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Abstract

The protein phosphatase Phlpp1 is an essential enzyme for proper chondrocyte function. Altered 

Phlpp1 levels are associated with cancer and degenerative diseases such as osteoarthritis. While 

much is known about the post-transcriptional mechanisms controlling Phlpp1 levels, 

transcriptional regulation of the Phlpp1 gene locus is underexplored. We previously showed that 

CpG methylation of the PHLPP1 promoter is lower in osteoarthritic cartilage than in normal 

cartilage, and indirectly correlates with gene expression. Here we further defined the effects of 

DNA methylation on PHLPP1 promoter activity in chondrocytes. We cloned a 1791 bp fragment 

of the PHLPP1 promoter (−1589:+202) and found that the first 500 bp were required for maximal 

promoter activity. General methylation of CpG sites within this fragment significantly blunts 

transcriptional activity, whereas site-specific methyltransferases HhaI or HpaII decreases 

transcriptional activation by approximately 50%. We located putative FoxO consensus sites within 

the PHLPP1 promoter region. Inhibition of DNA methylation by incorporation of 5-azacytidine 

increases Phlpp1 mRNA levels, but FoxO inhibition abolishes this induction. To determine which 

FoxO transcription factor mediates Phlpp1 expression, we performed overexpression and siRNA-

mediated knock down experiments. Overexpression of FoxO3a, but not FoxO1, increases Phlpp1 

levels. Likewise, siRNAs targeting FoxO3a, but not FoxO1, diminished Phlpp1 levels. Lastly, 

FoxO inhibition increases glycosaminoglycan staining of cultured chondrocytes and leads to 

concomitant increases in FGF18 and HAS2 expression. Together, these data demonstrate that CpG 

methylation and FoxO3a regulate PHLPP1 expression.
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Cartilage formation and degeneration are under epigenetic control, by processes including 

DNA methylation, post-translational modification of histones and non-coding RNAs 

[Goldring and Marcu, 2012]. While all forms of epigenetic regulation maintain cartilage 

homeostasis, the impact of DNA methylation on osteoarthritis progression and cartilage 

development is increasingly recognized [Bomer et al., 2015; den Hollander et al., 2014; 

Ezura et al., 2009; Fernandez-Tajes et al., 2014; Jeffries et al., 2014; Kumar and Lassar, 

2014; Moazedi-Fuerst et al., 2014; Rushton et al., 2014; Taylor et al., 2016]. DNA 

methylation of clustered CpG dinucleotides within gene promoters frequently leads to 

transcriptional repression due to transcription factor obstruction and/or by recruitment of 

silencing proteins [Deaton and Bird, 2011; Klose and Bird, 2006].

The PH-domain leucine rich protein phosphatase (Phlpp) 1 gene product is an atypical 

protein phosphatase that inactivates anabolic cell signaling pathways including Akt and 

PKC. As such, Phlpp1 is a critical regulator of cellular and tissue homeostasis. Alterations in 

Phlpp1 function and/or expression are associated with many pathological conditions, 

including cancer and degenerative diseases [Grzechnik and Newton, 2016]. Cellular levels of 

Phlpp1 are controlled by transcriptional and translational regulation and by ubiquitin-

dependent proteolysis [Grzechnik and Newton, 2016]. Translational regulation of Phlpp1 

levels is accomplished via mTORC1 and multiple microRNAs [Beezhold et al., 2011; Cai et 

al., 2013; Chang et al., 2014; Efeyan and Sabatini, 2010; Jiang et al., 2015a; Jiang et al., 

2015b; Kim et al., 2016; Liu et al., 2011]. In contrast, protein degradation is βTCrP-

dependent; however, mechanisms that control Phlpp1 transcription are underexplored 

[Gangula and Maddika, 2013; Gao et al., 2013; Li et al., 2009; Li et al., 2013; Sowa et al., 

2009; Vera et al., 2015].

We previously showed that chondrocytes from OA patients exhibit markedly increased 

PHLPP1 expression as compared to chondrocytes within articular cartilage obtained from 

femoral neck fracture repair specimens [Bradley et al., 2015a]. Moreover, we demonstrated 

lower CpG methylation of the PHLPP1 promoter region in OA chondrocytes and that in 

vitro methylation of the PHLPP1 promoter decreases its transcriptional activity [Bradley et 

al., 2015a]. Phlpp1 deficiency increases cartilage content and Fgf18 expression by immature 

chondrocytes during cartilage development when FoxO1 is inactivated [Bradley et al., 

2015b]. Moreover, FoxO1 blocks Fgf18 expression [Bradley et al., 2015b].

