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Cytokines are protein mediators that are known to be involved in
many biological processes, including cell growth, survival, inflam-
mation, and development. To study their regulation, we gener-
ated a library of 209 different cytokines. This was used in a
combinatorial format to study the effects of cytokines on each
other, with particular reference to the control of differentiation.
This study showed that IFN-γ is a master checkpoint regulator for
many cytokines. It operates via an autocrine mechanism to elevate
STAT1 and induce internalization of gp130, a common component
of many heterodimeric cytokine receptors. This targeting of a re-
ceptor subunit that is common to all members of an otherwise
diverse family solves the problem of how a master regulator can
control so many diverse receptors. When one adds an autocrine
mechanism, fine control at the level of individual cells is achieved.
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As our understanding of physiology grows, we are increasingly
aware of its Newtonian aspects in that for every action there

is another reaction with opposite consequences (1). Irrespective
of whether one thinks in terms of homeostasis, feedback loops,
or checkpoints, we increasingly uncover molecular systems that,
in terms of function, induce cells to move in opposite ways. For
example, although immune T-cell activation is critical in con-
trolling disease, one needs a checkpoint to guard against over-
activity that could result in autoimmunity (2, 3).
In addition to adding to our general knowledge of cellular

physiology, detailed understanding of the molecular mechanisms
of activation and checkpoint processes has important therapeutic
implications. Such an understanding allows two separate entry
points into the regulation of cellular events. Thus, if one wants to
promote a cellular function, the same outcome can be achieved
by either enhancing the effector or inhibiting the checkpoint
pathways, usually by perturbing the molecules that initiate them.
One of the most important physiological systems is the cyto-

kine cascade (4). However, here, because the cascade contains
large numbers of separate molecules, each operating through
different receptors, simple models of regulation break down.
While one can imagine that each cytokine is paired with a separate
checkpoint system operating in an opposite direction, it seemed to
us to be unlikely, if for no other reason than the economical use of
genetic information. Given that one had large sets of related
molecules with overlapping signal transduction mechanisms and
pathways, it seemed more reasonable to assume that, depending on
the circumstance, some members of the cytokine repertoire regulate
other members of the repertoire. This differs from situations such as
PD-1, where the checkpoint mechanistic cascade differs completely
from the activation mechanism. By contrast, we propose that cyto-
kine members of a family regulate each other by perturbing common
molecular mechanisms. Thus, if gene action economy is proposed for
a family, its hallmark should be that some of the same molecules
used for signal transduction are differentially perturbed by different
members of the family to achieve either activation or deactivation.
If these ideas are correct, the main experimental issue con-

cerns how one can systematically discover pairs or higher order

collections of molecules that constitute a system with both ef-
fector and opposing regulatory functions. To study this, we took
a combinatorial approach to the problem similar to that used for
antibody libraries (5, 6). We prepared a library in lentiviruses of
the genes encoding 209 cytokines. The central idea was to first
select cells expressing a cytokine that induces a phenotype and
then challenge these cells with other cytokines to determine if
any interfered with the induction process. In other words, we
used a combinatorial selection process to find pairs of molecules
that function robustly in opposite directions. We found several
cytokines in which the signal transduction pathway leading to
odontoblastic differentiation in dental pulp stem cells (DPSCs)
was completely shut down by IFN-γ (IFNG). The unique fea-
tures of this checkpoint involve two independent mechanisms.
First, IFNG decreased cytokine-induced activation of STAT3
while increasing STAT1 signaling. STAT1 may compete for
STAT binding sites on the receptor, thereby interfering with
activation of STAT3. Second, IFNG induced internaliza-
tion of the common cytokine receptor gp130 by activating p38
signaling. The process appears to be general because IFNG
inhibits the function of multiple cytokines belonging to bone
morphogenetic proteins (BMPs) and the interleukin 6 (IL-6)
family of cytokines. IFNG can function as a master switch be-
cause it targets the common subunit of an otherwise diverse set of
these heterodimeric receptors. In summary, we report on a com-
binatorial method to select for members of a pathway that perturb
the activity of other members of the same pathway.

