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Smad5 acts as an intracellular pH messenger and
maintains bioenergetic homeostasis
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Both environmental cues and intracellular bioenergetic states profoundly affect intracellular pH (pHi). How a
cell responds to pHi changes to maintain bioenergetic homeostasis remains elusive. Here we show that SmadS5, a
well-characterized downstream component of bone morphogenetic protein (BMP) signaling responds to pHi changes.
Cold, basic or hypertonic conditions increase pHi, which in turn dissociates protons from the charged amino acid
clusters within the MH1 domain of Smad5, prompting its relocation from the nucleus to the cytoplasm. On the other
hand, heat, acidic or hypotonic conditions decrease pHi, blocking the nuclear export of Smad5, and thus causing
its nuclear accumulation. Active nucleocytoplasmic shuttling of SmadS induced by environmental changes and pHi
fluctuation is independent of BMP signaling, carboxyl terminus phosphorylation and Smad4. In addition, ablation
of SmadS causes chronic and irreversible dysregulation of cellular bioenergetic homeostasis and disrupted normal
neural developmental processes as identified in a differentiation model of human pluripotent stem cells. Importantly,
these metabolic and developmental deficits in Smad5-deficient cells could be rescued only by cytoplasmic SmadS5.
Cytoplasmic SmadS physically interacts with hexokinase 1 and accelerates glycolysis. Together, our findings indicate
that SmadS acts as a pHi messenger and maintains the bioenergetic homeostasis of cells by regulating cytoplasmic
metabolic machinery.
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Introduction dent, it is therefore not a surprise that intracellular pH
(pHi) is stringently controlled within a physiological
range. While changes in oxygen or nutrient supply states,
extracellular pH (pHe) or osmolarity may directly af-
fect pHi homeostasis, cells have a series of immediate
pHi sensing and balancing machineries opposing these

fluctuations [1-4]. To date, the pH sensitive proteins

Given that most biological reactions are pH depen-
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identified are exclusively membrane located transporters.
The Na'-H' exchangers and Na'-HCO3™ co-transporters
are the main transporters to alkalinize cytosol, while
the most common acid-importing transporters are Cl -
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HCO3" anion exchangers which acidify the cells [2]. In
addition, lactate and CO, generated via metabolic reac-
tions tend to acidify the cytoplasm. Whether there is an
intracellular pHi messenger which links pHi fluctuations
to these metabolic reactions remains unknown.

BMP and TGF signaling are evolutionarily conserved
pathways, which play pivotal roles in embryonic devel-
opment, epithelial and mesenchymal cell states transi-
tion, and tumor metastasis [5]. Upon BMP or TGFp stim-
ulation, cytosolic R-Smad members, including Smadl,
Smad2, Smad3, Smad5 and SmadS8, become phosphor-
ylated by the type I receptors at the most C-terminal
SSXS motif [6, 7]. These phosphorylated R-Smads then
oligomerise with Smad4 and translocate into nucleus for
gene transcriptional regulation [8]. Although amino acid
sequences of R-Smads share extremely high homology,
Smad1/5/8 favor BMP signaling, while Smad2/3 mainly
act downstream of the TGFp pathway [9]. Transgenic
animal studies have demonstrated that Smad1/5/8 or
Smad2/3 cannot fully compensate each other, although
the exact mechanisms are unclear [10, 11]. Recently,
Smad?2 has been identified as playing a non-transcription-
al role in regulating mitochondrial dynamics and func-
tion. This is facilitated by complexing with Mitofusin 2,
Rab and Ras interactor 1 [12], suggesting a noncanon-
ical role of the component within the BMP and TGFf
pathways in regulating metabolic processes. In addition,
Smad5 deficiency results in abnormally swollen mito-
chondria and apoptosis in cardiomyocytes, indicating
that it might be involved in energy metabolism [13].

Here, we show that Smad5 can actively respond to
changes of pHi through nucleocytoplasmic shuttling.
The MH1 domain of Smad5 plays a critical role in the
pHi response, whereas the nuclear export signals (NESs)
located in the linker region and the MH2 domain control
the process of nuclear export. Importantly, the novel role
of Smad5 in responding to pHi changes is BMP signal-
ling independent and its nucleocytoplasmic shuttling
does not require interaction with Smad4. Apart from its
canonical nuclear role in transcriptional regulation, cy-
tosolic Smad5 enhances glycolysis by interacting with
hexokinase 1 (HK1). Loss of function of Smad5 causes
glycolysis defects and irreversible dysregulation of cel-
lular bioenergetics homeostasis. These data demonstrate
that Smad5 is an immediate pHi fluctuation messenger
and an important regulator of physiological bioenergetic
homeostasis.

Results

Smads5 is sensitive to environmental cue fluctuations
Living organisms are imbued with the ability to sense

and buffer against environmental perturbations to main-
tain intracellular homeostasis. Molecular mechanisms
underlying the sensing of environmental stresses and
maintenance of cellular homeostasis are still the focus of
intense study. We unexpectedly found that GFP-Smad5
diffused from nucleus to cytoplasm within several min-
utes when the cells were placed at 25 °C (Figure 1A,
Supplementary information, Figure SIA-S1D, Movie
S1). The cytoplasmically distributed GFP-Smad5 repop-
ulated in the nucleus 30 min after the cells were placed
back at 37 °C (Supplementary information, Figure S1D).
Among all Smad family proteins, Smad2, Smad4 and
Smad8 are mostly distributed within the cytoplasm
(Supplementary information, Figure S1E and S1F) [23].
Smadl and Smad3 are largely distributed in the nucle-
us, but these proteins did not shuttle upon temperature
change (Supplementary information, Figure S1D and
S1G). These data strongly suggest that Smad5 differs
from other Smads by virtue of its ability to sense ambient
temperature fluctuation and change its nucleocytoplasmic
distribution dynamically.

