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Abstract

Vascular calcification (VC) predicts cardiovascular morbidity and mortality in chronic
kidney disease (CKD). To date, the underlying mechanisms remain unclear. We
detected leukocyte DNA Né-methyladenine (6mA) levels in CKD patients with or without
aortic arch calcification. We used arteries from CKD mice infected with vascular smooth
muscle cells (VSMCs)-targeted adeno-associated virus encoding alkB homolog 1
(Alkbh1) gene or Alkbh1 shRNA to evaluate features of calcification. We identified that
leukocyte 6mA levels were significantly reduced as the severity of VC increased in CKD
patients. Decreased 6mA demethylation resulted from the upregulation of ALKBH1.
Here, ALKBH1 overexpression aggravated, whereas its depletion blunted VC
progression and osteogenic reprogramming in vivo and in vitro. Mechanistically,
ALKBH1-demethylated DNA 6mA modification could facilitate the binding of octamer-
binding transcription factor 4 (Oct4) to bone morphogenetic protein 2 (BMP2) promoter
and activate BMP2 transcription. This resulted in osteogenic reprogramming of VSMCs
and subsequent VC progression. Either BMP2 or Oct4 depletion alleviated the pro-
calcifying effects of ALKBH1. This suggests targeting ALKBH1 might be a therapeutic

method to reduce the burden of VC in CKD.
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Introduction

The leading cause of death in patients with chronic kidney disease (CKD) has been
traced to cardiovascular complications (1). Medial vascular calcification (VC) is
prevalent in CKD and contributes to subsequent cardiovascular morbidity and mortality
(2). VC progressively increases with advanced stages of CKD and is linked with
hyperphosphatemia (3). Hyperphosphatemia results in ectopic deposition of calcium-
phosphate crystals in the vasculature. Thus, demonstrating that phosphate is a pivotal
contributor to VC development. VC results in vessel wall stiffening and impaired elastic
recoil (4). Consequently, the hemodynamic instability increases cardiac afterload and

results in irreversible outcomes (5).

Multiple regions of the aorta are prone to calcification during CKD. Indeed, the aortic
arch is more prone to calcification throughout the entire aorta at the early stage. Aortic
arch calcification can easily be detected via chest computed tomography, which
accurately represents the magnitude of VC (6). Aortic arch calcification is a prognostic
indicator of worse cardiovascular outcomes (7). Various strategies have been devised to
slow the progression of this burgeoning health concern. However, no substantial early

diagnosis and practical pharmacological approach have been proved to retard VC.

Vascular smooth muscle cells (VSMCs) within the artery undergo osteogenic
reprogramming to potentiate VC. This active process is recognized as similar to
physiologic bone mineralization (8). Hyperphosphatemia drives VSMCs to convert from
the contractile phenotype to the osteogenic phenotype, which is characterized by loss of

VSMCs markers (smooth muscle 22 alpha [SM22a], alpha-smooth muscle actin [a-SMA]
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and Calponin1), accompanied with increased expression of osteogenic markers
(osteopontin [OPN], osteocalcin [OCN] and Collagen 1) (9). The bone morphogenetic
proteins (BMPs) are members of the transforming growth factor beta family that
engaged in embryogenesis, organogenesis, and osteoblast differentiation (10). Bone
morphogenetic protein 2 (BMP2), a member of the BMPs family, is a potent osteogenic
protein, which has been shown to promote VSMCs osteogenic reprogramming and VC.
BMP2 accomplishes this by elevating the expression of runt-related transcription factor

2 (RUNX2), the decisive transcription factor for bone formation (11).

Currently, there is limited understanding of how and why osteogenic reprogramming
occurs. Epigenetic alterations to DNA methylation (12), histone modification (13), and
microRNA have emerged as critical regulators of this process (14). DNA methylation
abnormalities have been well described in CKD patients (12). Previous studies
substantiated that elevated phosphate environment increased DNA methyltransferase
activity and methylation of transgelin (TAGLN) promoter region. Thus, leading to

decreased expression of SM22a and a consequent increase in VC (15).

Recent developments in deep sequencing technology allowed the detection of a novel
DNA adenine methylation (N6-methyladenine [6mA]) in the human genome (16). This
modification is mediated by the methyltransferase N® adenine-specific DNA
methyltransferase 1 (N6AMT1) and demethylase alkB homolog 1 (ALKBH1) (17).
Several studies revealed that there is a robust relationship between ALKBH1-
demethylated DNA 6mA modification and cardiovascular diseases, such as
hypertension and atherosclerosis (18, 19). As previously reported, ALKBH1-mediated

6mA demethylation is required for the osteogenic differentiation of human mesenchymal
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stem cells during bone metabolism (20). However, the role of 6mA in VC has not been

explored.

Considering the overlapping bone-vascular axis in VC, it is tempting to postulate that
ALKBH1 may have a regulatory effect on the progression of VC. Therefore, this study
was conducted to elucidate the role of ALKBH1-demethylated DNA 6mA modification in
hyperphosphatemia-induced VC during CKD. We aim to provide new insights into early

diagnosis and potential targets for therapeutic medication towards VC in CKD.
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Results

Reduced leukocyte DNA 6mA is correlated with the severity of vascular calcification in
clinical. CKD-induced hyperphosphatemia can elicit multiple alterations in cellular
epigenetic regulation (21, 22). Leukocyte DNA 6mA levels were evaluated in CKD
patients, with or without aortic arch calcification, to elucidate modification alterations
during VC. The CKD patient characteristics in the Non-VC and VC group were shown in
Table 1. To bolster confidence in the CKD cohort, we introduced the soluble urokinase
plasminogen activator receptor (suPAR), which was proved as a practical and strong
clinical indicator for renal disease (23-27). The plasma phosphate levels of CKD
patients showed mild difference between two groups. This frustrating result may be
accounted by the therapeutic controlling of hyperphosphatemia in recruited CKD
patients. 32% CKD patients in Non-VC group accepted maintenance dialysis, and the
percentage in VC group is 68% (Data not shown). The chest computed tomographic
scan of CKD patients delineated the dense patchy calcification present in the wall of the
aortic arch (Figure 1). Compared with non-calcification controls, 6mA levels were
significantly reduced in CKD patients with calcification by approximately 49.6% (mean
0.0373 £ 0.01% vs. 0.0188 + 0.007%) (Figure 2A). Next, we quantified aortic arch
calcification in CKD patients by area and volume, which were presented as Agatston
score and Volume score, respectively. As the severity of VC increased, 6mA levels
progressively decreased. Individuals exhibiting the largest or thickest calcified lesions
had the lowest 6mA levels (Figure 2, B and C). A negative correlation was observed
between the DNA 6mA level and the calcification score in CKD patients with VC (R? =

0.4568 and R? = 0.4637, Pearson's correlation coefficient analysis) (Figure 2D,
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Supplemental Figure 1A). Taken together, these data demonstrated that leukocyte 6mA

levels are associated with VC progression in clinical.