Selecting a Cytokine System with Robust On/Off Switches
The major hypothesis of this study is that cytokines are check-
point regulators of each other. Thus, this investigation requires
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selection of cytokine pairs or higher order combinations of
molecules that either activate or inactivate a phenotype. We
began with the assumption that such on/off signals could be seen
for pairs of cytokines. To isolate such pairs, we established a
human cytokine library in lentiviruses containing 209 different
human cytokines. To enhance the efficacy of these cytokines, we
used a display format in which cytokines are tethered to the
plasma membranes of target cells (Fig. 1A). When membrane-
bound cytokines are used, persistent stimulation by the cytokine
is expected because receptor-mediated endocytosis is reduced
and the effective molarity for target receptors is enhanced (5).
To verify whether cytokines in this library format behave as
expected, we tested them in two cell models, U937 monocytes
and HEK293-NF-κB-GFP cells (Fig. S1). When the known cy-
totoxic cytokine TNF-α was expressed in U937 monocytes, it
strongly increased cell death (Fig. S1) (7). Moreover, TNF-α and
IL-1β both potently activated NF-κB signaling, represented by an
increase in NF-κB–induced GFP expression in HEK293-NF-κB-
GFP cells (Fig. S1) (8, 9). With this validation in hand, we se-

lected human DPSCs as a model system because, as multipotent
stem cells, they have the potential to differentiate into a variety
of cell types (10–13). In this way, the diversity of potential phe-
notypes somewhat matches the input diversity of the cytokine
library. Initially, we studied the general problem of osteogenesis,
largely because one can get a quantitative differentiation by
measuring the amount of enzymes and mineral depositions
specific to bone formation. But, because the primary cell is a
dental stem cell, we refined our search to the more specific
problem of induction of odontoblasts. To probe the role of cy-
tokines in induction of differentiation, we infected DPSCs with
the cytokine library and then measured differentiation by using a
quantitative alkaline phosphatase (ALP) assay (Fig. 1B). There
were 16 positive inducers of odontoblastic differentiation in the
library, characterized by a significant increase in ALP activity
(Fig. 1C). In addition to well-known osteogenic inducers such as
BMPs, several IL-6 family cytokines, including IL-6, IL-11, and
Oncostatin M (OSM), showed significant effects on differentia-
tion (14–16). Most of the known positive regulators enhanced

A

B

C

D

Fig. 1. Selection of potent cytokine switches through unbiased screening of an infectious human cytokine library. (A) Scheme representing the selection of
active cytokines that regulate the differentiation of DPSCs from autocrine-based human cytokine libraries; 209 cytokines were screened in the human cy-
tokine library. Each cytokine was attached to the transmembrane domain of platelet-derived growth factor receptor via a flexible linker and then in-
corporated into lentiviruses used to infect DPSCs. (B) Odontoblastic differentiation of DPSCs was measured by ALP assay 10 d after infection with the lentiviral
cytokine library. The mean values of ALP activity from two independent experiments are shown. Dots represent individual members of the cytokine families
indicated on the x axis. Ctl represents DPSCs cultured in basal osteoblastic differentiation media. (C) Sixteen cytokines from the cytokine library were
identified as positive inducers of odontoblastic differentiation based on increased ALP activity. OSM most strongly increased ALP activity. Data are shown as
mean + SD (n = 6). (D) ARS staining and scanning electron microscopy of DPSCs 10 d after incubation with OSM confirmed that OSM most strongly induced
DPSC differentiation compared with Ctl. The quantification of ARS staining was performed twice and the mean values are shown. *P < 0.05, **P < 0.01.
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odontoblastic differentiation only slightly (∼1.5-fold), but OSM
increased differentiation over three times, as measured by ALP
assay (Fig. 1C). In addition to ALP assay, Alizarin Red S (ARS),
an anthraquinone derivative, staining also has been widely used
to evaluate calcium deposit in bone cells. Using ARS staining and
scanning electron microscopy analysis, we observed that OSM-
induced odontoblastic differentiation was accompanied by abun-
dant mineral deposits on the cell surface (Fig. 1D and Fig. S2).

