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Histamine signaling and metabolism identify potential biomarkers and 
therapies for lymphangioleiomyomatosis 
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Appendix Figure S1. Additional monoamine metabolites studied in LAM 
plasma. Detailed results of 4-HPA, HVA, and VMA in healthy controls, LAM and 
related pulmonary disease patients. The asterisks indicate significant differences 
based on two-sided Mann-Whitney tests (4-HPA, control-LAM P = 0.024, LAM-
Langerhans P = 0.09, LAM-Sjögren P = 0.48, LAM-Lupus P = 0.40, and LAM-
emphysema P = 0.042; HVA, control-LAM P = 0.008, LAM-Langerhans P = 0.037, 
LAM-Sjögren P = 0.10, LAM-Lupus P = 0.09, and LAM-emphysema P = 0.14; and 
VMA, control-LAM P = 3x10-5, LAM-Langerhans P = 0.06, LAM-Sjögren P = 0.21, 
LAM-Lupus P = 0.18, and LAM-emphysema P = 0.44). Average values are indicated 
with lilac-colored lines. 
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Appendix Figure S2. Controls of immunohistochemical assays. Left panels, 
results in healthy lung; right panels, assay-positive tissue. Acrolein and HRH1 
showed positivity in the luminal layer of the bronchioles, as portrayed in the insets 
(left panels). Scale bars are shown. 
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Appendix Figure S3. Gene expression analyses of LAM lung nodules using the 
GSE12027 dataset. The differences are indicated (two-sided t-test P values; n.s., 
not significant) between the LAM lung nodules and PASM (pulmonary-artery smooth 
muscle) or Malme-3M (melanoma) cell profiles. Boxplot with whiskers from minimum 
to maximum. 
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Appendix Figure S4. HRH1 expression association with breast cancer 
metastasis to lung. A Kaplan-Meier lung metastasis-free survival (LMFS) curves 
based on categorization of HRH1 expression in breast tumors. Multivariate Cox 
proportional-hazards regression results are shown: HR, hazard ratio; CI, confidence 
interval; and P value. B Gene Set Enrichment Analysis (GSEA) results showing 
positive expression correlations (based on PCCs) between HRH1 and key gene sets 
as indicated. The GSEA normalized enrichment score (NES) and associated P 
values are indicated (1,000 permutations). 
 



 7 

 

Appendix Figure S5. Overexpression of Slc22a2 and Slc22a3 in Tsc2-deficient 
MEFs. Gene expression level is indicated by a log10-fold change relative to Tsc2 
wild-type MEFs. The significant differences correspond to two-sided t-test (P values 
are indicated; replicates/condition n = 5, independent experiments n = 2). The bars 
indicate mean ± SD. Dotted horizontal lines indicate 2-fold (top) and 0.5-fold 
(bottom). 
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Appendix Figure S6. MAO expression and activity in 105K cells. Left panel, 
MAO-A/B overexpression in Tsc2-deficient relative to TSC2-reconstituted 105K 
cells, both grown in DMEM 10% FBS. The expression levels are indicated by the 
ratio relative to each loading control and basal setting (noted as 1(ref)). Right panel, 
higher MAO basal activity (Y-axis) in Tsc2-deficient relative to TSC2-reconstituted 
105K cells, both grown in DMEM 10% FBS. The inhibitors (depicted on the X-axis) 
were added to cell extracts prior to activity assay to assess the contribution of each 
MAO isoform. The significant difference corresponds to two-way ANOVA test 
(replicates/condition n = 4 and independent experiments n = 2). CPM: counts per 
minute. The bars indicate mean ± SEM. 
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Appendix Figure S7. Detection of mast cells in Tsc2-deficient 105K tumors. 
Representative images of toluidine blue stain denoting presence of mast cells in the 
front (arrows) of three tumors. The insets include magnified images. Scale bars are 
shown. 
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Appendix Figure S8. Quantification of rapamycin blood and tumor levels with 
co-administration of loratadine. Tsc2-deficient 105K cells were engrafted in 
C57BL/6J mice and, when tumors reached a volume of 100-150 mm3, the animals 
were treated as described with rapamycin alone or combined with loratadine. No 
differences were observed in blood concentration of rapamycin either after 24 hours 
of drug administration (left panel) or at any of the times after administration of 
rapamycin and loratadine (2, 4, and 6 hours; middle panel). In addition, no 
differences were observed in treated tumors after 24 hours of drug administration 
(right panel). Significance was assessed with two-sided Mann-Whitney tests (n.s., 
not significant). The number (n) of samples in each group is indicated. Average 
values are indicated with lilac-colored lines. 
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Appendix Figure S9. shRNA-mediated depletion of Maoa and Hrh1 in Tsc2-
deficient 105K cells. Graphs showing Maoa (left) and Hrh1 (right) expression 
depletion relative to pLKO-transduced Tsc2-deficient 105K cells prior to injection in 
mice. The expression reduction relative to pLKO was determined with one-sided t-
test (P values are indicated; replicates/condition n = 3, independent experiments n 
= 3). The bars indicate mean ± SD. 
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Appendix Figure S10. Evaluation of the effect of shRNA-mediated depletion of 
Maoa or Hrh1 expression, and/or rapamycin administration. A Inhibition of Tsc2-