ALKBH1 is upregulated during vascular calcification. The mRNA expression of ALKBH1,
the 6mA demethylase was significantly elevated in CKD patients with VC, and N6AMT1,
the 6mA methyltransferase was slightly decreased. Thus, alteration to the 6mA profile in
leukocytes is mainly due to ALKBH1 (Figure 2E). Interestingly, leukocyte ALKBH1
MRNA expression was increased as VC progressed (Figure 2, F and G) and positively
associated with the calcification score of CKD patients with VC (Figure 2H,
Supplemental Figure 1B). Next, ALKBH1, N6AMT1, and 6mA were detected in radial
artery specimens from CKD patients who underwent arterial-venous fistular surgery with
diagnosed aortic arch calcification. Compared to normal controls, CKD specimens
exhibited increased expression of ALKBH1 and decreased 6mA modification (Figure 2,
I-K). In addition, the CKD patients with VC showed advanced age according to the basal
clinical characteristics of CKD patients (Table 1). However, 6mA levels were barely
related to age in CKD patients with the presence or absence of VC (Supplemental

Figure 1C).

To further verify the observations of 6mA levels in vivo, two mice models were utilized.
The diet-induced CKD model is generated by feeding mice with 0.2% adenine diet for 8
weeks. Surgery-promoted CKD model is conducted by performing 5/6 nephrectomy on
mice. The plasma phosphorus, suPAR, blood urea nitrogen, and creatinine were
elevated in both models (Supplemental Table 1-3). The renal histological staining of

those mice showed similar increased inflammatory cells infiltration, tubule lumen
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expansion, tubular vacuoles, interstitial fibrosis and mineral deposition in renal
glomerulus, tubules and small vessels (Supplemental Figure 2 and 3). In addition, there
is increased medial arterial calcification with a remarkable elevation of plasma alkaline
phosphatase (ALP) (Supplemental Table 1-3). Therefore, VC is successfully induced in
the CKD mice models. Consistent with the clinical observations in CKD patients with VC,
leukocyte DNA 6mA level was decreased compared to controls (Figure 3A,
Supplemental Figure 4A). Consistently, the calcification lesion size in the medial arterial
layer of CKD mice had a negative correlation with lower leukocyte 6mA level (Figure 3,
B and C, Supplemental Figure 4B). In addition, the mRNA expression of Alkbh1 was
significantly upregulated but not N6amt?1 in murine leukocytes (Figure 3D).
Immunohistochemistry staining (Figure 3E, Supplemental Figure 4, C and D) and
western blot analysis (Figure 3F, Supplemental Figure 4E) demonstrated elevated
levels of ALKBH1 in aortic smooth muscle layers of CKD mice, and 6mA levels were
markedly decreased. In comparison, N6AMT1 showed no alteration in expression. Of
note, the enhanced ALKBH1 expression in the smooth muscle layer was inversely
correlated to reduced leukocyte 6mA level (Supplemental Figure 5), suggesting the
corresponding systematic change of 6mA modification in vivo. These observations were
verified by ex vivo mice aortic rings cultured in osteogenic medium, which showed
similar trends as the elevated ALKBH1 expression and corresponding decreased 6mA
levels (Figure 3, G-l). Taken together, these data suggest that the ALKBH1 is

upregulated in leukocyte and VSMCs during VC.
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Depletion of ALKBH1 alleviates vascular calcification. ALKBH1 can be upregulated
during VC, so it is interesting to address whether ALKBH1 depletion might attenuate the
VC progression. Most of the global Alkbh1 knockout mice died during the embryonic
stage, and survivors exhibit developmental tissue defects (28). To elucidate ALKBH1
function, we utilized the adeno-associated virus (AAV) infection as a genomic
manipulation model. AAV carrying scrambled shRNA or Alkbh1 shRNA (sh-ALKBH1)
were inoculated via tail vein into two CKD mice models. Depletion of ALKBH1 in the
aorta was confirmed via western blot analysis (Figure 4A). Knockdown of ALKBH1
strikingly suppressed the calcium deposition and mineralization of the aorta compared
to the scrambled controls (Figure 4, B-D, Supplemental Figure 6), along with the plasma
ALP (Supplemental Table 1 and 3). To further confirm the in vivo results, we cultured
primary murine VSMCs in an osteogenic medium for 2 weeks with sh-Scr or sh-
ALKBH1. ALKBH1 knockdown cohorts exhibited significantly decreased calcium nodule
formation as demonstrated by alizarin red staining (Figure 4E) and reduced calcium
deposition, and the corresponding decreased ALP activity (Figure 4, F and G).

Collectively, these results suggest that deficiency of ALKBH1 inhibits VC.

Overexpression of ALKBH1 enhances vascular calcification. To evaluate whether
ALKBH1 could aggravate VC progression, we established an overexpression model by
injecting AAV-Vector or AAV-ALKBH1 to CKD mice induced by adenine diet or operation.
The efficiency of transfection was verified, as indicated in Figure 4H. As expected, AAV-
ALKBH1 significantly increase in vivo calcification, as determined by von Kossa staining,

calcium assay (Figure 4, I-K, Supplemental Figure 6), and quantification of plasma ALP
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activity (Supplemental Table 2 and 3). In vitro results showed that AAV-Vector infection
did not alter the calcium deposition in cultured murine VSMCs. In contrast, ALKBH1
overexpression greatly exacerbated calcification progression (Figure 4, L-N), further
suggesting that ALKBH1 promotes VC. The blood pressure of CKD patients showed
difference between Non-VC and VC group (Table 1). In addition, ALKBH1 was
associated with hypertension (19). However, we found systolic blood pressure, diastolic
blood pressure, and other parameters including blood glucose, cholesterol, and
triglyceride were not affected by ALKBH1 deficiency or overexpression in vivo

(Supplemental Table 1-3, Supplemental Figure 7).

ALKBH1 regulates osteogenic reprogramming of VSMCs. We next determined whether
ALKBH1 could regulate the osteogenic reprogramming of VSMCs in vitro and in vivo.
High inorganic phosphate (Pi) condition successfully induces VSMCs osteogenic
reprogramming (Figure 5A). Deletion (Figure 5, B and C) or overexpression (Figure 5, D
and E) of Alkbh1 in calcified mice primary VSMCs were confirmed by mRNA analysis
and 6mA quantification. ALKBH1 deficiency dramatically suppressed the expression of
osteogenic genes OPN, OCN, and Collagen |, and conversely increased expression of
the contractile genes SM22a, a-SMA, and Calponin1 (Figure 5F). In contrast, the levels
of osteogenic markers were upregulated while the contractile makers were decreased
as a result of the overexpression of ALKBH1 (Figure 5G). The aortas from 5/6-
nephrectomy-induced CKD mice further confirmed that OCN and SM22a expression
were regulated by ALKBH1 (Supplemental Figure 8). Moreover, in HASMCs, ALKBH1

deficiency could attenuate the osteogenic reprogramming together with the calcium
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deposition (Supplemental Figure 9). Thus, these data show that ALKBH1 elevation

promotes osteogenic reprogramming of VSMCs during calcification.

