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Abstract

Major depression disorder is one of the most common psychiatric diseases. Recent evidence supports that environmental
stress affects gene expression and promotes the pathological process of depression through epigenetic mechanisms. Three
ten-eleven translocation (Tet) enzymes are epigenetic regulators of gene expression that promote 5-hydroxymethylcytosine
(5hmC) modification of genes. Here, we show that the loss of Tet2 can induce depression-like phenotypes in mice.
Paradoxically, using the paradigms of chronic stress, such as chronic mild stress and chronic social defeat stress, we found
that depressive behaviors were associated with increased Tet2 expression but decreased global 5hmC level in hippocampus.
We examined the genome-wide 5hmC profile in the hippocampus of Tet2 knockout mice and identified 651 dynamically
hydroxymethylated regions, some of which overlapped with known depression-associated loci. We further showed that
chronic stress could induce the abnormal nuclear translocation of Tet2 protein from cytosol. Through Tet2
immunoprecipitation and mass spectrum analyses, we identified a cellular trafficking protein, Abelson helper integration
site-1 (Ahi1), which could interact with Tet2 protein. Ahi1 knockout or knockdown caused the accumulation of Tet2 in
cytosol. The reduction of Ahi1 protein under chronic stress explained the abnormal Ahi1-dependent nuclear translocation
of Tet2. These findings together provide the evidence for a critical role of modulating Tet2 nuclear translocation in
regulating stress response.

Introduction
Major depression disorder (MDD) is one of the most common
psychiatric diseases. Depressive symptoms can persist for weeks
or a lifetime, and even if cured, there is a risk of recurrence
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throughout the lifespan (1). The pathogenesis of MDD remains
unclear and is considered to be related to biological, psychologi-
cal and social environment factors (2,3). Although many studies
have shown that genetic mutations in stress-related genes such
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as CRHR1, BDNF, NMDA and SNAP25 are associated with MDD
(4–7), genetic factors do not fully explain the mechanism of
depression (8). Recent evidence supports that environmental
stress affects gene expression and promotes the pathological
process of depression through epigenetic mechanisms (9–11).
Among epigenetic mechanisms, DNA methylation is the most
widely studied and is considered to be highly involved with the
mechanism of MDD (12,13). Alternatively, DNA demethylation
may also be associated with MDD, and several recent studies
support this notion (14–16). As a mechanism of demethyla-
tion, 5-hydroxymethylcytosine (5hmC) is found to be oxidized
from 5-methylcytosine (5mC) by ten-eleven translocation (Tet)
enzymes Tet1/2/3 (17,18). A decrease in global 5hmC has been
found in peripheral leukocytes of patients with MDD compared
with healthy controls (16). Recent evidence also suggests that
5hmC is implicated in the molecular mechanisms of drugs with
antidepressant-like effects (19,20). Therefore, Tet enzymes could
be genetic modifiers responsible for the different phenotypes
of MDD.

Adult mice with loss of Tet1 in nucleus accumbens (NAc)
neurons exhibit resistance to chronic social defeat stress (CSDS),
and a selective reduction of Tet1 expression in the NAc was
observed in CSDS-susceptible mice, but not in CSDS-resistant
mice (21). Neuronal regulatory genes such as Npas4, c-Fos, Arc,
Egr2 and Egr4, which play important roles in mediating synaptic
plasticity and cognition, were significantly downregulated in the
hippocampus of Tet1 KO mice (22). It has been shown that Tet3
homozygous deletion leads to abnormal demethylation of the
paternal Oct4 and Nanog genes, which ultimately reduces fetal
survival (23). Increased anxiety-like behavior and impaired hip-
pocampal spatial orientation were observed in neuronal Tet3-
deficient mice (24). Our previous study showed that Tet1/HIF1a-
mediated gene 5hmC modification was involved in the response
to environmental stress (25). These studies suggest that Tet1 and
Tet3 play different roles in various psychiatric disorders, despite
their similar enzymatic actions.

Here we show that the loss of Tet2 can induce depression-like
phenotypes in mice. Using the paradigm of chronic stress, we
found that depressive behaviors were associated with increased
Tet2 expression but decreased global 5hmC levels in hippocam-
pus. We further found that chronic stress could induce the
abnormal nuclear translocation of Tet2 protein from the cytosol.
We identified a cellular trafficking protein, Abelson helper inte-
gration site-1 (Ahi1), which could interact with Tet2 protein
and modulate the nuclear translocation of Tet2. Our analyses
demonstrate that Ahi1-mediated nuclear translocation of Tet2
plays a critical role in regulating stress response.

