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RESEARCH ARTICLE

A new mouse model of thrombopoietin deficiency arising from 
a spontaneous single base pair mutation
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David B. Sykesb,f,h, and Ninib Baryawnoa

aDivision of Pediatric Oncology and Pediatric Surgery, Department of Women’s and Children’s Health, Karolinska Institutet, 
Stockholm, Sweden; bCenter for Regenerative Medicine, Massachusetts General Hospital, Boston, MA, USA; cFralin Biomedical 
Research Institute, Virginia Tech FBRI Cancer Research Center, Washington, DC, USA; dDepartment of Biomedical Sciences and 
Pathobiology, College of Veterinary Medicine, Virginia Tech, Blacksburg, VA, USA; eDivision of Hematology, Department of 
Medicine, Brigham and Women’s Hospital, Boston, MA, USA; fHarvard Medical School, Boston, MA, USA; gSchool of Biological 
Sciences, University of Reading, Reading, UK; hDivision of Hematology, Massachusetts General Hospital Cancer Center, Boston, 
MA, USA

ABSTRACT
Thrombopoietin (TPO) is the principal regulator of bone marrow platelet production and 
plays an important role in maintaining hematopoietic stem and progenitor cells. 
Predominantly produced in the liver, circulating TPO levels are primarily modulated 
through receptor-mediated clearance of TPO by target cells such as platelets. 
However, there is an additional component of TPO regulation at the transcriptional 
level, which may be affected in the setting of platelet-associated diseases. Current TPO 
knockout mouse models partially limit the study of transcriptional regulation because of 
disruption of the TPO genomic locus. Here, we describe a novel mouse model of TPO 
deficiency arising from a spontaneous mutation in a single base pair within exon 5 of the 
TPO gene. The resulting amino acid change (leucine to histidine at position 121) predicts 
a dramatic alteration in protein structure, ultimately resulting in a ~ 95% decrease of 
circulating TPO. The hematological phenotype of this new C57Bl/6(IMPC)J-TPOL121H strain 
mimics that of other mouse models of TPO deficiency, but the genomic locus remains 
intact and therefore preserves normal TPO transcriptional regulation. We characterize 
the hematological phenotype of this new strain and discuss its applications as a model of 
transcriptional TPO regulation and clinical thrombocytopenia. Our findings highlight the 
theoretical possibility that TPO protein destabilizing mutations may explain rare cases of 
patient thrombocytopenia.

PLAIN LANGUAGE SUMMARY
Thrombopoietin is a protein and a hormone that is predominantly produced in the liver. 
Thrombopoietin helps the body to produce different types of blood cells, especially 
platelets. Platelets are important for the formation of blood clots in the setting of 
bleeding. Patients with low levels of thrombopoietin can have spontaneous and exces
sive bleeding, which can be severe and even life-threatening. Therefore, it is important to 
understand how the body controls thrombopoietin levels. We discovered a new labora
tory mouse that has a very small change in the thrombopoietin gene, but this results in 
a very big decrease in how much hormone is generated by the liver. These mice also 
have low platelet levels like many human patients. We hope that this new mouse model 
can be used to understand how thrombopoietin is regulated in both mice and in 
humans. Ultimately, we hope that this type of research benefits patients with low 
platelet counts and other blood disorders.
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Introduction

The hormone thrombopoietin (TPO) is the principal regulator of platelet (PLT) production,1,2 and 
plays an important role in maintaining hematopoietic stem and progenitor cell (HSPC) number and
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function during development and adulthood.3,4 TPO is primarily synthesized in hepatocytes and is 
rapidly secreted into the blood, where it binds its receptor Mpl (myeloproliferative leukemia 
protein) on target cells (e.g. platelets). Smaller amounts of TPO are produced in other organs, 
notably the bone marrow.5 Following binding to the Mpl receptor, TPO is internalized and 
removed from circulation.1,6 The loss of adequate TPO signaling results in thrombocytopenia, 
which is common in the clinical setting of chronic liver failure where progressive damage to 
hepatocytes results in low TPO production and ultimately in low platelet counts.7 Less common 
causes of decreased TPO include the binding and clearance of circulating TPO by autologous 
antibodies,8 and defective Mpl-signaling in congenital amegakaryocytic thrombocytopenia.9 Absence 
of compensatory TPO elevation is considered a key pathophysiological mechanism in immune 
thrombocytopenic purpura (ITP).10

Several animal models have been used to study thrombopoietin deficiency. The earliest and most widely 
used mouse strains are the global germline knockouts of the Thpo and Mpl genes, in which neomycin 
resistance cassettes are used to disrupt the genomic loci.11–13 Later work generated mice with conditional 
TPO knockout specific to hepatocytes or to bone marrow,14 gene silencing of hepatic TPO transcripts using 
antisense oligonucleotides,15–17 and a zebrafish model facilitating the high-throughput screening of patient 
TPO variants and drug candidates.18 While these models have advanced insights into TPO biology, they 
share a key limitation: disruption of the genomic locus (or the RNA product in the case of antisense 
oligonucleotides) precludes investigation of transcription and transcriptional regulation. Growing evidence 
suggests that, contrary to previous belief, TPO may be regulated at the RNA level in health and disease.19–21 

Furthermore, germline TPO knockouts display total loss of circulating protein (or a ~50% reduction in the 
heterozygote mice), where neither homozygotes nor heterozygotes are entirely reflective of the TPO and 
platelet levels seen in human conditions such as clinical liver disease with intermediate TPO-deficient 
thrombocytopenia.22,23

Here, we describe a new mouse strain bearing a novel and spontaneously arising single base pair 
mutation in exon 5 of Thpo. This mutation was unexpectedly discovered in a colony of Pcyox1lem1 
(IMPC)J mice, a knockout (KO) model of the gene prenylcysteine oxidase 1-like (PCYOX1L). This single 
base pair change results in a single amino acid change, with a predicted major alteration in protein 
conformation, ultimately leading to a >95% decrease in circulating TPO and impaired TPO-Mpl binding. 
The mutation (leucine to histidine at position 121) is located in the N-terminal erythropoietin-like (EPO- 
like) domain of the protein, a highly conserved region responsible for the binding of TPO to its cognate 
receptor Mpl.1,24 The hematological phenotype of this new strain mimics that of other global TPO knock
outs, but the genomic locus is intact, and TPO transcriptional regulation is preserved. We present our 
characterization of the TPO point mutation and the hematological phenotype of the mouse and discuss its 
possible applications as a new model of thrombocytopenia.