BMP2 mediates ALKBH1-regulated VSMCs osteogenic reprogramming. We detected
transcription factors and signaling pathways that were vital during osteogenic
reprogramming. ALKBH1 depletion altered BMP2 and RUNX2 expression but not SRY-
box transcription factor 9 (SOX9) and distal-Less homeobox 5 (DLX5) (Figure 6A,
Supplemental Figure 10). Immunofluorescence staining further confirmed that ALKBH1
depletion suppressed BMP2 in aortas from CKD mice, along with reciprocal changes in
a-SMA (Figure 6, B and C). To determine whether BMP2 mediates the ALKBH1-
regulated VSMCs osteogenic reprogramming, mice primary VSMCs and aortic rings
were infected with AAV sh-BMP2 together with AAV-ALKBH1. BMP2 knockdown
effectively antagonized the ALKBH1-enhanced osteogenic reprogramming (Figure 6D)
and mineralized nodule formation (Figure 6E), accompanied by decreased ALP activity
(Figure 6F) and calcium content (Figure 6G). It has been previously reported that BMP2
acts by inducing the expression of RUNX2 in VSMCs, thereby affecting osteogenic
reprogramming (29). We observed that BMP2 depletion could decrease RUNX2
upregulation, which indicated that BMP2 is the upstream regulator. Further real time
PCR analysis revealed that BmpZ2 levels were transcriptionally regulated in vitro (Figure
7A) and in vivo (Figure 7, B and C). In addition, ALKBH1 depletion had no effect on the
stability of Bmp2 mRNA (Figure 7D). Above all, these data indicate that ALKBH1-

induced calcification is directly dependent on BMP2.
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6mA demethylation promotes octamer-binding transcription factor 4 (Oct4) binding to
the BMP2 promoter and activates transcription. Next, we sought to elucidate the
mechanism by which ALKBH1 depletion downregulates BMP2. Bioinformatics screening
indicated three 6mA peaks (marked as ChIP1, 2, and 3) that were induced by ALKBH1
knockdown in the human BMP2 gene (Figure 8A) (30). ChIP-gPCR confirmed that
ALKBH1 silencing altered 6mA saturation in these three regions. However, only the first
6mA peak was subjected to osteogenic stimulation due to Pi-induced reduction of 6mA
enrichment (Figure 8B). According to the literature, DNA methylation may regulate
transcription by interfering with transcription factor binding (31). The sequence of the
first region from -2882 bp to -2300 bp of BMP2 promoter was analyzed. A binding site of
Oct4, also known as POU domain class 5 transcription factor 1 (POUS5F1), was
predicted based on JASPAR with a defined 99% profile score threshold. We found that
the application of OCT4 siRNA repressed BMP2 protein and mRNA expression in
HASMCs (Figure 8, C and D). Furthermore, ChIP-qPCR with Oct4 pull-down further
demonstrated that Pi-reduced 6mA modification facilitated Oct4 accumulation in the first
region, whereas ALKBH1-silencing-increased 6mA modification abrogated this effect
(Figure 8E). In other words, demethylation of the BMP2 promoter results in enhanced
Oct4 binding. Interestingly, the western blot results showed that neither ALKBH1

knockdown nor high Pi condition altered total Oct4 protein level (Figure 8F).

To detect whether Oct4 binding regulates BMP2 transcription, serial human BMP2
promoter (-3319 bp)-driven luciferase reporter assay was conducted with or without
Oct4 binding site (Figure 8G). As shown in Figure 8H, Oct4 induced robust luciferase

expression in pGL3-Oct4-WT, whereas mutation suppressed luciferase activity,
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suggesting that Oct4 binds directly to the BMPZ2 promoter within the first 6mA peak
region to regulate its transcription. Under Pi stimulation, BMPZ2 activity was upregulated
with the Oct4 (pGL3-Oct4-WT) but not with the mutation. In addition, this increase could
be dramatically antagonized by ALKBH1 knockdown (Figure 8l). Taken together, 6mA
demethylation by ALKBH1 promotes the binding of Oct4 to the BMP2 promoter, thus

increasing the transcriptional activity of BMP2.

Oct4 mediates the regulation of ALKBH1 on BMP2. To explore whether Oct4 is involved
in the regulation of ALKBH1 on BMP2, we utilized aorta and primary cells from
tamoxifen-induced Oct4 knockout mice. Aortic rings from Oct4"VT"WT-Myh11-Cre/ERT2
(WT) and Oct47F-Myh11-Cre/ERT2 (Oct4’) mice were cultured in an osteogenic
medium for 14 days. Von Kossa staining (Figure 9, A and B) and calcium content
quantification (Figure 9C) results showed decreased calcification in Oct4”- mice. This
observation was reinforced by transfection AAV-Vector or AAV-ALKBH1 into calcified
primary VSMCs from WT or Oct4”- mice. Depletion of Oct4 significantly alleviated the
pro-calcifying effect of ALKBH1 overexpression by downregulating BMP2 protein and
MRNA expressions (Figure 9, D-G). Based on these findings, we concluded that Oct4

mediates the regulation of ALKBH1 on BMP2.
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Discussion

The heterogeneity of VSMCs and their tight communication with the bloodstream render
it challenging to uncover the mechanism underlying VC (1). In the current study, we
found that the DNA 6mA levels in leukocytes and VSMCs were dynamically decreased
along with calcification progression in CKD. This suggests a potential role of DNA 6mA
modification in calcification formation. Upregulation of ALKBH1, but not N6AMT1,
mediates this observed 6mA reduction. Moreover, in vivo gain- and loss-of-function
experiments showed that ALKBH1 deficiency in VSMCs bestows a strong anti-
calcification effect, while exogenous overexpression of ALKBH1 augmented calcification
formation. Mechanistically, ALKBH1-demethylated DNA 6mA could facilitate Oct4
binding to BMP2 promoter and subsequently increase BMPZ2 transcription, which
resulted in osteogenic reprogramming of VSMCs and VC progression. Taken together,

these results demonstrate that the ALKBH1 acts as a catastrophic trigger for VC.

Mounting evidence supports a critical role of DNA methylation and demethylation in
VSMCs phenotypic transition due to environmental signal modulation (32). Previous
research has focused mainly on canonical 5mC due to its abundance and significance
in eukaryotes. A set of VSMCs contractile and osteogenic genes, including klotho (12),
TAGLN (15), and peroxisome proliferator-activated receptor gamma (33) are regulated
by DNA 5mC methylation that could be consequently associated with VSMCs
phenotypic transition and pathogenesis of VC. In addition to the genome-wide DNA
5mC, recently ALKBH1-mediated 6mA DNA demethylation was identified in human
cardiovascular diseases (19). However, it remains unknown whether VSMCs can adopt

novel epigenetic mechanisms that are rarely utilized in normal human tissues during VC.
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Here, we took advantage of the ELISA to quantify the level of DNA 6mA modification in
vivo and in vitro. Previous epigenome-wide association studies (EWASs) based on
whole blood DNA methylation have identified numerous CpG sites that are associated
with aging (34) and all-cause mortality (35). In this study, we demonstrated that 6mA
levels were significantly decreased in leukocytes and radial arteries from CKD patients

with VC, as well as the CKD mice.

Human and murine leukocyte DNA 6mA levels measured in our study were
approximately 0.04% of the total adenines, which is comparable with previous research
(17). Our findings suggested that epigenetic DNA 6mA modifications occurred
systemically in response to the CKD-induced hyperphosphatemia, both in circulating
leukocytes and in situ VSMCs. Moreover, 6mA levels in the CKD mouse model
exhibited a similar decreasing pattern with humans. Therefore, leukocyte DNA 6mA
modification levels, at least in part, may reflect the corresponding systematic change of
6mA modification in VSMCs. Calcium deposition in the arterial wall is considered a
typical feature for VC. As we observed, the calcification Agatston score and Volume
score of aortic arch exhibited a negative and positive correlation with 6mA and ALKBH1
levels in leukocytes from CKD patients, respectively. As the severity of calcification
increases, 6mA levels narrow between different stages of VC progression. These
interpretations are limited, as the findings in CKD patients with VC are observational
due to insufficient access to direct tissue artery biopsies. Despite these limitations, our
preclinical studies provide at least preliminary indications that DNA 6mA levels may
function as a novel epigenetic biomarker for early diagnosis of VC initiation since

regular MDCT does not have the sensitivity to identify minor aortic calcification lesion.
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Leukocyte isolation and analysis could be a simple yet highly effective clinical approach

since MDCT contrast agents may have adverse effects on uremic patients.