We then studied the temperature range that affects
Smad5 nucleocytoplasmic distribution. At 37 °C, more
Smad5 was found in the nucleus than in the cytoplasm
(Figure 1A and Supplementary information, Figure S1H).
Placing the cells at a temperature lower than 32.5 °C
drove most of the nucleus-localized Smad5 to the cyto-
plasm. Even when the cells were directly placed on ice,
Smad5 also quickly accumulated in the cytoplasm. When
the environmental temperature was higher than 37 °C,
more Smad5 was distributed in the nucleus (Figure 1A
and Supplementary information, Figure S1H). These re-
sults suggest that Smad5 may be able to sense ambient
temperature changes within a wide range. Importantly,
western blotting shows that endogenous Smad5 was locat-
ed largely in the nucleus at 37 °C and translocated into the
cytoplasm at 25 °C, in a similar manner to that of GFP-
Smad5 (Figure 1B).

The striking temperature-sensitive nucleocytoplasmic
redistribution of Smad5 caused us to wonder whether
other environmental changes could also induce its re-
distribution (Supplementary information, Figure S2A-
S2C). Among these conditions, we found that changes in
external pH (pHe) and osmolarity effectively regulated
Smad5 nucleocytoplasmic distributions, in a similar way
to that of temperature change (Supplementary informa-
tion, Movie S2-S5).

GFP-Smad5 was exclusively located in the nucleus
when cells were treated with 10 mM hydrochloric acid
for 10 min at 37 °C (Supplementary information, Figure
S3A and Movie S4). On the other hand, 2 mM sodium
hydroxide rapidly induced GFP-Smad5 to translocate
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Figure 1 Temperature, pHe and osmolarity fluctuations dynamically control Smad5 nuclear export. (A) Average fluorescence
quantification of nuclear and cytoplasmic localized GFP-Smad5 at various temperatures (n = 30; data are mean + SEM; *P
< 0.05; **P < 0.01). (B) Western blotting shows that endogenous Smad5 also undergoes temperature-sensitive cytoplasmic
translocation in HEK293 cells. (C) Average fluorescence quantification of nuclear and cytoplasmic GFP-Smad5 at various
extracellular pH values (n = 30; data are mean + SEM; *P < 0.05; **P < 0.01). (D) Western blotting shows that endogenous
Smad>5 exhibits pHe-sensitive nucleocytoplasmic shuttling in HEK293 cells. (E) Average fluorescence quantification of nucle-
ar and cytoplasmic localized GFP-Smad5 at various extracellular osmolarity (n = 30; data are mean + SEM; *P < 0.05; **P
< 0.01). (F) Western blotting shows that endogenous Smad5 exhibits extracellular osmolarity-sensitive nucleocytoplasmic
shuttling in HEK293 cells. (G) Pretreatment of GFP-Smad5-expressing HEK293 cells with methanol for 1 h at 37 °C does not
influence nucleocytoplasmic distribution of Smad5. And in the presence of methanol, low temperature triggers nucleocyto-
plasmic shuttling of GFP-Smad5. Scale bar, 10 pm. (H) 5 ng/ml LMB treatment for 1 h at 37 °C induces more obvious nuclear
accumulation of GFP-Smad5 and completely blocks low temperature-triggered nucleocytoplasmic shuttling. Scale bar, 10
um. (1) Schematic diagram of the positions of the three Smad5 NESs. (J) Mutation of all three NESs in Smad5 completely ab-
rogates low temperature-driven Smad5 nuclear export even 1 h after shifting the cells to 25 °C. Scale bar, 10 pm.
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into the cytoplasm within 2 min at 37 °C (Supplementary
information, Figure S3B and Movie S2). Statistical anal-
ysis showed that GFP-Smad5 responded to a subtle range
of pHe (Figure 1C). Smad5 was mostly located in the
nucleus when pHe was lower than 6.62 (Figure 1C and
Supplementary information, Figure S3C), whereas with a
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pHe higher than 7.62, it was mostly distributed in the cy-
tosol (Figure 1C and Supplementary information, Figure
S3D). With an acidic external pH, endogenous Smad5
was again located predominately in the nucleus, whereas
alkaline pHe induced its accumulation in the cytoplasm
just like GFP-Smad5 (Figure 1D). Therefore, Smad5
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may sense delicate pHe changes within a physiological
range by nucleocytoplasmic shuttling. In addition, GFP-
Smad5 showed obvious nuclear accumulation under hy-
potonic conditions, whereas it quickly translocated into
the cytoplasm under hypertonic conditions (Figure 1E,
Supplementary information, Figure S3E and S3F, Movie
S3 and S5). Endogenous Smad5 also responded to fluc-
tuations in extracellular osmolarity (Figure 1F). More-
over, these environmental cues did not affect the level of
total Smad5 protein (Supplementary information, Figure
S3G). Together, these data show that Smad5 is sensitive
to fluctuations in temperature, pHe and osmotic pressure.

Dynamic nuclear export of Smad5 is CRM1-dependent
Nuclear export is generally dependent on signaling
and accomplished by exportins [14]. The most versatile
nuclear export receptor is CRM1, which was first iden-
tified in fission yeast [15]. Leptomycin B (LMB) binds
to CRM1 and inhibits the binding of RanGTP as well as
other export substrates [16]. In the solvent-treated con-
trol group, methanol treatment did not cause any change
in the nucleocytoplasmic shuttling of Smad5 triggered by
low temperature (Figure 1G). GFP-SmadS accumulated
exclusively in the nucleus after LMB treatment at 37 °C
for 1 h (Figure 1H). These data suggest that at 37 °C,
GFP-Smad>5 is highly dynamic and capable of both nu-
clear import and export. In the presence of LMB, switch-
ing the cells to 25 °C for as long as 40 min did not induce
any Smad5 cytoplasmic accumulation (Figure 1H). These
results indicate that low temperature-triggered Smad5
cytoplasmic accumulation is an event requiring active
nuclear export and is CRM1-dependent. To further ex-
clude the possibility that low temperature affects Smad5
nuclear import, we first placed HEK293 cells expressing
GFP-Smad5 at 25 °C for 30 min. GFP-Smad5 was found
almost completely in the cytoplasm under these condi-
tions (Supplementary information, Figure S4A and S4B).
Subsequently, methanol or LMB was added to the cells
at 25 °C. Strikingly, after 40 min of LMB treatment, the
formerly cytoplasmic GFP-Smad5 now entirely accumu-
lated in the nucleus at 25 °C (Supplementary informa-
tion, Figure S4B). As a control, methanol treatment did
not repopulate Smad5 into the nucleus at 25 °C (Sup-
plementary information, Figure S4A). Thus, Smad5 pre-
serves its ability to be imported into the nucleus at 25 °C
but its low temperature-mediated nuclear export results
in accelerated cytoplasmic accumulation of Smad5.
Classic NESs are required for CRM1-dependent nu-
clear export [17]. We were able to find three such NESs
in the Smad5 sequence (Figure 11). Smad5 mutants with
any one of these NES sites mutated showed nuclear
accumulation at 37 °C and exhibited cytoplasmic trans-