deficient 105K cell viability with rapamycin and with single transduction of shRNA 
against Maoa or Hrh1 expression, relative to pLKO control (DMSO conditions). The 
combination of shRNA-Maoa and rapamycin exposure further decreases viability 
relative to pLKO and rapamycin (comparison marked with blue bar/asterisk). The 
differences relative to pLKO-DMSO were determined with two-tailed t-test (P values 
are indicated; replicates/condition n = 6, and independent experiments n = 2). The 
bars indicate mean ± SEM. B Top panels, Tsc2-deficient 105K tumor weight (g) 
differences at the end of the depicted in vivo assays (X-axis; mice/group, n). Top 
right panel, significant reduction in the shRNA-Maoa/Hrh1 and rapamycin-treated 
groups relative to rapamycin alone; two-sided Mann-Whitney test (P values are 
indicated). Average weights are indicated with lilac-colored lines. Bottom panel, 
representative images of four tumors from each group. 
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Appendix Figure S11. The in vitro responses of rapamycin and loratadine are 
positively correlated in the NCI-60 cancer cell panel. Scatter-plot of drug 
responses (log of half-maximal inhibitory concentration (IC50) across cancer cell 
lines (inset depicts cancer types). The PCC estimate and P value are indicated. 
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Appendix Figure S12. Evaluation of AKT and S6 phosphorylation sites and 
levels in Tsc2-deficient cell models exposed in vitro to different drugs. Western 
blot results of phospho-Ser473 and total AKT, phospho-Ser235/236 and total S6, 
and loading control (vinculin) in Tsc2-deficient MEF (top panels) and Tsc2-deficient 
105K cells (bottom panels). The treatment conditions are depicted in the inset and 
the concentrations used were the same as in previous in vitro assays. The inferred 
expression level of each marker for each condition is indicated by the ratio between 
the corresponding phospho-signal and total expression (pAKT/total AKT, and 
pS6/total S6), or total S6 versus loading control (noted as 1 (reference (ref)). 
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Appendix Figure S13. Evaluation of cell death in Tsc2-deficient 105K treated 
tumors. Left panels, western blot results of caspase-3 in four tumors of each 
treatment group, as indicated. Right panel, arbitrary quantification (score 0-5) of 
TUNEL-mediated detection of apoptosis in paraffin-embedded tumor tissue from 
controls, monotherapies, and rapamycin-combined therapies (X-axis; four tumors 
analyzed in each setting). No significant differences were observed. 
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Appendix Figure S14. Evaluation of autophagy induction in Tsc2-deficient 
105K cells. Graphs showing the percentages of CYTO-ID-positive Tsc2-deficient 
105K cells treated for 24 hours with DMSO or drugs in vitro with 10% FBS complete 

medium. Clorgyline 1 µM, loratadine 100 nM, rasagiline 1 µM, and rapamycin 20 nM. 

The differences relative to rapamycin alone were determined with two-sided t-test (P 
values are indicated; n.s., not significant; replicates/condition n = 3). The bars 
indicate mean ± SD. 
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Appendix Figure S15. Evaluation of cell proliferation in Tsc2-deficient 105K 
tumors. Left panel, quantification of Ki67 immunostaining in tumors across 

experimental conditions (X-axis). Significant Ki67 decrease relative to the control 
group was determined with one-tailed t-test (P values are indicated). Right panels, 
representative images of Ki67 staining in two tumors of each treatment group. Scale 
bars are shown. 
 



