with PBS and fixed in 4% paraformaldehyde for 15 min 
at room temperature. The fixed cells were permeabilized using 0.1% 
Triton X-100 and rinsed twice with PBS. The coverslips were blocked 
with blocking buffer (0.3% BSA in PBS) for 1 h and incubated overnight 
at 4 °C with a primary antibody in blocking buffer. Next, the coverslips 
were rinsed twice with blocking buffer and incubated with secondary 
antibodies for 1 h at room temperature in the dark. The glass coverslips 
were mounted using anti-fade medium containing DAPI and imaged 
using a Zeiss LSM 510 Meta confocal system.

The tissue specimens were fixed overnight in 4% neutral-buffered 
formalin and then were dehydrated in increasing concentrations of 
isopropyl alcohol, followed by clearing of alcohol by xylene. The speci-
mens were subsequently embedded in paraffin wax in cassettes for 
facilitation of tissue sectioning. For immunohistochemistry, tissue 
sections were deparaffinized and incubated in citrate buffer at 95 °C 
for 40 min for antigen retrieval and then incubated overnight at 4 °C 
with the following primary antibodies: anti-HDAC6 (1:100 dilution), 
anti-γH2AX (1:100 dilution), anti-PAR (1:100 dilution) and anti-5hmC 
(1:1,000 dilution). After three washing steps, staining was visualized 
with secondary antibodies and the images were captured with a digi-
tal camera under a confocal microscope. For quantification of the 
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percentage of γH2AX foci+ cells in each cell line, at least ten micros-
copy fields were counted in each independent experiment and at least 
three independent. For quantification of the percentage of γH2AX foci+ 
cells in tumours, we included at least three noncontinuous sections 
from each tumour formed in nude mice that had been injected stable 
overexpressed or knocked out HCT116 cells. At least 3 microscopy 
fields with more than 300 cells for each tumour were calculated for 
each section. For statistics on the proportion of γH2AX foci+ cells, we 
calculated it as (γH2AX foci+ cells/nucleic) × 100.

Cell fractionation assay
About 2 × 106 cells were rinsed with ice-cold PBS and then added buffer A 
(10 mM HEPES pH 7.9, 1.5 mM MgCl2, 10 mM KCl, 0.5 mM DTT, 0.05% 
NP40 and protease inhibitor cocktail). After 15 min on ice, the cells 
were centrifuged at 3,000 r.p.m. and 4 °C for 10 min. The resultant 
supernatant was then used as a cytosolic fraction. The pellet was then 
homogenized with buffer B (20 mM HEPES pH 7.9, 0.4 mM NaCl, 1 mM 
EDTA, 1 mM DTT and 1 mM PMSF). After vigorous vortexing for 10 min, 
the homogenates were centrifuged for 20 min at 13,000 r.p.m. and 
4 °C. The resultant supernatants were then used as nuclear fractions. 
Insoluble chromatin was centrifuged for 5 min at 3,000 r.p.m. and 
4 °C, washed once in buffer B and centrifuged again under the same 
conditions. The nuclear and cytosolic fractions were quantified using 
a BCA Protein Quantification kit (Yeasen Biotechnology), and 20 µg of 
each fraction was analysed by SDS–PAGE. H3 and α-tubulin were used 
as markers for nuclear and cytoplasm, respectively.

Deacetylase activity of HDAC6 using direct detection assay
HDAC6 activity was measured using an Epigenase HDAC Activity/Inhibi-
tion Direct Assay kit (Colorimetric) (EpiGentek, P-4034). For detection 
of HDAC6 and deletion mutant activities, HCT116 cells were transfected 
with pCDNA3.1-Flag–HDAC6 and the deletion mutants. After transfec-
tion for 24 h, the cells were lysed and immunoprecipitated using Flag M2 
affinity gel as previously described47. The HDAC6 and deletion mutants 
were eluted with Flag peptide (100 µg ml–1). The immunoprecipitated 
proteins (1 µg) were assayed for HDAC activity using equal volumes in 
HDAC assay buffer in duplicate. The plate with HDAC6 and the dele-
tion mutants was incubated at 37 °C for 90 min. The plate was washed 
and incubated with capture and detection antibodies and developed 
following the protocol provided by the manufacturer. The activity of 
HDAC6 (OD min–1 mg–1 protein) was calculated according to manufac-
turer’s specifications based on duplicate measurements of the optical 
densities at 450 nm.

Cell cycle arrest and analysis of cell cycle by flow cytometry
About 5 × 105 WT, HDAC6 knockdown, TET2 knockdown and TDG knock-
down HCT116 cells were seeded in 12-well plates and treated with pal-
bociclib, a CDK4/6 inhibitor34. At 12 h after plating, cells were subjected 
to valine restriction for 12 h and digested cells with trypsin. The cells 
were fixed with ice-cold 100% methanol and then incubated at 20 °C 
for 20 min. Cells were centrifuged at 1,300–1,500 r.p.m. for 5 min. The 
supernatant was discarded and 1 ml ribonuclease (RNase, 100 μg ml–1) 
buffer was added to each tube and the cells were resuspended gently 
by pipetting up and down. The cells were incubated on ice for 30 min, 
and then centrifuged at 1,300–1,500 r.p.m. for 5 min. The supernatant 
was discarded and 1 ml PI solution (50 μg ml–1) was added to each tube 
and the cells resuspended gently by pipetting up and down. The cells 
were incubated again on ice for 5–10 min, and then resuspended gen-
tly by pipetting up and down. The cell suspension was transferred to 
5 ml polystyrene round-bottom FACS tubes and then the cell cycle was 
analysed by flow cytometry.

SILAC labelling of HCT116 cells
For SILAC labelling, cells were grown in SILAC DMEM medium sup-
plemented 10% dialysed (USA) FBS and either with 100 mg ml−1 

[12C6
14N2]lysine, [12C6

14N4]arginine (SILAC light) or [13C6
15N2]lysine, 

[13C6
15N4]arginine (Cambridge Isotope Laboratories) (SILAC heavy). 

Cells were collected after passaging 10 times. Flag–HDAC6 over-
expressed cell lysate was prepared and peptides were enriched by 
Flag M2 affinity gel IP. Peptide fractions were analysed by online  
nanoflow LC–MS/MS.

Proteome sample preparation
About 5 × 107 HCT116 cells were plated in a 15 cm plate before the experi-
ment. Cells were washed 3 times with cold PBS buffer and then lysed in 
SDT lysis buffer (4% w/v SDS, 100 mM Tris-HCl, 100 mM DTT, pH 7.6). 
The cell lysates were incubated for 10 min at 95 °C and centrifuged 
at 15,000g for 15 min. The supernatants were collected, and protein 
concentration was determined by tryptophan fluorescence emission 
assay as previously described48. A of 150 μg protein from each sam-
ple was digested by filter-aided sample preparation protocol (FASP) 
using 10 kDa centrifugal filter tubes as described previously with slight 
modifications49. Peptide mixtures were collected by centrifugation at 
15,000g for 15 min and quantified by Nanodrop 2000 (Thermo Fisher 
Scientific). A total of 20 μg peptides from each sample was desalted 
for LC–MS/MS analysis.

LC–MS/MS analysis
Data-independent acquisition (DIA) MS analysis was performed on an 
Orbitrap Q-Exactive HF (Thermo Fisher Scientific) platform connected 
to an online nanoflow EASY nLC1000 HPLC system (Thermo Fisher Sci-
entific). A total of 1 µg peptides was loaded onto a self-packed column 
(75 μm × 150 mm, 1.9 μm ReproSil-Pur C18 beads, 120 Å, Dr. Maisch) 
and separated with a 90 min gradient at a flow rate of 300 nl min–1 with 
following gradients: 0–1 min, 1–3% buffer B; 1–71 min, 3–23% buffer B; 
71–81 min, 23–32% B; 81–84 min, 32–100% B; 84–90 min, 100% B.

DIA was performed using 120 K resolution MS scan and then fol-
lowed by 40 MS/MS scans with 30 K resolution. The MS AGC target 
value was set at 3 × 106 with 100 ms of max injection time by orbitrap 
mass analyzer (300–1,650 m/z), and MS/MS AGC target value was set 
at 5 × 105 with 45 ms of max injection time. For proteome DIA MS runs, 
fragment analysis was subdivided into 40 DIA isolation windows. A 
detailed isolation windows list is provided in Supplementary Table 9.

Database searching and data analysis
Raw data were processed using DIA-NN software (v.1.8)50 against the 
UniProt human proteome database, with precursor false discovery 
rate at 1%. Carbamidomethyl was selected as fixed modifications and 
N-terminal methionine excision enabled. The peptide length range was 
7–30 and one missing cleavage site was allowed. The log level was set 
as 5. The quantification strategy was Any LC (high accuracy).

Genomic DNA extraction from cultured cells and dot blot assay
Cultured cells were collected and resuspended in digestion buffer 
(100 mM Tris pH 8.0, 100 mM NaCl, 25 mM EDTA and 0.5% SDS) at 50 °C 
for 12–18 h. Equal volumes of phenol–chloroform were added to the 
lysate and vortexed. The upper aqueous phase was separated by cen-
trifugation and transferred to new tubes. A 1/10 volume of sodium 
acetate and 2 volumes of ethanol were added to let the genomic DNA 
precipitate. DNA was washed using 70% ethanol and dissolved in TE 
buffer (10 mM Tris (pH 8.0) and 1 mM EDTA). RNase A was then added 
to the DNA solution and incubated at 37 °C overnight, after which the 
phenol–chloroform extraction was repeated. For dot blot assay, 1 µg 
DNA was first sonicated and levelled to 1,000 ng per 60 µl. Levelled 
DNA was then loaded into a 96-well plate followed by 2 additional serial 
dilutions (final volume was 30 µl per well). Next, 20 µl of buffer (1 M 
NaOH and 25 mM EDTA) was added and samples were incubated at 95 °C 
for 10 min. Then 50 µl of ammonium acetate (2 M, pH 7.0) was added 
and cooled on ice for another 10 min. The corresponding amount of 
DNA dotted on the nitrocellulose membrane. The membrane was then 
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crosslinked by UV light for 20 min and subjected to the western blot 
protocol for the remaining steps.

Immunofluorescence staining of 5hmC
For immunofluorescence staining of 5hmC, HCT116 cells were washed 
with iced PBS before fixation in 4% fresh paraformaldehyde in PBS for 
15 min. The cells were treated with 2 M HCl at room temperature for 
30 min, followed by neutralizing with 100 mM Tris (pH 8.0) at room 
temperature for 30 min. Subsequently, the cells were blocked with 
5% BSA in PBS for 1 h in a 37 °C incubator. The incubation with 5hmC 
primary antibody was carried out at 4 °C overnight, and secondary 
antibody incubation was performed at room temperature for 1 h. DNA 
was stained with DAPI for 10 min. Images were acquired using a Zeiss 
LSM 510 Meta confocal system.

5mC, 5hmC and 5fC quantification by UPLC–MS/MS analysis
For quantitative determination of the content of 5mC and 5hmC nucle-
osides, genomic DNA was first digested using nuclease P1 (NEB) at 
37 °C for at least 2 h and then was dephosphorylated with calf intestinal 
alkaline phosphatase (CIAP, Takara) at 37 °C for an additional 1 h. The 
samples were centrifuged and the supernatants were collected before 
being subjected to multiple reaction monitoring (MRM) mode-based 
UPLC–MS/MS analysis. The MS analyses were performed using a UPLC 
system (Acquity UPLC I-Class, Waters) coupled to a triple quadrupole 
mass spectrometer (Triple Quad 6500 + LC–MS/MS, SCIEX). An Acquity 
UPLC BEH C18 column (130 Å, 1.7 µm, 2.1 mm × 50 mm, Waters) was 
used for the liquid chromatography separation. The mobile phases 
(A, 0.1% formic acid in pure water; B, 100% methanol) were used for 
compound separation. The linear gradient elutes from 1% B (0–1 min), 
1–5% B (1–2.5 min), 5–95% B (2.5–3 min), 95–1% B (4–4.1 min), then 
held at 1% B until 6 min for re-equilibrium. The flow rate was set to 
0.2 ml min–1. Optimized MRM transition parameters for each of the 
nucleosides were obtained using pure compound standards. The quan-
tifier transitions of each nucleoside are 5mC: 242.1/126.1 (CE 17, DP 20); 
5hmC: 258.1.1/142.1.1 (CE 15, DP 40); dC: 228.1/112.1 (CE 20, DP 20); dG: 
268.1/152.1 (CE 20, DP 60). All compounds were measured on positive 
ESI mode. Then the retention time for each compound was individually 
determined by measuring the corresponding MRM transitions on the 
BEH C18 column. For 5mC: 1.67 min; 5hmC: 1.08 min; dC: 1.08 min; dG: 
2.89 min. The amount of each nucleoside was calculated according to 
the peak areas of quantifier MRM transitions by interpolation from 
the standard curves.

In vitro deacetylation of TET2 and TET2 enzymatic activity
To prepare the TET2 enzyme, MYC-tagged TET2 was ectopically 
expressed in HEK293T cells and immunoprecipitated in RIPA lysis 
buffer (50 mM Tris-Cl, pH 7.4, 0.5% NP-40, 150 mM NaCl, 1 mM EDTA, 
10% glycerophosphate and a cocktail of proteinase inhibitors) using 
anti-MYC affinity beads. Immunoprecipitated and purified MYC-tagged 
TET2 proteins (immobilized on beads) were incubated with or without 
recombinant GST–HDAC6 (2, 4, 8, 10 µg) with reaction buffer (60 µM 
NAD+, 25 µM Tris-HCl (pH 8.0), 137 mM NaCl, 2.7 mM KCl and 1 mM 
MgCl2) at 30 °C for 30 min. In vitro assay of TET2 catalytic activity 
was performed following the procedures previously described using 
two different substrates: methylated DNA oligonucleotides and total 
genomic DNA51. In brief, to prepare the substrates, two complemen-
tary single-stranded oligonucleotides were synthesized at Beijing 
Tsingke Biotech (GTATGCCTCATGCmCGGACTTAACTGCAGTG-3′, 
3′-CATACGGAGTACGGmC.

CTGAATTGACGTCAC-5′, where the superscripted ‘m’ indicates the 
methylation of following cytosine). Next, 2 nmol of single-stranded 
oligonucleotides were mixed in annealing buffer (10 mM Tris, pH 8.0, 
50 mM NaCl and 1 mM EDTA), boiled for 5 min, transferred to preheated 
water at 90 °C, gradually cooled to room temperature, and used as 
substrate. Genomic DNA from HCT116 cells was isolated, sonicated 

and then used as substrate. MYC-tagged TET2 beads were washed and 
incubated with methylated DNA oligonucleotides (20 pmol) or total 
genomic DNA (150 ng) in buffer containing 50 mM HEPES (pH 8.0), 
100 mM NaCl, 100 μM Fe (NH4)2(SO4)2, 2 mM ascorbate, 1 mM DTT and 
1 mM ATP at 37 °C for 1 h. DNA was purified, and the levels of 5hmC or 
5mC were quantified by dot blot and ELISA using 5hmC or 5mC anti-
body. MYC-tagged TET2 beads were washed, boiled and subjected to 
SDS–PAGE analysis.

Comet assay
HCT116, HDAC6-WT or SE14 knock-in MEF cells were seeded and treated 
with VR at different concentrations and times, and then cells were col-
lected and resuspended in cold PBS at a concentration of 3 × 105 cells 
per ml. The comet assay then was performed according to the manu-
facturer’s instructions (4250-050-K; Trevigen). For the comet assay, 
we repeated the experiment three times, with two technical replicates 
per trial. Furthermore, we calculated the average of the two technical 
replicates for each biological replicate and derived the statistics from 
the three biological replicate. DNA damage was measured in terms of 
tail moments using cometscore software (casplab_1.2.3b2).

Oncosphere formation assay
Oncosphere assays were performed as previously described47. Onco-
spheres were enriched from HCT116 cells. Single-cell suspension of 
HCT116 cells (200 cells per well, repeat 10 holes in each group) were 
plated on 96-well ultralow attachment plates (Corning, 3474) and 
cultured in DMEM/F12 (Gibco) supplemented with 5 mg ml−1 insulin 
(Sigma), 20 ng ml−1 EGF (Sigma), 1:50 B27 (Gibco), 10 ng ml−1 bFGF and 
0.4% BSA for 10 days alone. Floating spheres that grew over 2 weeks 
were counted. Tumour spheres were visualized under a phase-contrast 
microscope, photographed, quantified and represented graphically. 
Tumour spheres larger than 100 µm were counted, and the ‘relative 
per cent of sphere’ represents the relative increase in the number of 
spheres per dish.

Electrochemical detection of the binding of peptides and valine
3-mercaptopropionic acid (MPA), N-hydroxy-succinimide (NHS), 
N-(3-dimethyl aminopropyl)-N′-ethylcarbodiimide hydrochloride 
(EDC), morpholino ethanesulfonic acid (MES), K3Fe(CN)6 and K4Fe(CN)6 
were purchased from Sigma-Aldrich and used without further purifi-
cation. Chloroauric acid hydrate (HAuCl4·xH2O) was purchased from 
Adamas. PBS (0.01 M PBS, pH 7.4) was prepared from NaCl, KCl, Na2HPO4 
and KH2PO4. A conventional three-electrode system was used with a 
prepared Au electrode (CH Instruments; diameter: 2 mm), an Ag/AgCl 
and a platinum plate as the working, reference and counter electrodes, 
respectively. The 20 mM Fe (CN)6

3−/4− in 0.01 M pH 7.4 PBS was used as 
the electrolyte unless otherwise indicated. The cyclic voltammetry 
(CV) test was operated from 0 to 0.5 V at a scan rate of 10 mV s–1. For 
the electrochemical impedance spectroscopy (EIS) measurement, a 
sine-wave of 10 mV amplitude was applied to the as-prepared elec-
trode in the frequency range of 0.1 Hz to 100 kHz. The ZSimpWin EIS 
DATA analysis software (Perkin-Elmer, v.2.00) was used to analyse the 
obtained EIS data and to fit an equivalent circuit.

For the preparation of the biosensor, a gold disc electrode (2 mm in 
diameter) was polished according to the literature52,53, and then rinsed 
with distilled water before further modification. Afterwards, the elec-
tropolished electrodes were dried and immediately immersed in an 
aqueous solution containing 0.1 M Na2SO4 and 30 mM HAuCl4·xH2O 
for the electrodeposition of gold dendrite (AuD) by chronoamper-
ometry (CA) at a potential of −0.55 V for 600 s (ref. 54). The 25 mM 
cysteamine hydrochloride was then self-assembled on the AuD through 
the formation of a gold–sulfur bond55. After the activation of the 
C-terminated group of cysteamine in the MES buffer having EDC and 
NHS, the 1 mg ml−1 NHS-biotin, 0.1 mg ml−1 streptavidin and biotin–
peptide were successively immobilized on the electrode to form the 
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AuD/cysteamine–biotin–streptavidin/peptide biosensor. Finally, the 
biosensor was soaked in 5% BSA blocking buffer for 15 min and ready 
for the l-valine detection. Four types of peptides were designed in 
the experiment and marked as biotin–TLAQT ISEAA IGGA (1st), bio-
tin–MLGQT TSEEA VGGA (2nd), biotin–ILDQT TSEDA VGGA (3rd) or 
biotin–RVTIM PKDIQ LAR (control).

RNA sequencing and data analysis
RNAs were extracted from HCT116 cells using RNA isolater Total RNA 
extraction reagent (Vazyme, R401-01). RNA sequencing libraries 
were prepared from 2 μg of RNA per sample as input material for the 
RNA sample preparations. Sequencing libraries were generated by 
Annoroad Gene Technology. The sequencing was conducted on an 
Illumina NovaSeq 6000.

For RNA sequencing data, the quality of raw reads was assessed using 
FASTQC (v.0.11.8) and the adapters were removed with TrimGalore 
(v.0.6.4). The resulting clean reads were mapped to the hg38 reference 
genome using HISAT2 (v.2.1.0). Gene expression levels were quantified 
to fragments per kilobase of exon model per million mapped fragments 
(FPKM) by StringTie (v.2.2.1) and counts by prepDE.py based on hg38 
annotations. To perform differential expression analysis, the R pack-
age DEseq2 (v.1.26.0) was utilized with raw counts from prepDE.py. An 
adjusted P value cut-off of 0.01 and an absolute fold change cut-off of 
2 were applied to identify significantly changed genes.

TET2 ChIP–seq assay
HCT116 cells were crosslinked with 1% formaldehyde for 10 min at room 
temperature and quenched with 125 mM glycine. The fragmented 
chromatin fragments were pre-cleared and then immunoprecipitated 
with protein A+G magnetic beads coupled with anti-TET2 antibod-
ies. After reverse crosslinking, ChIPed and input DNA fragments were 
end-repaired and A-tailed using the NEBNext End Repair/dA-Tailing 
module (E7442, NEB) followed by adapter ligation with the NEBNext 
Ultra Ligation module (E7445, NEB). Sequencing libraries were gener-
ated by Genefund Biotech. The DNA libraries were amplified for 15 cycles 
and sequenced using Illumina Hi-Seq with 150 bp paired-end protocol.

ChIP–seq analysis
The ChIP–seq data were checked with FASTQC (v.0.11.8) and trimmed 
using TrimGalore (v.0.6.4). The resulting clean reads were aligned to 
hg38 using Bowtie2 (v.2.3.5.1) with the following parameters: --no-unal 
--no-mixed --no-discordant, and were further filtered with mapping 
quality of at least 20. PCR duplicates were removed using Sambamba 
(v.0.7.0). The signal tracks were generated by bamCoverage in deep-
Tools (v.3.3.0) with 25 bp bin size and normalized as RPKM.

For downstream analysis of TET2 ChIP–seq data, we used -p 0.001 for 
MACS2 to call peaks. As TET2 showed different binding patterns under 
different treatments, the binding sites were not directly comparable. 
To enable better comparison of TET2 binding sites among treatments, 
we first merged peaks from all treatments and the RPKM values were 
calculated for these regions. Then, we used the regions to perform 
principal component analysis (PCA) on all samples and retained the 
regions with eigenvalues of the rotation > 0.006, which contributed 
mostly for separation of the different treatments. These regions were 
further clustered based on the TET2-binding signal across the samples 
using K-means clustering. Gene annotations of regions were generated 
from the R package ChIPseeker (v.1.22.1).

For downstream analysis of H3K4me1 ChIP–seq, we used 
--broa--broad-cutoff 0.01 -q 0.01 for MACS2 to call peaks. The identi-
fied H3K4me1 peaks were defined as enhancer regions.