In this paper, we further examine the effects of DNA methylation on PHLPP1 promoter 

activity and identify several transcription factors that modulate PHLPP1 expression. We 

refine the sequence required for full transcriptional activation of the PHLPP1 promoter to 

approximately the first six hundred base pairs and show that DNA methylation attenuates 

activity of this fragment. Furthermore, we show that Phlpp1 promoter activity and mRNA 

levels are decreased with FoxO inhibition. This is accompanied by increased chondrocyte 

GAG production and elevated expression of FGF18 and HAS2. These data further support 

the crucial role of DNA methylation in controlling PHLPP1 transcription and suggest that 

FoxO transcription factors may facilitate PHLPP1 expression.
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2. Methods

2.1 Chondrocyte Cell Culture, Transfection and Treatments

T/C28-a2 and ATDC5 cells were maintained in DMEM supplemented with 10% FBS and 

1% antibiotic/antimycotic [Goldring, 2004]. Cells were seeded at a density of 2.7 × 104 

cells/cm2 for RNA isolation or 1.5x104 cells/cm2 for transcription assays and incubated 

overnight. Cells were then treated as described within the text and figure legends. The FoxO 

inhibitor AS1842856 (Calbiochem) was reconstituted in DMSO then diluted 1:1000 in 

culture medium to obtain final working concentration of 1 μM. DMSO diluted 1:1000 in 

culture medium was used as a vehicle control condition. The FoxO inhibitor AS1842856 is a 

cell-permeable oxodihydroquinoline that primarily inhibits Forkhead box O family member 

Foxo1 (IC50 = 33 nM), but also affects the transcriptional activity of functionally related 

Foxo3a and Foxo4 (70%, 20%, and 3% inhibition, respectively at [AS184256] = 100 nM) 

[Nagashima et al., 2010]. To inhibit DNA methylation, 1 μM 5-azacytidine or vehicle (PBS) 

was added on day 1 of culture. Cells were transfected with pcDNA3, pcDNA-FoxO1A3 

and/or pcDNA3-FoxO3a (Addgene no. 13508 and 10709 respectively) with Lipofectamine 

(Invitrogen) using a 1:3 (Lipofectamine:DNA) ratio. For knock down experiments, ON-

TARGET plus siRNA smart pools targeting FoxO1, FoxO3 or a control siRNA were 

purchased from Dharmacon. ATDC5 cells were transfected with each siRNA using 

Lipofectamine RNAiMax at a 1:1 ratio. T/C28-a2, ATDC5 and primary immature 

chondrocytes were also cultured in 10 μl micromasses of 2x105 cells. After 1 hour, each well 

containing micromasses was flooded with DMEM supplemented with 10% FBS and 1% 

antibiotic/antimycotic containing either the FoxO inhibitor or vehicle. Micromass cultures 

were incubated for three days and then collected for analyses.

2.2 Generation of PHLPP1-CpG-Free Reporter Plasmids

The −1589:+202 fragment of the PHLPP1 promoter (chromosome 18: 60376310- 

60378100) was previously used to construct a CpG-free luciferase reporter [Bradley et al., 

2015a; Hashimoto et al., 2009]. The full length promoter was truncated through digestions 

of HindIII and the following restriction enzymes: −1447:+202 (Smll), −1135:+202 (BsrGI), 

−967:+202 (Pmll), −792:+202 (BstBI), −431:+202 (Pvull), −53:+202 (SacII). All fragments 

were subcloned into a CpG-free luciferase reporter.