Gain- and loss-of-function experiments corroborated the evidence for causal ALKBH1
involvement in VC. ALKBH1 deficiency in VSMCs significantly alleviated the
accumulation of calcium deposition in the arterial wall, while ALKBH1 overexpression
exacerbated this pathological process. Specific mediators such as SOX9, DLX5,
RUNX2, and BMP2, are involved in VSMCs osteogenic reprogramming and calcification
development (36). Here, we found that BMP2 expression was significantly blunted by
ALKBH1 deficiency in calcified VSMCs. Moreover, the notable pro-calcifying outcome
arising from ALKBH1 overexpression was abolished upon BMP2 depletion. That said,
ALKBH1-mediated VC is dependent on BMP2. However, the mechanism by which
ALKBH1 downregulates VSMCs contractile markers under high phosphate stimulation
is not fully understood. Interestingly, previous work found that BMP2 could repress
TAGLN promoter activity in VSMCs via a common cis-acting transforming-growth-factor-
control element, which is present in promoter regions of multiple contractile VSMCs

gene (37).

Thus, a critical question to consider is how ALKBH1 regulates BMP2 expression. In
mouse embryonic stem cells (MESCs), 6mA was enriched at young long interspersed
nuclear element 1 transposon, and its deposition correlates with epigenetic silencing
(38). Recent studies have also shown that 6mA affects gene expression by regulating
the binding of specific transcription factor to the target gene promoter region (18, 39).
Our results revealed that Pi induced ALKBH1-demethylated 6mA on an Oct4 binding

region within the BMPZ2 promoter, which facilitated Oct4 binding and promoted BMP2
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transcriptional activation. Although the Oct4 binding motif has multiple adenosines that
are required for Oct4 binding, we acknowledge that a limitation of the current study is
that we could not precisely identify which adenosine undergoes N methylation. Recent
sequencing technology could not distinguish genomic 6mA and adenosine. In addition,
application of VSMC-specific Alkbh1 gene knockout mice will be better to bolster our

findings.

In summary, our clinical investigation established an association of dynamically
decreased DNA 6mA modification with the progression of VC. Our mechanistic results
demonstrated the pro-calcification impact of ALKBH1-demethylated DNA 6mA
modification in CKD. From a clinical standpoint, these observations warrant further
study of DNA 6mA level as an early-diagnosis approach and ALKBH1 inhibition as a

potential therapeutic strategy for the prevention of VC.
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Methods

Study population and patient artery samples. This case-control study was conducted
from March 2018 to January 2020 in the Donghua Hospital of Sun Yat-sen University,
China. A total of 198 patients diagnosed with CKD were recruited in our study. We
excluded 10 patients who met the exclusion criteria and 15 patients who missed the
data of MDCT or plasma biomedical tests. Clinical and biochemical parameters were

collected from the electronic medical record in the hospital.

The diagnosis of CKD was based on eGFR decline present for 2 6 months. CKD stage
1 to 2 was defined as albumin/creatinine ratio (ACR) (mg/g) = 17 in men and = 25 in
women, and an eGFR = 60 ml/min per 1.73 m? following the Kidney Disease Outcomes
Quality Initiative (K/DOQI) guidelines (40). CKD stage 3 to 5 was defined as an
estimated GFR < 60 ml/min per 1.73 m? among study participants before receiving
dialysis. Patients were excluded if: (1) with age <18 and = 90 years; (2) pregnant; (3)
administration of any medication as phosphate binders, vitamin D analogs or the
corticosteroids within 3 months before recruitment; (4) acute renal failure; (5)

uncontrolled hyperlipidemia and (6) history of hepatic diseases or neoplastic disease.

A 4-6 mm segment of the radial artery was removed from CKD patients who underwent
an arterial venous fistula operation with diagnosed aortic arch calcification (CKD, n = 10)
or from patients who underwent amputation surgery due to upper limb trauma without
diagnosed CKD or diabetes mellitus (Control, n = 8). Fat and adventitia were removed

from samples before storing them at liquid nitrogen.
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Assessment of calcification score. Among the cohort, all patients underwent a chest
MDCT scanning with standard electrocardiographically (ECG)-gated protocol to
evaluate aortic arch calcification. All the Agatston and Volume scores of images were
blindingly quantified by two independent investigators with Siemens Syngo CT
Workplace software according to standard criteria (41). The aortic arch refers to the part
between the ascending and descending aorta. To measure the calcification scores, the
CT images were reconstructed with slices of 1 mm thickness. The presence of
calcification was defined as an Agatston score or Volume score > 0 in the present study.
Studies focused on coronary artery describing Agatston scores > 400 as severe
calcification (42-44). Considering the higher calcification scores in aortic arch (Agatston
score [median, 411]; Volume score [median, 461]) than coronary artery (Agatston score
[median,163]; Volume score [median,283]), patients were divided into non-VC (Agatston
score or Volume score = 0), mild (500 = Agatston score or Volume score > 0), or severe
(Agatston score or Volume score> 500) subgroups as previously described (45).
Caicification scores was adjusted with a calcium standard calibration phantom that was
scanned along with the participant (46). In addition, calcification scores and the relevant

statistical analyses were adjusted for age, sex and ethnicity (47).

Laboratory analyses. An overnight fasting median cubital venous blood was collected
for analyses of biochemical parameters from CKD patients before dialysis. Leukocyte
cells were isolated for subsequent DNA and RNA analyses. Plasma levels of potassium,
calcium, phosphate, blood urea nitrogen (BUN), Creatinine (CREA), uric acid (URCA),

albumin (ALB), alanine transaminase (ALT), aspartate aminotransferase (AST), alkaline
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phosphatase (ALP), cholesterol (CHOL), triglyceride (TG), high-density lipoprotein
cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C) were analyzed using
the standard certified TBA-120 auto-analyzer (Toshiba Medical Systems, Japan) in the
Central Clinical Laboratory at Donghua Hospital of Sun Yat-sen University. The suPAR
in plasma were measured by the detection kit (ViroGates) according to the
manufacturer’s instructions. The estimated glomerular filtration rate was assessed using
the modified Modification of Diet in Renal Disease (MDRD) equation for the Chinese

population (48).

