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Extended Data Fig. 3| Golgi-bounded MESH1 regulated sGAG secretion.

a, MESH1 knockdown confirmed the co-localization of MESH1 with Golgi
(GM130) in NIH-3T3 cells. b, MESHI knockdown confirmed the co-localization of
MESH1 with Golgi (GM130) in SW1353 cells. ¢, Validation of MESHI knockdown
asdetermined by qPCR. d, Differentiated ATDCS cells with MESHI knockdown
increased GAG secretion as quantified by Alcian blue staining. e-f, MESH1
knockdown increased GAG secretion independent of its NADPH phosphatase

activity. Knockout of NADK (e) did not abolish the increase in GAG secretion upon
MESH1knockdown (f). g-i, Differentiated ATDCS cells with MESHI knockdown
increased the secretion of sulfated proteoglycan, including heparan sulfate

(HS) (g), chondroitin-4-sulfate (C4S) (h), and chondroitin-6-sulfate (C6S) (i) as
quantified by Image]. (¢,d,f-i) One-way ANOVA, Tukey’s multiple comparisons,
n=3independentbiological replicates, Datarepresent mean + SD.
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Extended DataFig. 4| MESH1 KO mice are viable and fertile. a, Genotyping results for MeshI** and Mesh1"*. b, MESH1 expressions (arrow) in Mesh1"*, Mesh1** and
Mesh1°* mice were confirmed in heart, kidney and brain.
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Extended Data Fig. 5| MESH1 knockout in mice increased sGAG production
and rescued bone density. a-d, MESH1 knockout did not alter sulfated
proteoglycanin the articular cartilage of mice. e, Western blots confirmed

the knockout of MESH1 protein in brachymorphic mice. f-h, Quantification
showed that Meshlknockoutincreased HS and C6S, but not C4Sin the articular

cartilage of brachymorphic mice. i, pCT imaging showed the bone density of
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brachymorphic mice was not rescued by MeshI knockout.j, Quantification of
bone density as determined by bone volume/total volume (BV/TV) showed Mesh1
knockout did not alter bone density in brachymorphic mice (Papss2°™°™).

(b-d, f-h, j) Unpaired t-test. Data are mean + SD. (b-d, j) n = 4 independent
biological replicates. (f-h) n = 3 independent biological replicates.
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Extended Data Table 1| X-ray data collection and refinement statistics of the MESH1 D66K-PAPS complex

hMESH1 D66K - PAPS complex

(PDB 9CHY)

Data collection
Space group P 212121
Cell dimensions

a, b, c(A) 61.95,71.7,75.92

o, B,y (© 90.00, 90.00, 90.00
Resolution (A) 39.89 -1.90 (1.968 - 1.90)
Rierge 0.1004 (0.8115)
Rpim 0.04022 (0.3757)
CCi» 0.998 (0.767)
1/ol 14.98 (2.29)
Completeness (%) 99.44 (98.96)
Redundancy 7.1(5.4)
Refinement
Resolution (A) 1.90
No. reflections 27,159 (2,654)
Rwork / Riree 0.1722/0.2219
No. atoms 3,223

Protein 2,842

Ligand/ion 72

Water 309
B-factors 25.05

Protein 23.96

Ligand/ion 34.16

Water 32.89
R.m.s. deviations

Bond lengths (A) 0.003

Bond angles (°) 0.52
Ramachandran

favored (%) 99.72

allowed (%) 0.28

outliers (%) 0.0

X-ray data collection and refinement statistics of the MESH1 D66K-PAPS complex.

Nature Chemical Biology


http://www.nature.com/naturechemicalbiology

nature portfolio

Corresponding author(s):  Jen-Tsan Chi

Last updated by author(s): Nov 25, 2025

Reporting Summary

Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
IZ The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
X| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

X

A description of all covariates tested

X X

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

X

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated
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Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection | Provide a description of all commercial, open source and custom code used to collect the data in this study, specifying the version used OR
state that no software was used.
Data analysis Statistical data was analyzed by Graphpad Prism 10 (Graphpad Software, La Jolla, CA).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The atomic coordinates and structure factors for the hMESH1 D66K—PAPS complex have been deposited in the Protein Data Bank under accession code 9CHY. All
source data underlying the graphs and quantitative analyses presented in this manuscript are provided in the accompanying Source Data files and/or




Supplementary Tables. Uncropped immunoblots and full microscopy fields are provided in the Supplementary Information. Data is available from the corresponding
authors upon request.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender No human participants are involved in this study.

Reporting on race, ethnicity, or  N/A
other socially relevant
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groupings

Population characteristics N/A
Recruitment N/A
Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|X| Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical method was used to predetermine sample size. Sample sizes were selected based on prior publications in cartilage, bone, and
sulfation biology, as well as pilot experiments demonstrating consistent and reproducible effects for each assay. For mouse studies, group
sizes of 3—5 animals per genotype are standard in the field and sufficient to detect genotype-dependent differences in cartilage matrix
markers and bone density. For cell-based assays and biochemical assays, sample sizes reflect technical feasibility and reproducibility observed
in pilot work. These sample sizes were therefore considered sufficient for detecting the expected effect sizes in this study.