location at 25 °C, despite the fact that they all exhibited
a slower shuttling rate compared to wild-type (WT)
Smad5 (Supplementary information, Figure S4C-S4F).
These data indicate that all three NESs take part in low
temperature-triggered nucleocytoplasmic shuttling of
Smad5 although they are not absolutely indispensable.
When we mutated all three NESs in Smad5 (3NESmut),
we found that the mutant Smad5 showed exclusive nu-
clear localization at either 37 °C or 25 °C (Figure 1J).
Therefore, the nuclear export of Smad5 triggered by low
temperature depends on the three NESs scattered along
the linker region and the MH2 domain. In addition,
the functional redundancy of the Smad5 NES elements
can also account for the immediate cell response to the
fluctuation of environmental cues through rapid Smad5
nuclear export.

Nucleocytoplasmic shuttling of Smad5 in response to en-
vironmental cues is independent of BMP signaling

To date, the translocation of Smad5 from cytoplasm
to nucleus has been exclusively tied to BMP signaling
[18]. Interestingly, we did not detect any changes in
Smad5 distribution when BMP signaling was blocked
with LDN193189 (LDN) or activated with BMP4; under
these conditions, low temperature persistently triggered
cytoplasmic accumulation of Smad5 (Supplementary
information, Figure S2A and S5A). We therefore gener-
ated a deletion mutant (GFP-Smad5 All) of Smad5 by
removing the C-terminal 11 amino acids that contain the
BMP-responsive SSVS phosphorylation sites. We asked
whether the nucleocytoplasmic shuttling of Smad5 in
response to temperature is affected by this mutation. We
found that GFP-Smad5 A11 was largely distributed in the
nucleus at 37 °C, similar to WT Smad5, and translocated
into the cytoplasm when cells were shifted to 25 °C (Sup-
plementary information, Figure S5B). We then directly
mutated the SSVS phosphorylation sites to AAVA (3A)
or DDVD (3D) to completely block signaling-medi-
ated phosphorylation or dephosphorylation of Smad5.
Similarly, the Smad5 3A or Smad5 3D mutant showed
temperature-induced nuclear export comparable to WT
Smad5 (Supplementary information, Figure S5B). Even
in the absence of Smad4, GFP-Smad5 shuttled from the
nucleus to the cytoplasm in response to cold, alkaline
pHe or hypertonic conditions, and accumulated in the
nucleus under acidic pHe or hypotonic conditions (Sup-
plementary information, Figure SSC-S5E). Collectively,
these results suggest that the dynamic nucleocytoplasmic
redistribution of Smad5 triggered by environmental cues
is independent of BMP signaling, of carboxyl-tail phos-
phorylation state and of interaction with Smad4.
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The temperature, pHe and osmotic pressure response all
converge to pHi

Since nucleocytoplasmic shuttling of Smad5 responds
to temperature, pHe and osmotic pressure with a very
similar bidirectional pattern, we hypothesized that a com-
mon factor might link these environmental changes. Low
temperature attenuates the cellular metabolic rate and
decreases proton production within the mitochondria,
subsequently alkalizing the cytosol. It has been demon-
strated that pHe levels profoundly affect membrane
transporters and lead to intracellular pH (pHi) fluctuation
in the same direction [2]. High-osmotic pressure has also
been shown to increase pHi [1, 2]. To test whether tem-
perature, pHe and osmotic pressure indeed converge on
pHi, we measured pHi using BCECF-AM [19]. BCECF
fluorescence intensity increased in HEK293 cells shifted
from 37 °C to 25 °C, indicating that low temperature in-
duces cytosolic alkalization (Figure 2A and Supplemen-
tary information, Figure S6A). The addition of hydro-
chloric acid (10 mM) caused intracellular acidification
and decreased BCECF fluorescence intensity whereas
potassium hydroxide (2 mM) treatment rapidly increased
pHi (Figure 2B and Supplementary information, Figure
S6B). A hypotonic environment also triggered cytosol
acidification, whereas hypertonic conditions led to a pHi
increase (Figure 2C and Supplementary information,
Figure S6C). Taken together, our data confirmed that the
response to fluctuation in temperature, pHe and osmotic
pressure all converged on a change in pHi.

To further verify that pHi directly regulates Smad5
nucleocytoplasmic shuttling, we treated GFP-Smad5
HEK293 cells with the ionophoric uncoupler of oxida-
tive phosphorylation, FCCP, for 30 min to decrease pHi;
this resulted in nuclear accumulation of Smad5 (Supple-
mentary information, Figure S6D and S6E). In addition,
we pretreated HEK293 cells carrying the GFP-Smad5
transgene with 10 mM hydrochloric acid for 10 min to
trigger nuclear accumulation of Smad5. Cells were then
permeabilized by treatment with 160 pg/ml digitonin for
1 min, after which they were soaked in solutions of pH
5.0, 6.0, 7.0 or 8.0. At pH 5.0 or 6.0, nuclear export of
Smad5 was almost completely repressed (Figure 2D and
2F). In contrast, GFP-Smad5 was able to exhibit nuclear
export at pH 7.0 or 8.0 (Figure 2E and 2F). To determine
whether Smad5 responds to pHi changes within a normal
physiological range, we measured pHi using pHIuorin
[20, 21] at different pHe as shown in Figure 1C. Statis-
tical analysis showed that pHi increased by 0.17 units
when the corresponding pHe changed from 6.45 to 7.62
(Figure 2G), indicating that Smad5 could respond to a
subtle physiological range of pHi changes by nucleocy-
toplasmic shuttling. These data strongly suggest that pHi
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is a potent factor that regulates the nuclear export rate
of Smad5, thus contributing to its dynamic nucleocyto-
plasmic distribution that is influenced by fluctuations in
extracellular cues.