Quantification of 6mA DNA methylation. The DNeasy Blood & Tissue Kit from Qiagen
(USA, CA) was used to extract genomic DNA from peripheral blood specimens of
humans and mice and cultured cell lines. The integration of genomic DNA was
confirmed on an agarose gel, and the concentration was measured by a NanoDrop
spectrophotometer. 6mA DNA methylation level was quantified by Methyl Flash 6mA
DNA Methylation Enzyme-Linked Immunosorbent Assay (ELISA) Kit (Colorimetric) from
Epigentek (USA, NY) following the manufacturer's protocol. In brief, the methylated
fraction of a total of 100 ng of genomic DNA was recognized by a 6mA antibody and
quantified by an ELISA-like reaction. The percentage of 6mA (6mA %) was calculated
by optical density (OD) value according to the recommended formula. Methylated and
unmethylated DNA were incubated each test as a positive and negative control,

respectively. Each sample ran in duplicate.
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Chemicals and antibodies. Adenine (A8626), B-GP (G9422) and L-ascorbic acid (A4544)
were purchased from Sigma-Aldrich (MO, USA). For western blot (WB),
immunofluorescence (IF), and immunohistochemistry (IHC), antibodies against RUNX2
(12556S; 1:1000 for WB), SOX9 (82630S; 1:1000 for WB) and Calponin1 (17819S;
1:1000 for WB) were obtained from Cell Signaling Technology (MA, USA). Antibodies
against a-SMA (ab7817; 1:2000 for WB; 1:100 for IF), BMP2 (ab14933; 1:1000 for WB;
1:100 for IF), SM22a (ab14106; 1:2000 for WB), OPN (ab8448; 1:1000 for WB) and
Oct4 (ab19857; 1:500 for WB) were purchased from Abcam (Cambridge, UK).
Antibodies against Collagen | (NB600-408; 1:1000 for WB) was purchased from Novus
(CO, USA). Antibodies against ALKBH1 (OACA06689; 1:1000 for WB; 1:100 for IF and
IHC) and N6AMT1 (OAAN02175; 1:1000 for WB; 1:100 for IF and IHC) were obtained
from Aviva Systems Biology (CA, USA). Antibodies against 6mA (ABES572; 1:100 for IF
and IHC) for ChlIP were obtained from EMD Millipore (MA, USA), and Oct4 (2750S) for
ChIP were purchased from Cell Signaling Technology (MA, USA). The OCN (sc-390877;
1:500 for WB), DXL5 (sc-398150; 1:500 for WB), GAPDH (sc-32233; 1:1000 for WB)
and B-Actin (sc-47778; 1:1000 for WB) antibody was purchased from Santa Cruz

Biotechnology (TX, USA).

Animal experiments. Eight-week-old male C57BL/6J mice were purchased from
Laboratory Animal Center of Sun Yat-sen University. Oct4™F (Pou5f1tm1Scho) and Myh11-
Cre/ERT2 mice were purchased from the Jackson Laboratory (USA, ME) to generate
Oct4"F-Myh11-Cre/ERT2 mice. Cre mediated recombination was achieved via 10 daily

intraperitoneal injections of tamoxifen (Sigma, UAS) at six-week-age. Male Oct4"WTWT.-



449  Myh11-Cre/ERT2 were referred as WT, and tamoxifen-injected male Oct4™F-Myh11-
450 Cre/ERT2 mice were referred as Oct4’- for simplicity. All mice were housed in a
451  temperature-controlled environment under a 12-hour light cycle, and they had free
452  access to water and the assigned diet. For adenine-diet-induced CKD model, mice were
453  randomly provided with a chow diet as the control group, or a special diet containing 0.2%
454  adenine, 1.2% phosphorus as CKD group (49-52) . For 5/6-nephrectomy-induced CKD
455 model, we followed a modified protocol based on the well-established two-step
456  procedure we used in rats (53-55). Briefly, anesthesia was induced in eight-week-old
457  male mice with isoflurane (induction 5%, maintenance 2%). Firstly, the upper and lower
458  poles of left kidney were ligated and excised under microscope. Thus, two-third of the
459 left kidney were removed. One week later, mice were subjected to removal of right
460  kidney to achieve 5/6 nephrectomy. 4 weeks after initiation of the special diet or first-
461  step surgery, mice were injected with the indicated virus (5 x 10° plaque-forming units
462  per kilogram per mouse) via tail vein, respectively, as previously described (56, 57).
463  Four weeks later, mice were fasted overnight and weighted before euthanasia, and
464  blood was collected and separated into plasma and leukocytes. Blood levels of fast
465 blood glucose, phosphorus, creatinine, and urea BUN were measured by the
466  autoanalyzer (Hitachi, Japan). Plasma cholesterol and triglyceride were measured using
467  specific reagents (Infinity™, Thermo). Plasma levels of calcium were measured using
468 the detection kit (Abcam, ab102505). Plasma levels of ALP were measured using the
469  detection kit (QuantiChrom™ DALP-250). The suPAR in plasma was measured by the
470  detection kit (R&D, DY531) according to the manufacturer’s instructions. Whole aortas

471 were harvested and carefully dissected for further analyses.



472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

Blood pressure. Measurements of systolic blood pressure (SBP) and diastolic blood
pressure (DBP) in mice were performed by non-invasive tail cuff plethysmography
(CODA, Kent Scientific Corporation), before (WO0), 2 (W2) and 4 (W4) weeks after virus
injection. These measurements were conducted in conscious and trained mice in the
morning with 5 acclimation cycles followed by 15 measurement cycles. The mean value

of measurements was used for comparison.

Immunohistochemistry. Vascular sections (5 pm) were deparaffinized and rehydrated.
Endogenous peroxidase activity was blocked using 0.3% H20:2 at room temperature for
20 minutes. Heat-mediated antigen retrieval was performed using 10% citrate buffer.
Sections were stained with primary antibodies overnight at 4°C followed with EnVision+
Dual Link System-HRP (Dako, CH) and visualized with diaminobenzidine. OLYMPUS
BX51 microscope (Japan) was used for image collecting, and the scores were
calculated by the percentages of positive cells and staining intensities as previously

described (58).

Immunofluorescence. Slides (8 um) were washed with diluted water and fixed in iced
acetone for 10 minutes and then blocked with goat serum. Slides were incubated with
antibodies at 4°C overnight and then incubated with Alexa Fluor® (Jackson
ImmunoReasearch, USA) secondary antibodies for one hour at 37°C. Nuclei were
stained with DAPI. Images were acquired by OLYMPUS fluorescence microscope and

quantified by Image-Pro Plus 6.0 (Media Cybernetics, USA).
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Histological examination. Kidney was fixed in 10% formalin and embedded in paraffin.
Sagittal sections were stained with hematoxylin and eosin (H&E) for morphology using
solution from Sigma Aldrich (USA, MO), Sirus red for fibrosis using stain kit
(Polysciences, 24901), and von Kossa staining for mineral deposition (American

MasterTech Scientific, KTVKO) according to the manufacturer’s instructions.

Ex vivo cell and vascular tissue culture. Primary murine VSMCs were isolated from
aortas of eight-week-old male C57BL/6J mice, twelve-week-old male Oct4VT"WT-Myh11-
Cre/ERT2 mice or tamoxifen-pretreated twelve-week-old male Oct47F-Myh11-Cre/ERT2
mice, respectively, and cultured in a growth medium as described by Hou et al (59).
Human aortic smooth muscle cells (HASMCs) were purchased from the American Type
Culture Collection (MD, USA) and cultured in M231 medium (Life Technology, USA)
containing 10% fetal bovine serum (FBS) (GIBCO, USA). All experiments were
performed with VSMCs at passages 3 to 6. Mice aortic arteries were dissected under
sterile conditions from eight-week-old male C57BL/6J mice, twelve-week-old male
Oct4VTWT_Myh11-Cre/ERT2 mice or tamoxifen-pretreated twelve-week-old male
Oct4™F-Myh11-Cre/ERT2 mice, respectively. After removing the adventitia, the vessels
were cut into 2-3 mm rings and placed in Dulbecco's Modified Eagle's Medium (DMEM)
(GIBCO, USA) containing 10% FBS.