IFNG Is a Potent Checkpoint Switch for the Cytokine-Driven
Odontoblastic Differentiation
In addition to the 16 cytokines that enhanced the odontoblastic
differentiation, there were 11 cytokines that showed opposite
activities (Figs. 1B and 2A). IFNG had by far the most potent
inhibitory effect on odontoblastic differentiation (Fig. 2A and
Fig. S3). We wondered whether the potent inhibition by IFNG
under basal conditions also functioned in the presence of a
strong activator of differentiation such as OSM. When DPSCs
were cotreated with IFNG and OSM together, the OSM-induced
ALP activity was strongly inhibited by IFNG (Fig. 2B). Similarly,
the OSM-induced transcriptional regulation of osteogenic genes
including ALP, Runt-related transcription factor 2 (RUNX2),

Collagen I, and Osteopontin was also significantly decreased by
IFNG treatment (Fig. 2C) (17–19).
Since interferons are a group of different cytokines with a wide

array of effects (20), we next investigated whether the in-
hibitory effect of IFNG on odontoblastic differentiation is
specific to the type II IFN subtype. Different subtypes of IFN
were compared with IFNG regarding their ability to inhibit
OSM-induced odontoblastic differentiation. Although several
type I IFNs also showed some blocking effect, their potency was
much lower than IFNG (Fig. 2D). Finally, we tested whether
IFNG was a “master regulator” in that it could modulate other
cytokines involved in odontoblastic differentiation. In addition to
its effects on OSM-induced differentiation, IFNG down-regulated
the induction of differentiation by all of the other cytokines tested
in the ALP assay (Fig. 3, Top). We also observed in the ARS assay
that the cytokine-induced differentiation was strongly inhibited by
IFNG (Fig. 3, Bottom). These data suggest that IFNG may be a
master checkpoint regulator of many cytokines.

Checkpoint Mechanisms
Because STAT signaling is commonly used by many cytokine
families, we began our studies on mechanism by studying the
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Fig. 2. Identification of IFNG as a potent negative regulator for cytokine-induced differentiation of DPSCs. (A) Out of 11 identified negative regulators, IFNG
most strongly inhibited odontoblastic differentiation based on ALP assay results. *P < 0.05, **P < 0.01. Data are shown as mean ± SD (n = 6). (B) ALP assays
and ARS staining were performed to evaluate the effect of IFNG on DPSC differentiation under stimulation with OSM 10 d after lentivirus infection. IFNG
prevented OSM-induced increases in ALP activity and ARS staining. ***P < 0.001. (C) qPCR analysis was used to determine mRNA levels of ALP, RUNX2,
Collagen I, and Osteopontin, typical markers for DPSC differentiation. IFNG prevented OSM-induced up-regulation of all four markers. *P < 0.05, ***P < 0.001. (D)
Several subtypes of IFN lentiviruses were tested for the effect on ALP activity in DPSCs under OSM stimulation 10 d after infection. *P < 0.05, **P < 0.01, ***P <
0.001 (comparison between OSM only vs. individual cytokines); #P < 0.001 [control (Ctl) vs. OSM only]. Data are shown as mean + SD (n = 3) in B to D.
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effect of IFNG on their expression and activation (21, 22). We
studied STAT signaling after OSM treatment by measuring
STAT protein levels and their degree of phosphorylation in
differentiating DPSCs. OSM strongly elevated phosphorylation
of STAT3 while STAT1 and phospho (P)-STAT1 levels re-
mained unaltered (Fig. 4A). In contrast, IFNG potently elevated
phosphorylation of STAT1. Surprisingly, in addition to the ac-
tivation of STAT1 phosphorylation by IFNG, there was potent
up-regulation of its absolute amount (Fig. 4 A and B). To study if
expression of STAT genes was influenced by cytokines, we an-
alyzed the mRNA level of STAT1. As with the protein levels of
STAT1, the mRNA level of STAT1 was strongly (∼20-fold vs.
control) increased by IFNG (Fig. 4C), confirming that IFNG
induces STAT1 expression on a transcriptional level. OSM also
potently induced RUNX2, a key transcription factor that is as-
sociated with osteoblast differentiation (Fig. 4 A and B). In-
terestingly, when OSM and IFNG were used together, IFNG
significantly inhibited the phosphorylation of STAT3 and the
level of RUNX2 (Fig. 4 A and B).
The STAT proteins are known to translocate into the nucleus