The MHI domain of Smad5 is essential for its pHi re-
sponse

Next, we wondered which subdomain of Smad5 re-
sponds to pHi changes. To this end we constructed a se-
ries of chimeric molecules between Smadl and Smad5,
which are highly homologous but show completely dif-
ferent nucleocytoplasmic translocation properties (Sup-
plementary information, Figure S6F-S6I). Interchanging
the MH2 domains between Smadl and Smad5 did not
significantly affect their subcellular distribution at ei-
ther 37 °C or 25 °C (Supplementary information, Figure
S6G). SmadS maintained its specific properties and could
translocate into the cytoplasm at 25 °C upon removal
of its entire MH2 domain (Supplementary information,
Figure S6H). We then interchanged the MH1 domains of
Smad]l and Smad5 and studied their distribution at 37 °C
or 25 °C. Interestingly, GFP-Smad5 harboring the MH1
domain of Smadl behaved similarly to WT GFP-Smadl,
and resided in the nucleus at both 37 °C and 25 °C (Sup-
plementary information, Figure S61). However, GFP-
Smadl harboring the MH1 domain of Smad5 behaved
like Smad5 and exhibited nuclear localization at 37 °C
but shuttled into the cytoplasm within 10 min at 25 °C
(Supplementary information, Figure S6I). Therefore, we
conclude that the MH1 domain of Smad5 plays a critical
role in responding to pHi changes, while the linker region
and MH2 domain contribute to nuclear export at alkaline
pHi.

We next asked whether Smad5 directly responds to
pHi changes and, if so, what would be the amino acid
residues in the MH1 domain responsible for such a
role. Because this is a response to pH, we first sought to
identify acidic or basic amino acid residues within the
MHI1 domain that may be essential for the Smad5 pHi
response. We identified two acidic and one basic clusters
of such charged amino acids in the Smad5 MH1 domain
and mutated these residues to alanines (Figure 2H).
Compared to the WT, the combined mutant of Smad5’s
two acidic domains E1, E2 (E1E2) showed biased nu-
clear accumulation at 37 °C and exhibited attenuated
nuclear export capacity under cold, alkaline pHe or
hypertonic conditions (Figure 21 and Supplementary
information, Figure S6J). Conversely, the basic domain
mutant, Smad5 K, showed cytoplasmic accumulation
under normal culture conditions, and acidic pHe or hy-
potonic environments now failed to promote its nuclear
accumulation (Figure 21 and Supplementary information,
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Figure 2 Smad5 directly senses pHi through charged amino acid clusters. (A-C) Quantifications of intracellular BCECF
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Smad5_K at various conditions of temperature, pHe and osmolarity (n = 30; data are presented as mean + SEM; **P < 0.01).
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Figure S6J). Taken together, these data strongly suggest
that these three charged amino acid clusters in the MH1
domain of Smad5 are required for the direct sensing of
pHi.

Smad5 deficiency causes downregulation of metabo-
lism-related genes

To investigate the biological functions of this highly
dynamic and pHi-sensitive protein, we deleted Smad5
in human embryonic stem cells (hESCs) through do-
nor-mediated homologous recombination in combina-
tion with transcription activator-like effector nucleases
(TALENs)-induced DNA cleavage (Supplementary in-
formation, Figure S7A) [22, 23]. Knockout (KO) success
was confirmed by genomic PCR and western blotting
(Supplementary information, Figure S7B and S7C). A
similar strategy was applied to generate HEK293 and
HeLa Smad5 KO cell lines (Supplementary information,
Figure S7D and S7E).

RNA-seq was performed to systematically compare
the transcriptomes of WT, Smad5 KO and LDN-treated
hES cells. Data retrieved from three independent WT and
KO lines revealed ~468 upregulated and ~438 downreg-
ulated genes upon Smad5 KO (Supplementary informa-
tion, Figure S7F and S7G). There was a significant over-
lap between up and downregulated genes among these
three WT and KO lines (Supplementary information,
Figure S7H). We also treated hES cells with LDN, which
prevented Smad1/5/8 SSXS phosphorylation (Supple-
mentary information, Figure S8A) and then analyzed the
transcriptome profiles. This showed that LDN treatment
induced much fewer changes in gene expression com-
pared to the Smad5 KO (Supplementary information,
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Figure S8B). Among those upregulated or downregulated
genes, only 32 or 1, respectively, overlapped between the
Smad5 KO and LDN groups (Supplementary informa-
tion, Figure S8C). This suggests that disrupting Smad5
results in a different gene expression profile compared
to the blocking of BMP signaling. Gene ontology (GO)
analyses showed that upregulated genes in the Smad5 KO
group were mainly involved in the biological processes
of embryonic development and patterning and showing a
certain degree of similarity with LDN upregulated genes
(Figure 3A). Downregulated gene groups in Smad5 KO
cells belonged mainly to the category of cellular hemo-
stasis including cellular chemical homeostasis; ion ho-
meostasis; and proteoglycan metabolic processing. These
functions have no overlap with those of LDN downreg-
ulated genes (Figure 3B). The expression patterns of the
top 10 most downregulated genes were also validated by
gPCR in WT, Smad5 KO, LDN-treated and Smad4 KO
cells (Supplementary information, Figure S8D).

We then reintroduced Smad5 or GFP-Smad5 into the
Smad5 KO hES cell line through lentiviral transduction
(Supplementary information, Figure S9A). Surprisingly,
neither Smad5 nor GFP-Smad5 restored the expression
of those downregulated genes caused by disruption of
endogenous Smad5 (Supplementary information, Figure
S9B). We therefore carried out pre-knockout rescue,
in which Smad5 or corresponding mutants were first
overexpressed and then followed by endogenous Smad5
ablation. KO or overexpression efficacy was verified
by genomic PCR and western blotting (Supplementary
information, Figure S9C and S9D). Under these condi-
tions, downregulation of gene expression induced by the
Smad5 KO was significantly rescued by pre-expression
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Figure 3 Smad5 KO induces specific transcriptional profiling changes related to metabolic homeostasis. (A, B) Functional
annotation of up or downregulated gene categories in Smad5 KO and LDN193189-treated hES cells identified by GO.

www.cell-research.com | Cell Research | SPRINGER NATURE



Smad> acts as a pHi messenger

1090

of Smad5 (Supplementary information, Figure SOE).