Cells were transfected with control siRNA, ALKBH1 or OCT4 siRNA (Santa Cruz
Biotechnology, USA) accordingly with Lipofectamine RNAIMAX Reagent (Invitrogen,

USA) as we described (60). Plasmids were transfected into HASMCs by electroporation
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using the P1 Primary Cell 4D-Nucleofector X Kit L from Lonza (MD, USA) following
manufacturer's instruction. For indicated viruses, cells were seeded overnight prior to
viral infections. The efficiency of transfection was determined by real-time polymerase

chain reaction (PCR) or western blot.

In vivo calcification quantification. Calcification was identified by von Kossa stain and
analyzed by ImageJ (NIH Bethesda, USA). Aortic sections were treated with 5% silver
nitrate and exposed to ultraviolet light for 30 minutes, rinsed, and incubated with 5%
sodium thiosulfate. Calcified spots were stained brown. The aortic arch was decalcified
with 0.6 mmol/L hydrochloric acid at 37°C for 48 hours. Released calcium was
quantified using the Calcium Assay Kit (Abcam, ab102505) in compliance with the
manufacturer's protocol. The content of calcium was normalized by the dry weight of
vascular tissues. The presence of calcification was defined by positive von Kossa
staining in the medial aortic layer as calcification lesion size (% of SMC layer) > 0 in this
study. Mice were divided into non-VC (calcification lesion size = 0), mild (10% =

calcification lesion size > 0) or severe (calcification lesion size > 10%) subgroup.

In vitro calcification quantification. Cells or aortic rings were cultured in an osteogenic
medium containing 0.25mmol/L L-ascorbic acid and 10mmol/L B-glycerophosphate for
14 days to induce in vitro calcification. Calcification was determined by Alizarin red stain
(Thermo Fisher Scientific, AA42746AP) as described previously (60). Positively stained
cells showed a red color. The calcium deposition in the plate was decalcified and

subjected to colorimetric analysis using a Calcium Assay Kit (Abcam, ab102505) and
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calibrated to the protein content (60). In parallel duplicate, ALP activity was measured
using an ALP assay kit (QuantiChrom, DALP-250) and normalized to the levels of total

protein according to the manufacturer's instructions.

Quantitative real time PCR. Total RNA from peripheral leukocytes, cultured cells, or
murine aortas were extracted with TRIzol (Invitrogen, USA) and reverse-transcribed into
cDNA with iScript cDNA Synthesis Kits (Bio-Rad, USA). PCR amplification was
performed using Bio-Rad SYBR Green on a CFX96 Touch Real-Time PCR Detection
System (Bio-Rad, USA). The relative mRNA levels were calibrated by the housekeeping

gene GAPDH. The primers were listed in Supplemental Table 4.

Western blotting analysis.
Cell lysates or aortic homogenates were performed western blot analysis as previously
described (60). The intensity of the individual band was quantified by densitometry

using ImagedJ (NIH Bethesda, USA).

Chromatin immunoprecipitation (ChIP)-qPCR. The bioinformatics screening of
functional 6mA binding sites was obtained from the NCBI GEO DataSets (GSE118093).
ChIP analyses were performed using the Simple Chip Enzymatic Chromatin
immunoprecipitation kit (Cell Signaling Technology, 9002S) following the manufacture's
protocols. Briefly, treated cells were crosslinked with formaldehyde and then quenched
by glycine, finally digested with micrococcal nuclease. The Ilysates were

immunoprecipitated with 5 pg rabbit anti-lgG, anti-6mA or anti-Oct4 antibody overnight
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at 4°C, followed by incubation with 50uL ChlIP-Grade Protein G Agarose beads (Cell
Signaling Technology, 9007S) for 2h at 4°C with gentle rotation. The crosslinked DNA
fragments were eluted, reversed, and purified. ChIP DNA was amplified by real time
PCR with designed primers (Supplemental Table 4). 2% amount of each reaction was

used as an input reference. The results were analyzed by the following formula: percent

Input = 2% x 2(Ct 2%Input Sample — Ct IP Sample)_

Recombinant adeno-associated virus construction. To generate AAV encoding mouse
Alkbh1 (NM_001102565.1), the genomic AAV vector, AAV helper plasmid, and AAV
serotype 2 plasmid (Origene, USA) were co-transfected into HEK293 cells (American
Type Culture Collection, USA), and the harvested viral particles were purified as
outlined previously (59, 61). Double digestion was done with Sgfl and MIul restriction
enzymes (Sigma-Aldrich, USA) to remove the Alkbh1 open reading frame clone from
pCMV6-Myc-DDK-Alkbh1 plasmid (Origene, MR222060) to construct genomic AAV
vector. In order to construct optimal AAV expressing shRNA against Alkbh1 and Bmp2,
three lines of the corresponding AAV were modified and packaged and then transfected
into murine VSMCs to determine the efficiency of knockdown (Supplemental Figure 11).
The optimal sequences were listed as follows: Alkbh1 shRNA with the sense
oligonucleotides 5-CCGGGAAATACTCAGCAGATCATTACTCGAGTAATGATCTGCT

GAGTATTTCTTTTTG-3"; and Bmp2 shRNA with the sense oligonucleotides 5'-
CCGGCCTCCGGGCTATCATGCCTTTCTCGAGAAAGGCATGATAGCCCGGAGGTTTT
T-3'. To ensure the restricted genomic manipulation in the smooth muscle cell, all the

AAV vectors were ligated with Tagln promoter.
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Plasmid construction and luciferase reporter assay. The serial DNA fragments from the
human BMP2 promoter (-3319 bp) were amplified by PCR. The PCR product was
digested with Sac | and Hind Il (Sigma-Aldrich, USA) and cloned into pGL3-Vector to
generate the BMP2 luciferase reporter constructs. Mutant constructs of the deleted
binding site for Oct4 in the BMP2 promoter were generated by designed primers. The
constructs were verified by sequencing. Followed by the indicated treatment, the
reporter plasmid was co-transfected with internal control Renilla luciferase plasmid
(Promega, USA) into HASMCs by electroporation. Transcriptional activity was detected
by the Dual-Luciferase Reporter Assay Kit obtained from Promega (WI, USA) according
to the manufacturer's instructions. The related primers were listed in Supplemental

Table 4.

Lentivirus transfection. HASMCs were infected with recombinant lentivirus expressing
control shRNA (Santa Cruz Biotechnology, sc-108080), ALKBH1 shRNA (Santa Cruz
Biotechnology, sc-60153-V) according to the manufacturer's instruction. Colonies were

selected by treatment with Sug/mL puromycin (Sigma-Aldrich, USA) for 7 days.

Statistical analyses. All analyses were performed with SPSS 23.0 software (SPSS Inc.).
Values are expressed as means * standard deviation. For comparisons between two
groups, significance was determined using Student's t-test or nonparametric Mann—
Whitney test. For comparisons among multiple groups, ANOVA was performed, followed

by the post hoc Bonferroni test or Dunnett's test. The statistical significance of
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correlations was assessed by Pearson's correlation coefficient analysis. Two-tailed p <

0.05 (indicated by *, # or 1) was considered statistically significant.

