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REVIEWER COMMENTS

Reviewer #2 (Remarks to the Author):

Major comments

(1) The observafion that Tead3-binding sites may be distributed diffusely on Malat1 is interesfing. 

However, it makes it challenging to elucidate and test how exactly Tead3/Malat1 is funcfioning. Further 

corroborafion, specifically manipulafing Tead3/Malat1 binding to fully establish whether this is noisy, 

non-funcfional binding or a necessity for funcfion.

(2) In addifion to the RNA pulldown assays, a strategy to assess Tead3 interacfions with RNA should be 

evaluated.

(3) Further confirmafion in an addifional endogenous sefting showing the interacfion between 

Tead3/Malat1 would strengthen the applicability of the proposed model.

(4) While there in vivo work shows the potenfial contribufion of MALAT1 to bone metastasis, the study 

does not actually confirm their proposed regulatory model occurs in vivo. This is crifical for supporfing 

the relevance of their model.

(5) More informafion showing that the proposed regulatory model occurs in human pafients is important 

to understand whether these findings could actually translate into human cancer.

(6) The incorporated of single cell data would help support the role of each gene in their proposed 

models within bone metastasis.

Minor

(GSEA in 1d would help to use all genes, not just differenfially expressed

Reviewer #3 (Remarks to the Author):

NCOMMS-23-02783-T

Long noncoding RNA Malat1 inhibits Tead3-Nfatc1–mediated osteoclastogenesis to suppress 

osteoporosis and bone metastasis

This work by Zhao et al. invesfigated a role of MALAT1, one of the few highly conserved lncRNAs in 

osteoclast differenfiafion. Using convenfional mouse osteoclasfic culture derived, mice models of 

osteoporosis and bone metastasis, they demonstrated that MALAT1 plays an essenfial role in osteoclasts 

and bone pathophysiology. This was also possibly true in humans through evidences from their in vivo 



human osteoclast culture experiments and GWAS search. Furthermore, their molecular interacfion 

analyses in vitro and in silico demonstrated that Malat1 binds to Tead3; most predominantly expressed 

in osteoclasts among Tead family member, thus sequestering Tead3 from its binding to Nfatc1. The 

conclusion of this work appeared to be well supported by their substanfial amount of experimental 

evidences, therefore implying a relevant message in human bone pathophysiology and bone biology. 

Some concerns could be seen in the role of TEAD3 in osteoclastgenesis. My specific comments are 

below.

Specific commnets;

Knockdowns of Tead3 in RAW264.7 cells reduced the RANKL-induced osteoclast differenfiafion 

accompanied with the downregulated expression of Nfatc1 and Ctsk (Extended Data Fig. 7). However, 

the date shown in Fig.4q demonstrated that Knockdowns of Tead3 in the same cells deplefing MALTA1 

showed comparable scores of number of osteoclasts/well with the control. These experiments did not 

appear to be consistent, and not enfirely support the mechanisfic interpretafion shown in Fig.4s. Further 

evidence for the role of TEAD3 in osteoclast differenfiafion and careful interpretafion would be required.

Reviewer #4 (Remarks to the Author):

In this manuscript, the authors study the funcfion and mechanism of lncRNA Malat1 in promofing 

osteoporosis and bone metastasis in in vitro and in vivo models. They found that Malat1 was 

downregulated during the osteoclast differenfiafion. A Murine model of Malat1 knockout promoted 

osteoporosis, that was rescued by Malat1 restorafion. Mulfiple pull-down and IP assays indicated that 

Tead3 and Nfatc1 are crifical in mediafing these effects. Although the experiments are conducted well 

with proper controls and data support the hypotheses in general, there are areas of concern that need 

to be addressed as listed below.

1. Based on the publicly available high-throughput sequencing datasets (extended data Fig. 1a) and gene 

expression (Fig. 1a), there are other genes that have the similar expression levels compared to Malat1. 

Why did the authors specifically select Malat1 as top-ranking candidate instead of other ones?

2. It’s curious why the authors select sgRNA-2 and sgRNA-3 from B16F1 cell line and use them in 

RAW264.7 cells. Also, the knockout efficiency is not great, especially for sgRNA-3. Have the authors 

screened the knockout efficiency of different sgRNAs in RAW264.7 cells, or tried other genefic 

manipulafion methods?

3. In Supplementary Fig. 1 and corresponding Methods secfion, please change the average expression 

value to individual expression values, since this is a very small cohort (are there any larger cohorts that 

can be included in this study?) and any outlier value would potenfially affect the average value.

4. In Fig. 1e-g, in addifion to RAW264.7, have the authors tried to use human macrophage/monocyte cell 

line to examine the role of Malat1 during osteoclastogenesis?

5. In Fig. 2, have the authors confirmed the expression of Malat1 in different organs of the genefic 

mouse models?



6. In Fig. 2o, the authors used one B16F1 melanoma cell intrafibial bone metastasis model. Intrafibial 

injecfion is not an ideal method to study bone metastasis, even though I understand the other methods 

such as intracardiac or intra-caudal arterial may present some technical issues. Since bone metastasis is 

one of the major conclusions, this should be more carefully addressed. Maybe the authors can try 

different methods or mulfiple models using the same method. Otherwise, I’m not confident this data is 

sufficient to support the conclusion that Malat1 deficiency promotes bone metastasis.

7. The genefic model authors used are appropriate to test their hypothesis. However, the rescue 

phenotypes are not exactly same in male mice and female mice (Extended Fig. 2a, b, c, d). The authors 

claim that Malat1 has funcfional relafionship with AR in prostate cancer and generally women are more 

at risk of developing osteoporosis than men. Have the authors examined a role for AR along with Malat1 

in osteoporosis?