Results
Tet2 deficiency in mice causes depression-like
phenotypes

To investigate the important role of Tet2 in the central nervous
system, we generated Tet2 conditional knockout (CKO) mice by
crossing loxP-flanked Tet2 mice with Nestin-Cre mice (Fig. 1A).
Tet2 protein levels were significantly decreased in the brain as
shown in Figure 1B (P < 0.05), but normal distribution of Tet2
was seen in the heart, liver, spleen, lung, kidney and muscle
(Supplementary Material, Fig. S1A). The forced swim test (FST),
tail suspension test (TST) and novelty-suppressed feeding test
(NSFT) are classical methods to evaluate depressive-like behav-
iors (26). Tet2 CKO mice displayed depression-like behaviors
including increased immobility time in the FST (P < 0.05, Fig. 1C)

and TST (P < 0.05, Fig. 1D), and increased latency to feed in the
NSFT (P < 0.05, Fig. 1E).

To further confirm the role of Tet2 in the depression-like
behaviors that we observed, we stereotactically injected adeno-
associated virus (AAV) carrying Cre to specifically knockdown
Tet2 in the hippocampus of homozygous loxP-flanked Tet2
mice (Fig. 1F). At 21 days after injection, immobility time in
FST (Fig. 1G) and TST (Fig. 1H) markedly increased in AAV-
Cre–treated mice compared with control virus-treated mice.
EGFP signal was observed in the hippocampus of both virus-
treated mice (Supplementary Material, Fig. S1B). In addition, we
treated CreERT2 Tet2fl/fl mice for 5 days with tamoxifen to delete
Tet2 (Fig. 1I). At seven days after the last injection, tamoxifen-
treated mice had an increased immobility time in FST and TST
compared with the sham group (Fig. 1J and K). Therefore, the
loss of Tet2 could lead to depression-like behaviors.

Tet2 protein increases in hippocampus upon stress
exposure

Because Tet2 deficiency caused depression-like behaviors, we
investigated whether Tet2 protein levels were altered in stress-
induced depressive mice. After chronic mild stress (CMS), immo-
bility time in FST (P < 0.01, Fig. 2A) and TST (P < 0.01, Fig. 2B)
was significantly increased in stressed mice; consumed sucrose
water was also reduced in stressed mice (P < 0.01, Fig. 2C). At the
same time, Tet2 mRNA levels were markedly increased in the
hippocampus of stressed mice (P < 0.01, Fig. 2D). Tet2 protein
levels were also significantly elevated in the hippocampus of
stressed mice compared with control mice (P < 0.05, Fig. 2E).
Surprisingly, in contrast to the increase in Tet2 levels, global
5hmC levels in the hippocampus of stressed mice were signif-
icantly decreased (P < 0.05, Fig. 2F and G). Further, we exam-
ined Tet2 and 5hmC levels in CSDS-treated mice and obtained
similar results (Supplementary Material, Fig. S2). These findings
together demonstrate that environmental stress can increase
the expression of Tet2 but decrease the overall abundance of
5hmC.

The loss of Tet2 alters the 5hmC landscape

Since the loss of Tet2 can cause a global decrease of 5hmC, we
further examined genome-wide 5hmC profiles in the hippocam-
pus of Tet2 CKO mice by using a previously established 5hmC
capture method, combined with high-throughput sequencing
(25). Genomic annotation of DhMRs revealed that Tet2 CKO-
induced DhMRs had about 62% (Fig. 3A and Supplementary
Material, Table S1) of the regions associated with intragenic
regions. Furthermore, Tet2 CKO-induced DhMRs showed the
highest enrichment at exons compared with expected values
(Fig. 3A). More bins had low 5hmC reads in Tet2 CKO mice
compared with those from WT mice (Fig. 3B). The Tet2 CKO
versus WT group had a total of 651 DhMRs and mapped to 461
unique human genes. We obtained the genes associated with
depression (27), and overlapped the disease-related genes with
our identified genes. There were 31 overlapping regions between
Tet2 CKO-induced DhMR-associated genes and depression-
associated genes (Fig. 3C). The KEGG pathway analysis showed
that the Tet2 CKO-induced DhMRs were significantly enriched
in pathways in glutamatergic synapse (28), oxytocin signaling
pathway (29) and circadian entrainment (30) (Fig. 3D), which
have been reported to be associated with depression. Mean-
while, Gene Ontology (GO) analysis showed that the Tet2
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Figure 1. The loss of Tet2 in mice results in severe depression-like behavior. (A) pNestin-Cre-Tet2 f/+ mice were crossed with Tet2 f/f mice to obtain Tet2 CKO mice. (B)

Representative western blots of Tet2 in hippocampus of WT and Tet2 CKO mice, N = 4, two-tailed Student’s t test, ∗P < 0.05, t = 3.515, df = 6, vs WT group. The data

of WT group is represented by dots and Tet2 CKO group is represented by squares. (C) Forced swimming test (FST) occurred with Tet2 CKO and their littermate control

mice, N = 15, 17, two-tailed Student’s t test, ∗P < 0.05, t = 2.4, df = 30, vs WT group. The data of WT group is represented by dots and Tet2 CKO group is represented

by squares. (D) Tail-suspension test (TST) occurred with Tet2 CKO and their littermate control mice, N = 15, 16, two-tailed Student’s t test, ∗P < 0.05, t = 2.341, df = 29,

vs WT group. The data of WT group is represented by dots and Tet2 CKO group is represented by squares. (E) Novelty-suppressed feeding test (NSFT) occurred with