Study approval. The protocol for clinical study conformed to the ethical guidelines of the
1975 Declaration of Helsinki and was approved by the Ethics Committee of the
Donghua Hospital of Sun Yat-sen University. All participants signed informed consent
before entering this study. Written informed consent was provided for pictures appearing
in the manuscript. The experimental animal protocols were reviewed and approved by

the Ethics Committee of Zhongshan School of Medicine, Sun Yat-sen University.
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Figures and figure legends

A

Figure 1. Representative images of multi-detector computed tomography (MDCT) scan of CKD patients with
or without calcification. (A and B) Representative axial image (A) and sagittal reconstruction (B) of contrast-
enhanced CT scan in CKD patients without calcification. (C and D) Representative axial image (C) and sagittal
reconstruction (D) of contrast-enhanced CT scan showing aortic arch calcification in CKD patients.
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Figure 2. ALKBH1-demethylated DNA 6mA modification is reduced in human vascular calcifying progression
during CKD. (A) Leukocyte DNA 6mA level in CKD patients with (VC, n = 106) or without (Non-VC, n = 67) aortic
arch calcification. (B and C) Leukocyte DNA 6mA level in subgroups defined by calcification Agatston score (B, n = 67
for Non-VC; n = 61 for Mild; n = 45 for Severe) and Volume score (C, n = 67 for Non-VC; n = 53 for Mild; n = 53 for
Severe). (D) Correlation between leukocyte DNA 6mA level and calcification Agatston score from CKD patients with
aortic arch calcification (n = 106). (E) Quantitative real time PCR analysis of ALKBH1 and N6AMT1 mRNA expression
in leukocytes from CKD patients with (VC, n = 40) or without (Non-VC, n = 38) aortic arch calcification. (F and G)
Leukocyte ALKBH1 mRNA expression level in subgroups defined by calcification Agatston score (F, n = 38 for Non-
VC; n = 21 for Mild; n = 19 for Severe) and Volume score (G, n = 38 for Non-VC; n = 13 for Mild; n = 27 for Severe).
(H) Scatterdot plot of correlation between leukocyte ALKBH1 mRNA expression level and calcification Agatston score
from CKD patients with aortic arch calcification (n = 40). (I-K) Representative immunofluorescence pictures (I) and
quantification (J) and western blot analysis (K) of ALKBH1, N6AMT1, and 6mA in radial arteries from CKD (n = 4) and
Control (n = 4) groups. Scale bars: 50 pym. Statistical significance was assessed using two-tailed f-tests (A, E, J and
K), one-way ANOVA followed by Bonferroni test (B, C, F, and G), and Pearson's correlation coefficient analysis (D
and H). All values are presented as means + SD, ns: no significance, *p < 0.05.
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Figure 3. ALKBH1-demethylated DNA 6mA modification is reduced in murine calcified arteries. (A) Leukocyte
DNA 6mA level in mice fed with adenine diet (CKD, n = 13) or normal chow diet (Control, n = 12) for 8 weeks.
Leukocytes were isolated from peripheral blood. (B and C) Mice leukocyte DNA 6mA level in different subgroups
defined by the percentage of calcification lesion size in aortic smooth muscle layer (B, n = 12 for Non-VC; n = 6 for
Mild; n = 7 for Severe). Scatter dot plot of correlation between mice leukocyte DNA 6mA level and percentage of
calcification lesion size in aortic smooth muscle layer from mice fed with adenine diet for 8 weeks (C, n = 13). (D) The
mRNA expression levels of Alkbh1 and N6amt1 in leukocytes from mice with different diets (n = 12 per group). (E)
Representative immunohistochemistry pictures and quantification of ALKBH1, N6AMT1, and 6mA in mice aortic
smooth muscle layer (n = 10 for Control; n = 12 for CKD). Scale bars: 50 um. (F) Western blot analysis of ALKBH1
and N6AMT1 expression in mice aortic arch (n = 4 for Control; n = 5 for CKD). (G-l) Calcium content (G), western
blot analysis of ALKBH1 and N6AMT1 (H), and DNA 6mA level (I) in mice aortic rings incubated with osteogenic
medium for the indicated time (0, 3, 5, 7, 10, and 14 days) (n = 4-6 per group). Statistical significance was assessed
using two-tailed t-tests (A, and D-F), one-way ANOVA followed by Bonferroni test (B) or Dunnett's test (G-l), and
Pearson's correlation coefficient analysis (C). All values are presented as means + SD, ns: no significance, *p < 0.05
vs. Pi (0 day) in G-l.
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Figure 4. ALKBH1 is essential for the regulation of vascular calcification. (A) Western blot analysis identifying
the ALKBH1 deficiency in arteries (n = 6 per group). Mice were injected via tail vein with AAV carrying scrambled
shRNA (sh-Scr) or Alkbh1 shRNA (sh-ALKBH1) at four weeks after adenine diet and then fed for another four weeks.
(B-D) Von Kossa staining (B and C) and calcium content quantification of aortic arch (D) were performed in different
experimental groups for detecting mineralization (n = 10-12 per group). Scale bar: 100 ym. (E) Photomicrographs of
Alizarin red staining in mice primary VSMCs pre-transfected with indicated treatment and exposed in osteogenic
medium for another 14 days (n = 6 per group). (F and G) Bar graphs representative of calcium content (F) and ALP
activity (G) in mice primary VSMCs from all of the experimental cohorts (n = 6 per group). (H) ALKBH1
overexpression in arteries confirmed by western blot (n = 6 per group). Mice were injected with AAV-Vector or AAV-
ALKBH1 at four weeks after the adenine diet and then fed for another four weeks. (I-K) Percentage of positive von
Kossa staining (I and J) and calcium content (K) quantified in the aortic arch from the different cohorts (n = 10-12 per
group). Scale bar: 100 um. (L) Representative images of Alizarin red staining in mice primary VSMCs after indicated
transfection and osteogenic medium exposure for another 14 days (n = 6 per group). (M and N) Scatter dot plots
representative of calcium content (M) and ALP activity (N) in mice primary VSMCs from all of the experimental
cohorts (n = 6 per group). Statistical significance was assessed using two-tailed f-tests (A and H) and one-way
ANOVA followed by Dunnett's test (C-G, J-N). All values are presented as means + SD, *p < 0.05.
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Figure 5. ALKBH1 regulates VSMCs osteogenic reprogramming. (A) Western blot analysis of osteogenic
phenotype marker (OPN, OCN, and Collagen 1) and contractile phenotype marker (SM22a, a-SMA, and Calponin1)
expression in mice primary VSMCs cultured in osteogenic medium for 14 days. (B) Quantitative real time PCR
analysis of Alkbh1 expression in mice primary VSMCs, which pre-transfected with AAV encoding scrambled or Alkbh1
shRNA for 48 hours, and then cultured in osteogenic medium for another 14 days. (C) Quantitative DNA 6mA level in
ALKBH1-deficient mice primary VSMCs. (D) Quantitative real time PCR analysis of Alkbh1 expression in mice
primary VSMCs, which pre-infected with AAV-Vector or AAV-ALKBH1 for 48 hours, and then cultured in osteogenic
medium for another 14 days. (E) Quantitative DNA 6mA level in ALKBH1-overexpressed mice primary VSMCs. (F)
Western blot analysis of osteogenic phenotype marker and contractile phenotype marker expression in mice primary
VSMCs with ALKBH1 depletion. (G) Western blot analysis of osteogenic phenotype marker and contractile phenotype
marker expression in mice primary VSMCs with ALKBH1 overexpression. Statistical significance was assessed using
one-way ANOVA followed by Dunnett's test. n = 4-6 for each group. All values are presented as means + SD, *p <
0.05 vs. Pi (0 day) in A.
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Figure 6. BMP2 mediates the pro-calcifying effects of ALKBH1. (A) Western blot analysis of ALKBH1, BMP2,
RUNX2, SOX9, and DLX5 expression in calcified mice primary VSMCs with AAV sh-Scr or AAV sh-ALKBH1
transfection (n = 4 per group). (B and C) Representative immunofluorescence images (B) and quantification (C) of a-
SMA and BMP2 co-stained in aortas from indicated experimental cohorts (n = 6 per group). Scale bar, 50 ym. (D)
Western blot analysis of osteogenic phenotype marker (RUNX2, OPN, OCN, and Collagen |) expression in mice
primary VSMCs, which pre-infected with AAV sh-Scr or AAV sh-BMP2 together with AAV-Vector or AAV-ALKBH1 and
then incubated in calcifying medium for another 14 days. (E and F) Alizarin red staining (E) and ALP activity assay (F)
performed in all of the groups for detecting calcification formation (n = 4-5 per group). (G) Quantification of calcium
content in mice aortic ring cultured in calcifying medium with indicated transfection (n = 5 per group). Statistical
significance was assessed using one-way ANOVA followed by Dunnett's test (A-C) or Bonferroni test (D-G). All values
are presented as means = SD, ns: no significance, *p < 0.05.
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Figure 7. BMP2 is regulated by ALKBH1 in transcriptional level. (A) Quantitative real time PCR analysis of Bmp2
expression in primary mice VSMCs with ALKBH1 depletion (n = 6 per group). (B and C) Quantitative real time PCR
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Gene expression was normalized to Gapdh. Statistical significance was assessed using one-way ANOVA followed by
Dunnett's test. All values are presented as means + SD, *p < 0.05.
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Figure 8. ALKBH1-dependent 6mA demethylation promotes Oct4 binding to the BMP2 promoter and activates
BMP2 transcription. (A) Integrative genomics viewer plots showing the increasing 6mA peaks (selected one marked
as ChlP1-3) in human BMP2 gene (hg19) region with ALKBH1 knockdown via shRNA lentiviral constructs. (B) ChIP-
gPCR assay displaying the 6mA enrichment on the three BMP2 fragments in treated HASMCs (n = 4 per group). (C
and D) Quantitative western blot (C) and real time PCR analysis of BMP2 expression (D) in HASMCs with scramble
or OCT4 siRNA transfection under calcifying condition (n = 3 per group). (E) ChIP-gPCR assay with Oct4 or IgG
antibody for the ChIP-1 enrichment in treated HASMCs (n = 4 per group). (F) Western blot analysis of Oct4 in
HASMCs incubated with osteogenic medium after transfection with scrambled siRNA (si-Scr) or ALKBH1 siRNA (si-
ALKBH1). (G) Logos of the standard Oct4 motif and schematic of human BMP2 promoter showing wide-type (WT)
and deleted (Del) binding sites for Oct4 within the first 6mA peak. (H) Bar graphs representative of the luciferase
activity analyzed in HASMCs after co-transfection with control Renilla luciferase plasmid and serial deletion
constructs of BMP2 promoter-driven luciferase reporters containing WT or Del Oct4 site (n = 5 per group). (I) Relative