8. Fig. 3g shows outliers in two knockdown groups. If the outliers were excluded, the average would not 

be significantly different than controls.

9. The suggesfion that the nuclear accumulafion of Nfatc1 in Extended Data Fig. 4d is not convincing 

since the difference is subtle and perhaps not run on the same gel? Total lysate bands should be 

compared on the same gel.

10. In Fig. 4b, it seems that Tead3 may be selecfively expressed in BMMs, but RAW264.7 displays Tead-2, 

3, 4 expression. And L929 seems to have a higher Tead3 expression. Please correct corresponding 

statements in the text.

11. There are several other proteins that also interact with Nfatc1 (Extended data Fig. 5a). The authors 

should test other candidates as well as Tead3 in their experiments to show that the effects are specific to 

Nfatc1 and Tead3 interacfion.

12. The ChIP-qPCR verified the occupancy at the Nfatc1 regions. However, the results would be more 

significant if they carry out ChIP-seq at the genome-wide level instead of a single target.

13. Based on the hypothesis and model (Fig. 4s), Malat1 acts a decoy suppressor protein. Maybe the 

authors can try to overexpress Malat1 and treat with RANKL and compare the downstream targets with 

WT. If overexpression of Malat1 suppresses osteoporosis compared to WT that would further support 

their hypothesis.

14. Is there any clinical data that would support the role of Malat1 in osteoporosis? Do pafients who 

have osteoporosis display low expression levels of Malat1?

Minor:

1. Some main figures contain too many sub-figures and appear too crowded. The authors should 

consider moving some of them to extended figures.
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Point-by-point rebuttal to the reviewers 
Nature Communications manuscript NCOMMS-23-02783-T 
 
We thank Nature Communications for the interest in our study and the invitation to resubmit this manuscript. We 
are delighted the reviewers found that “the conclusion of this work appeared to be well supported by their 
substantial amount of experimental evidences, therefore implying a relevant message in human bone 
pathophysiology and bone biology”, and that “the experiments are conducted well with proper controls and data 
support the hypotheses in general”. We thank all reviewers for their constructive comments on how to improve 
this manuscript. After an 8-month revision, we thoroughly and attentively addressed the critiques with extensive 
new data (which expanded 4 main figures to 8 main figures, plus 10 supplementary figures) and further 
clarification. Revisions in the manuscript text are marked in red color.  
 
 
Reviewer #1: No points to be addressed. 
 
Reviewer #2:  
Major comments 
 
(1) The observation that Tead3-binding sites may be distributed diffusely on Malat1 is interesting. However, it 
makes it challenging to elucidate and test how exactly Tead3/Malat1 is functioning. Further corroboration, 
specifically manipulating Tead3/Malat1 binding to fully establish whether this is noisy, non-functional binding 
or a necessity for function. 
 
Re: We agree with this reviewer that it’s challenging to assess whether the Malat1-Tead3 interaction is functional. 
Tead(3) is an unconventional RNA-binding protein and lacks the consensus binding sequence on RNA. Instead, 
both our previous paper1 and the present manuscript presented evidence that the Tead(3)-binding sites are 
distributed diffusely on Malat1. Thus, it is not feasible to make Tead3 binding-deficient mutants of Malat1.  
 
Nevertheless, we attempted to address this point by depleting Malat1 and adding back full-length Malat1 or 
Malat1 fragments (P1-P6). However, we failed to generate Malat1-knockout RAW264.7 cells by using CRISPR-
based methods after we analyzed >200 clones, likely because RAW264.7 cells are not easy to transfect2. 
 
We then switched to the U937 cell line, a human monocyte/pre-osteoclast cell line. By using the CRISPRi method, 
we were able to deplete MALAT1 by >99% (new data, Supplementary Fig. 7c). Functional assays showed that 
MALAT1 depletion in U937 cells promoted osteoclast differentiation (new data, Supplementary Fig. 7d, e). 
Next, we performed osteoclast differentiation assays by treating the control, MALAT1-depleted, and Malat1-
restored (with full-length Malt1 or Malat1 fragments, P1-P6) U937 cells with phorbol 12-myristate 13-acetate 
(PMA) (100 ng/mL) for 2 days, followed by 12-14 days of human M-CSF (50 ng/mL) and human soluble RANKL 
(100 ng/mL) treatment3, 4. These assays showed that ectopic expression of each of the six Malat1 fragments in 
MALAT1-depleted U937 cells partially reversed, while re-expression of full-length Malat1 completely reversed 
RANKL-induced osteoclastogenesis (new data, Supplementary Fig. 8b-d). 
 
(2) In addition to the RNA pulldown assays, a strategy to assess Tead3 interactions with RNA should be evaluated. 
 
(3) Further confirmation in an additional endogenous setting showing the interaction between Tead3/Malat1 
would strengthen the applicability of the proposed model. 
 
Re: As requested in points #2 and #3, we performed RNA immunoprecipitation (RIP) assays with RAW264.7 
cells by using a Tead3-specific antibody, showing that endogenous Malat1 was enriched in endogenous Tead3 
immunoprecipitates relative to the control IgG group (new data, Fig. 6c). 
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(4) While there in vivo work shows the potential contribution of MALAT1 to bone metastasis, the study does not 
actually confirm their proposed regulatory model occurs in vivo. This is critical for supporting the relevance of 
their model. 
 