Methods

Mouse models

All experiments involving mice were performed in accordance with the Institutional Animal Care and Use 
Committee guidelines at the Massachusetts General Hospital. Wild-type controls were C57BL/6 mice 
purchased from Charles River Laboratories (Wilmington, USA) unless otherwise stated.

The Pcyox1lem1(IMPC)J mouse was made at Jackson laboratories (Bar Harbor, USA) on a C57BL/6 
background. CRISPR/Cas9 was used to target exon 3 of the PCYOX1L gene, resulting in a deletion of 469 
base pairs and in an amino acid change at residue 99 with early termination of the protein at residue 112. 
Rederivation was done by the Mutant Mouse Resource and Research Centers (MMRRC) at the University of 
California Davis.

The C57BL/6-CD45.1STEM congenic mouse strain used in the competitive transplant assays was pre
viously developed at our lab.25 The Thpo-/- and Thpo+/- mice were a kind gift from Dr Elisabeth Battinelli.

As of May 2024, the C57Bl/6(IMPC)J-TPOL121H mouse strain has been cryopreserved at Charles River
Laboratories (https://www.criver.com/), line ID: 95 073.
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Mouse genotyping

PCYOX1L and TPO genotyping was performed by Transnetyx (Memphis, Tennessee).

Euthanizing mice and collecting tissues

Mice were anesthetized using isoflurane. Peripheral blood sampling was conducted retro-orbitally 
or by cardiac puncture, into EDTA-coated tubes. For serum samples, blood was collected into 
Eppendorf tubes, allowed to clot at room temperature for 2 h, and centrifuged at 20 000 ×g for 
20 min. Mice were euthanized by CO2 asphyxiation followed by cervical dislocation, and organs and 
bones were collected. Bone marrow was extracted from femur and tibia by cutting the bone at the 
geniculate epiphysis and centrifuging at maximum speed for 30 s into collection buffer (PBS with 
2% FBS and 1 mM EDTA). All subsequent centrifugations of cells and tissues were performed at 
500 ×g for 5 min. Spleen and liver were macerated on ice through a 70 μm filter into collection 
buffer and centrifuged. Complete blood counts (CBCs) were performed on the Heska Element HT5 
analyzer.

Red blood cell (RBC) lysis of blood, bone marrow, and spleen was performed by 5 min incubation 
with ACK lysis buffer (cat# 118–156–721, Quality biological). Blood, bone marrow, and spleen cells 
were counted with 1:1000 acridine orange using the Cellometer Vision (Nexcelom Bioscience). Liver 
samples were weighed. For RNA extraction, an appropriate cell number or tissue volume was imme
diately lysed in buffer RLT with 1% beta-mercaptoethanol and homogenized by QIAshredder (cat# 79  
656, Qiagen) before proceeding to RNA extraction or storage at −80°C. Protein lysates were prepared at 
2–10 × 106 cells/mL or 30–50 mg tissue/mL. For RIPA-based lysates, sample was resuspended in 1X 
RIPA buffer (Cell Signaling Technologies) with 1% 100X protease/phosphatase inhibitor cocktail (cat# 
5872, Cell signaling technologies), homogenized by QIAshredder, incubated on ice for 30 min with 
vortexing every 5 min, and centrifuged to collect supernatant for storage at −80°C. For preparation of 
LDS-based lysates, sample was resuspended in 1X NuPAGE LDS sample buffer (cat# NP0008, Novex) 
with 1% beta-mercaptoethanol, homogenized by QIAshredder, boiled for 1 min at 95°C, and immedi
ately stored at −80°C.

Flow cytometry

For HSPC flow cytometry, the bone marrow cells were incubated for 30 min at 4°C with the following 
BioLegend antibodies in collection buffer: c-Kit-PE, CD34-FITC, Sca-1- BV421, CD16/32- BV605, 
CD48- APC-Cy7, CD150-APC, CD45.1- BV510, CD45.2- BV785, and anti-Lin cocktail. The cells were 
then washed and incubated for 30 min at 4°C with streptavidin-BV650, and 7AAD (BD Pharmingen) 
was used for viability staining. Flow cytometry was performed on a BD FACSCelesta instrument (serial# 
R 660 34400581, model number 660344). The data was analyzed using FlowJo software (v10.10). For 
CD45.1/2 chimerism checks, the cells were incubated with BioLegend CD45.1-FITC and CD45.2-APC 
for 30 min at 4°C.

Adult competitive transplant assay

Unless otherwise stated, adult recipients and donors were 19–22 weeks old, and all donors were age- and 
sex-matched. On the morning of transplant, CD45.1/2 heterozygous recipient mice were lethally irradiated 
with two doses of 475 cGy separated by 4–6 h. Three CD45.1 STEM and three CD45.2 C57Bl/6(IMPC) 
J-TPOL121H donor mice were euthanized. CBCs were used to assess donor platelet levels (Heska Element 
HT5). Bone marrow was extracted from femurs and tibias as described above. After ACK lysis to remove red 
blood cells, flow cytometry was used to confirm the individual HSC phenotype. The CD45.1 and CD45.2 
cells were then pooled, counted with acridine orange, and combined at a 1:1 ratio to 10 million cells/mL. 
Each irradiated recipient was injected retro-orbitally with 200 μL cell mix, or 2 million cells, within 3 h of 
irradiation. The remaining cell mix was analyzed by flow cytometry to confirm the transplanted ratio of 
CD45.1 and CD45.2 cells. During the first week post-transplant, the mice were observed carefully and
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received a fresh hydrogel every day. Every 4 weeks, the mice were anesthetized using isoflurane gas and 
approximately 100 μL peripheral blood collected retro-orbitally for CBCs and flow cytometry to track 
CD45.1/CD45.2 chimerism. The mice were euthanized 20 weeks after transplantation, and blood and bone 
marrow were collected for CD45.1/CD45.2 and HSC flow cytometry.