2.3 Plasmid Methylation and Dual Luciferase Assays

pCpG-Free-PHLPP1-Luc promoter fragment plasmids were treated in vitro with the CpG 

methyltransferases HhaI, HpaII, HhaI and HpaII, or M. SssI (10 units/μg DNA). Mock 

treated plasmids were used as control. pCpG-Free-PHLPP1-Luc plasmids were transfected 

into T/C28-a2 cells with pRL-LUC using lipofectamine reagent (1:3 ratio, Invitrogen). Dual 

luciferase activity assays (Promega) were performed 48 to 72 hours post-transfection as 

indicated in figure legends. Each assay condition was tested as 3 to 4 technical replicates 

within each experiment. All experiments were repeated three times with representative data 

shown.
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2.4 Identification of Putative Transcription Factor Binding Sites

The −431:+202 sequence of the PHLPP1 promoter was scanned using the JASPAR Core 

Vertebrata transcription factor binding profile database at a relative profile threshold score of 

95%. Identified consensus sequences were verified as present within the PHLPP1 promoter 

region.

2.5 RNA isolation and real-time PCR

Total RNA was extracted from cells using TRIzol (Invitrogen) and chloroform, and 2 μg was 

reverse transcribed using the SuperScript III first-strand synthesis system (Invitrogen). The 

resulting cDNAs were used to assay gene expression via real-time qPCR using the following 

gene-specific primers: PHLPP1 (5′-AGCTGAAAGCCATCCCCAACA-3′, 5′-
GCTCAGGTCCACACACTTGA-3′), GADD45 (5′-
AGACCGAAAGGATGGATAAGGTGG-3′, 5′-AGAGCCACATCTCTGTCGTC-3′), 
FGF18 (5′-GACAAGTATGCCCAGCTCCTA-3′, 5′-CATCAGGGCCGTGTAGTTGT-3′), 
HAS2 (5′-GACCAAGAGCTGAACAAGATGC-3′, 5′-
GGTGTGATGCCAAAAAGGCA-3′), and GAPDH (5′-
GACCTGACCTGCCGTCCTAGAAA-3′, 5′-CCTGCTTCACCACCTTCTTGA-3′). Fold 

changes in gene expression for each sample were calculated using the 2−ΔΔCq method 

relative to control after normalization of gene-specific Cq values to GAPDH Cq values 

[Razidlo et al.]. Each experiment was performed in triplicate and repeated at least three 

times. Results from a representative experiment are shown.

2.6 Western blotting

Cell lysates were collected in a buffered SDS solution (0.1% glycerol, 0.01% SDS, 0.1 m 

Tris, pH 6.8) on ice. Total protein concentrations were obtained with the Bio-Rad DC assay 

(Bio-Rad). Proteins (15 μg) were then resolved by SDS-PAGE and transferred to a 

polyvinylidene difluoride membrane. Western blotting was performed with antibodies 

(1:2000 dilution) for Phlpp1 (Millipore, catalog #07-1341), FoxO1, FoxO3a (Cell Signaling 

Technologies, catalog #2880 and 2497), and tubulin (Developmental Studies Hybridoma 

Bank, Iowa City, IA) and corresponding secondary antibodies conjugated to horseradish 

peroxidase (HRP) (Santa Cruz Biotechnology, Santa Cruz, CA). Antibody binding was 

detected with the Supersignal West Femto Chemiluminescent Substrate (Pierce). Each 

experiment was repeated at least two times, and data from a representative experiment are 

shown.

2.7 Statistical analysis

Data obtained are the mean ± standard error of the mean (SEM). p values were determined 

with the Student’s t-test when only one experimental comparison was made. For assessment 

of significance with greater than two conditions, a one-way analysis of variance was 

performed. p < 0.05 was considered statistically significant.
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3. Results

3.1 PHLPP1 Promoter Activity is Repressed by CpG Methylation

Our previous work demonstrated elevated PHLPP1 expression by OA articular chondrocytes 

correlated with demethylation of the PHLPP1 promoter [Bradley et al., 2015a]. Likewise, in 

vitro methylation of a PHLPP1 promoter fragment decreased transcriptional activity 

[Bradley et al., 2015a]. Here we further explored the effects of CpG methylation on PHLPP1 

promoter activity to determine potential mechanisms of transcriptional control. We first 

constructed deletion mutants of the full-length (−1589:+202) PHLPP1 promoter construct 

which were subcloned into the pCpG-Free luciferase reporter (Figure 1A) [Bradley et al., 

2015a; Hashimoto et al., 2009]. The −53:+202 deletion construct retained transcriptional 

activity, but was markedly blunted compared to the full-length PHLPP1 promoter (Figure 

1B). In contrast, luciferase activity of the pCpG-free-PHLPP1-LUC −431:+202 fragment or 

any larger fragments was not statistically different from the full-length reporter (Figure 1B). 