 20 

 

Appendix Figure S16. Overrepresented GO terms in genes differentially 
expressed between Tsc2-deficient 105K tumors treated with rapamycin and/or 
loratadine. Each panel shows the significant GO terms (false discovery rate 
adjustment) linked to differential gene expression under a given condition 
(rapamycin and/or loratadine) relative to control (CMC)-treated tumors. 
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Appendix Figure S17. Representative images of hematoxylin-eosin-stained 

Tsc2-deficient 105K tumors treated with shRNA control or targeting Maoa or 
Hrh1. Two tumor samples are shown for each experimental condition. Targeting 
Maoa or Hrh1 enhanced the epithelioid morphology. Scale bars are shown. 
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Appendix Figure S18. Representative images of hematoxylin-eosin-stained 
Tsc2-deficient 105K tumors from mice administered a L-histidine analog or low 
L-histidine diet, and their corresponding controls. Two tumor samples are 
shown for each experimental condition. Administration of an L-histidine analog or a 
low L-histidine diet enhanced the epithelioid morphology. Scale bars are shown. 
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Appendix Figure S19. Quantification of epithelial and mesenchymal gene 
marker expression in Tsc2-deficient 105K cells transduced in vitro with 
shRNAs against Maoa or Hrh1 expression, relative to pLKO control. Top 
panels, confirmation of Maoa and Hrh1 expression depletion in the corresponding 
cell assays (two-sided t-test P values are indicated; replicates/condition n = 3, 
independent experiments n = 3). Bottom panels, over-expression of Epcam, and 
under-expression of Fn1, Snai1, Vim, and Twist1 in cells with reduced expression of 
Maoa or Hrh1 expression. The differences relative to pLKO were determined with 
two-sided t-test (P values are indicated; n.s., not significant; replicates/condition n = 
3, independent experiments n = 3). The bars indicate mean ± SD. 
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Appendix Figure S20. Inhibition of invasion and migration of Tsc2-deficient 
105K cells transduced in vitro with shRNAs against Maoa or Hrh1 expression, 
relative to pLKO control. A Graph depicting the frequency of invasive cells per field 
with different shRNA transductions (X-axis). The differences relative to pLKO were 
determined with two-sided t-test (P values are indicated; field/condition n = 16, 
independent experiments n = 2). The bars indicate mean ± SEM. B Graph depicting 
wound closure (from 0 to 30 hours) with different shRNA transductions (inset). The 
differences relative to pLKO were determined with two-sided t-test (P values are 
indicated; n.s., not significant; replicates/condition n = 3, independent experiments n 
= 2). Bottom panels, representative wound images at 0 and 30 hours. Each data 
point represents the mean and SD.
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Appendix Table S1A. Genes coding for enzymes and with expression significantly negatively correlated with TSC2 in lung-

metastatic breast cancer.  
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Appendix Table S1B. Quantified metabolites in plasma samples from healthy 
women, LAM and related pulmonary disease patients. 

 

 

Appendix Table S2. Clinical characteristics of LAM patients at time of sampling and 
used for LC/MS-MS biomarker validation assays (Spanish cohort). 
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Appendix Table S3. Clinical characteristics of rapamycin-off LAM patients at time 
of sampling (UK cohort). 

 

  



 28 

Appendix Table S4. Clinical characteristics of women with LAM in the Polish cohort 
who were analyzed for the effect of rapamycin combined with loratadine. 
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Appendix Table S5. Histopathological evaluation of 105K Tsc2-deficient tumors 
treated with drugs in monotherapy or rapamycin-combined. H&E stained slides from 

the tumors were evaluated by a pathologist blinded to the treatment groups. The 
extent of the spindle or epithelioid cell morphology, glandular differentiation, 
presence of pleomorphic tumor cells, necrosis, and fibrosis were classified as: 1+, < 
5% of the tumor; 2+, between 5% and 50% of the tumor; and 3+, > 50% of the tumor. 
Cytological atypia was graded as  mild (1+), moderate (2+) and severe (3+). 
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Appendix Table S6. Primers used in RT-PCR assays. 