Homing assay

Methodology for homing largely follows that described above for adult competitive bone marrow trans
plant. Based on previously published protocols,26–28 20 million total bone marrow cells were injected retro- 
orbitally into each recipient. The recipients were euthanized 24 h post-transplant, and blood, bone marrow, 
and spleen were collected for CD45.1/CD45.2 and HSC flow cytometry.

Timed pregnancies and harvest of fetal livers

Breeding pairs were created with 12-week-old heterozygous CD45.2 C57Bl/6(IMPC)J-TPOL121Hmice. 
Females were housed together for 12 days, and males 5 days. Bedding from the male cage was 
introduced to the female cage 2 days in advance. On the day of breeding, the females were separated, 
and one male was added to each female cage. The next day the males were removed from the cages, and 
the females checked for vaginal plugs. The females were weighed every other day to follow the 
pregnancy. After 15 days, the pregnant mice were euthanized, and embryonic day 15.5 fetuses were 
collected. The livers were dissected, macerated through a 40 μm filter using a plunger, incubated with 
ACK lysis buffer, transferred through a 70 μm filter, washed in collection buffer (PBS with 2% FBS and 
1 mM EDTA), and frozen at −80°C in 80% FBS and 20% DMSO. Upper limbs were collected for 
genotyping.

Bone marrow hematoxylin-eosin staining

Femurs were dissected as described above and embedded in 10% buffered formalin phosphate (SF100-4, 
Fisher Chemical). Decalcification, longitudinal sectioning, and hematoxylin-eosin staining were performed 
at the Massachusetts General Hospital Histopathology Research core facility. Images were captured using 
the Infinity2 camera and Lumenera software v 6.5.5.

Western blot

The protein concentration of RIPA-based lysates was quantified by the QuantiPro BCA Assay kit (cat# 
QPBCA, Sigma-Aldrich) according to manufacturer protocol. After normalization of protein amount and 
addition of NuPAGE LDS sample buffer with 1% beta-mercaptoethanol, samples were boiled for 3 min at 
95°C, loaded in NuPAGE 4–12% Bis-Tris gel (NP0323, Invitrogen) alongside ladder and run in MES-SDS 
Running buffer (cat# 21 420 036, Bioworld) at 100 V until the dye front reached the bottom of the gel. Wet 
transfer was performed onto methanol-activated Immobilon transfer membrane (cat# IPFL07810, 
Millipore) in 1X transfer buffer (BP-190, Boston Bioproducts) for 100 min at 100 V. After transfer, the 
membrane was air-dried, activated in methanol, washed with molecular grade water, soaked in PBS, and 
blocked on a rocker with blocking buffer (Intercept blocking buffer TBS [cat# 927– 60 001, LICOR] or 5% 
milk) for 1 h at room temperature. Primary antibody mix was prepared in blocking buffer and used to stain 
the membrane overnight at 4°C on rocker. The next day, secondary antibody mix was prepared – for LICOR 
system IRDye 680 anti-mouse (cat# 926– 68 020, LICOR) or IRDye 800 anti-rabbit (cat# 926– 32 211, 
LICOR) in PBS blocking buffer (cat# 927– 70 001, LICOR) with 0.2% Tween-20 and 0.01% SDS. For iBright 
system 1:3000 HRP-conjugated anti-rabbit secondary (cat# 1 706 515, Bio-Rad) in 5% milk. The membrane 
was washed for 5 min × 3 in 1X TBS with 0.1% Tween-20 and stained in the secondary antibody mix for 
1 h at room temp, on rocker and protected from light. After a final four washes and rinse in PBS, the 
membrane was air-dried and imaged using the LI-COR Odyssey CLx-2000 machine with the Image Studio 
software, or using the iBright FL1000 (ThermoFisher) with chemiluminescent detection and the Invitrogen
iBright Analysis Software.
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Primary antibodies used were mouse monoclonal anti-beta-actin (cat# 8H10D10, Cell signaling 
technologies) at 1:1000, rabbit polyclonal anti-PCYOX1L at 1:1000 (cat# HPA037463, Sigma-Aldrich), 
mouse monoclonal anti-GAPDH at 1:10 000 (cat# ab8245, Abcam), rabbit anti-human protein C-tag 
(cat# GTX18591, Genetex) at 1:1000, and rabbit polyclonal anti-TPO (cat# PA5-80125, Invitrogen) at 
1:1000.

Thrombopoietin ELISA

Serum samples were analyzed using the R&D systems Mouse Thrombopoietin Quantikine ELISA kit (cat# 
MTP00) according to manufacturer protocol. Absorption was read at 450 nm using the Synergy HTX multi- 
mode reader (BioTek) and the Gen5 software (v.2.07).

RNA extraction

RNA was extracted using the Qiagen RNeasy plus mini kit (cat# 74 134), Qiagen Allprep DNA/RNA mini 
kit (cat# 80 204), or Qiagen RNEasy micro kit (cat# 74 004). Manufacturer protocol was followed. The 
optional incubation step with RNase-free DNase (1023460, Qiagen) was included when using the RNeasy 
kits. RNA content was measured using a Nanodrop spectrophotometer.

Genomic DNA extraction

Genomic DNA was extracted using the Qiagen Allprep DNA/RNA mini kit (cat# 80 204). Manufacturer 
protocol was followed. DNA concentration was measured by Qubit dsDNA HS kit (cat# Q32851, 
Invitrogen)

cDNA synthesis

cDNA synthesis was performed using the High-capacity cDNA reverse transcription kit without RNase 
inhibitor (4368814, Applied biosystems). Manufacturer protocol was followed. 0.5 or 1 μg of RNA was used 
per 20 μL cDNA synthesis reaction. The thermal cycler (Bio-Rad T100 Thermal cycler, serial# 621BR65037) 
was programmed to annealing for 10 min at 25°C, elongation for 120 min at 37°C, and denaturing for 5 min 
at 85°C.