promoter activities measured by dual-luciferase reporter assay in HASMCs, which pre-treated with indicated siRNA

and then infected with pGL3-Oct4-WT or pGL3-Oct4-Del under calcifying condition (n = 4 per group). Statistical

significance was assessed using one-way ANOVA followed by Bonferroni test. All values are presented as means *

SD, ns: no significance, *p < 0.05.
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901 Figure 9. Oct4 mediates the regulation of ALKBH1 on BMP2. (A-C) Representative von Kossa staining images (A)
902 and quantification (B) of aortic rings from Oct4WT™WT-Myh11-Cre/ERT2 (WT) and Oct4™F-Myh11-Cre/ERT2 (Oct4’")
903 mice cultured in osteogenic medium for 14 days. Bar graphs representative of calcium content (C) from these two
904 groups (n = 6 per group). Scale bar: 100 um. (D-G) Western blot analysis (D) of BMP2, Oct4, ALKBH1, and
905 osteogenic phenotype marker (OCN and Collagen ) expression in calcified primary VSMCs from WT or Oct4 mice
906 transfected with AAV-Vector or AAV-ALKBH1. Quantitative real time PCR analysis of Bmp2 expression in all of the
907 experimental cohorts (E). Alizarin red staining (F) and calcium content quantification (G) performed in all of the
908 groups for detecting calcification formation (n = 4-6 per group). Statistical significance was assessed using two-tailed
909 t-tests (B and C) and one-way ANOVA followed by Bonferroni test (D-G). All values are presented as means + SD, ns:
910 no significance, *p < 0.05.
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Table and table legend

Table 1. Basal characteristics in CKD patients with or without calcification.

Characteristics Non-VC (n = 67) VC (n =106) P value

Demographic characteristics
Male (%) 46 (68.7) 64 (60.4) 0.27
Age (year) 59.6+14.9 64.7+13.2 0.02
BMI (kg/m?) 23.4 (21.7-26.0) 23.2 (20.1-25.8) 0.149
SBP (mmHg) 135.8+23.4 145.6+20.8 0.005
DBP (mmHg) 86 (75-93) 80 (74-86) 0.011

Plasma biochemical characteristics
K (mmol/L) 4.14+0.62 4.39+0.67 0.014
Ca (mmol/L) 2.15 (2.04-2.24) 2.17 (2.07-2.27) 0.218
Pi (mmol/L) 1.29 (0.97-1.70) 1.31 (1.07-1.66) 0.286
GLU (mmol/L) 5.04 (4.37-5.98) 5.42 (4.51-7.69) 0.17
BUN (mmol/L) 10.42 (5.18-21.26) 16.36 (10.37-22.62) 0.013
CREA (umol/L) 387.9 (91.3-936.5) 500.1 (249.5-985.8) 0.126
suPAR (pg/mL) 4146 (2692-5432) 4809 (3555-6420) 0.0668
eGFR (mL/min-per 1.73m?) 14.78 (5.18-73.78) 8.56 (4.71-18.81) 0.072
URCA (pmol/L) 399 (322-501) 384 (298-464) 0.254
ALB (g/L) 37.26+5.87 34.92+5.43 0.008
ALT (U/L) 14 (8-26) 11 (6-15) 0.009
AST (U/L) 16 (12-21) 14 (12-18) 0.682
ALP (U/L) 64 (49-75) 77 (60-107) <0.001
CHOL (mmol/L) 3.95 (3.58-4.79) 4.10 (3.17-4.80) 0.516
TG (mmol/L) 1.75 (1.04-2.47) 1.24 (0.91-1.81) 0.114
HDL-C (mmol/L) 1.11 (0.84-1.36) 1.05 (0.79-1.44) 0.684
LDL-C (mmol/L) 2.28 (1.98-3.12) 2.41(1.61-3.29) 0.503

Values are expressed as mean = SD or median (25th-75th quartiles) for continuous variables and n (%) for
categorical variables, respectively. Statistical significance was assessed using Student's t-test (all characteristics
except gender) or nonparametric Mann-Whitney test (gender). BMI, body mass index; SBP, systolic blood pressure;
DBP, diastolic blood pressure; K, potassium; Ca, calcium; Pi, phosphate; GLU, glucose; BUN, blood urea nitrogen;
CREA, creatinine; suPAR, soluble urokinase plasminogen activator receptor; eGFR, estimated glomerular filtration
rate; URCA, uric acid; ALB, albumin; ALT, alanine transaminase; AST, aspartate aminotransferase; ALP, alkaline
phosphatase; CHOL, total cholesterol; TG, triglyceride; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-

density lipoprotein cholesterol.
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