These data indicate that most transcriptional regulation of the PHLPP1 promoter is imparted 

within the −431:+202 fragment.

To further explore the impact of CpG methylation on PHLPP1 promoter transcriptional 

activity, we treated the full-length, −431:+202 or −53:+202 promoter fragments in vitro with 

the general CpG methyltransferase M. SssI, or the site-specific methyltransferases HhaI 

and/or HpaII. Mock treated plasmids were used as negative controls for each experiment. 

General methylation of the full-length PHLPP1 promoter markedly attenuated luciferase 

activity as previously observed [Bradley et al., 2015a]. Methylation with either site-specific 

methyltransferase reduced transcriptional activation by approximately 50%, whereas 

methylation using both HhaI and HpaII further decreased luciferase activity (Figure 2A). 

However, treatment with the general CpG methyltransferase M. SssI decreased 

transcriptional activity of the full-length promoter significantly as compared to either site-

specific methyltransferase alone or in combination (Figure 2A). Since the −431:+202 

PHLPP1 promoter fragment retained maximal transcriptional activity, we assessed the 

effects of CpG methylation using this luciferase reporter. Treatment with site specific 

methyltransferases HhaI or HpaII decreased transcriptional activation of the −431:+202 

fragment by approximately 50%; no significant difference was observed when comparing 

treatment with HhaI to HpaII (Figure 2B). Treatment with M. SssI further decreased 

luciferase activity (Figure 2B). Lastly we determined the effects of each CpG 

methyltransferase on luciferase activity of the smallest PHLPP1 promoter fragment 

(−53:+202), as this fragment retained minimal transcriptional activity. HhaI and M. SssI 

significantly decreased transcriptional activity of this reporter; however, HpaII did not 

suppress luciferase activity (Figure 2C). These data indicate that specific CpG dinucleotides 

within the −431:+202 PHLPP1 promoter act to repress PHLPP1 expression.

3.2 FoxO TFs regulate Phlpp1 expression in a methyl-sensitive manner

We used the JASPAR Core Vertebrata transcription factor binding profile database to 

identify putative transcription factor binding sites within the −431:+202 region of the 

PHLPP1 promoter that overlap and therefore can be blocked by CpG methylation. The 

PHLPP1 promoter sequence contains 16 HhaI and HpaII methylation sites, 70 CpG 
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dinucleotides, and multiple transcription factor binding sites (Figure 3A). A single HhaI site 

is present within the −53:+202 sequence and accounts for the reduction in transcriptional 

activity observed in Figure 2C. A Sp1 consensus sequence that is known the regulate 

PHLPP1 transcription in a DNA methyl-dependent fashion [Dong et al., 2014] was 

identified. In addition, bindings sites for Klf5, Hes1, Pax2, Ap-2 and Fox transcription 

factors were identified. These transcription factors are induced by the Notch, Wnt, 

Hedgehog and Insulin/Igf pathways as indicated in Figure 3B.

Because we previously showed increased FoxO levels with Phlpp1 deficiency, we 

investigated if FoxO transcription factors impacted PHLPP1 expression. The FoxO inhibitor 

AS1842856 significantly decreased luciferase activity of the −431:+202 PHLPP1 reporter 

(Figure 4A). No change in PHLPP1 promoter activity occurred when cells were treated with 

Wnt3a, Forskolin or DAPT under these conditions (data not shown). Inhibition of DNA 

methylation enhances Phlpp1 expression in ATDC5 cells (Figure 4B). To determine if this 

methylation-sensitive increase in Phlpp1 transcription was dependent on FoxO activity, we 

co-treated cells with the FoxO inhibitor. Induction of Phlpp1 levels produced by inhibition 

of DNA methylation was abolished by FoxO inhibition (Figure 4B). These data suggest that 

FoxO TFs regulate Phlpp1 expression in a methyl-sensitive manner.