Polymerase chain reaction (PCR)

PCR was carried out using the New England Biolabs Q5 Hot Start High-Fidelity DNA polymerase (cat# 
M0493), with Q5 reaction buffer (cat# B90275, New England biolabs). For each 25 μL reaction, 50 ng 
cDNA or genomic DNA was mixed in with 0.5 μM each of primers and 0.2 mM dNTP (cat# BJ6301A, 
TakaRA). The thermal cycler (Bio-Rad T100 Thermal cycler, serial# 621BR65037) was programmed to 
denaturation for 10 sec at 98°C, annealing for 30 sec, extension for 30 sec/kb at 72°C, and final 
extension for 2 min at 72°C. Optimal annealing temperature was calculated by the online NEB Tm 
Calculator, and annealing temperature gradients were performed for further optimization when 
necessary.

Real-time PCR (RT-PCR)

iTaq Universal SYBR Green Supermix (cat# 1 725 121, Bio-Rad) was used for RT-PCR. Per 20 μL reaction, 
10 μL of SYBR Supermix was combined with primer to a final 0.5 μM concentration each and 20 ng of 
cDNA or genomic DNA. The thermal cycler (Bio-Rad CFX96 Real-time System, serial# CT041759) was
programmed according to manufacturer instructions. Beta-actin was used as housekeeping gene.
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Long-range PCR

Long-range PCR was performed using the New England biolabs LongAmp HotStart Taq DNA polymerase 
(cat# M05345), with LongAmp 5X Taq buffer (cat# B03235, New England biolabs). For each 25 μL reaction, 
50 ng genomic DNA was mixed in 0.3 mM dNTPs, 0.4 μM of each primer, and 2.5 units DNA polymerase. 
The thermal cycler (Bio-Rad T100 Thermal cycler, serial# 621BR65037) was programmed to initial 
denaturation for 30 s at 94°C, 35 cycles of denaturation for 30 s at 94°C, annealing for 30 s, extension for 
50 s/kb at 65°C, and final extension for 10 min at 65°C. Optimal annealing temperature was calculated by 
the online NEB Tm Calculator, and annealing temperature gradients were performed for further optimiza
tion when necessary.

Primers for PCR, RT-PCR, and long-range PCR (Table 1) were designed using the Primer design and 
Quicktest primer functions in MacVector and ordered through the ThermoFisher Custom DNA Oligos 
Synthesis Services.

Agarose gel electrophoresis and gel extraction

0.8% or 2.0% w/v agarose gels were prepared with agarose powder (cat# BP1356-500, Fisher biorea
gents), 1X TAE buffer (cat# BM-250, Boston bioproducts), and 1:12000 ethidium bromide (Thermo- 
Fisher) or SYBR safe DNA gel stain (cat# S33102, Invitrogen). 25 μL of PCR or long-range PCR product 
was loaded with blue/orange loading dye (cat# G190A, Promega) alongside 1 kb ladder (cat# N32325, 
New England biolabs) or 100 bp DNA ladder (cat# N32315, New England biolabs). The gel was run at 
100 V until the dye front reached the bottom. Ethidium bromide gels were imaged by Proteinsimple 
(Bio-Techne) using the AlphaImager HP software, and SYBR safe DNA gels were imaged by blue light. 
Bands were resected using a clean scalpel, and DNA was purified by the Qiaquick gel extraction kit 
(cat# 28 704, Qiagen) according to manufacturer protocol. DNA content was measured by Qubit 
dsDNA HS kit.

Sequencing of PCR products

Sanger sequencing of PCR products was performed by the Massachusetts General Hospital Center for 
Computational and Integrative Biology DNA core facility. Long-range PCR products were sequenced 
commercially through the Plasmidsaurus linear/amplicon sequencing service.

Statistics

Sample sizes for mouse experiments were determined by prospective sample size estimation and 
experience from prior similar work. P-values were calculated by unpaired student t-test in Graphpad 
Prism (v.9.5.1), statistical significance was determined as p-value < .05. Error bars represent SD in all
graphs.

Table 1. Primer sequences used for long-range PCR, PCR, and qPCR of Thpo.
Thpo- Long-range qPCR primers, used to amplify genomic DNA for sequencing

Primer pair Forward primer Reverse primer

1 (2) GGAAGAGAGGAGCCAGCAAAGAGGTATTT TGGTCCCTGATTTTTATTGGCTTTTGGG
2 (3) GCTGGAGGATGAGGACTTGTCTTTGAAAAT TTTACAATCTCCAGTGCTGTGTATCCCTTC

Thpo- PCR primers, used to amplify cDNA for sequencing
1 (NSH) CTGTGACCCCAGACTCCTAAAT CGCTATGTTTCCTGAGACAAATTC
2 (DBS) TGCTGTGGACTTTAGCCTGG CTTTGTTGAAAGCTCCGGGC

Thpo- qPCR primers, used to quantify TPO mRNA levels
1 (1) GGCCATGCTTCTTGCAGTG AGTCGGCTGTGAAGGAGGT
2 (4) CTCATGGGCTCTTTGCTGGA AAGGGTGTGTGTCCATCAGG

6 N. S. HAN ET AL.



Database searches

GnomAD data was retrieved between June and August 2023.29 Query of UK biobank exomes was 
performed by Dr Vijay G. Sankaran.

Protein structure predictions

The sequence of the TPO gene was acquired using Entrez.30 Prediction of three-dimensional protein 
structure was performed using the online AlphaFold2 colab server (ColabFold v1.5.5: AlphaFold2 using 
MMseqs2 https://colab.research.google.com/github/sokrypton/ColabFold/blob/main/AlphaFold2. 
ipynb#scrollTo=11l8k–10q0C).31 PDB files were exported and visualized using UCSF Chimera, developed 
at the University of California San Francisco with support from NIH P41-GM103311.32

Single-cell analysis

The murine bone marrow single cell data and cell annotations were downloaded from the Gene Expression 
Omnibus (GEO) database GSE188902.33 The Conos approach34 was used to integrate multiple scRNA-seq 
datasets with default setting (PCA space with 30 components, angular distance, mNN matching, k = 15, k. 
self = 5). UMAP embedding was used to visualize PCYOX1 and PCYOX1L expression.

Sequence alignment using MacVector

The sequences of murine and human TPO were downloaded from Entrez and aligned using MacVector 
software.