Re: In the revised manuscript, we have added extensive new data to corroborate that Malat1 protects against 
osteoporosis (Figure 2) and bone metastasis (of both melanoma and mammary tumor cells; new data, Figure 3) 
– also supported by single-cell RNA-seq data from patients with osteoporosis or bone metastasis (new data, 
Figure 4), and that Malat1 binds Tead3 to inhibit Nfatc1 activity and osteoclastogenesis (revised Figures 5-7). 
While Nfatc1 is a well-established master regulator of osteoclastogenesis, we agree with this reviewer that we 
have not validated the mechanistic model in vivo. Proof of this point would require genetic rescue experiments 
(i.e., the rescue of the phenotypes of Malat1 knockout mice) by using osteoclast-specific Nfatc1 and Tead3 
knockout mouse models, which will take several more years. In light of this constraint, we changed the title of 
this paper to “Long noncoding RNA Malat1 protects against osteoporosis and bone metastasis”, which represents 
a very important discovery and is worth reporting. 
 
(5) More information showing that the proposed regulatory model occurs in human patients is important to 
understand whether these findings could actually translate into human cancer. 
 
(6) The incorporation of single-cell data would help support the role of each gene in their proposed models within 
bone metastasis. 
 
Re: We fully agree with points #5 and #6 that it would be beneficial to evaluate the human disease relevance of 
our findings at the single-cell level. To assess the clinical relevance of MALAT1 in osteoporosis and bone 
metastasis, we analyzed single-cell RNA-seq data from human bone tissues. The datasets included GSE190772 
with samples from two patients with breast cancer bone metastasis5, 6, GSE162454 with samples from six 
osteosarcoma patients7, 8, and GSE169396 featuring bone tissues from a non-osteoporotic individual and three 
osteoporosis patients (femoral head collected during hip replacement surgery)9. Osteosarcomas and breast cancer 
bone metastases often exhibit osteolytic features. 
 
We used the “Harmony” method10 to remove batch effects between samples, subsequently applying 
dimensionality reduction to annotate cell types based on marker genes (new data, Supplementary Fig. 4a-c). 
These analyses defined the cell cluster-specific transcriptome of different patient groups. We then analyzed the 
expression of MALAT1 in pre-osteoclasts (including monocytes and macrophages) and mature osteoclasts of the 
non-osteoporotic individual (new data, Fig. 4a, b), osteoporosis patients (new data, Fig. 4c, d), osteosarcoma 
patients (new data, Fig. 4e, f), and patients with breast cancer bone metastases (new data, Fig. 4g, h). Within 
each group, MALAT1 expression levels were significantly lower in osteoclasts compared with pre-osteoclasts 
(new data, Fig. 4b, d, f, and h). Moreover, across the four patient groups, MALAT1 expression levels in pre-
osteoclasts and osteoclasts were significantly lower in patients with osteoporosis, osteosarcoma, or breast cancer 
bone metastasis than in the non-osteoporotic individual (new data, Fig. 4i-k). These findings indicate that reduced 
MALAT1 expression in the osteoclast lineage is associated with osteoporosis and bone lesions, including breast 
cancer metastases and osteosarcomas. 
 
Minor 
GSEA in 1d would help to use all genes, not just differentially expressed. 
 
Re: As requested, we re-analyzed the data by using all genes (revised Fig. 1d and revised Supplementary Table 
1). The new GSEA data are consistent with the previous analysis.  
 
Reviewer #3:  
This work by Zhao et al. investigated a role of MALAT1, one of the few highly conserved lncRNAs in osteoclast 
differentiation. Using conventional mouse osteoclastic culture derived, mice models of osteoporosis and bone 
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metastasis, they demonstrated that MALAT1 plays an essential role in osteoclasts and bone pathophysiology. 
This was also possibly true in humans through evidences from their in vivo human osteoclast culture experiments 
and GWAS search. Furthermore, their molecular interaction analyses in vitro and in silico demonstrated that 
Malat1 binds to Tead3; most predominantly expressed in osteoclasts among Tead family members, thus 
sequestering Tead3 from its binding to Nfatc1. The conclusion of this work appeared to be well supported by 
their substantial amount of experimental evidences, therefore implying a relevant message in human bone 
pathophysiology and bone biology. Some concerns could be seen in the role of TEAD3 in osteoclastogenesis. 
My specific comments are below. 
 
Specific comments: 
Knockdowns of Tead3 in RAW264.7 cells reduced the RANKL-induced osteoclast differentiation accompanied 
with the downregulated expression of Nfatc1 and Ctsk (Extended Data Fig. 7). However, the data shown in Fig.4q 
demonstrated that Knockdowns of Tead3 in the same cells depleting MALAT1 showed comparable scores of 
number of osteoclasts/well with the control. These experiments did not appear to be consistent, and not entirely 
support the mechanistic interpretation shown in Fig.4s. Further evidence for the role of TEAD3 in osteoclast 
differentiation and careful interpretation would be required. 
 
Re: We are very grateful to this reviewer for appreciating the importance of this work in bone biology and 
pathophysiology. Regarding the experiments in Extended Data Fig. 7 and Fig. 4q of the initially submitted 
manuscript, they were performed at different times, and thus we would not compare the absolute numbers of 
osteoclasts per well from two different experiments. Nevertheless, We agree that the role of TEAD3 in 
osteoclastogenesis needs careful interpretation and further evidence. 
 