We found that Smad5 E1E2 was mostly present in the
nucleus, whereas GFP-Smad5 K was largely distributed
in the cytoplasm (Figure 21 and Supplementary infor-
mation, Figure S6J). A co-immunoprecipitation (Co-IP)
experiment showed that BMP4 stimulation significantly
triggered the interaction of WT Smad5 with Smad4. In
contrast, GFP-Smad5 K showed no significant Smad4
interaction (Supplementary information, Figure S9F).
Notably, pre-rescue with Smad5 K, but not Smad5
EIE2, largely prevented Smad5 KO-induced downreg-
ulation of gene expression (Supplementary information,
Figure S9E). Genome sequencing confirmed the genomic
DNA integrity of the transduced Smad5 EIE2 after
TALENS targeting (Supplementary information, Figure
S9G). The differences between Smad5 K and Smad5
E1E2 in rescuing expression of genes resulting from the
Smad5 KO further indicate that it is cytoplasmic Smad5
but not nuclear Smad5 or the BMP/Smad5 signaling
pathway, that maintains a normal cellular homeostatic
state. Moreover, acidic and basic pH treatment showed
that the shuttling of SmadS5 into or out of the nucleus
for various time periods could not acutely regulate ex-
pression of the above characteristic genes (Supplemen-
tary information, Figure S10A-S10C), thus indicating a
non-transcriptional role of Smad5 in this process.

Disruption of Smad5 reduces glycolytic rate

To further delineate the cellular homeostatic deficits in
Smad5 KO cells, we profiled metabolites in WT, Smad5
KO and Smad5 KO with Smad5 pre-expression hES cell
lines using liquid chromatography tandem mass spec-
trometry (LC-MS/MS). The Smad5 deficiency resulted
in lower levels of glycolytic intermediates. These levels
were largely rescued by pre-expression of Smad5 (Figure
4A), indicating that Smad5 is required for maintaining
a normal glycolysis rate. In addition, the extracellular
acidification rate (ECAR) exhibited that glycolysis was
rescued by GFP-Smad5 and GFP-Smad5 K, but not
GFP-Smad5 E1E2, suggesting that cytoplasmic Smad5
can promote a higher glycolysis rate (Figure 4B and 4C).
In contrast, Smadl and Smad8 did not affect the glycol-
ysis rate (Supplementary information, Figure S11A and
S11B). Together, these results suggest that Smad5S is an
important regulator of the rate of glycolysis.

Smad5 KO induces irreversible cellular bioenergetic ho-
meostasis and impairs mitochondrial respiration
Mitochondria play a central role in cellular respiration
and energy production [24, 25]. Transmission electron
microscopy showed that the mitochondria of Smad5
KO hES cells mostly exhibited swollen and vacuolated

features (Figure 5A), suggesting severe mitochondrial
dysfunction. Re-expressing Smad5 in Smad5 KO hES
cells through lentiviral transduction could not rescue the
abnormal mitochondrial morphology, suggesting that
the mitochondrial dysfunction caused by Smad5 KO is
irreversible (Supplementary information, Figure S12).
The abnormal mitochondrial morphology in Smad5 KO
cells can, as predicted, be rescued by pre-expression
of ectopic Smad5 or Smad5 K, but not Smad5 EIE?
(Figure 5A), further suggesting a cytoplasmic role of
Smad5 in maintaining normal mitochondrial function.
We next used a flux analyzer to evaluate the oxygen con-
sumption rate (OCR). Both the basal OCR and maximal
OCR decreased in Smad5 KO hES cell lines (Figure 5B
and 5C) and this could be rescued by pre-expression of
Smad5 and Smad5 K, but not Smad5 EIE2. We also
found the same phenomenon in HEK293 cells and HeLa
cells (Supplementary information, Figure S13A-S13D).
In striking contrast to the Smad5 KO, loss of Smad4 did
not profoundly affect the maximal OCR (Supplementary
information, Figure S13E and S13F). Although re-intro-
ducing GFP-Smad5 into Smad5 KO HEK293 cells in-
creased OCR, overexpression of GFP-Smadl and GFP-
Smad8 had no effect on either basal or maximal OCR
(Supplementary information, Figure S13G and S13H).
Furthermore, considering the obligatory role of Smad5
in maintaining bioenergetic homeostasis, we wondered
whether Smad5 KO cells could tolerate acute nutrient
stress such as serum deprivation. Surprisingly, we found
that WT hES cells were sensitive to nutrient stress and
could hardly survive upon removal of serum from the
culture. Propidium iodide-A staining followed by flow
cytometry analysis revealed massive amounts of cell
death 3 days after serum deprivation (Figure 5D and 5E).
Remarkably, Smad5 KO hES cells survived well under
these extreme nutrient stress conditions (Figure 5D and
5E), suggesting a completely transformed bioenergetic
homeostasis state. It should be noted that this abnormal
bioenergetic homeostasis state of Smad5 KO cells is not
related to deficiencies in BMP signaling, since neither
LDN nor DMHI1 pretreatment of WT cells could reca-
pitulate the improved survival of Smad5 KO cells under
serum deprivation conditions (Figure 5D and 5E). More-
over, pre-expression of ectopic Smad5 or Smad5 K, but
not Smad5 EI1E?2, successfully prevented the transforma-
tion of bioenergetic homeostasis (Figure 5D and 5E).