TPO plasmid design

Plasmids were designed with the open reading frame of native and L121H-mutant TPO respectively 
conjugated to DYKDDDDK/FLAG tag. The constructs also contained an eGFP separated by an IRES 
sequence. The plasmids were designed and synthesized by VectorBuilder.

Cycloheximide chase assay

3 × 105 HEK293T cells (ATCC, cultured in DMEM with 10% FBS) were seeded into each well of a 6-well 
plate. The next day, the cells were transfected with TPO WT/L121H-FLAG-IRES-eGFP constructs at 3 µg/ 
well using a standard 3:1 ratio of Lipofectamine 3000 (cat# L3000001, ThermoFisher) to plasmid DNA and 
incubated overnight. On the third day, each well was treated with 100 µg/mL cycloheximide (cat# C4859, 
Sigma-Aldrich) in pre-warmed DMEM with 10% FBS, according to the determined time course. After 24 h, 
all wells were simultaneously trypsinized and counted using trypan blue. RIPA-based lysates were prepared 
and Western blot performed as described above. Membranes were stained with 1:1000 DYKDDDDK tag 
(FLAG tag) rabbit monoclonal primary antibody (cat# D6W5B, Cell signaling technologies) and imaged 
using iBright FL1000 with chemiluminescent detection.

Synthesis of recombinant TPO proteins

Recombinant WT and L121H mutant TPO protein were synthesized by Protein Production Sweden (PPS), 
a national infrastructure funded by the Swedish Research Council, according to their standard workflow.35 

In short, constructs of the biologically active portions of WT and mutant TPO were tagged with 
a C-terminal human protein C purification tag. CHO cells were chosen for protein expression as they 
demonstrated superior yield compared to HEK293T cells. The proteins were harvested from cell culture 
supernatant and purified by affinity chromatography with a protein C-tag antibody matrix. Protein 
concentrations were determined by absorbance at 280 nm, and analysis of protein purity and identity
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were performed by SDS-PAGE electrophoresis and Western Blot. The yield of WT TPO was 195 µg/mL 
(total 585 µg) and mutant TPO 33 µg/mL (total 56 µg).

HEK-BlueTM TPO bioactivity reporter assay

TPO biactivity was assessed according to manufacturer protocol. In short, HEK-BlueTM TPO reporter cells 
(InvivoGen, cat# hkb-tpo, cultured in DMEM with 10% FBS) were seeded at 50 000 cells/well in 96-well 
plates and incubated overnight at 37°C with the desired concentration of recombinant WT and TPOL121H 

protein. The next day, 20 µL cell supernatant was transferred to a fresh 96-well plate and incubated with 
QUANTI-Blue solution for 30 min to 3 h. Optical density was measured at 620 nm using a Varioskan LUX 
microplate reader.

Results

A spontaneous point mutation in TPO is identified in the background of an unrelated mouse strain

This project began when our team was asked to characterize the hematopoietic compartment of the 
Pcyox1lem1(IMPC)J mouse strain. Originally generated by Jackson Laboratories, this strain was established 
by the CRISPR-Cas9 mediated knockout of PCYOX1L on a C57Bl/6 background. Unexpectedly, these mice 
were noted to have an affected hematological phenotype with pronounced thrombocytopenia but otherwise 
normal blood counts (Figure 1(A)). Upon examination of the bone marrow, there was also a near-complete 
loss of long-term hematopoietic stem cells (HSCs) (Figure 1(B)).

These findings were intriguing because little is known about the enzyme PCYOX1L. PCYOX1L has 
significant sequence homology with family member prenylcysteine oxidase 1 (PCYOX1) and is predicted to 
be involved in the enzymatic breakdown of prenylated proteins.36 The loss of PCYOX1L has been shown to 
impact neutrophil bactericidal activities.37 Consistent with a potential role in hematopoiesis, PCYOX1L is 
differentially expressed in developing bone marrow hematopoietic cells (Figure 1(C)). We hypothesized that 
the loss of PCYOX1L may lead to a toxic accumulation of prenylated proteins within hematopoietic 
progenitors and therefore might account for the observed HSC and PLT phenotype.

As we began characterizing the mice, we crossed the PCYOX1L KO mouse onto the background of our 
CD45.1STEM mouse strain25 , to establish a congenic strain for easy in vivo tracking of hematopoietic cells in 
competitive bone marrow transplant experiments. Unexpectedly, crossing these mice revealed 
a discordance between PCYOX1L genotype and hematological phenotype. Specifically, some mice lacking 
PCYOX1L had a wildtype (WT) hematological phenotype, and other mice with WT PCYOX1L expression 
displayed the affected hematological phenotype with low HSC and PLTs (Figure 1(D)).

These findings supported a new hypothesis that the loss of PCYOX1L was unrelated to the hematopoietic 
phenotype. Indeed, in discussion with the mouse vendor, we obtained complete blood count data from the 
original PCYOX1L KO strain that had been collected prior to sperm cryopreservation. In these original 
PCYOX1L KO mice, the PLT levels were normal (Figure 1(E)). This suggested that the aberrant PLT and 
HSC phenotype within the strain most likely developed during or after the rederivation process.