Functional enrichment analysis
GO analysis was performed by the Database for Annotation, Visualiza-
tion and Integrated Discovery (DAVID) Bioinformatics Resource, and 
P values were plotted to show the significance.

Metabolomics
The mice were fed a VR diet or not for a corresponding time. Plasma 
samples were thawed at 4 °C on ice and swirled well for 30 s before 
sampling. Then, 15 μl of each sample was obtained and placed in an EP 
tube, 35 μl water added and extracted with 200 μl of extraction solvent 
(1:1 V methanol:V acetonitrile, internal standard mixture containing 
isotopes, pre-cooling at −40 °C), vortexed for 30 s, ultrasound treated 
for 15 min (while being cooled in ice water), and next chilled for 1 h at 
−40 °C to precipitate the proteins. The samples were then centrifuged at 
12,000 r.p.m. for 15 min at 4 °C. The supernatant (100 μl) was rotated to 
evaporate until dry. Samples were redissolved with 100 μl 50% methanol 
water, 100 μl derivative added and 50 μl 1 M NaHCO3 added and the 
mixture swirled well. Samples were incubated in a 40 °C water bath 
for 1 h, and then removed and cooled to room temperature. Next, 50 μl 
2 M HCl was added, and the sample was rotated and evaporated to dry. 
Finally, 200 μl methanol was added to redissolve the sample, and the 
supernatant was obtained for the UHPLC-QTOF-MS analysis.

About 20 mg of tumour sample was taken and placed in a EP tube, 
and 2 small steel balls added, and then 1,000 µl extraction solvent 
was added containing an internal target (V methanol: V acetonitrile: 
V water = 2:2:1, containing internal standard, pre-cooled at −40 °C). 
Samples were homogenized in the ball mill for 4 min at 35 Hz, then 
ultrasound treated for 5 min (incubated in ice water). After homogeniza-
tion for 3 times and incubation for 1 h at −40 °C to precipitate proteins, 
samples were centrifuged at 12,000 r.p.m. for 15 min at 4 °C. Super-
natant (100 µl) was transferred into EP tubes. Extracts were rotated 
to evaporate until dry and redissolved with 100 µl 50% methanol. The 
extracts had 100 μl derivative and 50 μl 1 M NaHCO3 added, and then 
swirled well. The extracts were incubated for 1 h in a 40 °C water bath, 
and then removed and cooled to room temperature. Next, 50 μl 2 M 
HCl was added, and the samples were rotated and evaporated to dry. 
Finally, 200 μl methanol was added to redissolve the sample, and the 
supernatant was obtained for UHPLC-QTOF-MS analysis. Data analysis 
was performed by Shanghai Biotree.

Whole-genome bisulfite sequencing library preparation
Preparation of the whole-genome bisulfite sequencing (WGBS) library 
was performed as previously described56. genomic DNA of each sample 
was purified using a Wizard Genomic DNA Purification kit (Promega). 
Next, 1 μg of genomic DNA was fragmented into 300 bp using a Covaris 
LE220R. The methylated adapters were ligated to the fragmented DNA. 
Bisulfite treatment was performed using an EZ DNA Methylation-Gold 
kit (Zymo Research) according to the instruction manual. The resulting 
single-stranded DNA was amplificated using KAPA HiFi HotStart Uracil+ 
ReadyMix (2×) (Roche). The concentration of purified libraries was 
measured with a Qubit fluorometer dsDNA HS Assay (Thermo Fisher 
Scientific). Size distribution of the sequencing libraries was analysed 
using Agilent 2100 Bioanalyzer. WGBS was performed using an Illumina 
NovaSeq 6000 platform for 150 bp paired-end sequencing.

APOBEC-coupled epigenetic sequencing library preparation
For the APOBEC-coupled epigenetic sequencing (ACE-seq) library con-
struction, 200 ng of genomic DNA was fragmented into 300 bp using a 
Covaris M220. Then, the T4 phage β-glucosyltransferase (NEB) and uri-
dine diphosphoglucose were used to convert 5hmC into 5ghmC at 37 °C 
for 2 h. After that, 0.1 M NaOH (5×) was added to the modified fragments 
for denaturation at 50 °C for 10 min. Then, DEA enzyme mix (Vazyme) 
was used to deaminate dC or 5mC to U or T, respectively, at 37 °C for 
3 h. After deamination, DNA fragments were purified and subjected 
to library construction with a Scale Methyl-DNA Lib Prep kit accord-
ing to the instruction manual (Illumina). In brief, the single-stranded 
heat-denatured DNA fragments were ligated to the dA-tailing module 
and T7 truncated adapters. Next, the ligated DNA was extended to the 
second strand synthesis and the methylated adapters were ligated. 
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The DNA was amplified for 10 cycles using Illumina 8-bp dual index 
primers. Finally, the ACE-seq libraries were analysed by Agilent 2100 
Bioanalyzer and sequenced on an Illumina NovaSeq 6000 platform by 
150 bp paired-end sequencing.

MAB-seq library preparation
We performed this assay as previously described57,58. In brief, 500 ng 
of DNA extracted from HCT116 cells with or without the treatment 
of valine deprivation was first spiked-in with unmethylated lambda 
DNA (1:500), and the DNA was fragmented to 600–700 bp. The broken 
DNA was treated by M.SssI (New England Biolabs, M0226M) in a 50 μl 
reaction. In the treatment, DNA was first incubated with 1.0 unit μl–1 
M.SssI methylase (New England Biolabs, M0226M) for 4 h in 50 μl 
reaction (1 μl of 4 U μl–1 M.SssI, 5 μl of 1.6 mM SAM, 5 μl of 10× meth-
yltransferase reaction buffer, and ddH2O was added up to 50 μl). DNA 
was purified using DNA Clean & Concentrator kit (Zymo, D4013). 
M.SssI-treated DNA was then subjected to bisulfite conversion using 
an EZ DNA Methylation-Direct kit (Zymo, D5021). Bisulfite-treated DNA 
was purified and subjected to library construction using an EpiArt DNA 
Methylation Library kit (Vazyme, NE103) and VAHTS Multiplex Oligos 
Set 4 (Vazyme, N321) according to the instruction manual (Illumina). In 
brief, the single-stranded heat-denatured DNA fragments were ligated 
to the 3′ adapter ligation and 5′ adapter ligation. Next, the ligated DNA 
was extended to the second strand synthesis and the methylated adapt-
ers were ligated. The DNA was amplified for 10 cycles using Illumina 
8-bp dual index primers. Finally, the MAB-seq libraries were analysed 
by Agilent 2100 Bioanalyzer and sequenced on an Illumina NovaSeq 
6000 platform by 150 bp paired-end sequencing.

WGBS, ACE-seq and MAB-seq analysis
The raw data of WGBS, ACE-seq and MAB-seq were checked with FASTQC 
(v.0.11.8) and the adapters were removed with TrimGalore (v.0.6.4). The 
resulting clean reads were mapped to the hg38 using Bismark (v.0.22.1) in 
paired-end mode. Duplicates were removed using deduplicate_bismark.

For downstream analysis of WGBS, cytosine not converted by bisulfite 
at each CpG sites was extracted by MethPipe software package (v.3.4.3). 
Cytosine sites covered by at least three reads and shared between two 
replications were retained. The mean of NC/(NC + NT) percentage at each 
CG site in two replications was calculated as WGBS level at each CG site.

For downstream analysis of ACE-seq, 5hmC information at each CpG 
site was extracted by MethPipe software package (v.3.4.3), and the level 
of 5hmC at each CpG site equals to NC/(NC + NT). Cytosine sites covered 
by at least three reads were retained. Hyperhydroxymethylation regions 
were also identified by MethPipe software package (v.3.4.3) using the 
hmr command.

For downstream analysis of MAB-seq, 5fC information at each CpG 
site was extracted by MethPipe software package (v.3.4.3), and the level 
of 5fC at each CpG site equals to NT/(NC + NT). As the presence of some 
false positives in MAB-seq, cytosine sites with at least 5 reads coverage 
and a 5fC level > 20% were retained.

Deriving 5mC and 5hmC levels from WGBS data by combing 
ACE-seq data
Given that WGBS cannot distinguish between 5mC and 5hmC, we used 
the MLML tool59 (v.5.0.1) to estimate 5mC and 5hmC levels by subtract-
ing 5hmC from WGBS data at each CpG site. CpG sites with any negative 
level or conflict were excluded from the subsequent analysis.

Calculating 5mC, 5hmC, 5fC levels in genomic regions
To compare 5mC, 5hmC and 5fC levels in each given region, the mean of 
5mC, 5hmC or 5fC level at each CpG site within the region was calculated.

END-seq and S1-END-seq library preparation
About 4 × 106 HCT116 cells were plated in a 6 cm plate before the experi-
ment. Cells were subjected to valine deprivation for 24 h and treated 

with ddC (20 µM) for 20 h before collection and washed three times 
with cold PBS buffer. Cells were collected and gently pipetted 5–10 
times and transferred to a conical 15 ml tube. Cells were neutralized 
with 10 ml of cold PBS/EDTA 5 mM/10% FBS buffer, then pelleted, resus-
pended in 1 ml of neutralization buffer and transferred to an Eppen-
dorf tube. They were then processed for END-seq or S1-END-seq. For 
S1-END-seq, cells were collected and embedded in 1% agarose plugs, 
lysed and digested with proteinase K (1 h at 50 °C, followed by 7 h at 
37 °C), washed with TE buffer and then treated with RNAse A for 1 h at 
37 °C. Plugs were then washed in EB and equilibrated in S1 nuclease 
buffer (40 mM sodium acetate pH 5.2, 300 mM NaCl and 2 mM ZnSO4) 
for 30 min. Next, 1.8 U of S1 nuclease was added to 100 µl of S1 nuclease 
buffer per plug and incubated on ice for 15 min to allow for the enzyme 
to diffuse into the plug. The reaction mix was then placed at 37 °C for 
20 min before addition of EDTA (10 mM final concentration) to ter-
minate the reaction. Finally, plugs were processed using the standard 
END-seq protocol60.

END-seq and S1-END-seq analysis
For END-seq and S1-END-seq analysis, considering that only read 1 
contains pertinent information about the broken site, the raw data of 
read 1 was checked with FASTQC (v.0.11.8) and trimmed using TrimGa-
lore (v.0.6.4). The resulting clean reads aligned to hg38 using Bowtie2 
(v.2.3.5.1) in single-end mode, and were further filtered with mapping 
quality of at least 20. Normalized RPM signals were generated by 
bed-tools (v.2.28.0) bamToBed and genomecov command.

Statistics and reproducibility
All the software and algorithms used are listed in Supplementary 
Table 10. Statistical analyses were conducted using GraphPad Prism 
8.0 (GraphPad Software) and R (v.3.6.0; https://www.R-project.org/). 
For all experiments, data are presented as the mean ± s.d. unless oth-
erwise specified. All of the experiments (except those described oth-
erwise in the legend) were performed independently at least three 
times with a similar outcome. The statistical tests, n values and the 
P values are all indicated in the figures and/or legends. Depending on 
the type of experiment, the P values were calculated using two-tailed 
Student’s t-test, one-way ANOVA, two-way ANOVA or Mann–Whitney 
U-test. P < 0.05 was considered to be significant (*P < 0.05, **P < 0.01, 
***P < 0.001, ****P < 0.0001). The exact values of P values are shown in 
Supplementary Table 11. Mice were randomly assigned to each treat-
ment group when the tumour reached a palpable minimum size. Inves-
tigators were blinded during image analysis of tumour burden.

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

Data availability
All sequencing data generated within this study have been uploaded 
to the NCBI Sequence Read Archive (SRA) and are available under 
the following accession codes: RNA sequencing: GSE274535; WGBS: 
GSE274536; ACE-seq: GSE274539; MAB-seq: GSE275023; TET2 ChIP–
seq: GSE274881; NLS-HDAC6 TET2 ChIP–seq: GSE274883; END-seq: 
GSE275061; ddC S1-END-seq: GSE275062; and H3K4me1 ChIP–seq: 
GSE275024. Additional data that support the findings of this study are 
available from the corresponding author upon reasonable request. 
Supplementary tables are provided with this paper. Source data are 
provided with this paper.
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Extended Data Fig. 1 | Valine binds to HDAC6 via the SE14 domain. a, Score of 
candidate valine binding proteins identified by the mass spectrometry. b, Flag 
immunoprecipitates prepared from HCT116 cell extracts were used in binding 
assays with [3H] valine. c, d, Effects of valine on the melting temperature of 
bacterially produced HDAC6 in a thermal shift assay. GST-HDAC6 produced 
from E. coli was incubated with Sypro Orange dye, with or without valine.  
e, f, Binding of [3H] valine to Flag-HDAC6 prepared from HCT116 cells extracts 
was determined in the presence of unlabeled leucine and isoleucine, 
respectively. g, Structure of valine and its analogue with modifications in the 
amino terminus, carboxyl terminus or side chain. h, Schematic representations 
of various HDAC6 deletion mutants and immunoblot analysis of HDAC6 and 
various truncated proteins pulled down by biotin-labelled valine from HCT116 
cells expressing Flag-HDAC6 or its various truncations. i, The interaction 
between biotin-valine and GST-SE14 repeat domain of HDAC6 prepared from  
E. coli. j, Schematic representation of the sequence for the SE14 repeat domain 
of HDAC6. k, Linear relationship with the sensitivities of between ∆Ret value 
and logarithmic L-valine concentration of Biotin-TLAQT ISEAA IGGA (1st), 
Biotin-MLGQT TSEEA VGGA (2nd), Biotin-ILDQTTSEDAVGGA (4th), Biotin-

RVTIM PKDIQ LAR (control). l, Homology modelling for HDAC6. Orange 
represents the SE14 repeat domain, grey represents other structural parts, and 
green molecule represent valine. m, Close up view of valine bonded to the 
surrounding core residues Ala946, Thr989, and Ala991. Valine is shown in green 
stick, and the carbon, nitrogen, oxygen, and hydrogen in the three amino acid 
residues are shown in gray, blue, red, and white line mode, respectively, with 
the interaction bonds shown in dashed lines. n, Immunoblot analysis of HDAC6 
and point mutant (3 M: A946D, T989A and A991D) pulled down by biotin-
labelled valine from HCT116 cells expressing Flag-HDAC6 or its point mutant.  
o, Calculated interaction energies of the different peptides in SE14 with valine, 
respectively. p, Immunoblot analysis of HDAC6 and point mutant (SE-Mut: 
mutate all the sites marked in red in j, mutate each threonine to alanine, alanine 
itself was mutated to aspartic acid) pulled down by biotin-labelled valine from 
HCT116 cells expressing Flag-HDAC6 or its point mutant. For b–f and k, data are 
representative of three independent experiments and presented as mean ± s.d. 
(n = 3 independent experiments). Statistical analysis for b was performed using 
one-way ANOVA, for k was performed using two-way ANOVA; ****P < 0.001, 
****P < 0.0001, NS, not significant. For gel source data, see Supplementary Fig. 1.

18



Extended Data Fig. 2 | See next page for caption.

19



Article
Extended Data Fig. 2 | Intracellular valine abundancy dictates subcellular 
distribution of HDAC6. a, The negligible effect on the acetylation of tubulin 
upon valine deprivation for 6 hrs. b, Knockdown of HDAC6 in HCT116 cells has 
little effect on the mTOR signalling with or without valine deprivation. c, Effects 
of BCAA (valine, leucine and isoleucine) on the subcellular localization of 
HDAC6. HCT116 cells were deprived of valine, leucine, or isoleucine for 6 h 
followed by immunofluorescence analysis of cellular localization of HDAC6. 
Scale bar, 10 μm. d, Cell fractionation analysis was performed using HCT116 
cells deprived of amino acids for 6 h, and then add an indicated amino acid 
(200 mM) for another 6 h. e, The half-maximal concentration of valine at the 
cellular level to restrain HDAC6 in cytosol of Fig. 2d. f, g, Absolute quantification 
of valine in HCT116 cells upon valine deprivation for different times (f) or valine 
restriction at different concentration (g). h, The localization of HDAC6 was 
examined via cell fractionation assay after treatment with concentration 
gradient of SLC7A5 inhibitor JPH203 (0, 2, 4, 6, 8, 10 μM) for 24 h and then 

rescued with N-Methyl-L-valine (CH3-Val, 0.8 mM) for 6 h. i, Effects of BCAA 
transporter SLC7A5 on the subcellular localization of HDAC6. Cell fractionation 
assay was performed with SLC7A5 wildtype or knockdown HCT116 cells upon 
valine deprivation for 6 h and then rescued with L-valine-OMe (Val-Ome, 
0.8 mM) for 6 h. j, Effects of valine and its analogues on cellular localization of 
HDAC6 under the condition of valine deprivation. Cell fractionation analysis 
was performed in HCT116 cells deprived of valine for 6 hrs before valine or one 
of its analogues (10 mM) were added for 6 hrs. k, Effects of valine deprivation on 
the location of Flag-HDAC6 and its various truncations. Cell fractionation 
analysis was performed with HCT116 cells transfected with Flag-HDAC6 and its 
various truncations. l, Quantification of HDAC6 nuclear and cytoplasmic 
localization for Fig. 2f. For e–g,l, data are presented as mean ± s.d. (n = 3 
independent experiments). Statistical analysis was performed using one-way 
ANOVA (f, g, l); ****P < 0.0001, NS, not significant. For gel source data, see 
Supplementary Fig. 1.
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Extended Data Fig. 3 | Importin α1 mediates nuclear translocation of HDAC6 
via SE14 domain. a, Effects of valine deprivation on the subcellular localization 
of histone deacetylases. Cell fractionation analysis was performed with HCT116 
cells transfected with Flag-HDAC4, Flag-HDAC6 or Flag-SIRT7. b, Effects of 
valine deprivation on the acetylation of HDAC6. HEK293T cells transfected with 
Flag-HDAC6 and HA-P300 were subjected to immunoprecipitation with Flag 
antibody after valine withdraw for 6 h, followed by immunoblotting analysis.  
c, Effects of importin inhibitor on the subcellular localization of HDAC6. Cell 
fractionation analysis was performed with HCT116 cells pretreated with 
Importazole (10 μM) for 2 h and then subjected to valine withdraw or not for 6 h. 
d, Immunofluorescence analysis after HCT116 cells expressing HDAC6 or its 
mutants were pretreated with the nuclear exportin inhibitor Leptomycin B 
(10 μM) or nuclear importin inhibitor Importazole (10 μM) for 2 h and then 
subjected to valine deprivation or not for 6 h. Scale bar, 10 μm. e, The interaction 
between HDAC6 and importins. Immunoblot results of cell lysates and anti-Flag 
or HA immunoprecipitates from HEK293T cells transfected with the indicated 
Flag–importin α or HA-importin β for 24 h and then subjected to valine 
deprivation for 6 hrs. f, Effects of valine deprivation on the interaction between 
hHDAC6 and importin α proteins. Immunoprecipitation was performed using 
HEK293T cells transfected with Flag-importin α for 24 h and subjected to valine 
deprivation for 6 h. g, Effects of valine re-introduction on the interaction 
between HDAC6 and importin α1. Immunoprecipitation was performed using 
HEK293T cells transfected with Flag-importin α1 for 24 h with or without re-
supplement of valine for 6 h after valine deprivation for 6 h. Valine (10 mM) was 
add to the cell exacts before co-immunoprecipitation. h, Immunoprecipitation 

was performed using HEK293T cells transfected with Myc-importin α1 and Flag-
HDAC6 truncation mutants (ΔNLS and ΔSE14) for 24 h and subjected to valine 
deprivation for 6 h. i, SE14 repeat domain only exists in primates. Multiple 
alignment of HDAC6 protein sequences across species was analysed by Clustal 
omega. Seven SE14 repeats are boxed. SE14-3 repeat is also indicated. j, Human, 
but not murine, HDAC6 binds to biotinylated valine. Pull-down assay was 
performed using HEK293T cells and MEF cells, respectively. k, Effects of valine 
deprivation on the subcellular localization of hHDAC6 and mHdac6. Cell 
fractionation analysis was performed using HCT116 cells transfected with Flag-
hHDAC6 and Flag-mHdac6. l, Binding of biotinylated valine to human HDAC6, 
murine Hdac6 (mHdac6) or the chimera of mHdac6 and the SE14 repeat domain 
(cHdac6). Pull-down assay was performed using HCT116 cells transfected with 
Flag-hHDAC6, HA-mHdac6 and its chimaera HA-cHdac6. m, Schematic diagram 
of SE14 repeat domain knocking-in into the mHdac6 gene. n, The SE14 repeat 
domain inserted into the 25th exon of mHdac6 was verified by DNA sequencing. 
o, p, Validation of HDAC6 knockout efficiency via immunofluorescence (o) and 
immunoblotting (p). Scale bars, 10 μm. q, r, The function of SE14 repeat domain 
in sensing valine deprivation. The location of mHdac6 in wildtype (WT) and SE14 
repeat domain knock-in (KI) MEF cells exposed to valine deprivation for 6 hrs or 
not were detected by cell fractionation assay (q) and immunofluorescence (r). 
Scale bar, 10 μm. s, The interaction between valine and the SE14 repeat domain 
of human and Rhinopithecus bieti. These protein of SE14 repeat domain were 
prepared from E. coli. t, Analysis of the subcellular location of Hdac6 in 
Rhinopithecus bieti-fibroblast cells via Immunofluorescence. Scale bar, 10 μm. 
For gel source data, see Supplementary Fig. 1.
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Extended Data Fig. 4 | Valine deprivation increases the activity of TET2 
dependent on the nuclear translocation of HDAC6. a, Schematic 
representation of experimental workflow to identify potential HDAC6 binding 
proteins under valine deprivation for 6 h by the SILAC quantitative proteomics. 
b, Identification of differential TET2-binding proteins in valine deprivation for 12 h 
via data-independent acquisition-based mass spectrometry. c, Effects of valine 
restriction on the endogenous interaction between HDAC6 and TET2 detected 
by co-immunoprecipitation. Valine was deprived for 6 h and then HCT116 cells 
subjected to add valine in a concentration gradient. d, Addition of valine (10 mM) 
to the cell extract expressing Flag-HDAC6 and Myc-TET2 negatively affects the 
interaction between HDAC6 and TET2 upon valine deprivation for 12 h via co-
immunoprecipitation. e, Ectopically expressed HDAC6 binds to the TET2 CD 
domain via co-immunoprecipitation assay. HDAC6 binds to the CD domain of 
TET2 upon valine deprivation for 12 h. f, TET2 interacts with the exogenous 
overexpressed DAC domain of HDAC6 upon valine deprivation for 24 h or not.  
g, h, Effects of valine deprivation on 5hmC levels in HCT116 cells upon valine 
deprivation for different time. Quantification of dot blots in g. i, Effect of valine 
deprivation on 5hmC levels in Rhinopithecus bieti-fibroblast cells upon valine 
deprivation for different times via Immunofluorescence. j, UPLC–MS/MS results 
showing the effects of valine deprivation in HCT116 cells. k, Effects of valine 
deprivation on 5hmC levels. HCT116 HDAC6 WT or KO cells were exposed to 
valine deprivation at different time points and the cells were fixed and 
immunostained with anti-5hmC (red) antibodies. Scale bar, 10 μm. l, m, Effects of 
valine deprivation on 5hmC levels in WT or HDAC6 knockout HCT116 cells 
examined by flow cytometry (l). n. Quantification of dot blots in Fig. 3b. o, p, Bar 
plot showing the fraction of 5hmCG against covered CG sites (o) and the fraction 