Tet2 CKO and their littermate control mice, N = 11, 10, two-tailed Student’s t test, ∗∗∗P < 0.001, t = 5.296, df = 19, vs WT group. The data of WT group is represented by

dots and Tet2 CKO group is represented by squares. (F) Timeline of experimental procedure in the AAV-Cre-induced hippocampal Tet2 KO mouse. (G) FST and (H) TST

occurred with Tet2 floxp/floxp –AAV-eGFP and Tet2 floxp/floxp –AAV-Cre-eGFP mice. AAV-eGFP, adenovirus serotype 5 expressing enhanced green fluorescent protein;

AAV-Cre-eGFP, adenovirus serotype 5 Cre. N = 14, 18, two-tailed Student’s t test, ∗∗P < 0.01, t = 3.216, df = 30, ∗∗∗P < 0.001, t = 3.738, df = 30, vs AAV-eGFP group. The

data of AAV-eGFP group is represented by dots and AAV-Cre-eGFP group is represented by squares. (I) Timeline of experimental procedure in the tamoxifen-induced

Tet2 KO mouse. (J) FST and (K) TST occurred with Tet2 floxp/floxp –sham and Tet2 floxp/floxp –tamoxifen mice. N = 10, 8, two-tailed Student’s t test, ∗∗P < 0.01, t = 2.931,

df = 16, ∗∗P < 0.01, t = 2.973, df = 16, vs Tet2 floxp/floxp –sham group. The data of Sham group is represented by dots and Tamoxifen group is represented by squares.

Data are expressed as mean ± S.E.M.
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Figure 2. Tet2 expression changes inversely to 5hmC abundance in hippocampus of chronic mild stress (CMS) models. (A–C) Behavioral tests were performed after

experimental procedure. (A) FST, N = 14, 12, two-tailed Student’s t test, ∗∗P < 0.01, t = 12.96, df = 24; (B) TST, N = 14, 12, two-tailed Student’s t test, ∗∗P < 0.01, t = 19.27, df

= 24; (C) 1% sucrose preference test (SPT), N = 14, 12, two-tailed Student’s t test, ∗∗P < 0.01, t = 7.059, df = 24. (D) Levels of Tet2 mRNA were increased in the hippocampus

of CMS mice. N = 4, two-tailed Student’s t test, ∗∗P < 0.01, t = 4.322, df = 6. (E) Levels of Tet2 protein were increased in the hippocampus of CMS mice. N = 3, two-tailed

Student’s t test, ∗∗∗P < 0.001, t = 16.77, df = 4. (F) Global 5hmC levels from genomic DNA extracted from hippocampus of CMS mice were quantified by 5hmC ELISA.

N=4, two-tailed Student’s t test, ∗P < 0.05, t = 2.581, df = 6. (G) Global 5hmC levels from genomic DNA extracted from hippocampus of CMS mice were quantified by

5hmC dot blot. N = 3, two-tailed Student’s t test, ∗P < 0.05, t = 3.2, df = 4. Data are expressed as mean ± S.E.M., vs control group.

CKO-induced DhMRs were mainly enriched in genes related to
regeneration, synapse organization and postsynaptic density
assembly (Fig. 3E). In concordance with these 5hmC-seq
results, a reduction of postsynaptic density protein 95 (PSD95)
was observed in the dorsal hippocampus by immunofluo-
rescence (Supplementary Material, Fig. S1C). In addition, we

detected two synapse-associated proteins, neurofilament pro-
tein 200 (NF200) and microtubule-associated protein 2 (MAP2).
Immunofluorescence staining showed that both NF200 and
MAP2 in the hippocampus of Tet2 CKO mice were significantly
lower than that of control mice (Supplementary Material, Fig.
S1D and E).

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab179#supplementary-data
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Figure 3. The loss of Tet2 leads to dynamic change of 5hmC in hippocampus. (A) Genomic annotation of Tet2 CKO–induced DhMRs to demonstrate their percentage of

each genomic region and enrichment versus expected values. (B) A volcano plot of Tet2 CKO-induced DhMRs. (C) A Venn diagram shows 31 overlapping regions between

Tet2 CKO-induced DhMRs and depression-associated genes. (D) KEGG analysis on pathways with Tet2 CKO-induced DhMRs. (E) GO analysis on biological process with

Tet2 CKO-induced DhMRs.