A single base pair Thpo mutation identified in mice with low platelet counts

The discordance between PCYOX1L expression and the PLT/HSC phenotype prompted us to consider 
alternative hypotheses. Bone marrow sections from the affected mice displayed a near complete absence of 
megakaryocytes, suggesting that the low platelet counts were due to a production defect rather than 
a destructive process (Figure 2(A)). Given the critical role of TPO in megakaryocyte development and 
platelet production, we decided to quantify serum TPO, revealing that TPO levels were ~95% reduced in the 
affected mice (Figure 2(B)). Notably, the low serum TPO levels of these mice were distinct from the 
undetectable TPO levels within conventional germline Thpo knockout mice.12 We concluded that low 
circulating TPO levels were the likely explanation for the reduced bone marrow HSCs and low platelet
counts.
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Figure 1. Hematopoietic characterization of the putative PCYOX1L knockout mouse. (A) Isolated thrombocytopenia. 
Affected mice had a ~ 15-fold reduction of platelet counts (PLT), with slightly reduced mean platelet volume (MPV). 
Peripheral blood counts were otherwise unaffected. (n = 9 for each group). (B) Loss of hematopoietic stem cells. Flow 
cytometric analysis of bone marrow showed a near-complete loss of phenotypic long-term hematopoietic stem cells (Linneg, 
c-Kitpos, Sca1pos, CD150pos, CD48neg) in the affected mice. (C) Gene expression of PCYOX1 and PCYOX1L in hematopoietic 
cells. UMAP visualization of single-cell transcriptomic data of murine bone marrow showing PCYOX1L is expressed in 
hematopoietic stem and progenitor cells, and that expression decreases as cells mature. (D) Genotype-phenotype 
discordance. PCYOX1L expression did not correlate with the hematological phenotype in some mice. Protein expression 
was verified by Western blot. (E) The original Pcyox1lem1(IMPC)J strain was hematologically normal. Data from the Jackson 
Laboratories Early Phenotyping Study, collected prior to sperm cryopreservation, shows that the original Pcyox1lem1(IMPC)J 
strain (n = 6 for each sex) had platelet counts comparable to wild-type controls (n = ~2000 for each sex).
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Figure 2. Identifying a novel TPOL121H mutation. (A) Loss of megakaryocytes. Hematoxylin-eosin staining of femur sections 
showed that affected mice have a loss of megakaryocytes in the bone marrow (yellow arrows), verified by manual counting 
of multiple images (data not shown). 40X magnification. (B) Low serum TPO concentration. The affected mice had a ~ 95% 
reduction of circulating serum TPO as measured by ELISA (n = 7), though not to the undetectable levels of the conventional 
TPO knockout mouse (n = 1). (C) Intact TPO transcription. Total hepatic TPO mRNA was quantified by RT-PCR. Two primer 
sets that targeted the 5’ and 3’ ends of the TPO mRNA transcript were compared to detect any potential truncation of the 
transcripts. (D) L121H mutation. Genomic DNA from bone marrow and liver lysates as well as cDNA from liver was 
sequenced. A single T to A mutation was identified at position 362 of the TPO open reading frame, corresponding to 
a leucine to histidine mutation at position 121 of the mRNA.
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Furthermore, we discovered that unlike in established TPO-deficiency models,12 hepatic TPO mRNA 
expression was not only equivalent but slightly elevated in the affected mice compared to WT controls, 
arguing against a promoter mutation or other defect in TPO transcription (Figure 2(C)). Finally, 
sequencing of the ~10 000 base pair genomic locus of Thpo in the affected mice revealed a single 
T to A nucleotide mutation at position 362 in the open reading frame (Figure 2(D)). This T362A 
mutation was further confirmed at the mRNA level by Sanger sequencing of amplified cDNA prepared 
from total liver RNA.

The murine Thpo and PCYOX1L genes are located on separate chromosomes (16 and 18, respec
tively). As the mice had been generated using CRISPR/Cas9 technology, we hypothesized that the 
mutation might have arisen due to an off-target effect. Re-analysis of the guide design and possible off- 
target sites did not identify any likely sites within the Thpo locus. Ultimately, we surmised that during 
the process of rederivation from frozen sperm, our Pcyox1lem1(IMPC)J mouse unexpectedly acquired 
a spontaneous single base pair mutation in the Thpo gene, leading to the dramatic reduction of 
circulating TPO.

TPO protein structure is dramatically altered by the single leucine to histidine amino acid alteration, 
leading to reduced TPO-Mpl binding activity

We next queried how a single amino acid change could cause a ~ 95% loss of circulating TPO. The T362A 
base pair mutation results in a non-synonymous, non-conservative amino acid change from the uncharged 
leucine to the positively charged histidine. The mutation is located on residue 121 in the EPO-like domain 
of the TPO protein, a conserved and highly structured region composed of four alpha-helices.1 To predict 
the effect of this L121H mutation on protein conformation, we utilized AlphaFold2 (ColabFold v1.5.5)31 to 
generate three-dimensional protein structure predictions of native and L121H-mutated TPO. These pre
dictions suggested a striking conformation change in the mutant protein, where the N-terminal alpha-helix 
was displaced from its original position (Figure 3(A)).

We hypothesized that the L121H mutation and resulting change in protein structure could trigger the 
loss of TPO through various post-transcriptional mechanisms, including rapid degradation of the destabi
lized protein upon entering blood circulation. However, we found no difference in WT and mutant protein 
half-life by cycloheximide chase assay (Figure 3(B)). We then speculated that the mutation might cause 
a secretion defect, trapping TPO intracellularly. When we assessed the 293T cells used to generate 
recombinant WT and L121H TPO by Western blot, it appeared that intracellular production of the mutant 
protein was dramatically reduced compared to the WT protein (Figure 3(C)). This phenotype may have 
been due to differences in transient transfection efficiency as a simple explanation, but may also suggest that 
the mutation causes TPO loss through impaired translation or rapid degradation following translation.

Given the striking alteration in protein structure, we proceeded to investigate whether the TPO L121H 
mutation impaired the binding of TPO to its cognate receptor Mpl in addition to decreasing circulating 
TPO levels. Recombinant WT and TPOL121H proteins were synthesized through the Protein Production 
Sweden national infrastructure. The functional activity of the WT and mutant proteins was quantified using 
a TPO reporter cell line (HEK-BlueTM TPO reporter cells, InvivoGen). We found that the L121H mutation 
impaired the ability of TPO to bind and activate Mpl (Figure 3(D)). While activity was observed at very high 
protein concentrations (>160 ng/mL), the mutant TPO exhibited a 16-fold lower potency as compared to 
the WT protein (Figure 3(E)).