of 5mCG against covered CG sites (p) in HDAC6 knockdown, TET2 knockdown 
and WT HCT116 cell lines upon valine deprivation for 24 h or not. q, Principal 
component analysis (PCA) of TET2 ChIP-Seq data. “-Val”, valine deprivation for 
24 hrs. r, Clustering of TET2 binding peaks mainly contributing to the separation 
of the four groups in PCA. Three replicates for each sample. s, Violin plots 
showing the 5hmC level (q) and 5fC/5caC level (r) in WT, HDAC6 knockdown, 
TET2 knockdown HCT116 cell lines upon valine deprivation at the valine 
deprivation-specific enhanced TET2 binding regions. The red point indicates 
the mean value of the given data. t, u, In vitro TET2 catalytic activity assay. 
Synthesized methylated dsDNA or genomic DNA from HCT116 cells were 
incubated with purified proteins of TET2 and HDAC6, TET2-catalyzed oxidation 
was measured by 5mC decrease and 5hmC accumulation as determined by dot-
blot assay (t). Quantification of dot blots in u. v, Analysis the deacetylase of 
HDAC6 and various truncated proteins eluted from HCT116 cells expressing 
Flag-HDAC6 or its various truncations via immunoprecipitation. w, Effects of 
valine deprivation on the acetylation of TET2 in WT, HDAC6 knockdown or SIRT1 
knockdown HCT116 cells upon valine deprivation for 6 hrs. x, y, Analysis of 5hmC 
level of HDAC6 or SIRT1 knockdown HCT116 cells upon valine deprivation at 
different time (x). Quantification of dot blots in y. z. Schematic of HDAC6 
promoting TET2 activity in response to valine deprivation. For h, j, m, n, u, v and 
y, data are presented as mean ± s.d. (n = 3 independent experiments for h, m, n, 
u, v, y; n = 6 independent experiments for j). Statistical analysis was performed 
using one-way ANOVA (h, j, n, v, y) and two-way ANOVA (m, u); *P < 0.05, 
**P < 0.01, ***P < 0.001, ****P < 0.0001, NS, not significant. Schematic in z was 
created using BioRender (https://BioRender.com). For gel source data, see 
Supplementary Fig. 1.
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Extended Data Fig. 5 | Valine deprivation promotes the DNA damage 
response. a, Immunoblot of DNA damage marker γH2AX and PARylation  
(PAR) in HCT116 cells upon valine deprivation with different time points.  
b, c, Representative images (b) and quantification (c) with immunofluorescence 
staining for γH2AX (red) in HCT116 cells upon valine deprivation for 24 h. Scale 
bar, 10 μm. d, Immunoblot of DNA damage marker γH2AX and PARylation  
(PAR) in HCT116 cells cultured with different concentrations of valine for 48 h. 
e, f, Representative images (e) and quantification (f) with immunofluorescence 
staining for γH2AX (red) in HCT116 cells upon valine deprivation for 48 h at 
different concentrations. Scale bar, 10 μm. g, Representative comet assay (top) 
and quantification (bottom) showing the tail moment of HCT116 cells upon 
valine deprivation for 24 h. h, Representative comet assay (top) and quantification 
(bottom) showing the tail moment of HCT116 cell line upon valine deprivation 
for 48 h at different concentrations. i, Immunoblot of DNA damage marker 
γH2AX and PARylation (PAR) in HDAC6 and TET2 knockdown HCT116 cell line 
upon valine deprivation at different concentration with 48 h. j, Schematic of 
programmed breaks in active DNA demethylation via TET2-TDG axis. k, The 
levels of 5fC upon valine deprivation in WT, TDG knockdown HCT116 cell lines 
via UPLC–MS/MS. l, The 5caC and 5fC levels in genome upon valine deprivation 
in WT, TDG knockdown HCT116 cell lines via Dot-blot assay. m, Average plots 
(top) and heatmaps (bottom) showing the enrichment of END-seq and ddC-S1-
END-seq signals in HCT116 cell line upon valine deprivation at the valine 
deprivation-specific enhanced TET2 binding regions. “0”, peak centre. n, Flow 
cytometry analysis of cell cycle upon valine deprivation for 24 h with the 

pretreatment of Palboclib (PLB, PD0332991) for 24 h in HCT116 cell lines. o, The 
5hmC, 5caC and 5fC levels in genome upon valine deprivation for 24 h with the 
pretreatment of Palboclib (PLB, PD0332991) for 24 h in HCT116 cell lines via 
dot-blot assay. p, q, Representative images (p) and quantification (q) with 
immunofluorescence staining for γH2AX (red) and 53BP1 (green) in WT or Tdg 
knockdown HCT116 cell line upon pretreatment with Palboclib (PLB, PD.332991) 
for 24 h and then valine deprivation for 24 h. Scale bar, 10 µm. r, The overlap of 
differentially expressed genes (DEGs) in WT, HDAC6 knockdown and TET2 
knockdown HCT116 cells upon valine deprivation. s, Among the 177 valine-
modulated and HDAC6-TET2 axis dependent genes, the change expression of 
DNA damage and repair-related genes in three types of HCT116 cell lines upon 
valine deprivation. t, GO analysis of the 177 valine-modulated and HDAC6-TET2 
axis dependent genes in r. u, v, RT–qPCR validation of a subset of DNA-damage 
and repair genes upon valine deprivation with 24 h (u) or at different valine 
concentration with 24 h (v). w, x, Flow cytometry analysis of cell cycle (w) and 
quantification (x). Schematic in j was created using BioRender (https://
BioRender.com). For c, f, and q, n = 35 microscopic views examined across  
3 independent experiments. For g, h, k, u, v and x, n = 3 independent 
experiments. Data are presented as mean ± s.d.. Statistical analysis was 
performed using Mann–Whitney U-test (c, f, g, h, q) and one-way ANOVA (k, u, 
v, x); *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, NS, not significant. For GO 
analysis, one-sided Fisher’s exact test P-values are applied to evaluate gene 
enrichment in annotation terms. For gel source data, see Supplementary Fig. 1.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Valine deprivation promotes the DNA damage 
response via primates-specific SE14 repeat domain. a, Immunoblot of DNA 
damage marker γH2AX and PARylation (PAR) in HDAC6 WT, HDAC6 knockdown 
(KD), HDAC6 WT and HDAC6 SE14 repeat domain deleted mutation expressed in 
HDAC6 KD HCT116 cell lines upon valine deprivation with different time points. 
b, c, Representative images (b) and quantification (c) with immunofluorescence 
staining for γH2AX (red) in HDAC6 WT, HDAC6 knockdown (KD), HDAC6 WT and 
HDAC6 SE14 repeat domain deleted mutation expressed in HDAC6 KD HCT116 
cell lines upon valine deprivation for 24 h. Scale bar, 10 μm. d, RT–qPCR 
validation of a subset of DNA-damage and repair genes in HDAC6 WT, HDAC6 
knockdown (KD), HDAC6 WT and HDAC6 SE14 repeat domain deleted mutation 
expressed in HDAC6 KD HCT116 cell lines upon valine deprivation for 48 h.  
e, Immunoblot of DNA damage marker γH2AX and PARylation (PAR) in HDAC6 
WT, HDAC6 knockdown (KD), HDAC6 WT and HDAC6 SE14 repeat domain 
deleted mutation expressed in HDAC6 KD HCT116 cell lines cultured with 
different concentrations of valine for 48 h. f, g, Representative images (f) and 
quantification (g) with immunofluorescence staining for γH2AX (red) in HDAC6 
WT, HDAC6 knockdown (KD), HDAC6 WT and HDAC6 SE14 repeat domain 
deleted mutation expressed in HDAC6 knockdown HCT116 cell lines cultured 
with different concentrations of valine for 48 h. Scale bar, 10 μm. h, Immunoblot 
of DNA damage marker γH2AX and PARylation (PAR) in HDAC6 WT and SE14 
knock-in MEF cell line upon valine deprivation with different time points.  
i, j, Representative images (i) and quantification ( j) with immunofluorescence 
staining for γH2AX (red) in HDAC6 WT and SE14 knock-in MEF cell line upon 

valine deprivation for 24 h. Scale bar, 10 μm. k, Immunoblot of DNA damage 
marker γH2AX and PARylation (PAR) in HDAC6 WT and SE14 knock-in MEF cell 
lines cultured with different concentrations of valine for 48 h. l, m, Representative 
images (l) and quantification (m) with immunofluorescence staining for γH2AX 
(red) in HDAC6 WT and SE14 knock-in MEF cell line cultured with different 
concentrations of valine for 48 h. Scale bar, 10 μm. n, o, Representative comet 
assay (n) and quantification (o) showing the tail moment of HDAC6 WT and SE14 
knock-in MEF cell line upon valine deprivation for 24 h. p, q, Representative 
comet assay (p) and quantification (q) showing the tail moment of HDAC6 WT 
and SE14 knock-in MEF cell line cultured with different concentrations of valine 
for 48 h. r, RT–qPCR validation of a subset of DNA-damage and repair genes in 
HDAC6 WT and SE14 knock-in MEF cell lines upon valine deprivation for 24 h.  
s, RT–qPCR validation of a subset of DNA-damage and repair genes in HDAC6 
WT and SE14 knock-in MEF cell lines cultured with different concentrations of 
valine for 48 h. t, u, Immunoblot of DNA damage marker γH2AX and the level of 
5hmC in HDAC6 WT, HDAC6 knockdown (KD), HDAC6 WT and HDAC6 valine 
binding sites mutation (SE14-Mut) expressed in HDAC6 KD HCT116 cell lines 
upon valine deprivation with different time points (t). Quantification of dot 
blots in u. For c, g, j, m, n = 35 microscopic views examined across 3 independent 
experiments. For d, o, q, r, s and u, n = 3 independent experiments. Data are 
presented as mean ± s.d.. Statistical analysis was performed using Mann–
Whitney U-test (c, g, j, m, o, q), one-way ANOVA (d, r, s, u); **P < 0.01, ***P < 0.001, 
****P < 0.0001, NS, not significant. For gel source data, see Supplementary Fig. 1.
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Extended Data Fig. 7 | The nuclear localization form of HDAC6 promotes 
hydroxymethylation and DNA damage. a–c, Schematic representations of 
nuclear localization form of HDAC6 (nHDAC6) (a) and verification the location 
via immunofluorescence (b) and cellular fraction (c). Scale bar, 10 μm. d, e, The 
level of 5hmC and immunoblot of DNA damage marker γH2AX and PARylation 
(PAR) in HDAC6 WT, HDAC6 knockdown (KD), HDAC6 WT and nHDAC6 
expressed in HDAC6 KD HCT116 cell lines upon valine deprivation with different 
time points via dot blot (d). Quantification of dot blots in e. f, g, The level of 
5hmC and immunoblot of DNA damage marker γH2AX and PARylation (PAR) in 
TET2 WT, TET2 knockdown (KD), HDAC6 WT and nHDAC6 expressed in TET2 KD 
HCT116 cell lines upon valine deprivation with different time points via dot blot (f). 
Quantification of dot blots in g. h, Genome browser view showing the several 
instances of TET2 binding peaks among WT, WT (-Val, valine deprivation for  
24 hrs) and nHDAC6 HCT116 samples. i, Representative oncosphere images of 
HDAC6 WT or KO HCT116 cells subjected to valine deprivation. Scale bar, 10 μm. 
j, Frequency of tumour spheres formed from HCT116 cells in i. Sphere counts are 
normalized to the control count. k, Representative images of EdU incorporation 

in mHdac6 and mHdac6-hSE14 MEF cells with valine deprivation at indicated 
time points. Scale bar, 100 μm. l, Quantification of EdU incorporation in k.  
m, Relative cell growth of mHdac6 and mHdac6-hSE14 MEF cells with valine 
deprivation at indicated concentration for 5 days. n, Relative cell growth of WT 
and TDG knockdown HCT116 cells with or without treatment of valine 
deprivation for 4 days via MTT assay. o, p, Quantification of crystal violet 
staining (o) and representative images of WT and TDG knockdown HCT116 cells 
(p) at indicated concentration for 13 days. q, r, Representative images of HCT116 
cells treated with the indicated PARP inhibitors at different concentration upon 
valine restriction (0.4 mM) and normal condition (0.8 mM) via crystal violet 
staining assay (q). Quantification of crystal violet staining in r. s, t, u, Valine 
deprivation increases sensitivity to the PARP inhibitor talazoparib (s), Olaparib (t) 
and Niraparib (u). Cell viability was assessed by the crystal violet staining  
assay. Data are presented as mean ± s.d.. For e, g, j, l, m, n, o, r, s, t and u, n = 3 
independent experiments. Statistical analysis was performed using one-way 
ANOVA (e, g, j, m, n, o, r), Unpaired two-tailed t-test (l); *P < 0.05, ***P < 0.001, 
****P < 0.0001, NS, not significant. For gel source data, see Supplementary Fig. 1.
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Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | Dietary restriction of valine alters valine 
concentration and HDAC6 nuclear location. a–c, Absolute quantification  
of amino acids in the plasma of the mice fed on diets containing different 
concentrations of valine was done using targeted metabonomics. d–f, Absolute 
quantification of amino acids in the tumour tissue of the mice fed on diets 
containing different concentrations of valine was done using targeted 
metabonomics. g, h, Tumour images (g) and volume (h) of HCT116 cell-derived 
tumours in nude mice fed on a special diet containing four concentrations of 
valine. i, Tumour weight at the end point from g. j, Body weight of nude mice  
in g. k, Food intake in g. l, m, Body weight of nude mice grafted with CRC PDX on 
valine restriction diets in the prevention group (l) and treatment group (m).  

n, o, Representative immunostaining images (n) and quantification (o) of 
subcellular localization of HDAC6 in the HCT116 cell-derived tumour sections. 
Scale bar, 10 μm. p, Quantification for γH2AX immunofluorescence staining for 
γH2AX (red) of tumour sections in g. For a–f, h–m, o and p, data are presented 
as mean ± s.d.. For a, d, e, f, l, m, n = 6 mice. For b, c, h, i, j, n = 8 mice. For o, n = 3 
independent experiments. For p, n = 100 microscopic views examined for 8 
mice. Statistical analysis was performed using one-way ANOVA (a, d, h–m, o), 
two-way ANOVA (b, c, e, f) and Mann–Whitney U-test (p); *P < 0.05, **P < 0.01, 
***P < 0.001, ****P < 0.0001, NS, not significant. For gel source data, see 
Supplementary Fig. 1.
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Extended Data Fig. 9 | The primates-specific SE14 repeat domain is 
essential for inhibition of cancer progression via valine deprivation.  
a,b, Tumour images (a) and weight (b) at the end point in 5 f. c. Body weight of 
nude mice in 5 f. d,e, Tumour images (d) and weight (e) at the end point in 5 g.  
f, Body weight of nude mice in 5 g. g,h, Tumour images (g) and weight (h) at the 
end point in 5 h. i, Body weight of nude mice in 5 h. j,k, The level of 5hmC in 
tumour sections of 5 g were evaluated by dot blotting ( j). Quantification of dot 

blots in j (k). l, Body weight of nude mice in 5k. For b, c, e, f, h, i, k and l, data are 
presented as mean ± s.d. (n = 8 mice for b, c; n = 6 mice for e, f, h, i, l; n = 3 
independent experiments for k). Statistical analysis was performed using 
unpaired two-tailed t-test (b) and one-way ANOVA (c, e, f, h, i, l, k); **P < 0.01, 
***P < 0.001, ****P < 0.0001, NS, not significant. For gel source data, see 
Supplementary Fig. 1.
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Extended Data Fig. 10 | See next page for caption.
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Extended Data Fig. 10 | Dietary valine restriction inhibits colon cancer 
progression and DNA damage dependent on the activity of TET2.  
a,b, Images (a) and quantification for γH2AX (b) with immunofluorescence 
staining for γH2AX (red) and PAR (green) of tumour sections in the prevention 
group in Fig. 5b. Scale bar, 10 μm. c,d, Representative images (c) and 
quantification for γH2AX (d) with immune-fluorescence staining for γH2AX 
(red) and PAR (green) of tumour sections in the treatment group in Fig. 5d. 
Scale bar, 10 μm. e,f, Representative images (e) and quantification for γH2AX (f) 
with immunofluorescence staining for γH2AX (red) and PAR (green) of  
tumour sections in 5 f. Scale bar, 10 μm. g,h, Representative images (g) and 
quantification for γH2AX (h) with immunofluorescence staining for γH2AX 
(red) and PAR (green) of tumour sections in 5 h. Scale bar, 10 μm. i, Tumour 
volume of nude mice inoculated with TET2 WT, TET2 knockdown HCT116  
cells infected with TET2 WT or mutant virus fed on 0.82% or 0.41% valine diet. 

j,k, Tumour images ( j) and weight (k) at the end point from i. l, Body weight of 
nude mice in i. m, n, Representative images (m) and quantification for γH2AX (n) 
with immunofluorescence staining for γH2AX (red) and PAR (green) of  
tumour sections in j. Scale bar, 10 μm. o, Immunostaining of tumour sections 
for 5hmC (red) and nuclei (blue) from j. Scale bar, 10 μm. p, Illustration of the 
proposed mechanism of HDAC6 sensing valine deprivation via the domain of 
SE14 dictating the epigenetic modification of 5hmC. For b, f, h, n, n = 100 
microscopic views examined for 6 mice. For d, n = 101 microscopic views 
examined for 6 mice. For i, k and l, n = 7 mice. Data are presented as mean ± s.d.. 
Statistical analysis was performed using Mann–Whitney U-test (b, d, f, h, n), 
one-way ANOVA (i, l, k) and two-way ANOVA (k); *P < 0.05, **P < 0.01, 
***P < 0.001, NS, not significant. Schematic in p was created using BioRender 
(https://BioRender.com). For gel source data, see Supplementary Fig. 1.
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Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection BD FACSuite  were used to collect flow cytometry data.  
Model CHI760E electrochemical workstation was used for the collection of Electrochemical Impedance Spectroscopy (EIS). 
BioRad CFX was used to collect data of thermal shift. 
Illumina NovaSeq 6000 was used to collect data of RNA-Seq, WGBS, ACE-Seq and MAB-Seq. 
Illumina Hi-Seq was used to collect data of ChIP-Seq. 
DNBSEQ-T7 was used to collect data of END-seq and S1-END-seq. 
Cometscore software was used to measure tail moments of DNA damage. 
Zeiss was used to collect immunofluorescence staining image. 
Orbitrap QExactive HF (Thermo Fisher Scientific, USA) platform and nanoflow EASY nLC1000 HPLC system were used to collect LC-MS data. 
SCIEX Triple Quad™ 6500+ LC-MS/MS were used to collect 5mC, 5hmC, and 5fC data. 

Data analysis Flowjo v10 was used for analysis of flow cytometry data.  
GraphPad Prism v8.0 was used for statistical analysis of all data. 
ZSimpWin EIS DATA analysis software (Perkin-Elmer, Version 2.00) was used to analyze the obtained EIS data. 
Cometscore software was used to analyze the tail moments of DNA damage .  
ImageJ was used for analysis of histology and immunohistochemistry. 
DIA-NN software was used to analyze LC-MS data. 
FASTQC (v0.11.8), TrimGalore (v0.6.4) and R (v3.6.0) were used for all sequencing data. 
HISAT2 (v2.1.0), StringTie (v2.2.1),DEseq2 (v 1.26.0) and DAVID Bioinformatics Resource were used for analysis of RNA-Seq data. 
Bowtie2 (v2.3.5.1), Sambamba (v0.7.0), deepTools (v3.3.0), MACS2 (v2.1.2) and DAVID Bioinformatics Resource were used to analyze ChIP-
Seq data. 
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Bismark (v0.22.1), MethPipe (v3.4.3) and MLML (v.5.0.1) were used to analyze WGBS, ACE-Seq and MAB-Seq data. 
Bowtie2 (v2.3.5.1), bedtools(v2.28.0) were used to analyze END-Seq and S1-END-Seq data.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A description of any restrictions on data availability 
- For clinical datasets or third party data, please ensure that the statement adheres to our policy 

 

All omics data,  GSE274535, GSE274536,  GSE274539, GSE275023, GSE274881, GSE274883, GSE275061, GSE275062, has been released. All other data are available 
in the article and its Supplementary Information as well as from the corresponding author on reasonable request. Gel source images are shown in Supplementary 
Fig. 1. Source data are provided in this paper.

Research involving human participants, their data, or biological material
Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation), 
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Use the terms sex (biological attribute) and gender (shaped by social and cultural circumstances) carefully in order to avoid 
confusing both terms. Indicate if findings apply to only one sex or gender; describe whether sex and gender were considered in 
study design; whether sex and/or gender was determined based on self-reporting or assigned and methods used.  
Provide in the source data disaggregated sex and gender data, where this information has been collected, and if consent has 
been obtained for sharing of individual-level data; provide overall numbers in this Reporting Summary.  Please state if this 
information has not been collected.  
Report sex- and gender-based analyses where performed, justify reasons for lack of sex- and gender-based analysis.

Reporting on race, ethnicity, or 
other socially relevant 
groupings

Please specify the socially constructed or socially relevant categorization variable(s) used in your manuscript and explain why 
they were used. Please note that such variables should not be used as proxies for other socially constructed/relevant variables 
(for example, race or ethnicity should not be used as a proxy for socioeconomic status).  
Provide clear definitions of the relevant terms used, how they were provided (by the participants/respondents, the 
researchers, or third parties), and the method(s) used to classify people into the different categories (e.g. self-report, census or 
administrative data, social media data, etc.) 
Please provide details about how you controlled for confounding variables in your analyses.

Population characteristics Colorectal cancer specimens from one patient were used for PDX model. 
CRC_PDX: female, 62 years old, KRAS mutation, NRAS and BRAF wildtype.