after phosphorylation (23). Thus, we analyzed the level of
P-STAT3 both in the cytosol and nucleus after cytokine treat-
ment. Intriguingly, the ratio (nucleus/cytosol) of P-STAT3 in-
duced by OSM was also decreased by IFNG treatment (Fig.
4B). To determine if the observed up-regulation of STAT1 is
specific to IFNG, we measured the STAT1 protein level after
treatment of cells with different subtypes of IFNs. In contrast to
IFNG, other subtypes only mildly increased the STAT1 level
compared with control (Fig. 4D). Collectively, these data in-
dicate that IFNG specifically induced the inhibition of STAT3
phosphorylation and sequestration of transcriptionally active
P-STAT3.
It has been reported that different types of STAT proteins can

antagonize each other, for example by blocking the formation of
active complexes for transcription (24). We thus hypothesized
that the observed up-regulation of STAT1 by IFNG may in-

terfere with the STAT3-dependent odontoblastic differentiation.
To verify our hypothesis, we analyzed the checkpoint regulation
of IFNG in DPSCs after knockdown (KD) of STAT1. Un-
expectedly, the STAT1 KD did not affect the suppressive effect
of IFNG on OSM-activated odontoblastic differentiation of
DPSCs (Fig. 5A and Fig. S4A).
In addition to the loss-of-function study of STAT1, we also

carried out gain-of-function studies regarding the role of
STAT1 in mediating the checkpoint function of IFNG by over-
expressing STAT1. First, we overexpressed STAT1 in DPSCs
and analyzed whether elevated STAT1 affected the differ-
entiation of DPSCs. STAT1 overexpression moderately
suppressed odontoblast differentiation from DPSCs (Fig. 5B
and Fig. S4B). Also, OSM-mediated expression of its target
genes such as ALP, RUNX2, and Collagen I was partially
decreased (Fig. 5C). However, the effects observed after
overexpression of STAT1 are moderate relative to those seen
after IFNG treatment.
Together, these studies suggest that STAT1 is involved in

checkpoint regulation by IFNG. However, while perturbation of
STAT1 levels may partially account for the observed decrease in
cytokine-induced differentiation by IFNG, it alone cannot ac-
count for the massive effect of IFNG on OSM. Thus, we
searched for additional components of the mechanism. We
focused on the OSM receptor (OSMR) complex that, as for
some other cytokine receptors, is a heterodimer consisting of a
common gp130 subunit and its own receptor, OSMR (25).
Importantly, gp130 represents an important receptor compo-
nent for many cytokines, including IL-6, IL-11, IL-27, OSM,
and leukemia inhibitory factor (26). Indeed, we showed (see
above) that several receptors such as OSM, IL-6, and IL-11 that
were able to induce odontoblastic differentiation all contained
the gp130 subunit.
There have been several reports that gp130 internalizes after

ligand binding (27). This occurs after activation via a p38-
mediated pathway during which activated p38 phosphorylates
the Ser-782 residue of gp130 before its internalization (28, 29).
Thus, we first tested whether IFNG affects p38 phosphorylation
in DPSCs. When the DPSCs were acutely treated with recom-
binant IFNG, phosphorylation of p38 and gp130 rapidly increased
in a time-dependent fashion (Fig. 6A). Next, we measured the
amount of gp130 protein after long-term treatment of DPSCs
with IFNG (Fig. 6B). Interestingly, the gp130 protein level was
significantly decreased by IFNG treatment. In contrast, the
OSMR, the non-gp130 component of the heterodimeric receptor
complex, was not decreased at the protein or mRNA level
by IFNG treatment (Fig. 6 B and C). Thus, cytokine receptors
consist of heterodimers with one shared and one nonshared
subunit, and IFNG only down-regulates the shared subunit. The
fact that IFNG operates by modulating a component shared by
many cytokine receptors may explain how it functions as a
master regulator.
Finally, we tested whether the gp130 component of the re-