Hematological characterization of the C57Bl/6(IMPC)J-TPOL121H mice

Consistent with the known function of TPO, CBCs showed an isolated reduction in platelet counts with 
normal numbers of red and white blood cells in adult mice (Figure 1(A)), and bone marrow histology 
displayed loss of megakaryocytes but otherwise normal marrow morphology (Figure 2(A)).4,38 Tail bleeding 
times were not performed as ~90% reduced platelet count to ≥25 000/µL (Figure 1(A)) was not expected to 
affect hemostasis in mice.39 Indeed, the mice did not exhibit spontaneous bruising or bleeding, nor did we 
appreciate problems in other organ systems or decreased offspring viability. Platelet function was not tested
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Figure 3. The L121H mutation disrupts TPO structure and function. (A) Protein structure prediction. The L121H mutation 
alters TPO protein structure by displacing one of the alpha-helices comprising the core of the TPO protein. Leucine in pink, 
histidine in red. Generated using Alphafold2 and visualized with USCF Chimera. (B) Protein half-life. The half-lives of WT and 
L121H mutant TPO were not significantly different. HEK293T cells were transiently transfected with a TPO-GFP-FLAG or 
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but has been previously shown to be normal in Thpo-/- and Mpl-/- mice.38,40 Similar to the conventional 
Thpo−/− mice, mean platelet volume (MPV) was slightly decreased (Figure 1(A)).12

Bone marrow HSPCs were assessed by flow cytometry (Figure 4(A)). As previously described, adult mice 
exhibited a near-complete loss of long-term HSCs (Linneg Kitpos Scapos [LSK], CD48neg, CD150pos) (Figure 4 
(B)).41 The total number of LSK cells were only marginally reduced. The myeloid cell constitution was 
similar between affected mice and WT adults. The dramatic loss of the LT-HSCs in adult mice (Figure 4(B)) 
contrasted to the hematopoietic makeup of embryonic day 15.5 fetal liver, where the L121H mice were 
indistinguishable from WT littermates (Figure 4(C)). This is consistent with previous reports, and it has 
been suggested that the HSC transition to TPO dependency occurs at a later point of embryonic 
development.3,42

Given the striking loss of phenotypic HSCs, we next assessed in vivo HSC function by competitive bone 
marrow transplant, competing equivalent numbers of total bone marrow cells against the wild-type 
congenic CD45.1STEM mice.25 Similarly to conventional Thpo-/- mice, cells from the adult L121H bone 
marrow were markedly inferior in terms of long-term reconstitution capacity (Figure 5(A)).3,41 The early 
and pronounced competitive disadvantage of the adult bone marrow led us to investigate if the affected mice 
had defective homing, the process by which transplanted cells find their way to the hematopoietic organs 
immediately after transplantation.28 Unexpectedly, a 24-hour homing assay showed a distinct homing 
advantage of affected cells to both bone marrow and spleen, most prominently in the mature Lin+ and 
immature LSK compartments (Figure 5(B)).

The L121H mutation is not identified in human whole exome sequencing data

The EPO-like domain of TPO is approximately 85% conserved between humans and mice,1 and the triple- 
leucines at residues 120–122 are identical in the two species (Figure 6(A)). We queried whether some clinical 
TPO-deficient thrombocytopenias could in fact be caused by aberrant TPO protein structure leading to post- 
transcriptional issues such as defective translation or increased protein breakdown. No such case reports were 
identified in the literature. A query of ~500,000 UK Biobank exomes and ~250,000 variants in the Genome 
Aggregation Database (gnomAD)29 revealed no individuals harboring a mutation at L121. Of the genotypes in 
the gnomAD database, only four variants represented a single amino acid change from a hydrophobic to 
a positively charged residue in the EPO-like domain, in analogy with our leucine to histidine mutation.

Discussion

In the nearly three decades since thrombopoietin was first cloned, its molecular structure, crucial role in 
platelet and hematopoietic biology, and various therapeutic applications have been extensively studied in 
animal models and thrombocytopenic patients.43 Here we present a new mouse model of thrombocytopenia, 
with a > 95% reduction of circulating serum TPO and dramatically impaired TPO-Mpl binding caused by 
a single base pair mutation in the EPO-like domain of TPO. The importance of the EPO-like domain for TPO- 
Mpl binding is well known and critical amino acid residues have been identified,1,2 with at least one report of 
a point mutation in this region causing a rare case of familial aplastic anemia.44 Our findings further emphasize 
the physiological importance of this highly conserved region and suggest its susceptibility to destabilizing 
mutations. To our knowledge, this report is unique in identifying a TPO structural variant leading to decreased
circulating protein levels and resulting low platelet counts through a post-transcriptional mechanism.

a TPOL121H-GFP-FLAG plasmid, treated with cycloheximide time-course to stop protein production, analyzed by Western 
blot (anti-FLAG tag) and quantified by densitometry. (C) Protein production. L121H-producing cells contain less TPO than 
the WT control. Lysates of the cells used to produce WT and mutant TPO were analyzed by Western blot against human 
protein C-tag. Commercial recombinant murine TPO (Peprotech, cat# 315-14) was used as the positive control. (D) Protein 
activity. The L121H mutant TPO is less potent than the WT TPO protein in terms of activating MPL. Recombinant WT TPO 
and TPOL121H protein were incubated across several concentrations with HEK-BlueTM TPO reporter cells. (E) Loss of potency. 
Choosing the best-fit linear data, the L121H mutant TPO is 16-fold less potent than WT TPO in this reporter assay.
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We anticipate that our newly-defined mouse model offers a useful tool to dissect the nuances of TPO 
transcriptional regulation. Unlike conventional knockout models where the genomic locus is significantly 
disrupted, our model combines TPO protein loss with preserved transcription and transcriptional regula
tion, as reflected by the intact and even slightly increased levels of hepatic TPO mRNA in the TPOL121H 

animals. Foundational studies have previously argued against any transcriptional regulation of hepatic

Figure 4. Hematological characterization of the C57Bl/6(IMPC)J-TPOL121H mouse. (A) Flow cytometry gating strategy. 
Depicted in a wild-type C57BL/6 mouse. Staining of CD45, Lin, c-Kit, Sca1, CD16/32, CD34, CD48, and CD150 was used to 
identify different subpopulations of hematopoietic cells. GMP: Granulocyte-monocyte progenitor. CMP: Common myeloid 
progenitor. MEP: Megakaryocyte-erythroid progenitor. LK: Lin negative, c-Kit positive. LSK: Lin negative, c-Kit positive, Sca-1 
positive. The CD150pos, CD48neg fraction of the LSK cells contain the long-term hematopoietic stem cells. (B) Loss of long- 
term hematopoietic stem cells. Flow cytometry of adult TPOL121H bone marrow showed near-complete loss of LSK CD48neg 