Recruitment None selection had been made. Recruitment and collection of human samples adhered to approved IRB protocols. In brief,  
PDX models of colorectal cancer  were developed under  the institutional review board of Shanghai Tenth People's Hospital 
(approval number: 2020-KN171-01). CRC tumours were resected, washed and minced, and then passaged through BALB/c 
nude mice. 

Ethics oversight This study was conducted according to the Declaration of Helsinki and approved by the the institutional review board of 
Shanghai Tenth People's Hospital (approval number: 2020-KN171-01).  and TUSM institutional review board, with written 
informed consent obtained from all patients.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting
Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical calculation were performed to predetermine simple size.  In cases where statistics were derived, sample size was n=3 or more 
independent biological replicates. Group sizes for in vivo experiments were selected empirically based upon prior knowledge of the intragroup 
variation of tumor growth, in which group sizes of 6-10 mice or treatment are commonly used in similar studies in literatures. These sample 
sizes are sufficient to allow for the determination of statistical significance between groups and minimized the number of animals or 
replicates needed for each experiment. Sample size was determined on the previous studies in the field using similar experiment paradigms 
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[PMID: 32814895,31371811,31634899, 31634900, 32814895, 35922516], and to give sufficient data values to conduct standard statistical 
tests.

Data exclusions No data has been excluded from this study.

Replication Replicates were used in all experiments as indicated in text, figure legends and methods. All experiments presented in this study were 
performed at least twice.

Randomization For animal experiments, animals were randomized for testing different conditions. For experiments not involving mice, cells were randomized 
into experimental groups. 

Blinding For all animal experiments, all mice were assigned a specific number before data collection, and all data collection and analysis were blindly. 
For all Mass Spectrometry were performed with the investigators blinded to the condition. 
For other vitro experiments, blinding was not done because the investigators needs to know the treatment groups in order to perform the 
experiments.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Clinical data

Dual use research of concern

Plants

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used For IB: The following primary antibodies were used: HDAC6 (1:1000, 12834-1-AP, Proteintech), α-Tubulin (1:1000, 11224-1-AP, 

Proteintech), GAPDH (1:2000, 10494-1-AP, Proteintech ), acetylated Tubulin(Lys40) (1:1000, 66200-1-Ig, Proteintech), GAPDH 
(1:1000, 10494-1-AP, Proteintech), Sestrin2 (1:1000, 10795-1-AP, Proteintech), Myc (1:1000, 16286-1-AP,Proteintech), HA (1:3000, 
51064-2-AP, Proteintech), FLAG (1:3000, 20543-1-AP, Proteintech), H3 (1:5000, 9715, Cell Signaling Technology), SLC7A5 (1:1000, 
32683,Cell Signaling Technology), Acetylated-Lysine (1:1000, 9441,Cell Signaling Technology), TET2 (1:1000, 18950, Cell Signaling 
Technology), γH2AX (1:1000, 9718, Cell Signaling Technology), PAR ( 1:1000, 4335-MC-100, R&D Systems), 5hmC (1:5000, 39769, 
Active Motif), 5fC (1:1000, 61224, Active Motif),  5caC (1:1000, 61226,  Active Motif), 5mc (1:5000, A-1014, Epigentek), SIRT1 
( 1:1000, 13161-1-AP,  proteintech), TDG (1:1000, 13370-1-AP, Proteintech), Antibody to GST prepared by our own laboratory. 
For IP: TET2 (1:500, 41458, diagenode), H3K4me1 (1:1000, 39298, Active Motif)), HA beads (314385, abmart), FLAG M2 affinity gel 
(A2220, sigma) , Protein A/G beads (sc-2003, Santa Cruze) 
For IF or IHC-IF: HDAC6 (1:500, 12834-1-AP, Proteintech,Rabbit isotype), HDAC6 (1:500, 67250-1-Ig, Proteintech, Mouse isotype), 
5hmC (1:500, 39769, Active Motif), γH2AX (1:100, 9718, Cell Signaling Technology), PAR ( 1:100, 4335-MC-100, R&D Systems), 53BP1 
(1:500, NB100-305, NOVUS), Alexa Fluor 488-conjugated AffniPure Goat Anti-Mouse lgG + lgM (H+L) (1:500, 115-545-044 , Jackson), 
Alexa Fluor@ 594-conjugated AffiniPure Goat Anti-Rabbit lgG (H+L) (1:500, 111-585-003 , Jackson). 
For flow cytometry: 5hmC (1:200, 39769, Active Motif), Goat anti-Rabbit IgG (H+L) Cross-Adsorbed Secondary Antibody, FITC (1:200, 
F-2765, Invitrogen).

Validation Validation of primary antibodies:  
anti-HDAC6 (12834-1-AP, Proteintech) has been validated in previous publication (PMID: 28190767). 
anti-HDAC6 (67250-1-Ig, Proteintech) has been validated in previous publication (PMID: 36788143). 
anti-acetylated Tubulin(Lys40) ( 66200-1-Ig, Proteintech) has been validated in previous publication (PMID: 28966044). 
anti-Sestrin2 (10795-1-AP, Proteintech) has been validated in previous publication (PMID: 34290409). 
anti-cleaved caspase3 ( 9664, Cell Signaling Technology) has been validated in previous publication (PMID: 29950720). 
anti-Acetylated-Lysine (9441,Cell Signaling Technology) has been validated in previous publication (PMID: 24207025). 
anti-TET2 (18950, Cell Signaling Technology) has been validated in previous publication (PMID: 32948596). 
anti-γH2AX (9718, Cell Signaling Technology) has been validated in previous publication (PMID: 32302590).  
anti-PAR ( 4335-MC-100, R&D Systems) has been validated in previous publication (PMID: 30356214). 
anti-53BP1(NB100-305, NOVUS) has been validated in previous publication (PMID: 38203799). 
anti-5hmC (39769, Active Motif) has been validated in previous publication (PMID: 32948596).  
anti-5mC (A-1014, Epigentek) has been validated in previous publication (PMID: 32948596). 
anti-5fC (61224, Active Motif) has been validated in previous publication (PMID: 32948596). 
5caC (1:1000, 61226,  Active Motif) has been validated in previous publication (PMID: 32948596). 
anti-TET2 (41458, diagenode) has been validated in previous publication (GSM2274677). 
Validation detail for the other commercial antibodies is available on the manufacture’s website that is attached as following: 
anti-SLC7A5 (32683,Cell Signaling Technology), https://www.cellsignal.cn/products/primary-antibodies/lat1-slc7a5-e9o4d-rabbit-
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mab/32683 
α-Tubulin (11224-1-AP, Proteintech), https://www.ptgcn.com/products/TUBA1B-Antibody-11224-1-AP.htm 
GAPDH (10494-1-AP, Proteintech), https://www.ptgcn.com/products/GAPDH-Antibody-10494-1-AP.htm 
Myc (16286-1-AP,Proteintech), HA (51064-2-AP, Proteintech), https://www.ptgcn.com/products/MYC-tag-Antibody-16286-1-AP.htm 
FLAG (20543-1-AP, Proteintech), https://www.ptgcn.com/products/Flag-Tag-Antibody-20543-1-AP.htm 
H3 (9715, Cell Signaling Technology), https://www.cellsignal.cn/products/primary-antibodies/histone-h3-antibody/9715 
Goat anti-Rabbit IgG (H+L) Cross-Adsorbed Secondary Antibody, FITC (F-2765, Invitrogen),  Alexa Fluor 488-conjugated AffniPure 
Goat Anti-Mouse lgG + lgM (H+L) (115-545-044 , Jackson),https://www.jacksonimmuno.com/catalog/products/115-545-044 
 Alexa Fluor@ 594-conjugated AffiniPure Goat Anti-Rabbit lgG (H+L) (111-585-003 , Jackson) , https://www.jacksonimmuno.com/
catalog/products/111-585-003.  
Antibody to GST prepared by our own laboratory have been validated by our laboratory. 
These antibodies are further validated and routinely used in our lab.  
Antibody validation including western blots and immunostaing is based on the data by comparing control and knockdown or 
overexpression samples  on the same blot in the main Figures and Extended Data Figures.

Eukaryotic cell lines
Policy information about cell lines and Sex and Gender in Research

Cell line source(s) HEK293T, HCT116 cell lines were kindly provided by Cell Bank/Stem Cell Bank, Chinese Academy of Sciences. HDAC6 wild type 
and knock in MEFs were isolated from E12.5 embryos by our own laboratory.  Rhinopithecus bieti fibroblast cells were kindly 
provided by Dr. Xiaoqing Zhang. 

Authentication All cell lines from Bank/Stem Cell Bank, Chinese Academy of Sciences (CAS) were authenticated by STR DNA profiling analysis 
through Bank/Stem Cell Bank, CAS. 

Mycoplasma contamination All cell lines tested negative for mycoplasma contamination.

Commonly misidentified lines
(See ICLAC register)

No commonly misidentified cell lines were used.

Animals and other research organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in 
Research

Laboratory animals For all animal studies, mice were housed at ambient temperature (20-23°C) and humidity (40-60% humidity), kept on normal chow 
and fed ad libitum. The mHDAC6-hSE14 knock in mice on the C57BL6/J background were generated by Shanghai Model Organisms 
Center, Inc. For tumour xenograft model, male 5-week-old athymic BALB/c nude mice were purchased from Slaccas. 

Wild animals No wild animals involved in this study.

Reporting on sex Only male mice were used in this study, because male mice have better physical indicators than female mice. Male mice were less 
affected by reproduction and hormone levels than female mice.

Field-collected samples This study did not involve field-collected samples.

Ethics oversight All protocols used in this study were approved by the Institutional Animal Care and Use Committee at Tongji University.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches, 
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the 
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe 
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor 
was applied.

Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If 
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Authentication Describe any authentication procedures for each seed stock used or novel genotype generated. Describe any experiments used to 
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism, 
off-target gene editing) were examined.

Plants
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ChIP-seq

Data deposition
Confirm that both raw and final processed data have been deposited in a public database such as GEO.

Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links 
May remain private before publication.

All sequencing data generated within this study have been uploaded to the NCBI GEO and are available under the following 
accession codes:  
RNA-Seq: GSE274535; WGBS: GSE274536; ACE-Seq: GSE274539; MAB-Seq: GSE275023; TET2 ChIP-Seq: GSE274881; NLS-
HDAC6 TET2 ChIP-Seq: GSE274883; H3K4me1 ChIP-Seq: GSE275024; END-Seq and ddC S1-END-Seq: GSE275061, GSE275062.

Files in database submission All raw fastq files are available for all experiments. The available processed data files include count files for RNA-Seq data, 
peak files for ChIP-Seq data, and bw tracks for WGBS, ACE-Seq, MAB-Seq, END-Seq, and ddC S1-END-Seq data. 
 
RNA-Seq data consist of the following files: 
T2_V_1_Clean_Data1.fq.gz; T2_V_1_Clean_Data2.fq.gz; 
T2_V_2_Clean_Data1.fq.gz; T2_V_2_Clean_Data2.fq.gz; 
T2_V_3_Clean_Data1.fq.gz; T2_V_3_Clean_Data2.fq.gz; 
T2_1_Clean_Data1.fq.gz; T2_1_Clean_Data2.fq.gz; 
T2_2_Clean_Data1.fq.gz; T2_2_Clean_Data2.fq.gz; 
T2_3_Clean_Data1.fq.gz; T2_3_Clean_Data2.fq.gz; 
Tet2KD_gene_count.txt;  
H6_V_1_Clean_Data1.fq.gz; H6_V_1_Clean_Data2.fq.gz; 
H6_V_2_Clean_Data1.fq.gz; H6_V_2_Clean_Data2.fq.gz; 
H6_V_3_Clean_Data1.fq.gz; H6_V_3_Clean_Data2.fq.gz; 
H6_1_Clean_Data1.fq.gz; H6_1_Clean_Data2.fq.gz; 
H6_2_Clean_Data1.fq.gz; H6_2_Clean_Data2.fq.gz; 
H6_3_Clean_Data1.fq.gz; H6_3_Clean_Data2.fq.gz; 
Hdac6KD_gene_count.txt;  
NC_V_1_Clean_Data1.fq.gz; NC_V_1_Clean_Data2.fq.gz; 
NC_V_2_Clean_Data1.fq.gz; NC_V_2_Clean_Data2.fq.gz; 
NC_V_3_Clean_Data1.fq.gz; NC_V_3_Clean_Data2.fq.gz; 
NC_1_Clean_Data1.fq.gz; NC_1_Clean_Data2.fq.gz; 
NC_2_Clean_Data1.fq.gz; NC_2_Clean_Data2.fq.gz; 
NC_3_Clean_Data1.fq.gz; NC_3_Clean_Data2.fq.gz; 
NC_gene_count.txt 
 
TET2 ChlP-Seq data consist of the following files: 
shHDAC6-Val_1_combined_R1.fq.gz; shHDAC6-Val_1_combined_R2.fq.gz; shHDAC6-Val_1_peaks.narrowPeak;  
shHDAC6-Val_2_combined_R1.fq.gz; shHDAC6-Val_2_combined_R2.fq.gz; shHDAC6-Val_2_peaks.narrowPeak;  
shHDAC6-Val_3_combined_R1.fq.gz; shHDAC6-Val_3_combined_R2.fq.gz; shHDAC6-Val_3_peaks.narrowPeak;  
shHDAC6_1_combined_R1.fq.gz; shHDAC6_1_combined_R2.fq.gz; shHDAC6_1_peaks.narrowPeak;  
shHDAC6_2_combined_R1.fq.gz; shHDAC6_2_combined_R2.fq.gz; shHDAC6_2_peaks.narrowPeak;  
shHDAC6_3_combined_R1.fq.gz; shHDAC6_3_combined_R2.fq.gz; shHDAC6_3_peaks.narrowPeak;  
shNC-Val_1_combined_R1.fq.gz; shNC-Val_1_combined_R2.fq.gz; shNC-Val_1_peaks.narrowPeak;  
shNC-Val_2_combined_R1.fq.gz; shNC-Val_2_combined_R2.fq.gz; shNC-Val_2_peaks.narrowPeak;  
shNC-Val_3_combined_R1.fq.gz; shNC-Val_3_combined_R2.fq.gz; shNC-Val_3_peaks.narrowPeak;  
shNC_1_combined_R1.fq.gz; shNC_1_combined_R2.fq.gz; shNC_1_peaks.narrowPeak;  
shNC_2_combined_R1.fq.gz; shNC_2_combined_R2.fq.gz; shNC_1_peaks.narrowPeak;  
shNC_3_combined_R1.fq.gz; shNC_3_combined_R2.fq.gz; shNC_1_peaks.narrowPeak 
 
NLS-HDAC6 TET2 ChlP-Seq data consist of the following files: 
shHDAC6-NLS-1_R1.fastq.gz; shHDAC6-NLS-1_R2.fastq.gz; shHDAC6-NLS-1_peaks.narrowPeak; 
shHDAC6-NLS-2_R1.fastq.gz; shHDAC6-NLS-2_R2.fastq.gz; shHDAC6-NLS-2_peaks.narrowPeak 
 
H3K4me1 ChIP-Seq data consist of the following files: 
H3K4me1_R1.fastq.gz; H3K4me1_R2.fastq.gz; H3K4me1_peaks.broadPeak 
 
WGBS data consist of the following files: 
NC-Con_rep1_R1.fastq.gz; NC-Con_rep1_R2.fastq.gz; NC-Con_rep1.mincov3.bw; 
NC-Con_rep2_R1.fastq.gz; NC-Con_rep2_R2.fastq.gz; NC-Con_rep2.mincov3.bw; 
NC-VR_rep1_R1.fastq.gz; NC-VR_rep1_R2.fastq.gz; NC-VR_rep1.mincov3.bw; 
NC-VR_rep2_R1.fastq.gz; NC-VR_rep2_R2.fastq.gz; NC-VR_rep2.mincov3.bw; 
Hdac6KD-Con_rep1_R1.fastq.gz; Hdac6KD-Con_rep1_R2.fastq.gz; Hdac6KD-Con_rep1.mincov3.bw; 
Hdac6KD-Con_rep2_R1.fastq.gz; Hdac6KD-Con_rep2_R2.fastq.gz; Hdac6KD-Con_rep2.mincov3.bw; 
Hdac6KD-VR_rep1_R1.fastq.gz; Hdac6KD-VR_rep1_R2.fastq.gz; Hdac6KD-VR_rep1.mincov3.bw; 
Hdac6KD-VR_rep2_R1.fastq.gz; Hdac6KD-VR_rep2_R2.fastq.gz; Hdac6KD-VR_rep2.mincov3.bw; 
Tet2KD-Con_rep1_R1.fastq.gz; Tet2KD-Con_rep1_R2.fastq.gz; Tet2KD-Con_rep1.mincov3.bw; 
Tet2KD-Con_rep2_R1.fastq.gz; Tet2KD-Con_rep2_R2.fastq.gz; Tet2KD-Con_rep2.mincov3.bw; 
Tet2KD-VR_rep1_R1.fastq.gz; Tet2KD-VR_rep1_R2.fastq.gz; Tet2KD-VR_rep1.mincov3.bw; 
Tet2KD-VR_rep2_R1.fastq.gz; Tet2KD-VR_rep2_R2.fastq.gz; Tet2KD-VR_rep2.mincov3.bw 
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ACE-Seq data consist of the following files: 
NC-Con_R1.fastq.gz; NC-Con_R2.fastq.gz; NC-Con.mincov3.bw; 
NC-VR_R1.fastq.gz; NC-VR_R2.fastq.gz; NC-VR.mincov3.bw; 
Hdac6KD-Con_R1.fastq.gz; Hdac6KD-Con_R2.fastq.gz; Hdac6KD-Con.mincov3.bw; 
Hdac6KD-VR_R1.fastq.gz; Hdac6KD-VR_R2.fastq.gz; Hdac6KD-VR.mincov3.bw; 
Tet2KD-Con_R1.fastq.gz; Tet2KD-Con_R2.fastq.gz; Tet2KD-Con.mincov3.bw; 
Tet2KD-VR_R1.fastq.gz; Tet2KD-VR_R2.fastq.gz; Tet2KD-VR.mincov3.bw 
 
MAB-Seq data consist of the following files: 
NC-Con_R1.fastq.gz; NC-Con_R2.fastq.gz; NC-Con.mincov5.clean.bw; 
NC-VR_R1.fastq.gz; NC-VR_R2.fastq.gz; NC-VR.mincov5.clean.bw 
 
END-Seq and ddC S1-END-Seq data consist of the following files: 
NC-Con_END-seq_R1.fq.gz; NC-Con_END-seq_R2.fq.gz; NC-Con_END-seq.bw;  
NC-VR_END-seq_R1.fq.gz; NC-VR_END-seq_R2.fq.gz; NC-VR_END-seq.bw;  
NC-VR_ddC-S1-END-seq_R1.fq.gz; NC-VR_ddC-S1-END-seq_R2.fq.gz; NC-VR_ddC-S1-END-seq.bw; 
shNC_ddC-S1-END-seq_R1.fq.gz; shNC_ddC-S1-END-seq_R2.fq.gz; shNC_ddC-S1-END-seq.bw; 
shNC-VR_ddC-S1-END-seq_R1.fq.gz; shNC-VR_ddC-S1-END-seq_R2.fq.gz; shNC-VR_ddC-S1-END-seq.bw; 
shTDG_ddC-S1-END-seq_R1.fq.gz; shTDG_ddC-S1-END-seq_R2.fq.gz; shTDG_ddC-S1-END-seq.bw; 
shTDG-VR_ddC-S1-END-seq_R1.fq.gz; shTDG-VR_ddC-S1-END-seq_R2.fq.gz; shTDG-VR_ddC-S1-END-seq.bw

Genome browser session 
(e.g. UCSC)

RNA-Seq:  
https://www.ncbi.nlm.nih.gov/geo/download/?acc=GSE274535&format=file&file=GSE274535%5FHdac6KD%5Fgene%
5Fcount%2Etxt%2Egz 
https://www.ncbi.nlm.nih.gov/geo/download/?acc=GSE274535&format=file&file=GSE274535%5FNC%5Fgene%5Fcount%
2Etxt%2Egz 
https://www.ncbi.nlm.nih.gov/geo/download/?acc=GSE274535&format=file&file=GSE274535%5FTet2KD%5Fgene%5Fcount
%2Etxt%2Egz 
 
TET2 ChIP-Seq:   
https://www.ncbi.nlm.nih.gov/geo/download/?acc=GSE274881&format=file 
 
NLS-HDAC6 TET2 ChIP-Seq:  
https://www.ncbi.nlm.nih.gov/geo/download/?acc=GSE274883&format=file 
 
H3K4me1 ChIP-Seq:  
https://www.ncbi.nlm.nih.gov/geo/download/?acc=GSE275024&format=file 
 
WGBS:  
https://www.ncbi.nlm.nih.gov/geo/download/?acc=GSE274536&format=file 
 
ACE-Seq:  
https://www.ncbi.nlm.nih.gov/geo/download/?acc=GSE274539&format=file 
 
MAB-Seq:  
https://www.ncbi.nlm.nih.gov/geo/download/?acc=GSE275023&format=file 
 
END-Seq and ddC S1-END-Seq:  
https://www.ncbi.nlm.nih.gov/geo/download/?acc=GSE275062&format=file 
https://www.ncbi.nlm.nih.gov/geo/download/?acc=GSE275061&format=file

Methodology

Replicates For RNA-Seq amd TET2 ChIP-Seq data, 3 replicates were used per condition. For WGBS and NLS-HDAC6 TET2 ChIP-Seq data, 2 
replicates were used per condition.

Sequencing depth The Sequencing reads information can be checked at following GEO accession: 
RNA-Seq: GSE274535; WGBS: GSE274536; ACE-Seq: GSE274539; MAB-Seq: GSE275023; TET2 ChIP-Seq: GSE274881; NLS-HDAC6 
TET2 ChIP-Seq: GSE274883; H3K4me1 ChIP-Seq: GSE275024; END-Seq: GSE275061; ddC S1-END-Seq: GSE275062.

Antibodies For ChIP-seq in HCT116:  
anti-TET2 (1:500, 41458, diagenode)

Peak calling parameters Peak calling for TET2 ChIP-seq was performed using MACS2 with narrow peak mode and parameter: -p 0.001. Peak calling for 
H3K4me1 ChIP-seq was performed using MACS2 with broad peak mode and parameter: --broad --broad-cutoff 0.01 -q 0.01. 

Data quality Raw reads were trimed with TrimGalore (v0.6.4) and data quality was assessed by FastQC (v0.11.8).