Smad5 KO disrupts neural differentiation of hES cells
Neural specification is a crucial developmental pro-
cess which is tightly linked to both BMP signaling and
metabolic processes [26]. Increased pHi is required
for embryonic stem cell differentiation [27], and more
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Smad5 was located in the cytosol during early neural
differentiation (Supplementary information, Figure S14A
and14B). We therefore explored the function of Smad5
in a neural differentiation model [26, 28]. Smad5 KO
hES cells could maintain an ESC-like morphology, and
pluripotency transcription factors were equally expressed
in WT and Smad5 KO cells (Figure 6A and 6B). How-
ever, Smad5 KO cells differentiated toward a neural
lineage in an unsynchronized fashion compared to WT
cells at day 7 or day 12 (Figure 6A). The abnormal neu-
ral morphology in Smad5 KO cells could be rescued by
pre-expression of Smad5 and Smad5 K, but not Smad5_
EIE2 (Figure 6A). In accord with these morphological
findings, qPCR analysis of Smad5 KO cells at day 12
showed lower expression of neuroectodermal genes, but
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mesendodermal genes, neural crest genes and neuron
maturation genes were expressed at higher levels. This
further suggests a disrupted neural developmental pro-
cess (Figure 6C-6G). Again, these abnormal gene expres-
sion patterns could be pre-rescued by Smad5 or Smad5
K, but not Smad5 E1E2 (Figure 6C-6G). Together, these
results suggest that cytoplasmic Smad5 possesses an
important role in guiding neural development and that
the bioenergetic state maintained by cytoplasmic Smad5
might be required for normal neural development.

Smad5 maintains bioenergetic homeostasis by interact-
ing with HK 1

To dissect the underlying molecular mechanisms by
which pHi-sensitive Smad5 maintains bioenergetic ho-
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meostasis, we performed Co-IP followed by mass spec-
trometry (IP/MS) to investigate the Smad5 interactome.
We identified 67 potential binding partners of GFP-
Smad5 (Supplementary information, Table S1). GO anal-
ysis of these candidates showed that they were mainly
involved in ATP biosynthetic and metabolic processes
(Figure 7A), supporting the above conclusion that Smad5
plays an important role in maintaining bioenergetic ho-
meostasis in the cytoplasm. Among these candidates, we
identified HK1, a rate-limiting enzyme of glycolysis [29-
32]. Ectopic expression of GFP-Smad5 and Flag-HK1
in HEK293 cells confirmed their interaction (Figure 7B,
Supplementary information, Figure S15A and S15B).
Smadl and Smad8 did not interact with HK1 (Figure
7B). More importantly, when pHe was adjusted from
7.0 to 8.0, the interaction between Smad5 and HK1 was
greatly potentiated, coinciding with the cytoplasmic ac-
cumulation of Smad5 under the alkaline pHe conditions
(Figure 7C).

In vitro analysis revealed that HK enzymatic activity
decreased in hES, HEK 293 and HelLa cells when the
Smad5 gene was deleted (Supplementary information,
Figure S15C). HK activity could be pre-rescued by
Smad5 or Smad5 K, but not Smad5 EI1E2 in Smad5 KO
hES or HEK293 cells (Figure 7D and Supplementary
information, Figure S15D). Moreover, HK activity grad-
ually increased when pHe was shifted from 6.0 to 8.0 in
WT hES, HEK293 and HeLa cells (Figure 7E, Supple-
mentary information, Figure S15E and S15F). However,
this tendency of HK activity to increase in response to
pHe alkalization was significantly abrogated in Smad5
KO cells (Figure 7E, Supplementary information, Figure
S15E and S15F).

We then re-constructed HK1 enzymatic activity in
vitro by purifying Flag-HK1 from Smad5 KO HEK293
cells. Strikingly, supplying GFP-Smad5, but not GFP,
GFP-Smadl or GFP-Smads, led to a significant increase
in HK1 activity (Figure 7F), demonstrating a direct role
of GFP-Smad5 in HK1 activation. Together, these data
suggest that during pHi fluctuation, cytoplasmically
localized Smad5 interacts with HK1, thus increasing
HK1’s enzymatic activity as a glycolytic regulator.

Discussion

Smad5, together with Smadl and Smad8, act as im-
portant substrates for BMP receptors, which play critical
roles in embryogenesis and tissue homeostasis [33, 34].
Smad1/5/8 are closely related and share similar sequenc-
es. However, our present results show that SmadS5 differs
from Smad1/8 in several aspects. First, these molecules
have different subcellular locations. Smad5 is located

both in the cytoplasm and nucleus; Smadl is largely
distributed in the nucleus; and Smad§ is mostly cytoplas-
mic. Differential subcellular protein localization suggests
that their functions may be different. Second, the results
presented here demonstrate that Smad5 is sensitive to
pHi changes. Basic pHi promotes Smad5 to translocate
from nucleus to cytoplasm, whereas it accumulates in
the nucleus when pHi decreases. In contrast, Smadl and
Smad8 do not shuttle upon pHi fluctuations. Notably, the
charged amino acid clusters in the Smad5 MH1 domain
that respond to pHi changes are also found in Smad1 and
Smad8, indicating that these amino acid clusters are nec-
essary but not sufficient for the translocation of Smads.
In addition, Smad5 can act in a transcription-independent
manner to regulate glycolysis and mitochondrial respira-
tion, thus maintaining cellular bioenergetic states, while
Smadl and Smad8 cannot. Together, these results show
that Smad5 possesses unique roles that differ from those
of Smadl and Smads.

Intracellular pH plays an important role in maintain-
ing the structure and function of proteins, regulating
intracellular metabolic reactions and protein interactions.
Hence pHi is stringently regulated [35]. Our findings
demonstrate that Smad5 actively senses pHi through nu-
cleocytoplasmic shuttling. Importantly, the pHi changes
sensed by Smad5 are within a physiologically relevant
range. We show that Smad5 can sense pHi fluctuations
and subsequently regulate intracellular metabolic reac-
tions. Therefore, Smad5 plays a key role in pHi sensing
and modulation. pHi dynamics also play an essential role
in development: increasing pHi is necessary for mouse
embryonic stem cell (mES) differentiation, while low-
er pHi impairs mES differentiation [27]. Our data also
show that pHi increases during neural specification, and
that Smad5 KO impairs the differentiation of hES cells
towards a neural lineage. Taken together, our findings
underscore the importance of Smad5 in pHi sensing and
development.