ceptor complex on the cell surface is lost through IFNG-induced
internalization. To study this, we performed a fluorescence-
activated cell sorting (FACS)-based receptor internalization as-
say after IFNG treatment of DPSCs. To label the gp130 proteins
on a cell surface, we stained them with a fluorescent anti-
gp130 antibody. After treatment with IFNG for 1 h, the level of
gp130 on the cell surface was decreased by 30% (Fig. 6D). The
original gp130 level was restored when the cells were treated by a
p38-specific inhibitor (Fig. 6E). Furthermore, the suppressive
effect of IFNG on OSM-induced osteogenesis was drastically
reversed by overexpressing gp130 (Fig. 6F). In toto, these data
demonstrate that IFNG functions as a checkpoint regulator for
cytokine-induced odontoblastic differentiation by modulating
the two independent STAT1 and p38 components of signal
transduction cascades.
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The Regulation Is Likely Autocrine
The operating premise of this study is that checkpoint control of
cytokine function is most efficient if members of the family
regulate each other. The system could be further optimized if an
autocrine mechanism is used because regulation would be di-
rectly linked to differentiation in the cell where it is occurring.
Thus, if IFNG is a critical checkpoint regulator for odontoblastic
differentiation, it is likely that expression of it and its receptor
can occur in the same cell so that the checkpoint activity relates
directly to the differentiation status of the cell. To address this
question, we first measured the mRNA levels of IFNG and the
IFNG receptor in the presence of basal differentiation media
over a 12-d period (Fig. S5). Intriguingly, in the absence of OSM,
the IFNG level early in the process of differentiation (day 3) was
significantly reduced and rebounded by 6 d as differentiation
increased (Fig. S5B). However, in the presence of OSM, the IFNG
level was slightly reduced at day 3 and remained depressed until
day 6 (Fig. S5B). These results suggest that the expression of the
IFNG checkpoint is dampened while the differentiation cas-
cade is proceeding. Later, a negative feedback loop is engaged
to regulate differentiation. In addition to IFNG, we also ana-
lyzed the mRNA level encoding its receptor (Fig. S5C). Similar
to IFNG, its receptor increases during differentiation, likely
functioning as a component of the negative feedback loop. This
elevation of IFNG receptor expression may sensitize the re-
sponsiveness of cells against both autocrine and immune cell-
generated IFNG.

Universality of Cytokine Checkpoint Regulation
To show that IFNG is a master checkpoint regulator in multiple
biological processes, we tested to see if it can influence a
cytokine-induced cellular process, which is completely irrelevant
to stem cell differentiation. Several reports have suggested that

OSM can modulate the extracellular matrix such as collagen in
various fibroblasts (30, 31). When the primary human lung fi-
broblasts were treated with OSM, it enhanced collagen I ex-
pression (Fig. S6A). When human lung fibroblasts were
cotreated with IFNG and OSM simultaneously, the OSM-
induced collagen I synthesis was completely blocked (Fig.
S6A). Furthermore, IFNG induced the internalization of
gp130 in human lung fibroblasts p38-dependently (Fig. S6 B
and C). Hence, IFNG may play a role as a master cytokine
checkpoint regulator in general cellular processes, not only in
the differentiation of DPSCs. Finally, the regulation of collagen
synthesis may be relevant to a variety of diseases, including
pulmonary fibrosis and keloid formation.

Discussion
The main question addressed in this study concerns how sets of
molecules with overlapping mechanisms and pathways are reg-
ulated. This could occur by extrinsic extracellular or intrinsic
intracellular mechanisms. In intrinsic mechanisms, members of
the set regulate each other, whereas for extrinsic mechanisms,
proteins orthogonal to the set are used as regulatory molecules.
In this study, we show that the OSM checkpoint appears to
use an intrinsic mechanism based on the ability of IFNG to
modulate the receptor. Although this is only one system, it
makes general sense. There are ≈209 known cytokines. If
they were extrinsically regulated there would have to be
hundreds of such systems. Indeed, extrinsic regulation of such
a large system would compromise the gene economy of the
organism.