It should be noted that Tead3 is upregulated during osteoclast differentiation (Fig. 6e, f). In Extended Data Fig. 7 
of the initially submitted manuscript (now Fig. 7i-l), knockdown of Tead3 in RAW264.7 cells downregulated 
Nfatc1 and Ctsk expression and attenuated osteoclast differentiation, suggesting that upregulation of Tead3 has a 
functional role in osteoclastogenesis. In original Fig. 4q (now Fig. 7o), knockdown of Tead3 in Malat1-depleted 
RAW264.7 cells showed comparable numbers of osteoclasts with the control RAW264.7 cells, i.e., knockdown 
of Tead3 in Malat1-knockdown RAW264.7 cells reversed Malat1 depletion-induced osteoclast differentiation. 
These experiments suggest that Tead3 mediates osteoclast differentiation induced by Malat1 loss. This is 
consistent with our model (Figure 8) in which Malat1 binds and sequesters Tead3, blocking Tead3 from 
associating with Nfatc1 and inducing the transcription of Nfatc1 target genes, including Nfatc1 itself and Ctsk. In 
response to RANKL stimulation, downregulation of Malat1 releases Tead3, thereby enhancing both the Tead3-
Nfatc1 interaction as well as the transcription factor occupancy of Nfatc1 target genes, which leads to activation 
of Nfatc1-mediated gene transcription and osteoclast differentiation. 
 
As requested, we performed additional experiments to provide further evidence for the role of TEAD3 in 
osteoclast differentiation: 
 
1) To overexpress Tead3 in RAW264.7 cells, we used CRISPR activation (CRISPRa) to activate endogenous 
Tead3 expression (new data, Fig. 7a, b), considering that the translation of Tead3 is initiated at a non-AUG start 
codon11, 12. We found that overexpression of Tead3 promoted osteoclast differentiation (new data, Fig. 7c, d) and 
upregulated Nfatc1, Trap5, and Ctsk expression (new data, Fig. 7e-h). Taken together with the loss-of-function 
results, these data corroborated that Tead3 is a positive regulator of osteoclast differentiation.  
 
2) Similar to RAW264.7 cells (Fig. 6e), during osteoclast differentiation of the human pre-osteoclast cell line 
U937, TEAD3 was also the most upregulated TEAD family member (new data, Fig. 6f). Thus, we examined 
TEAD3’s function in U937 cells, finding that shRNA-mediated knockdown of TEAD3 impaired human 
osteoclastogenesis (new data, Supplementary Fig. 10a-c) and downregulated the expression of NFATC1 and 
TRAP at both mRNA and protein levels (new data, Supplementary Fig. 10d-f). It should be noted that MALAT1 
depletion did not affect the upregulation of TEAD3 during osteoclast differentiation (new data, Supplementary 
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Fig. 10g), suggesting that MALAT1 does not regulate TEAD3’s expression levels (but instead inhibits the 
TEAD3-NFATC1 interaction). 
 
Through the above experiments, we demonstrated that Tead3 promotes osteoclast differentiation in both human 
and mouse pre-osteoclasts. Tead3 functions by binding to Nfatc1 to promote Nfatc1’s transcriptional activity; this 
is negatively regulated by Malat1, which binds and sequesters Tead3 to block its inaction with Nfatc1.  
 
Reviewer #4:  
In this manuscript, the authors study the function and mechanism of lncRNA Malat1 in promoting osteoporosis 
and bone metastasis in in vitro and in vivo models. They found that Malat1 was downregulated during the 
osteoclast differentiation. A Murine model of Malat1 knockout promoted osteoporosis, that was rescued by 
Malat1 restoration. Multiple pull-down and IP assays indicated that Tead3 and Nfatc1 are critical in mediating 
these effects. Although the experiments are conducted well with proper controls and data support the hypotheses 
in general, there are areas of concern that need to be addressed as listed below. 
 
Re: We thank this reviewer for recognizing that “the experiments are conducted well with proper controls and 
data support the hypotheses in general”, and for the insightful points that we address as follows: 
 
1. Based on the publicly available high-throughput sequencing datasets (extended data Fig. 1a) and gene 
expression (Fig. 1a), there are other genes that have the similar expression levels compared to Malat1. Why did 
the authors specifically select Malat1 as top-ranking candidate instead of other ones? 
 
Re: This study focused on Malat1, because: Previously, through targeted inactivation, genetic rescue, and 
transgenic overexpression in mouse models, our lab discovered that the lncRNA MALAT1 sequesters TEAD 
proteins to suppress breast cancer lung metastasis1. LncRNAs usually have low evolutionary conservation, 
whereas MALAT1 is one of the few highly conserved lncRNAs with abundant expression in normal tissues. It’s 
unclear why normal tissues express such a highly abundant and conserved lncRNA. 
 
Recent genome-wide association studies (GWAS) showed that single nucleotide polymorphisms (SNPs) are 
associated with osteoporosis13, 14. Interestingly, one such analysis identified an SNP at the MALAT1 locus that 
was associated with low bone mineral density (BMD)15. However, functional evidence of MALAT1 alterations 
having a role in low BMD and osteoporosis is lacking. On a quest to find the physiological roles of this highly 
abundant and conserved lncRNA, we found that MALAT1 is downregulated during osteoclast differentiation in 
humans and mice (Figure 1), which prompted us to study the function of MALAT1 in bone homeostasis and 
metastasis by using cell models and our genetically engineered mouse models, leading to our discovery that 
MALAT1 protects against osteoporosis (Figure 2) and bone metastasis (Figure 3). 
 
In Fig. 1a, b, we analyzed gene expression during the differentiation of human placental macrophages into 
multinucleated giant cells (MGCs), in which osteoclasts are the major cell population16. Compared with 
macrophages, MGCs showed upregulation of known osteoclast markers and downregulation of MALAT1. As 
this reviewer pointed out, this RNA-seq analysis also identified other genes with significant expression changes 
during osteoclastogenesis. Thus, we intend to use MALAT1 as an entry point to elucidate the molecular and 
cellular events underlying bone homeostasis and metastasis. 
 