The specific subcellular localization of a protein is
crucial for its normal function [36-38]. Transcription fac-
tors, protein/RNA chaperones, cell cycle modifiers and
various signaling components show precise regulation
of their subcellular distribution [38-41]. Usually, trans-
location of a protein is regulated by signaling-mediated
phosphorylation/dephosphorylation, protein-protein
interactions and ATP/ADP or GTP/GDP binding states
[8, 38-41]. Here we demonstrate that Smad5 is a highly
dynamic protein that frequently translocates between the
nucleus and the cytoplasm, providing the first example of
a protein whose subcellular localization can be dramati-
cally regulated by temperature, pHe, osmolarity as well
as pHi. pHi is fundamental for basic cellular biochemis-
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try including enzyme activity, energy metabolism, cell
proliferation and migration [42,43]. Empirically, pHi can
be monitored by pH-sensitive dyes, microelectrodes or
MRI [44]. Since Smad5 is highly pHi sensitive, it may
also be applied to dynamically monitor pHi within the
physiological range in in vitro-cultured cells or in living
animals.

In conclusion, our current work demonstrates a nonca-
nonical role of Smad5 in responding to pHi changes and
regulating cellular bioenergetic states by controlling the
rate of glycolysis. The role of Smad5 in regulating gly-
colysis by interacting with HK1 may be direct, because
the enzymatic activity of HK1 reconstituted in vitro could
be modified by adding purified Smad5 and second, the
glycolysis rate in Smad5 KO hES cells could be rescued
by either post-knockout or pre-knockout re-expression
of Smad5 (Supplementary information, Figure S15G and
S15H). However, it is also noteworthy that disruption
of Smad5 induces an irreversible cellular bioenergetic
homeostasis transformation, as evidenced by permanent
mitochondrial dysfunction, which could not be reversed
by post-knockout re-expression of Smad5 (Supplementary
information, Figure S12A). Therefore, Smad5 may play
multiple roles in both the immediate balancing and long-
term maintenance of cellular bioenergetic states through
sensing environmental stresses by acting as a pHi mes-
senger.

Materials and Methods

Plasmids construction

GFP-Smad5, Smad5 and its mutants were cloned into the
pLVX-Tight-Puro vector (Clontech). The pLVX-efla-rtTA ad-
vanced lentiviral vector was used together with the pLVX-Tight-
Puro expression vector for making inducible overexpression lines.

Cell culture and generation of stable cell lines

Human Embryonic Kidney (HEK293FT, Invitrogen) cells were
regularly cultured in Dulbecco’s Modified Eagle’s Medium sup-
plemented with 10% fetal bovine serum (GIBCO) in 5% CO, at
37 °C. Human ES cells (H9, WiCell) were cultured on irradiated
mouse embryonic fibroblasts (MEF) as previously described [45].
Lentiviruses were packaged in HEK293FT cells as previously de-
scribed [45]. Viruses were then concentrated by ultracentrifugation
and used for making stable lines. Mycoplasma detection tests were
conducted in a weekly base to ensure exclusion of any contaminat-
ed cells.

Immunofluorescence

HEK293 cell lines stably infected with GFP or GFP-Smad
genes were grown on coverslips in 24-well plates. For studying
protein distribution at 37 °C, cells were treated with doxycycline
for 24 h to induce protein expression and were then immediately
fixed for 10 min at 37 °C in 4% paraformaldehyde (PFA)/PBS
pre-warmed to 37 °C. Nuclei were stained with Hoechst for 5 min

after membrane permeabilization with 0.2% Triton X-100/PBS.
To study protein distribution at 25 °C, cells were moved to a 25 °C
incubator supplied with 5% CO, for the indicated time intervals
and then fixed for 10 min at 25 °C with 25 °C pre-conditioned 4%
PFA/PBS. To study protein distribution at various pH or osmotic
pressures, cells were treated with hydrochloric acid, sodium hy-
droxide, pure water or sodium chloride for 10 min at 37 °C, and
then fixed for 10 min at 37 °C with 4% PFA/PBS pre-warmed to
37 °C.

Nuclear and cytoplasmic fractionation and western blotting

HEK293 cells growing in 10 cm dish for 48 h were given indi-
cated treatments for 15 min including temperature shifts (37 °C and
25 °C); extracellular pH changes (10 mM HCI and 2 mM NaOH);
or changes in external osmotic pressure (250 mOSM/kg or 350
mOSM/kg adjusted through H,O or NaCl). Cells were then perme-
abilized using 3 ml of a physiologically isotonic solution (140 mM
NaCl, 5 mM KCI, 1 mM MgCl,, 1 mM CaCl,, 10 mM glucose
and 10 mM MOPS (pH 6.0 for conditions: 37 °C, extracellular pH
6.0, osmotic pressure 250 mOsm/kg; pH 7.2 for conditions: 25 °C,
extracellular pH 7.6, osmotic pressure 350 mOsm/kg)) contain-
ing 160 pg/ml digitonin (Sigma) for 3 min. Nuclei were pelleted
by centrifugation at 300x g for 5 min and supernatants contain-
ing cytoplasmic proteins were collected. Western blotting was
performed following electrophoresis on a 10% SDS-polyacryl-
amide gel. The antibodies used for immunoblotting were rabbit
anti-Smad5 (1:1 000, Cell Signaling, 9517), mouse anti-Lamin A/
C (1:500, Santa Cruz, SC-7292), mouse anti--Tubulin (1:4 000,
Sigma, T5201).

Measurement of pHi

The pHi was measured using the pH-sensitive fluorescent probe
BCECF-AM [2',7'-bis-(2-carboxyethyl)-5-carboxyfluorescein-ac-
etoxymethyl ester; Beyotime, China] [19]. HEK293 cells were
incubated for 20 min at 37 °C with 1 uM BCECF-AM in Hank’s
balanced salt solution. Cells were then rinsed twice for 5 min in-
tervals to fully remove the dye and were treated under differing
conditions of: temperature (37 °C and 25 °C); extracellular pH (pH
6.0, pH 7.0, pH 7.8); and external osmotic pressure (188 mOsm/
kg, 300 mOsm/kg, 545 mOsm/kg). BCECF fluorescence was im-
aged using a standard fluorescence filter set [19, 46].