CD150neg HSCs. The myeloid progenitors were comparable between the mutant and wild-type animals. (C) Unaffected 
embryonic hematopoiesis. Flow cytometry of embryonic day 15.5 fetal liver cells did not show any defects in stem or 
progenitor cell constitution.
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TPO – liver TPO mRNA was found to be completely unaltered in iatrogenic models of severe 
thrombocytopenia,45–47 and similarly, hepatic TPO transcripts are not increased in Mpl-/- or Thpo+/- 

mice.12,13 Indeed, there is consensus that the main mechanism of TPO regulation is through direct clearance 
of circulating protein by Mpl-expressing target cells.3,46,47 However, an expanding body of more recent work 
has challenged the idea that TPO is exclusively regulated at the protein level in health and disease. In normal 
physiology, the Ashwell-Morell receptor has been suggested to modulate steady-state hepatic TPO mRNA
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Figure 5. Competitive bone marrow transplant. (A) Defective long-term reconstitution ability. The competitive bone 
marrow transplant model is schematically depicted to the left. Equal amounts of total bone marrow from CD45.1STEM wild- 
type donors and CD45.2 TPOL121H donors were transplanted into CD45.1/2 recipients. The peripheral blood CD45 chimerism 
was followed at 4-week intervals over 20 weeks. Adult TPOL121H bone marrow was inferior in short-term and in long-term 
reconstitution. (B) Enhanced homing ability. The homing ability of the hematopoietic cells was assessed by competitive 
bone marrow transplant, with analysis of bone marrow and spleen performed at 24 h post-transplant (n = 5). Here, adult 
TPOL121H bone marrow displays enhanced homing capacity as compared to wild-type cells.
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expression.19 Furthermore, upregulation of hepatic TPO transcription by interleukin-6 (IL-6) has been 
linked to thrombocytosis in acute inflammatory responses and paraneoplastic phenomena.21,48,49 

Additionally, the small amount of TPO produced in the bone marrow niche, primarily by bone marrow 
stroma, has been shown to be transcriptionally regulated by platelet demand5,20,50–52 – the mechanisms of 
this regulation, and the effect of various endogenous and exogenous stimuli, are not yet fully elucidated. 
Taken together, there are still unanswered questions about transcriptional regulation of hepatic and bone 
marrow TPO production, which our mouse may help address.

Given the incomplete loss of TPO in our C57Bl/6 (IMPC)J-TPOL121H mouse, we hypothesized 
that this model could more faithfully recapitulate clinical thrombocytopenias with intermediate 
TPO loss, compared to the undetectable (Thpo-/- and Mpl-/-) or halved (Thpo+/-) TPO levels in 
conventional KOs. Indeed, some of the most common causes of thrombocytopenia clinically 
present with moderately reduced platelet counts, such as liver cirrhosis of various etiologies and 
severity.7,22,23 It is worth noting that while a wide range of normal mouse serum TPO levels have 
been reported in the literature (Figure 1(A)),53,54 our mice have low TPO by most estimates, and 
most importantly exhibit a marked decrease compared to age-matched littermate controls. The 
development of a low-TPO system could also contribute to the study of non-hematological platelet- 
dependent pathologies such as neoplasms,16 and in theory to reducing hemorrhagic morbidity and 
mortality in laboratory animals considering the borderline hemostatic competence of conventional 
Thpo-/- and Mpl-/- mice.4,39 Given the efforts to titrate TPO in vivo using invasive and resource- 
intensive methods such as injections of anti-sense oligonucleotides and baboon-derived anti-TPO 
autoantibodies,16,55 our model offers an accessible, consistent, and simplistic alternative.

Whereas the effect of TPO deficiency on HSPCs has been extensively studied,3,4,14,41,56 the enhanced 
HSPC homing is a new and unexpected hematological finding. There is in vitro and in vivo evidence 
suggesting that TPO could enhance homing by regulating migration- and adhesion-related molecules.57–59 

We hypothesize that TPO-dependent cells in the L121H mice may upregulate cell surface expression of Mpl 
and thereby outperform WT competitors when transplanted into WT recipients with a normal amount of 
TPO. This hypothesis remains to be experimentally validated.

Finally, we present the story of this project as equal parts entertaining anecdote and cautionary tale. Our lab 
received a PCYOX1L knockout mouse with a pronounced hematological phenotype and spent many hours 
performing experiments, convinced they might yield insights into HSPC biology and protein prenylation. 
Early genotype-phenotype incongruencies were dismissed as experimental error, and uncooperating Western 
blot antibodies had us struggling to perform the most basic validation experiments. After more than a year of

Figure 6. Murine and human TPO sequence alignment. (A) Sequence comparison. The sequences share high similarity, and 
the affected leucine with its two adjacent residues are completely conserved between the species. Generated using 
Macvector.
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efforts, we could finally show that the phenotype was PCYOX1L-independent, which was subsequently 
confirmed by Jackson Laboratories data that was available to us from day one. With no funds for unbiased 
whole exome sequencing to identify the source of the problem, we decided to do one last experiment – a “Hail 
Mary” sequencing of the TPO locus, based off the results of a single ELISA – before officially calling off the 
project. We did not expect any findings, and instead we discovered a single base pair mutation – a spontaneous 
T to A, in one of the 2.7 billion base pairs in the mouse genome and one of the ~10,000 base pairs in Thpo, 
which single-handedly caused the entire phenotype. The trajectory of this project has been beyond our 
expectations, and we present our findings to the platelet and megakaryocyte community in the hopes that 
the results may be of use or interest.

Conclusions

● A single-base pair, single-amino acid change in the EPO-like domain of TPO leads to altered protein 
conformation, impaired TPO-Mpl binding, and a post-translational loss of TPO protein.

● The C57Bl/6 (IMPC)J-TPOL121H mouse strain is characterized by a ~ 95% loss of circulating TPO 
protein but preserved TPO mRNA, making it suitable for the study of thrombocytopenia of inter
mediate severity and of transcriptional TPO regulation.

● The identification of a novel mechanism of TPO deficiency raises the possibility of rare clinical 
thrombocytopenia syndromes that may be mediated through post-transcriptional mechanisms.
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