Tet2 nuclear translocation is reduced upon stress
exposure

Under physiological conditions, Tet2 is predominantly local-
ized in the nucleus to maintain its catalytic and non-catalytic
functions (31). Therefore, we examined if the cellular distribu-
tion of Tet2 under chronic stress conditions could explain the

global decrease of genomic 5hmC. Immunofluorescent staining
showed Tet2 mainly distributed in the nuclear area; however,
under chronic stress, nuclear Tet2 was significantly reduced
and diffuse Tet2 was found in the cytosol (Fig. 4A). Quantitative
analysis of Tet2 immunofluorescence intensity also showed the
marked decrease of nuclear Tet2 in the hippocampus of stressed
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Figure 4. Increased Tet2 in the cytoplasm of the hippocampus of CMS mice. (A) Control and CMS brains stained for Tet2 (red) and DAPI (blue) reveal Tet2 mislocalization

into the cytoplasm in CA1, Scale bar, 100 μm (left), 20 μm (right). (B) Quantification of nuclear and cytoplasmic Tet2 protein intensity in CA1. The data of Con group is

represented by dots and CMS group is represented by squares. N = 5, two-tailed Student’s t test, ∗∗P < 0.01, t = 9.514, df = 8, vs control-Cytoplasm group, ##P < 0.01, t

= 4.239, df = 8, vs control-Nucleus group. (C, D) Separation of the nuclear and cytoplasmic fractions confirms Tet2 accumulation in the cytoplasm of hippocampus of

CMS mice. Tubulin and CREB served as cytoplasmic and nuclear markers, respectively. The data of Con group is represented by dots and CMS group is represented by

squares. N = 3, two-tailed Student’s t test, ∗P < 0.05, t = 3.871, df = 4, vs control-Cytoplasm group, ##P < 0.01, t = 6.02, df = 4, vs control-Nucleus group. Data represent

the mean ± S.E.M.

mice (P < 0.01, Fig. 4B). Furthermore, differences in Tet2 protein
levels in the cytoplasmic and nuclear fractions were detected
by western blot analysis. Consistent with the Tet2 immunos-
taining, Tet2 protein was significantly increased in the cytoplas-
mic fraction and decreased in the nuclear fraction (P < 0.01,
0.001, Fig. 4C and D). These findings suggest that environmental
stress can increase total Tet2 protein level, although the nuclear
translocation of Tet2 protein from the cytosol is reduced.

Ahi1 protein interacts with TET2 and facilitates Tet2
nuclear translocation

In order to explore how Tet2 protein translocation from the
cytoplasm to the nucleus was diminished, we transfected
293T cells with a Tet2 overexpression plasmid and performed
immunoprecipitation followed by mass spectrometry using
a Tet2 antibody to identify Tet2-interacting proteins. Tet2-
interacting proteins were analyzed and were grouped according
to the functions as shown in Figure 5A. Gene Ontology analysis
indicated that the functions of Tet2-interacting proteins

included nuclear transportation, protein folding and vesicle-
mediated transport (Fig. 5A and Supplementary Material, Table
S2). Interestingly, among the Tet2-interacting proteins, Ahi1 was
a protein that was related to protein nuclear transportation.
Considering its cellular trafficking functions (32) and that
it is a depression-related protein (33), we hypothesized that
Ahi1 was a candidate that could potentially facilitate the
translocation of Tet2 from the cytoplasm to the nucleus.
Therefore, we further examined the Ahi1-Tet2 interaction
and confirmed the in vivo association between Tet2 and Ahi1
(Supplementary Material, Fig. S3A). Moreover, the colocalization
of Ahi1 and Tet2 near the nucleus was confirmed by immunoflu-
orescence staining (Supplementary Material, Fig. S3B).

To investigate the function of Ahi1 on nuclear transloca-
tion of Tet2, we cotransfected FLAG-tagged Tet2 plasmid and
Ahi1 siRNA plasmid or negative control plasmid in hippocam-
pal HT22 cells. Our immunofluorescence staining showed that
Ahi1 knockdown by siRNA increased the cytoplasmic distribu-
tion of Tet2 (Fig. 5B). Also, western blot results revealed that
Ahi1 knockdown reduced Tet2 protein in the nuclear fraction (P
< 0.01, Supplementary Material, Fig. S3C). NLS-containing cargo

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab179#supplementary-data
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Figure 5. Ahi1 deficiency alters Tet2 nuclear accumulation. (A) Network diagram of Tet2 interacting proteins obtained by GO term analysis. GO analysis for identified

proteins reveals a strong enrichment for GO terms associated with nuclear transport. (B) HT22 cells were cultured for 48h after transfection with Tet2-flag plasmid

and negative control si-RNA (NC) or si-Ahi1, and stained for flag (green) and DAPI (blue), revealing Tet2 mislocalization into the cytoplasm in HT22 cells. The data

of NC group is represented by dots and si-Ahi1 group is represented by squares. N = 5, two-tailed Student’s t test, ∗∗P < 0.01, t = 16.43, df = 8, vs Het-Cytoplasm

group, ##P < 0.01, t = 11.98, df = 8, vs Het-Nucleus group. Scale bar, 50 μm (left), 20 μm (right). (C) Transient transfection of 293T cells with Ahi1 nuclear localization

sequence knockout (Ahi1�NLS) plasmid and Tet2-flag plasmid. Separation of the nuclear and cytoplasmic fractions confirms Tet2-flag accumulation in the cytoplasm

of Ahi1�NLS-transfected cells. Tubulin and CREB served as cytoplasmic and nuclear markers, respectively. (D) Separation of the nuclear and cytoplasmic fractions

confirms Tet2-flag accumulation in the cytoplasm of hippocampus of Ahi1 knockout mice. Tubulin and CREB served as cytoplasmic and nuclear markers, respectively.