Gene Forward Reverse Species 

Actb GGGGGTTGAGGTGTTGAG GTCTCAAGTCAGTGTACAGGCC Mouse 

Aldh1a3 CACAGGCTCCATTTGGTGG CAGCTTTTGAGGAAGAAGCC Mouse 

Aldh2 GACGCCGTCAGCAGGAAAA CGCCAATCGGTACAACAGC Mouse 

Aldh3a1 GATGCCCATTGTGTGTGTTCG CCACCGCTTGATGTCTCTGC Mouse 

Aldh3b1 CCTTCTCCAAGAGAAGCCAGG GGAGAACTTGCCGTGGTACC Mouse 

Aldh3b2 GCTTTGCTGTGATGTTGGGGAGG TCGCAGTTGTCATCCACATAGC Mouse 

Cat AGCGACCAGATGAAGCAGTG TCCGCTCTCTGTCAAAGTGTG Mouse 

Epcam AGAATACTGTCATTTGCTCCAAACT GTTCTGGATCGCCCCTTC Mouse 

Fn1 CTGGGACTGTACCTGCATCG CTCCACTTGTCGCCAATCTT Mouse 

Hrh1 CAAGATGTGTGAGGGGAACAG CTACCGACAGGCTGACAATGT Mouse 

Maoa GCCCAGTATCACAGGCCAC CGGGCTTCCAGAACCAAGA Mouse 

Maob CCAGAATCATCTCAACAACCAA TCACTTGACCAGATCCACCA Mouse 

Ppia CAAATGCTGGACCAAACACAAACG GTTCATGCCTTCTTTCACCTTCCC Mouse 

Slc22a2 CCACATACATCAGGAATCTTGC TGAGACGGTAGACCAGGAAAG Mouse 

Slc22a3 ACGACATTACGGAACTTTGG CAGCCGAAAGAGCAGAAAC Mouse 

Snai1 GAAGCCCAACTATAGCGAGC AGAGTCCCAGATGAGGGTG Mouse 

Twist1 GGACAAGCTGAGCAAGATTCA CGGAGAAGGCGTAGCTGAG Mouse 

Vdac1 CCCACATACGCCGATCTTGG GTGGTTTCCGTGTTGGCAGA Mouse 

Vim CGTCCACACGCACCTACAG GGGGGATGAGGAATAGAGGCT Mouse 
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Appendix Table S7. Antibodies used in study. 

 

 

Antibody Manufacturer Catalog Species Application Dilution 

Anti-ACROLEIN Abcam ab48501 Mouse IHC 1:100 

Anti-ACTIN Santa Cruz sc-8432 Mouse WB 1:1000 

Anti-ALDH2 Santa Cruz sc-166362 Mouse WB 1:500 

Anti-CAT Abcam ab52477 Rabbit WB 1:1000 

Anti-AKT Cell Signaling 2920 Mouse WB 1:1000 
Anti-phospho AKT 

(Ser473) Cell Signaling 4060 Rabbit WB 1:500 

Anti-DRP1 (Ser616) Cell Signaling 3455 Rabbit WB 1:1000 

Anti-Ki67 Thermo Scientific RM-9106-
S0 Rabbit IHC 1:100 

Anti-HRH1 Thermo Scientific PA5-27817 Rabbit 
WB 1:1000 

IHC 1:500 

Anti-MAO-A Abcam ab126751 Rabbit 
WB 1:1000 

IHC 1:100 

Anti-MAO-B Thermo Scientific HPA00232
8 Rabbit 

WB 1:250 

IHC 1:100 

Anti-PLCγ1 (Tyr783) Cell Signaling 2821 Rabbit WB 1:1000 
Anti-ribosomal protein 

S6 Santa Cruz sc-74459 Mouse WB 1:500 

Anti-pS6 
(Ser235/ 236) Cell Signaling 2211 Rabbit WB 1:1000 

Anti-αSMA Sigma-Aldrich A2547 Mouse IHC 1:100 

Anti-TUBULIN Abcam ab44928 Mouse WB 1:1000 

Anti-VDAC1 Abcam ab15895 Rabbit WB 1:1000 

Anti-VINCULIN Sigma-Aldrich V9131 Mouse WB 1:1000 