Software FastQC v0.11.8, MultiQC v1.13.dev0, TrimGalore v0.6.4, Bowtie2 v2.3.5.1, SAMtools v1.9, deepTools v3.3.0, sambamba v0.7.0, 
bedTools v2.28.0, MACS2 v2.1.2, HISAT2 v2.1.0, StringTie v2.2.1, DAVID 2021, R v3.6.0, IGV v2.8.9, DEseq2 v1.26.0, ggplot2 v3.3.5, 
Pheatmap v1.0.12, ChIPseeker v1.22.1,  Bismark v0.22.1, MethPipe v3.4.3
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Flow Cytometry

Plots
Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Cells were seeded in 24-well tissue culture plates and treated as shown in the figures. Cells were re-suspended in FACS buffer 
(PBS with 1% BSA, 2 mM EDTA) and incubated with Fc blocker for 10 min on ice. After washing with FACS buffer, cells were 
fixed and permeabilized using the Cell Fixation/permeabilization kit (BD Biosciences). DNA was denatured by adding 2N HCl 
for 20 min and then neutralized with 10 mM Tris-HCl (pH 8.0) for 20 min. Anti-5hmC antibody (1:200, 39769, Active Motif) 
and FITC conjugated goat anti-rabbit secondary antibody (1:200, F-2765, Invitrogen) were used for 5hmC staining. Data were 
analyzed using the FlowJo v10 software.

Instrument BD FACSVerse

Software Using BD FACSuite to collect data and FlowJo v10 software to analyze data.

Cell population abundance At least 5,000 cells were analyzed for each sample.

Gating strategy Initial cell population gating (FSC-A Vs SSC-A) was drawn to exclude debris, then analyzed for 5hmC using the FITC filter.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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EVOLUTION

Pleiotropy of positive selection in ancient ACE2 suggests 
an alternative hypothesis for bat-specific adaptations to host 
coronaviruses
Yuan-Ting Guoa,b,1 , Ji-Bin Jiangb,c,1 , Guan-Rong Qiaod,1 , Rong-Hua Luoe , Xin Zhoub,c, Rong Huab,c, Chang-Bo Zhengd,2 , and Zhen Liub,f,g,2

Edited by John Speakman, Chinese Academy of Sciences, Shenzhen, China; received December 15, 2023; accepted April 30, 2024

Angiotensin-convertingenzyme 2 (ACE2) has dual functions, regulating cardiovascular phys-
iology and serving as the receptor for coronaviruses. Bats, the only true flying mammals and 
natural viral reservoirs, have evolved positive alterations in traits related to both functions 
of ACE2. This suggests significant evolutionary changes in ACE2 during bat evolution. To 
test this hypothesis, we examine the selection pressure in ACE2 along the ancestral branch 
of all bats (AncBat-ACE2), where powered flight and bat-coronavirus coevolution occurred, 
and detect a positive selection signature. To assess the functional effects of positive selection, 
we resurrect AncBat-ACE2 and its mutant (AncBat-ACE2-mut) created by replacing the 
positively selected sites. Compared to AncBat-ACE2-mut, AncBat-ACE2 exhibits stronger 
enzymatic activity, enhances mice’s performance in exercise fatigue, and shows lower affinity 
to severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). Our findings indicate 
the functional pleiotropy of positive selection in the ancient ACE2 of bats, providing an 
alternative hypothesis for the evolutionary origin of bats’ defense against coronaviruses.

bat | adaptive evolution | pleiotropy

The coronavirus disease 2019 (COVID-19) pandemic has highlighted the role of 
angiotensin-converting enzyme 2 (ACE2) as the receptor for SARS-CoV-2, the causative 
coronavirus (1). However, it is of note that ACE2’s original function is to regulate cardi-
ovascular physiological processes. Deficiency in ACE2 is associated with severe pathological 
conditions such as dilated cardiomyopathy and cardiac dysfunction (2). Interestingly, 
there appears to be a close correlation between the two functions of ACE2. For example, 
both hamsters infected with SARS-CoV-2 and patients with severe COVID-19 commonly 
exhibit cardiac injuries characterized by functional and structural abnormalities, including 
arrhythmias, myocardial fibrosis, and heart failure (3).

Bats, which are the only group of mammals capable of true powered flight and serve as 
the unique natural viral reservoirs, are believed to have evolved positive alterations in traits 
related to the two functions of ACE2. On the one hand, although bats have been suggested 
as natural hosts for several coronaviruses that cause infectious diseases, they show minimal 
or no symptomatic signs of diseases (4, 5). Importantly, ACE2 has been found to undergo 
episodic selection in residues that interact with coronaviruses among bats (6). On the other 
hand, the origin and evolution of powered flight have critically impacted the morphology 
and physiological function of bat hearts, resulting in larger hearts, higher heart rates, and 
higher metabolic rates (7, 8). These findings suggest that ACE2 in the last common ancestor 
of bats (AncBat-ACE2) may have experienced remarkable genetic changes driven by selec-
tion, potentially influencing its two functions. Our focus on the ancestral branch of all bats 
is justified because of the long evolutionary history of bats coexisting with viral pathogens 
(9, 10) and the origination of flight in the last common ancestor of bats (11).

Results and Discussion

To test our hypothesis, we used a likelihood method based on a modified branch-site model 
(12) to estimate the selective pressure on AncBat-ACE2. We compiled a dataset that included 
high-quality protein-coding sequences of ACE2 from 102 representative mammalian species 
(Dataset S1). The foreground branch was designated as the ancestral branch of all bats, 
while the other branches served as background branches. The ω value was estimated to be 
58.6, and a total of 10 sites were identified as being under positive selection in ACE2 along 
the ancestral branch of all bats (Dataset S2). The alternative model showed a significantly 
higher likelihood than the null model (P = 0.0012; two-tailed χ2 test), suggesting that ACE2 
underwent positive selection along the ancestral branch of all bats. Notably, rhinolophid 
bats have been more frequently identified as hosts for SARS-related viruses compared to 
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other bat clades (13). We thus examined the evolutionary pressure 
on ACE2 along the branch of rhinolophid bats and did not find a 
significant signal of positive selection. This suggests that rhinolo-
phid bats may have evolved alternative mechanisms for hosting 
SARS-related viruses. Together, these findings indicate that ACE2 
has undergone positive Darwinian selection along the ancestral 
branch of all bats, potentially resulting in functional changes in 
AncBat-ACE2.

Among the 10 positively selected sites (PSSs) on the ancestral 
branch of all bats, one site (H34T) is involved in contacting 
SARS-CoVs, five sites (D367E, I407V, A412V, I421M, and T445N) 
are located in the catalytic domain, two sites (A99I and A193G) are 
in the zinc-containing subdomain, and the remaining two sites 
(Y521F and S607H) are in the C-terminus-containing subdomain 
(14). These locations suggest that the positive selection may be related 
to both enzymatic activity and coronavirus binding of AncBat-ACE2. 

To assess whether the PSSs influence the enzymatic activity of 
AncBat-ACE2, we used the maximum likelihood method to infer 
the protein-coding sequence of AncBat-ACE2. The inference was 
considered reliable as the mean posterior probabilities for the entire 
sequence of AncBat-ACE2 exceeded 95%. Subsequently, we gener-
ated a corresponding mutant of AncBat-ACE2 by artificially replac-
ing the PSSs in AncBat-ACE2 with those found in outgroups 
(AncBat-ACE2-mut; Dataset S3). The two protein-coding sequences 
of AncBat-ACE2 and AncBat-ACE2-mut were synthesized and used 
in the enzymatic activity assay. We conducted fluorescence intensity 
measurements generated from catalyzed substrates using equal 
amounts of proteins from AncBat-ACE2 and AncBat-ACE2-mut 
(Dataset S4). Upon comparing the results, we observed that the slope 
of the standard curve from the relative fluorescence units (Fig. 1A), 
representing ACE2 activity against substrate per unit time, was 
significantly larger for AncBat-ACE2 than for AncBat-ACE2-mut 
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(P = 0.00027, two-tailed Student’s t test; Fig. 1B). This result suggests 
that positive selection has led to the enhanced enzymatic activity of 
AncBat-ACE2, as the PSSs were the only sequence differences 
between AncBat-ACE2 and AncBat-ACE2-mut.

The increased enzymatic activity of AncBat-ACE2 may reflect 
adaptations to flight in bats, such as enhanced cardiac function and 
energy metabolism. To test this hypothesis, we generated mouse 
models using in vivo gene transfer mediated by adeno-associated 
virus 9 (AAV9) (Fig. 1C). Neonatal mice were treated with intrave-
nous injections of AAV vectors carrying AncBat-ACE2 and 
AncBat-ACE2-mut at a dose of 1 × 1011 virus copies per pup, which 
was sufficient to transduce cardiac cells, as confirmed by PCR using 
specific primers after 3 mo of AAV transduction. We then measured 
heart rates in two groups of mice, one carrying AncBat-ACE2 and 
the other carrying AncBat-ACE2-mut. While there was no signifi-
cant difference in resting heart rates, the change in heart rate before 
and after injecting dobutamine hydrochloride, a commonly used 
inotropic agent for increasing cardiac output, was significantly lower 
in mice carrying AncBat-ACE2 compared to mice carrying 
AncBat-ACE2-mut (P = 0.034; two-tailed Student’s t test; Fig. 1D). 
This result suggests that mice carrying AncBat-ACE2 may have a 
stronger capacity for regulating heart rate and cardiac function. To 
confirm this suggestion, we conducted a treadmill test on the two 
groups of mice and measured the time and distance they were able 
to run until exhaustion. On average, mice carrying AncBat-ACE2 
ran for 4,117.4 ± 327 (mean ± SD) seconds and covered a distance 
of 944.7 ± 54 m before exhaustion, which were significantly larger 
than those from mice carrying AncBat-ACE2-mut (P = 0.0011,  
P = 0.0025; two-tailed Student’s t tests; Fig. 1 E and F). Overall, our 
findings indicate that positive selection leads to stronger enzymatic 
activity of AncBat-ACE2 and, more importantly, improves cardiac 
function and energy metabolism in vivo.

Given the suggestion of functional pleiotropy reflected by the 
locations of the PSSs, we investigated whether positive selection 
influence the change in infection efficiency of SARS-CoV-2 medi-
ated by AncBat-ACE2. We first conducted protein docking 
between AncBat-ACE2 and the receptor binding domain (RBD) 
of SARS-CoV-2, as well as between AncBat-ACE2-mut and the 
RBD of SARS-CoV-2, using the ZDOCK server (15). Both the 
binding energy and the dissociation constant suggest a higher bind-
ing affinity of AncBat-ACE2-mut with the RBD of SARS-CoV-2 
compared to AncBat-ACE2 (Dataset S5). This result was highly 
consistent with that between the RBD of SARS-CoV-2 and the 
AncBat-ACE2-mut-2, which was created by artificially replacing 
the five PSSs not in the catalytic domain of ACE2.

To confirm this result, we, respectively, transfected AncBat- 
ACE2 and AncBat-ACE2-mut in the A549 cell line and success-
fully expressed them at comparable levels. The relative quantity 

of SARS-CoV-2 RNA in the supernatant, mediated by 
AncBat-ACE2, was significantly lower than that mediated by 
AncBat-ACE2-mut (P = 0.0009; two-tailed Student’s t test; 
Fig. 1G). This suggests that the PSSs in AncBat-ACE2 are closely 
associated with the change in infection efficiency of SARS-CoV-2, 
further supporting the pleiotropy of positive selection of ACE2 
on the ancestral branch of all bats.

In summary, our study identified adaptive selection occurring 
in ACE2 of the last common ancestor of bats. Through a com-
bination of gene functional experiments and animal behavioral 
experiments, we demonstrated the functional pleiotropy of pos-
itive selection in the ancient ACE2 of all bats. It is challenging to 
definitively determine which PSSs are more crucial for enhanced 
enzymatic activity or weaker binding to coronaviruses of AncBat- 
ACE2. Assuming that the PSSs contribute individually and spe-
cifically to these two functional aspects of AncBat-ACE2, the 
consistently higher binding affinity between AncBat- ACE2-mut 
and AncBat-ACE2-mut-2 suggests that the five PSSs in the 
catalytic domain of ACE2 may enhance the enzymatic activity 
of AncBat-ACE2 and improve the performance of mice in tread-
mill fatigue tests. This suggestion will require further experi-
ments to be tested in the future. Our findings suggest a potential 
link between host defenses against coronaviruses and improved 
cardiac function following the origin of flight in bats, providing 
an alternative hypothesis for the evolutionary origin of bats’ 
defense against coronaviruses.

Materials and Methods

Based on the ACE2 protein-coding sequences of 102 representative mamma­
lian species, we examined the evolutionary pressures on the ancestral branch 
of all bats and reconstructed the ACE2 protein-coding sequence of the last 
common ancestor of all bats (AncBat-ACE2) using the branch-site likelihood 
method. We synthesized and cloned the protein-coding sequences of AncBat-
ACE2 and its mutant (AncBat-ACE2-mut) into expression vectors to perform 
their enzymatic activity assay and viral infection experiments. After delivering 
AncBat-ACE2 and AncBat-ACE2-mut to mouse hearts using AAV, we measured 
the heart rate of the mice and conducted treadmill fatigue tests. Details are 
available in SI Appendix.

Data, Materials, and Software Availability. All study data are included in the 
article and/or supporting information.
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Abstract 

Objectives  This study addresses the growing importance of health economics and pharmacoeconomics in prepar-
ing healthcare professionals for economic decision-making, particularly in China’s evolving healthcare system. Despite 
their significance, these subjects are inconsistently included in health education in Southwest China, making it crucial 
to assess students’ proficiency and educational needs.

Methods  A cross-sectional study was conducted from July to October 2023, involving medical and pharmaceutical 
programs across universities in Sichuan, Chongqing, Guizhou, and Yunnan. Data on students’ knowledge, attitudes, 
and proficiency were captured using a structured questionnaire. Advanced statistical methods, including descriptive 
analysis, ANOVA, regression analysis, PCA, and Spearman correlation heatmaps, were employed for data analysis using 
IBM SPSS and Python. The sample consisted of 781 students, with the survey facilitated via the Questionnaire Star 
platform.

Results  The survey revealed moderate comprehension of health economics and pharmacoeconomics among 781 
health-related students, with an average knowledge score of 2.9. The majority were pharmacy students (45.58%) 
and aged 21–24 years (65.81%) with a significant female majority (64.92%). Academic year significantly influenced 
understanding, while gender differences were minimal. Spearman correlation indicated a strong linkage (0.78) 
between Supply and Demand and Cost Effectiveness, with minimal correlations between knowledge and attitudes 
towards the educational importance of health economics. Multiple regression analysis highlighted the impact of gen-
der and academic progression on students’ comprehension of Supply and Demand concepts, as well as the influ-
ence of knowledge levels on their attitudes towards the importance of health economics education. PCA indicated 
the complex structure of knowledge and attitudes.

Conclusions  The study found moderate knowledge levels in health economics among health professions students 
in Southwest China, with academic year affecting comprehension and minimal gender differences. Pharmacy stu-
dents had higher proficiency in pharmaceutical-related areas, but gaps in complex topics like ’Economic Evaluation’ 
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highlight the need for targeted educational improvements to better prepare students for healthcare economic 
decision-making.

Keywords  Health economics, Pharmacoeconomics, Medical education, Curriculum development, Knowledge 
assessment

Introduction
The burgeoning advancements in the health sector are 
inherently intertwined with economic implications, 
thereby accentuating the imperative role of health eco-
nomics and pharmacoeconomics in sculpting proficient 
healthcare professionals. Health economics, broadly 
encapsulating the allocation, utilization, and behavior 
towards healthcare resources, and pharmacoeconomics, 
focusing on identifying the most efficient means to allo-
cate resources in the field of pharmacy, stand pivotal in 
determining healthcare strategies, policies, and decision-
making processes [1].

The importance of health economics and pharmaco-
economics extends beyond theoretical knowledge, inter-
twining with practical aspects of healthcare delivery, 
policy-making, and strategic development in the health 
sector. A nuanced understanding of these disciplines ena-
bles healthcare professionals to make informed decisions, 
ensuring the optimal utilization of resources, facilitating 
cost-effective healthcare delivery, and ultimately enhanc-
ing healthcare outcomes [2].

Internationally, there has been a surge in the inte-
gration of health economics and pharmacoeconomics 
into the curricula of health professions education. In 
the United States, the incorporation of these subjects 
is recognized as essential in fostering a comprehen-
sive understanding of healthcare systems among medi-
cal and pharmacy students. Studies have indicated that 
while students acknowledge the importance of economic 
knowledge in healthcare, their proficiency levels vary 
significantly [3, 4]. This variation can be attributed to 
differences in educational frameworks, the depth of the 
curriculum, and the pedagogical approaches employed.

In European contexts, similar trends have been 
observed. A study across several European universities 
revealed that health economics is increasingly recognized 
as a vital component of healthcare education, though the 
extent and depth of coverage vary considerably [5]. In the 
United Kingdom, the emphasis on pharmacoeconomics 
has grown in response to the National Health Service’s 
demand for cost-effective healthcare solutions, leading to 
more focused educational initiatives in this area [6].

While health economics and pharmacoeconomics are 
globally recognized as essential components of health-
care education, their integration into curricula varies 
across regions. Beyond examples from the USA, UK, and 

Europe, studies from other Asian and Middle Eastern 
countries offer valuable insights. In Japan, Suzuki et  al. 
(2023) emphasized socioeconomic disparities among 
medical students and the growing need for equitable 
healthcare resource distribution through health eco-
nomics education [7]. Similarly, Kim et al. (2023) found 
that socioeconomic differences influence perceptions of 
healthcare inequalities in South Korea, underscoring the 
importance of integrating health economics education to 
bridge these gaps [8].

In the Middle East, Alzarea et al. (2022) reviewed bar-
riers to implementing pharmacoeconomics in high- and 
low-income countries, highlighting challenges such as the 
lack of governing bodies and experts, but also the oppor-
tunities provided by collaborations between researchers 
and policymakers [9]. In Jordan, Hammad et  al. (2020) 
found that pharmacy students had the highest awareness 
of health economics, while medical and nursing students 
showed a need for further training [10]. Despite growing 
recognition of the importance of health economics edu-
cation in Asia and the Middle East, its inclusion in cur-
ricula remains inconsistent.

The scenario in Asian countries, including China, pre-
sents a unique perspective. The rapid evolution of the 
healthcare system in China, marked by increasing health-
care demands and economic constraints, necessitates a 
workforce proficient in health economics and pharma-
coeconomics. However, research on the proficiency lev-
els of health professions students in these areas within 
the Chinese context, especially in the southwest region, 
remains limited [11, 12].

In the context of China, particularly its southwest-
ern region, health professions students face a diverse 
and dynamic healthcare environment, shaped by rapid 
technological advancements and complex healthcare 
needs. This region’s unique demographic and socio-
economic profile, marked by varied healthcare demands 
across both urban and rural settings, creates a complex 
tableau. In such a context, the role of health economics 
and pharmacoeconomics becomes critical for ensuring 
equitable, efficient, and sustainable healthcare delivery. 
Although these subjects are globally recognized as essen-
tial components of healthcare education, they have not 
yet been universally included in health professions cur-
ricula in Southwest China. While some students may 
have encountered these topics through elective courses, 
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seminars, or guest lectures, formal instruction remains 
inconsistent [13]. This study aims to uncover the cur-
rent state of students’ awareness, knowledge, and atti-
tudes towards these crucial subjects. Identifying gaps, 
challenges, and opportunities in the existing educational 
framework is vital for enhancing educational strategies 
and curricula that meet the unique needs of students and 
the regional healthcare context.

Methods
Study design and setting
This cross-sectional study, conducted from July 17 to 
October 27, 2023, aimed to assess the proficiency of 
health economics and pharmacoeconomics among 
health professions students in universities across 
Sichuan, Chongqing, Guizhou, and Yunnan provinces in 
Southwest China. The study targeted universities offering 
medical and pharmaceutical programs to gain compre-
hensive insights into students’ understanding and appli-
cation of these essential disciplines.

To collect data, a carefully constructed questionnaire 
was developed based on an extensive literature review 
and expert consultations [14, 15]. The questionnaire was 
designed to evaluate students’ awareness, knowledge, 
attitudes, and perceived barriers in health economics and 
pharmacoeconomics. It included Likert scale questions 
to capture a broad range of relevant data [16, 17]. To 
ensure inclusivity, the questionnaire was made available 
in both English and Mandarin.

A pilot study with 50 students from health-related pro-
grams (not included in the final sample) was conducted 
to assess and refine the questionnaire. Feedback from 
this phase helped improve the survey design. Reliability, 
measured by Cronbach’s alpha, yielded a value of 0.82, 
indicating satisfactory internal consistency. Expert opin-
ions from professionals in health economics and edu-
cation ensured content validity, and the questionnaire 
was revised to improve clarity and alignment with the 
study’s objectives. After these validation steps, the final 
questionnaire was deployed to collect data from students 
across the targeted provinces, providing valuable insights 
for academic development and policy formulation in 
health education. (The English version of the question-
naire has been uploaded as a supplementary file.)

Participants and data collection
This quantitative cross-sectional study targeted students 
enrolled in medical and health-related programs across 
universities in Sichuan, Chongqing, Guizhou, and Yun-
nan, Southwest China. The survey was designed to assess 
whether students had formally studied health econom-
ics or pharmacoeconomics, as well as whether they had 
encountered these topics through other means such as 

elective courses or seminars. Our primary aim was to 
evaluate and predictively analyze their proficiency in 
health economics and pharmacoeconomics.

We used the "Questionnaire Star platform," a widely 
utilized online tool in China, to collect data in both the 
preliminary and main phases. This platform was selected 
to facilitate comprehensive data collection and detect 
knowledge gaps that could inform curriculum improve-
ments. The survey was distributed via university email 
systems and academic platforms to ensure a representa-
tive sample from the student population.

Inclusion and exclusion criteria
Students enrolled in any health-related program were 
included in the study. We excluded participants who sub-
mitted incomplete or invalid questionnaires, defined as 
responses that did not meet certain quality criteria, such 
as logical inconsistencies or excessive time taken to com-
plete the survey. Specifically, questionnaires taking more 
than 10 min to complete (the minimum completion time 
tested by our team) and those answering two key logical 
questions correctly were deemed valid and included in 
the analysis. Otherwise, they were excluded.

For determining the sample size, the formula used was 
n = z2 × p × (1 − p)/d2, where ’z’ is the z-score for a 95% 
confidence level (1.96), ’p’ is the estimated proportion of 
the population exhibiting the attribute (assumed to be 
0.5), and ’d’ is the margin of error (set at 0.04). According 
to this formula, a sample size of at least 601 was required. 
We surveyed 838 individuals, and after applying the 
inclusion and exclusion criteria, 57 responses were 
excluded, resulting in 781 valid responses for analysis.