The data of Het group is represented by dots and Ahi1-/- group is represented by squares. N = 3, two-tailed Student’s t test, ∗P < 0.05, t = 3.177, df = 4, vs Het-Cytoplasm

group, #P < 0.05, t = 3.286, df = 4, vs Het-Nucleus group. Data are expressed as mean ± S.E.M.

molecules can be recognized and transported into the nucleus
by the proteins importin-β and importin-α (34). Thus, we used
the pharmacologic importin-β inhibitor, Importazole, to inhibit

the nuclear import of any protein bearing a classical NLS signal
(35). As shown in Supplementary Material, Figure S4, inhibition
by Importazole of the nuclear import of Tet2 protein proves that
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the nuclear transport of Tet2 protein requires the assistance of
an NLS-containing protein and importin-β. Because the nuclear
localization signal (NLS) is essential for the nuclear transport
of proteins, an Ahi1 plasmid without an NLS (Ahi1-�NLS) was
transfected into cells. In the absence of the Ahi NLS, Tet2 pro-
tein accumulated in the cytoplasm but not in the nucleus (P <

0.01, Fig. 5C), indicating the critical role of Ahi1 on Tet2 nuclear
translocation. Consistent with our in vitro findings, Ahi1 knock-
out (Ahi1-/-) resulted in increased Tet2 levels in cytoplasm but
not in the nucleus (Fig. 5D), further supporting our theory that
Ahi1 facilitates the nuclear translocation of Tet2. Consistent with
the results of our published article (36), our western blot results
showed a significant reduction in Ahi1 protein under stress
(Supplementary Material, Fig. S3D).

Discussion
Epigenetic mechanisms are reported to have a direct role
in the development of persistent depressive behaviors and
related psychopathology in patients and are considered as
significant factors in the induction of acute and chronic stress
exposure (37,38). Recent studies of several neuropsychiatric
conditions have focused on 5hmC regulation as the likely
trigger of depressive episodes (39,40). Tet enzymes oxidize
5mC into 5hmC, which is enriched in certain brain regions
(41) and mediates the response to environmental stress (25).
Our present data have demonstrated that Cre-mediated Tet2
knockout or Tet2 knockdown specifically in the hippocampus
can induce depression-like behaviors. To further confirm
that these depression-like phenotypes were caused by Tet2
deficiency, not Tet2 KO-mediated developmental defects, we
intraperitoneally injected tamoxifen in CreERT2 Tet2fl/fl mice,
thereby obtaining Tet2 conditional knockout mice after the mice
were born. Our findings together clearly demonstrated that
Tet2 is a key epigenetic player that mediates depression-like
behaviors in mice.

Intriguingly, overall Tet2 protein levels were significantly
increased in the mice that were exposed to stress, while the
levels of DNA 5hmC were markedly decreased. We further
analyzed the genome-wide distribution of 5hmC using a
previously established 5hmC capture method, combined with
high-throughput sequencing (25). By investigating the DhMRs,
we found that Tet2 CKO resulted in significant loss of 5hmC in
many regions, consistent with the global reduction of 5hmC.
These results are further supported by a study indicating that
5hmC in leukocyte DNA is significantly reduced in patients
with MDD (16). A total of 651 DhMRs induced by Tet2 CKO
were identified. After removing empty names and duplicated
names, they mapped to 461 unique human genes, 31 of which
were associated with depression. KEGG analysis showed that
overlapping pathways between Tet2 CKO-induced DhMRs are
also strongly enriched in synaptic function. In our additional GO
analysis, genes with 5hmC changes caused by Tet2 deletion were
significantly involved in synaptic function and axon guidance,
which is associated with depression. Tet enzymes and 5hmC
were reported to mediate dynamic DNA hydroxymethylation in
the hippocampus where they impact neurogenesis and synaptic
plasticity (42–44). Our results extend these findings by revealing
a previously unappreciated role for Tet2-regulated synaptic
function in depression.

Larger proteins often require the carrier protein importins
and cargo proteins containing NLS for active transport into
the nucleus (45). Increasing evidence supports that transport
proteins are intimately involved in neuropsychiatric conditions.

For example, variation or elevation of FK506-binding protein 5
(FKBP5), a gene associated with the cytoplasmic/nuclear distri-
bution of GR (46), is thought to contribute to major depression
(47); KPNA3 (also known as importin alpha-4, a critical protein
related to protein nuclear translocation) has been linked to
schizophrenia, major depression and alcohol dependence (48).
Because Tet2-mediated DNA hydroxymethylation modification
occurs in the nucleus, the nuclear localization of Tet2 protein
from the cytosol after its translation is essential to its func-
tion. In this study, we found an abnormal cellular distribution
of Tet2 in depressed mice, which explains the two seemingly
contradictory phenomena of increased Tet2 in the hippocam-
pus of depressed mice and depression-like behaviors in Tet2
CKO mice. Interestingly, Ahi1, a trafficking protein (32,33), was
found to be a Tet2-interacting protein using mass spectrometry
and immunoprecipitation. In addition, Ahi1 knockout or knock-
down inhibited the translocation of Tet2 from the cytosol to
the nucleus, suggesting that the abnormal intracellular local-
ization of Tet2 enzymes by Ahi1 was related to the depression-
like behaviors. Our results provide support for the theory that
the modulation of Tet2 nuclear translocation could be a highly
promising therapeutic target for depression-like behaviors and
stress-related diseases. Because there is some debate about the
behavioral tests used for their translatability to depression in
humans (49,50), these factors should be taken into account for
translation into human depression.