In future work, we will perform gene set enrichment analysis and pathway analysis of genes that are 
downregulated or upregulated in MGCs. Genes associated with skeletal morphogenesis or homeostasis pathways 
will be of particular interest. Moreover, we will analyze single-cell RNA-seq data from patients with osteoporosis 
or bone metastasis to determine whether any of the differentially expressed genes (besides MALAT1; see our 
response to point #14 below) exhibit substantial differences between pre-osteoclasts and osteoclasts, and whether 
among different groups, their expression levels in pre-osteoclasts and osteoclasts are significantly different 
between non-osteoporotic donors and patients with osteoporosis or breast cancer bone metastasis. Then, genes 
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identified from these analyses will be subjected to mouse modeling for in-depth dissection of their functions in 
osteoporosis and bone metastasis of breast cancer and other cancer types that often exhibit osteolytic features. 
 
2. It’s curious why the authors select sgRNA-2 and sgRNA-3 from B16F1 cell line and use them in RAW264.7 
cells. Also, the knockout efficiency is not great, especially for sgRNA-3. Have the authors screened the knockout 
efficiency of different sgRNAs in RAW264.7 cells, or tried other genetic manipulation methods? 
 
Re: We designed 11 sgRNAs targeting mouse Malat1 for CRISPRi and tested their efficiency by using the B16F1 
mouse melanoma cell line, because the B16F1 cell line is easy to transfect, whereas the RAW264.7 cell line is 
known to be hard to transfect2. We found that sg2 and sg3 had higher efficiency than other sgRNAs 
(Supplementary Fig. 5a), and thus we used sg2 and sg3 in RAW264.7 cells, which achieved >50% knockdown 
efficiency (Fig. 5e). This is comparable to previous studies that used CRISPRi to knock down MALAT1 in human 
cancer cell lines, achieving a knockdown efficiency of 40-60%17, 18. 
 
Malat1 is a nuclear RNA. Many previous studies used RNAi or ASOs for loss-of-function studies of Malat1. 
However, using RNAi for nuclear lncRNAs is questionable19; moreover, substantial off-target effects have been 
reported for ASOs20-22. In this study, we attempted to generate Malat1-knockout RAW264.7 cells by using 
CRISPR-based methods; however, this effort failed after we analyzed >200 clones, likely because RAW264.7 
cells are not easy to transfect2. 
 
3. In Supplementary Fig. 1 and corresponding Methods section, please change the average expression value to 
individual expression values, since this is a very small cohort (are there any larger cohorts that can be included in 
this study?) and any outlier value would potentially affect the average value. 
 
Re: We thank this reviewer for this suggestion. Accordingly, we downloaded the source data from the database 
instead of using the associated online tool. Analysis of the source data showed that in both humans and mice, 
MPPs had significantly lower expression of MALAT1 than HSCs (new data, Supplementary Fig. 1b, d). 
 
4. In Fig. 1e-g, in addition to RAW264.7, have the authors tried to use human macrophage/monocyte cell line to 
examine the role of Malat1 during osteoclastogenesis? 
 
Re: We thank this reviewer for this suggestion. To extend our investigation to human osteoclastogenesis, we 
treated the U937 human pre-osteoclast/monocyte cell line with PMA (100 ng/mL) for 2 days, followed by 12-14 
days of human M-CSF (50 ng/mL) and RANKL (100 ng/mL) treatment, as described previously3, 4. NFATC1 
expression showed an initial upregulation in the first 5 days, followed by a decrease, while the osteoclast marker 
TRAP exhibited a progressive elevation (new data, Supplementary Fig. 7a). To determine the role of MALAT1 
in human osteoclast differentiation, we used CRISPRi to knock down MALAT1. Five sgRNAs (sg1-5) that target 
the human MALAT1 promoter were tested in HEK293T cells, and four out of five sgRNAs showed approximately 
50% knockdown efficiency (new data, Supplementary Fig. 7b). We used sg2 and sg4 to deplete MALAT1 in 
U937 cells, achieving over 95% knockdown efficiency in this cell line (new data, Supplementary Fig. 7c). 
Subsequently, osteoclast differentiation assays revealed a higher number of TRAP-positive osteoclasts in the 
MALAT1 knockdown group compared with the control group (new data, Supplementary Fig. 7d, e). Moreover, 
NFATC1 and TRAP expression levels were elevated in MALAT1-knockdown U937 cells during osteoclast 
differentiation (new data, Supplementary Fig. 7f-h). Hence, MALAT1 functions as a suppressor of both mouse 
and human osteoclastogenesis. 
 
Similar to RAW264.7 cells (Fig. 6e), during osteoclast differentiation of U937 cells, TEAD3 was also the most 
upregulated TEAD family member (new data, Fig. 6f). Thus, we also examined TEAD3’s function in U937 cells, 
finding that shRNA-mediated knockdown of TEAD3 impaired human osteoclastogenesis (new data, 
Supplementary Fig. 10a-c) and downregulated the expression of NFATC1 and TRAP at both mRNA and protein 
levels (new data, Supplementary Fig. 10d-f). In addition, MALAT1 depletion did not affect the upregulation of 
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TEAD3 during osteoclast differentiation (new data, Supplementary Fig. 10g), suggesting that MALAT1 does 
not regulate TEAD3’s expression levels (but instead inhibits the TEAD3-NFATC1 interaction). 
 