3.3 FoxO3a promotes Phlpp1 expression

The FoxO inhibitor AS184256 inhibits several FoxO isoforms, but targets FoxO1 and 

FoxO3 with greatest potency. To determine which isoform modulated Phlpp1 expression, 

FoxO1 or FoxO3a constructs were transfected into ATDC5 cells (Figure 5A,B). FoxO1 did 

not alter Phlpp1 levels, but expression of FoxO3 enhanced Phlpp1 levels. Next FoxO1 and 

FoxO3a levels were suppressed with siRNA pools (Figure 5C,D). FoxO1 siRNAs did not 

alter Phlpp1 levels, but siRNAs targeting FoxO3a reduced Phlpp1 expression. These results 

demonstrate that FoxO3a promotes Phlpp1 expression.

3.4 FoxO Inhibition Represses PHLPP1 Expression and Increases Cartilage Production

Since Phlpp1 deficiency or inhibition leads to increased cartilage matrix content [Bradley et 

al., 2015b], we also determined if FoxO inhibition increased GAG levels. T/C28-a2 cells 

were cultured in micromass and treated with the FoxO inhibitor. Micromasses treated with 

AS184256 stained more intensely with Alcian blue (Figure 6A). Similar results were 

obtained from micromasses of ATDC5 cells and primary immature articular chondrocytes 

(data not shown). Next we determined how FoxO inhibition affected expression of 

chondrogenic markers and Phlpp1. As expected, AS184256 decreased expression of the 

FoxO target gene Gadd45 (Figure 6B). Phlpp1 levels were also reduced with concomitant 

increases in Fgf18 and Has2 expression (Figure 6C–E). FoxO inhibition also elevated Fgf18 

and Has2 transcripts in murine ATDC5 and primary immature articular chondrocytes (data 

not shown).

4. Discussion

Transcriptional activity of the PHLPP1 locus is an important mechanism controlling 

anabolic signaling pathways [Grzechnik and Newton, 2016]. Previous work showed that 
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CpG methylation suppresses PHLPP1 promoter activity [Bradley et al., 2015a; Dong et al., 

2014]. Here we demonstrate that the first six hundred base pairs of the PHLPP1 proximal 

promoter drive maximal transcription of the PHLPP1 locus in chondrocytes and that this 

sequence is highly sensitive to CpG DNA methylation. This proximal portion of the 

PHLPP1 promoter has a GC content of approximately 68 percent. The distal portion of the 

PHLPP1 promoter also contains CpG sites and is likewise sensitive to DNA methylation. 

The distal sites may have a weaker influence on PHLPP1 transcription, as longer promoter 

fragments did not enhance reporter activity.

The PHLPP1 promoter sequence contains putative transcription factor binding sites for Sp-1, 

Klf5, Hes1, Pax2, Ap-2 and Fox transcription factors. While Sp-1 is known to promote 

expression of PHLPP1 in a methyl-sensitive fashion, we also showed that FoxO3a, 

potentially in concert with FoxO1, influences PHLPP1 transcription [Dong et al., 2014]. 

Although binding of Pax2 to the PHLPP1 promoter could be affected by CpG methylation, 

we did not observe a change in PHLPP1 expression when activators of Pax2 transcriptional 

activity were altered.

Since we previously demonstrated that Phlpp1 regulates FoxO1 activity to control 

expression of Fgf18, we explored a potential feedback mechanism between FoxO and 

PHLPP1 [Bradley et al., 2015b]. Our data show that FoxO inhibition suppresses 

transcriptional activity of the Phlpp1 promoter and mRNA levels. This is accompanied by 

increased GAG staining and a concomitant increase in Fgf18 and Has2 mRNA levels. At 

concentrations used here, the FoxO inhibitor AS1842856 blocked transcriptional activity of 

FoxO1, 3 and 4 with decreasing efficiency respectively. We demonstrated that 

overexpression of FoxO3a enhanced expression of endogenous Phlpp1 levels, and that this 

effect was potentiated by the addition of FoxO1. Likewise, knockdown of FoxO3a reduced 

Phlpp1 levels; thus, FoxO1/3a isoforms may regulate transcription of the PHLPP1 locus. 