In summary, this study has uncovered Ahi1-dependent
nuclear translocation of the Tet2 protein in response to
stress exposure. Our results highlight the importance of Tet2-
dependent 5hmC modifications of DNA in stress-induced
depression, which is implicated in various pathways, especially
those related to synaptic function. Further understanding the
molecular mechanism governing the interaction between Tet2
and the nuclear transport machinery, as well as the role of
Ahi1-Tet2 pathways in stress-induced behaviors, is warranted.

Materials and Methods
Animals

All animal procedures were approved by the Institutional Animal
Care and Use Committee of Soochow University. In this project,
C57BL/6 WT (25.0–30.0 g, 6–8 weeks old) mice were purchased
from Shanghai Research Center for Model Organisms. CD1 (ICR)
mice (stock number 201, CD-1® (ICR) IGS) were purchased from
Charles River.

Tet2flox/flox line was obtained from the Jackson Laboratory
(stock number 017573, B6; 129S4-Tet2tm1.1Iaai/J). These floxed
mutant mice possess loxP sites flanking exon 3 of the Tet2 gene.
This strain can be used for the conditional knockout of Tet2
for studying hematopoietic stem cell self-renewal and myeloid
transformation. Nestin-Cre mice were obtained from the Jackson
Laboratory (stock number 003771, B6. Cg-Tg (Nes-cre) 1Kln/J).
The Nestin promotor-driven Cre recombinase is expressed in
the central and peripheral nervous system.

Ubc-creERT2 mice (stock number 007179, B6.Cg-Tg (UBC-
cre/ERT2) 1Ejb, described as CreERT2 herein) were also obtained
from the Jackson Laboratory (stock number 008085, B6.Cg-
Tg (UBC-cre/ERT2)1Ejb/J). CreERT2 Tet2fl/fl mice were obtained
by crossing two generations of CreERT2 and Tet2 flox/flox mice.
Intraperitoneal injection of tamoxifen (Sigma Aldrich, 10540-29-
1) was carried out for inducing Cre-driver lines. Tamoxifen was
dissolved in corn oil at a concentration of 20 mg/ml by shaking
overnight at 37◦C. Injection dose was determined by weight,
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using approximately 75 mg tamoxifen/kg body weight. For adult
mice, a standard dose of 100μl tamoxifen/corn oil solution
(above) is effective for inducing recombination. Tamoxifen was
administered via intraperitoneal injection (using an ACUC-
approved injection procedure) once a day for 5 consecutive days.
There is a 7-day waiting period between the final injection and
necropsy/histological analysis.

Stereotactic injection of AAV-eGFP and AAV-Cre-eGFP

Mice were given an analgesic via IP injection (ketoprofen, 5
mg/kg), and artificial tears were placed on the eyes of the mouse
to prevent drying. We ensured that mice were fully asleep by
pinching their foot. If the mouse responded to the foot pinch,
more anesthetic was given (in doses of 50 μl). The mouse was
then placed onto the stereotactic apparatus and microinjected
bilaterally with AAV. The microinjection coordinates were 2.06
mm behind the bregma and ± 1.5 mm lateral from the sagittal
midline at a depth of 2 mm from skull surface. Behavioral
tests were conducted three weeks after AAV microinjection of
the mice.

Chronic mild stress

Mice were exposed to various, randomly scheduled, low-
intensity social and environmental stressors 2–3 times a day for 8
weeks. The stressors included the following: (1) food deprivation
for 24 h (2), water deprivation for 24 h (3), overnight illumination
(4), absence of sawdust in cage for 24 h (5), moistened sawdust
with water for 24 h (6), forced swimming at 6◦C for 5 min (7), tail
pinch (1 cm from the tip of the tail) (8), physical restraint for 2 h
and (9) 45◦ cage-tilt along the vertical axis for 3 h.

Chronic social defeat stress

C57BL/6 WT mice were randomly allocated to two groups: CSDS
group and control group. As shown in Supplementary Material,
Figure S2A, CSDS and CD1 were housed in a cage that was
divided in half by a clear perforated Plexiglas partition that phys-
ically separated the mice following 5–10 min defeat sessions.
The social defeat was repeated once a day for 10 consecutive
days. Control mice were placed in a novel cage for 15 min over
10 consecutive days, and their cages were also equipped with a
clear perforated Plexiglas partition.