5. In Fig. 2, have the authors confirmed the expression of Malat1 in different organs of the genetic mouse models? 
 
Re: As requested, we collected various tissues, including bone marrow, stomach, colon, small intestine, liver, and 
pancreatic tissues, from Malat1+/+, Malat1-/-, and Malat1-/-;Malat1Tg/Tg mice and measured Malat1 expression 
levels by qPCR. This analysis confirmed Malat1 depletion in Malat1-/- mice and its re-expression in Malat1-

/-;Malat1Tg/Tg mice, although the levels of Malat1 restoration varied among different tissues (new data, 
Supplementary Fig. 2a). 
 
6. In Fig. 2o, the authors used one B16F1 melanoma cell intratibial bone metastasis model. Intratibial injection is 
not an ideal method to study bone metastasis, even though I understand the other methods such as intracardiac or 
intra-caudal arterial may present some technical issues. Since bone metastasis is one of the major conclusions, 
this should be more carefully addressed. Maybe the authors can try different methods or multiple models using 
the same method. Otherwise, I’m not confident this data is sufficient to support the conclusion that Malat1 
deficiency promotes bone metastasis. 
 
Re: We performed intratibial injections because this study focused on the role of Malat1 in the bone 
microenvironment (or more specifically, in the osteoclast lineage). Since Malat1 knockout mice developed 
osteoporosis and showed an increase in osteoclasts (Figure 2), we focused on testing the hypothesis that the 
precancer osteoporosis and increased osteoclasts in Malat1-/- mice would promote bone metastasis after tumor 
cells seed the bone marrow. This hypothesis is clinically relevant. 
 
We fully agree with this reviewer that it is important to corroborate our findings in multiple metastasis models. 
To this end, we performed intratibial injection of 3-month-old female Malat1+/+, Malat1-/-, and Malat1-

/-;Malat1Tg/Tg mice with the EO771 cell line, a cell line derived from a mouse mammary tumor on a C57BL/6 
background6. Before injecting tumor cells, we conducted CT scanning and confirmed that at this age, only 
female Malat1-/- mice, but not female Malat1+/+ and Malat1-/-;Malat1Tg/Tg mice, exhibited signs of osteoporosis 
(new data, Supplementary Fig. 2j-n).  
 
After injection with 2 × 105 luciferase-labeled EO771 cells, bioluminescent signals showed no significant 
difference in baseline levels among the three animal groups on the injection day. At the endpoint, we observed 
significantly higher signals in Malat1-/- mice compared with Malat1+/+ and Malat1-/-;Malat1Tg/Tg mice (new data, 
Fig. 3e and Supplementary Fig. 2o). After euthanasia, we collected the tibiae for ex vivo imaging (new data, 
Fig. 3f, g), which confirmed in vivo imaging results. We also performed X-ray imaging of the tibiae and found 
that Malat1-/- mice had more osteolytic lesions (new data, Fig. 3h). Moreover, H&E staining of bone sections 
demonstrated higher tumor burdens in the tibiae of Malat1-/- mice, as evidenced by more cancerous lesions in the 
cortical bone near the growth plate and deeper extension of tumor areas into the distal bone marrow cavity (new 
data, Fig. 3i). Immunohistochemical staining of RFP (co-expressed with luciferase) supported the histologic 
analysis (new data, Fig. 3i). In addition, TRAP staining revealed elevated osteoclast numbers in the tibiae of 
Malat1-/- mice compared with Malat1+/+ and Malat1-/-;Malat1Tg/Tg mice (new data, Fig. 3j-l). Taken together with 
the results from the B16F1 model (Fig. 3a-d), these findings collectively suggest that loss of Malat1 in host mice 
exacerbates metastatic bone colonization by melanoma and mammary tumor cells. 
 
7. The genetic model authors used are appropriate to test their hypothesis. However, the rescue phenotypes are 
not exactly same in male mice and female mice (Extended Fig. 2a, b, c, d). The authors claim that Malat1 has 
functional relationship with AR in prostate cancer and generally women are more at risk of developing 
osteoporosis than men. Have the authors examined a role for AR along with Malat1 in osteoporosis? 
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Re: As this reviewer correctly pointed out, female Malat1-/- mice exhibited a more severe osteoporotic phenotype 
and less phenotype rescue by Malat1 re-expression. It is also true that in general, women are more at risk of 
developing osteoporosis than men. Thus, it will be of interest to examine whether sex hormones and their 
receptors (ER, PR, and AR) regulate bone density through Malat1. This is outside the scope of the present 
manuscript and will be a topic of our follow-up study. Therefore, in the revised manuscript, we do not make any 
claim about the potential relationship between Malat1 and sex hormone receptors like AR. 
 
8. Fig. 3g shows outliers in two knockdown groups. If the outliers were excluded, the average would not be 
significantly different than controls. 
 
Re: We removed the outliners in the two knockdown groups, and the differences between the knockdown and the 
control are still statistically significant (revised data, Fig. 5g).  
 
9. The suggestion that the nuclear accumulation of Nfatc1 in Extended Data Fig. 4d is not convincing since the 
difference is subtle and perhaps not run on the same gel? Total lysate bands should be compared on the same gel. 
 
Re: We agree with this reviewer. Accordingly, we repeated this fractionation experiment and ran total lysates, 
nuclear fractions, and cytoplasmic fractions on the same gel. We found that knockdown of Malat1 in RAW264.7 
cells led to an increase in Nfatc1 protein levels in all three fractions after RANKL treatment (new data, 
Supplementary Fig. 5d). This is consistent with the fact that Nfatc1 activates its own expression. 
 
10. In Fig. 4b, it seems that Tead3 may be selectively expressed in BMMs, but RAW264.7 displays Tead-2, 3, 4 
expression. And L929 seems to have a higher Tead3 expression. Please correct corresponding statements in the 
text. 
 