Data exclusions  No data points or animals were excluded from analyses. Occasional technical failures (e.g., unsuccessful staining or unusable imaging fields)
were documented and reported where applicable. No exclusions were based on experimental outcomes.

Replication All key findings were successfully reproduced in independent experiments. Biochemical assays, cell-based assays, imaging studies, and mouse
experiments were repeated at least two times.

Randomization  Randomization was applied to mouse experiments, where animals were assigned to experimental groups based on litter, genotype, and sex-
balanced allocation to minimize confounding variables. For all other experiments (biochemical assays, cell culture experiments, and C. elegans
studies), randomization was not applicable because samples are intrinsically uniform (e.g., genetically identical cell populations or
synchronized worm cohorts). In these cases, potential covariates—such as passage number for cell lines, worm developmental stage, and
replicate batch effects—were controlled by using standardized preparation protocols.

Blinding Investigators were blinded to genotype and treatment group during data acquisition and quantitative analysis for mouse histology, uCT
measurements, and imaging-based assays. Blinding was not possible for cell culture experiments, as visible morphological or fluorescent
markers can reveal condition identity, but quantification was performed using automated or predefined metrics to minimize bias. Blinding was
not relevant to biochemical assays where sample identity cannot influence assay readout.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.




Materials & experimental systems Methods

Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChiIP-seq

|Z Eukaryotic cell lines |:| Flow cytometry

|:| Palaeontology and archaeology |Z |:| MRI-based neuroimaging

|Z Animals and other organisms
[] clinical data

|:| Dual use research of concern

[] Plants

XXX X0 s

Antibodies

Antibodies used . The primary antibodies used were heparan sulfate (1:1000, 3G10, USBiological, #41890-75), chondroitin-4-sulfate (1:1000, amsbio,
#270432-CS), and chondroitin-6-sulfate (1:1000, amsbio, #270433-CS). human MESH1 (1:100, Sigma, #H4PA040895), mouse MESH1
(1:100, Proteintech, #21091-1-AP), and the Golgi marker GM130 (1:100, BD, #610822).
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Validation The validation for all antibodies are available on the manufacturer's websites. In addition, some of the antibodies
are further validated by the changes of signals after the knockdown or over-expression of the indicated genes in our study.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) NIH/3T3 and SW1353 cell lines were obtained from the Cell Culture Facility at Duke University (Durham, NC, USA).

Authentication Prior to cryopreservation, short tandem repeat (STR) DNA profiling was conducted to authenticate the cell lines, and they
were confirmed to be free from mycoplasma contamination. These cell lines were used for experiments within six months of
culture.

Mycoplasma contamination Prior to cryopreservation, short tandem repeat (STR) DNA profiling was conducted to authenticate the cell lines, and they
were confirmed to be free from mycoplasma contamination. These cell lines were used for experiments within six months of
culture.

Commonly misidentified lines  no commonly misidentified cell lines were used.
(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals Our study examined both male and female mice, and similar findings are reported for both sexes.All animal procedures were
reviewed and approved by the Duke University Institutional Animal Care and Use Committee (IACUC), Durham, NC, USA. Mice were
housed in Duke’s AAALAC-accredited animal care facility and received daily care under the supervision of veterinary staff from the
Division of Laboratory Animal Resources. All animal experiments complied with the U.S. Animal Welfare Act, the Public Health Service
Policy on Humane Care and Use of Laboratory Animals, and the NIH Guide for the Care and Use of Laboratory Animals (8th edition).

Wild animals No wild animals were used in this study.

Reporting on sex Both male and female mice were included in all relevant experiments. Sex was recorded for all animals, and both sexes exhibited
comparable phenotypes and responses in our assays. No sex-specific differences were observed, and therefore data from males and
females were pooled. The use of both sexes is consistent with prior studies in the field and ensures generalizability of the findings.

Field-collected samples  No field-collected samples were used in this study.

Ethics oversight N/AAIl animal procedures were reviewed and approved by the Duke University Institutional Animal Care and Use Committee (IACUC)
under protocol A233-23-11. All experiments were conducted in accordance with the U.S. Animal Welfare Act, the Public Health
Service Policy on Humane Care and Use of Laboratory Animals, and the NIH Guide for the Care and Use of Laboratory Animals (8th
edition).

Note that full information on the approval of the study protocol must also be provided in the manuscript.




Plants

Seed stocks

Novel plant genotypes

Authentication

Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor
was applied.

Describe-any-atithentication-procedtres foreach seed stock- tised-ornovel genotype generated—Describe-any-experiments-tsed-to
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.
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