IFNG Is a Primary Checkpoint for Cytokine-Induced Odontoblastic
Differentiation of DPSCs. DPSCs are a type of mesenchymal stem
cell (MSC), which have self-renewal and multilineage differentiation

Fig. 4. IFNG potently increased levels of STAT1 and P-STAT1 while preventing cytokine-induced phosphorylation of STAT3. (A) Western blot analysis was
used to compare expression levels of STAT1, STAT3, and RUNX2 in DPSCs after treatment with IFNG virus, OSM virus, or both (IFNG plus OSM viruses). (B) The
lysates in A were separated into cytosolic and nuclear fractions and then separately analyzed by Western blot. GAPDH and Lamin A/C served as internal
controls for cytosolic and nuclear fractions. (C) mRNA levels of STAT1 and STAT3 were measured by qPCR after treatment of DPSCs with IFNG, OSM, or IFNG
plus OSM. Data are shown as mean + SD (n = 3). (D) STAT1 and P-STAT1 levels in DPSCs were compared after incubation with lentiviruses containing different
IFN subtypes. IFNG most strongly induced STAT1 and P-STAT1 expression. **P < 0.01, ***P < 0.001.
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potential, including formation of osteoblasts, adipocytes, chon-
drocytes, muscle cells, and neural cells (12, 13, 32, 33). This
multipotency of DPSCs is critical for dental pulp repair and
regeneration of teeth. Hence, understanding their differentia-
tion regulation is important for future studies such as applica-
tions in regenerative medicine. Herein, we found that several
cytokine families, including the BMP family and IL-6 family
cytokines, induced odontoblastic differentiation of DPSCs.
Intriguingly, all of the cytokine-dependent odontoblastic dif-
ferentiations of DPSCs appear to be potently blocked by the
IFNG checkpoint, which governs the independent signaling
pathways STAT1 and p38.

STAT1 Up-Regulation Interferes with Odontoblastic STAT3 Signaling
of OSM. In response to cytokines, STAT3 proteins are phos-
phorylated and form homo- or heterodimers, and translocate to
the nucleus, where they act as transcription activators. The
STAT3 signal pathway has been reported to be important for
odontoblastic differentiation in MSCs by cytokines (34). We
have observed that IFNG reduced the phosphorylation level
of STAT3 and that this activity was STAT1-dependent. IFNG
potently elevated both the expression and the phosphorylation
of STAT1. There are several consequences resulting from
STAT1 elevation that can perturb STAT3 signaling. First, the
elevated STAT1 may compete with STAT3 for binding to re-
ceptor docking sites, the DNA-binding element, or cofactors.
This may also lead to the sequestration of STAT3 from tran-
scriptionally active STAT3 homodimers by inducing STAT1–
STAT3 heterodimers. In addition to STAT3, STAT1 also can
interfere with other types of STAT proteins as well. Therefore,

the simple elevation of STAT1 by IFNG is an effective way
to interfere with multiple cytokines using STATs as key
signal transducers.
Initially, unphosphorylated STATs were considered to be nascent

transcription activators in the cytoplasm, entering the nucleus to
induce gene expression only after activation by phosphorylation.
However, reports have proven that STAT1 and STAT3 are present
in nuclei independent of phosphorylation (35–38). These unphos-
phorylated STAT1s have been found to drive some genes, such as
the low-molecular mass polypeptide 2 gene, by forming the
complex with IFN regulatory factor 1. Hence, in addition to the
effect of elevated STAT1 as a competitor to other STAT
functions, the orthogonal regulation by IFNG-induced up-
regulation of unphosphorylated STAT1 may affect the check-
point activity of IFNG in the cytokine-induced odontoblastic
differentiation.