Re: Since RAW264.7 is a cell line that has been passaged in vitro, it is not surprising that it has a different 
expression pattern (i.e., displaying Tead-2, 3, 4 expression) from primary BMMs. Thus, we have revised the 
statement to “Tead3 showed a relatively specific expression pattern in primary BMMs (Fig. 6a)”. 
 
11. There are several other proteins that also interact with Nfatc1 (Extended data Fig. 5a). The authors should test 
other candidates as well as Tead3 in their experiments to show that the effects are specific to Nfatc1 and Tead3 
interaction. 
 
Re: In this panel (now Supplementary Fig. 8a), besides TEAD, we also circled the AP1 complex components 
(JUN and FOS) and CREB1, because they have been reported to regulate osteoclast differentiation23, 24. As 
requested by this reviewer, we pulled down NFATC1 from the control, MALAT1-knockout, and Malat1-restored 
HEK293T cells, followed by immunoblotting with antibodies against FOS, JUN, and CREB1. While we did not 
detect an interaction of FOS with NFATC1, we observed interactions of JUN and CREB1 with NFATC1; 
however, unlike the TEAD3-NFATC1 interaction, these interactions were not affected by MALAT1 (new data, 
Supplementary Fig. 9d, e). This result further justifies our focus on TEAD3, whose interaction with NFATC1 
was reduced by MALAT1 (Fig. 6h-k). 
 
12. The ChIP-qPCR verified the occupancy at the Nfatc1 regions. However, the results would be more significant 
if they carry out ChIP-seq at the genome-wide level instead of a single target. 
 
Re: We agree that instead of showing a single Nfatc1 target gene, it would be better to examine other Nfatc1 
target genes. However, doing Nfatc1 ChIP-seq with RAW264.7 cells turned out to be challenging. In this field, 
the Nfatc1 targets involved in osteoclast differentiation have been well studied; moreover, the binding sites in the 
promoters have been identified for several target genes, including Ctsk, Acp5, and Nfatc1 itself25-27. Therefore, in 
addition to the Ctsk data, we also performed ChIP-qPCR to examine Nfatc1 occupancy of Acp5 and Nfatc1 gene 
promoters, finding that after RANKL treatment, Malat1-knockdown RAW264.7 cells showed more occupancy 
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of Acp5 and Nfatc1 gene promoters by Nfatc1 than the control RAW264.7 cells (new data, Supplementary Fig. 
5e, f). 
 
13. Based on the hypothesis and model (Fig. 4s), Malat1 acts a decoy suppressor protein. Maybe the authors can 
try to overexpress Malat1 and treat with RANKL and compare the downstream targets with WT. If overexpression 
of Malat1 suppresses osteoporosis compared to WT that would further support their hypothesis. 
 
Re: We thank this reviewer for suggesting adding the Malat1 overexpression data. Consistent with Malat1 being 
a highly abundant lncRNA, we tested various methods and could only overexpress Malat1 in RAW264.7 cells by 
using the piggyBac transposon system and electroporation. The resulting overexpression level was approximately 
a 1.7-fold increase over the endogenous expression level (new data, Supplementary Fig. 6a), which did not lead 
to significant differences in RANKL-induced osteoclastogenesis or the expression of Nfatc1, Trap5, and Ctsk 
(new data, Supplementary Fig. 6b-g). Moreover, BMMs from Malat1Tg/Tg mice exhibited approximately a 1.5-
fold increase in Malat1 expression relative to BMMs from Malat1+/+ mice (new data, Supplementary Fig. 6h). 
Compared with Malat1+/+ mice, Malat1Tg/Tg mice did not display any significant difference in bone density or 
other bone parameters based on CT analysis (new data, Supplementary Fig. 6i-m). The challenge of achieving 
substantial Malat1 overexpression in wild-type cells and mice limited a comprehensive examination of its 
overexpression effects. However, considering that reduced MALAT1 expression in pre-osteoclasts and 
osteoclasts is associated with osteoporosis and bone metastasis (new data, Fig. 4i-k), our loss-of-function 
approach, coupled with re-expression of Malat1 in Malat1-deficient mice and cell lines, is suitable for this 
investigation. 
 
14. Is there any clinical data that would support the role of Malat1 in osteoporosis? Do patients who have 
osteoporosis display low expression levels of Malat1? 
 
Re: We fully agree with this reviewer that it is important to assess the clinical relevance of MALAT1 in 
osteoporosis and bone metastasis. To this end, we analyzed single-cell RNA-seq data from human bone tissues. 
The datasets included GSE190772 with samples from two patients with breast cancer bone metastasis5, 6, 
GSE162454 with samples from six osteosarcoma patients7, 8, and GSE169396 featuring bone tissues from a non-
osteoporotic individual and three osteoporosis patients (femoral head collected during hip replacement surgery)9. 
Osteosarcomas and breast cancer bone metastases often exhibit osteolytic features. 
 
We used the “Harmony” method10 to remove batch effects between samples, subsequently applying 
dimensionality reduction to annotate cell types based on marker genes (new data, Supplementary Fig. 4a-c). 
These analyses defined the cell cluster-specific transcriptome of different patient groups. We then analyzed the 
expression of MALAT1 in pre-osteoclasts (including monocytes and macrophages) and mature osteoclasts of the 
non-osteoporotic individual (new data, Fig. 4a, b), osteoporosis patients (new data, Fig. 4c, d), osteosarcoma 
patients (new data, Fig. 4e, f), and patients with breast cancer bone metastases (new data, Fig. 4g, h). Within 
each group, MALAT1 expression levels were significantly lower in osteoclasts compared with pre-osteoclasts 
(new data, Fig. 4b, d, f, and h). Moreover, across the four patient groups, MALAT1 expression levels in pre-
osteoclasts and osteoclasts were significantly lower in patients with osteoporosis, osteosarcoma, or breast cancer 
bone metastasis than in the non-osteoporotic individual (new data, Fig. 4i-k). These findings indicate that reduced 
MALAT1 expression in the osteoclast lineage is associated with osteoporosis and bone lesions, including breast 
cancer metastases and osteosarcomas. 
 