Behavioral tests

Tail suspension test (TST)

Each mouse is suspended by its tail within its own three-walled
rectangular compartment (55 height × 15 width × 11.5 cm
depth). During this time, the animal will try to escape and reach
for the ground. The time it takes until it remains immobile is
measured. Immobility times were determined for 6 min.

Forced swim test (FST)

Each animal is placed in a glass cylindrical container filled with
water (maintained at 24 ± 1◦C) at a depth of 20 cm. Water is
changed between mice. Immobility scores were determined for
the entire 6 min of the test.

Sucrose preference test (SPT)

SPT was performed according to a previous report (51). Prior to
beginning testing, mice are habituated to the presence of two
drinking bottles (one containing 1% sucrose and the other water)

for 3 days in their home cage, and the positions of two bottles
are switched daily to reduce any confounding produced by a side
bias. Following this acclimation, mice have free choice to either
drink 2% sucrose solution or plain water. Water and sucrose
solution intake are measured after 24 h. Sucrose preference is
calculated as a percentage of the volume of sucrose intake over
the total volume of fluid intake.

Novelty-suppressed feeding test (NSFT)

NSFT was carried out in an open field measuring 40 × 40 cm.
Mice fasted 24 h before the test. The test was begun by placing
a single pellet of food on a white paper platform at the center
of the box. A mouse was placed in a corner of the maze, and a
stopwatch was used for timing. The timer was stopped when the
mouse obtained the food using its forepaws and started eating.

Cell lines and cell culture

All cell lines were seeded into culture dishes (10 cm in diameter)
and cultivated at 37◦C. HT22 and HEK293T (KeyGEN BioTECH,
cat# KG405) were cultivated in Dulbecco’s modified eagle’s
medium (DMEM, Gibco, cat# 12100046), 10% fetal bovine serum
(FBS), 1% penicillin/streptomycin (SHYUANYE, cat# R200166),
37◦C and 5% CO2.

RNA isolation and qRT-PCR

RNA isolation was carried out with RNeasy Plus Mini kit accord-
ing to the manufacturer’s manual. qRT-PCR was performed by
using the 7500 real-time PCR machine (Applied Biosystems,
USA), as recently described (52). We designed one gene-specific
sense primer at the end of the coding sequence of each gene
(Supplementary Material, Table S1).

Immunofluorescence

Brain tissue sections were washed three times in PBS and then
blocked in PBS containing 5% fetal bovine serum and 0.1% Triton
– X 100 for 1 h at room temperature. Primary antibodies were
prepared in the same blocking solution and incubated for 24 h
at 4◦C. The primary antibodies are as follows: Rabbit anti-Tet2
(1: 800, ab124297, Abcam), Goat anti-PSD95 (1: 1000, ab12093,
Abcam) and Mouse anti-Ahi1 (1: 500, ab151193, Abcam). After
24 h, the slices were washed 5 times in PBS and then incu-
bated for 1 h at room temperature in Alexa Fluor fluorescent
secondary antibody (1:1000 dilution, Life Technologies) prepared
in blocking solution. Finally, sections were washed 3 times in
PBS, mounted on gelatin-coated slides, and coverslipped with
Vectashield mounting media containing DAPI (MBD0015, Sigma
Aldrich). Fluorescent images were captured using a (AXIO SCOPE
A1, ZEISS) slide-scanning microscope.

Genomic DNA preparation

Mouse hippocampus was dissected from the brain. Genomic
DNA was treated with 500 μl of digestion buffer (100 mM
Tris-HCl, pH 8.5, 5 mM EDTA, 0.2% SDS, 200 mM NaCl) and
Proteinase K (Sangon Biotech, cat# A600451) at 55◦C overnight.
The second day, samples were placed at 85◦C for 45 min.
When the sample returned to room temperature, 500 μl of
Phenol:Chloroform:Isoamyl Alcohol (25:24:1 Saturated with
10 mM Tris, pH 8.0, 1 mM EDTA) (Sigma-Aldrich, cat# P-3803)
was added to samples, mixed completely and centrifuged for
10 min at 14 000 rcf. The aqueous layer solution was then
transferred into a new Eppendorf tube and precipitated with
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500 μl isopropanol. The pellet was washed three times with 75%
ethanol, air-dried and eluted with 20 μl Nuclease-Free Water
(Ambion, cat# AM9930).

Dot Blot

A grid was drawn by pencil onto nitrocellulose membrane
(Thermo Fisher, cat# LC2001) to indicate regions. Using a
narrow-mouth pipette tip, 2 μl of samples were spotted onto
the nitrocellulose membrane at the center of the grid. The
membrane was dried at room temperature (RT). Non-specific
sites were blocked by soaking the membrane in 5% BSA in TBS-T
(20 mM Tris-HCl, 150 mM NaCl, pH 7.5, 0.05% Tween20) for 0.5 h
at RT. Rabbit antibody to 5hmC (1:10 000, cat# 39769, Active Motif)
was used as the primary antibody and was incubated overnight
at 4◦C. Horseradish peroxidase–conjugated antibody to rabbit
(1:5 000, #A-0545, Sigma) was used as a secondary antibody and
incubated for 1 h at RT. The membrane was then washed three
times with TBS-T (15 min × 1, 5 min × 2) and once with TBS
(5 min). Next, the membrane was incubated with ECL reagent
(Sangon Biotech, cat# c510043-0100) for 1 min, covered with
Saran-wrap (excessive solution was removed from the surface)
and exposed to X-ray film in the dark room.