Solving the Problem of a Master Switch. A master regulator must
modulate diverse proteins. Thus, the problem reduces to the question
of how a single protein modulates sets of diverse proteins that in our
case are receptors. The problem is solved when the receptor is a
multimeric complex containing both common and variable compo-
nents. If the regulatory target is the common subunit of otherwise
different receptors, they can all be regulated by a single protein. The
gp130 component of cytokine receptors is a shared signaling sub-
unit of numerous IL-6 family cytokines and is abundantly expressed
in DPSCs (Fig. 6 A and B). In this study, we observed that sev-
eral IL-6 family cytokines, including IL-6, IL-11, and OSM, shared
this gp130 component in their signal-transducing receptors. IFNG
potently reduced the level of gp130 by inducing its internalization in a
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Fig. 5. STAT1 is not a major mediator for the observed inhibitory effect of IFNG on cytokine-driven odontoblastic differentiation. (A) KD of STAT1 does
not abolish the inhibitory effect of IFNG on OSM-induced DPSC differentiation measured by ALP activity. DPSCs were preinfected with lentiviruses of
scrambled (sc) shRNA or STAT1 shRNA and subsequently transduced with lentiviruses containing control vector, IFNG, OSM, or IFNG plus OSM. After
6 d, ALP activity was measured. (B and C ) Overexpression of STAT1 does not prevent OSM-induced DPSC differentiation as potently as IFNG. DPSCs
were incubated with lentiviruses containing control vector, IFNG, STAT1, OSM, IFNG plus OSM, or STAT1 plus OSM, followed by ALP assay, ARS
staining (B), or qPCR analysis to determine mRNA levels of ALP, RUNX2, and Collagen I (C ). Data are shown as mean + SD (n = 3). *P < 0.05, **P < 0.01,
***P < 0.001.
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p38-dependent manner. The IFNG-induced gp130 internalization
perturbed both the basal and the OSM-induced odontoblastic
differentiation. Interestingly, IFNG strongly reduced only gp130,
which is the common component of the heterodimeric receptor,
without affecting the level of the OSMR, which is the variable
component. IFNG also down-regulated receptors that do not contain
gp130. For these receptors, up-regulation of STAT1 may, in some
cases, suffice as a checkpoint inhibitor.

Precise Linkage of Differentiation and Its Checkpoint. The master
regulation of differentiation by IFNG is autocrine-based. Thus,
as differentiation proceeds, the amount of IFNG and its receptor
increases. This mechanism allows the regulatory machinery of a cell
to be precisely linked to the differentiation cascade. The regulatory
machinery is off until differentiation reaches a certain state, after

which it switches on. Arguably, this is the most precise way to reg-
ulate differentiation in organs because cells are not synchronous and,
in an autocrine mode, each cell is a separately contained system.
Previous studies have reported that IFNG is involved in the

regulation of the osteoblastic differentiation of bone marrow-
derived MSCs (39). However, largely because there are few data
on mechanism, the role of IFNG is unclear as to whether it in-
duces or inhibits differentiation in these cells (39, 40). Now, with
the data on the mechanism reported here, it is clear that IFNG is
a potent checkpoint inhibitor of osteogenesis, and we can un-
derstand how it can function as a master regulator of differen-
tiation for the many different stem cells that have IFNG
receptors. The fact that IFNG is the only type II IFN and differs
from other IFNs in structure and sequence is compatible with its
unique role as a master regulator of differentiation.
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Materials and Methods
Construction of the Lentiviral Cytokine Library. Human cytokine gene cDNAs
(209) were obtained from the GE cytokine library. PCR primers were
designed for each cDNA to introduce a pair of SfiI sites that are compatible
with the lentiviral vector pLV2-EF1a-MTA to the ends of each PCR-
amplified insert. After digestion by SfiI, the inserts were ligated into the
SfiI-digested lentiviral vector separately to construct 209 lentiviral cytokine
plasmids.

See SI Materials and Methods for a detailed description.

Infection of DPSC with Lentivirus. Lentivirus was added to DPSC in the DPSC
growth medium containing 5 μg/mL polybrene and incubated at 37 °C, 5%
CO2 for 24 h. Virus-containing medium was replaced with fresh osteogenesis
induction medium, which contains the hMSC differentiation basal medium-
osteogenic (Lonza) and the hMSC osteogenic SingleQuots kit (Lonza). Cells were
fed with fresh osteogenesis induction medium every 3–4 d until ready for assay.
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