Data analysis
The questionnaire used a Likert-scale format, where par-
ticipants rated their responses from 1 (strongly disagree) 
to 5 (strongly agree). These responses were summed 
within each domain to calculate an overall score. The 
total score for each participant was normalized by divid-
ing it by the number of items in that domain, resulting 
in a standardized score ranging from 1 to 5. To ensure 
accuracy, incomplete or missing responses were excluded 
from the analysis. Specifically, if more than 20% of items 
in a domain were unanswered, the data for that domain 
were excluded. Responses that were logically inconsistent 
or contradictory were also removed.

This study analyzed the proficiency of health profes-
sions students in health economics and pharmacoeco-
nomics in Southwest China using IBM SPSS 22.0 and 
Python 3.10. Descriptive statistics summarized partici-
pant demographics, while ANOVA, regression analysis, 
and K-Means Clustering identified key patterns in stu-
dent proficiency. Principal Component Analysis (PCA) 
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simplified the data for better interpretation, while cor-
relation and heatmap analyses visually represented rela-
tionships between educational variables. All analyses 
were performed using a two-tailed test with a signifi-
cance level of P < 0.05 to ensure robustness [18].

Ethical considerations
This study adhered to stringent ethical standards with 
approval from the Institutional Review Board of Kun-
ming Medical University (Protocol Number: 202300279). 
Prior to data collection, informed consent was obtained 
from each participant, ensuring awareness of the study’s 
objectives and participant rights. This procedure was 
vital for maintaining the research’s ethical integrity and 
safeguarding participant confidentiality, contributing to a 
respectful and trustworthy research environment.

Results
Demographic overview of survey participants
The survey targeting university students with a focus on 
health economics and pharmacoeconomics included a 
sample of 781 participants. The demographics revealed a 
predominant female representation, with 507 female stu-
dents compared to 274 male students. Most respondents 
(514) fell within the 21–24 age bracket, indicating a pri-
mary undergraduate demographic. Academic program 
participation was led by Pharmacy with 356 students, 
highlighting its significance in the surveyed areas. Fur-
thermore, 335 students were in their fourth year of study, 
suggesting the survey’s appeal to undergraduates near-
ing degree completion. The survey encompassed a wide 
array of academic disciplines, extending to 20 different 
programs such as Public Health, Clinical Medicine, and 
Pharmacy Administration. This diverse academic repre-
sentation provided a comprehensive view of the perspec-
tives and knowledge levels regarding health economics 
and pharmacoeconomics among university students. 
Among the respondents, 58% reported having taken a 
formal course in health economics or pharmacoeconom-
ics, while the remaining 42% indicated that they had not 
received formal instruction in these subjects. However, 
some students mentioned that they had encountered 
related content through elective courses, seminars, or 
guest lectures. Pharmacy students were more likely to 
have encountered these topics in their coursework, with 
65% of pharmacy students reporting formal education 
in health economics. This data, along with the demo-
graphic breakdown, offers valuable insight into the edu-
cational exposure and diversity of the student population. 
(Refer to Table 1 for detailed demographic and academic 
profiles).

Quantitative analysis of student proficiency 
and influencing factors in health economics 
and pharmacoeconomics education
Quantitative assessment of student knowledge in economic 
healthcare disciplines
The quantitative analysis evaluates university students’ 
knowledge in health economics and pharmacoeconom-
ics based on the findings from Table 2 and Table 3. The 
average knowledge scores are around 2.9, with moder-
ate variability across different domains, indicating basic 
proficiency in areas such as ’Supply and Demand,’ ’Cost 

Table 1  Demographic and academic profile

Categories Count Percentage

Sex
  Male 274 35.08%

  Female 507 64.92%

Age
  18–20 249 31.88%

  21–24 514 65.81%

  25–29 12 1.54%

  30 or above 6 0.77%

Program
  Clinical Medicine 79 10.12%

  Pharmacy 356 45.58%

  Nursing 3 0.38%

  Public health 252 32.27%

  Other 91 11.65%

Year of Study
  First year 43 5.51%

  Second year 142 18.81%

  Third year 200 25.61%

  Fourth year 335 42.89%

  Fifth year or above 4 0.51%

  Master 48 6.15%

  Doctor 9 1.15%

Table 2  Descriptive statistics of knowledge scores in health 
economics and pharmacoeconomics domains

Domain Average Score Standard Error

Supply and Demand Knowledge 2.95 0.04

Cost Effectiveness Knowledge 2.99 0.05

Insurance Reimbursement Knowl-
edge

2.99 0.05

Economic Evaluation Knowledge 2.89 0.04

Pricing Strategies Knowledge 2.81 0.04

Budget Impact Knowledge 2.82 0.04

Pharmaceutical Expenditure Knowl-
edge

2.95 0.05
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Effectiveness,’ and ’Insurance Reimbursement.’ Table  2 
highlights key areas such as ’Economic Evaluation,’ ’Pric-
ing Strategies,’ and ’Budget Impact,’ all showing room for 
improvement across student groups. The ’Pharmaceuti-
cal Expenditure’ domain exhibits broader variability in 
knowledge, as demonstrated in Table  3, which provides 
a detailed comparison between pharmacy and non-
pharmacy students. In the Pharmaceutical Expenditure 
domain, pharmacy students scored significantly higher 
(3.16 ± 0.066) than non-pharmacy students (2.77 ± 0.061). 
This difference indicates that pharmacy students benefit 
from a curriculum that emphasizes pharmaceutical eco-
nomics more than that of their non-pharmacy counter-
parts. Moreover, pharmacy students also outperformed 
non-pharmacy students in areas like ’Cost Effectiveness’ 
(3.15 for pharmacy students vs. 2.86 for non-pharmacy 
students) and ’Economic Evaluation’ (3.17 for pharmacy 
students vs. 2.66 for non-pharmacy students), suggesting 
a stronger overall understanding of economic principles 
in healthcare.

Knowledge differences across academic years in health 
economics and pharmacoeconomics: a comparative analysis
Table  4 shows the average scores for key domains like 
’Supply and Demand,’ ’Cost Effectiveness,’ ’Insurance 
Reimbursement,’ ’Economic Evaluation,’ ’Pricing Strate-
gies,’ ’Budget Impact,’ and ’Pharmaceutical Expenditure.’ 

Students in later academic years, particularly doctoral 
students, demonstrated significantly higher understand-
ing across most domains. For instance, doctoral students 
scored higher in ’Cost Effectiveness’ (Mean: 3.89 ± 0.35) 
and ’Economic Evaluation’ (Mean: 4.00 ± 0.33), while first-
year students scored lower across all domains. This trend 
reflects a consistent improvement in knowledge with aca-
demic progression, especially in complex areas like ’Cost 
Effectiveness’ and ’Economic Evaluation.’ Earlier-year stu-
dents, particularly those in their first and second years, 
scored lower in advanced topics such as ’Pharmaceutical 
Expenditure’ and ’Pricing Strategies.’ This suggests that 
early targeted interventions may improve comprehension 
in these areas. ANOVA analysis confirmed significant 
differences in knowledge across academic years, with 
F-values showing statistical significance (P < 0.05) in all 
key domains, highlighting the need for structured, pro-
gressive education as students advance in their academic 
careers (refer to Table 5).

Correlation patterns in health economics education 
perspectives
The Spearman correlation heatmap, shown in Fig. 1a, 
is essential for understanding the relationships 
between various knowledge domains and educational 
attitudes in health economics and pharmacoeco-
nomics. Significant correlations are evident among 

Table 3  Comparative knowledge scores of pharmacy vs. non-pharmacy students (Mean ± SE)

Domain Pharmacy Students Non-Pharmacy Students P-value

Supply and Demand Knowledge 2.96 ± 0.067 2.93 ± 0.056 < 0.05

Cost Effectiveness Knowledge 3.15 ± 0.063 2.86 ± 0.056 < 0.05

Insurance Reimbursement Knowledge 3.08 ± 0.066 2.92 ± 0.054 < 0.05

Economic Evaluation Knowledge 3.17 ± 0.065 2.66 ± 0.060 < 0.01

Pricing Strategies Knowledge 3.03 ± 0.066 2.63 ± 0.062 < 0.01

Budget Impact Knowledge 2.99 ± 0.066 2.68 ± 0.060 < 0.05

Pharmaceutical Expenditure Knowledge 3.16 ± 0.066 2.77 ± 0.060 < 0.01

Table 4  Knowledge scores across academic years in key domains (Mean ± SE)

Academic Year Supply and 
Demand

Cost 
Effectiveness

Insurance 
Reimbursement

Economic 
Evaluation

Pricing 
Strategies

Budget Impact Pharmaceutical 
Expenditure

Doctor 3.11 ± 0.35 3.89 ± 0.35 3.33 ± 0.17 4.00 ± 0.33 3.22 ± 0.32 3.00 ± 0.24 3.67 ± 0.33

Fifth year 
or above

2.50 ± 0.65 2.75 ± 0.63 3.00 ± 0.71 2.25 ± 0.75 2.50 ± 0.65 2.75 ± 0.63 3.00 ± 0.71

First year 2.07 ± 0.19 2.28 ± 0.21 2.30 ± 0.20 2.12 ± 0.21 2.05 ± 0.19 2.21 ± 0.22 2.42 ± 0.21

Fourth year 3.05 ± 0.06 3.04 ± 0.06 2.96 ± 0.06 2.86 ± 0.07 2.81 ± 0.07 2.81 ± 0.06 2.90 ± 0.07

Master 2.56 ± 0.17 2.88 ± 0.18 2.94 ± 0.17 2.92 ± 0.19 2.67 ± 0.18 2.63 ± 0.19 2.79 ± 0.20

Second year 2.95 ± 0.10 2.96 ± 0.10 3.04 ± 0.10 3.08 ± 0.10 2.89 ± 0.11 2.93 ± 0.10 3.09 ± 0.10

Third year 3.05 ± 0.09 3.08 ± 0.09 3.15 ± 0.09 2.93 ± 0.09 2.93 ± 0.09 2.95 ± 0.09 3.05 ± 0.09
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specific knowledge areas, such as the strong correla-
tion coefficient of 0.78 between ’Supply_Demand’ and 
’Cost_Effectiveness,’ indicating that proficiency in one 
domain often correlates with competence in another. 
This interconnectedness is further illustrated by the 

correlation of 0.73 between ’Insurance_Reimbursement’ 
and ’Economic_Evaluation.’

Conversely, the relationships between knowledge lev-
els in these domains and attitudes toward the importance 
of health economics education are relatively weaker. For 
instance, ’Knowledge_Supply_Demand’ has a low corre-
lation (0.12) with the perceived importance of health eco-
nomics education. However, moderate correlations exist 
among attitudes, particularly a 0.79 correlation between 
the belief in including pharmacoeconomics in the cur-
riculum and the understanding of its career enhance-
ment potential. This indicates that students recognize 
the career benefits associated with pharmacoeconomics 
education. These findings highlight the complex nature 
of students’ educational experiences and perceptions, 
suggesting opportunities for curriculum development to 
better integrate knowledge acquisition with the practical 
significance of these subjects.

Table 5  ANOVA results of knowledge scores by academic year 
(F-Values and P-Values)

Domain F-value P-value

Supply and Demand 5.615 0.000010

Cost Effectiveness 3.947 0.000677

Insurance Reimbursement 3.308 0.003194

Economic Evaluation 4.758 0.000090

Pricing Strategies 3.293 0.003315

Budget Impact 2.514 0.020424

Pharmaceutical Expenditure 2.512 0.020542

Fig. 1  a Spearman Correlation Heatmap of Survey Responses on Health Economics and Pharmacoeconomics Education. b Correlation Matrix 
Heatmap: Interrelationships in Student Knowledge of Health Economics and Pharmacoeconomics Domains. c Spearman Correlation Heatmap 
for Attitude-Related Questions in Health Economics Education
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Correlation matrix of knowledge domains for health 
economics and pharmacoeconomics survey
The Spearman Correlation Heatmap, shown in Fig. 1b, is 
a crucial tool for analyzing the relationships among dif-
ferent knowledge domains within Health Economics and 
Pharmacoeconomics. The heatmap reveals significant cor-
relations, ranging from 0.73 to 0.80, underscoring the inter-
connections between various conceptual areas. A strong 
understanding in one area, such as supply and demand, 
often correlates with a similar level of comprehension in 
related topics like cost-effectiveness and insurance reim-
bursement. The heatmap highlights particularly strong 
correlations between knowledge of pricing strategies and 
economic evaluation (0.86), as well as between budget 
impact and pharmaceutical expenditure (0.88). This sug-
gests that these areas are either taught together or more 
easily understood by students in a cohesive manner. The 
consistency of these strong correlations indicates a system-
atic and integrated approach to learning Health Economics 
and Pharmacoeconomics. These findings provide valuable 
insights for educators and curriculum planners, helping 
them to enhance educational content and foster a more 
interconnected understanding of these essential subjects.

Analysis of the spearman correlation heatmap 
for attitude‑related questions in health economics education
The Spearman Correlation Heatmap, shown in Fig.  1c, 
highlights the strong interconnections in students’ atti-
tudes toward Health Economics and Pharmacoeconomics 
education. With high correlation values, peaking at 0.85, 
the heatmap reflects a strong consensus on the importance 
of including these subjects in academic curricula. Cor-
relations of 0.66 and 0.72 indicate solid agreement on the 
integration of these fields, underscoring their perceived 
significance for both academic and professional develop-
ment. The heatmap also reveals correlations between 0.64 
and 0.70, linking students’ understanding of these sub-
jects with their perception of enhanced career prospects. 
Additionally, moderate correlations, such as 0.73 related 
to limited resources and 0.71–0.73 for challenges like inad-
equate faculty and competing curriculum priorities, high-
light perceived institutional barriers. This emphasizes the 
strong student belief in the value of Health Economics and 
Pharmacoeconomics education while pointing to the need 
to address institutional challenges to effectively integrate 
these subjects into the curriculum.

Dynamics of knowledge and attitudes in health economics 
education: a multifaceted regression analysis
Regression insights on educational progress and supply–
demand comprehension in health economics
The regression analysis explores the effects of gender and 
academic progression on the understanding of supply 

and demand concepts in health economics. The intercept 
value of 3.0258 reflects the baseline level of comprehen-
sion, suggesting that the average student scores around 
3.0 out of 5 in understanding these concepts. Gender 
plays a significant role, with male students showing a 
higher level of understanding, as indicated by a regression 
coefficient of 0.2246, a result that is statistically signifi-
cant (P < 0.05). Academic progression also has a signifi-
cant impact on comprehension. First-year students, with 
a regression coefficient of -1.0657, show a much lower 
understanding compared to students in higher academic 
years, suggesting that comprehension improves progres-
sively with academic advancement. For students in their 
fifth year and beyond, the regression coefficient is close 
to zero, indicating that their understanding level is near 
the baseline, as indicated by the intercept. The R-squared 
value of 0.050 indicates that gender and academic year 
together explain only 5% of the variance in students’ 
understanding, implying that other factors also contrib-
ute to their grasp of supply and demand. As illustrated 
in Fig.  2a, the analysis highlights the influence of both 
gender and academic progression on students’ economic 
comprehension. However, additional variables likely play 
a role in shaping this understanding. The results point 
to the need for targeted educational interventions, espe-
cially for earlier-year students, to strengthen their grasp 
of key economic principles in health economics.

Insights into knowledge influences on health economics 
educational attitudes
This regression analysis delves into how students’ knowl-
edge across various domains influences their attitudes 
towards the importance of health economics education. 
The results, as depicted in Fig. 2b, show a positive rela-
tionship between knowledge in Economic Evaluation 
and educational attitudes, with a coefficient of 0.167. 
This suggests that students with a stronger grasp of eco-
nomic evaluation are more likely to value health econom-
ics education. Similarly, comprehension of Supply and 
Demand (coefficient = 0.075) and Budget Impact (coef-
ficient = 0.042) also contributes positively to students’ 
attitudes, though their influence is somewhat smaller 
compared to economic evaluation. In contrast, knowl-
edge in areas such as Cost Effectiveness and Insurance 
Reimbursement displays an inverse relationship with 
educational attitudes, with coefficients ranging from 
-0.049 to -0.086. This indicates that proficiency in these 
areas may unexpectedly reduce the perceived impor-
tance of health economics education, suggesting a pos-
sible disconnect between expertise in these domains and 
the perceived broader value of the subject. The model’s 
intercept at 3.701 reflects a general baseline appreciation 
for the importance of health economics education across 
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the student population. These insights, as visualized in 
Fig.  2b, highlight a complex interplay between knowl-
edge and attitudes, indicating that while understanding 
in some areas reinforces the value of health economics 
education, in other areas, it may paradoxically dimin-
ish it. This suggests the need for a balanced educational 
approach that aligns students’ knowledge with the per-
ceived importance of these concepts.

Influence of educational attitudes on career prospects 
in health economics
This regression analysis investigates how students’ atti-
tudes towards health economics and pharmacoeconom-
ics education influence their perceived career prospects. 
As shown in Fig. 2c, there is a strong positive relationship 
between valuing Pharmacoeconomics Education and the 
belief that it enhances career prospects, with a regres-
sion coefficient of 0.536. This indicates that students who 
recognize the importance of pharmacoeconomics educa-
tion are more likely to perceive it as beneficial for their 
careers. Furthermore, the belief that Health Econom-
ics Should Be in the Curriculum is also positively cor-
related with career outlook, with a coefficient of 0.402, 

emphasizing the role of curriculum design in shaping 
students’ professional expectations. However, concerns 
about Competing Priorities in the Curriculum and Lack 
of Qualified Faculty in health economics show negative 
effects, with coefficients ranging from -0.075 to -0.099. 
This suggests that students facing institutional chal-
lenges may have lower career expectations from health 
economics education. The intercept, set at 0.184, repre-
sents the baseline perception of career relevance. These 
results highlight opportunities for academic institutions 
to enhance the perceived career benefits of health eco-
nomics education by addressing curriculum gaps and 
resource limitations.

Impact of demographic and knowledge factors on attitudes 
toward health economics education
Our multiple regression analysis, depicted in Fig.  2d, 
critically examines the influence of demographic fac-
tors (gender, age) and knowledge levels (supply and 
demand, cost-effectiveness, insurance reimbursement, 
economic evaluation) on students’ attitudes towards the 
importance of health economics education. The model, 
accounting for 5.5% of the variance (Adj. R-squared: 

Fig. 2  a Regression Coefficients with Confidence Intervals for Supply and Demand Knowledge. b Regression Coefficients with Confidence 
Intervals for Educational Attitudes in Health Economics. c Regression Coefficients with Confidence Intervals for Attitudinal Determinants of Career 
Enhancement in Health Economics Education. d Regression Coefficients and Confidence Intervals for Factors Influencing Attitudes Towards Health 
Economics Education
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0.044), reveals significant insights. Notably, ’Knowl-
edge_Economic_Evaluation’ emerges as a strong posi-
tive influencer, suggesting that a deeper understanding 
of economic evaluation correlates with a heightened 
appreciation of health economics in education. Gender 
differences are also pronounced; both male and female 
students exhibit significant differences in their attitudes, 
with females showing a higher tendency to value health 
economics education. Age-wise, younger groups (’18–20’ 
and ’21–24’) demonstrate a more positive attitude com-
pared to their older counterparts, indicating a genera-
tional shift in the perception of this field. The depicted 
coefficients and their confidence intervals highlight the 
critical elements shaping students’ perspectives, thereby 
providing a roadmap for tailored educational interven-
tions in health economics. The model’s moderate explan-
atory power and the suggestion of multicollinearity 
warrant cautious interpretation, implying the potential 
influence of other unmeasured factors.

Principal component analysis of knowledge 
levels and attitudes towards health economics 
and pharmacoeconomics education
Principal Component Analysis (PCA) was utilized to 
discern the multidimensional structure of respondents’ 
knowledge and attitudes towards health economics and 
pharmacoeconomics education. This method effectively 
reduced the dataset’s dimensionality, unveiling the under-
lying patterns in the data. The first principal component 
accounted for the majority of variance, followed by the 
second component, together capturing a significant share 

of the total variance. Figure  3 revealed a broad disper-
sion of respondents across the principal components, 
indicative of a diverse array of knowledge and attitu-
dinal profiles. A concentration of data points near the 
plot’s origin suggests shared characteristics among many 
respondents, while outliers reflect unique educational 
experiences and perceptions. This variance emphasizes 
the individual differences in comprehension and valua-
tion of these educational fields. The PCA’s insights into 
the variability of respondents’ understanding and beliefs 
are instrumental for crafting bespoke educational strate-
gies. By identifying key dimensions of differentiation in 
perceptions, PCA establishes a groundwork for targeted 
interventions, aiming to bridge knowledge gaps and align 
attitudes with educational objectives, thereby enhancing 
the efficacy of health economics and pharmacoeconom-
ics curricula.

Latent structures in educational perceptions: a factor 
analysis study
In the analysis of "Defining Educational Perspectives: 
Factor Loadings in Health Economics and Pharmaco-
economics," a detailed factor analysis reveals the com-
plex educational dimensions within these fields. Figure 4 
highlights four key factors shaping knowledge and atti-
tudes. Factor 1 is dominated by knowledge-focused 
variables, with strong negative loadings (-0.68 to -0.75), 
representing a dimension inversely linked to fundamental 
understanding. Factor 2 centers on the perceived impor-
tance of education, with positive loadings (0.38 to 0.53), 
highlighting attitudes toward its significance. Factor 3 

Fig. 3  Principal component analysis of knowledge levels and attitudes
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reflects concerns about resource limitations and faculty 
qualifications, with loadings around 0.39, indicating per-
ceived educational barriers. Factor 4 balances the per-
ceived value of health economics in the curriculum with 
the challenges of integrating it, with loadings between 
0.35 and -0.27. This analysis underscores the need for 
comprehensive educational strategies: (1) Strengthening 
Core Knowledge: Factor 1 highlights the need to enhance 
students’ foundational understanding through targeted 
interventions. (2) Fostering Positive Attitudes: Factor 2 
suggests focusing on shaping positive attitudes toward 
health economics’ relevance to career development. 
(3) Overcoming Institutional Barriers: Factor 3 stresses 
the importance of addressing resource and faculty con-
straints. (4) Curriculum Balance: Factor 4 emphasizes the 
need to carefully integrate health economics into the cur-
riculum while managing competing academic priorities. 
These strategies are crucial for improving health eco-
nomics and pharmacoeconomics education.