Minor: 
1. Some main Figures contain too many sub-Figures and appear too crowded. The authors should consider moving 
some of them to extended Figures. 
 
Re: We have reorganized the figures.  
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REVIEWERS' COMMENTS

Reviewer #2 (Remarks to the Author):

The authors have safisfactorily addressed my inifial comments.

Reviewer #3 (Remarks to the Author):

In the revised version of the manuscript, the authors have updated the date and date descripfion with 

reasonably adressing comments and concerns raised by the reviewers.

Reviewer #4 (Remarks to the Author):

In this revised manuscript submifted to Nature Communicafions, the authors have responded to all 

quesfions raised by original submission, including adding more in vitro and in vivo model experiments to 

befter support their original findings. Below are suggested minor revisions of the current manuscript 

prior to publicafion.

Minor revision:

1. Overall, in order to obtain unbiased, comprehensive view of protein interacfions, mass spectrometry 

would be the befter approach rather than tesfing individual protein-protein interacfion.

2. The authors predominantly focused on Malat1 due to prior research in their group, emphasizing that 

"the lncRNA MALAT1 sequesters TEAD proteins to suppress breast cancer lung metastasis." However, this 

doesn't inherently support the potenfial role of MALAT1 in osteoporosis. To strengthen their hypothesis, 

I suggest a restructure of the Introducfion secfion to provide a more extensive background on MALAT1's 

involvement in decreased bone mineral density, posifioning this earlier in the manuscript.

3. Regarding the new Supplementary Fig. 5d, could the authors potenfially modify the RANKL treatment 

fime or concentrafion to accentuate the difference between control and KD? Alternafively, quanfifying 

the blots might enhance clarity.

4. In response to the rebuftal of the new Fig. 6a, it's unclear whether the authors are suggesfing an 

associafion between the expression paftern of Tead proteins and in vitro culturing condifions. It seems 

the focus of this experiment is Tead-3, given its relafively higher expression compared to other Tead 

proteins. I recommend rephrasing the statements to clarify this aspect.



 
 

Point-by-point rebuttal to the reviewers 
Nature Communications manuscript NCOMMS-23-02783A (Accepted in Principle) 
 
Reviewer #2: 
The authors have satisfactorily addressed my initial comments. 
 
Re: We thank this reviewer for finding our revision satisfactory. 
 
Reviewer #3: 
In the revised version of the manuscript, the authors have updated the data and data description with reasonably 
addressing comments and concerns raised by the reviewers. 
 
Re: We thank this reviewer for appreciating that we have addressed the previous concerns. 
 
Reviewer #4:  
1. Overall, in order to obtain unbiased, comprehensive view of protein interactions, mass spectrometry would be 
the better approach rather than testing individual protein-protein interaction. 
 
Re: We agree that mass spectrometry provides an unbiased view of protein interactions. It is worth mentioning 
that NFATC1 is a well-studied protein, and that the list of NFATC1-interacting proteins obtained from the 
protein-protein interaction database, Mentha, was based on mass spectrometric results. 
 
2. The authors predominantly focused on Malat1 due to prior research in their group, emphasizing that "the 
lncRNA MALAT1 sequesters TEAD proteins to suppress breast cancer lung metastasis." However, this doesn't 
inherently support the potential role of MALAT1 in osteoporosis. To strengthen their hypothesis, I suggest a 
restructure of the Introduction section to provide a more extensive background on MALAT1's involvement in 
decreased bone mineral density, positioning this earlier in the manuscript. 
 
Re: We agree with this reviewer that our previous Nature Genetics paper, which reported that MALAT1 
suppresses breast cancer metastasis, does not inherently support the potential role of MALAT1 in osteoporosis. 
However, in our opinion, the structure and logical flow of the Introduction section are suitable for this paper, 
because the first two paragraphs provide a brief introduction to osteoporosis and the next two paragraphs provide 
a background on MALAT1 and its potential involvement in decreased bone mineral density. This not only offers 
the rationale for studying the role of MALAT1 in osteoporosis and bone metastasis, but also allows a smooth 
transition to the Results section.  
 
3. Regarding the new Supplementary Fig. 5d, could the authors potentially modify the RANKL treatment time or 
concentration to accentuate the difference between control and KD? Alternatively, quantifying the blots might 
enhance clarity. 
 
Re: As requested, we quantified the signal intensity in Supplementary Fig. 5d by using ImageJ. 
 
4. In response to the rebuttal of the new Fig. 6a, it's unclear whether the authors are suggesting an association 
between the expression pattern of Tead proteins and in vitro culturing conditions. It seems the focus of this 
experiment is Tead-3, given its relatively higher expression compared to other Tead proteins. I recommend 
rephrasing the statements to clarify this aspect. 
 
Re: We focused on Tead3 instead of other Tead family members not only because “Tead3 showed a relatively 
specific expression pattern in primary BMMs (Fig. 6a)”, but also because “RANKL treatment of RAW264.7 and 
U937 cells upregulated Tead3, but not other Tead family members (Fig. 6e, f)”. Both quoted statements are copied 
verbatim from the Results section of our manuscript. Thus, the rationale for focusing on Tead3 is crystal clear. 
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