The cytosolic pH in live cells was measured using pHIuorin [20,
21], a genetically encoded pH indicator. Cells were seeded in black
96-well flat bottom plates, transfected with the plasmid DNA to
express pHluorin for 30 h. Cells were washed twice with PBS in
each well after carefully removing the medium. Readings were re-
corded after adding 100 ul PBS for 30 min at 37 °C by a Synergy
2 Multi-Mode Microplate Reader (BioTek) with excitation filters
of 400 BP 10 nm and 485 BP 20 nm, and emission filter of 528 BP
20 nm (for both excitation wavelengths). Fluorescence values were
corrected for background fluorescence by subtracting the intensity
of the cell samples not expressing sensors. All samples were run in
triplicate.

Derivation of Smad5 and Smad4 knockout cell lines

The Smad5-targeting donor vector comprised a 766 bp 5' ho-
mology arm, puro resistance gene and a 764 bp 3’ homology arm.
TALENs were designed and assembled as described [47, 48].
Smad5-targeting sequences were TGTCAAATGACGTCAATG-
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GC for left TALEN, CTAGTCCAGCAGTAAAGCGA for right
TALEN. TALEN-mediated homologous recombination in hES
cells was performed as previously described [48]. Genomic DNA
PCR primers are as follows: HR-F: AGCATATGGCACTTGT-
GAAG, Puro-F: TTCCTGGCCACCGTCGGCGTCTC, HR-R:
CTTTAGCTCATGATGACTCTGC. Construction of the Smad4
knockout HEK293 cell lines was described as previously [23].

Co-immunoprecipitation and western blotting

For co-immunoprecipitation analysis, cells were lysed in IP
buffer (50 mM Tris-HCI pH 7.4, 150 mM NaCl, 1 mM EDTA, 1
mM NaF, 1% Triton X-100, 0.25% sodium deoxycholate and 5%
glycerol) supplemented with protease inhibitors and phosphatase
inhibitors. Total lysates were incubated in the presence of 1 pg
primary GFP antibody (A6455, Life Technologies) mixed with 30
pl of 50% slurry Protein-G Sepharose beads (Roche) or incubated
with anti-Flag M2 beads (Sigma) according to the manufacturer’s
protocols. Immunoprecipitates and total lysates were subjected to
immunoblotting with the indicated antibodies.

Metabolism analysis

Targeted LC-MS/MS-based metabolomics analysis was per-
formed as previously described [49]. 107 hES cells were harvested
in 80% (vol/vol) methanol at —80 °C. Insoluble material in lysates
was centrifuged at 12 000 rpm for 15 min, and the resulting super-
natant was evaporated using a refrigerated speed vac.

Seahorse assay

hES cells were cultured on feeder cells in XF96 cell culture mi-
croplate (Seahorse Bioscience). HEK293 and Hela cells were seed-
ed onto a Matrigel-coated XF96 cell culture microplate. ECAR
and OCR were measured using a standard protocol (Seahorse Bio-
science) and were normalized using counted cell numbers.

Electron microscopy

hES cells were fixed overnight at 4 °C in phosphate buffer (PB)
containing 2% glutaraldehyde. After five washes in PB buffer
(pH 7.4) for 5 min each, cells were post-fixed for 1 h at RT in 1%
osmium tetroxide (OSO,). After further washes with PB, cells
were dehydrated in 30%, 50%, 70% and 90% acetone (30 min per
step), and the cells were then further dehydrated in 100% acetone
three times for 11 min each at RT. The samples were then infiltrat-
ed in 3:7 (vol/vol) acetone/epon for 2 h, followed by 7:3 acetone/
epon overnight at RT, 100% epon for 2 h and finally 100% epon
for 48 h at 60 °C for polymerization. The sections were supported
on copper grids. The 70 nm sections were post-stained in Uranyl
acetate and lead citrate, and the stained sections were imaged
using a transmission electron microscope (JEM-1230) operated at
160 kV.

Propidium iodide staining and FACS analysis

To quantify hES cells viability, single-cell suspensions were
prepared using trypsin, washed in PBS and then fixed in 70% eth-
anol. Cells were incubated in 0.1 mg/ml PI (Sigma) for 30 min at
room temperature, washed and analyzed by flow cytometry.

Hexokinase activity assay
For HK1 activity measurement in vitro, HEK293 Smad5 KO
cells transiently expressing flag-HK1 were lysed in IP buffer and
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the lysates centrifuged at highest speed. Supernatants were incu-
bated with anti-Flag M2-conjugated agarose beads for 6 h at 4 °C.
The M2 beads were then washed three times with wash buffer (50
mM Tris-HCI pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton
X-100, 5% glycerol). The pulled-down flag-HK1 protein was then
cluted from the beads with elution buffer (50 mM Tris-HCI1 pH 7.4,
150 mM NaCl, 150 ng/ul 3xFlag peptide, | mM PMSF) for 1 h at
4 °C. For purification of GFP-Smad5, GFP-Smadl, GFP-Smad§8
and GFP, HEK293 Smad5 KO cells were transfected with GFP,
GFP-Smad5, GFP-Smadl or GFP-Smad§ plasmids. Cells were
lysed in IP buffer, after centrifugation, supernatants were mixed
with 1 pg primary GFP antibody (A6455, life technologies) and
30 pl of 50% slurry Protein-G Sepharose beads (Roche) for 6 h at
4 °C. The beads were then washed three times with high salt buffer
(50 mM Tris-HCI pH 7.4, 300 mM NaCl, 1 mM EDTA, 1% Triton
X-100, 5% glycerol). The purified GFP, GFP-Smad5, GFP-Smad1
and GFP-Smad8 proteins were then incubated with eluted flag-
HK1 protein in HK Assay Buffer for 1 h at 4 °C. HK1 activity was
measured with Hexokinase Colorimetric Assay Kit (Biovision).

The HK activity in HEK293, Hela and hES were measured
with Hexokinase Colorimetric Assay (Biovision), according to the
manufacturer’s instructions.

Statistical analysis

Data are presented as mean = SEM. Unpaired two-tailed Stu-
dent’s #-test for two groups. One-way ANOVA was used for multi-
ple comparisons. Statistical significance is considered at P-values
below 0.05. *P < 0.05; **P < 0.005.

Data availability
All high-throughput data have been deposited at the Gene Ex-
pression Omnibus under accession number GSE99687.
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