Discussion
Evolving dynamics in health economics 
and pharmacoeconomics education
The demographic trends observed among health pro-
fessions students in Southwest China reflect significant 
changes in the landscape of health economics and phar-
macoeconomics education. The predominant participa-
tion of female students signifies a transformative gender 
balance, challenging traditional norms in these fields. 
This shift may indicate broader societal changes and a 

more inclusive educational environment in healthcare-
related disciplines. The focus on younger undergradu-
ates suggests that concepts of health economics are being 
introduced early in their academic careers, potentially 
shaping their professional outlook and expertise [19].

Moreover, the high proportion of pharmacy students, 
constituting 45.58% of the participants, could have influ-
enced the results, particularly in areas related to pharma-
ceutical economics and expenditure. Pharmacy students 
generally receive more in-depth education in these areas, 
as reflected by their higher knowledge scores in the 
’Pharmaceutical Expenditure’ domain. This concentra-
tion of pharmacy students may introduce a bias, favoring 
results that are more representative of pharmaceutical 
knowledge rather than general health economics profi-
ciency. To account for this, subgroup analyses were per-
formed to compare the knowledge levels of pharmacy 
and non-pharmacy students, confirming that while phar-
macy students excel in certain areas, trends in general 
economic comprehension hold across disciplines. Never-
theless, this highlights the importance of tailored educa-
tional strategies that address both general and specialized 
knowledge across diverse health disciplines.

A comparison with other studies reveals notable 
trends. Research from Japan and South Korea shows 
similar gender disparities and the early integration of 
health economics into academic programs [20, 21]. 
In the UK, where pharmacoeconomics is more sys-
tematically embedded in medical and pharmacy cur-
ricula, proficiency levels are comparable, especially in 

Fig. 4  Defining educational perspectives: factor loadings in health economics and pharmacoeconomics
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pharmaceutical fields [22]. However, studies from West-
ern countries like the UK and the US report higher base-
line proficiency in health economics, likely due to their 
more established programs [23]. These global findings 
highlight the growing inclusion of health economics in 
education while emphasizing the need for localized strat-
egies to address region-specific needs.

The diversity in academic backgrounds, including dis-
ciplines like Public Health and Clinical Medicine, under-
scores an interdisciplinary approach in understanding 
economic impacts on healthcare. This indicates a para-
digm shift towards a more integrated curriculum, prepar-
ing students to tackle complex health challenges with a 
comprehensive understanding of both clinical and eco-
nomic aspects. These evolving educational trends are piv-
otal for cultivating future healthcare professionals who 
are adept at navigating the increasingly complex intersec-
tions of healthcare delivery, economics, and policy [24].

Enhancing educational approaches in health economics 
and pharmacoeconomics
A quantitative analysis of student proficiency in health 
economics and pharmacoeconomics highlights the 
necessity for sophisticated educational methodologies. 
Observations indicate a moderate understanding in areas 
such as ’Supply and Demand,’ ’Cost Effectiveness,’ and 
’Insurance Reimbursement.’ This implies a foundational 
grasp among students. Nonetheless, a prevalent inclina-
tion toward mere basic proficiency, particularly in intri-
cate fields like ’Economic Evaluation,’ ’Pricing Strategies,’ 
and ’Budget Impact,’ necessitates specialized educational 
interventions. These should be designed to augment 
comprehension and analytical aptitudes, transcending 
basic knowledge to cultivate expertise in these pivotal 
areas [2].

Furthermore, the impact of academic advancement 
on students’ understanding, especially in ’Supply and 
Demand’ and ’Cost Effectiveness,’ underscores the sig-
nificance of a progressively complex curriculum. Such 
a curriculum would initially introduce elementary con-
cepts, subsequently escalating to more complex topics, 
thus ensuring thorough subject matter comprehension. 
Moreover, the minimal gender differences observed 
denote an inclusive educational setting that offers equal 
opportunities, a vital factor in fostering gender equality 
in healthcare education. The varied proficiency levels in 
’Pharmaceutical Expenditure’ further necessitate diverse 
teaching methods, including case-based learning and 
practical applications, to address disparate understand-
ing levels and achieve uniform knowledge acquisition 
across all sectors. These insights indicate the crucial role 
of ongoing curriculum evaluation and modification in 

addressing the dynamic educational requirements of stu-
dents in these fields [25].

The finding that only 58% of students received formal 
education in health economics or pharmacoeconomics 
indicates that these subjects are not universally integrated 
into the health professions curriculum in Southwest 
China. While some students may have encountered these 
topics through elective courses or seminars, the lack of 
formal instruction suggests that there is a need for more 
structured and consistent educational strategies. Expand-
ing the formal inclusion of health economics and phar-
macoeconomics into the curriculum could better prepare 
students for the economic aspects of healthcare.

Furthermore, a new guiding major, Pharmaceutical 
Economics and Management, was recently introduced by 
China’s Ministry of Education. This program emphasizes 
the integration of pharmaceutical sciences, economics, 
and management, aiming to cultivate professionals with 
expertise in both drug economics and policy, aligned 
with national healthcare priorities. By incorporating 
courses like health economics, medical statistics, and 
real-world research design, universities can address the 
growing need for interdisciplinary talent in health eco-
nomics and pharmacoeconomics [26]. These findings 
provide essential guidance for educational institutions 
preparing future healthcare professionals. Implementing 
these strategies will better prepare students for the mul-
tifaceted aspects of healthcare delivery, economics, and 
policy, equipping them to effectively confront the health-
care industry’s challenges.

Integrating knowledge and attitudes in health economics 
education
The analysis of Spearman correlation heatmaps offers an 
intricate understanding of the interrelationships within 
health economics and pharmacoeconomics educa-
tion, thereby informing potential enhancements to the 
curriculu m. The observed strong correlations among 
various knowledge domains indicate a cohesively struc-
tured conceptual framework. For instance, proficiency 
in ’Supply_Demand’ often correlates with adeptness 
in ’Cost_Effectiveness.’ This significant interconnectiv-
ity underscores the necessity for an integrated teaching 
approach that ensures a holistic understanding across 
these interlinked areas. Furthermore, the correlation 
between specific knowledge sectors and corresponding 
attitudes towards the significance of health economics 
education is of particular interest. Despite a relatively low 
correlation between knowledge levels and the perceived 
importance of health economics education, the moderate 
to high correlations among attitudes reflect a collective 
acknowledgment of the practical relevance and career 
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benefits of pharmacoeconomics education among stu-
dents [27].

This correlation pattern reveals the students’ academic 
comprehension and their recognition of the real-world 
application and professional merits of these disciplines. 
The weaker links between particular knowledge domains 
and the perceived importance of health economics edu-
cation present an opportunity for educators to fortify 
these connections. By enriching the curriculum with con-
tent that explicitly highlights the practical relevance and 
career implications of health economics and pharmaco-
economics, educators can cultivate a deeper appreciation 
and enthusiasm for these fields in students. Additionally, 
the strong correlations within attitude-related aspects 
suggest a student consensus on the essential integration 
of these subjects into their academic curriculum. This 
collective sentiment, combined with the awareness of 
institutional barriers, advocates for educational strate-
gies that focus not only on knowledge transmission but 
also actively address perceived challenges, effectively and 
cohesively embedding these vital subjects in health eco-
nomics education [28].

Interpretative insights from regression analysis on health 
economics education
The multifaceted regression analyses conducted on the 
dynamics of knowledge and attitudes in health econom-
ics education yield profound insights that have significant 
implications for pedagogical strategies. The observed 
gender differences in understanding supply and demand 
concepts, with males displaying higher proficiency, 
underscore the need for gender-sensitive approaches in 
teaching these economic principles. This finding sug-
gests underlying differences in learning styles or interests 
that educators should consider. The evident academic 
learning curve, wherein proficiency increases with each 
academic year, highlights the progressive nature of learn-
ing in health economics. This progression necessitates a 
curriculum design that incrementally builds complexity, 
allowing students to develop a deeper understanding as 
they advance through their educational journey [29].

Moreover, the intricate relationship between various 
knowledge domains and educational attitudes reveals 
the complex nature of learning in health economics. Stu-
dents with higher expertise in Economic Evaluation tend 
to value the education in this field more, suggesting that 
deeper knowledge leads to a greater appreciation of the 
subject’s relevance. Contrarily, proficiency in certain 
areas inversely correlates with the perceived importance 
of health economics, indicating potential mismatches 
between curriculum content and students’ perceived 
value [30]. This necessitates curriculum adjustments to 

align the teaching of these domains more closely with 
their practical significance.

The positive correlation between attitudes towards 
pharmacoeconomics education and career prospects 
underscores the role of curriculum design in shaping 
professional expectations. Addressing concerns about 
overlapping academic priorities and insufficient special-
ized faculty could significantly enhance students’ percep-
tions of the career benefits of health economics. Lastly, 
demographic factors, such as gender and age, influence 
attitudes toward health economics education, reveal-
ing generational shifts and gender-specific preferences. 
These insights demand a nuanced approach to curricu-
lum development, one that considers demographic vari-
ations and evolves in response to changing student needs 
and expectations in health economics and pharmacoeco-
nomics education [31].

Educational strategies inferred from PCA on health 
economics knowledge
Principal Component Analysis (PCA) has provided a 
multifaceted view of students’ knowledge and attitudes 
in health economics and pharmacoeconomics, reveal-
ing varied levels of comprehension and underscoring 
the need for customizable and stratified educational 
approaches. The broad spread of data along the PCA’s 
primary axis reflects diverse student understanding, 
necessitating tailored educational methods that cater 
to different learning stages, from beginners to more 
advanced learners. The reduced variance seen in the sec-
ond principal component indicates subtler knowledge 
distinctions among students, which may benefit from 
more focused and targeted teaching strategies.

The diminishing explanatory power of subsequent 
principal components suggests that a limited set of fun-
damental concepts currently dominates the educational 
focus, possibly leading to a plateau in foundational 
knowledge mastery. This observation is critical for cur-
riculum planners, suggesting the expansion of course 
content to cover an increased range of complex sub-
jects, thereby deepening both theoretical and practical 
understanding in health economics. The integration of 
advanced topics and real-world applications is essen-
tial to mirror the evolving dynamics of the healthcare 
industry.

Enhancing the curriculum in this manner promises to 
develop students’ critical thinking and analytical capa-
bilities, preparing them to effectively contribute to health 
policy formulation and economic decision-making. This 
alignment of educational content with the healthcare sec-
tor’s current and future needs is paramount to cultivat-
ing well-prepared professionals equipped to address the 
intricate challenges of healthcare economics [32].
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Factorial insights for adaptive curriculum development 
in health economics
The factor analysis undertaken to assess perceptions 
in health economics and pharmacoeconomics educa-
tion sheds light on underlying educational dimensions, 
necessitating adaptive curriculum development. The 
inverse correlation with foundational knowledge identi-
fied by Factor 1 may signal a shift in educational needs, 
advocating for a dynamic curriculum that evolves from 
imparting basic principles to promoting applied, ana-
lytical skills [33]. Meanwhile, Factor 2’s positive load-
ings on the value of education underscore the influence 
of student engagement on learning outcomes, indicat-
ing the need for curricular content that is both rel-
evant and motivating [34]. Factor 3’s emphasis on 
external barriers to education, such as resource limi-
tations and faculty qualifications, points to the pivotal 
role of institutional support in enhancing the learning 
environment. Factor 4 brings attention to the delicate 
balance between the value of health economics in the 
curriculum and the challenges posed by integrating it 
with other academic priorities, pointing to the need 
for a curriculum that aligns educational content with 
real-world applicability while managing practical con-
straints [35]. Collectively, these factors argue for a 
multi-dimensional, responsive educational approach 
that is attuned to the diverse needs and perceptions 
of students, integrating foundational knowledge with 
practical skills, while also addressing resource adequacy 
and faculty expertise. This approach should foster an 
educational dialogue that aligns curricular objectives 
with operational practicality, ensuring the curriculum’s 
relevance and effectiveness in preparing students for 
the complexities of health economics [36].

Study limitations and future directions
This study has several limitations. One major limitation 
is the reliance on self-reported data, which may intro-
duce response bias as participants might overestimate 
or underestimate their knowledge in certain areas. Addi-
tionally, the cross-sectional design restricts the abil-
ity to infer causality between educational factors and 
knowledge levels. Future longitudinal studies would be 
beneficial to observe the progression of knowledge over 
time. The disproportionate representation of pharmacy 
students may have influenced the results, particularly 
in pharmaceutical-related domains. Furthermore, given 
the regional focus of this study in Southwest China, cau-
tion should be exercised in applying the findings to other 
geographical or educational contexts. To address these 
limitations, future research should incorporate more 
diverse samples and objective measures to provide a 

more comprehensive understanding of educational needs 
across different health disciplines.

Conclusion
This study assessed the knowledge and proficiency 
of health professions students in Southwest China in 
health economics and pharmacoeconomics. The find-
ings revealed moderate proficiency in key areas such as 
’Supply and Demand,’ ’Cost Effectiveness,’ and ’Insurance 
Reimbursement,’ with academic year influencing com-
prehension—senior students showing greater under-
standing. Minimal gender differences were observed, 
and pharmacy students demonstrated higher proficiency 
in pharmaceutical-related areas, like ’Pharmaceuti-
cal Expenditure.’ However, gaps in complex areas like 
’Economic Evaluation’ and ’Budget Impact’ indicate the 
need for targeted educational interventions. Regression 
analysis highlighted a stronger appreciation for health 
economics among students proficient in ’Economic 
Evaluation,’ while areas like ’Cost Effectiveness’ showed 
inverse relationships with attitudes. The introduction of 
the ’Pharmaceutical Economics and Management’ pro-
gram by the Ministry of Education underscores the grow-
ing importance of these fields. These findings suggest the 
need for localized educational strategies to prepare stu-
dents for economic decision-making in healthcare.
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Abstract
Background  This study investigates the career mobility and employment status of Chinese pharmacy graduates, 
aiming to address workforce challenges and career planning within the pharmacy profession. Given the rapid 
expansion of the healthcare sector in China, understanding factors influencing job changes and career decisions is 
crucial for ensuring workforce stability and professional development. The study covers pharmacy graduates enrolled 
at Kunming Medical University from 1996 to 2012.

Methods  A cross-sectional online survey collected data from 231 respondents in April 2022, focusing on 
demographic characteristics, career choices, job changes, and the factors influencing these decisions. Multivariate 
logistic regression and Chi-square (χ²) tests were used to analyze the data, with a particular focus on the pharmacy 
practice, pharmaceutical sciences, and clinical pharmacy.

Results  Of the 231 respondents, 52.4% (n = 121) had never changed jobs, and 32.5% (n = 75) had changed jobs 
once or twice. The majority preferred working in governmental institutions (n = 146, 63.2%), with fewer graduates 
choosing domestic (n = 48, 20.8%) or overseas pharmacy enterprises (n = 20, 8.7%). Income and personal growth were 
significant factors influencing job changes (p < 0.05). Respondents who had changed jobs three or more times placed 
a greater emphasis on personal growth (Relative Risk Ratio [RRR]: 2.96; 95% Confidence Interval [CI]: [1.6, 5.49]).

Conclusions  This study reveals significant variations in job mobility and career choices among Chinese pharmacy 
graduates. Graduates in governmental institutions showed lower mobility, while those in pharmacy enterprises and 
non-pharmaceutical sectors experienced higher job changes. Income, personal growth, and work environment were 
key factors.

Keywords  Pharmacy, Career Choice, Career mobility, Job changes; China
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Introduction
In the continuously evolving healthcare landscape, phar-
macy professionals play a critical role in ensuring the safe 
and effective use of medications [1]. Many studies have 
examined the factors influencing career choices - defined 
here as the jobs, roles, or organizations pharmacy gradu-
ates choose - and career mobility across various health-
care professions, including pharmacy [2, 3]. Research has 
demonstrated that job satisfaction, income, and oppor-
tunities for professional development are key drivers of 
career decisions among healthcare professionals. For 
example, general practitioners who report higher job sat-
isfaction experience reduced stress and burnout, greater 
engagement, and longer retention in their roles [4]. Addi-
tionally, income has been identified as a critical determi-
nant, with competitive salaries and financial incentives 
positively correlating with job retention and commitment 
[5].

In pharmacy, factors such as workplace environment, 
career advancement prospects, and job security signifi-
cantly shape career mobility [6, 7]. However, declining 
interest in pursuing pharmacy as a career has raised con-
cerns, attributed largely to factors like limited autonomy, 
repetitive tasks, and a lack of fulfillment in many work 
settings [8].

Job mobility, defined as the frequency and likelihood 
of professionals changing positions within or between 
organizations, has become a critical focus in workforce 
stability and satisfaction studies [9]. Frequent job changes 
can disrupt continuity of care, lead to inefficiencies, and 
challenge workforce planning, particularly in healthcare 
professions like pharmacy, where specialized training and 
experience are vital [10]. Understanding why pharma-
cists change jobs and how often they do so is essential for 
improving job satisfaction and maintaining a stable work-
force [11, 12].

In China, where the healthcare system is undergo-
ing rapid reforms, both career choices and job mobility 
among pharmacy graduates are particularly important. 
Career choices refer to the specific roles, organizations, 
or sectors in which graduates work, while job mobility 
focuses on how frequently and why individuals change 
these positions. The demand for highly trained pharmacy 
professionals is expanding, driven by the need to improve 
healthcare delivery and ensure workforce stability [13, 
14]. However, despite this growing demand, literature on 
pharmacy graduates’ career mobility in China is limited, 
with most studies focusing on clinical healthcare profes-
sionals or broader healthcare sectors rather than phar-
macy specifically [15].

Previous studies on job mobility in healthcare profes-
sions suggest that the frequency and reasons for job 
changes are influenced by various factors, such as job 
satisfaction, work-life balance, and opportunities for 

professional development [12, 16, 17]. Rapidly growing 
sectors like pharmacy often see professionals seeking 
roles with greater autonomy, better compensation, or 
more fulfilling work environments [11, 18]. Factors influ-
encing job changes include income, location, personal 
growth, work environment, regulations, and commuting 
time. These interconnected factors affect job satisfaction, 
career mobility, and retention, highlighting the need for 
targeted strategies to enhance workforce stability.

This study aims to investigate the factors influencing 
job changes and career choices among Chinese pharmacy 
graduates. By analyzing the relationship between demo-
graphic characteristics, workplace types, job-change fre-
quency, and the factors affecting career decisions, this 
research provides insights into the career mobility of 
pharmacy professionals. The findings will contribute to 
workforce planning and inform policy decisions related 
to career development within the pharmacy profession in 
China.

Materials and methods
Design
The research underwent registration and approval from 
the Kunming Medical University (Reference No: KMMU-
2022MEC201). A literature review was undertaken to 
develop a questionnaire to identify pharmacy gradu-
ates’ career choices and career mobility and to examine 
the factors that influence these choices. Three pharmacy 
practitioners and experts were then invited to advise on 
the content and wording of the questionnaire. Finally, 
ten pharmacy graduates were randomly selected to pilot 
the survey to confirm whether the content needed to be 
modified. The final questionnaire was attached in the 
supplementary material (Supplementary Questionnaire).

The online survey began with a brief paragraph inform-
ing participants that their involvement was voluntary and 
that they were not obligated to complete the question-
naire. This paragraph also outlined the study’s purpose 
and confirmed that the findings would be used solely 
for research purposes. The survey was disseminated via 
WeChat to pharmacy graduates of Kunming Medical 
University, targeting individuals who enrolled between 
1996 and 2012. To ensure the accuracy and completeness 
of the data, the web surveyed form was set to disallow 
incomplete submissions. The questionnaire consisted of 
three parts.

The questionnaire consisted of three parts. The first 
part collected demographic characteristics, including 
participants’ age, gender, graduation year, and current 
employment status. Additionally, it gathered informa-
tion on years of work experience, and whether they were 
employed in a pharmacy-related position. The second 
section of the questionnaire focused on participants’ 
employment conditions and job characteristics. This 
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section included questions about their current occu-
pational category, workplace type, salary range, job sat-
isfaction, and frequency of job changes. The third part 
included seven questions that assessed how important 
various subjective factors were in influencing the respon-
dents’ career choices. This part used a 5-point Likert-type 
scale (1: not important at all, 2: not important, 3: neutral, 
4: important, 5: very important).

Key terms
This study utilized several key terms that are defined as 
follows:

Major  In the context of pharmacy education, a major 
refers to a specific area of academic focus or specialization 
within the broader field of pharmacy. It typically encom-
passes a structured set of courses that students com-
plete to gain in-depth knowledge in a particular aspect 
of pharmacy practice or pharmaceutical sciences. Com-
mon pharmacy majors include pharmacy practice, which 
focuses on clinical work and patient care; pharmaceuti-
cal sciences, which emphasizes drug development and 
research; and clinical pharmacy, which involves working 
directly with healthcare teams to optimize medication use 
for patients.

Clinical pharmacy  it is centered on patient care, where 
pharmacists collaborate with healthcare teams in clinical 
settings to optimize medication regimens, ensuring treat-
ments are safe, effective, and tailored to individual patient 
needs.

Research and Teaching  Refers to academic or educa-
tional positions, primarily focused on conducting research 
or providing instruction in a university or research insti-
tution setting.

Pharmaceutical Care  Includes positions that involve 
providing pharmaceutical care, such as in hospitals, com-
munity pharmacies, or other healthcare settings where 
pharmacists ensure proper medication use and patient 
care. Graduates from pharmaceutical practice and clinical 
pharmacy programs are well-equipped to work in phar-
maceutical care roles.

Pharmaceutical sales  Encompasses roles related to the 
sale and marketing of pharmaceutical products, typi-
cally in commercial settings or within pharmaceutical 
companies.

Pharmaceutical Production  Involves positions related 
to the manufacturing, formulation, and processing of 
pharmaceutical drugs in production facilities or factories.

Pharmaceutical Administration  Refers to roles 
involved in the regulatory and administrative aspects of 
the pharmaceutical industry, including positions in gov-
ernment agencies or regulatory bodies that oversee drug 
safety and compliance.

Other Pharmaceutical-related work  Includes any other 
roles related to the pharmaceutical industry that do not 
fall under the previously defined categories.

Other non-pharmaceutical-related work  Refers to 
occupations outside the pharmaceutical field, encompass-
ing diverse sectors unrelated to pharmacy or healthcare.

Domestic Pharmacy Enterprise  Refers to privately-
owned pharmaceutical companies that operate within 
the country. These enterprises may be involved in the 
research, production, marketing, or distribution of phar-
maceutical products and services within the domestic 
market.

Overseas Pharmacy Enterprise  Refers to international 
pharmaceutical companies or organizations based out-
side the country. These may include multinational phar-
maceutical corporations that engage in various activities 
such as drug development, production, and distribution 
on a global scale.