Moreover, mice lacking FoxO1 or FoxO1/3/4 in Col2Cre expressing cells exhibit increased 

chondrocyte proliferation and proteoglycan production, mirroring the effects of Phlpp1 

deficiency [Bradley et al., 2015b; Matsuzaki et al., 2018]. FoxO deficient mice also 

exhibited OA-like changes with age, demonstrating that FoxO transcription factors are 

important for cartilage maintenance [Matsuzaki et al., 2018]. Reduced expression of FoxO 

transcription factors was shown to increase sensitivity of chondrocytes to oxidative stress 

[Akasaki et al., 2014b]. Enhanced chondrocyte cell death in response to oxidative stress is 

also a consequence of reduced FoxO expression and is thought to be due to reduced 

antioxidant- and autophagy-related pathways [Akasaki et al., 2014a]. Thus, FoxO inhibition 

may be beneficial in an OA disease state due to clearing of catabolic cells [Zhang et al., 

2016]. FoxO TFs may also suppress activity of cartilage anabolic genes, as FoxO inhibition 

enhanced Fgf18 and Has2 expression and increased GAG staining.

In summary, Phlpp1 transcription is attenuated by CpG methylation. We further find that 

FoxO transcription factors regulate activity of the PHLPP1 promoter. FoxO inhibition also 

increases cartilage content and expression of Fgf18 and Has2, both of which may contribute 

to enhanced cartilage production. Future work will be aimed at defining how DNA 

methylation affects binding of these transcription factors to the PHLPP1 promoter.
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Figure 1. Methylation blunts human PHLPP1 promoter activity
A 1791 bp fragment (−1589:+202) was cloned into the pCpG-Free-LUC reporter. Deletions 

of the full-length promoter were generated. (A) Diagram of constructs. (B) Luciferase 

activity of each Phlpp1 promoter deletion construct.
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Figure 2. Specific CpG dinucleotides within the −431:+202 PHLPP1 promoter dictate repression 
of PHLPP1 expression
(A) The full length PHLPP1 promoter fragment was treated with the methyltransferases 

HpaII, HhaI HpaII + HhaI or M. SssI and luciferase activity of each fragment was evaluated. 

*p < 0.05 (B) The −431:+202 PHLPP1 promoter fragment was treated with the 

methyltransferases HpaII, HhaI or M. SssI and luciferase activity of each fragment was 

evaluated. *p < 0.05 (C) The −53:+202 PHLPP1 promoter fragment was treated with the 

methyltransferases HpaII, HhaI or M. SssI and luciferase activity of each fragment was 

evaluated. *p < 0.05
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Figure 3. The human PHLPP1 proximal promoter
(A) CpG sites within the PHLPP1 −431: +202 promoter fragment are noted in bold. HhaI 

(GCGC) and HpaII (CCGG) methyltransferase sensitive sites are highlighted. The arrow 

denotes the transcription start site. (B) Table listing potential transcription factors with 

consensus sequences within the PHLPP1 −431:+202 promoter fragment and pathways that 

induce activity of each respective transcription factor.
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Figure 4. FoxO inhibition attenuates Phlpp1 transcription in a methylation-sensitive manner
(A) The −431:+202 PHLPP1 promoter fragment was transfected into T/C28-a2 cells and 

cells were treated with the FoxO inhibitor AS1842856 (1 μM) 24 hours following 

transfection. Dual luciferase assays were performed 72 hours post-transfection. *p < 0.05 as 

compared to DMSO control (B) ATDC5 cells were treated with 1 μM 5-azacytidine for 24 

hours, after which the FoxO inhibitor AS1842856 (1 μM) was added for 24 hours. 

Expression of Phlpp1 was then determined by qPCR. *p < 0.05
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Figure 5. FoxO3a promotes Phlpp1 expression
(A) ADTC5 cells were transfected with expression constructs as indicated and harvested 

after 48 hours. Western blotting was performed. (B) Mean gray values for each ban in panel 

A were measured. (C) ADTC5 cells were transfected with siRNAs as indicated and 

harvested after 48 hours. Western blotting was performed. (D) Mean gray values for each 

ban in panel C were measured.
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Figure 6. FoxO inhibition attenuates Phlpp1 transcription and increases cartilage production
(A) T/C28-a2 cells were cultured in micromass and treated with the FoxO inhibitor (1 μM). 

After 3 days, cells were fixed and stained with Alcian blue. T/C28-a2 cells were also 

cultured in monolayer and treated with the FoxO inhibitor (1 μM) for 24 hours. Expression 

of (B) GADD45, (C) PHLPP1, (D) FGF18 and (E) HAS2 was determined by qPCR. *p < 

0.05 as compared to DMSO control.
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