Immunoprecipitation (IP) and western blot analysis

On ice in a microcentrifuge tube, the recommended amount of
antibody was added to 10–50 μg of tissue lysate, and the samples
were incubated with the antibody for 12 h at 4◦C, under gentle
agitation or rotation. Tet2 antibody was conjugated with protein
G-coupled Sepharose beads. One milliliters of PBS 0.1% BSA was
added and mixed for 1 h using an Eppendorf rotator. The sample
was then rinsed twice with PBS. The supernatant was removed
and 400 μl of buffer made with protease inhibitors was added.
The slurry was then mixed well and 70–100 μl of the beads was
added to each sample. The lysate bead mixture was incubated
at 4◦C under rotary agitation for 4 h. The tubes were then
centrifuged, and the supernatant was removed from the beads
and discarded, with the protein of interest specifically bound to
the antibody coating the beads. The beads were washed with
washing buffer or lysis buffer three times to remove any non-
specific binding. For each wash, the beads were mixed gently
with wash buffer and centrifuged at 4◦C and the supernatant
was discarded. As much wash buffer as possible was carefully
removed from the beads. The immunoprecipitates were eluted
with 2× Laemmli Sample Buffer (Bio-Rad), boiled at 95◦C for 10
min, and western blot assays were carried out.

Mass spectrometry

Potential Tet2-interacting proteins obtained by immunoprecipi-
tation were used for gel electrophoresis, and then the gel bands
were used for In-Gel Digestion of Proteins (53). As described in
a previous study (54), the lyophilized proteins obtained in the
In-Gel Digestion of Proteins step were performed for protein
separation by liquid chromatography. Then the isolated proteins
were identified by mass spectrometry. The mass spectrometry
acquisition parameters are as follows: Spray voltage: 2200 v; Cap-
illary Temperature: 350◦C; Ion Source: NSI Full MS: Resolution:
120 000 FWHM; Full Scan AGC target: 2.0e5; Full Scan Max.IT:
50 ms; Scan range: 250-1450 m/z; dd-MS2: Resolution: 30 000
FWHM; AGC target: 5.0e4; Maximum IT: 50 ms; NCE: 30%. Mass
spectrometry data analysis was performed by the publicly avail-
able Mascot server. We statistically evaluated the match between

the observed and predicted peptides and obtained a peptide
score, with higher scores indicating a better match between pep-
tide secondary profiles. According to the principle of Parsimony
algorithm (55), the protein is inferred from the correspondence
between the amino acid sequences of the peptide and the pro-
tein. Protein scores are obtained by weighting the scores of the
peptides that make up the protein, with higher protein scores
indicating higher confidence.

5hmC-specific chemical labeling, affinity purification
and sequencing

5hmC enrichment was performed as previously described (25).
Following the Illumina protocol for ‘Preparing Samples for
ChIP Sequencing of DNA’ (Part# 111257047 Rev. A), 20 ng of
input genomic DNA or 5hmC-captured DNA were used for DNA
libraries preparation. Illumina Hi-seq 2000 machines were used
for running sequencing libraries.

Sequence alignment, binning and peak identification

The raw fastq files generated from the high-throughput
sequencing machine were aligned to the mouse genome (mm9)
using Bowtie2 (version 2.2.6). Non-duplicated reads with unique
alignment were retained for downstream analyses (56). High-
throughput sequencing resulted in a range from 19 to 31 million
non-duplicated reads. The whole mouse genome (mm9) was
cut into 500 bp bins, and all bins with genomic features and
nearby gene were annotated by Homer (57). For each sample,
the mapped read counts in all bins were counted. The DhMR
detection was performed by comparing the bin-level read counts
between cases and controls using DESeq2 (58), which models the
count data using negative binomial models. After accounting
for multiple testing, the bins with an adjusted P-value smaller
than 0.20 was deemed as DhMRs. Gene Ontology and pathway
enrichment analysis was performed with EnrichR (59). All data
analysis was performed in R 3.6.2 unless otherwise mentioned.

Data analysis

Prism 7.0 (GraphPad Software) was used for data analyses.
Datasets were analyzed for significance using either unpaired
Student’s two-tailed t tests or ANOVA with multiple comparison
post hoc tests; all data are presented as mean ± SEM. Samples and
animal groups with P-value < 0.05 were considered statistically
significant.

Supplementary Material
Supplementary Material is available at HMG online.

Data and Code Availability
We have deposited the high-throughput sequencing data into
the Gene Expression Omnibus (GEO) at https://www.ncbi.nlm.ni
h.gov/geo/. The accession number is GSE167344.
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