Others  Refers to any other types of organizations or 
institutions not classified under the above categories. This 
can include non-governmental organizations, freelance 
work, or employment in sectors unrelated to pharmacy 
or healthcare.

Data collection
Data collection was conducted in April 2022. If respon-
dents had just graduated, they would not have had 
enough time to determine whether they could adapt to 
work or change jobs. This could have resulted in out-
come bias. Therefore, we chose respondents who com-
pleted the questionnaire to have graduated for at least 
10 years. To ensure comprehensive coverage, gradua-
tion years were divided into “1996–2000, 2001–2005, 
2006–2009, and 2010–2012,” reflecting the significant 
increase in pharmacy-related enrollments after 2010. A 
cross-section of pharmacy-major graduates from 1996 to 
2012 completed the questionnaire using the online sur-
vey tool Wenjuanxing. Ten graduates from each grade 
in three different majors (pharmacy practice, pharma-
ceutical sciences, and clinical pharmacy) were randomly 
selected based on the student identity document (ID) 
of the school, which was a unique identifier assigned to 
each student during their enrollment. If a graduate could 
not be contacted, a graduate with the following student 
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ID was chosen. The survey was initially distributed to 240 
potential participants, including 170 pharmacy practice 
graduates from 1996 to 2012, 40 pharmaceutical sciences 
graduates from 2009 to 2012, and 30 clinical pharmacy 
graduates from 2010 to 2012. After excluding three grad-
uates who declined to participate and six graduates who 
submitted incomplete responses (spending less than 40 s 
or selecting the same option for five consecutive ques-
tions), a total of 231 valid questionnaires were collected, 
resulting in a response rate of 96.25%. Sample good-
ness of fit was tested by G*Power3.1 using Chi-square 
(χ²) tests and obtained a type I error value less than 0.01 
which indicated a reasonable experimental design (Sup-
plementary Table 1) [19, 20]. The factors influencing 
the career choices of the 231 respondents demonstrated 
adequate reliability, with a Cronbach’s alpha of 0.72, indi-
cating reasonable internal consistency and correlation 
between the items in the questionnaire. Additionally, the 
construct validity of the 7-item scale was supported by a 
Measure of Sampling Adequacy (MSA) of 0.71, confirm-
ing that the overall data was suitable for factor analysis, 
as MSA values above 0.5 are generally considered accept-
able (Supplementary Tables 2 and Table 1).

Statistical analysis
Data were analyzed using the packages epiDisplay, 
ggplot2, and nnet in R 4.2.1. Categorical data were pre-
sented as frequencies and percentages. The descriptive 
variables in the questionnaire were tested using χ² tests. 
Based on the respondents with different job change and 
preferred career factors, a multivariate logistic regression 
was used. In addition, Fisher’s exact tests were used to 
examine the association between categorical variables in 
cases where the sample size was small. The results were 
considered statistically significant at a p-value of less 
than 0.05.

Results
Graduates’ demographic characteristics
The respondents’ characteristics are shown in Table  2. 
The final sample included 161 pharmacy practice 

graduates (69.7%), 40 pharmaceutical sciences gradu-
ates (17.3%), and 30 clinical pharmacy graduates (13.0%). 
The majority of respondents (n = 121; 52.4%) had never 
changed jobs, while 32.5% (n = 75) had changed jobs once 
or twice, and 15.1% (n = 35) had changed jobs three times 
or more. Among the respondents, approximately 50.0% 
had never changed jobs across all three majors. Specifi-
cally, 54.0% of pharmacy practice graduates (n = 87 out of 
161), 47.5% of pharmaceutical sciences graduates (n = 19 
out of 40), and 50.0% of clinical pharmacy graduates 
(n = 15 out of 30) reported that they had never changed 
jobs. These percentages reflected the proportion of 
respondents within each major who had not experienced 
job changes. Of the total 231 respondents, 17.3% (n = 40) 
were enrolled between 1996 and 2000, 19.0% (n = 44) 
between 2001 and 2005, 22.9% (n = 53) between 2006 and 
2009, and 40.7% (n = 94) between 2010 and 2012. Women 
accounted for 69.7% (n = 161) of the total respondents. 
The majority of respondents were aged from 30 to 35 
years (n = 86; 37.2%).

There were significant differences in the frequency of 
job changes among respondents based on whether they 
work in pharmacy-related jobs and their age. Statisti-
cal analysis was also conducted on the working years of 
respondents. A significant difference in the frequency 
of job changes was observed between respondents who 
had worked for 15–20 years and those who had worked 
for 3–8 years. This was measured using a χ² test, which 
compared the distribution of job changes across differ-
ent work experience groups. The test results indicated a 
statistically significant difference for both the 15–20 year 
group (p = 0.022) and the 3–8 year group (p = 0.011), sug-
gesting that length of work experience was associated 
with the likelihood of job changes.

Graduates’ career choices
The data on respondents’ workplace type, occupational 
category, and salary range are shown in Tables 3 and 1, 
and 4. Respondents were more inclined to work in gov-
ernmental institutions, including public hospitals, com-
munity health centers, universities, and government 

Table 1  Frequency of job changes by Occupational Category
Occupational Category Total (%) No Job 

Changes (%)
1–2 Job 
Changes (%)

≥ 3 Job 
Changes (%)

Test Statistic P-value

Scientific Research and Teaching 29 (12.5%) 19 (15.7%) 7 (9.3%) 3 (8.6%) χ2 (12 df )
= 43.68

< 0.001***

Pharmaceutical Care 113 (48.9%) 65 (53.7%) 40 (53.3%) 8 (22.9%)
Pharmaceutical Sales 19 (8.2%) 2 (1.7%) 7 (9.3%) 10 (28.6%)
Pharmaceutical Production 5 (2.2%) 1 (0.8%) 4 (5.3%) 0 (0.0%)
Pharmaceutical Administration 14 (6.1%) 8 (6.6%) 5 (6.7%) 1 (2.9%)
Other Pharmaceutical-Related Work 11 (4.8%) 7 (5.8%) 2 (2.7%) 2 (5.7%)
Other Non-Pharmaceutical-Related Work 40 (17.3%) 19 (15.7%) 10 (13.3%) 11 (31.4%)
*p = 0.05; **p = 0.01; ***p = 0.001;
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departments (n = 146; 63.2%), followed by domestic 
pharmacy enterprises (n = 48; 20.8%) and overseas phar-
macy enterprises (n = 20; 8.7%). Other respondents 
chose to work for themselves, work in other sectors, or 
had a freelance personnel relationship (n = 17; 7.4%). A 

freelance person generally refered to someone who was 
not affiliated with any company or had an exclusive con-
tract with a specific company. A significant difference in 
job-change frequency across different workplaces was 
identified using a χ² test (p < 0.001), indicating that the 

Table 2  Job-change frequency by Pharmacy graduates’ demographic characteristics
Demographic Characteristics Total (%) No Job Changes (%) 1–2 Job Changes (%) ≥ 3 Job Changes (%) Test Statistic P-value
Gender
Male 70 (30.3%) 37 (52.9%) 22 (31.4%) 11 (15.7%) χ2 (2 df ) = 4.98 0.067
Female 161 (69.7%) 84 (52.2%) 53 (32.9%) 24 (14.9%) χ2 (2 df ) = 5.83 0.068
Age
40–45 49 (21.2%) 33 (67.3%) 8 (16.3%) 8 (16.3%) χ2 (2 df ) = 6.10 0.041*
35–40 47 (20.3%) 21 (44.7%) 19 (40.4%) 7 (14.9%) χ2 (2 df ) = 4.54 0.126
30–35 86 (37.2%) 44 (51.2%) 27 (31.4%) 15 (17.4%) χ2 (2 df ) = 4.41 0.077
25–30 49 (21.2%) 23 (46.9%) 21 (42.9%) 5 (10.2%) χ2 (2 df ) = 7.05 0.026*
Majors
Pharmacy 161 (69.7%) 87 (54.0%) 47 (29.2%) 27 (16.8%) χ2 (2 df ) = 5.12 0.073
Pharmaceutical Sciences 40 (17.3%) 19 (47.5%) 15 (37.5%) 6 (15.0%) Fisher’s Exact Test 0.117
Clinical Pharmacy 30 (13.0%) 15 (50.0%) 13 (43.3%) 2 (6.7%) Fisher’s Exact Test 0.036
Pharmacy Programme Enrollment Period (Years)
1996–2000 40 (17.3%) 25 (62.5%) 6 (15.0%) 9 (22.5%) Fisher’s Exact Test 0.065
2001–2005 44 (19.0%) 24 (54.5%) 15 (34.1%) 5 (11.4%) χ2 (2 df ) = 6.44 0.056
2006–2009 53 (22.9%) 23 (43.4%) 21 (39.6%) 9 (17.0%) χ2 (2 df ) = 3.89 0.159
2010–2012 94 (40.7%) 49 (52.1%) 33 (35.1%) 12 (12.8%) χ2 (2 df ) = 9.63 0.051
Pharmacy Related Work
Yes 182 (78.8%) 95 (52.2%) 64 (35.2%) 23 (12.6%) χ2 (2 df ) = 7.30 0.035*
No 49 (21.2%) 26 (53.1%) 11 (22.4%) 12 (24.5%) χ2 (2 df ) = 2.98 0.25
Years of Work Experience
21–26 13 (5.6%) 7 (53.8%) 1 (7.7%) 5 (38.5%) Fisher’s Exact Test 0.182
15–20 50 (21.6%) 31 (62.0%) 13 (26.0%) 6 (12.0%) χ2 (2 df ) = 6.84 0.022*
9–14 64 (27.7%) 28 (43.8%) 23 (35.9%) 13 (20.3%) χ2 (2 df ) = 3.09 0.229
3–8 91 (39.4%) 48 (52.7%) 35 (38.5%) 8 (8.8%) χ2 (2 df ) = 9.91 0.011*
< 3 13 (5.6%) 7 (53.8%) 3 (23.1%) 3 (23.1%) Fisher’s Exact Test 0.324
Total 231 (100%) 121 (52.4%) 75 (32.5%) 35 (15.1%) χ2 (2 df ) = 5.87 0.052
*p = 0.05; **p = 0.01; ***p = 0.001;

Table 3  Frequency of job changes by workplace type
Workplace Type Total (%) No Job Changes (%) 1–2 Job Changes (%) ≥ 3 Job Changes (%) Test Statistic P-value
Governmental
Institutions

146 (63.2%) 96 (79.3%) 42 (56.0%) 8 (22.9%) χ2 (12 df )
= 53.49

< 0.001***

Domestic Pharmacy Enterprise 48 (20.8%) 12 (9.9%) 21 (28.0%) 15 (42.8%)
Oversea Pharmacy Enterprise 20 (8.7%) 3 (2.5%) 8 (10.7%) 9 (25.7%)
Others 17 (7.4%) 10 (8.3%) 4 (5.3%) 3 (8.6%)
*p = 0.05; **p = 0.01; ***p = 0.001;

Table 4  Frequency of job changes by Salary Range *p = 0.05; **p = 0.01; ***p = 0.001; US: the United States
Salary Range (US$) Total (%) No Job Changes (%) 1–2 Job Changes (%) ≥ 3 Job Changes (%) Test Statistic P-value
245–735 (US$) 14 (6.1%) 5 (4.1%) 7 (9.3%) 2 (5.7%) χ2 (10 df )

= 28.77
0.001***

735–1176 (US$) 98 (42.4%) 54 (44.6%) 33 (44.0%) 11 (31.4%)
1176–2500 (US$) 94 (40.7%) 58 (47.9%) 25 (33.3%) 11 (31.4%)
2500–4411 (US$) 10 (4.3%) 2 (1.7%) 4 (5.3%) 4 (11.4%)
4411–5882 (US$) 6 (2.6%) 1 (0.8%) 3 (4.0%) 2 (5.7%)
5882–8823 (US$) 9 (3.9%) 1 (0.8%) 3 (4.0%) 5 (14.3%)
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type of workplace type was significantly associated with 
the likelihood of job changes. Among those who had 
never changed jobs, the majority worked in governmen-
tal institutions (n = 96; 79.3%). However, the frequency 
of job changes was notably higher among those working 
in pharmacy enterprises. Specifically, 12.4% (n = 15) of 
respondents in pharmacy enterprises had never changed 
jobs, 38.7% (n = 29) had changed jobs once or twice, and 
68.5% (n = 24) had changed jobs three times or more, 
indicating a higher rate of job changes compared to those 
working in other sectors.

Most of the respondents were engaged in pharmaceu-
tical care (n = 113; 48.9%), and the second largest group 
worked in non-pharmaceutical-related jobs, account-
ing for 17.3% (n = 40). These respondents included law-
yers, 5G technology staff, flight attendants, a security 
consultant, and the self-employed. It was worth noting 
that despite the school’s offering of a pharmaceutical sci-
ences major, only 2.2% of respondents were engaged in 
pharmaceutical production. There was also a significant 
difference between job-change frequency and occupa-
tional category was identified using a χ² test (p < 0.001), 
indicating that the likelihood of job changes varied sig-
nificantly across different occupational groups. Among 
those who had never changed jobs or had changed jobs 
once or twice, 53.7% (n = 65) and 53.3% (n = 40) respec-
tively worked in pharmaceutical care. Respondents who 
worked in non-pharmaceutical-related jobs were more 
likely to change their career (n = 11 out of 35; 31.4%), 
while those working in pharmaceutical sales were the 
next most likely (n = 10 out of 35; 28.6%). Finally, a χ² test 
(p = 0.001) revealed a significant association between sal-
ary range and job-change frequency. Respondents earn-
ing 735–1176 US$ per month were the largest group 
across all categories (n = 98; 42.4%). Higher salary levels 
(2500–8823 US$) were associated with more frequent job 
changes, with 14.3% (n = 5) of those earning 5882–8823 

US$ having changed jobs three times or more, compared 
to 0.8% (n = 1) who never changed jobs.

Factors affecting career choices
Income was rated as the most important factor, with a 
mean score of 4.1 (interquartile range [IQR]: 4–5) on a 
5-point Likert scale, where 1 indicated “not important at 
all” and 5 indicated “very important.” This was followed 
by personal growth and work environment (mean score: 
3.9, IQR: 3–5). Regional factors, such as a preference 
for developed cities or hometowns, had the least impact 
(mean score: 3.5, IQR: 3–4).

The relationship between job-change frequency and 
consideration factors was analyzed by logistic regression 
(Table 5). Respondents who had never changed jobs were 
used as the reference group. Those who had changed jobs 
once or twice showed greater concern for income (Rela-
tive Risk Ratio [RRR]: 1.62; 95% Confidence Interval [CI]: 
[1.05, 2.49]) but were less concerned about regional loca-
tion (RRR: 0.74; 95% CI: [0.55, 0.99]). Respondents who 
had changed jobs three times or more were more con-
cerned about personal growth (RRR: 2.96; 95% CI: [1.6, 
5.49]), but not about the work environment (RRR: 0.55; 
95% CI: [0.31, 0.98]).

Career choices and job-change frequency in high-income 
graduates
This study collated the income level of respondents in 
different occupations, and the results are shown in Sup-
plementary Fig.  1. Since income was an important fac-
tor in career choices, research was conducted on the 
relationship between occupations and job-change fre-
quency among high-income respondents. According to 
the 2022 China Statistical Yearbook, China’s per capita 
gross domestic product (GDP) was US$12,600 in 2021; 
therefore, this study classified an income as high if it was 
more than US$1,176 per month. The results are shown 
in Table  6. Fisher’s exact tests revealed that individuals 

Table 5  Factors influencing graduates’ choices when changing job
Frequency of Job Changes 1 ~ 2 >=3
Outcomes Coeff./SE RRR (95%CI) Coeff./SE RRR (95%CI)
(Intercept) -1.69/1.124 - -4.36/1.563** -
Income 0.48/0.22* 1.62 (1.05,2.49) 0.09/0.269 1.1 (0.65,1.86)
Region -0.3/0.149* 0.74 (0.55,0.99) 0.04/0.212 1.04 (0.69,1.58)
Personal Growth 0.18/0.189 1.2 (0.83,1.74) 1.09/0.315*** 2.96 (1.6,5.49)
Interest -0.05/0.204 0.95 (0.64,1.42) -0.08/0.259 0.93 (0.56,1.54)
Work Environment 0.22/0.24 1.24 (0.78,1.99) -0.6/0.297* 0.55 (0.31,0.98)
Law and Regulation -0.09/0.201 0.92 (0.62,1.36) 0.15/0.285 1.16 (0.66,2.02)
Commuting Time -0.22/0.194 0.8 (0.55,1.17) 0.02/0.27 1.02 (0.6,1.74)
*p = 0.05; **p = 0.01; ***p = 0.001; reference group (no job change): p = 0; residual deviance: 425.86

Coeff./SE: This represents the coefficient (Coeff.) and standard error (SE). The coefficient shows the strength and direction of the relationship between the 
independent variable and the dependent variable, while the standard error measures the precision of the coefficient estimate

RRR (95%CI): Relative Risk Ratio (RRR) with a 95% Confidence Interval (CI). The RRR indicates the likelihood of an outcome occurring in one group compared to a 
reference group. The 95% confidence interval provides a range within which the true RRR is likely to fall, with 95% certainty
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with high incomes who worked in pharmaceutical care 
or non-pharmaceutical-related work were less likely to 
switch jobs (p = 0.002 and p = 0.021, respectively) than 
those who worked in pharmaceutical sales (p = 0.018).

Discussion
There is an increasing number of undergraduate phar-
macy students in China, leading to a growing number 
of graduates within the pharmacy sectors [21, 22]. How-
ever, previous research has not fully addressed career 
status, job selection considerations, and job-change fre-
quency pharmacy majors [23, 24]. The findings from this 
cross-sectional study provide valuable insights into the 
career choices and mobility among Chinese pharmacy 
graduates.

The gender distribution among respondents shows 
a higher representation of females, consistent with the 
global trend of increasing female participation in the 
pharmacy profession [25, 26].

In terms of career choices, the data illustrate a prefer-
ence for employment in governmental institutions, par-
ticularly public hospitals and community health centers. 
This preference may be attributed to factors such as per-
ceived job security, opportunities for career advance-
ment, and the availability of resources for professional 
development [26]. Conversely, a smaller proportion of 
Chinese graduates opted for positions in domestic or 
overseas pharmacy enterprises, possibly reflecting varia-
tions in job characteristics, work environments, and 
career trajectories across different sectors. This contrasts 
with findings from other regions, such as in developed 
countries, where pharmaceutical enterprises and indus-
try roles are more commonly sought after due to higher 
pay and better opportunities for research and innovation 
[27, 28].

The distribution of respondents across occupations 
within the pharmacy profession further highlights the 
diversity of career paths pursued by pharmacy gradu-
ates. The majority of respondents were employed in 
pharmaceutical care, and they were less likely to change 
jobs compared to those in other sectors. Interestingly, 
a considerable number of respondents who were in 
pharmaceutical sales had a lot of changes in their jobs. 

Specifically, this group had a higher proportion of indi-
viduals who changed jobs multiple times, likely due to 
the impact of the centralized drug procurement and the 
emphasis on sales targets and performance-based roles 
[29].

Several factors were found to influence graduates’ 
career choices and job-changing behaviors. Income 
emerged as a significant determinant, with higher income 
levels associated with reduced job-changing frequency. 
This finding aligns with previous research highlighting 
the role of financial incentives in shaping career deci-
sions among healthcare professionals [30]. Additionally, 
personal growth emerged as a key motivator for gradu-
ates who had changed jobs multiple times, emphasizing 
the importance of opportunities for professional develop-
ment and career advancement in retaining talent within 
the pharmacy workforce. A study on pharmacists leaving 
the profession also identified professional stagnation and 
lack of growth opportunities as critical reasons for job 
dissatisfaction and turnover, echoing the importance of 
continuous development opportunities to retain talent 
[12].

The results also suggest potential implications for pol-
icy and practice aimed at enhancing career satisfaction 
and retention among pharmacy graduates. Strategies to 
promote supportive work environments, provide avenues 
for continuous learning and skill development, and offer 
competitive compensation packages may help reduce the 
likelihood of job turnover and foster long-term career 
engagement among pharmacy professionals. In line with 
the results of our study, another study reported that 
higher monthly income in Romania increased the likeli-
hood that a person was satisfied with his or her with job 
[11]. Almaghaslah and Alsayari found that the main fac-
tors that motivated medical representatives to join phar-
maceutical sales included receiving a high salary, and 
further career development [31].

One limitation of this study was the small sample size 
of 231. Although the sample consisted of graduates from 
different majors, enrollment periods, age groups, and 
genders, insufficient data on the number of job-change 
graduates made it difficult to generalize from the find-
ings, as the sample may not be representative of the 

Table 6  Job changes among high-income graduates in different occupations
Frequency of Job Changes 0 (%) 1 ~ 2 (%) >=3 (%) p value
Scientific Research and Teaching 9 (14.5%) 1 (1.6%) 2 (3.2%) 0.494
Pharmaceutical Care 34 (54.8%) 12 (19.4%) 3 (4.8%) 0.002**
Pharmaceutical Sales 1 (1.6%) 7 (11.3%) 8 (12.9%) 0.018*
Pharmaceutical Production 1 (1.6%) 3 (4.8%) 0 (0.0%) 0.090
Pharmaceutical Administration 1 (1.6%) 3 (4.8%) 1 (1.6%) 0.192
Other Pharmaceutical-Related Work 2 (3.2%) 2 (3.2%) 1 (1.6%) 0.324
Other Non-Pharmaceutical-Related Work 14 (22.6%) 7 (11.3%) 7 (11.3%) 0.021*
*p = 0.05; **p = 0.01; ***p = 0.001;
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general situation. A further limitation was that the cross-
sectional study designed limited data collection to a sin-
gle point in time, so changes over time were not assessed. 
Finally there were limited published articles nationally 
and internationally on the career choices and career 
mobility of pharmacy graduates, which made compari-
sons and conclusions challenging. The findings of this 
study might be generalizable only to other countries with 
similar social and cultural factors.

Conclusion
This study highlights significant variations in career 
choices and job mobility among Chinese pharmacy 
graduates, with distinct trends observed across differ-
ent occupational categories. Graduates working in gov-
ernmental institutions showed lower job mobility, while 
those in pharmacy enterprises and non-pharmaceutical 
sectors experienced higher job-change rates. Factors such 
as income, and personal growth played pivotal roles in 
influencing career decisions, with income being the most 
critical determinant. These findings provide valuable 
insights into the career trajectories of pharmacy profes-
sionals and underscore the need for targeted workforce 
strategies to address mobility and retention challenges in 
the pharmacy sector.
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